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Abstract

Endosomal sorting complexes required for transport (ESCRT) recognize ubiquitinated cargo and
catalyze diverse budding processes including multivesicular body biogenesis, enveloped virus
egress and cytokinesis. We present the crystal structure of an N-terminal fragment of the
deubiquitinating enzyme AMSH (AMSHAC) in complex with the C-terminal region of ESCRT-III
CHMP3 (CHMP3AN). AMSHAC folds into an elongated 90 A long helical assembly that includes
an unusual MIT domain. CHMP3AN is unstructured in solution and helical in complex with
AMSHAC, revealing a novel MIT domain interacting motif (MIM) that does not overlap with the
CHMP1-AMSH binding site. ITC and SPR measurements demonstrate an unusual high affinity
MIM-MIT interaction. Structural analysis suggests a regulatory role for the N-terminal helical
segment of AMSHAC and its destabilization leads to a loss of function during HIV-1 budding.
Our results indicate a tight coupling of ESCRT-111 CHMP3 and AMSH functions and provide
novel insight into the regulation of ESCRT-III.
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Introduction

Internalization of plasma membrane receptors by endocytosis is regulated by ubiquitination
and leads to receptor sorting into intralumenal vesicles at the endosome giving rise to
multivesicular bodies [1-3]. The sorting process is catalyzed by ESCRTs (Endosomal
sorting complexes required for transport) and their associated molecules [2, 4, 5]. Part of the
same machinery is recruited by some enveloped viruses to facilitate budding [6-9] and
during cytokinesis of eukaryotes [10-12] and Crenarchaea [13, 14].

The ESCRT pathway is linked to the activity of deubiquitinating enzymes (deubiquitinase,
DUB, or ubiquin hydrolase or deubiquitylating enzyme) in order to maintain a constant pool
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of ubiquitin [15]. DUB Doa4 has an essential recycling role in the yeast MVB pathway [16]
and controls the function of ESCRTSs [17]. The mammalian MVB pathway employs several
DUBs including AMSH (associated molecule with the Src homology 3 domain of STAM,
also known as STAMBP) [18], AMSH-LP (AMSH-like protein) [19] and UBPY (Ub-
specific protease Y) [20]. Both AMSH and UBPY are recruited early in the pathway via
interaction with the ESCRT-0 subunit STAM [21-23] and their localization to early
endosomes is supported by interaction with the clathrin heavy chain [24].

Deubiquitination by AMSH is thought to precede cargo incorporation into MVB vesicles
and lysosomal degradation [25, 26]. Depletion of AMSH was reported to increase
degradation of epidermal growth factor receptor (EGFR) [18]. In contrast a dominant
negative form of CHMP3 prevents AMSH localization to the endosome, which in turn
inhibits EGFR degradation [27]. Other studies implicate UBPY in the control of EGFR
ubiquitination [20, 22, 28]. Besides EGFR, AMSH is involved in downregulation of the
calcium sensing receptor [29], G protein-coupled receptors [30], the protease-activated
receptor 2 [31] and the CXCR4 chemokine receptor [32]. The latter study suggests that
AMSH not only regulates cargo ubiquitination but also ubiquitination of the endocytic
machinery [32]. Furthermore, depletion of AMSH leads to defects in cytokinesis [33] and
inactive AMSH exerts a dominant negative effect on retrovirus budding [34, 35].

The N-terminus of AMSH is predicted to contain a MIT domain [36]. This is followed by a
central proline rich region providing the framework for STAM SH3 domain binding [37],
which was suggested to control the isopeptidase activity of the C-terminal JAMM domain, a
metalloprotease with specificity for K63-linked polyubiquitin chains [19, 21]. AMSH
interacts with ESCRT-111 CHMP1 [35, 36], CHMP2A and CHMP3 [21, 27, 34-36, 38] as
well as Istl [39]. ESCRT-III proteins are auto-inhibited in the cytosol [34, 40, 41].
Activation leads to membrane interaction [42, 43] and polymerization in vitro [41, 44-46]
and in vivo inducing membrane deformation [47]. Current models implicate ESCRT-1 and Il
in vesicle formation [48] while the ordered assembly of ESCRT-III catalyzes membrane
fission [49-52]. ESCRT-III proteins contain MIT domain interacting motifs (MIMSs) within
their C-termini which bind to MIT domains of VPS4 and spastin [53-56].

In order to understand the structural basis of the AMSH-CHMP3 interaction we defined an
N-terminal AMSH domain (AMSHAC) by proteolysis that allowed the isolation of a soluble
complex with a C-terminal fragment of CHMP3. The crystal structure of AMSHAC-
CHMP3AN reveals an unconventional MIT domain within AMSHAC. The CHMP3 C-
terminus adopts a helical conformation upon binding and the molecular details of the
interaction provide a novel MIM sequence motif. Although CHMP3 binds with high affinity
to AMSH, ESCRT-111 CHMP1A and B show only micromolar interactions. Mutagensis
studies suggest further that AMSH employs a different molecular surface for CHMP1
interaction. Structural analyses indicate that the N-terminal helix preceding the MIT domain
is mobile consistent with data demonstrating that this region might control the activity of
AMSH during HIV-1 budding. Although the CHMP3-AMSH interaction site overlaps with
the VPS4 binding site the high Kp renders it unlikely to be displaced by VPSA4.

Determination of a minimal AMSH-CHMP3 complex

Trypsin proteolysis of the AMSH(1-206)-CHMP3 complex described previously [40] was
used to identify AMSH residues 1 to 146 (AMSHAC) as a stable core fragment. N-
terminally His-tagged AMSHAC showed limited solubility on its own but produced a
monodisperse complex in association with a C-terminal fragment of CHMP3 containing
residues 183 to 222 (CHMP3AN). The AMSHAC-CHMP3AN complex was purified by size
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exclusion chromatography and complex formation was confirmed by detection of the
CHMP3AN peptide in the elution peak by mass spectrometry.

In order to compare the affinity of AMSH to CHMP3AN with previous measurements
employing full length CHMP3 [40], MBP-AMSH(1-206) was used for ITC analysis with
CHMP3AN, which produced an equilibrium dissociation constant (Kp) of 63+ nM (enthalpy
AH=-15.1+0.09 kcal/mol) (Figure S1A and B). MBP-AMSH(1-146) was constructed to
determine whether a shorter form of AMSH influences binding to CHMP3AN. SPR
measurements with His-MBP-CHMP3AN coupled to the chip and MBP-AMSHAC as
analyte revealed a Kp of 113 nM based on the association constant (k,) of 6.79 103 M1 s71
and the dissociation constant (kq) of 7.64 10~4 s™1 confirming the high affinity interaction
observed with the longer AMSH(1-206) construct (Figure S1C).

Structure of the AMSHAC-CHMP3AN complex

The structure of AMSHAC in complex with CHMP3AN was determined from a
selenomethionine-containing crystal using the single wavelength anomalous dispersion
method and diffraction data to 1.75 A (Table 1). This resulted in a readily interpretable
electron density map (Figure 1A) revealing two complexes in the asymmetric crystal unit.
AMSHAC folds into a 90 A long elongated helical assembly (Figure 1B). The N-terminal o-
helical segment 1 folds back onto a-helices 2 and 5 which are followed by an extended
conformation. Helices 2, 3 and 4-5 form a three helical bundle structure reminiscent of a
MIT domain although a break in helix 4 at Ile 98 disrupts the helical continuity of the third
helix. The latter extends far beyond the core of the MIT domain and spans a distance of 90
A (Figure 1B). However, the conserved features of a MIT domain are evident from
superpositioning of the Ca atoms with the structure of the VPS4 MIT domain revealing a
r.m.s.d. of 2.6 A (Figure 1C).

CHMP3AN residues 200 to 222 adopt a helical conformation in the complex burying the
solvent-accessible surface of 1659 A2 on AMSHAC and CHMPAN, while CHMP3AN is
unstructured in solution (Figure S2A). It is likely more structured in full-length CHMP3,
since the overall helical content is slightly higher for full length CHMP3 (60% o-helical
corresponding to 133 residues) compared to CHMP3(9-183) (68% a-helical corresponding
to 119 residues) (Figure S2B), although both proteins reveal similar melting temperatures of
~ 60 °C indicating that the C-terminus does not contribute substantially to the stability of
CHMP3 in the auto-inhibited form (Figure S2C). CHMP3AN interacts with the MIT domain
of AMSH diagonal along a groove made up by helices 3 and 4/5. The orientation of
interaction is parallel with respect to the positions of both C-termini (Figure 1B).
CHMP3AN residues 184-199 do not contribute to the interaction and are disordered in the
structure. The complex is stabilized by a hydrogen bond between Glu207 and Tyr80 and salt
bridges between Glu203-Lys88, Arg216-Glul04, and Arg221-Glu72. The last C-terminal
residue, Ser222 of CHMP3 is capped by AMSHAC Lys107, which forms a salt bridge with
the carboxyl group of Ser222 and hydrogen bonds with the carbonyls of Thr219 and Leu220
(Figure 2A). Hydrophobic contacts play a minor role and include Leu210 interactions with
Ile71 and Tyr80 as well as Leu220 contacts with Asn64 and Lys 107 (Figure 2B).
Mutagenesis of AMSH interface residues Lys88, Glu104 and Lys107 to Ala confirmed the
importance of the salt bridges and hydrogen bonds for interaction. While AMSHAC-K88A
recovered a faint amount of CHMP3 in a pull down, AMSHAC-E104A and AMSHAC-
K107A failed to pull down CHMP3 (Figure 2C). The effect of the mutations on binding
were confirmed by SPR. AMSHAC-K88A produced a Kp of 1.2 uM (k; 2.8+£0.094 10* M1
s~1and kg of 3.1£0.033 1073 s1) and AMSHAC-E104A a Kp of 5.2 uM (k; 0.42+0.016
104 M~1 s and kg of 2.2+0.029 103 s71). Thus both mutations reduced binding by a
factor 30 and 130, respectively, compared to the 40 nM Kp of wild type AMSHAC
employing the same SPR setup. Notably, the mutations did not change the cellular
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localization when introduced into GFP-AMSH(D348A) (Figure S3), indicating that they did
not alter the overall structure.

Previous crystal structures of MIT-CHMP interactions reveal an important role for
hydrophobic ESCRT-I1I MIM residues [53-56], while the AMSHAC-CHMP3AN structure
highlights the importance of polar interactions leading to a novel MIM sequence motif
(Table 2). Because CHMP1A, CHMP1B and CHMP2A were reported to interact with
AMSH [35, 36], the limited sequence conservation with CHMP3 (Figure 2B) predicts that
they either bind AMSH similarly, but with lower affinity or they use a different strategy for
interaction. Accordingly SPR measurements showed a much lower affinity for CHMP1A
and CHMP1B interaction with AMSH (Figure S1D). Both GST-CHMP1AAN and GST-
CHMP1BAN bound to the analyte MBP-AMSH(1-206) with Kps of 1.49 and 1.16 uM,
respectively, based on the association constants (kz) of 3.89+0.06 x 103 M~1 s~1 (CHMP1A)
and 2.52+0.03 x 103 M1 s71 (CHMP1B) and the dissociation constants (kq) of 5.81+0.09 x
1073571 (CHMP1A) and 2.92+0.08 x 1073 s~1 (CHMP1B). Probing AMSH mutants
AMSHAC-K88A and AMSHAC-E104A for CHMP1B interaction demonstrates that both
mutants are still capable to pull down GST-CHMP1BAN (Figure S1E); this might indicate
that AMSH employs different interaction surfaces for CHMP1B and CHMP3. Furthermore
the AMSH binding site overlaps with the VPS4 site on CHMP3 (Table 2) [53, 55],
consistent with the finding that AMSH CHMP3 and VPS4 binding are exclusive (data not
shown).

Structural homology of the N-terminal domains of AMSH and USP8

A search for homologous structures [57] revealed high similarity to the N-terminal domain
of the ubiquitin-specific protease 8 (USP8, also known as UBPY, Ubiquitin-specific
protease Y) [58] as evidenced by the r.m.s.d. of 2.9 A upon overlay of the Ca. backbone
(Figure 3A). The main difference between both structures is the detachment of the N-
terminal segment including a-helix 1 from the core, which mediates dimerization in case of
USP8 [58]. The N-terminal region (residues 1-27) of AMSH is only stabilized by a
hydrogen bond between His4 and Glu57 and a salt bridge between Arg14 and Glul17
(Figure 3B). Although the N-terminal sequence of AMSH and UBPY diverge substantially
(Figure 4), it is possible that the N-terminus of AMSH might be able to detach and adopt a
similar conformation as in case of UBPY and vice versa the N-terminus of UBPY might
attach to the core as observed for AMSHAC. Thus the two conformations observed in both
structures might be part of a common conformational control mechanism of AMSH and
USP8/UBPY.

The N-terminal helix 1 of AMSH is required for HIV-1 budding

It has been previously shown that expression of catalytically inactive AMSH fused to GFP
or YFP alone or in co-expression with full length CHMP3 induces a dominant negative
effect on HIV-1 and MLV budding [34, 35]. Expression of catalytic inactive GFP-
AMSH(D348A) had a mild effect on the kinetic of HIV-1 release as indicated by the
accumulation of the Gag cleavage intermediates CAp2 and p41 (Figure 5A, right panel, lane
3) that define late assembly defects [59, 60]. However co-expression of GFP-
AMSH(D348A) with CHMP3-Flag almost completely blocked HIV-1 release as indicated
by the absence of CA in the supernatant (Figure 5A, left panel, lane 4) and the enhanced
defect in Gag processing (Figure 5A, right panel, lane 4). Notably the intracellular
distribution of GFP-AMSH(D348A) resembles that of wild type AMSH-HA when
coexpressed with CHMP3-Flag (Figure 6A and B). Mutation of the N-terminal residues
His4Ala and Argl4Ala that stabilize the interaction with the core (Figure 3B) within GFP-
AMSH(D348A) leads to the loss of the dominant effect when expressed alone or in
combination with CHMP3-Flag as indicated by the wild type-like release of CA into the

Structure. Author manuscript; available in PMC 2012 August 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Solomons et al.

Page 5

supernatant and normal intracellular Gag processing (Figure 5A, lanes 5 and 6). GFP-
AMSH(D348A-H4R14A) expression levels were slightly reduced in comparison to GFP-
AMSH(D348A) (Figure 5A, lower panel). GFP-AMSH(D348A-H4R14A) expression was
also altered from mostly cytoplasmic staining to accumulation at a perinuclear region
without notable concentration of CHMP3-Flag (Figure 6C). Because the previous
experiment showed that a strong dominant negative effect of GFP-AMSH(D348A) depends
on CHMP3 expression we tested whether GST-CHMP3(151-222) can pull down the N-
terminal mutant (GFP-AMSH(D348A-H4R14A)), which is no longer the case. Only a faint
band could be detected for the N-terminal mutant in comparison to GFP-AMSH(D348A).
Notably GFP-AMSH(D348A-H4R14A) showed a lower expression level than GFP-
AMSH(D348A) (Figure 5B).

Expression of N-terminally MBP-tagged full length AMSH in E. coli produced polydisperse
AMSH, while recombinant AMSH expressed without tag was monodisperse, indicating that
N-terminal fusions of AMSH induce the formation of polydisperse AMSH in vitro (Figure
S4). This led us to perform the HIV-1 budding assay with catalytic inactive AMSH
containing a C-terminal HA-tag instead of a N-terminal GFP-tag in the presence and
absence of CHMP3 expression. The results indicate that expression of the catalytic inactive
AMSH(HH335 337QQ)-HA or CHMP3 alone has no effect on virus particle production as
measured by the detection of CA in the supernatant (Figure 5C, left panel, lanes 1 -3). Only
co-expression of both proteins leads to a slight reduction in virion release and defects in
intracellular Gag processing (Figure 5C, lanes 3 and 4). This minor assembly defect is lost,
when AMSH(HH335 337QQ)-HA containing the N-terminal double mutant (HissAla,
Argi4Ala) is co-expressed with CHMP3 since no reduction in particle production is
observed, consistent with the lack of intracellular Gag processing defects (Figure 5C, lanes 5
and 6). The expression levels of AMSH constructs were comparable (Figure 5C, lower
panel) and AMSH(HH335 337QQ)-HA shows cytoplasmic staining when co-expressed with
CHMP3, similar to wild type AMSH-HA (Figures 6D and E). This indicates that the N-
terminal fusion of GFP is responsible for the dominant negative effect of catalytic inactive
AMSH when coexpressed with CHMP3 and this function is lost upon destabilization of the
N-terminal region, indicating that the His4Ala and Arg14Ala positions are important for
supporting the dominant negative effect.

Discussion

Deubiquitinating enzymes (DUBs) AMSH and UBPY targeting ESCRT-III play an
important role in ESCRT regulated processes [15, 61, 62] and many ESCRT-I1I1 interaction
partners recognize sequence motifs located within the C-terminus of ESCRT-II1 family
members [34, 35, 53, 55, 56, 63]. The crystal structure of AMSH in complex with CHMP3
demonstrates that the C-terminal CHMP3 MIM adopts a helical conformation, which is
induced by complex formation, since the same peptide is unstructured in solution. However
our CD analysis also suggest that part of it might be structured within full-length CHMP3
and thus contribute to the autoinhibited conformation of CHMP3 [34, 40, 64]. The structure
of AMSH contains a region that resembles a MIT domain as predicted [36], which interacts
with the CHMP3 MIM. However, we propose that the structure does not qualify as a
classical MIT domain [63], due to the presence of an N-terminal region including helix 1
and because of the 90 A-long extension of helix 5 (corresponding to helix 3 of a MIT
domain). This is further supported by the poor solubility of the MIT-like domain of AMSH
on its own and by AMSHAC lacking helix 1 in vitro (Solomons et al. unpublished results).
However, the general mode of target recognition is similar to that of MIT domains. CHMP3
binds in a helical conformation diagonal along a groove made up by helices 3 (VPS4 MIT
helix 2) and 4/5 (VPS4 MIT helix 3). The AMSH-CHMP3 interaction site resembles VPS4
interactions with CHMP1A or yeast VVps2p, which employ helices 2 and 3 for the
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recognition of a shorter helical motif (MIM 1) [53] [55]. In contrast the spastin MIT domain
interacts with a helical segment of CHMP1B via its helices 1 and 3 [56]. The same groove
between helices 1 and 3 is employed by VPS4 to bind the CHMP6 MIM2 motif [54] and by
Vps4 (Sacil372) from Crenarchaea to interact with the MIM2-like motif present in the
ESCRT-III-like protein Saci1373 [65]. The general MIT-MIM contacts range from mostly
hydrophobic interactions observed in the VPS4-CHMP1A, Vps4p-Vps2p, VPS4B-CHMP6
and Sacil372 (Vps4-like)-Sacil373 (ESCRT-11-like) complexes [53-55, 65] to a mixture of
polar and hydrophobic interactions in case of spastin MIT and CHMP1B [56] to mostly
polar contacts dominating the AMSH-CHMP3 complex. Thus the structure of the AMSH-
CHMP3 complex extends the diversity of MIT domain interaction surfaces for peptide
ligands.

AMSH was reported to interact not only with CHMP3 but also with CHMP1A/B and
CHMP2A [35]. SPR measurements show that both CHMP1A and B interact with low
micromolar affinities with AMSH. The low the sequence conservation between CHMP3 and
CHMP1A/B and the fact that two AMSH mutants that show up to a 130 times lower
CHMP3 binding activity still interact with CHMP1B, indicate that CHMP1 and CHMP3
binding sites do not overlap. This is further indirectly supported by the low sequence
similarity between AMSH and UBPY that both bind CHMP1A/B [22, 35].

The ~ 60 nM Ky for the CHMP3-AMSH interaction is to date the highest K4 reported for an
ESCRT-1II MIM-MIT interaction. In contrast spastin-MIT binds to CHMP1A with a Kq of
12 uM Ky [56] ~ 3 times higher than the ~30 uM determined for the VPS4-MIT-MIM1 and
MIM?2 interactions [53-55, 65]. The high affinity interaction between CHMP3 and AMSH is
mainly mediated by 6 salt bridges along the CHMP3 helix compared to 2 salt bridges in case
of the spastin-MIT-CHMP1B interaction. Furthermore the total solvent-accessible surface
area buried upon complex formation is 1650 A2 (20 residues) compared to 1946 A2 (24
residues) of the spastin-CHMP1B complex [56] and 1238 A2 (15 residues) for the Vps4
MIT-Vps2 complex [55]. The importance of CHMP3 Arg216, which makes a double dent
salt bridge with AMSH Glu104 and of an intact CHMP3 C-terminus, has been documented
by mutagenesis analysis. Notably, deletion of residues 221 and 222 lead to a loss of
interaction [34] consistent with the structural details revealing that CHMP3 Arg221 forms a
salt bridge with AMSH Glu72 and the carboxyl group of the C-terminal CHMP3 Ser222
contacts AMSH Lys107 via a salt bridge. Vice versa we show here that mutagenesis of
AMSH residues Lys88, Glu104 and Lys107 abrogates CHMP3 binding in vitro.

In yeast, Doa4 DUB activity has been genetically linked to Snf7 (CHMP4) and Brol, which
leads to endosomal recruitment after ESCRT-111 assembly [66] [67]. It is thus conceivable
that AMSH is also recruited to ESCRT-I11 polymers assembled on cellular membranes [49,
50]. The helical extension of the MIT domain could then serve as a long arm to position the
DUB activity [19] > 20 nm away from the ESCRT-111 polymer (Figure 7) thus reaching into
the vesicle formed by ESCRT-I and 11 [48] for deubiquitination of cargo.

The MIM 1 sequence motif responsible for VPS4 interaction [53] overlaps with the
CHMP3-AMSH binding site and superpositioning of the VPS4A-CHMP1B and VPS4B-
CHMP2A structures with AMSH-CHMP3 demonstrates the overlap of the binding motifs,
which prohibits simultaneous binding of AMSH and VPS4 to CHMP3. Although we do not
know the sequence of recruitment, it is most likely that AMSH has to be released from
CHMP3 before interacting with VPS4. Since the AMSH interaction is ~ 300 fold tighter
than VPS4 binding, a specific mechanism must exist such as potential conformational
changes that release AMSH from CHMP3 before it becomes a target for VPS4-driven
ESCRT-III disassembly [68].
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The structure of AMSHAC resembles the structure of the N-terminal domain of USP8/
UBPY, a DUB acting in the ESCRT pathway [58]. This structural similarity is not evident
from the low sequence similarity of AMSH and UBPY. One notable structural difference is
however the different conformation of a short N-terminal segment that is attached to the
core of the monomer in case of AMSHAC and is detached in UBPY mediating dimerization
in the crystal [58]. N-terminal fusions of catalytic inactive AMSH have been shown
previously to exert a dominant negative effect on HIV-1 and MLV budding [34, 35], which
was confirmed by our assay. However destabilization of the N-terminus by structure based
mutagenesis led to the loss of the dominant negative effect indicating that an intact N-
terminus is important for budding inhibition, which correlated with the ability to interact
with CHMP3. Since we observed the dramatic effect of the N-terminal MBP fusion on the
oligomerization states of AMSH in vitro we reexamined the role of AMSH in HIV-1
budding by using C-terminal-tagged versions of AMSH. This showed indeed that catalytic
inactive AMSH-HA has no effect on HIV-1 budding and only a mild effect upon co-
expression with CHMP3, which was abrogated by the AMSH mutations that destabilize
helix 1 interaction with the core. We conclude from these results that (i) N-terminal fusions
of AMSH change the function of AMSH, which renders it dominant negative in
combination with its ESCRT-111 binding partner CHMP3. This function requires an intact N-
terminus and is disturbed by His4 and Arg14 mutations. (ii) Destabilization of the N-
terminus is not sufficient to induce a strong dominant negative effect of AMSH-HA,
indicating that mutations of His4 and Arg14 interfere with the structural changes required to
become dominant negative. In summary we have provided structural principles of a novel
MIT-like MIM interaction. The structural and functional analyses demonstrate that
conformational plasticity of the N-terminus might play an important role in the regulation of
AMSH activity. This might entail activation of the catalytic activity by either STAM
binding [21] or other regulatory factors.

Material and Methods
Cloning, expression and purification of AMSH and CHMP3

AMSH containing residues 1 206 (AMSH(1-206) was expressed and purified as described
[40]. AMSH(1-206) in complex with full length CHMP3 [40] was subjected to limited
proteolysis with trypsin at a 1:500 (w/w) ratio and bands were separated on a 12% SDS-
PAGE. A prominent smaller fragment of AMSH was analyzed by mass fingerprinting and
mapped to residues 1 to 146 (AMSHAC). AMSHAC was cloned into the vector pPROEX
HTa (Invitrogen) and into a modified version of the pMalC2G-TEV vector [69] to produce
His-tagged AMSHAC and MBP-AMSHAC. CHMP3(183-222) was cloned into the vector
pBADM-41 (His-MBP fusion protein with TEV protease cleavage site) to produce His-
MBP-CHMP3AN. Full length AMSH was cloned into pMalC2G-TEV (MBP-AMSH) and
tag-less AMSH was cloned into vector pASK-1BA43plus. CHMP1A (residues 123-196) and
CHMP1B (residues 126-199) were cloned into vector pPGEX-TEV. His-AMSHAC, MBP-
AMSHAC, His-MBP-CHMP3AN, MBP-AMSH, AMSH, GST-CHMP1A and GST-
CHMP1B were expressed in E. coli cells BL21 codon™ or E. coli Rosetta. MBP-AMSH and
AMSH expression in E. coli was induced at 16 °C over night. AMSH mutations K88A,
E104A and K107A were introduced into His-tagged AMSHAC and GFP-AMSH(D348A) by
using standard mutagenesis procedures.

His-AMSHAC was solubilized in buffer A (20 mM Tris pH 8.5, 100 mM NacCl) and purified
on a Ni2*-sepharose column. His-MBP-CHMP3AN was purified in buffer A on an amylase
column, which produced mixtures of His-MBP-CHMP3AN and truncated forms
corresponding to free MBP. For ITC and CD analyses, His-MBP-CHMP3AN was further
purified by anion exchange chromatography followed gel filtration chromatography on a
Superdex-75 (GE Healthcare) column in buffer A. GST-CHMP1A and GST-CHMP1B were

Structure. Author manuscript; available in PMC 2012 August 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Solomons et al.

Page 8

purified on a glutathione column in PBS buffer followed by gel filtration chromatography in
PBS buffer. His-MBP-CHMP3AN and His-AMSHAC were mixed in a 2:1 molar ratio and
the tags were cleaved by TEV protease cleavage at 4°C. His-tags and uncleaved proteins
were removed by passing the complex over a Ni2*-sepharose column in buffer A. A final
purification step included a gel filtration on a Superdex-75 column in buffer B (10 mM
HEPES pH 8.0, 100 mM NacCl). The complex was concentrated to 3.3 mg/ml.
Selenomethionine substituted His-AMSHAC was produced as described [70] and the
complex with CHMP3AN was purified as described above for the native complex and
concentrated to 3.6 mg/ml. MBP-AMSHAC was purified in buffer A on an amylose affinity
column in buffer A coupled to a second purification step on a Superdex 75 gel filtration
column in buffer A. MBP-AMSH was purified on an amylose column in buffer C (20 mM
Tris pH 8.5, 100 NaCl) followed by gel filtration in buffer C. AMSH was purified on a Q
sepharose column in buffer D (25 mM Tris pH 8.5, 25 mM NacCl) by applying a NaCl
gradient in buffer D. Further purification included a gel filtration on a superdex 200 column
in buffer C. His-tagged AMSHAC mutants were purified as wild type AMSHAC in buffer A
(20 mM Tris pH 8.5, 100 mM NaCl) on a Ni2*-sepharose column followed by gel filtration
on superdex-75 in buffer B. The experimental conditions for the pull downs are described in
the supplemenatary material.

Isothermal titration calorimetry and surface plasmon resonance experiments were carried out
as described in the supplementary material.

Crystallization, diffraction data collection and structure solution of AMSHAC in complex
with CHMP3AN

Initial crystallization conditions for the AMSHAC-CHMP3AN complex at 3.3 mg/ml were
determined by using 200 nl sitting drops and 1.9 M sodium malonate as reservoir solution.
Crystals were improved by mixing the complex at 7.2 mg/ml with an equal volume of 2.2 M
sodium malonate, which resulted in microcrystals. Larger crystals were grown by streak
seeding the microcrystals into fresh drops mixed with 1.8 to 2.2 M sodium malonate.
Crystals grown in 1.8 M sodium malonate were flash-frozen in liquid nitrogen in the
crystallization buffer supplemented with 30 % glycerol as cryo-protectant. A native data set
was collected at 1.75 A resolution at the ESRF beam line (Grenoble) ID-14-4.
Selenomethione substituted AMSHAC in complex with CHMP3AN was crystallized as
described above for the native complex, except that several rounds of seeding were required
to obtain diffraction quality crystals. A single wavelength anomalous dispersion (SAD) data
set was collected at 100 K at beam line ID14-4 (ESRF, Grenoble) at the peak wavelength of
the selenium K edge (wavelength 0.9795 A). The data were processed with MOSFLM [71]
and Scala [72, 73]. The crystals belong to space group P44 with unit cell dimensions of a, b
=45.97 A, c=206.91 A and two complexes per asymmetric unit. Data were initially
analyzed using the Auto-Rickshaw platform at EMBL Hamburg [74]. Selenium sites were
localized at a resolution of 2.8 A with the program SHELXD [75]. The correct hand for the
substructure was determined using the programs ABS [76] and SHELXE [77]. Initial phases
were calculated after density modification using the program SHELXE [77] and model
building was performed with the program ARP/wWARP [78]. This initial model was used as a
search model for molecular replacement with MOLREP [73] employing the native data to
1.75 A resolution. Automatic model building was completed with ARP/WARP [78], manual
model building using COOT [79] and refinement with the program Refmac [80]. The
structure contains AMSH residues 2 to 142 and CHMP3 residues 200 to 222 and was refined
to an R factor of 19% and an Ryree Of 23.0 %. 99.67% of the residues are within the most
favored and allowed regions of a Ramachandran plot [73]. All molecular graphics figures
were generated with PYMOL (W Delano; http://www.pymol.org/). The coordinates have
been deposited in the protein data bank (PDB code: 2xze).
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Analysis of virus particle production

293T cells (1.2 x 10%) were seeded into T25 flasks and transfected 24 hr later using a
calcium phosphate precipitation technique. The cultures were transfected with 1.5 ug
HXBH10, which encodes WT HIV-1, together with GFP-AMSH(D348A) [34] or GFP-
AMSH(D348A0H4R14A) and/or pcDNAS3.1 vectors expressing CHMP3,
AMSH(HH335’337QQ)-HA or AMSH(HH335’337QQ)-HA harboring the H4,R14A mutations
or the appropriate empty vector (0.5 pg each). The total amount of transfected DNA was
brought to 8 ug with carrier DNA (pTZ18U). Twenty-four hr post transfection, the cells
were lysed in RIPA buffer (140 mM NaCl, 8 mM NayHPQO4, 2 mM 1%Nonidet P-40, 0.5%
sodium deoxycholate, 0.05% SDS), and the culture NaH,POy4, supernatants were clarified
by low speed centrifugation and passaged through 0.45-um filters. Virions released into the
medium were pelleted through 20% sucrose cushions and analyzed by SDS-PAGE and
Western blotting with anti-HIV CA antibody 183-H12-5C [81]. Proteins in the cell lysates
were detected by Western blotting with anti-HIV CA antibody or rabbit anti-GFP serum
(Molecular Probes). The pull down of GFP-AMSH(D348A) and GFP-
AMSH(D348A0H4R14A) employing GST-CHMP3(151-222) was performed as described
[34].

Immunofluorescence analysis

PcDNAS.1 expression constructs of wild type AMSH-HA, AMSH(HH335 337QQ)-HA
carrying the His4 and Arg14 to Ala mutations, CHMP3-Flag and GFP-AMSH(D348A),
GFP-AMSH(D348A-H4R14A), GFP-AMSH(D348A-K88A), GFP-AMSH(D348A-E104A)
and GFP-AMSH(D348A-K107A) were transfected into 293T cells using standard methods.
For indirect immunofluorescence (11F) 293T cells were cultured on coverslips and fixed
with 4% paraformaldehyde for 20 min at 4°C. The GFP constructs were directly visualized
and for the other constructs cover slips were incubated with anti-HA-tag or anti-Flag-tag
antibodies in PBS for 1h, at RT. Slides were washed three times with PBS, followed by the
secondary antibody incubation at RT for 1h (Alexa488 or 594 coupled anti-mouse or anti-
rabbit goat antibodies in PBS). After three washes with PBS, slides were mounted in
Mowiol and analyzed by confocal microscopy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Crystal structure of AMSH in complex with CHMP3.

(A) Stereo image of the experimental electron density map obtained after SAD phasing.
(B) Ribbon representation of AMSHAC (blue) in complex with CHMP3AN residues 200-
222 (yellow).

(C) Overlay of the Ca atoms of AMSHAC (blue) with the VPS4 MIT domain (pdb 2JQ9)
(green ribbon). See also Figure S2.
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Figure 2.

The CHMP3N- AMSHAC interaction is dominated by polar contacts.

(A) Close-up of the CHMP3-AMSH interactions. Hydrogen bonds and salt bridges along the
CHMP3 helical segment mediate high affinity interaction.

(B) Sequence alignment of the C-terminal regions of CHMP3, CHMP1A, CHMP1B and
CHMP2A. CHMP3 residues contacting AMSH are indicated by red asterisks (polar contact),
blue asterisks (main chain polar contacts) and black asterisks (hydrophobic contacts).

(C) Pull down of CHMP3 by wild type and mutant His-AMSHAC confirms the essential
role of polar interactions. The left panel of the SDS-PAGE shows the input proteins and the
right panel the pull down of CHMP3 by wild type and mutant His-AMSHAC, as indicated.
The K88A mutant reveals a strongly reduced interaction with CHMP3 and the E104 and
K107A mutants show a complete loss of interaction in this assay. See also Figures S1 and
S3.
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Figure 3.

Superpositioning of the Ca atoms of AMSH and UBPY reveal a regulatory role of the N-
terminal regions of AMSH and UBPY.

(A) Ribbon representation of the Ca overlay of AMSHAC (blue) and UBPY (green)(pdb
code 2A9U).

(B) Close up of the two main contacts between AMSH helix 1 and helices 3 and 5 of the
core.
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Figure 4.

Sequence and secondary structure alignment of AMSH, AMSH-LP and UBPY. Human
AMSH (accession code AADO05037) residues 1 to 146 were aligned to the corresponding
fragments of AMSH-LP (accession code BAC77766) and UBPY (accession code
AAI10591). Residues contacting CHMP3 are indicated with blue triangles. Note that the
CHMP3 contact residues are conserved between AMSH and AMSH-LP but not UBPY.
Secondary structures are shown for AMSH and UBPY (pdb code 2A9U).
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Figure 5.

Catalytic inactive AMSH and CHMP3 expression inhibit HIV-1 budding.
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(A) (Left panel) Expression of catalytically inactive GFP-AMSH(D34gA) exerts a strong

effect on HIV-1 budding when coexpressed with CHMP3 (lanes 3 and 4). In contrast
expression of GFP-AMSH(D348A-H4A-R14A) alone or in combination with CHMP3 has no
effect on budding (lanes 5 and 6) comparable to vector expression (lane 1) or CHMP3
expression alone (lane 2). (Right panel) Western blot revealing the intracellular Gag

processing. Only expression of GFP-AMSH(D34gA) alone and together with CHMP3 show

a defect in intracellular Gag processing (lanes 3 and 4), while the N-terminal mutant GFP-
AMSH(D34gA-H4A-R14A) resembles the negative control (lane 1) and CHMP3 expression

(lane 2). (Lower panel) Western blot showing the expression levels of the AMSH constructs.
(B) Pull down of GFP-AMSH(D34gA) (lanes 1 and 3) and GFP-AMSH(D34gA-HsR14A)-
HA (lanes 2 and 4) with GST (lanes 1 and 2) and with GST-CHMP3(151-222) (lanes 3 and
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4). The western blot below shows the expression pattern of both GFP-AMSH constructs and
the panel on the side shows the protein input used for the pull down.

(C) (Left panel) Expression of catalytically inactive AMSH(HH335 337QQ)-HA exerts a mild
effect on HIV-1 budding when coexpressed with CHMP3 (lanes 3 and 4). In contrast
expression of AMSH(HH335 337QQ-H4R14A)-HA alone or in combination with CHMP3 has
no effect on budding (lanes 5 and 6). (Right panel) Western blot revealing the intracellular
Gag processing. Only expression of AMSH(HH335 337QQ)-HA and CHMP3 show a defect
in intracellular Gag processing (lane 4), while the N-terminal mutant resembles that of
AMSH(HH335 337QQ)-HA expression (lane 3) or the vector control (lane 1). (Lower panel)
Western blot revealing similar expression levels for the different AMSH constructs. See also
Figure S4.
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Figure 6.
The H4, R14 mutations in combination with GFP alter the cellular localization of AMSH

when co-expressed with CHMP3.

(A) CHMP3-Flag and AMSH-HA.

(B) CHMP3-Flag and catalytic inactive GFP-AMSH(D348A).

(C) CHMP3-Flag and catalytic inactive GFP-AMSH(D348A-H4A-R14A).

(D) CHMP3-Flag and inactive AMSH-HA carrying the mutations H335Q and H337Q,
which render it catalytic inactive as well as the N-terminal mutations H4A and R14A. The
scale bar is 10 uM.
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Figure 7.

Molecular model of AMSH in complex with membrane associated CHMP3. AMSH can be
recruited to membranes early in the ESCRT pathway via ESCRT-0 Stam. This might be
independent of ESCRT-111 CHMP3 interaction or both processes could be linked. If AMSH
interacts with activated CHMP3 present in ESCRT-111 polymers on membranes, the DUB
activity could have an action radius of > 20 nm due to the long helical arm of AMSH and the
flexible linkage of the CHMP3 MIM to the core of CHMP3 mediating ESCRT-III
polymerization.
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Table |
Data collection and refinement statistics
Native SeMet

Data collection
Space group P4, P4,
Cell dimensions

a=b,c(A) 45.97, 206.91 45.92, 206.90

Peak

Wavelength (A) 0.9760 0.9795
Resolution (&) 44.86 -1.75(1.84 - 1.75) | 69.84 - 2.90(3.06-2.90)
Rrmerge 0.08 (0.64) 0.14 (0.52)
/ol 5.1(1.2) 5.1(1.4)
Completeness (%) 99.8 (100.0) 99.9 (100.0)
Redundancy 3.3(3.3) 4.1(4.2)
Refinement
Resolution (A) 1.75
No. reflections 141,404(20,743)
Ruwork/Réree 0.19/0.23
No. atoms

Protein 2698

Water 386
B-factors

Protein 32.56

Water 45.55
R.m.s deviations

Bond lengths (A) 0.02

Bond angles (°) 1.29

*
Values in parentheses are for highest-resolution shell.
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