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Abstract

Endosomal sorting complexes required for transport (ESCRT) regulate diverse processes ranging
from receptor sorting at endosomes to distinct steps in cell division and budding of some
enveloped viruses. Common to all processes is the membrane recruitment of ESCRT-I1I that leads
to membrane fission. Here, we show that CC2D1A is a novel regulator of ESCRT-11l CHMP4B
function. We demonstrate that CHMP4B interacts directly with CC2D1A and CC2D1B with
nanomolar affinity by forming a 1:1 complex. Deletion mapping revealed a minimal CC2D1A-
CHMPA4B binding construct, which includes a short linear sequence within the third DM14
domain of CC2D1A. The CC2D1A binding site on CHMP4B was mapped to the N-terminal
helical hairpin. Based on a crystal structure of the CHMP4B helical hairpin two surface patches
were identified that interfere with CC2D1A interaction as determined by surface plasmon
resonance. Introducing these mutations into a C-terminal truncation of CHMP4B that exerts a
potent dominant negative effect on HIVV-1 budding, revealed that one of the mutants lost this effect
completely. This suggests that the identified CC2D1A binding surface might be required for
CHMP4B polymerization, which is consistent with the finding that CC2D1A binding to CHMP4B
prevents CHMP4B polymerization /n vitro. Thus, CC2D1A might act as a negative regulator of
CHMP4B function.
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Introduction

The coiled-coil and C2 domain containing proteins A and B (CC2D1A, CC2D1B) are
evolutionary conserved proteins that contain four drosophila melanogaster 14 domains
(DM14) of unknown function followed by a C2 domain. CC2D1A and B are also known as
Akt kinase interacting protein 1(Aki-1), Five prime REpressor Under Dual repression
binding protein 1 (Freud-1 and 2) and Tank-binding kinase 1 (TBK-1) associated protein in
endolysosomes (TAPE). The emerging picture for CC2D1 function suggests that it acts as a
scaffold protein that touches and/or connects several distinct cellular functions. CC2D1A
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was initially reported to function as activator of NF-xB 1 and as transcriptional repressor of
the serotonin-1A receptor gene 2 3; its deregulation was associated with major depressive
disorder 4. Furthermore, a C-terminal deletion in the CC2D1A gene has been linked to
nonsyndromic mental retardation °.

Besides transcriptional regulation, CC2D1A (TBK-1associated protein in endolysosomes,
Aki-1) has been implicated in different signaling pathways including the TBK-1, nuclear
factor xB and extracellular-signal-regulated kinase pathways that regulate immunity,
inflammation and cell survival 8 7 and the PDK1/Akt (phosphatidylinositol-2-OH/3-
phosphoinosite-dependent protein kinase 1-Akt) pathway in epidermal growth factor
signaling 8 associated with cell survival and cell cycle progression.

A direct role in cell division is suggested by the CC2D1A (Aki-1) association with
centrosomes and regulation of centriole cohesion °. Its function during mitosis is further
controlled by phosphorylation 10, Consistent with a role in cell division CC2D1A (Aki1)
depletion caused the formation of multipolar spindles % 11, Interestingly, a similar
phenotype was observed upon depletion of some endosomal sorting complexes required for
transport (ESCRT) components including ESCRT-111 CHMP4B 12,

ESCRT complexes 0, I, —II, =11l and the VPS4 complex catalyze multivesicular body
biogenesis leading to plasma membrane receptor down-regulation 13: 14: 15 and some
ESCRTSs are recruited during cytokinesis and enveloped virus budding 16: 17: 18 The
function of ESCRT-111 and VPS4 is common to all three processes and required for
membrane fission 14: 15: 19 A direct link between ESCRT function and CC2D1A was
proposed by the yeast two-hybrid interaction of CC2D1A and CHMP4 20, Further evidence
of an ESCRT-CC2D1A, CC2D1B connection originates from studies with the drosophila
homologue Lethal giant discs (Lgd) of CC2D1A which is implicated in Notch receptor
signaling. In fgd mutant cells, Notch and other transmembrane proteins accumulate in
enlarged endosomal compartments positive for Rab5, Rab 7 and the ESCRT-0 factor Hrs.
This indicated that Lgd functions in endosomal trafficking downstream of Hrs 21 22: 23,

In order to test the connection of CC2D1A and ESCRT-III we set out to analyze the
structural basis of the CC2D1A interaction with ESCRT-111 CHMP4. We show that only one
DM14 domain is required for the interaction with C-terminally truncated CHMP4B and
identify the interaction surface by site-directed mutagenesis. CC2D1A co-purification with
truncated forms of CHMP4B identified the requirement of the helical hairpin of CHMP4B
for interaction. Isothermal titration calorimetry (ITC) of CHMP4B deletion constructs and
CC2D1A mapped the binding site to the N-terminal end of the CHMP4B hairpin, whose
structure was determined to 1.8A resolution. Mutagenesis of the CHMP4B hairpin fragment
confirmed this region as CC2D1A interaction site as tested by surface plasmon resonance
(SPR) analyses. Furthermore, we provide evidence that the CC2D1A interaction surface is
important for CHMP4B polymerization and required to exert a dominant negative effect on
HIV-1 budding. Because the CC2D1A-CHMPA4B interaction inhibited CHMP4
polymerization /n vitro, our data suggest further that CC2D1A might thus act as a regulator
of CHMP4 polymerization.

CC2D1A recruits CHMP4B in vitro

A yeast two-hybrid screen identified CC2D1A and CC2D1B as potential binding partners of
CHMP4A, CHMPB and CHMP4C 20, In order to confirm the yeast two hybrid results we
set out to determine the direct interaction of CC2D1A or B and CHMP4B. Although
attempts to express full length CC2D1A or CC2D1B in E. colifailed, a C-terminal deletion

J Mol Biol. Author manuscript; available in PMC 2013 May 25.



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

1duasnuey Joyiny vd-HIN

Martinelli et al.

Page 3

of CC2D1B, which lacks the C2 domain, CC2D1B(1-601) (Figures 1A and B) could be
expressed and co-purified with MBP-CHMP4BAC 24, Both proteins eluted in the same peak
from a size-exclusion chromatography (SEC) column (data not shown). However, removal
of MBP from CHMP4BAC by tobacco etch virus (TEV) protease cleavage induced
aggregation of the complex. The same construct corresponding to CC2D1A was poorly
expressed and not soluble. For enhancement of the solubility of the complex a smaller
CHMP4B fragment containing residues 7-110 was identified by limited proteolysis with
trypsin and MBP-CHMP4B(7-110) was cloned and expressed. MBP-CHMP4B(7-110)
formed a complex with CC2D1B(1-601), which stayed monodisperse after removal of MBP.
SEC in combination with multi angle laser light scattering (MALLS) analysis indicated a 1:1
binding stoichiometry based on the ~ 80-kDa molecular weight of the complex (Figure 1C),
which is close to the calculated molecular mass of 76.4 kDa for a 1:1 complex (the
calculated molecular mass of CC2D1B(1-601) is 64.6 kDa and of CHMP4B(7-110) is 12
kDa). The 1:1 stoichiometry was further confirmed by isothermal titration calorimetry
(ITC), which revealed a K4 of 382 nM for the CC2D1B(1-601)-MBP-CHMP4B(7-110)
interaction (Figure S1 and Table 1).

In order to further define the CHMP4B interaction site on CC2D1A, we designed several
deletion constructs of CC2D1A (Figure 1B) and tested the interaction with CHMP4B(7-110)
by SEC (data not shown), ITC or MALLS (Figures S1 and S2). This demonstrated that the
third DM14 domain and the region connecting to the fourth DM14 domain are required for
interaction. ITC and MALLS confirmed the 1:1 stoichiometry for CHMP4B binding to the
minimal binding construct CC2D1A(346-455) (Figures 1D and S1). However, ITC also
indicated small differences regarding the individual Ky values. CC2D1A(309-494) produced
a Ky of 351 nM, which is comparable to CHMP4B(7-110) binding to CC2D1B(1-601)
(Kg=382 nM). Shortening the N-terminus further as in CC2D1A(346-494) increased the Ky
2-fold to 719 nM. In contrast, the C-terminal truncation of CC2D1A(346-494) to
CC2D1A(346-455) produced a similar K4 as observed for CC2D1A(346-494) (Table 1).
Further truncations such as CC2D1A(291-416), which is short of the region C-terminal of
the third DM14 domain and CC2D1A(416-455), which lacks the third DM14 domain did
not produce complexes as analyzed by SEC and ITC (data not shown). We conclude from
these experiments that amino acids 346 to 455, which include the third DM14 domain,
contain the main binding site for C-terminally truncated CHMP4B.

In order to map the CHMP4 binding site on CC2D1A, we compared sequences from
different species of CC2D1A and CC2D1B comprising the minimal CHMP4 binding region
(residues 346-455) as determined by SEC and ITC. Because both CC2D1A and CC2D1B
bind to CHMP4B, we designed a mutant of CC2D1A(346-455) based on sequence
conservation. CC2D1A_mut has 7 conserved residues changed to Ala (Figure S3). The
mutant protein was soluble and the interaction was tested with MBP-CHMP4B(7-105).
While wild-type CC2D1A(346-455) was able to pull-down CHMP4B(7-105) as expected
from the ITC measurements, CC2D1A_mut did not interact with CC2D1A in this assay
(Figure 2E). We conclude from these experiments that the linear sequence within CC2D1A
residues 374-393 (Figure S3) is important, implicating the third DM14 domain in CHMP4B
binding.

We tested next whether truncations of both helices of the CHMP4B helical hairpin to
residues 23 to 97 affects CC2D1A binding. CHMP4B(23-97) still interacted with
CC2D1A(346-455) as determined by SEC (data not shown). However, ITC measurements
indicated an ~ 10-fold higher Kq of 5.5 uM (Figure S1 and Table 1). This suggests that the
N- and C-terminal ends of the CHMP4B hairpin are important either for CC2D1A
interaction or for the stability of the helical hairpin.

J Mol Biol. Author manuscript; available in PMC 2013 May 25.
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Crystal structure of CHMP4B(23-97)

We tested all complexes formed between CC2D1A or CC2D11B and CHMP4B in
crystallization trials, but failed to obtain crystals of the complex. However, in one of the
crystallization trials performed with the complex of CC2D1A(346-455) and
CHMP4B(23-97), CHMP4B(23-97) crystallized on its own. The structure was solved from a
selenomethione-substituted crystal using the single-wavelength anomalous dispersion
method and diffraction data to 1.8 A resolution (Table 2), which resulted in a readily
interpretable electron density map (Figure 2A). The asymmetric unit contained four
molecules forming identical ~64 A long helical hairpins composed of a1 residues 23-58 and
a2 residues 61-97 (Figure 2B). Ca superpositioning of the main-chain atoms of CHMP4B
with the main chain of CHMP3 results in an r.m.s.d of 2.68 A (Figure 2C) and with the main
chain of IST1 in an r.m.s.d of 3.32 A (figure 3D). Likewise part of a helix 1 from yeast
Vps20 (CHMPS) fits a1 from CHMP4 with an r.m.s.d. of 0.68 A (Figure 2D). This
corroborates the structural similarity of CHMP proteins despite their low sequence
conservation (Figure S4).

Mapping of the CC2D1A binding site on CHMP4B

We focused our mutational analyses to map the CC2D1A binding site to the N- and C-
terminal ends of the helical hairpin for the following reasons. First, deletion of the N- and C-
terminal ends of CHMP4B(7-110) that produced CHMP4B(23-97), induced a 10-fold
reduction in affinity for CC2D1A. Second, all CHMP4B-CC2D1A complexes were
disrupted by high salt treatment indicating a potential role for charged interactions. Third,
charged residues for mutagenesis were further chosen based on sequence conservation,
taking into account that only CHMP4 isoforms interact with CC2D1A or CC2D1B (Figure
S4). Fifth, mapping of the charged residues on the helical hairpin structure revealed one side
of the molecule that contains a cluster of acidic and basic residues at the N- and C-terminal
ends of the hairpin, while the opposite side is largely uncharged (Figure 3A). Based on these
observations, we designed three sets of mutants of CHMP4B(7-105), one containing amino
acid changes within al, CHMP4B 11 (R28A, R30A, D31R, E33R), one with amino acid
changes within a2, CHMP4B 2 (E90R, E94R, E97R) and the double mutant
CHMP4B i1 2. Co-purification of CC2D1A(346-455) and wild-type or mutant (mutl,
mut2, mutl.2) MBP-CHMP4B(7-105) demonstrated that both wild-type and mutant MBP-
CHMP4B(7-105)mut1 pulled down CC2D1A(346-455). In contrast, MBP-
CHMP4B(7-105)mut2 and MBP-CHMPA4B(7-105)mut1.2 o longer interacted with
CC2D1A(346-455) (Figure 3B). This interaction pattern was confirmed by SPR. Wild-type
CHMP4B(7-105) produced a Kp of 320 nM (Table 3 and Figure S5) similar to the affinity
measured by ITC (Table 1). In contrast, CHMP4B(7-105) 1 showed only a ~4.5-fold
reduced Kp, while CHMP4B(7-105)mut2 and CHMP4B(7-105)myt1.2 did no longer interact
with CC2D1A (Table 3 and Figure S5). We conclude that a charged surface patch on a
helix 2 (E90, E94 and E97) is important for binding and that neighboring charged residues
within helix 1 (R28, R30, D31, E33) contribute to CC2D1A interaction.

CC2D1A binding to CHMP4B prevents CHMP4B polymerization in vitro

We have previously shown that C-terminally truncated CHMP4B, MBP-CHMP4B A¢-aLIx
can form polymers in vitro ?*. For testing whether CC2D1A interferes with CHMP4B
polymerization, MBP-CHMP4B s c_aL1x alone and MBP-CHMP4B 5 c_ap1x in complex with
CC2D1A(346-455) were cleaved with TEV protease and analyzed by sucrose gradient
density centrifugation. This showed that CC2D1A alone is found in the upper fractions of
the gradient (Figure 4A) while MBP-CHMP4B 5 c_ajix alone forms monomers and high-
molecular-weight polymers present in the lower fraction (Figure 4B). When MBP-
CHMP4B s c.alix is cleaved with TEV protease the monomers shift into the polymer fraction
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(Figure 4C). However, if MBP-CHMP4B 5 c_alix IS incubated with CC2D1A(346-455) prior
to TEV protease cleavage, approximately half of monomeric CHMP4B s c_ajix Stays
monomeric and floats together with CC2D1A(346-455) in the upper fraction of the gradient,
while the other half of CHMP4B s c_ajix polymerizes and is found in the bottom of the
gradient (Figure 4D). When the same experiment is performed with CC2D1A_p, that no
longer interacts with CHMP4B (Figure 1E), monomeric CHMP4B s cajix IS no longer
rescued by CC2D1A and all of cleaved CHMP4B A c.ajix is found in the bottom fraction of
the gradient (Figure 4E). Because CC2D1A is never found in the bottom fraction together
with CHMP4B 5 c_ajix polymers, it indicates that CC2D1A does not interact with CHMP4B
polymers. We confirmed this by incubating CC2D1A(309-494), which migrates in the upper
fraction of a sucrose gradient (Figure 4F) with CHMP4B 5 c_ajix polymers. Again CC2D1A
is not found in the bottom fraction, indicating that it does not interact with CHMP4B
polymers (Figure 4G). These results indicate that the CC2D1A binding site is not accessible
on CHMP4 filaments and that CC2D1A prevents CHMP4B polymerization /n vitro.

The CHMP4B mutations affect HIV-1 budding

In order to test whether the mutation of the CC2D1A binding site on CHMP4B affects
HIV-1 budding, we introduced the the CHMP4B mutations (mutl, mut2, mutl1.2) into
CHMP4B(1-153)-flag, which was shown to exert a dominant negative effect on HIV-1
budding when expressed in HIV-1 producing 293T cells 2°. As expected wild-type
CHMP4B(1-153)-flag inhibited HIV-1 release efficiently in comparison to the vector
control (Figure 5A). Similarly, expression of CHMP4B 11 (mutl; R28A, R30A, D31R,
E33R) is still dominant negative albeit slightly reduced (Figure 5A) while CHMP4B 2
(mutation 2, E9OR, E94R, E97R) has lost its dominant negative effect completely (Figure
5A). As expected the double mutant CHMP4B 11,2, behaved like CHMP4B,t2 and is no
longer dominant negative (Figure 5A). Consistent with the release pattern, wild type
CHMP4B(1-153), and CHMP4B,t1revealed the intracellular accumulation of the Gag
cleavage intermediates CAp2 and p41 (Figure 5B, left panel, lanes 1 and 2), which are
characteristic for late assembly defects 26: 27, These results indicate that the acidic Mut2
patch on helix 2 is required for the dominant negative effect of CHMP4, while the surface
patch of Mutl seems to be less important.

We next compared the cellular localization of CHMP4B(1-153)-flag and its mutated forms
in order to test whether localization correlates with the propensity to block HIV-1 budding.
Confocal microscopy imaging revealed that approximately 80% of CHMP4B(1-153)-flag,
64% of CHMP4B,t1 and 79 % of CHMP4B 2 localize along the plasma membrane
(Figures 6A-C and S7). In contrast CHMP4B 11 2 reveals dramatically reduced plasma
membrane (19%) versus 81% cytosolic localization (Figures 6D and S6). This indicates that
the mut2 mutation still allows plasma membrane localization, while the double mutant
(mutl.2) surface has largely lost its ability to be targeted to the plasma membrane. Because
mutants mut2 and mut1.2 act no longer dominant negative during HIV-1 budding (Figure 5),
we speculate that this might be due to a defect in polymerization rather than membrane
association. To test the effect of the mut1.2 surface patch on polymerization, we mutated the
surface of MBP-CHMP4B 5 c.ajix, Which forms polymers in vitro 24, Sucrose gradient
analyses of wild-type MBP-CHMP4B jc.ajix and the mutated form (mut1.2) demonstrates
that the wild-type forms monomers detected in the top fraction of the gradient and polymers
detected in the bottom fraction of the gradient as expected 24 (Figure 6E). In contrast the
mutated form of MBP-CHMP4B A c.ajix is monomeric and only found in the upper fraction
of the gradient (Figure 6E). We thus conclude from the immune localization data and the /n
vitro polymerization of CHMP4B that the surface patch of mutl.2 plays a role in CHMP4B
polymerization.

J Mol Biol. Author manuscript; available in PMC 2013 May 25.
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Discussion

CC2D1A and CC2D1B have been linked to a wide variety of cellular processes including
transcriptional control 2 3, signaling pathways 1 6 7: 8 centriole regulation 9, cell

division 9 11 and endosomal sorting 21 22 23 Here, we show that CC2D1A and B serve as
adaptor proteins for ESCRT-111 CHMP4B as previously indicated by yeast-two hybrid
analyses 28, A direct interaction was confirmed /n vitro employing recombinant CC2D1A
and CC2D1B and CHMP4B. CHMP4 interaction requires the third DM14 repeat to form a
1:1 complex with nanomolar affinity. Although CC2D1A has four DM14 repeats, only one
interacts efficiently with C-terminally truncated CHMP4B in vitro. We identified residues
within the third DM14 domain that are essential for interaction. Notably sequence alignment
of all four DM14 domains from human CC2D1A indicates that the seven residues mutated
in the third DM14 domain are not strictly conserved. DM14-1 has five residues, DM14-2
has two residues and DM14-4 has four residues out of the seven mutated residues conserved
(Figure S7). This thus suggests that the other domains might provide adaptor function in
different pathways.

Structural analysis of a CHMP4B fragment shows that the conformation of the helical
hairpin of CHMP4B is very similar to the corresponding structural fragments of CHMP3
and 1ST1 29 30: 31 Strycture-based mutagenesis analyses demonstrate further that the
CC2D1A interaction site on CHMP4B is confined to a charged patch at one end of the
helical hairpin formed mostly by a-helix 2 and some contribution from helix 1. Thus,
CC2D1A and CC2D1B are the first CHMP4B ligands that bind to the conserved N-terminal
core. Other CHMP4 ligands such as Alix and VPS4 bind to peptide motifs present at the
extreme C-terminus 32 33, CHMP proteins exist in a cytosolic closed conformation and
membrane targeting is thought to activate them 2% 34: 35 |eading to polymer formation in
vivoand in vitro 24 30; 36: 37,38, 3940 Modeling CHMP4B onto I1ST1 shows that the
CC2D1A interaction surface is accessible (Figure 2D). Noteworthy yeast ESCRT-111 Vps20
(CHMP6) employs a neighboring surface to interact with ESCRT-I1 Vps25 41 (Figure 2E).

CHMP interaction with cellular ligands via their C-termini 33: 42 43: 44: 45 qoes not affect
CHMP polymerization. On the other hand, CC2D1A interaction with the helical hairpin of
CHMP4B prevents CHMP4B polymerization /n vitro. Our results indicate further that the
charged surface patch at the base of the hairpin is required for CHMP4B polymerization /n
vitroand in vivo. One simple explanation is that CC2D1A binding sterically hinders the
formation of CHMP4B polymers in vitro. In the context of ESCRT-111 assembly, CC2D1A
(or B) could then be considered as a negative regulator of CHMP4 function.

However, we cannot exclude that CC2D1A or B associates with one end of CHMP4
polymers, mimicking the Vps25-Vps20 (CHMP®6) interaction that leads to Snf7 (CHMP4)
polymerization 46: 4748 |n the context of ESCRT assembly, CC2D1A (or CC2D1B) could
then be considered as a positive regulator of CHMP4 function. Although CC2D1A or
CC2D1B has not yet been directly implicated in endosomal sorting, the drosophila
homologue Lgd was found at endosomes to regulate Notch receptor trafficking 21 22 23,
Interestingly, /gd mutants are involved in the ligand-independent activation of the receptor
Notch, a process that is disturbed in ESCRT knockdowns 4. One model was proposed
where the persistence of internalized Notch at the membrane of the endosomes, prior to
internalization into intraluminal vesicles, was responsible for an aberrant activation.
Therefore, it is tempting to speculate that a lack of recruitment and/or activation of CHMP4
in the /gd mutant would impair proper internalization of Notch into ILVs, and thus be
responsible for the observed /gd phenotype.

J Mol Biol. Author manuscript; available in PMC 2013 May 25.
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Among other processes, CHMP4 interaction might be required during CC2D1A’s function
at the centrosome and during cell division. Notably depletion of CC2D1A or B from cells
leads to multipolar spindles 11 and the same phenotype is observed upon CHMP4B
depletion 12. However, the exact role of ESCRTSs during cell division steps other than
membrane abscission 37+ 50: 51: 5253 hag yet to be defined.

As HIV-1 budding relies on ESCRTs, 18:54:55:56 H|v/-1 budding assays have been used to
uncover new aspects of ESCRT function 16: 18: 54,5557 Therefore, we used HIV-1 to test
whether the CC2D1A binding site was important for the CHMP4B function in vivo.
CHMP4 and CHMP2 isoforms are the essential ESCRT-III players in HIV-1 release °8 and
recruited late during assembly 3. Thus, not surprisingly dominant negative CHMP4B is a
potent inhibitor of HIV-1 budding 60: 61: 62 The helical hairpin of CHMP4B is required to
exert a dominant negative effect 2> and we show that the charged surface patch on helix 2
plays an essential role in this process. Notably, the helix 2 patch in CHMP4B (E90, E94,
E97) is distinct from the recently reported patch EVLK1g4-107 28 which is involved in
CHMP2A binding. Moreover, CHMP4A residues 1-116 overexpression leads to the
formation of polymers in COS7 cells 36, which implies that such a fragment represents a
minimal region for polymerization. Because there is no evidence that CC2D1A or CC2D1B
is recruited during HIV-1 budding, we speculate that the helix 2 mutation that abrogates the
dominant negative effect as well as CC2D1A binding, affects mainly CHMP4B
polymerization during HIV-1 budding, rather than plasma membrane localization. It thus
remains to be determined how CC2D1A or CC2D1B influences or controls CHMP4B
polymerization during other ESCRT-catalyzed cellular processes. In summary, we
characterized CC2D1A /n vitro as a novel adaptor molecule for ESCRT-I1I CHMP4, which
will help to elucidate the function of the complex during diverse cellular processes in vivo.

Material and methods

Expression constructs

cDNA encoding CHMP4B(7-105), CHMP4B(7-110) and CHMP4B(23-97) were cloned into
expression vector pPBADM41 and CHMP4B mutants 1 and 2 (mut 1, R28A, R30A, D31R;
mut2, E9OR, E94R and E97R) were cloned into PETM41. CC2D1B_1-601 was cloned into
expression vector pProEx-Htb (Invitrogen) and all other truncated CC2D1A constructs were
cloned into the expression vector PET28-his_TEV (kindly provided from N. Tarbouriech).
The CC2D1A(346-455) mutant (K374A, R376A, R380A, K383A, D387A, R390A, K393A)
was cloned in pProEx-Htb (Invitrogen), and cDNAs carrying the CC2D1A mutations were
synthesized by Genscript Inc.

Protein purification

MBP-CHMP4B 5 c_ajix Was produced as described previously 24. The monomeric protein
was separated from polymeric CHMP4B by gel filtration on a Superdex 200 column (GE
Healthcare) in a buffer containing 20 mM Tris pH 7.4 100 mM NaCl. MBP-
CHMP4B(7-105) constructs (mutant and wild type) were transformed into BL21 cells, and
grown at 37°C to an OD of 0.6, and protein expression was induced with 1ImM IPTG.
Cultures were grown for 1h, centrifuged, and the pellet was resuspended in lysis buffer A
(50 mM Tris pH 7.4, 150 mM NaCl, EDTA-free protease inhibitors) before sonication. After
a second step of centrifugation, the supernatant was filtered and loaded onto an amylose
column. The resin was washed with lysis buffer containing 1M NaCl and 1M KCl, and
eluted in 50 mM Tris pH 7.4, 350 mM NaCl, 10 mM Maltose. Further purification was
achieved on a Superdex 200 column (GE Healthcare) in buffer B, 25 mM Tris pH 7.4 100
mM NacCl.

J Mol Biol. Author manuscript; available in PMC 2013 May 25.
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CC2D1A constructs were expressed in BL21, induced with 1 mM IPTG and grown for 3
hours at 37°C. The pellet was resuspended in buffer A, sonicated and the supernatant was
filtered and loaded onto a Ni-NTA (Qiagen) resin. The column was washed with buffer A
supplemented with 1M NaCl and subsequently with buffer C, 50 mM Tris pH 7.4, 150mM
NaCl, 50 mM imidazole. The protein was eluted in 50 mM Tris pH 7.4, 150 mM NacCl, 250
mM imidazole. The 6x-histidine tag was removed with TEV protease at a ratio of 2 g for 1
mg of protein overnight at 4°C. The processed protein was dialyzed against 50 mM Tris pH
7.4, 150 mM NaCl, 20 mM imidazole and loaded on a Ni-NTA resin, and the flow-through
was collected. CC2D1A was further purified on a Superdex 75 column (GE Healthcare) in
buffer B.

Complex formation of CC2D1A/B with CHMMP4B

CHMP4B(7-105), CHMP4B(23-97) or CHMP4B(7-110) were transformed into BL21 cells
and grown from 1-| flasks at 37°C until an OD of 0.6 was reached, and induced with 0.2%
(w/v) arabinose. Cultures were grown for 1h, centrifuged, and the pellet was resuspended in
lysis buffer D (50mM Tris pH 7.4, 150 mM NaCl, 3 mM R-mercaptoethanol, EDTA-free
protease inhibitors) before sonication. After centrifugation, the supernatant was filtered and
loaded on a Ni-NTA resin, washed with buffer E (buffer D supplemented with 1M NaCl-
and 1M KCI) and buffer D plus 50 mM imidazole. The purified CC2D1A or CC2D1B
proteins were loaded onto the Ni-resin containing MBP-CHMP4B. Unbound CC2D1A/B
protein was washed off from the column in buffer D and the complex was eluted with buffer
D plus 250 mM imidazole. MBP was removed from CHMP4B by TEV protease cleavage at
aratio of 2 pg for 1 mg of protein overnight at 4°C. The complex was dialyzed against 50
mM Tris pH 7.4, 150 mM NaCl, 3 mM R-ME and loaded on a Ni-NTA resin connected to an
Amylose column. The CC2D1A/B-CHMP4B complex was in the flow-through and further
purified on a Superdex 75 (GE Healthcare) column in buffer C. Further purification of the
CC2D1A/B and CHMP4B complexes on an S sepharose column in buffer E (25 mM
NaCitrate, pH5.5 and 50 mM NacCl) and elution in buffer E supplemented with 1 M NaCl
dissociated the complex and both CC2D1A/B and CHMP4B proteins eluted in separate
peaks.

Co-purification experiments

Constructs corresponding to wild-type and mutant (mutl, mut2, mutl.2) MBP-
CHMP4B(7-105) were transformed into BL21 cells and grown from 1-1 flasks at 37°C until
an OD of 0.6 was reached, and induced with 0.2% (w/v) arabinose (for the wild-type
construct), or ImM IPTG for the mutants. Cultures were grown for 2h, and centrifuged, and
the pellet resuspended in lysis buffer (20 mM Tris pH 7.4, 100 mM NaCl, 1 mM PMSF)
before sonication. After centrifugation, the supernatant was filtered and loaded on an
Amylose column. The resin was washed with 5 column volumes of washing buffer (20 mM
Tris pH 7.4, 1M NaCl) and then equilibrated with the running buffer (20 mM Tris pH 7.4,
100 mM NaCl). CC2D1A(346-455) was purified separately on a Ni-NTA column as
described above. 3 mg of His-tagged CC2D1A(346-455) was incubated with wild-type and
mutant MBP-CHMP4B(7-105) bound to the amylose resin for 30 minutes and washed with
5 column volumes of running buffer. MBP-CHMP4B(7-105) wild type and mutants were
eluted with a buffer containing 20 mM Tris pH 7.4, 100 mM NaCl, 20 mM maltose and the
presence of CC2D1A(346-455) was confirmed by SDS-PAGE.

MBP pulldown experiments

30 L amylose resin (New England Biolabs) was incubated with an excess of monomeric
MBP-CHMP4B 7-105 for 30 minutes at room temperature, except for controls. Unbound
MBP-CHMP4B was removed with three washing steps with buffer (25 mM Tris pH 7.4, 100
mM NaCl). The matrices were incubated with similar amounts of CC2D1A 346-455 wild-
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type and mutant, in 5-fold molar excess for 1 h at room temperature. Unbound CC2D1A was
removed by five washing steps in buffer. Bound proteins on matrix were resuspended in
SDS-loading buffer; a third of each sample was analyzed by SDS-PAGE and bands were
detected by Coomassie Blue Staining.

Sedimentation experiments

Monomeric MBP-CHMP4B 5 c_alix (1.5 M) was concentrated to a final concentration of 15
KM in the presence of a 5-molar excess of CC2D1A wild-type or mutant; subsequently,
MBP was removed by TEV protease cleavage overnight at 4°C at a ratio of 1:10 (w/w) to
induce polymerization. The protein(s) were then separated on sucrose gradients in HBS
buffer (0.01 M Hepes, pH 7.4, 0.15 M NaCl), by overlaying sucrose solutions of 60% (65
pL), 40% 30%, 20% and 5% (85 p.l each). Centrifugation was performed in a Beckman
SWS55 rotor at 40,000 rpm for 6h at 4°C. Fractions from the gradients were analyzed on a
15% SDS-PAGE, and bands were detected with Coomassie Blue staining.

Isothermal titration calorimetry

SEC-MALLS

Calorimetric measurements were carried out at 25°C using a VP-ITC instrument with a cell
volume of 1.4569 ml (MicroCal, LLC). CC2D1B(1-601), CC2D1A-constructs and
CHMP4B(7- 107) or CHMP4B(23-97) were exchanged in the same batch of buffer (50 mM
Citrate, pH 6, 100 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine) by extensive dialysis.
The same batch of buffer was used for further dilutions of the proteins. The protein
concentrations used in the cell or in the syringe are indicated in table 2. The solution in the
cell was stirred at 286 rpm to ensure rapid mixing. The interaction isotherms were analyzed
using Origin software package supplied by MircoCal. An interaction model assuming 7
independent and equivalent binding sites was applied, and the stoichiometry 7, change in
enthalpy AH, and binding constant K4 were iteratively fitted.

Size exclusion chromatography (SEC) combined with detection by multi-angle laser light
scattering (MALLS) and refractometry - SEC was performed with a Superdex S75 or S200
column as indicated (GE Healthcare) equilibrated in a buffer containing 25 mM Tris (pH
7.5), 100 mM NaCl, 3 mM B-ME. Separations were performed at 20°C with a flow rate of
0.5 ml/min. 50 I of the complexes as indicated were injected at a concentration of 4 mg/ml.
MALLS detection and data analysis were performed as described previously 63.

Surface Plasmon resonance

BlAcore measurements were performed with the Biacore X instrument (BIAcore. Inc.) at
25°C in running buffer (10 mM Tris pH 7.4, 150 mM NacCl, 3.4 mM EDTA, 0.005%
Surfactant P20). A CM5 chip was coated with CC2D1A(346-455) to a target of ~ 100
Response units (RU). The analytes MBP-CHMP4B(7-105) wild type and mutants (in
running buffer) were passed over the chip surface at concentrations ranging respectively
from 0.47 uM to 0.062 uM and 1.4 uM to 0.525 uM for 5 min at a flow rate of 10 pl/min
and dissociation was recorded for 10 minutes. The chip was regenerated with 10 pl of 1 M
NaCl at 50 pl/min. Binding kinetics were evaluated using the BiaEvaluation software
package (BIAcore, Inc.) using a Langmuir model 1:1 with no mass transfer, but corrected
for a drifting baseline when necessary.

Crystallization and structure solution of CHMP4(23-97)

CHMP4B(23-97) crystals were obtained by the vapor diffusion method in hanging drops
mixing equal volumes of complex and reservoir solution (0.1 M Bis-Tris pH 5.5, 0.2 M
KCL, 19% PEG 3350 (w/V)). The crystal was cryo-cooled at 100 K in reservoir buffer
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containing 25% (v/v) glycerol. The selenomethionine-substituted CHMP4B(23-97) was
crystallized under the same conditions. A complete data set was collected at the European
Synchrotron Radiation Facility (Grenoble, France) beam line 1D14-4. Data were processed
and scaled with MOSFLM 64 and SCALA 65: 66, The crystals belong to space group P21212;
with unit cell dimensions of a=37.59 A, b=71.44 A, ¢=123.64 A and contain four molecules
per asymmetric unit. The structure was solved by the single anomalous dispersion method
employing the data set collected at the peak wavelength using the SAS protocol of Auto-
Rickshaw 7. FA values were calculated using the program SHELXC 68. All four heavy-
atoms positions were localized using the program SHELXD %9 and the correct hand for the
substructure was determined using the programs ABS 70 and SHELXE 7. Initial phases
were calculated after density modification using the program SHELXE 7. The initial phases
were improved using density modification and phase extension to 1.80 A resolution using
the program RESOLVE 72, An initial model was build with ARP/WARP 73 and completed
by several cycles of manual model building with Coot 74 and refinement with REFMAC 7°
using data to 1.8 A resolution to an R-factor of 0.22 and Ry 0f 0.28 (Table 1). The final
model contains chain A residues 19 to 97, chain B residues 19 to 97, chain C residues 19 to
96 and chain D residues 21 to 97 (residues 19, 20, 21 and 22 derive from the expression
vector). Of the residues, 99.6 % are within the most favored and allowed regions of a
Ramachandran plot 6. Molecular graphics figures were generated with PyMOL (W.
Delano; http://www.pymol.org) and sequence alignments with the ESPript 76. Coordinates
and structure factures have been deposited in the Protein Data Bank with accession ID
4abm.

Mammalian expression and immunlocalization

HIV budding

CHMP4B(1-153)-flag and mutated forms carrying the mutl, mut2 and mutl.2 surface patch
mutations were expressed in HEK293 cells. Fifteen hours after transfection cells were fixed
with 4% paraformaldehyde and stained with a polyclonal anti-flag AB (Sigma) followed by
an anti-rabbit Alexa-594-labeled (Invitrogen) antibody. After antibody incubation, slides
were washed with phosphate-buffered-saline, mounted in Mowiol and analyzed by confocal
microscopy. Microscopy was performed using the TCS SP2 AOBS confocal laser scanning
microscope (Leica Microsystems, Germany), with HCX Plan-Apochromat 63x 1.4 oil
immersion objective; excitation and emission were set at 405 and 420-470 nm for 4’,6-
diamidino-2-phenylindole staining and at 488 and 500-550 nm for Alexa 488 antibody
staining. Signals in different colour channels were acquired sequentially. Brightness and
contrast of raw images were optimized for presentation purpose.

293T cells (1.2 x 10%) were seeded into T25 flasks and transfected 24 h later using a calcium
phosphate precipitation technique. The cultures were transfected with 1 g HXBH10, which
encodes HIV-1, together with CHMP4B1_153FLAG wild type or mutants CHMP4Bt1,
CHMP4B 12 and CHMP4B 1.2 (100 ng each). The total amount of transfected DNA was
brought to 8 pg with carrier DNA (pTZ18U). Twenty-four hours post-transfection, the cells
were lysed in RIPA buffer (140 mM NaCl, 8 mM NayHPQO,4, 2 mM NaH,PO,, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.05% SDS), and the culture 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 7. Proteins in the cell lysates
were detected by Western blotting with anti-HIV CA or anti-FLAG antibody M2 (Sigma).

Supplementary Material

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

CC2D1B interacts with CHMP4B in vitro.

(A) Schematic drawing of the domain organization of CC2D1 isoforms. Both isoforms
contain 4 DM14 domains followed by a C2 domain.

(B) Schematic drawing of the CC2D1A and B constructs tested for CHMP4B interaction by
SEC and ITC. Complex formation is indicated with a +.

(C) SEC (S-200 column) in combination with RI (refractive index) and MALLS (Multi
Angle Laser Light Scattering) analyses of CC2D1B(1-601) in complex with
CHMP4B(7-105) reveals a 1:1 complex. The inset shows the complex eluted from the SEC
column (upper band CC2D1B(1-601) and lower band, CHMP4B(7-105).

(D) MALLS (S-75 column) analysis of the CC2D1A(346-455)-CHMP4B(23-97) complex
shows a molecular mass of 18.2 kDa. The calculated molecular mass of the complex is 20.9
kDa.

(E) Pull down of CC2D1A(346-455) wild type and mutant (mut; CC2D1A_ ) by MBP-
CHMP4B(7-105), shows that the CC2D1A mutations abrogate CHMP4B binding. Lanes 1
and 2 input of CC2D1A(346-455) wild-type and mutant, respectively; lane 3 pull down of
CC2D1A346-455) wild-type and lane 4 of the mutant; lanes 5 to 7 shows the controls,
MBP-CHMP4B(7-105) alone, CC2D1A(346-455) and mutant alone. Molecular mass
markers are indicated.
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Figure 2.

Crystal structure of the helical hairpin of CHMP4B.

(A) Stereo image of the electron density map calculated based on the SAD phases without
density modification.

(B) Ribbon diagram of the CHMP4B helical hairpin containing residues 23-97. Note that the
crystallized construct contained four extra residues at the N-terminus, which are in a helical
conformation.

(C) Stereo images of CHMP4B (blue) and CHMP3 (salmon) (Protein Data bank (PDB) ID
3FRT) based on superpositioning of the Ca. atoms.

(D) Stereo images of CHMP4B (blue) and IST1 (cyan) (PDB ID 3FRR) based on
superpositioning of the Ca. atoms.

(E) Superpositioning of the Ca atoms of CHMP4B (blue) and Vps20 (gray) (CHMP6) (PDB
ID 3FTU; the CHMP4B residues affecting CC2D1A interaction are labeled in red and the
Vps20 residues involved in ESCRT-11 VVps25 interaction are shown in yellow.
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Figure 3.

CC2D1A binds to the N-terminal end of the CHMP4B helical hairpin.

(A) The molecular surface of CHMP4 is shown in two orientations and charged residues are
indicated. The two patches affecting CC2D1A interaction are circled in green; CHMP4B 11
carries the R28A, R30A, D31R and E33R mutations and CHMP4B 1> has E90R, E94R and
E97R mutated.

(B) Co-purification of CC2D1A(346-455) and wild-type or mutant MBP-CHMP4B(7-105);
lane 1, wild-type MBP-CHMP4B(7-105); lane 2 MBP-CHMP4B(7-105)my11; lane 3, MBP-
CHMPA4B(7-105)myt2; lane 4, MBP-CHMP4B(7-105)myt1.2-
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Figure 4.

CC2D1A prevents CHMP4B polymerization. Sucrose gradient analyses of MBP-
CHMP4Bc_alix, CHMP4B 5 c_ajix and CC2D1A.

(A) CC2D1A(346-455); (B) MBP-CHMP4B A alix; (C) MBP-CHMP4B A¢ alix after TEV
protease cleavage; (D) MBP-CHMP4B z¢ ajix Was incubated with CC2D1A(346-455) and
then subjected to TEV protease cleavage; (E) MBP-CHMP4B y¢ ajix Was incubated with
CC2D1A ut and then subjected to TEV protease cleavage. -

(F) CC2D1A(309-494) and (G) CHMP4B ¢ alix Polymers were incubated with
CC2D1A(309-494). -
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Figure 5.

Mutations in CHMP4B annul the dominant negative effect of C-terminally truncated
CHMP4B.

(A) (Left panel) Expression of wild type CHMP4B_153FLAG exerts a strong dominant
negative effect on HIV-1 budding (lane 2) as compared to the vector control (lane 1).
Expression of CHMP4B1_153mut1 Shows that it is still dominant negative (lane 3), while
CHMP4B1.153mut2 lost the dominant negative effect (lane 4). (Right panel) lane 1 vector
only control; lane 2, expression of wild type CHMP4B_153FLAG exerts a strong dominant
negative effect and lane 3, the double mutant CHMP4B1_153mut1.2 IS ho longer dominant
negative.

(B) Western blot revealing the intracellular Gag processing corresponding to the panels
shown in (A). (Lower panel), Western blot showing the expression levels of the CHMP4B
constructs.
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Figure 6.
The mutl.2 surface patch is important for plasma membrane localization and polymerization

of CHMP4B in vitro.

Confocal microscopy of CHMP4B(1-153)-flag localization in HEK293 cells.

(A) CHMP4B(1-153)-flag wild type, (B) CHMP4B(1-153)-flag carrying the mutl, (C) the
mut2 and (D) the mutl.2 surface patch mutations. Individual confocal Z-sections are shown.
Nuclei have been stained with 4’6-diamidino-2-phenylindole. The scale bar represents 10
pm.

(E) Sucrose gradient analyses of recombinant wild-type MBP-CHMP4B s c.ap1x (top panel)
and MBP-CHMP4B jc.aLx carrying the mutl.2 surface patch mutations (bottom panel).
Molecular mass markers are indicated.
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Table 2

Data collection and refinement statistics

CHMP4 (SeMet)

Data Collection
Space group
Cell dimensions a, b, ¢ (A)
Wavelength (A)
Resolution
Rierge
1l ol
Completeness (%)
Multiplicity
Anomalous completeness
Anomalous multiplicity
Total observations
Unique reflections
Wilson B-factor (A?)
Refinement
Resolution (A)
Ruwork (number of reflections)
Riree (number of reflections)
Number of atoms

Protein

Water
B-factors (A2)

Protein

Water
r.m.sd.

Bond lengths (A)

Bond angles (°)

P2,2:2;
37.59, 71.43, 123.68
0.9795

41.23 -1.80 / (1.90- 1.80)
0.074 (0.414)

16.3 (4.4)

99.7 (100.0)

7.0(7.1)

99.6 (100.0)

3.6 (3.6)

220642 (32311)

31659 (4520)

233

1.80
0.227 (30007)
0.285 (1588)

2693
137

16.78
27.6

0.018
0.884

*
Values in parentheses are for highest resolution shell. SeMet, selenomethionine.
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