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Abstract

The multivesicular body (MVB) pathway is an important biological process that
functions in a number of different physiological and pathological settings in the
eukaryotic cells, including down-regulation of cell surface receptor signaling, enveloped
virus budding and abscission during cytokinesis. The AAA ATPase Vps4 plays a pivotal
role in this pathway by catalyzing structural remodeling of the membrane-associated
Endosomal Sorting Complexes Required for Transport (ESCRT) machinery. This activity
leads to the recycling of the ESCRT machinery and may also be linked to membrane
fission.

The active form of Vps4 is a double-ring dodecameric structure in the presence of
ATP. The crystal structure of S. cerevisiae Vps4 shows the protein contains a canonical
AAA domain fold and undergoes conformational change upon nucleotide binding,
providing a possible mechanism of oligomerization. Positive regulators Vtal, Vps60 and
Did2 and negative regulator Istl further modulate the activity of Vps4 in the cell.
Structural and biochemical analyses of these proteins and their interactions with Vps4
provide further insights into their mechanisms of action. Vtal is organized into two well-
folded domains connected by a flexible linker region. The dimeric C-terminal domain is
responsible for Vps4 binding. It stimulates the ATPase activity of Vps4 by stabilizing the
double-ring structure. The N-terminal domain contains two tandem MIT domains

previously seen in the N-terminal ESCRT-I11-binding domain of VVps4. The second MIT

Xiv



domain contains Vps60 and Did2 binding activity, and these interactions further stimulate
the Vps4 activity in a Vtal-dependent manner. Istl contains a well-folded N-terminal
domain and a C-terminal MIT-interacting motif. The crystal structure of the N-terminal
domain of Istl reveals it resembles the fold of an ESCRT-I1I protein, suggesting that Ist1
might inhibit VVps4 activity by acting as a substrate mimic. Ist1 also interacts with Did2
via a novel binding mechanism and this interaction is important for both yeast vacuolar
sorting and mammalian cytokinesis. Taken together, these results enable us to better
understand the molecular mechanism of Vps4 function and its regulation in the MVB

pathway.
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CHAPTER 1

INTRODUCTION

Biological membranes are selectively permeable barriers that separate the cell
from the exterior environment and contents of organelles from the cytosol. They are also
highly dynamic in nature and constantly undergo structural changes that accompany
specific cellular processes. Remarkably, topologically equivalent membrane-fission
events have been shown to occur in several physiological and pathological conditions.
These include maturation of enveloped viruses such as HIV (human immunodeficiency
virus), separation of the two daughter cells during cell division (the abscission step in
cytokinesis), and formation of the internal vesicles at the multivesicular body (MVB) in
eukaryotic cells (Figure 1.1). The commonality in these activities lies in their membranes
budding away from the cytoplasm. Furthermore, a common cellular pathway has been
implicated in all three processes. This pathway was originally characterized during the
study of MVB biogenesis in the yeast cell; as a result, it is known as the MVB pathway.
Because of its essential function in regulating cell growth and proliferation, abnormality
of this pathway is often related to cancer where the balance of regulation is often
subverted. Moreover, owing to its close tie with viral infection, it has also ignited
enormous interest in this regard. Therefore, the past ten years have seen an explosion of

research in this field. The proteins involved in this pathway have been identified by
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Figure 1.1 The MVB pathway functions in membrane fission processes.

The MVB pathway functions in formation of the internal vesicles at the multivesicular
body (MVB), envelope virus budding, and cytokinesis. The common feature of these
activities lies in that their membranes bud away from the cytoplasm.



genetic and cell biology studies, and the mechanism of their actions elucidated

biochemically and structurally (reviewed in [1-4]).

MVB, CLASS E VPS PROTEINS AND THE ESCRT MACHINERY

The MVBs are special compartments in the eukaryotic cells and are defined based
on their unique morphology revealed by the electron microscope. The characteristic
feature of an MVB is the presence of many internal vesicles, all known as intralumenal
vesicles (ILVs) (reviewed in [5, 6]). The link between the MVBs and the endosome
system is established by monitoring the proteins that undergo constitutive internalization.
For example, the epidermal growth factor receptor (EGFR) is the cell-surface receptor for
the EGF-family extracellular growth factors. When engaged with EGF, EGFR switches
on its protein-tyrosine kinase activity, which in turn activates intracellular signaling
pathways to promote cell growth, proliferation, and differentiation [7, 8]. To avoid
overgrowth, the cells will regulate the signaling duration by subsequently conveying the
EGF-EGFR complexes to the lysosome for degradation. This process is often known as
receptor down-regulation, which mediates the degradation of not only EGFR but also
many other transmembrane proteins (Figure 1.2) [9-12]. To achieve this, these receptor
complexes are first displaced from the plasma membrane and delivered to the early
endosome through a process known as endocytosis [9, 13]. Protein sorting then takes
place: reusable materials will be recycled back to the plasma membrane, while molecules
doomed for destruction will be directed into the invaginating ILVs [10, 14]. As a result of

this vesiculation process, the resulting endosome displays a multi-vesicular appearance
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Figure 1.2 Receptor down-regulation by the MVB pathway.

During the receptor down-regulation process, cell-surface receptors and transmembrane
proteins are internalized and transported to the early endosome. They are further sorted
into the forming ILVs. The MVB is generated when many of such IL Vs are present
within an endosome. MVBs move along the microtubules until they finally fuse with the
lysosomes, resulting in the degradation of their internal materials.



and becomes an MVB. Meanwhile, MVBs move along the microtubules toward the cell
interior and eventually fuse with the lysosome. This will deliver the molecules residing in
the ILVs into the lumen of the lysosome, where they will be digested [15, 16]. Hence,
MVBs are specialized forms of mature endosomes that serve a lysosomal transport
function. The purpose of forming the ILVs and sorting the cargo into them is to expose
transmembrane cargo molecules to the digestive enzymes within the lysosome (Figure
1.2).

MVB biogenesis can be functionally dissected into three related steps: cargo
sorting and concentrating, endosomal membrane deformation, and ILV formation and
fission (Figure 1.3). These steps are achieved by the interplay between membrane lipids
and cellular proteins. For example, at least four types of lipids have been implicated in
these processes to date: phosphoinositides, cholesterol, the unconventional lipid
lysobisphosphatidic acid (LBPA,; also called BMP, for bis(monoacylglycero)phosphate),
and the sphingolipid ceramide. Specifically, phosphatidylinositol-3-phosphate (PI3P) is
enriched on the cytosolic side of early endosomes and has a well-established role in
recruiting cellular proteins [17, 18]. The PI3P 5-kinase activity is required for the MVB
function, suggesting phosphatidylinositol-3, 5-bisphosphate (P13 sP,) might play
important roles as well [19]. Both LBPA and ceramide can induce ILV formation under
some circumstances [20, 21]. It is believed that their unique shapes may play a role that
affects the local membrane curvature. The role of cholesterol remains undefined.
However, blocking of the MVB pathway results in the accumulation of cholesterol in the
endosomes, suggesting that cholesterol sorting is associated with MVB function [22-24].

Indeed, many aspects of lipid involvement await further characterization, particularly
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Figure 1.3 Molecular mechanism of the MVB pathway.

Function of the MVB pathway depends on the action of several protein complexes called
Endosomal Sorting Complexes Required for Transport (ESCRT-I, -II, and -III). The
Vps27-Hsel complex, ESCRT-I, and ESCRT-II bind to ubiquitinated cargo and cluster
multiple cargo molecules on the membrane. ESCRT-III recruits other regulators such as
the deubiquitinating enzymes and may also be responsible for membrane deformation.
Vps4 catalyzes the disassembly of ESCRT-III for sustained functional cycle of the MVB
pathway; and this disassembly process is likely to be mechanistically coupled to the
vesicle scission process as well. Several proteins, including Vtal and Istl, regulate the
function of Vps4, suggesting Vps4 carries out a critical step in the MVB pathway.



with regard to ILV formation and detaching, where the participation of lipids is clearly
critical.

In contrast, the molecular details of cellular proteins involved in this pathway
have been extensively studied and a clear picture has emerged (Figure 1.3). Both cargo
sorting and ILV formation depends on the functions of a group of proteins called class E
Vacuolar protein sorting (Vps) proteins, first identified in the yeast Saccharomyces
cerevisiae by the Tom Stevens lab in the early 90s [25]. Deletion of many of these
proteins results in not only loss of MVB formation, but also mislocalization of MVB
cargo to a distinctive abnormal subcellular structure called class E compartment. Clearly,
these proteins are required for the normal MVB function. Subsequently, Scott Emr and
colleagues further demonstrated a majority of the class E Vps proteins function in the
form of three protein complexes: ESCRT-I, -1l and —I1l, where “ESCRT” is an
abbreviation for “Endosomal Sorting Complex Required for Transport” [26-28]. ESCRT-
I and 11 are constitutive complexes and are recruited to the endosome in their fully
assembled forms. In contrast, the ESCRT-III proteins are monomers in the cytoplasm and
assemble into the ESCRT-III complex only at the endosome membrane. Besides ESCRT-
I, -11, and -111, major components of the MVB pathway also include the Vps27-Hsel
complex (sometimes also referred as ESCRT-0 in the literature) [29-31], the ATPase
Vps4 [32, 33] and other ESCRT associated regulators [34] (Table 1.1). By the concerted
function of these proteins and protein complexes, the cargo molecules are “escorted” into
the ILVs of the MVB in order to be primed for their eventual degradation.

The signal that designates a protein molecule as an MVB cargo has also been

elucidated. Like its function in targeting proteins to the proteasome system,



Table 1.1 Proteins function in the MVB pathway

MVB machinery Yeast Interactions Mammal homologs
ESCRT-0

Vps27 Cargo, membrane, Vps23 Hrs

Hsel Cargo, ubiquitin ligase and  STAM1, STAM2

deubiquitinating enzymes

ESCRT-I

Vps23 Vps27, cargo Tsgl01

Vps28 Vps20, Vps36 Vps28

Vps37 Vps37A-D

Mvb12 Mvb12A-B
ESCRT-II

Vps22 EAP30

Vps25 Vps20 EAP20

Vps36 Cargo, membrane, Vps28 EAP45
ESCRT-III proteins

Vps2 Vpsd CHMP2A-B

Vps20 Vps4, Vps28, Vps25 CHMP6

Vps24 Vpsd CHMP3

Snf7 Vps4, Brol CHMP4A-C

Did2 Vps4, Vial, Istl CHMP1A-B

Vps60 Vtal CHMP5
Disassembly

Vpsd ESCRT-III, Vtal, Istl Vpsd4A, Vps4B (SKD1)

Vial Vps4, Vps60, Did2 SBP1/Lip5
Others

Brol Snf7, deubiquitinating Alix/AlIP1

enzyme Doa4
Istl Vps4, Did2 KIAAQ0174




ubiquitination serves as the destruction signal in this pathway. However, instead of
forming long poly-ubiquitination chains linked through Lys-48 in the proteasome
pathway [35, 36], a mono-ubiquitin conjugation appears to be sufficient to direct a
protein molecule into the MVB pathway in most cases [37]; though Lys-63 linked poly-
ubiquitin chains have also been observed [38, 39]. The ubiquitination modifications are
recognized by the Vps27-Hsel complex, ESCRT-I complex, and ESCRT-II complex
(Figure 1.3). Following their action, the ESCRT-I1I complex is formed on the endosomal
membrane. ESCRT-III recruits regulatory proteins including the deubiquitinating
enzymes to remove the ubiquitin tag from the cargo. More importantly, the ESCRT-III
complex may also be responsible for deforming the membrane to generate the ILVs.
Finally, the ATPase Vps4 catalyzes the recycling of the ESCRT complexes by
dissociating them from the membrane, and this disassembly process is likely to be
mechanistically coupled to vesicle scission. The activity of Vps4 is closely regulated by a
group of positive and negative regulators, including Vtal and Istl, suggesting Vps4
carries out a critical step in the MVB pathway.

The ESCRT system and all the associating regulatory factors are highly conserved
in the eukaryotic cells [40, 41]. Many proteins in this pathway have multiple isoforms in
higher-level species, suggesting an evolved functional complexity (Table 1.1). Not
surprisingly, improper function of this pathway is often linked to human diseases. For
example, dysfunctions of several genes in the ESCRT complex have been connected to
cancer related cell overgrowth, and some will be discussed in more detail in the following
sections. Interestingly, proteins in the ESCRT machinery are employed in viral budding

and cytokinesis, which mirror the MVB vesicle-generation process in their nature of



membranes curving and budding away from the cytoplasm [42-44]. Furthermore, recent
research has revealed that the ESCRTSs are also involved in autophagy-associated
neurodegeneration [45, 46]. As such, understanding the molecular mechanism of the
ESCRT machinery is critical for promoting the discovery of novel therapeutics against

diseases including cancer, viral infection and neurodegeneration.

DELINEATING THE MOLECULAR MECHANISM OF THE MVB PATHWAY

Cargo recognition by the upstream components of the ESCRT machinery

As mentioned above, the protein machinery involved in cargo sorting and
concentration are the three upstream protein complexes: Vps27-Hsel, ESCRT-I, and
ESCRT-II. Efforts by several groups have clarified the overall structural organization for
each (Figure 1.4A-C). A common structural feature of these complexes is that they all
contain phospholipid-binding domains for membrane targeting, ubiquitin-binding
domains for interacting with cargo molecules, and protein-protein interaction motifs for
interacting with each other and recruiting other proteins.

The Vps27-Hsel complex is recruited to the endosome through its interaction
with the endosomal lipid PI3P. The Fabl-YGL023-Vps27-EEAL (FYVE) domain in
Vps27 mediates this interaction [47-49]. Both Vps27 and Hsel harbor ubiquitin-
interacting motif (UIM) domains, which bind to ubiquitinated cargo [50-53].
Interestingly, the Vps27-Hsel complex is also associated with both ubiquitin ligase and
deubiquitinating enzymes [54-56]. The counter-actions of these activities are

hypothesized to be important for performing the final check on the cargo before they

10
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enter the MVB pathway. Human Vps27 is known as Hrs (Hepatocyte growth factor-
regulated tyrosine kinase substrate), and Hsel has two human orthologs, STAM1 and
STAM2 (signal transducing adaptor molecule). Hrs recruits clathrin, which forms a
planar lattice on the endosome [57, 58]. In contrast to its well-established role in coating
the endocytic vesicles on the cell surface [59], the function of this flat clathrin lattice
appears to be defining a special domain on the endosomal membrane to concentrate cargo
and organize the sorting machinery. Vps27/Hrs also serves as a docking site for ESCRT-I
(see below).

Structures of many isolated fragments of the Vps27-Hsel complex have been
determined, including the FYVE domain [47], UIM1 in complex with ubiquitin [51], and
UIM1-UIM2 tandem domains of VVps27 [51]; double-sided ubiquitin binding UIM
domain [60] and the VHS (Vps27, Hrs, STAM)-FYVE tandem domains of Hrs [61]; the
SH3 (Src homology 3) domain of human STAM2 in complex with a fragment of the
deubiquitinating enzyme UBPY (ubiquitin isopeptidase Y) [62]; as well as the core
domain responsible for the Vps27-Hsel complex assembly [63]. As a result, a nearly
complete model of the entire Vps27-Hsel complex can be pieced together (Figure 1.4A).
The entire Vps27-Hsel complex appears to be an open and dynamic assembly, where
many distinct activities can be coordinated [63].

The ESCRT-1 complex is a heterotetramer, containing one copy each of Vps23,
Vps28, Vps37 and Mvb12 [26, 64]. ESCRT-I is recruited to the endosome by the Vps27-
Hsel complex through the interaction between Vps27 and Vps23. Specifically, the P-
T/S-x-P motif within the C-terminal region of VVps27 interacts with the UEV (ubiquitin

E2 variant) domain of Vps23 [65-67]. (P-T/S-x-P refers to the tetrapeptide Proline-
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Threonine/Serine-any amino acid-Proline. Similar one-letter codes for amino acids are
also used in the following text.) The UEV domain of VVps23 can also bind to the ubiquitin
using a different binding surface [68, 69]. Therefore, Vps27-binding and ubiquitin-
binding can be independent of each other. Tsg101, the mammalian homolog of Vps23
has been a great interest of study even before the discovery of ESCRT-I. Tsg101 was
identified as a tumor susceptibility gene in a genetic screen (thus the name: tumor
susceptibility gene 101), as either functionally knocking-out or over-expression of
Tsg101 resulted in transformation of NIH3T3 fibroblast cells [70, 71]. Mutation in
erupted, the Drosophila ortholog of Tsg101 also causes tissue overgrowth [72]. This is
consistent with the role of the MVB pathway in regulating growth factor signaling and
cell division. On the other hand, it was observed that HIV p6 protein could recruit
Tsg101 through the same P-T/S-x-P motif [73-77]. Therefore, it appears that HIV can
mimic the action of Hrs and take over the MVB pathway for its own purpose.

ESCRT-I activates ESCRT-II through direct interaction between the C-terminal
domain of Vps28 and ESCRT-I11 [78]. Based on this sequential activation scenario
between Vps27-Hsel, ESCRT-I, and ESCRT-II, it was originally proposed that a cargo
molecule is passed from Vps27-Hsel through ESCRT-1 to ESCRT-I1I (reviewed in [4]
and [79]). However, there appears to be no reason for a cargo to travel through all three
complexes in order to enter the ILVs. On the other hand, although all the ubiquitin-
binding motifs in Vps27-Hsel, ESCRT-I, and ESCRT-II essentially interact with the
same surface on ubiquitin [5], a direct hand-off reaction between them has not been
observed so far. Notably, a recent structure study on ESCRT-I suggests that direct cargo

passing between ESCRT-I and ESCRT-II is physically difficult [64].
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The overall structure of the ESCRT-I core can be best described as a fan-shaped
“headpiece” connected to a 13 nm rigid “stalk” (Figure 1.4B) [64]. The headpiece is
mainly composed of three anti-parallel two-helix hairpins. Vps23, Vps28, and Vps37
each contribute one of the hairpins [78, 80]. The stalk consists of four long helices, two
from Vps23 and one each from Vps37 and Mvb12 [64]. It is worth noting that the
structure of the ESCRT-I core could only be determined after the discovery of Mvb12,
which is an integral component of ESCRT-I and stabilizes the overall structure of the
complex [81-85]. This structure organization of ESCRT-I projects the Vps23 UEV
domain (cargo binding) and the Vps28 C-terminal domain (ESCRT-II binding) to the
opposite ends of this exceptionally elongated assembly (Figure 1.4B) [64]. This
observation does not seem to support a model of direct transfer between ESCRT-I and
ESCRT-II. Therefore, it appears that Vps27-Hsel, ESCRT-I and ESCRT-II function in a
cooperative rather than competitive manner to tether multiple cargo molecules at the
same time [1]. This cooperative model is also consistent with several previous
observations. For example, over-expression of ESCRT-I11 can suppress the effect of loss
of ESCRT-I in yeast [27], while mammalian ESCRT-1I is dispensable for sorting of some
cargo molecules [86].

In addition to the core of ESCRT-I, the structures of the Vps23/Tsg101 UEV
domain in complex with either ubiquitin or the P-T-A-P motif of the HIV-1 p6 protein
have also been reported [68, 69, 87], as well as the C-terminal domain of Vps28 that
mediates the interaction with ESCRT-II [88] (Figure 1.4B). ESCRT-I binds to the
endosomal membrane via the basic N-terminal region of Vps37 with modest affinity [64];

however, membrane targeting appears to rely more on the simultaneous and reinforcing
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interactions with cargo, Vps27-Hsel and ESCRT-II. Both Vps37 and Mvb12 have
multiple isoforms in mammals (Vps37A-D and Mvb12A-B) [83, 89], and their functional
differences have not been fully explored.

The ESCRT-11 complex consists of one molecule each of Vps22 and Vps36, and
two molecules of Vps25 [27]. Their homologs in mammals are also referred as EAP30,
EAP45, and EAP20, respectively [90]. In Drosophila, the ESCRT-11 subunit VVps25 acts
as a tumor suppressor. Mutation of Vps25 triggers tumor-like overgrowth [91-93]. This is
reminiscent of the effect of Tsg101 mutation. Vps25 interacts with Vps20 in the ESCRT-
I11 complex. Therefore, ESCRT-II may play a critical role in initiating the assembly of
ESCRT-III [94, 95]. Meanwhile, Vps22 interacts with RILP (Rab7-interacting lysosomal
protein), which in turn binds to the dynein-dynactin motor complex [96-98]. This might
be important for moving the MVBs along the microtubules.

Mammalian Vps36 contains a PH (Pleckstrin homology) domain variant called
the “GLUE (Gram-like ubiquitin binding domain in EAP45)” domain. This domain binds
to both phosphoinositides and ubiquitin [78, 99-101]. Besides the GLUE domain, there is
also a second lipid-binding site in ESCRT-II, which lies in the extreme N-terminal helix
of Vps22 [102]. This suggests a combinatorial mechanism for high-affinity membrane
targeting. A region immediately C-terminal to the GLUE domain mediates the interaction
with Vps28 in ESCRT-1 [102]. Therefore, ESCRT-I binds to a region very close to the
membrane-binding site in ESCRT-II, and the binding might trigger a conformational
change to activate ESCRT-II. In yeast, Vps36 contains two NZF (Npl4 zinc finger)
domains, NZF1 and NZF2, inserted in the GLUE domain. NZF1 mediates interaction

with Vps28, while NZF2 binds to ubiquitin [103, 104]. Notably, although the detailed
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mechanisms of binding to both ESCRT-I and cargo have altered, the binding events per
se have been conserved through evolution. This highlights the functional importance of
these interactions.

Structures have been determined for both the yeast ESCRT-1I core and a more
intact human ESCRT-I11 (Figure 1.4C) [94, 102, 105]. The core of the ESCRT-II
resembles the letter “Y”, with one Vps25 subunit forming the stalk, and the other VVps25
and the Vps22-Vps36 subcomplex forming the two branches. Although the three subunits
do not have primary sequence homology to each other, each subunit consists of two
repeats of winged helix (WH) domains. An additional helical domain is seen in the
human ESCRT-I1 structure, which is conserved in the yeast complex as well. The helical
domain is contributed by both Vps22 and Vps36 and extends further along the Vps22-
Vps36 branch of the Y shape. Compared with the rest of the structure, this domain has a
more dynamic nature. Hydrodynamic analysis suggests the N-terminal GLUE domain of
Vps36 might sit on this domain in its inactivated state (Figure 1.4C). However,
membrane targeting of the GLUE domain could potentially trigger a conformational

change in the rest of the complex through this domain [102].

ESCRT-I111, membrane deformation, and ESCRT-I111 associated regulators

The ESCRT-III proteins are a family of small, bi-polar molecules, including
Vps2, Vps20, Vps24, Snf7, Did2 and Vps60. They have related sequences and perhaps
evolve from a common origin [28]. All ESCRT-I11I proteins have a basic N-terminal half
and an acidic C-terminal half. In a working model, the ESCRT-III proteins exist in a

monomeric, auto-inhibited form in the cytosol due to interaction between the N- and C-
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halves. Upon stimulatory signals, they hetero-oligomerize to assemble into a large protein
lattice on the endosomal membrane with an undefined stoichiometry. This assembly is
collectively called the ESCRT-11I complex [3]. The nature of the stimulatory signal is not
entirely clear; and both protein-protein and protein-lipid interactions could be involved.
For example, the ESCRT-I111 subunit VVps20 can directly interact with both Vps28 in
ESCRT-I and Vps25 in ESCRT-11 [88, 94, 95, 106], while both Vps24 and Snf7 in
ESCRT-III are able to bind to phospholipids [107, 108]. In addition, Vps20 is
myristoylated at its N-terminal region, which also contributes to its membrane
localization [28, 106].

In contrast to ESCRT-I and ESCRT-11 whose subunit compositions are well
defined, the structural organization of the ESCRT-111 complex is only vaguely
understood. In yeast, it is generally believed that Vps2, Vps20, Vps24 and Snf7 form the
core of the ESCRT-I1I complex while Did2 and Vps60 play regulatory roles in the
assembly and disassembly process of the complex [28, 109]. More importantly, it appears
that the core subunits are placed onto the endosome in a well-established order [110].
Specifically, Vps20 is recruited first, probably through its interactions with Vps28 and
Vps25 and its myristoylation modification. Vps20 subsequently nucleates the
oligomerization of Snf7, which seems to be the major building block of the ESCRT-III
complex. The Vps20-Snf7 subcomplex further recruits Vps24-Vps2 to terminate Snf7
oligomer expansion and initiate Vps4-dependent dissociation.

The mammalian ESCRT-III proteins are also known as CHMPs (charged
multivesicular body proteins). CHMP proteins function in a much more complicated

manner compared with their yeast counterparts. In yeast, deletion of only the core
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ESCRT-III subunits gives rise to the class E morphology, while deletion of Did2 or
Vps60 only generates a weak phenotype [28]. In mammals, however, all CHMPs seem to
be indispensable. For example, disruption of the normal function of CHMP3/Vps24 and
CHMP6/Vps20 in mammals leads to the accumulation of EGFR in endosomes [106,
111]. CHMP5/Vps60 is essential for receptor down-regulation during mouse
embryogenesis, and deletion of CHMP5 in mice results in early embryonic lethality
[112]. CHMP1A/Did2 has recently been characterized as a novel tumor suppressor gene,
especially in the pancreas [113]. Moreover, many CHMP proteins have multiple isoforms
(CHMP1A-B, CHMP2A-B, CHMP4A-C) in mammals, and these isoforms sometimes
function differentially [114]. Finally, a mammal specific CHMP7 protein has no yeast
ortholog [115]. Notably, dominant-negative versions of many CHMP proteins are potent
inhibitors of HIV and other enveloped viruses, which provide a significant clinical
interest [116-118].

CHMP3/Vps24 is the only ESCRT-III subunit whose structure has been
determined to atomic resolution (Figure 1.4D) [119]. This structure has served as a model
for all ESCRT-III protein. The core of CHMP3 consists of an asymmetrical antiparallel
four-helix bundle, with the first two helices forming a 70 A long helical hairpin. This
hairpin mediates two types of interactions with neighboring molecules in the crystal
lattice, and these interaction sites are hypothesized to constitute binding surfaces for other
ESCRT-III proteins in vivo. Moreover, arrangement of molecules in the crystal displays a
contiguous basic surface, which could potentially represent a membrane-binding
interface. The CHMP3 fragment used in the structure determination contains a deletion in

its most C-terminal predicted helix. This C-terminal helix together with the nearby helix
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(helix a5 in the structure) are important for auto-inhibiting ESCRT-I1I proteins to retain
them in their monomeric states [116, 120]. As a result of the deletion, the auto-inhibition
has been relieved therefore the determined structure represents an open state of the
molecule. In Chapter 4, | will describe the structure of a protein called Istl. Strikingly, it
has an ESCRT-III like fold with its N-terminal region highly resembling the CHMP3
core. More importantly, the structure organization in Ist1 might reflect a closed
conformation for the proteins containing the ESCRT-I11 fold.

Because the ESCRT-III subunits function in the late stage of the MVB pathway
and can form polymer structures on the membrane, they have been the prime candidates
for the membrane scission machine that makes and detaches the ILVs. The main evidence
to support this comes from an Snf7 over-expression study performed by Phyllis Hanson
and colleagues [121]. When hSnf7-1 (CHMP4A) or hSnf7-2 (CHMP4B) is over-
expressed in cultured cells, they form curved filaments on the cytoplasmic face of the
plasma membrane. Furthermore, these filaments can deform membranes into buds and
tubules that project away from the cytosol in the presence of Vps4. This experiment
suggests the Snf7 proteins can promote membrane curvature in the direction required for
ILV formation. Interestingly, other ESCRT-III proteins are also capable of forming
helical or tubular structures, and these assemblies can affect the shape of membrane in
vitro [122, 123]. Taken together, these observations support a direct role for the ESCRT-
111 subunits in the mechanics of ILV invagination. Remarkably, the unusual long helical
hairpin motif in the CHMP3 structure and the ability of the ESCRT-I11I proteins to form
helical assemblies are both reminiscent of the BAR-domain containing proteins, which

function along with dynamin to deform plasma membrane during endocytosis [124-127].
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In this regard, it is tempting to speculate the ESCRT-III proteins function in a related
mechanism, but bend membrane into the opposite direction.

Certainly, many questions remain to be addressed. For example, CHMP3 depleted
mammalian cells can still form ILVs, as can mammalian cells depleted of CHMP5 and
yeast cells depleted of Did2 [109, 111, 112]. Given the recent study suggesting Snf7 is
the most abundant components in the ESCRT-I1I complex [110], one possible
explanation for these observations is that Snf7 oligomer is the major driving force for
ILV formation, while other ESCRT-I1II proteins can be dispensable for this purpose.
However, this also highlights the complicated nature of the ILV formation process. In
reality, membrane deformation in MVB biogenesis is likely an event contributed by
many factors. Membrane lipids are expected to play a key role as well. Several different
or overlapping mechanisms have been proposed in animal cells regarding the role of lipid
in ILV formation. For example, the ESCRT-I11I interacting proteins, Alix (see below), can
bind to the mammal-specific lipid LBPA/BMP [20]. LBPA has an inverted cone shape
and can drive the formation of membrane invaginations in acidic liposomes in vitro, and
Alix can regulate this process. Moreover, Alix controls the organization of LBPA-
containing endosomes in vivo [20, 128]. Another protein, SNX3 (sorting nexin 3), which
binds to PI3P and functions downstream of Hrs, has also recently been implicated in ILV
formation [129]. Furthermore, ESCRT-independent mechanism appears to exist as well,
and one such mechanism depends on sphingolipid ceramide [21]. Therefore, we are still
in an early stage of understanding how the ILVs are actually formed. Interconnection

between these different mechanisms need to be considered and further explored.
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In addition to its likely role in mediating membrane deformation, the ESCRT-III
complex recruits a myriad of important adaptor proteins and regulatory enzymes to the
endosomal membrane, often using their C-terminal amphipathic auto-inhibitory helices.
Membrane-bound ESCRT-I11 subunits expose their C-terminal regions, making them
available to recruit their specific binding partners. Reciprocally, binding of other proteins
to the C-terminal helices within the ESCRT-I1I proteins can potentially lead to or
stabilize their open conformation, therefore regulating their membrane localization and
oligomerization. For example, the ubiquitin tags on the cargo molecules need to be
removed before they are sorted into the ILVs. Targeting of the deubiquitinating enzymes
(DUBS) to the endosomal membrane depends on the assembly of the ESCRT-III lattice.
In yeast, Snf7 recruits Brol, which in turn recruits the DUB Doa4 [130, 131]. A Doa4-
like DUB has yet to be identified in animal cells; however, two other DUBs, AMSH and
UBPY, have been implicated in this process. Both AMSH and UBPY interact directly
with the ESCRT-III proteins, providing a unified theme for the ESCRT-I1I coordinated
deubiquitinating event [54, 132-134].

Alix or AIP1, the mammalian homolog of Brol, has attracted much attention in
its own right, due to its interesting cellular activities. It was first identified as an
interacting partner for ALG-2, a protein implicated in apoptosis (therefore the name,
ALG-2-interacting protein X or ALG-2 interacting protein 1) [135, 136]. Besides its role
in the endosomal sorting pathway, it has well-defined functions in processes such as
retrovirus budding and cytokinesis [137-140]. However, it appears that its interaction
with Snf7/CHMP4 is key in each case. Alix has three distinct regions: an N-terminal

Brol domain, a central V domain, and a C-terminal proline-rich region. The structure of
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the Brol-V tandem domains of Alix is shown in Figure 1.4E. The banana-shaped Brol
domain specifically interacts with the C-terminal helix of Snf7/CHMP4 [141-144]. The V
domain is composed of two extended helical arms that fold in the shape of the letter V,
and is the target of many retroviruses including HIV [145-147]. The C-terminal proline-
rich domain contains binding epitopes for many cellular proteins, including Tsg101 [117,
148]. Therefore, Alix can also potentially mediate the communication between ESCRT-I
and ESCRT-III.

For sustained protein trafficking through the MVB pathway, the ESCRT-III
lattice needs to be disassembled from the endosomal membrane and recycled. This
membrane-dissociation event is crucial for forming the ILVs. Vps4, which catalyzes this
disassembly and dissociation process, is targeted to the endosomal membrane via its

interaction with the ESCRT-I11 complex as well.

Vps4 catalyzed ESCRT disassembly

Vps4 is an indispensable component and a master regulator of the ESCRT
machinery. Inhibition of Vps4 function affects almost all biological processes that the
ESCRT machinery is known to participate in. For example, deletion of the VVps4 gene in
yeast leads to a pronounced class E phenotype displaying severe defects in cargo sorting
and ILV formation [33]. In mammalian cells, inhibiting Vps4 results in swollen
endosomes, impaired EGFR degradation, arrested cytokinesis and blockade of retrovirus
budding [22, 114, 118, 140, 149]. In both yeast and mammals, the common phenotype of
interfering with the normal function of VVps4 is the massive accumulation of the ESCRT

components on endosomal membranes; therefore the entire MVB pathway is
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handicapped. Vps4 is highly conserved throughout evolution. The two isoforms of human
Vps4, Vps4A and Vps4B (also know as SKD1), are 80% identical; and both display a
high degree of sequence identity to the yeast Vps4 protein (59% and 60%, respectively)
[150]. Furthermore, human Vps4B can functionally replace yeast Vps4 in yeast cell [150,
151], highlighting the functional conservation of Vps4 during the evolution of eukaryotic
lineage.

Vps4 belongs to a protein family called AAA (ATPase Associated with various
cellular Activities) ATPase, the signature feature of which is the existence of one or
multiple 200-250 amino acid AAA domains in their sequences [152-154]. The AAA
domain is an ATP binding cassette that contains many conserved sequence motifs, such
as the Walker A (with the consensus sequence G-x-x-X-x-G-K-T/S, where x is any amino
acid) and Walker B (with the consensus sequence h-h-h-h-D-E, where h represents a
hydrophobic residue) motifs, both are important for ATP binding and hydrolysis. In
addition, there are regions called Sensor 1 and Sensor 2 that are important for
communicating changes in the adenosine nucleotide status to other parts of the structure.
Finally, a region called second region of homology (SRH) provides a highly conserved
arginine residue that serves as an “arginine finger” to stabilize the transition state during
ATP hydrolysis [155]. As the name suggested, the AAA proteins perform many different
functions and are involved in many aspects of cellular life [156]. The general theme of
their function is to convert the energy from ATP binding and hydrolysis into mechanical
forces to remodel protein or protein complexes [155, 157]. Therefore, the ESCRT
disassembly process by Vps4 is analogous to the activities of many other AAA ATPases

in their disassembly of protein networks; such as spastin or katanin mediated microtubule
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disassembly or NSF (N-ethylmaleimide sensitive fusion protein) catalyzed SNARE
(soluble NSF attachment receptor) complex dissociation [158-160].

The crystal structure of the monomeric Vps4 AAA domain has been determined
by several groups including ours (Figure 1.4F) [161-165]. | will describe the structure of
yeast Vps4 in more detail in Chapter 2 and discuss its ATPase reaction cycle. Briefly, the
crystal structure of Vps4 shows that the protein contains a single AAA domain fold with
several unique structural features. The AAA domain in Vps4 is structurally analogous to
the AAA domains in other proteins, and can be further divided into a large AAA
subdomain and a small AAA subdomain. The large subdomain has a Rossmann fold, and
the small subdomain has a four-helix bundle structure. The unique structural features of
Vps4 include a middle insertion in the small AAA subdomain and a C-terminal helical
region. The middle insertion domain contains three beta strands and therefore named the
beta domain. This domain mediates the interaction between Vps4 and its regulator Vtal
[161]. The C-terminal region folds into a single helix that packs onto the large
subdomain. Interestingly, similar C-terminal helices also exist in other AAA ATPase
members that do not form stable oligomers and undergo quaternary structure change
upon ATP binding and hydrolysis, such as spastin or the D2 domain of p97 [166, 167].
Whether this is simply a coincidence or has more important functional implications
remains to be understood.

Like other AAA family member proteins, the active form of VVps4 is an oligomer.
An important structural feature of the AAA ATPases is that they form ring-shaped
structures upon ATP binding, usually with six-fold symmetry [155, 168]. Many AAA

proteins contain two tandem AAA domains in their sequences. One domain undergoes
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large conformational change with respect to ATP binding/hydrolysis and provides the
“remodeling” activity of the protein, while the other is mainly responsible for
hexamerization. This “divided-responsibility” mechanism represents a major functional
theme for the AAA proteins, and there is a long list of proteins belonging to this group,
such as p97 and NSF [169]. For these AAA proteins, the ring structures are maintained
during their respective ATPase reaction cycles. However, others including VVps4 contain
only one AAA domain, which is responsible for both oligomerization and energy
conversion. As a result, ATP binding and hydrolysis induces not only conformational
change in the tertiary structure of the protein, but also the quaternary structure.

The active form of Vps4 can be trapped using an ATPase deficient mutant, and is
confirmed as a high molecular-weight oligomer by gel filtration analysis and cross-
linking [33, 161]. These experiments further suggested that the oligomer contains 10-12
subunits. Interestingly, this seems to indicate that the active form of VVps4 contains a
double-ring structure. Indeed, the double-ring shaped assembly of VVps4 has been recently
observed by cryo-EM studies [163, 170]. Assuming that the oligomer of VVps4 obeys the
six-fold symmetry seen in other AAA proteins, these results suggest that the biologically
active form of VVps4 is most likely a double-ring dodecameric structure in the presence of
ATP. Moreover, this double-ring assembly of VVps4 is stabilized by its co-factor Vtal in
vivo, which | will discuss more in detail in Chapter 3.

Although most of the ESCRT proteins are held captive on the endosomal
membrane in the absence of Vps4 function, the direct substrates of VVps4 appear to be the
ESCRT-III proteins [95, 118]. Other ESCRTSs are also trapped because of their

association with the ESCRT-III lattice. Of the six ESCRT-III proteins in yeast, Vps4
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directly interacts with five of them, with VVps60 as the only exception [109, 162]. Similar
interaction patterns have also been found in mammals [118]. More importantly, binding
between Vps4 and the ESCRT-III proteins either requires ATP or is strongly enhanced by
ATP [162]. Therefore, the ATP status in VVps4 is directly coordinated with substrate
binding and release, which is consistent with the function of VVps4.

How Vps4 interacts with the ESCRT-I11I proteins has also been extensively
studied. The substrate-binding domain of VVps4 is called the MIT (microtubule interacting
and transport) domain, located in the N-terminal region of the molecule and named after
its sequence homology to the microtubule binding motifs in a number of proteins [171].
Structurally, the MIT domain folds into an asymmetric three-helix bundle, resembling
part of a TPR (tetratricopeptide repeat) motif (Figure 1.4F) [172, 173]. More
interestingly, it can interact with the substrates in two different ways. Some proteins bind
to the Vps4 MIT domain using their most C-terminal amphipathic helices, which have
been named as “MIM (MIT interacting motif)”; while others use a “MIM2” motif, which
is a proline-rich strand that is located in the interior of the ESCRT-III proteins [174-176].
The former include Vps2/CHMP2, Did2/CHMP1 and a regulator of VVps4 called Ist1; and
the latter include Vps20/CHMP6 and Snf7/CHMP4. MIML1 has a core consensus
sequence of (D/E)-x-x-L-x-x-R-L-x-x-L-(K/R) and binds to a surface groove formed by
helices 2 and 3 on MIT, while MIM2 has a core consensus sequence of (L/V)-P-x-(V/L)-
P and binds between helices 1 and 3. Furthermore, a single MIT domain seems to be able
to engage with both MIM1 and MIM2 elements simultaneously, since neither binding
induces significant conformational change in the MIT domain and the binding surfaces

are not overlapping [176]. Therefore, it appears that in a fully assembled oligomer
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structure of VVps4, there would be 12 MIT domains from 12 subunits thus 24 substrate-
binding surfaces to engage with the ESCRT-I11I network at the same time. Strikingly, the
Vps4 regulator Vtal also contains two structurally similar MIT domains and interacts
with a subgroup of the ESCRT-I11 proteins, including Vps60 and Did2 [177-179]. As a
result, Vtal increases the valence of binding between Vps4 and the ESCRT-I11 complex.
Apparently, the multivalent-binding capability of Vps4-Vtal complex is crucial for its
function to remodel and disassemble the ESCRT-I1II polymer. Reciprocally, a need for a
multivalent-binding disassembly machine in turn suggests that the ESCRT-I11 proteins
form a complicated structure on the membrane.

After substrate recognition, how Vps4 remodels the ESCRT-III proteins and
releases them from the membrane is still a mystery. Based on a model built based on
perceived structural homology to p97, it was suggested that there is a pore at the center of
the Vps4 dodecamer. Similar pores or channels are essential for the function of AAA
proteins in numerous cases [180-184]. In an analogy to the mechanism of these proteins,
it is speculated that the ESCRT-I1I proteins are “fed” into the pore by the MIT domains
of both Vps4 and Vtal, and then “pulled” through by conformational changes induced by
ATP binding and/or hydrolysis [4]. During this process, the substrates are remodeled and
converted to their monomeric state and thus dissociated from the membrane. Vps4
essentially acts as a chaperone-like “unfoldase” in this working model. Mutations on
loops located in the pore of Vps4 inhibit HIV-1 release, indicating the activity of Vps4 is
impaired [161]. However, direct observation that substrates are threaded through the pore

is still lacking.
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There is also speculation that ESCRT binding and disassembly by Vps4 may
directly contribute to membrane bending and/or constriction. In the Snf7 over-expression
experiment mentioned above, buds and tubules that protrude from the cell surface are
only formed when a mutant form of Vps4 (hVps4B®**°) is co-expressed in cultured cells
[121]. The mutant VVps4 is unable to hydrolyze ATP thus is associated with the substrate
proteins permanently. Therefore, it seems that Vps4 binding to the ESCRT-I11 complex
might be important for membrane deformation. Furthermore, a recent cryo-EM study
reveals Vps4 can bind on the inside of the tubular structure formed by the ESCRT-III
proteins [122]. These results lead to the hypothesis that similar tubular structures could
form within the neck of an inwardly budding vesicle. When Vps4 hydrolyzes ATP, it will
apply a pulling force on the ESCRT-III proteins from within, leading to the eventual
vesicle fission. This theory is reminiscent of the action of dynamins, GTPases that form
spiral collars around the neck of an endocytosed vesicle and constrict through GTP
hydrolysis, resulting in vesicle scission [185, 186]. Although this aspect of Vps4 function
remains largely speculative, these experimental results suggest it is possible that the
action of Vps4 is mechanistically coupled to ILV formation. In fact, it is tempting to
think the mechanism of ESCRT-III and Vps4 system could be a process of déja vu,
resembling the functions of BAR domain-containing proteins and dynamin in a broad

context.

Regulation of VVps4 activity by Vtal

The reaction catalyzed by Vps4 provides the only energy input to the MVB

pathway. As a result, the function of Vps4 is tightly regulated in the cell. Both positive
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and negative regulators have been identified. ESCRT-III and Vtal can directly enhance
the ATPase activity of Vps4, while Istl inhibits its activity [177, 187-189]. In addition,
both Vtal and Istl interact with specific ESCRT-III proteins, which may present a higher
level of regulation in vivo.

Vtal and its mammalian homolog SBP1 were both originally identified in yeast
two-hybrid analysis as Vps4-binding proteins [190, 191]. Subsequently, the plant
ortholog, Lip5 was also demonstrated to interact with Vps4 [192]. Furthermore, they all
interact with VVps4 through a highly conserved C-terminal sequence region called VSL
(Vtal/SBP1/Lip5) [187]. Deletion of Vtal in yeast generates a milder phenotype
compared with that of Vps4 [187, 193], which is consistent with its regulatory function.
Similarly, depletion of Vtal in mammalian cells does not alter the morphology of the
endosomes but does reduce the level of EGFR degradation. Importantly, depletion of
Vtal significantly decreases HIV-1 budding in cultured cells [194]. Biochemically, Vtal
stimulates the ATPase activity of Vps4 by promoting the assembly of Vps4 into its active
oligomeric form [187]. In addition, Vtal also interacts with other proteins acting in the
late stage of the MVB pathway, including the ESCRT-III proteins Vps60 and Did2 [177,
178]. Interestingly, these interactions further potentiate its stimulatory activity towards
Vps4, suggesting an allosteric effect [177].

The interaction between Vps60 and Vtal is particularly intriguing, because the
functional role of Vps60 appears to be unique among the ESCRT-III proteins. First,
Vps60 is the only ESCRT-II1 protein that does not interact with Vps4 [118, 195]. Second,
the endosomal association of Vps60 depends on Vtal, unlike other ESCRT-III proteins,

which are targeted to the membrane prior to Vtal and partially responsible for recruiting
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Vtal [177]. Finally, depletion of CHMP5 (Vps60 in mammals) leads to an increase in the
release of infectious HIV-1 particles, in contrast to the effect of perturbing other ESCRT-
111 proteins function [194]. Deletion of the CHMPS5 gene in mice results in early
embryonic lethality, suggesting that CHMP5 plays a crucial function in higher eukaryotic
species [112].

Vtal has a modular structure with two ordered terminal domains linked by a long
linker region (Figure 1.4G) [178]. Structures of all three sections have been characterized
in our lab and will be discussed in more detail in Chapter 3. Briefly, its N-terminal
domain (NTD) contains two MIT-like motifs, termed MIT1 and MIT2 respectively; and
MIT2 is important for both Vps60 and Did2 binding. This finding suggests that MIT-like
domains are generic ESCRT-I1I recognition motifs [196]. The C-terminal domain (CTD)
of Vtal, which includes the VSL region, mediates dimerization of the full-length protein.
Importantly, dimerization is critical for its in vitro and in vivo function as a Vps4
regulator. The long linker region, present in all VVtal orthologs but showing no sequence
conservation, contains little secondary structure. However, some preliminary
observations suggest that this linker region might play an important role in
communicating the structural changes at the two terminal domains, providing a structural
basis for the observed allostery between ESCRT-III binding to NTD and Vps4 binding to

CTD (discussed more in Chapter 3).

Regulation of VVps4 activity by Istl

Istl is a newly identified player in the MVB pathway and binds directly to both

Vps4 and Did2 [189, 197]. The endosome association of Istl depends on Did2, while
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dissociation relies on the activity of Vps4. More importantly, it plays important inhibitory
functions to Vps4 both in vitro and in vivo. It prevents the ATP-dependent
oligomerization of VVps4 and therefore inhibits its ATPase activity [189]. Remarkably,
this inhibitory effect is more potent than the Vtal-dependent stimulation of VVps4, since
Istl causes inhibition even in the presence of Vtal. Furthermore, over-expression of Istl
in yeast cells leads to a strong MVB sorting defect similar to deletion of VVps4, consistent
with its inhibitory role. Although deletion of Ist1 by itself has no obvious effect on MVB
function, synthetic deletions of Ist1 with either VVtal or Vps60 significantly impair MVVB
sorting, leading to a typical class E phenotype [197]. In contrast, double deletion of Vtal
and Vps60 does not generate a similar phenotype. Similarly, deletion of Did2 is also
synthetic with either Vtal or Vps60, but not with Istl. How these synthetic phenotypes
should be interpreted is still controversial. Nevertheless, this suggests that regulation of
Vps4 in vivo is an orchestrated process, and coordinated inputs from Vtal, Vps60, Ist1,
and Did2 put Vps4 activity in check.

BLAST search reveals a clear Istl homolog in higher eukaryotes, referred as
“KIAAO0174” in human and many other species. The function of this protein is largely
uncharacterized, but the sequence homology suggests that it likely acts in a way similar
to Istl in yeast. Conserved domain analysis indicates Istl and all of its homologs contain
a predicted DUF292 (domain of unknown function) domain at their N-termini [198, 199].
Besides the DUF292 domain, Ist1 also contains a canonical C-terminal Vps4-interacting
MIM1 motif [189]. The sequence between the two well-conserved regions has little
predicted secondary structure and displays a high degree of sequence variation, similar to

the linker in Vtal. Further insights into the function of Istl, however, are not available,
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partly due to the absence of structural information, especially for the N-terminal DUF292
domain. In Chapter 4, | will examine the structural basis for Ist1 function. Briefly, | have
found the N-terminal DUF292 domain has an ESCRT-I11I protein like structure (Figure
1.4H), which is remarkable considering they share little sequence identity. This provides
insights into the functions of other proteins containing this domain, as well as raises an
interesting possibility that Ist1l might inhibit the activity of Vps4 by functioning as a
substrate mimetic. In addition, this domain specifically interacts with the MIM1 motif of
Did2 via a novel non-MIT MIM-binding site. Therefore, the N-terminal domain of Istl
represents a new class of MIM-interacting structure.

Finally, it is worth pointing out that the current list of VVps4 regulators is probably
not complete. For example, there are several other proteins known to interact with Vps4,
such as two members of the oxysterol binding protein family, Osh6 and Osh7, and a
protein purported to be involved in intracellular cholesterol transport, NPC1 (Niemann-
Pick disease, type C1) [200, 201]. Whether these interactions are relevant to the MVB
sorting pathway and how they might affect the activity of VVps4 are interesting questions

to be addressed in future studies.

ESCRT FUNCTIONS IN ENVELOPE VIRUS BUDDING, CYTOKINESIS, AND

AUTOPHAGY-ASSOCIATED NEURODEGENERATION

The involvement of the ESCRT machinery in the MVB pathway predicts a role

for these proteins in pathological conditions where down-regulation of the growth factor

signaling is undermined, the most prominent being cancer. As described above,
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dysfunction of Tsg101 of ESCRT-I, Vps25 of ESCRT-II, and CHMP1 of ESCRT-III
have all been associated with cancer related cell overgrowth. In addition, the ESCRT
machinery has been implicated in a myriad of other cellular processes including budding
of envelope viruses, abscission in cytokinesis and autophagy.

For a mature enveloped virus to infect other cells, it has to escape from the
previously infected host cell. Many viruses hijack the host ESCRT machinery to achieve
this purpose [42, 43, 202]. These viruses encode specific domains in their structural
proteins called the late assembly domains (L domains). To facilitate viral budding, the L
domains often recruit cellular proteins by mimicking their genuine binding partners. The
first late domain was identified in the HIV-1 p6 protein, which contains the P-T-A-P
motif and recruits Tsg101 as described above. The same motif has subsequently been
found in many other viruses, such as the Ebola virus, the human T cell leukemia virus
type | (HTLV-1), and so on, suggesting a similar budding mechanism is common to many
enveloped viruses [76, 203, 204]. Another well-characterized L domain has a Y-P-(Xx)n-L
motif and recruits Alix/AIP1, first identified in the p9 protein of the equine infectious
anemia virus (EIAV) [117, 148]. The p6 protein of HIV-1 also contains this motif and
recruits Alix in parallel to Tsg101, suggesting a one-two punch mechanism in snatching
the ESCRT system [148]. Interestingly, dominant negative ESCRT-III or Vps4 proteins
are often potent inhibitors for budding of viruses that utilize the MVB pathway.

The connection between the ESCRT machinery and cytokinesis was first
discovered in plant Arabidopsis, where mutation of gene ELC causes multiple nuclei in
various cell types [205]. ELC was later demonstrated to be the homolog of Vps23/Tsg101

in plants. Subsequently, it was found in mammalian cells that Tsg101 and the ESCRT-
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associated protein Alix are recruited to the midbody during cytokinesis, in part by their
interactions with the centrosome protein 55 (Cep55) [139, 140, 206]. Furthermore, both
Tsgl101 and Alix are required for the final abscission stage of cell division. ESCRT-I11I
and Vps4 are also recruited, and dominant negative mutants of these proteins again
potently inhibit this process. Therefore, most of the ESCRT machinery seems to be
involved. Interestingly, it appears that the ESCRT-III proteins and Vps4 may have
homologs in some archaeal genomes, suggesting an ancient function might exist for these
proteins before the endomembrane system evolved [174, 207, 208]. Their implications in
cytokinesis would be an intriguing possibility [209].

Autophagy is a cellular self-digestion process involving the degradation of a cell's
own components by the lysosome [210-212]. In one type of autophagy, macroautophagy,
a cytosolic membrane structure called the phagophore engulfs part of the cytoplasm to
form the autophagosome, which subsequently fuses with the lysosome, resulting in the
degradation of their inner materials [213]. The ESCRT proteins have been previously
reported to be implicated in autophagy [214, 215]. However, a definitive link between the
MVB pathway and autophagy is first revealed by clinical discoveries. Specifically,
mutations in the ESCRT-I1II protein CHMP2B gene were found to be associated with a
rare form of autosomal dominant frontotemporal dementia (FTD) in a Danish pedigree
[216], and in some patients with amyotrophic lateral sclerosis (ALS) [217]. Both FTD
and ALS are neurodegenerative diseases related to impaired autophagy-mediated
degradation process, suggesting CHMP2B and probably the ESCRT machinery are
important for the autophagy function. In line with this discovery, it was recently found by

several groups that functional disruption of the ESCRT proteins results in accumulation
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of autophagosomes and inhibition of autophagic degradation [46, 218-220]. How the
ESCRT machinery is involved is still unclear, but current data suggest the functional
MVB pathway is necessary for autophagy. Elucidating the molecular mechanism
underlying this process would be of particular interest for clinical treatments of

autophagy-related neurodegenerative diseases.

SUMMARY

The ESCRT machinery functions in the MVB pathway and is essential in many
physiological and pathological processes. Vps4 catalyzes the ESCRT disassembly, an
event critical for regulating the ESCRT activity and perhaps directly involved in ILV
formation. In the absence of Vps4 function, all the ESCRT components are trapped on
the endosomal membrane, therefore shutting down the entire MVB pathway. Owing to its
functional importance, the Vps4-dependent ESCRT disassembly reaction has generated
great interest over the past few years. However, the detailed molecular mechanism that
drives the action and regulation of VVps4 function, particularly with regard to the interplay
between Vps4, Vtal, Istl, and the regulatory ESCRT-I1II proteins Vps60 and Did2, is
poorly defined. My thesis focuses on addressing these questions by a structural and
biochemical approach. In Chapter 2, 1 will describe the ATPase reaction cycle of Vps4
and discuss its nucleotide-dependent conformational change and substrate interaction. In
Chapter 3, I will present the structural basis of Vtal function and illustrate how its
structure contributes to its Vps4-regulating and Vps60/Did2-binding properties. In

Chapter 4, I will provide functional insights of Ist1 by reporting its N-terminal domain
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structure and characterizing its interaction with Did2. In Chapter 5, I will summarize and
discuss the molecular mechanism of VVps4 function and regulation in the MVB pathway.
Taken together, these results provide a better understanding for the function and
regulation mechanism of Vps4 and enable us to evaluate the roles of these proteins in

contributing to the overall function of the MVB pathway in the cell.
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CHAPTER 2

STRUCTURAL CHARACTERIZATION OF THE ATPASE REACTION CYCLE
OF ENDOSOMAL AAA-PROTEIN VPS4

ABSTRACT

The Multi-Vesicular Body (MVB) pathway functions in multiple cellular
processes including cell surface receptor down-regulation and viral budding from host
cells. An important step in the MVB pathway is the correct sorting of cargo molecules,
which requires the assembly and disassembly of Endosomal Sorting Complexes Required
for Transport (ESCRTSs) on the endosomal membrane. Disassembly of the ESCRTSs is
catalyzed by AAA-protein (ATPase Associated with various cellular Activities) Vps4.
Vps4 contains a single AAA domain and undergoes ATP-dependent quaternary structural
change to disassemble the ESCRTSs. Structural and biochemical analyses of the Vps4
ATPase reaction cycle are reported here. Crystal structures of S. cerevisiae Vps4 in both
the nucleotide-free form and the ADP-bound form provide the first structural view
illustrating how nucleotide binding might induce conformational changes within Vps4
that leads to oligomerization and binding to its substrate ESCRT-I1I subunits. In contrast
to previous models, characterization of the VVps4 structure now supports a model where
the ground state of VVps4 in the ATPase reaction cycle is predominantly a monomer and

the activated state is a dodecamer. Comparison with a previously reported human VPS4B
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structure suggests that VVps4 functions in the MVB pathway via a highly conserved
mechanism supported by similar protein-protein interactions during its ATPase reaction

cycle.

INTRODUCTION

A significant number of activated cell surface receptors are down-regulated
through endocytosis and delivery to the hydrolytic organelle the lysosome for
degradation [1]. This process is mediated by a special form of the late endosome called
the multi-vesicular body (MVB). During MVB formation, MVB cargoes are sorted into
invaginating vesicles, which further bud into the lumen of the endosome. Fusion of the
MV Bs with the lysosome delivers the cargo-carrying intralumenal vesicles to the
hydrolytic activity of the lysosome for degradation [2-4]. Sorting of proteins into the
MVB pathway is not limited to endocytic cargoes. Lysosomal resident proteins are sorted
directly from the Golgi apparatus into the lysosome without transiting the cell surface. In
addition to facilitating delivery of proteins to the lysosome, the MVB machinery also
participates in the budding of retroviruses from the host cell [5] and more recently has
been implicated in abscission, the final stage of cytokinesis [6].

MVB cargoes are sorted into the MVB pathway via the action of class E Vps
(Vacuolar Protein Sorting) proteins, a majority of which are subunits of three distinct
protein complexes called ESCRTs (Endosomal Sorting Complexes Required for
Transport, -1, -1l and —I11) [7, 8]. These complexes are transiently recruited from the
cytoplasm to the endosomal membrane where they function sequentially in the sorting of

cargo proteins into the MVB pathway and possibly in the formation of MVB vesicles [3].
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After protein sorting is completed, the ESCRTs are disassembled and released from the
endosomal membrane for further rounds of action [3]. Disassembly of the ESCRTSs
requires the activity of Vps4, a member of the AAA-protein (ATPase Associated with
various cellular Activities) family [9, 10]. The functional importance of Vps4 is
underscored by the fact that loss of Vps4 activity results in accumulation of the ESCRTSs
on the endosomal membrane, impairment of cargo sorting and blockage of viral budding
[11-17].

The ESCRT disassembly activity of Vps4 is tightly coupled to the ATPase
reaction cycle of VVps4. Disruption of Vps4 ATPase activity through point mutations
resulted in the accumulation of ESCRT on the endosomal membrane [9]. Upon binding
ATP, Vps4 undergoes protein oligomerization which enables its binding to the ESCRTs
[10]. When ATP is hydrolyzed into ADP, the stability of the oligomer decreases and it
disassembles into a lower molecular weight species in vitro. In order to understand the
molecular mechanism by which VVps4 catalyzes the disassembly of the ESCRTS, it is
necessary to define the detailed conformational changes within the Vps4 structure during
its ATPase reaction cycle. To this end, we have now determined the crystal structures of
S. cerevisiae Vps4 both in the absence of nucleotide and in the presence of ADP. This
study provides the first structural view detailing how adenine nucleotide binding might
trigger conformational changes within VVps4 leading to protein oligomerization and
ESCRT binding. Given the importance of quaternary structural change in the mechanism
of Vps4 action, our structural and biochemical characterization now supports a model of
Vps4 monomer as the ground state in the ATPase reaction cycle in contrast to a prior

notion that VVps4 is a molecular dimer in the absence of ATP binding. Together with a
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previously reported nucleotide-free human VPS4B structure [18], our study suggests that
Vps4 functions in the MVB pathway via a highly conserved mechanism supported by

similar protein-protein interactions during its ATPase reaction cycle.

RESULTS

Structure determination

The crystal structure of Vps4 from the budding yeast S. cerevisiae was
determined using an ATPase deficient mutant (E233Q) fragment that encompasses
residues 83-437. The missing 82 residues are known to fold into an independent domain
responsible for binding protein substrates including subunits of ESCRT-111 [19]. Deletion
of these residues, however, does not affect the ATPase activity or ATP-dependent
oligomerization of VVps4, suggesting that the N-terminal domain is dispensable for the
ATPase reaction cycle of Vps4. Two different crystal forms were obtained, one in the
absence and the other in the presence of 5 mM ADP. The nucleotide-free form belongs to
the P6522 space group with one molecule in the asymmetric unit and the ADP-bound
form belongs to the P2,2,2; space group with three molecules in the asymmetric unit.
Final structure of the nucleotide-free form was refined to a resolution of 2.9A with an R-
factor of 25.9% and an Ry 0f 28.8% and that of the ADP-bound form was refined to a
resolution of 3.2A with an R-factor of 25.5% and an Ry of 30.5% (Table 2.1). Residues
not included in the final structural models have no observable electron density and are

presumably disordered.

Overall structure
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The structure of yeast VVps4 contains a single canonical AAA-domain fold [20,
21] that can be further divided into a large subdomain and a small subdomain (Figure
2.1A). The large subdomain has an o/ fold that includes a-helices a1-a6 and -strands
0-p5. Strands B1-p5 form a parallel 3-sheet in the order of f2-$3-p4-p1-p5 with the
additional strand B0 running anti-parallel next to strand $2. Six helices are distributed on
both sides of the sheet with a1-a2 on one side and a3-a.6 on the other. The small
subdomain has an all-a fold that includes four a-helices a.7-a.10. Sequence alignment of
Vps4 homologs reveals two unique structural features not seen in other AAA-family
proteins, a stretch of 42 to 48 residues inserted between a9 and 10 in the small
subdomain (colored pink) and a stretch of extra 23 residues at the C-terminus of the
protein (colored green) (Figure 2.1B). In yeast Vps4, the small subdomain insertion
sequence folds into an independent anti-parallel -strand-containing domain ($6-38) that
has few interactions with the rest of the protein. This domain has been shown to interact
with Vps4 regulator Vtal [18]. The C-terminal sequence is structured as a four-turn -
helix (a11) that packs itself onto the large subdomain at the same side of the parallel -
sheet as helices a.3-a.6. Deletion of the C-terminal helix resulted in an insoluble and
unstable mutant protein suggesting that the helix is an integral part of the large
subdomain structure (data not shown). The function of the helix is not known but it is
thought to participate in subunit interaction upon Vps4 oligomerization [5]. Vps4 belongs
to the “meiotic” clade of the AAA protein family that also includes katanin, spastin and
fidgetin [22]. Like Vps4, these proteins all contain a single AAA domain in their

sequences. While the p-domain insertion appears to be a unique feature in Vps4 proteins
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Figure 2.1 Crystal structure of yeast Vps4 and sequence alignment of Vps4 proteins.
(A) Stereo view of the monomeric yeast Vps4 structure in a ribbon representation. The
large AAA ATPase subdomain is colored blue; the small AAA ATPase subdomain is
colored orange; the § domain is colored pink; and the C-terminal helix is colored green.
Structurally disordered regions are represented as dash lines. a-Helices are labeled as a.1-
all and p-strands pO-B8. The N- and C-termini of the structure are also indicated.

(B) Sequence alignments of VVps4 proteins from S. cerevisiae, S. pombe, C. elegans, D.
melanogaster and H. sapiens. Secondary structural elements identified in the crystal
structure of yeast VVps4 are displayed above its sequence. a-Helices shown as cylinders,
[3-strands arrows and loops as lines. They are labeled and colored using a same scheme as
in A. Structurally disordered regions are shown as dash lines. Conserved residues are
shaded with gray boxes.
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only, the conserved C-terminal helix has been observed in these other members of the

clade suggesting a common mechanism for protein oligomerization [23].

Comparison to human VPS4B structure

The human genome contains two Vps4 genes, VPS4A and VPS4B [24]. Of the
two, VPS4B has an overall 60% sequence identity to that of yeast Vps4 and is able to
complement the MVB sorting defect in vps4-null yeast cells [24]. Comparison between
the structures of yeast Vps4 and human VPS4B (in its nucleotide-free form) showed that
the overall similarity between the two protein structures is high [18]. The root mean
square difference between the two structures based on 285 Co. positions is 2.2 A. Each of
the eleven a-helices and nine B-strands in yeast VVps4 corresponds closely to one of the
secondary structural elements in VPS4B, except for the short two-turn helix a3 where the
sequence in VPS4B adopts a more extended loop conformation (Figure 2.1B). In
addition, VPS4B has a slightly larger 3 insertion domain where a six-residue insertion
was seen in the loop that connects strands $6 and 37. The high degree of structural
similarity between the two proteins supports the genetic complementation results that the

structure and function of VVps4 is well preserved during evolution.

The quaternary structure of Vps4 in its nucleotide-free form

The most apparent structural change of VVps4 during its ATPase reaction cycle is
the change in its quaternary structure. Based on results from gel filtration and chemical
cross-linking analyses and the fact that Vps4 is an AAA-protein, it has been suggested

that the protein inter-converts between a dimer in the absence of nucleotide and a
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dodecamer in the presence of ATP [10, 18]. If the ground state of VVps4 in the ATPase
reaction cycle is indeed a dimer, the dimer structure should exist in both the nucleotide-
free and the ADP-bound Vps4 crystals. Examination of crystal packing within the two
crystal forms showed a “crystallographic dimer” structure. However, we reasoned that it
could not represent a structure of a molecular dimer for the following reasons. Each
“subunit” in this pair buries 3% of its total solvent-accessible surface and residues at the
interface are not conserved. More importantly, mutagenesis of interface residues
(M330D/L407D) resulted in a mutant protein whose gel filtration profile did not change
appreciably as compared with the wild-type protein (data not shown).

Since the mechanism and regulation of Vps4 ATPase cycle depend on its ground
state structure, we asked whether the predominant species of VVps4 in the absence of
nucleotide binding is a dimer. To address this, we co-expressed and co-purified Vps4=233?
with C-terminal S-tagged Vps4=2**? from bacteria E. coli. If Vps4 forms a stable dimer,
mixing the co-purified proteins with S-protein agarose should lead to retention of both S-
tagged and non-tagged proteins due to interaction between the two proteins. The result
showed that only S-tagged Vps4 is retained on the beads suggesting that protein-protein
interaction between Vps4 in the absence of nucleotide is weak (Figure 2.2). As a positive
control, we also preformed the same experiment in the presence of ATP. Both proteins
were retained on the beads indicating protein-protein interaction in the presence of ATP
(Figure 2.2). In addition, we co-expressed N-terminal His-tagged Vps4 together with
wild-type Vps4 and performed pull-down experiments using Ni?*-NTA resin. Again, only

the His-tagged Vps4 is retained on the beads (data not shown). These results strongly
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Input Pull-down

“ 4 = - + - ADP
Vps4esa.g - -+ - = & ATP

/Em--

VpS 4E2330
(Anti-Vps4 blot)

Figure 2.2 Yeast Vps4 e xists as a monomer in the absence of ATP.

Untagged Vps4 and C-terminal S-tagged Vps4 were co-expressed and co-purified from
E. coli. Protein samples were applied to S-protein agarose under different nucleotide
conditions as indicated. After extensive wash, bound proteins were separated on SDS-
PAGE and detected by western blotting using anti-Vps4 antibody.
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argue that the predominant species of Vps4 in the ground state of its ATPase reaction

cycle is a monomer.

The quaternary structure of Vps4 in its ADP-bound form

Analysis of protein-protein interaction within the lattice of the ADP-bound Vps4
crystal shows that the protein aggregates into a form that suggests the molecular
symmetry for the oligomerized species of VVps4. There are three molecules in the
asymmetric unit of the ADP-bound Vps4 crystal. Together with other molecules related
by crystallographic symmetry, they form a left-handed helix with a pseudo six-fold screw
axis along the z-axis. Each molecule is related to its neighbor by a 60° rotation and 1/6 of
unit cell translation along the z axis (Figure 2.3A). Therefore, if viewed along the z-axis,
the projection of these molecules forms a hexameric ring (Figure 2.3B).

Although AAA-ATPase with a helical, open assembly has been described [25],
overwhelming majority of them assemble into ring-shaped assemblies [25]. However, it
is not uncommon that ring-shaped AAA-ATPases crystallize in a helical packing
arrangement similar to what is seen in VVps4. For example, bacterial molecular chaperone
ClpB crystallizes into a similar helix but forms a ring structure in solution in the presence
of ATP as determined by cryo-EM imaging [26]. Therefore, the molecular arrangement
within VVps4-ADP crystal provides strong evidence that supports a
hexameric/dodecameric model previously proposed based on structural similarity of

Vps4 to the D1 domain of AAA-protein p97 [18].
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ADP binding

Consistent with what have been observed in other AAA-protein systems [20],
ADP is bound in a shallow cleft located between the large and small AAA subdomains
(Figure 2.4A). It adopts a rather extended conformation with the ribose ring arching over
the P-loop, a structurally conserved motif with an invariant GPPGTG sequence between
strand 1 and helix a2. The di-phosphate sits in a pocket formed by C-terminal residues
of the parallel B-strands 1, 3 and g4 as well as residues from helix al1. Specifically, the
oxygen atoms of the p-phosphate form electro-static and/or hydrogen bond interactions
with the side chains of highly conserved Lys179, Asp232 and Asn277 (Figure 2.4B).
Lys179 is a Walker A motif (GxxxxGKT, x = any residue) residue and a K179A
mutation has been shown to result in a loss in nucleotide binding [10]. Asp232 is a
Walker B motif (hnhhhDExx, h = hydrophobic residue) residue and its neighbor Glu233 is
catalytically important [10]. In the ADP-bound structure, Glu233 has been mutated to
glutamine. The corresponding residue is about 4.3A away from the p-phosphate oxygen
and is poised to catalyze the cleavage of the -y phosphate bond. In addition to afore-
mentioned side chain interactions, the 3-phosphate is also engaged in hydrogen bond
interactions with backbone amide nitrogen atoms of Lys179 and Ser180.

Interactions between the rest of ADP and Vps4 are dominated by van der Waals
forces with only a few specific hydrogen bonds. The adenine-binding pocket is largely
hydrophobic and is formed by residues from the loop preceding helix a1, helix a2 and
small subdomain helix o7 and the loop between a8 and a9 (Figure 2.4B). Ring stacking
interaction is observed between the purine ring and the side chain of the conserved

Tyrl181, together with a hydrogen bond between the 6’-amine nitrogen and the backbone
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Figure 2.4 ADP binding causes conformational changes in Vps4.

(A) Ribbon representation of the yeast Vps4 structure in complex with ADP. The
structure is shown in the same orientation as in Figure 2.1A. ADP molecule bound in the
cleft between the large AAA and small subdomains is shown as a stick model and
colored based on its atomic property.

(B) Stereo view of the nucleotide-binding pocket of Vps4 showing interactions between
the protein and the ADP molecule. The P-loop is highlighted in magenta. Potential
hydrogen bond interactions are shown as dash lines.

(C) Conformational changes in yeast Vps4 as induced by nucleotide binding. The
nucleotide-free structure is colored yellow and the ADP-bound structure is white.
Residues 119-128, which forms the 0 strand in the ADP-bound structure are disordered
in the nucleotide-free structure therefore not present in the model.
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amide nitrogen of Alal36. Interaction between the adenine and Alal36 appears to be
important in communicating the presence of nucleotide in the binding pocket to the N-
terminus of VVps4 through which the protein binds substrates including the ESCRT-I11
subunits. In the absence of ADP, helix a1 bends near its N-terminus and pulls the
preceding loop away from the adenine-binding pocket (Figure 2.4C). As a result, residues
119-129 that form an anti-parallel 3-strand (p0) in the ADP-bound structure become

disordered in the nucleotide-free structure.

Structural flexibility within Vps4

Comparison of the four independently determined VVps4 structures in our study
shows that there is significant structural flexibility within the molecule (Figure 2.5A).
The flexibility is displayed as en bloc domain movements as there is little conformational
change within the individual domains of VVps4. Two general hinge regions can be
identified in the structure. One is located between the large AAA sub-domain and the
small AAA sub-domain, consisting of residues Pro299 and Pro415. The other is located
between the small AAA sub-domain and the -domain, consisting of residues Pro350 and
Pro399 (Figure 2.5B). These four proline residues are highly conserved among Vps4
homologs, suggesting that the observed structural flexibility is a general feature inherent
to the function of VVps4. The en bloc motion involves an 11° swing between the large and
small AAA subdomains and an 18° swing between the small AAA subdomain and the
domain around axes defined by respective hinge residues.

The four VVps4 structures display a progressive opening of the nucleotide-binding

site. As a consequence, interactions between the protein and ADP in particular those
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Figure 2.5 Structural flexibility within Vps4.

(A) Superimposition of the four independently determined Vps4 structures in the current
study. The three molecules (ADP-bound) in the asymmetric unit of the P2;2,2; space
group are colored white, cyan, and red, respectively. The one molecule (nucleotide-free)
in the asymmetric unit of P6522 space group is colored yellow. The magnitude of the en
bloc motions between the large AAA subdomain and small AAA subdomain and between
the small AAA subdomain and the § domain is illustrated schematically.

(B) Two potential hinge regions within VVps4 structure. The conserved proline residues in
the hinge regions are shown as spheres and highlighted in brown.
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involving the ribose and adenine rings vary considerably. Although clear electron-density
is observed for the di-phosphate in all three ADP-bound molecules, density for the rest of
the nucleotide is poor in the two more open structures. This observation suggests that
structural flexibility of VVps4 is important for the nucleotide-binding induced

conformational change within the molecule.

Structural basis of ATP-dependent ESCRT-I111 binding

The N-terminal domain of VVps4, whose structure is missing in our current model,
has been shown to be responsible for ESCRT-III binding [19]. To determine whether the
interactions are ATP dependent, GST-tagged ESCRT-I11I proteins (Vps2, Vps20, Vps24
and Snf7) were expressed and purified from E. coli and their interactions with Vps4=233?
were examined using a GST pull-down assay in the absence and presence of ATP. As
shown in Figure 2.6A, it is evident that these interactions either require ATP or are
strongly enhanced by ATP.

There are two possible explanations for the ATP dependency of these interactions.
The N-terminal domain might not be accessible to the ESCRT-III protein in the absence
of ATP. Alternatively, stable association may require the ESCRT-III protein to
simultaneously bind to more than one Vps4 subunit; a condition only met in the ATP-
induced Vps4 oligomeric structure. To distinguish between these two possibilities, we
expressed and purified two Vps4 N-terminal fragments, Vps4*®? and Vps4'*%. Both

protein fragments were able to bind to the ESCRT-I11 subunit Vps2 and Vps20 though

1-120 1-120
4 4

the interaction with Vps appears to be stronger (Figure 2.6B). Purified Vps also

effectively competes with full-length Vps4=2**? for binding to Vps2 as shown by
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Figure 2.6 Nucleotide binding induces conformational change within the N-terminal
region of Vps4.

(A) The ESCRT-III subunits interact with VVps4 in the presence of ATP. ESCRT-III
subunits Vps2, Vps20, Vps24 and Snaf7 were expressed as GST-tagged fusion proteins
and bound to glutathione-agarose beads (left panel). Purified Vps4=***? was loaded onto
the ESCRT-I1I subunit-bound matrix either in the absence (-) or presence (+) of ATP.
Proteins retained on the matrix after extensive washes were separated on 12% SDS-
PAGE gel and stained with Coomassie Blue (right panel).

(B) The N-terminal domain of VVps4 interacts with the ESCRT-111 subunits. Vps2 and
Vps20 were expressed as GST-tagged fusion proteins and bound to glutathione-agarose
beads. Cell lysate containing Hiss-Vps4'® or Hisg-Vps4'*? was loaded onto GST-Vps2
or GST-Vps20 bound matrix. Proteins retained on the matrix after extensive washes were
separated on the SDS-PAGE gel and detected by either Ponceau S staining (top panel) or
anti-His antibody (bottom panel).

(C) Vpsa*™? competes with full-length Vps4 for binding to the ESCRT-I11 subunit Vps2.
GST-Vps2 was bound to glutathione-agarose beads. Purified Vps4=**? was loaded onto
Vps2-bound matrix in the presence of ATP and increasing amounts of BSA or Vps4'*%,
Proteins retained on the matrix were separated on SDS-PAGE gel and detected by
western blotting with anit-Vps4 antibody. The amount of Vps4=2*? was quantified by
program ImageJ and shown in a bar diagram (the amount in the first lane was set as
100%).

(D) Vps4 undergoes conformational change at the linker region upon ATP binding.
Vpsa©2*3Q was incubated with increasing amounts of subtilisin at 4°C for 30 min with
different nucleotides. Digestion products were separated on 15% SDS-PAGE, followed
by Coomassie staining.
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decreased amounts of full-length VVps4=#**? retained by GST-Vps2 when Vps4' % was
included in the binding assay (Figure 2.6C). These results showed that an isolated,
monomeric N-terminal domain is sufficient for binding to the ESCRT-III protein. Rather
than the valency requirement, it is the ATP-binding induced conformational change in
Vps4 structure that leads to the increased accessibility of the N-terminal domain. Similar
ATP-binding induced conformational change in the substrate-binding domain has been
observed in other AAA protein systems such as p97 [27, 28].

To probe ATP-binding induced conformational change within Vps4 structure, we
subjected Vps4 to mild protease treatment in the absence and presence of ATP. Purified
proteins were incubated with increasing amounts of subtilisin and the reaction was
stopped after 30 minutes on ice. As can be seen in Figure 2.6D, in the absence of ATP,
Vps4 was quickly converted into a fragment of 35 kDa that corresponds to residues 121
to the C-terminus (Vps4A120). In contrast, a stable fragment of 42 kDa accumulated
before the appearance of the 35 kDa fragment in the presence of ATP. The new fragment
contains residues 83 to the C-terminus (Vps4pA82). Interestingly, this region corresponds
to the linker that connects the ESCRT-III binding domain and the ATP-binding AAA
domain. This effect was specific for ATP, as inclusion of GTP in the digestion mixture
did not lead to the accumulation of Vps4pA82 (Figure 2.6D). As expected, ATP had no
effect on the subtilisin digestion pattern of trigger factor, a molecular chaperone that does
not bind to ATP [29] (data not shown). Together, these results demonstrated that the
linker undergoes conformational change in response to ATP binding and this is likely the

structural basis for the ATP-dependent ESCRT-11I binding to the full-length Vps4.
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DISCUSSION

Vps4 catalyzes the dissociation of the ESCRTSs from the endosomal membrane in
the MVB pathway. This function is critical to a number of cell biology processes
including cell surface growth hormone receptor down-regulation and budding of
retroviral particles from host cells as dysfunction of Vps4 will lead to the blockage of
these processes. Among proteins that have been implicated in the proper function of the
MVB pathway, Vps4 is one of the most conserved proteins with a high level of sequence
identity between yeast and human proteins. Comparison of yeast and human Vps4 crystal
structures confirms the structural conservation suggesting that all VVps4 proteins likely
function through a common mechanism.

As a member of the AAA protein family, VVps4 derives its ability to dissociate and
remodel protein complexes from ATP binding and hydrolysis driven conformational
changes within its structure. While most AAA proteins contain two AAA domains with
one defective in ATP hydrolysis thus enabling the formation of a stable protein assembly,
Vps4 has only one AAA domain [23]. As ATP is hydrolyzed, the assembly is weakened
resulting in cyclic quaternary structural change. Based on results from gel filtration and
cross-linking experiments, it has been proposed that VVps4 cycles between a dimer
structure and a structure containing 10-12 subunits [10]. Molecular packing within the
Vps4-ADP crystal favors a model of VVps4 high-order oligomer with a six-fold symmetry.
Therefore, it is likely that the high-order oligomer contains 12 subunits arranged as two
hexameric rings as observed in most AAA proteins. Our structural and biochemical

analysis, however, does not support that VVps4 oligomer dissociates into a stable dimmer
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upon ATP hydrolysis and subsequent release of the nucleotide. Instead, it suggested that
the ground state structure of Vps4 ATPase reaction cycle is predominantly a monomer.
Our results, however, does not rule out weak protein-protein interaction between Vps4
subunits in the absence of nucleotide. In deed, analytical ultracentrifugation analysis
suggests that the solution behavior of Vps4 is complicated and cannot be fitted into a
simple one species model (data not shown).

While ADP binding to Vps4 is not sufficient to support a stable oligomeric
structure as would ATP, insights regarding conformational change of VVps4 induced by
ATP binding can be gained from the VVps4-ADP structure. It is likely that ATP binding
results in similar en bloc domain movements within the \Vps4 structure, albeit larger in
magnitude, which favors protein-protein interactions between Vps4 subunits leading to
protein oligomerization. The reason that ADP is unable to support a closed ring structure
may be due to the lack of additional inter-subunit interactions stabilized by the presence
of the y-phosphate [19]. Interestingly, nucleotide binding also causes en bloc movement
of the § domain relative to the core AAA domain (Figure 2.5A). Given that the § domain
is responsible for binding to Vtal in the presence of ATP, this observation suggests that
ATP binding to Vps4 not only causes local conformational changes at the lower portion
of the molecule but its effect is also propagated to the distant part of VVps4 resulting
conformational changes that support its interaction with Vtal as well.

Examination of yeast VVps4 structure reveals several highly conserved surface
patches. They are mostly located on the large AAA subdomain but the small AAA
subdomain and the 3 domain each contains one prominent patch (Figure 2.7). A

significant fraction of the conserved surfaces on the large subdomain are involved in
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Figure 2.7 Conserved surface patches on Vps4.

Surface representation of yeast Vps4 is shown in several different orientations as
indicated. They are colored based on the conservation of underlying residues as
presented in Figure 2.1B: identical residues red and homologous ones orange. Surface
patches known to be involved in ATP binding and Vtal binding are indicated. In
addition, those formed by residues from helix a9 and a11 as well as SRH (Second
Region of Homology, a region likely involved in inter-subunit interactions) are also
highlighted.
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binding nucleotide as has been shown in the ADP-bound Vps4 structure. The function for
the rest of the conserved surfaces is less clear but probably involved in ATP-dependent
oligomerization. Similarly, the conserved patch on the small subdomain formed by
residues of helix a9 is probably also involved in protein oligomerization. The conserved
patch on the § domain formed by loop residues between strands 37 and (8 is likely
involved in Vtal binding as mutation of Ser377 and Asp380 of Vps4 in the region
abolishes its ability to bind to its regulator [18].

In summary, our structural and biochemical analyses of yeast VVps4 structure
suggest that VVps4 likely functions in the MVB pathway via a highly conserved
mechanism supported by similar protein-protein interactions through its ATPase reaction
cycle. Our study provides the first structural view illustrating how nucleotide binding
might induce conformational changes within VVps4 that leads to oligomerization and
binding to its substrate ESCRT-III. In addition, inherent hinged domain movements
within the VVps4 structure may also play a role in supporting nucleotide binding. In
contrast to previous models, our characterization of Vps4 now supports a model where
the ground state structure of Vps4 ATPase reaction cycle is predominantly a monomer
and the activated state structure is a dodecamer. While a high-resolution structure of
Vps4 oligomer will ultimately be required to define the ATP driven structural changes
within Vps4, our study provides a platform where these changes can now be probed

experimentally by mutagenesis and other methods.

METHODS
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Cloning, expression and purification

DNA fragment encoding Vps4 was amplified from the Saccharomyces cerevisiae
genomic DNA and cloned into the BamHI/Xhol sites of a modified pET21a vector that
contains an N-terminal Hisg-tag and a TEV protease cleavage site. E. coli strain
Rosetta(DE3) harboring the Hisg-TEV-Vps4 expression plasmid was grown at 37°C in
LB medium to an ODggp of 0.6-0.8 before induced with 0.4 mM IPTG at 25°C for 4
hours. The cells were harvested by centrifugation and frozen at -80°C.

All protein purification steps were performed at 4°C. Frozen cell pastes were
resuspended in 100 ml buffer A (50 mM Tris, pH 8.0, 300 mM NaCl, 1 mM MgCl,)
supplemented with 10 ug/ml PMSF and disrupted by sonication. Supernatant from
centrifugation was loaded on a Ni?*-NTA affinity column. After the column was washed
extensively with buffer A, Hisg-TEV-Vps4 was eluted with a 0-250 mM imidazole
gradient in buffer A. Fractions containing VVps4 were pooled, incubated with TEV
protease (100:1), and dialyzed against 50 mM Tris, pH 8.0, 50 mM NaCl, 1 mM MgCl,
overnight. A second Ni’*-NTA step removed the tag and TEV protease. VVps4-containing
fractions was then placed into buffer C (25 mM Tris, pH 7.5, 100 mM NaCl, 5 mM
MgCl,) and further purified using an anion exchange Resource-Q column (Amersham
Pharmacia) with a 0.1-0.5 M NaCl gradient. For MAD phasing, selenomethionyl protein
were expressed in E. coli B834(DE3) using a minimal medium where methionines were
replaced with selenomethionines [30]. Derivative proteins were purified in a similar way

as native proteins.

Crystallization and data collection
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For crystallization, purified protein was stored in a final buffer containing 20 mM
Tris, pH 7.5, 400 mM NaCl, 5 mM MgCl; and concentrated to 25 mg/ml. The nucleotide-
free crystal form was obtained by the sitting drop method at 20°C. Proteins were mixed
in a 1:1 ratio with a reservoir solution containing 1.0 M sodium acetate, 0.2-0.25 M
cadmium sulfate, and 0.1 M PIPES, pH 6.5 in a final volume of 4 ul and equilibrated
against the reservoir solution. Crystals grew to full size in several days and were
transferred into 1.05 M sodium acetate, 0.25 M cadmium sulfate, 0.1 M HEPES, pH 7.0,
and 35% sucrose and equilibrated against the same solution for several hours before
flash-frozen under liquid nitrogen. The adjustment of buffer, pH and the soaking step
improved the diffraction quality of the crystal. Selenomethionyl crystals were prepared in
a similar manner.

The ADP crystal form was also grown by the sitting drop method at 20°C.
Proteins in the presence of 5mM ADP were mixed in a 1:1 ratio with a reservoir solution
of 1.3-1.4 M Na/K-phosphate, pH 5.8, 10% glycerol, 5% glucose in a final volume of 4
ul and equilibrated against the reservoir solution. Crystals grew to full size in a week and
were often clustered. Single crystals used for data collection were obtained by seeding.
Crystals were transferred into 1.6 M Na/K-phosphate, pH 5.8, 1 mM ADP, and 35%
sucrose and flash-frozen in liquid nitrogen before data collection. All diffraction data
were collected at Advanced Photon Source beam line 23-ID. Diffraction datawere

integrated and scaled by using the program HKL2000 (HKL Research).

Structure determination and refinement
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The nucleotide-free structure was solved initially at 3.2 A resolution using the
MAD method [31]. Four of the seven expected selenium sites were found with SnB [32].
Two additional sites were identified using anomalous difference Fourier method as
implemented in SHARP [33]. Parameters for these six sites were refined and MAD
phases were calculated and improved by solvent flattening with SHARP. The resulting
experimental map was interpretable to allow the building of a polyalanine model in O
[34]. Cycles of rebuilding and refinement were carried out using the program O and CNS
[35], while phases were extended to 2.9 A resolution using a native data set. Initial
refinement was carried out with torsion angle dynamics simulated annealing using the
maximum likelihood target function with the experimental phases as a prior phase
distribution (MLHL). A randomly selected 5% of the total reflections were used for
cross-validation. Later rounds of refinement were performed with REFMACS in the
CCP4 suite with TLS parameters incorporated [36]. The final structure contains residues
129-206, 210-239, 246-264, 268-365, and 371-433. The refined model has 86.2% of the
residues with the most favored backbone conformations and only one residue with
disallowed conformation on the Ramachandran plot.

The ADP structure was determined by the molecular replacement method with the
program PHASER [37] using the partially refine nucleotide-free structure as a search
model. The B-domain and most of the loop regions were removed during the molecular
replacement process. The model was refined using CNS with intersperse manual
rebuilding with O. Three Vps4 molecules were found in the asymmetric unit and they
were initially refined with strict non-crystallographic symmetry (NCS) constraint.

However, as the refinement progressed, it was clear that they differ from each other quite
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significantly therefore only weak NCS restraint was applied during the later stage of the
refinement. The final structure contains residues 119-237, 249-262, and 270-435 for
molecule A and B, and 123-237, 249-262, and 270-432 for molecule C. A complete ADP
molecule was built in molecule A but only a phosphate group was built in molecule B

and C due to poor electron density quality for the rest of the ADP molecule.

In vitro binding experiments

For the S-tag pull-down experiments, untagged Vps4=2**Q and C-terminal S-
tagged Vps4 52332 were co-expressed using pETDuet-1 vector (Novagen) and co-purified
by anion-exchange chromatography followed by gel filtration chromatography. Protein
samples were applied to S-protein agarose (Novagen) in the absence or presence of 1 mM
adenosine nucleotides. After extensive wash, bound proteins were separated by SDS-
PAGE and detected by Western blotting with anti-Vps4 antibody (Santa Cruz, sc-21821).

For GST pull-down experiments, DNAs encoding yeast Vps2, Vps20, Vps24, and
Snf7 were amplified from the S. cerevisiae genomic DNA and cloned into a modified
pET41a vector (Novagen). GST tagged proteins were expressed in E. coli BL21(DE3)
cells, induced with 0.4 mM IPTG at 16°C overnight. These cells were resuspended in
PBS (140 mM NaCl, 2.7 mM KCI, 10 mM Na;HPQ4, 1.8 mM KH,PQOy,, pH 7.3)
supplemented with 1 mM DTT and 0.1% Triton X-100 and lysed by mild sonication. 20
ml glutathione-agarose (Sigma) pre-equilibrated with PBS/DTT buffer was incubated
with soluble cell lysates at 4°C for 40 minutes. The beads were subsequently washed with
the above buffer and incubated with purified Vpsd¥**? proteins or cell lysates containing
Hiss-tagged Vps4 N-terminal domains at 4°C for 40 minutes. ATP was added to a final

concentration of 1 mM where indicated. Bound proteins were analyzed by SDS-PAGE.
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Limited proteolysis

Subtilisin was used in the assay with protease to protein ratios in the following
order: 0/1, 0.001/1, 0.01/1, and 0.1/1. For a typical reaction, 1 mg/ml Vps4=**? protein
was incubated with subtilisin in the reaction buffer (20 mM HEPES, pH 7.5, 200 mM
NaCl, 10% glycerol). Reactions were allowed to proceed for 30 minutes on ice before
terminated by addition of protease inhibitor PMSF. Samples were boiled in SDS-loading

buffer, subjected to SDS-PAGE and visualized by Coomassie staining.

Protein Data Bank accession number
Atomic coordinates and structure factors for yeast Vps4 have been deposited in
the RCSB Protein Data Bank with accession code 2QP9 for the nucleotide-free form and

2QPA for the ADP-bound form.
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CHAPTER 3

STRUCTURAL BASIS OF VTAL FUNCTION IN THE MULTIVESICULAR
BODY SORTING PATHWAY

ABSTRACT

The MVB pathway plays essential roles in several eukaryotic cellular processes.
Proper function of the MVB pathway requires reversible membrane association of the
ESCRTSs, a process catalyzed by Vps4 ATPase. Vtal regulates the VVps4 activity but its
mechanism of action was poorly understood. We report the high-resolution crystal
structures of the Did2- and Vps60-binding N-terminal domain and the Vps4-binding C-
terminal domain of S. cerevisiae Vtal. The C-terminal domain also mediates Vtal
dimerization and both subunits are required for its function as a Vps4 regulator.
Emerging from our analysis is a mechanism of regulation by Vtal in which the C-
terminal domain stabilizes the ATP-dependent double ring assembly of VVps4. In addition,
the MIT motif containing N-terminal domain, projected by a long disordered linker,
allows contact between the Vps4 disassembly machinery and the accessory ESCRT-III
proteins. This provides an additional level of regulation and coordination for ESCRT-III

assembly and disassembly.

INTRODUCTION
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The multivesicular body (MVB) is a special form of the late endosome, generated
when the limiting membrane of the endosome invaginates and buds into its own lumen.
During this process, proteins residing in the endosomal membrane are sorted into the
forming vesicles. Subsequent fusion of MVBs with the lysosome results in the delivery of
cargo-containing intralumenal vesicles to the hydrolytic environment of the lysosome (for
reviews see [1-4]). The MVB pathway plays key roles in eukaryotic cellular processes
such as cell surface growth factor receptor down-regulation (for reviews see [1, 4]),
budding of retroviruses from the host cell (for a review see [5]) and cytokinesis [6, 7].
Entry into the MVB pathway is a tightly regulated process and depends on the action of
class E Vps (Vacuolar Protein Sorting) proteins, a majority of which are subunits of three
distinct protein complexes called Endosomal Sorting Complexes Required for Transport
(ESCRT-I, -11, and -I11, for reviews see [1, 4, 8, 9]). These complexes transiently
assemble on the endosomal membrane during the cargo sorting process. For sustained
protein trafficking through the MVB pathway, the ESCRTSs need to be dissociated and
disassembled from the membrane and recycled back into the cytoplasm. Vps4, together
with its regulator Vtal, catalyzes the process of ESCRT disassembly in an ATP-
dependent reaction [10].

Vps4 is a member of the AAA-protein (ATPase associated with a variety of
activities) family [11, 12]. It cycles between alternate molecular assembly states in vitro
depending on the state of ATP binding and hydrolysis [13]. The protein exists as a 90
kDa molecular species that upon ATP binding oligomerizes into a large molecular

complex of 440 kDa, which also has a higher affinity for the substrate ESCRT-III
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subunits [14]. ATP hydrolysis by Vps4 in turn results in the disassembly of the oligomer,
coincident with the release of the ESCRTSs from the endosomal membrane. Since ATP
hydrolysis represents an irreversible step in the MVB pathway, regulation of the Vps4
ATPase activity is critical for the proper function of the MVB sorting reaction. Vtal has
been recently shown to act as a positive regulator of Vps4 by stimulating its ATPase
activity [15, 16]. Furthermore, this mechanism of regulation appears to be conserved
during evolution, since Vtal orthologs have been identified from yeast to humans and
contain highly homologous sequence motifs that are thought to mediate interactions with
Vps4 [17-19]. In addition, Vtal also interacts with other proteins acting in the late stage
of the MVB pathway, such as the accessory ESCRT-I1II proteins Vps60 and Vps46/Did2
[15, 16, 20]. These interactions are also important for the MVB sorting and the retrovirus
release processes [21]. However, the structural basis for the function of VVtal remains
elusive.

Here we report biochemical and high-resolution structural characterization of S.
cerevisiae Vtal. We show that Vtal has a modular structure with two well-folded
terminal domains bridged by a region dominated by random-coil structure. Crystal
structures of the Vps60- and Did2-binding N-terminal domain and the Vps4-binding C-
terminal domain reveal the structural details for the respective binding sites. The C-
terminal domain also mediates VVtal dimerization, and mutagenesis studies demonstrate
that both subunits in the dimer are necessary for the function of Vtal as a VVps4 regulator.
Our study suggests a mechanism of regulation by Vtal in which the C-terminal domain
promotes the ATP-dependent double ring assembly of Vps4, while the N-terminal

domain, projected by the disordered middle linker region, allows contact between the
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Vps4 disassembly machinery and accessory ESCRT-III proteins to coordinate ESCRT-III

assembly and disassembly.

RESULTS

Structure determination
Initial attempt to crystallize the intact S. cerevisiae Vtal was not successful.
Limited proteolysis of Vtal by chymotrypsin cleaved the protein after Tyr279 and

resulted in two major fragments; of which the C-terminal fragment Vta1?****

was readily
crystallized. Secondary structure prediction for Vtal suggested that the region between
residues 168 and 279 contains little regular structure. Therefore, an N-terminal fragment
Vtal'*®" was generated and crystals were subsequently obtained. In the following
sections, we will refer Vtal'*®" as VtaINTD and Vta1®*** as VtalCTD.

The structure of VtalNTD was determined by single isomorphous replacement
with anomalous scattering (SIRAS) from a native crystal and a selenomethionyl crystal.
The protein structure was refined against the native data to a working R factor of 21.5%
and a free R factor of 26.0% at 2.9 A (Table 3.1). The entire structure can be visualized
except for residues 65-75, which are presumed disordered. There are two polypeptide
chains, related by a non-crystallographic 2-fold symmetry, in the asymmetric unit.
However, gel filtration and sedimentation equilibrium analytical ultracentrifugation
experiments suggested that VtaINTD is a monomer in solution. The structure of
VtalCTD was determined by multi-wavelength anomalous dispersion (MAD) from a

selenomethionyl crystal at 1.8 A and later refined against a native data set to a working R

factor of 22.0% and a free R factor of 24.9% at 1.5 A (Table 3.1). There are a total of six
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polypeptide chains that form three dimer pairs in the asymmetric unit. While the C-
termini of the six molecules are all well defined, the N-termini show great structural
variability among the six molecules and the region between residues 280 and 289 must be

modeled into several alternative positions.

The crystal structure of VtalNTD

VtalNTD contains seven a-helices (a1-a7) arranged into two anti-parallel three-
helix bundle modules (Figure 3.1A). Helices al (1-18), a2 (22-36) and a.3 (42-64) form
the first module; and helices a5 (86-110), a6 (115-135) and a7 (141-163) form the
second module. A short helix a4 (76-84) and a disordered loop between a3 and a4
connect a3 and a5 at one end of the molecule. The two modules have an overall very
similar structure and are related by a pseudo-dyad with al/a5, a2/a6, and a3/a7
forming the corresponding pairs. They stack together via al-o2 and a5-a6 with their
helical axes perpendicular to each other. Extensive hydrophobic interactions exist
between module 1, a4 and module 2 such that a total of 1809 A? is buried at the interface
of the three structural elements. Therefore the entire assembly should be considered as a
single domain. This explains the fact that attempts to express the two modules separately

lead to either no or aggregated protein expression (data not shown).

VtalNTD consists of two MIT motifs
When the two structural modules within VtalNTD were used to search for
proteins of similar structure in the protein database, the N-terminal ESCRT-I11I binding

domains of Vps4 were among the best matches (PDB ID: 1YXR and 2CPT, for human
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Figure 3.1 The crystal structure of VtalNTD.

(A) A ribbon representation of the VtalNTD structure. Helices al, a2, and a3 (MIT1)
are colored blue; helix a4 is colored green; and helices a5, a6, and a7 (MIT2) are
colored orange. The disordered loop region connecting helices a3 and a4 is drawn as a
dash line. The N- and C-termini of the molecule are indicated.

(B) Structural overlay of VtalNTD-MIT1 with the MIT domain of human Vps4A (PDB
ID: 1YXR). VtalNTD is colored gray. Vps4 MIT is colored red. The N- and C-termini
for both molecules are indicated.

(C) Structural Overlay of VtalNTD-MIT2 with the MIT domain of human Vps4A.

(D) In vitro analysis of Vtal-Vps60/Did2 interaction. GST or GST-tagged Vps60/Did2
was used to pull down purified VtalNTD or Vtal'®*" as indicated. Proteins retained on
the beads were analyzed by SDS-PAGE and visualized by Coomassie blue staining.
Figures 3.1A, 3.1B and 3.1C are prepared with Pymol (DeLano Scientific LLC).
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Vps4A and Vps4B, respectively). This domain contains a fold of three helices also
known as the microtubule interacting and transport (MIT) motif [22, 23]. When the three
MIT domain helices of VVps4 were aligned with those in the two modules of VtalNTD
(MIT1 and MIT2), root mean square deviations for the Co. atoms are 1.3 A and 1.7 A
over 52 and 54 residues, respectively, for human Vps4A (Figure 3.1B, 3.1C).

The MIT domain of Vps4 mediates its interaction with the ESCRT-I11 subunits.
The site of interaction involves a surface groove formed by helix 2 and helix 3 of the
MIT domain [22]. The ESCRT-I1I subunits interact with VVps4 by providing a fourth helix
to complete a non-canonical tetratricopeptide repeat (TPR) fold. Although Vtal does not
bind to the ESCRT-III subunits, it does interact with two ESCRT-II1 like proteins, Vps60
and Vps46/Did2 [16, 20]. Given the structural similarity between VtaINTD and Vps4
MIT domain, it is likely that VVtal interacts with Vps60 and Vps46/Did2 via VtalNTD in
a manner similar to that between Vps4 and ESCRT-III. Indeed, purified VtalNTD alone
is sufficient to bind to GST-Vps60 and GST-Did2, while purified Vtal lacking the NTD
fails to bind to either (Figure 3.1D). This in vitro result is also consistent with an earlier
finding that deletion of the N-terminal 68 residues of Vtal abolishes its in vivo interaction

with Vps60 [15].

Potential Vps60 and Did2 binding surface on VtalNTD

Since the site of protein-protein interaction in the Vps4 MIT domain involves a
surface groove formed by helix 2 and helix 3 of the motif, we examined the two
corresponding surface areas in VtalNTD. Both surfaces contain a hydrophobic center

surrounded by polar/charged regions. Surface 1 in MIT1 is formed by conserved
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hydrophobic residues Leu-29, Val-32, Leu-36, Leu-53, and Ile-56, and conserved
charged/polar residues Glu-33, Arg-41, Thr-46, Thr-50, Asp-54, Glu-57, Lys-60, and
Lys-61 (Figure 3.2A, 3.2B). In fact, this region on MIT1 represents the largest conserved
area on the surface of VtalNTD. The corresponding residues for Leu-29, Val-32, Leu-36,
Leu-53, lle-56, Glu-33, Thr-46, Asp-54, Glu-57 and Lys-60 in the Vps4 MIT domain
(Y34, L37, M41, L64, A67, D38, R57, N65, E68 and K71) were shown to be involved in
its interaction with the ESCRT-II1 subunit Vps2 [22]. Compared with surface 1, surface 2
on MIT2 is much less conserved (Figure 3.2A, 3.2C). Residues that form the surface
include hydrophobic residues Trp-122, lle-125, Leu-132 and lle151, and charged/polar
residues Lys-118, Ser-129, His-133, Lys-136, Glu-137, Glu-141, Thr-144, GIn-148, Lys-
152 and Lys155. Of these, only Trp-122, Leu-132, Glu-137, Glu-141 and Lys-152 appear
to be conserved in other Vtal proteins.

In the lattice of VtalNTD crystals, each VtaINTD non-crystallographic “dimer”
interacts with four neighboring molecules. Three of these interactions involve a helix
from a neighboring molecule binding to the potential VVps60 binding surface in either
MIT1 or MIT2 (Figure 3.2D). In all three cases, a majority of the above-described
conserved residues are buried at the interface. These findings suggest that surface
grooves formed by helix 2 and helix 3 of the MIT motifs in VtaINTD are capable of
participating in protein-protein interactions and therefore are excellent candidates for
binding to Vps60 and Vps46/Did2.

To address this possibility, mutational analysis of the putative Vps60 and Did2
binding surface(s) of Vtal was performed. Conserved surface residues within MIT1

(Leu-29, Leu-36, Leu-53, lle-56, Glu-57) and MIT2 (Trp-122, Leu-132, Glu-137, Lys-
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Figure 3.2 Potential Vps60 binding sites on VtalNTD.

(A) Structure-based sequence alignment for the MIT domains in Vps4 and the two MIT
motifs in Vtal. Secondary structure elements are shown above the sequences. Residues
conserved in all MIT domains are colored red and yellow. Residues conserved only in
MITT1 are colored green; and residues conserved only in MIT2 are colored blue. Residues
involved in the potential functional surfaces of MIT1 and MIT2 are marked by white and
black triangles, respectively.

(B, C) Conserved molecular surfaces on MIT1 (B) and MIT2 (C). Surface and ribbon
representations of molecules in the same orientation are shown on the left and right
panels, respectively. MIT1 is colored blue; helix 04 is colored green; and MIT2 is
colored orange. Conserved molecular surfaces are colored red and underlying residues
are labeled.

(D) The two conserved surfaces are involved in interacting with an a-helix from
molecules in the crystal lattice. MIT1 is colored blue and MIT2 is colored orange. The
helices they interact with in the crystal lattice are colored red, magenta, and cyan,
respectively.

(E) Residues in MIT2 are important for Vps60 and Did2 binding. GST or GST-tagged
Vps60/Did2 was used to pull down purified wild-type Vtal or mutants as indicated.
Proteins retained on the beads were analyzed by SDS-PAGE and visualized by
Coomassie blue staining or western blotting with anti-Vtal antibody (see the
accompanying study (Azmi et al., 2007) for anti-Vtal polyclonal antibody production).
Figures 3.2B, 3.2C and 3.2D are prepared with Pymol (DeLano Scientific LLC).
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149, Lys-152) were mutated to alanines, the mutant proteins were expressed in bacteria,
and the purified proteins were examined for binding to GST-Did2 and GST-Vps60.
While most mutations did not dramatically reduce binding (data not shown), this analysis
identified 2 residues, Trp-122 and Lys-152, as important for Vtal interaction with both
Did2 and Vps60 (Figure 3.2E). This result implicated the surface groove formed by helix
2 (06) and helix 3 (a7) of MIT2 as the putative binding site for both Vps60 and Did2.

Functional analysis of this interaction is presented in the accompanying study [24].

The crystal structure of VtalCTD

VtalCTD is organized into a pair of anti-parallel a-helices (a8-a9) (Figure 3.3A).
Helix a8 (281-310) is significantly longer than helix a9 (312-330) such that inter-helical
interactions only exist between a9 and the C-terminal half of a.8. As will be discussed in
more detail, the structure where inter-helical interaction occurs is also involved in protein
dimerization. Therefore, it should be considered as the structural core of VtalCTD.
Interestingly, regions outside the core display great conformational variability. Of the six
independently determined VtalCTD molecules in the asymmetric unit, helix a8 displays
different degrees of bending at Arg-290, ranging from -30° to 14° (Figure 3.3B). These
results suggest that the N-terminal part of helix a8 is highly flexible relative to the core

of VtalCTD.

Oligomerization state of Vtal

The crystal structure of VtalCTD shows that the molecule forms a dimeric

structure in the crystal lattice where three independent dimer pairs were observed. This is
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consistent with previous findings that VVtal is molecular dimer in solution and the C-
terminal region is required for dimerization [15]. To determine whether VtalCTD alone
is sufficient for dimerization, the oligomerization state of VtalCTD was analyzed using
sedimentation equilibrium analytical ultracentrifugation (Figure 3.3C). The results
showed that, like Vtal, VtalCTD is a dimer in solution. In contrast, only a monomer
species was observed for Vtal lacking the C-terminal domain (Vta1'?"), consistent with
results from previous studies using an in vivo assay [15]. Therefore, VtalCTD is
necessary and sufficient for protein dimerization.

In forming the dimer, the anti-parallel a-helices within each VtalCTD subunit
interacts with their helical axes aligned to create a four-helix bundle dimer structure
(Figure 3.3D). In the four-helix bundle, symmetry-related helices are packed against each
other and the molecular dyad is perpendicular to the helical axes. As a result, the N-
terminal ends of the two subunits point way from the four-helix bundle and in opposite
directions. The dimer interface covers 21% of the solvent accessible surface for each
subunit. The interface is predominantly hydrophobic with many highly conserved
residues involved, including Ala-304, Leu-308, Leu-313, Ala-316, Leu-320, Leu-324 and
Leu-327. At the periphery of the interface, a few polar interactions are also observed
including a pair of salt bridges between Arg-290 and a highly conserved Glu-311.

To assess the contribution of the conserved residues at the VtalCTD dimer
interface to the stability of Vtal dimer structure, two single point mutants, L320E and
L327E, were generated. Both residues are in the central region of the hydrophobic dimer
interface, and we predicted that substitution of them with charged glutamic acids would

disrupt the packing within the dimer structure. Mutant proteins were purified and their
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oligomerization states were analyzed using gel-filtration chromatography. Indeed,
compared with the wild type Vtal dimer, the elution profile of the L320E and L327E
mutants were shifted towards the monomeric species on gel filtration (Figure 3.3E).
These biochemical results confirmed that the conserved interface observed in VtalCTD

structure is responsible for VVtal dimerization.

Vps4 binding surface on VtalCTD

The C-terminal region of Vtal has been previously shown to interact with Vps4
[15]. With purified Vps4®*? (an ATPase deficient mutant), we further demonstrated that
Vtal interacts with VVps4 in an adenine nucleotide dependent manner (Figure 3.4A).
Interestingly, the N-terminal region of Vtal appears to have an effect on this interaction
as VtalCTD displays a stronger ADP-dependent binding to Vps4.

Sequence alignment of Vtal proteins revealed a high degree of overall
conservation for VtalCTD among representative members from yeast, plants, and
mammals (Figure 3.4B). Many of the conserved residues are located at the dimer
interface and are important for supporting the dimer structure. There are, however, a few
conserved surface exposed residues including Lys-299, Lys-302, Tyr-303, Ser-306, Tyr-
310, Glu-311, Asp-312, Thr-315 and Lys-322 (Figure 3.4C). Previous studies showed
that mutations in Lys-299 and Lys-302 completely abolished the ability of Vtal to
stimulate the ATPase activity of Vps4 while mutation in Lys-322 had no effect [15].
Since Lys-299 and Lys-302 are located on helix a8 and Lys-322 is located on helix a9,

these results suggest that a8 is the site of VVps4 binding.
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Four more conserved residues on a8 and the short linker between a8 and a9,
residues Tyr-303, Tyr-310, Glu-311, and Asp-312, were mutated into alanines to assess
their roles in mediating VVps4 interaction. Of the four, Y303A and Y310A were deficient
in interaction with Vps4 as demonstrated in a GST pull-down assay while maintaining
their dimeric structures (Figure 3.4D, 3.3E). In addition, when the mutant proteins were
purified and used in the ATPase assay, they failed to stimulate the ATPase activity of
Vps4, in contrast to the wild type protein (Figure 3.4E). Therefore, it is likely that these
two residues are directly involved in VVps4 interaction as well. The other two mutants,
E311A and D312A, also did not bind to VVps4 but they were monomers in solution (data
not shown). Hence it is not clear whether they directly participate in binding to the
ATPase. Taken together, these results showed that the site of VVps4 binding on Vtal is
located on the solvent-exposed side of helix a8 and the binding characteristic appears to

be largely hydrophilic in nature.

The dimer structure of Vtal is required for Vps4 interaction

The fact that monomer mutants E311A and D312A failed to interact with Vps4
prompted us to examine the role of VVtal dimer in regulating the function of Vps4. Indeed,
the monomer mutants L320E and L327E also failed either to pull down Vps4 in our GST
pull-down assay or to stimulate the ATPase activity of Vps4 suggesting that a stable
association between Vtal and Vps4 requires the presence of both Vps4 binding sites on
Vtal (Figure 3.4D, 3.4E). To further characterize this structural requirement, His-tagged
wild-type Vtal was co-expressed with S-tagged wild-type Vtal, Y303A, or Y310A

mutants in E. coli. Vtal heterodimers were isolated by tandem purification with Ni**-
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NTA resin and S-protein resin (Figure 3.4F). Heterodimers retained on the S-protein resin
were then used to pull down Vps4®**? in the presence of ATP. Although these
heterodimers behaved similarly during the process of expression and purification, only
the wild-type Vtal heterodimer could interact with Vps4. Neither WT/Y303A nor
WT/Y310A heterodimer, which contains one of the two functional Vps4 binding sites,
could form a stable complex with Vps4=233?. These results strongly suggested that both
Vps4 binding sites on the Vtal dimer are necessary for its stable association with VVps4.
To further examine the effect of VVtal dimerization and VVps4 binding on the
function of Vtal in the MVB pathway, we examined the sorting of carboxypeptidase S
(CPS) in yeast cells expressing wild-type VTAL versus mutant vtal alleles. Sorting of the
MVB cargo GFP-CPS was analyzed by fluorescence microscopy in vtalA cells
transformed with mutant forms of vtal (Figure 3.5). Four mutants were used in the study:
two Vps4-binding deficient mutants Y303A and Y310A and two dimerization-deficient
mutants L320E and L327E. Cells transformed with empty plasmid display a dramatic
mis-localization of GFP-CPS to the limiting membrane of the vacuole, indicative of the
MVB sorting defect observed in vtalA cells. As expected, transformation with wild type
VTAL restores delivery of GFP-CPS into the MVB pathway as indicated by fluorescence
within the vacuole lumen. However, none of the mutants is capable of complementing the
MVB sorting defect observed in vtalA cells. GFP-CPS was mis-localized in cells
expressing these mutants as in vtalA cells. These results highlight the importance of both

Vtal dimerization and Vps4 binding for the in vivo function of Vtal.

The structure of intact Vtal
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Figure 3.5 Residues involved in dimerization and Vps4 binding are required for
cargo sorting in the MVB pathway.

vtal cells (BY4742 genetic background) were transformed with both cen-copy plasmids
expressing the indicated form of Vtal and GFP-CPS. Live cells were visualized using
fluorescence and brightfield microscopy and fluorescent images were processed using
Deltavision deconvolution software.
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The region between VtalNTD and VtalCTD (residues 168-279) was not defined
crystallographically in the current study. Although this linker is present in all Vtal
proteins, there appears to be no strong sequence conservation. In addition, the length of
the linker varies greatly among different Vtal orthologs. While structure prediction for
the linker suggests that it contains little regular ordered secondary structure, we sought to
confirm the prediction experimentally by measuring the circular dichroism (CD)
spectrum in the far UV region for the linker. Since the linker alone cannot be expressed,
we obtained its spectrum indirectly by measuring the spectra for the intact and various
truncation forms of VVtal. The CD spectrum of the intact Vtal is dominated by
contributions from a-helices (Figure 3.6A). The CD spectrum of the intact protein is
nearly superimposable to a linear combination of the spectra of Vtal**"® and VtalCTD
suggesting that these isolated fragments retain their native structures as in the intact
protein (Figure 3.6B). The CD spectrum for the linker can be obtained by subtracting the
spectrum of VtalINTD from that of Vtal'?”®, or, alternatively, by subtracting the spectra
of VtalNTD and VtalCTD from that of the intact protein. These two calculated CD
spectra agree with each other very well and both have a strong minimum near 195nm
(Figure 3.6C). This feature is typical for random coil structures, suggesting that the linker
region is mostly devoid of ordered secondary structure and likely adopts a random coil
conformation.

Based on the structural information from the crystallographic and CD spectral
analysis, we propose that the structure of intact VVtal likely adopts an extremely elongated
shape with VtalCTD at the center and VtalNTD pointing to the opposite ends, connected

by the largely unstructured middle linker (Figure 3.6D). The Stokes radii of Vtal,
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Figure 3.6 The structure of intact Vtal.

(A) Experimental far-UV CD spectra of Vtal, Vtal'™”’, Vtal''’ (VtaINTD) and
Vtal**?** (Vtal CTD) show a-helix-containing structures.

(B) The experimental CD spectrum of Vtal is superimposable with the reconstructed CD
spectrum calculated from the experimental spectra of Vtal' " and Vta1***°.

(C) Calculated CD spectra of the linker region (Vtal'® *””) show random coil structure.
(D) A model of the full-length Vtal dimer. One molecule is colored as in Figures 3.1A
and 3.3 A and the other is colored gray. The linkers between helices a3 and a4 and
between helices a7 and a8 are drawn as dash lines.
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VtalCTD, and VtalNTD are 5.9nm, 2.2nm and 1.9nm respectively, as determined by
dynamic light scattering. These numbers are consistent either with the model (Vtal) or
with experimentally determined structures (VtalNTD and VtalCTD). Interestingly, the
N-terminal portion of VtalCTD can bend to different degrees depending on its
environment, strongly suggesting that Vtal is a highly flexible molecule with the Vps60

binding N-terminal domain acting like tentacles relative to its dimeric VVps4 binding core.

DISCUSSION

Vtal functions in the MVB pathway by interacting with at least three other class
E Vps proteins, Vps4, Vps60 and Vps46/Did2. Consistent with its biological function, the
structure of Vtal is organized into three distinct regions: an N-terminal Vps60- and Did2-
binding domain, a random-coiled linker region and a C-terminal VVps4 binding domain. In
addition, the C-terminal domain also mediates protein homo-dimerization and the dimer
structure is critical to its in vitro and in vivo function as a Vps4 regulator.

The structure of Vtal suggests a possible mechanism of interaction between Vtal
and Vps4. VVps4 contains a unique three-stranded “p domain” structure that has been
shown to mediate its interaction with Vtal [25]. When Vps4 forms a high molecular
weight ring-shaped oligomer, the $ domain is situated at the periphery of the ring based
on structural analogy to other AAA-ATPases whose oligomeric structures are known.
Although it is still possible that the two symmetry-related VVps4 binding surfaces on
VtalCTD constitute a single VVps4 binding site, the discontinuous nature of the two

surfaces would argue that they each bind to one VVps4 subunit. Given the symmetry
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within Vtal, the two Vps4 subunits they bind to must also obey the same matching two-
fold symmetry. This in turn suggests that the nucleotide-dependent VVps4 oligomer is a
molecule with two-fold symmetries, i.e., a double-ring structure.

One could therefore envision a model where Vtal promotes the nucleotide-
dependent assembly of a double-ring structure of Vps4 by binding to one subunit of Vps4
from each ring (Figure 3.7). The activity of Vtal would then lie in its ability to strengthen
the inter-ring subunit interaction rather than the intra-ring subunit interaction, which is
likely to be solely due to nucleotide binding. In fact, nucleotide-dependent
oligomerization must precede the action of Vtal as only very weak interaction is
observed in the absence of nucleotide. On the other hand, while a stable VVps4 oligomer
only exists in the presence of ATP, addition of VVtal can stabilize the oligomeric structure
even with ADP as the affinity between Vps4 and Vtal increases significantly with the
addition of ADP in our in vitro pull-down assay (Figure 3.4A). Assuming each ring of
Vps4 oligomer consists of six subunits, simultaneous binding of six Vtal molecules will
significantly stabilize the structure of VVps4 oligomer.

While the biological role of Vps4-Vtal interaction is now clearly defined, we are
less certain about the function of the interaction between Vtal and accessory ESCRT-III
proteins partly due to the lack of a well-defined biochemical role for these proteins. Like
other class E Vps proteins, Vps60 and Vps46/Did2 are required for proper MVB sorting
and have a structural organization similar to that of the ESCRT-I11 subunits [8]. In an
accompanying study, Vtal membrane recruitment is demonstrated to be dependent on
Did2 while Vps60 membrane recruitment is dependent on Vtal [24]. In addition, Vps60-

and Did2-binding to Vtal is demonstrated to enhance stimulation of VVps4 in vitro. These
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Figure 3.7 A model of Vps4-Vtal complex.

Vps4 dodecameric ring structure (colored white) is modeled using coordinates of S.
cerevisiae Vps4 ATPase domain (Chapter 2) based on its homology to p97 (1S3S) and
FtsK (2IUU). ESCRT-III binding MIT domains (colored white, 1 YXR) of Vps4 are
placed at both ends of the double-ring structure. One VtalCTD dimer (colored blue and
green) is modeled between two Vtal-binding p-domains of Vps4 (one from each ring,
colored red and orange) so that contacts between the known interacting structural
elements from the two proteins are maximized. The long linker between VtalCTD and
VtalNTD likely projects VtalNTD near the MIT domain of Vps4.
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results suggest that interactions between Vtal and the accessory ESCRT-III proteins
direct membrane recruitment as well as stimulation of Vps4. Our structural analysis of
VtalNTD suggests that the overall mode of interaction between Vtal and the accessory
ESCRT-III proteins likely mimics that between Vps4 and the ESCRT-I11 subunits and
differences may lie in the critical residues involved. It would be important to illustrate
these structural features in future work.

Although the middle linker region of Vtal contains little ordered structure, it may
nevertheless be functionally important. In a simple picture, the sizable linker can project
the N-terminal region of Vtal significantly beyond its dimeric C-terminal core, allowing
VtalNTD and its binding partner to interact with other proteins in the MVB pathway.
For example, VtalNTD might be close to the N-terminal domain of VVps4, thereby
bringing the ESCRT-I11 and accessory ESCRT-III proteins together. Interestingly, we
have noticed that the linker also appears to have certain effects on the affinities of Vtal
for Vps4 and the accessory ESCRT-I1II proteins. Both VtaINTD and VtalCTD show
higher affinities for their respective binding partners than the full-length protein in our
pull-down assays (data not shown and Figure 3.4A). These observations suggested that
the linker may even function as a communicator between the two terminal domains more
than just as a simple connector.

In summary, we have determined the crystal structures of the two functionally
important domains of VVtal and showed that VVtal is an elongated molecule with a VVps4-
binding dimeric core in the middle and two Did2- and Vps60-binding domains pointing
in opposite direction and connected to the core by long, flexible regions. The structural

information, coupled with biochemical and cell biology experiments, has provided
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important insights to the molecular mechanism of Vtal function. Emerging from this
study is a model where six VVtal molecules bind to a double-ring shaped Vps4 near its
mid-section and twelve Did2- and Vps60-binding domains project to both ends of the
Vps4 double-ring. In this picture, these MIT motif-containing domains will be close to
the N-terminal ESCRT-I11 binding domain of VVps4 suggesting that the ESCRT-II1 like
proteins might be spatially close to the ESCRT-I11I proteins and participate in regulating
the assembly and disassembly of the ESCRT-III complex. Therefore, we predict that
Vtal plays a much more complicated role in regulating the MVB pathway than

previously envisioned.

METHODS

Cloning, expression and purification

DNA fragments encoding Vtal and Vps4 were amplified from the Saccharomyces
cerevisiae genomic DNA. VtalNTD was expressed in E. coli BL21(DE3) using a
modified pET28b vector with a SUMO protein inserted between a Hiss-tag and the
VtaINTD coding region. The Hise-SUMO-VtalNTD protein was purified by Ni?*-NTA
affinity chromatography following standard procedures. ULP1 protease was then added to
remove the Hiss-SUMO tag, and the protein mixture was passed over a second Ni**-NTA
column. VtalNTD was further purified by anion exchange chromatography on a
Resource-Q column (Amersham Pharmacia). VtalCTD was expressed in BL21(DE3)
using a modified pET21a vector with an N-terminal Hisg-tag followed by a TEV protease

cleavage site. The Hiss-VtalCTD was first purified by Ni**-NTA affinity
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chromatography. Overnight TEV protease digestion cleaved the N-terminal Hisg-tag, and
a second Ni**-NTA step removed the tag, uncleaved protein and TEV protease. VtalCTD
was further purified using an anion exchange Source-Q column (Amersham Pharmacia).
Selenomethionyl protein derivatives were expressed in E. coli B834(DE3) using a
minimal medium where methionines were replaced with selenomethionines. Derivative

proteins were purified in the same way as native proteins.

Crystallization and data collection

Native crystals of VtalINTD were grown by the sitting drop method at 20°C.
Proteins at 25 mg/ml were mixed in a 1:1 ratio with a reservoir solution of 3.5 M sodium
formate in a final volume of 4 ul and equilibrated against the reservoir solution. Crystals
grew to full size in several days and were transferred into 4 M sodium formate, 10%
glucose before flash-frozen under liquid nitrogen. Selenomethionyl protein crystals of
VtalNTD were grown from 3.6-3.8 M sodium formate, 0.1 M HEPES (pH 7.5) and
harvested in the same way. Native and selenomethinyl crystals diffracted to 2.9 A and 3.0
A, respectively. Diffraction datawere collected at the Advanced Photon Source beam line
21-1D. Native crystals of VtalCTD were also grown by the sitting drop method at 20°C.
Proteins at 20 mg/ml were mixed in a 1:1 ratio with a reservoir solution of 30% MPD, 0.1
M Na-Acetate (pH 4.5), and 20 mM CacCl; in a final volume of 4 ul and equilibrated
against the reservoir solution. Crystals were transferred into the reservoir solution before
flash-frozen under liquid nitrogen. Selenomethionyl protein crystals of VtalCTD were
obtained in a similar way. Native and selenomethinyl crystals diffracted to 1.5 A and 1.8

A, respectively. Diffraction data were collected at the Advanced Photon Source beam line
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23-1D. All datawere integrated and scaled by using the program HKL2000 (HKL

Research).

Structure determination and refinement

The structure of VtalNTD was determined by the SIRAS method using a native
data set and a data set collected at the peak wavelength of the selenium atom (A = 0.9787
A). Crystals belong to the 14 space group with a unit cell dimension of a = b = 126.17 A,
¢ = 70.25 A. There are two molecules in the asymmetric unit. Six of the twelve expected
selenium sites were found and cross-confirmed with SnB [26] and CNS [27]. Four
additional sites were identified using anomalous difference Fourier method as
implemented in SHARP [28]. Parameters for these ten sites were refined and SIRAS
phases were calculated and improved by solvent flattening with SHARP. The resulting
experimental map is of high quality to allow unambiguous tracing of the model. The
model was built manually with O [29] and refined against the native data with CNS using
5% randomly selected reflections for cross-validation. Initial refinement was carried out
with torsion angle dynamics simulated annealing using the maximum likelihood target
function with the experimental phases as a prior phase distribution (MLHL) followed by
rebuilding in O. At later stages of the refinement, maximum likelihood target function
using amplitudes (MLF) was used and individual restrained atom B-factor was refined.
Although no non-crystallographic symmetry (NCS) restraint was utilized during the
refinement process, the two protomers in the asymmetric unit appear to be almost

identical, with a root mean square deviation of 0.551 A for the Ca atoms. The final
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model contains residues 1-64 and 76-152 and an N-terminal alanine derived from the
vector for each protomer and 11 water molecules.

The structure of VtalCTD was determined by the MAD method using three data
sets collected at the peak, the edge and a remote wavelength of the selenium atom.
Crystals belong to the P2,2;2 space group with a unit cell dimension of a=102.42 A, b =
50.71 A, ¢ = 74.35 A. There are six molecules in the asymmetric unit. Heavy atom
search, phase calculation and refinement, and density modification were carried out with
autoSHARP [28]. An initial model was automatically built using ARP/WARP [30]. The
model was further refined against the native data set using CNS with intersperse manual
rebuilding with O. Later rounds of refinement were performed with REFMACS in the
CCP4 [31] suite with TLS parameters incorporated [32]. Each VtalCTD dimer in the
asymmetric unit was defined as one TLS group. The regions for 281-289 in protomer C
and 280-289 in protomer F were modeled with alternative conformations with 50%
occupancy for each conformation. The final structure contains residues 280-330 for chain
A, 281-330 for chain B, 280-330 for chain C, 289-330 for chain D, 286-329 for chain E,
and 280-330 for chain F and a total of 295 water molecules. Three protomers (A, C, and
F) contain extra residues derived from the vector: Gly-Ser for A and C, and a single

serine for F.

In vitro binding experiments
GST pull-down experiments were performed following standard procedures in
PBS buffer supplemented with ImM DTT and 0.1% Triton X-100. Purified proteins were

incubated with either GST alone or GST-tagged proteins immobilized on glutathione
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agarose beads for 40min at 4°C. The beads were then washed extensively with above
buffer, and bound proteins were separated on SDS-PAGE and visualized by Coomassie
staining.

The heterodimer of VVtal were expressed using pETDuet-1 vector (Novagen) with
the wild-type protein cloned in the first cassette and either wild-type or mutant proteins
cloned in the second cassette. To purify the heterodimer, cells were lysed in 50mM
TriseHCI (pH 8.0), 300 mM NacCl, 15 mM imidazole, 5 mM B- mercaptoethanol, 0.1%
Triton X-100 and 10 ug/ml PMSF. Cell lysate was centrifuged and the supernatant was
applied to Ni**-NTA resin. After extensive wash, bound proteins were eluted with the
above buffer containing 500 mM imidazole. The eluted protein sample was subsequently
diluted into the GST pull-down buffer (see above) and incubated with S-protein agarose
(Novagen) for 1 hr at 4°C. Beads with heterodimer protein bound were harvested by
centrifugation, washed extensively, and either analyzed by SDS PAGE or used for pull-
down experiments as described above. Due to the similar migration positions of S-tagged
Vtal and Vps4 on SDS-PAGE, bound Vps4 proteins were detected by Western blotting

with anti-Vps4 antibody (Santa Cruz, sc-21821).

Analytical ultracentrifugation

Protein samples were prepared in 25 mM Tris (pH 7.5), 100 mM NaCl, 1 mM
EDTA, and 2 mM DTT. Three protein concentrations at OD-go of 0.7, 0.5, and 0.3 were
used for each sample. All sedimentation equilibrium experiments were carried out at 4°C
by using An-50 Ti rotor in a Beckman ProteomeLab XL-1 analytical ultracentrifuge

(Beckman Instruments, Fullerton, CA). Data were collected at three different speeds
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(32,000, 36,000, and 39,600 rpm) and represented an average of 50 scans using a scan
step size of 0.001 cm. Data were analyzed using the UltraScan Il program from B.
Demeler (University of Texas Health Science Center, San Antonio, TX) and were
converted to a plot of Ln(absorbance) versus radius square. The slope of the plot is
proportional to the molecular weight of the protein. Data is plotted alongside simulations
using theoretical values for molecular weight of a dimer and a monomer species, and

plotted with an arbitrary Y-axis for direct comparison.

Circular dichroism (CD) spectral analysis

Far-UV CD spectra were measured with a Jasco J-810 CD spectropolarimeter at
25°C using a 1-mm cuvette. The protein of 0.3 mg/ml was in a buffer containing 20 mM
KH,PO, (pH 7.5). The samples were centrifuged and degassed before measurement.
Spectra represent the average of five runs with buffer blanks subtracted, and the resulting
spectra were normalized to molar ellipticities against the known protein concentrations

with Jasco Series 810 software.

ATPase assay

The ATPase activity of Vps4 was measured using an assay based on the
conversion of phosphoenolpyruvate (PEP) to pyruvate by pyruvate kinase (PK) coupled
to the conversion of pyruvate to lactate by lactate dehydrogenase (LDH) [33]. Briefly,
1.25 uM Vps4 and 1.5 uM GST-Vtal variants were first incubated in 800 ul of reaction
buffer (50 mM Tris-acetate, pH7.5, 1 mM MgCl;, 1 mM DTT, 3 mM

phosphoenolpyruvate, 17.5 units/ml of pyruvate kinase, 12.3 units/ml lactate
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dehydrogenase, 0.21 mM NADH) at room temperature. After 1.5 mM ATP was added to
initiate the reaction, absorbance was monitored at 340 nm with 10 seconds interval from
300 seconds using a HP 8453E Spectroscopy system and the kinetic data were analyzed

as described. Protein concentrations were measured using Bradford method.

Fluorescence Microscopy

Yeast plasmids containing mutant forms of vtal were generated by subcloning the
mutated open reading frame out of the bacterial expression vectors into the plasmid
pRS416-PnTAP with BamHI/Sall [15]. This resulted in TAP-tagged forms of Vtal with
the desired mutation that were subsequently subcloned into pRS415 as a Sac1l/Xhol
fragment. Complementation analyses were performed by transformation of the pRS415
constructs together with GFP-tagged CPS into vtalA cells (BY4742 genetic background,
Open Biosystems). Fluorescence microscopy was performed on live cells using a Nikon
microscope fitted with an eGFP filter set and digital camera (Coolsnap HQ, Photometrix),
and images were processed using Delta Vision deconvolution software (Applied

Precision Inc.).

Protein Data Bank accession number
Atomic coordinates and structure factors for yeast VtalNTD and VtalCTD have
been deposited in the RCSB Protein Data Bank with accession code 2RKK and 2RKL,

respectively.
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CHAPTER 4

STRUCTURAL BASIS OF IST1 FUNCTION AND IST1-DID2 INTERACTION IN
THE ESCRT PATHWAY

ABSTRACT

The ESCRT machinery functions in several important eukaryotic cellular
processes including formation of the internal vesicles at the multivesicular body (MVB),
cytokinesis, and virus budding. AAA-ATPase Vps4 catalyzes disassembly of the
ESCRT-I1I complex, and may regulate membrane deformation and vesicle scission as
well. Ist1 was postulated to be a regulator of Vps4 but its mechanism of action remains
elusive. The crystal structure of the N-terminal domain (NTD) of Istl reveals an ESCRT-
I11 protein like fold. IstINTD also specifically interacts with Did2, and the structure of
IStINTD in complex with a Did2 fragment shows that Ist1 interacts with the C-terminal
amphipathic MIM (MIT-interacting motif) helix of Did2. The interaction site on Istl
represents a novel non-MIT MIM-binding domain and is located in a highly conserved
surface groove of Istl. Point mutations in this region effectively abolish the interaction
between Istl and Did2, and we have further demonstrated that Ist1-Did2 interaction is

important for both yeast vacuolar sorting and mammalian cytokinesis.

INTRODUCTION
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The ESCRT (Endosomal Sorting Complexes Required for Transport) machinery
is an evolutionarily conserved membrane scission machine, directing membrane budding
away from the cytosol. Its function has been implicated in a number of physiological and
pathological processes in the eukaryotic cells, including formation of internal vesicles at
the endosome, budding of enveloped viruses such as HIV (human immunodeficiency
virus), and separation of the two daughter cells during cell division [1, 2]. The ESCRT
machinery was initially discovered in genetic studies of the vacuolar protein sorting
process in S. cerevisiae, where it is required for budding of intralumenal vesicles from the
limiting membrane of the endosome to form the MVB (multivesicular body) structure
[3]. In mammals, the MVB pathway is responsible for down-regulation of cell-surface
signaling by directing activated growth hormone receptors into the lysosome where
proteolytic degradation can occur [4].

Major components of the ESCRT machinery include the three ESCRT complexes
(ESCRT-I, -11, and —111), the Vps27-Hsel complex, the AAA ATPase Vps4 and
associated regulators of these proteins [5, 6]. Vps27-Hsel, ESCRT-I, and ESCRT-II are
involved in cargo sorting and concentration to sites of vesicle budding in the early stage;
and ESCRT-I11 and Vps4 are responsible for membrane curvature generation and vesicle
budding in the late stage. While the exact molecular mechanism by which vesiculation
occurs is far from clear, it is generally believed that the ESCRT-III proteins form lattice-
like oligomers on the endosomal membrane, which promotes a change in the membrane
structure [7, 8]. Vps4 interacts with the ESCRT-III proteins in an ATP-dependent manner

and catalyzes remodeling of the ESCRT-III lattice using the energy derived from ATP
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hydrolysis [9, 10]. The action of Vps4 is required to complete the vesicle budding process
and recycle the system so that protein trafficking through the MVB pathway can be
sustained. Given that VVps4 catalyzes the only energy-consuming reaction in the MVB
pathway, it is not surprising that the activity of Vps4 is closely regulated in the cells by a
number of proteins, including Vps2, Did2, Vps60, Vtal and Istl [11-14].

Vps2, Did2, Vps60 and Vtal have all been recognized as positive regulators of
Vpsd. Vps2 and Did2 are ESCRT-III proteins that exert their regulatory functions
through binding directly to the N-terminal MIT (microtubule interacting and transport)
domain of Vps4 via a C-terminal conserved sequence motif called MIM1 (MIT
interacting motif 1) [15, 16]. Vps60 also belongs to the ESCRT-III protein family but
only binds indirectly to Vps4 through Vtal. Vtal stimulates the ATPase activity of Vps4
when its C-terminal dimerization domain binds to the neighboring -domains from the
two rings of VVps4 [13]. The binding stabilizes the catalytic competent double-ring
structure of Vps4. Vps60 binds to one of the two tandem MIT domains within the N-
terminal domain of Vtal and further activates Vps4 in a VVtal-dependent manner [12].

Ist1 was originally identified as an evolutionarily conserved protein that interacts
with both Vps4 and Did2 [14, 17]. Binding of Istl to VVps4 interferes with the ATP-
dependent oligomerization of VVps4 and therefore inhibits the ATPase activity [14].
Furthermore, overexpression of Istl in the yeast leads to a class E MVB sorting defect
similar to that observed in cells depleted of VVps4, suggesting that Istl acts as a negative
regulator of the MVB pathway [14]. Ist1 contains a C-terminal MIM1, through which it
binds to Vps4. However, binding of an isolated Ist1-MIM1 peptide to Vps4 leads to

stimulation rather than inhibition of the ATPase activity, suggesting that the rest of the
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Istl structure confers inhibition [14]. Deletion of Istl by itself has no obvious phenotype
in the yeast, but simultaneous deletion of Ist1 with either Vtal or Vps60 gives rise to a
strong class E phenotype not seen in cells devoid of either VVtal or Vps60 [14, 17].
Interestingly, deletion of Did2 is also synthetic with Vtal and Vps60, but not with Ist1.
These results suggest that the in vivo function of Ist1 extends beyond its inhibitory
activity towards Vps4; and that it may function together with Did2 and parallel to
Vtal/Vps60 in the MVB pathway.

To provide insights into the mechanism of Its1 function, we sought to characterize
the molecular structure of Istl. Domain analysis suggests Istl contains an N-terminal
globular domain (IstLNTD), which it uses to bind to Did2. A linker region of variable
size with little predicted secondary structure connects IStINTD to the C-terminal MIM1.
We have further determined the crystal structure of IstINTD to 1.7 A resolution. The
structure reveals IstINTD contains a fold that is remarkably similar to that of the
ESCRT-III protein CHMP3 (mammalian homolog of VVps24) despite very low level of
sequence identity. IstINTD also specifically interacts with the MIM1 sequence within
Did2 via a novel MIM1 binding site. Disruption of Ist1-Did2 interaction through
mutagenesis leads to both a synthetic class E phenotype with either VVps60 or Vtal in
yeast vacuolar sorting pathway as well as a defect in abscission during mammalian cell
division. These results suggest that Ist1-Did2 interaction plays an important role to the

overall function of the ESCRT machinery during the late stage of membrane vesiculation.

RESULTS
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The N-terminal domain of Istl specifically interacts with the MIM1 sequence of
Did2

S. cerevisiae Istl has been previously shown to bind to Did2. The C-terminal
region of Did2 is important for mediating this interaction [14, 17]. Indeed, GST-tagged
Did2'"%%* hut not GST-tagged Did2'%**", strongly interacts with the full-length Ist1
(Figure 4.1A, 4.4C). Interestingly, deletion of the N-terminal region of Did2 significantly
strengthens the interaction between the two proteins (Figure 4.1A). This is consistent
with the notion that Did2 adopts an auto-inhibitory conformation at its resting state where
its C-terminal region is masked [18, 19]. The increased affinity between Did2*"°?** and
Ist1 also enabled us to isolate a Did2'"®?*¥/Ist1 complex by chromatography, which was
not possible when using the full-length Did2 (see Methods). Deletion of an additional 14
residues from the N-terminal end of Did2'"®%* had little effect on its affinity for Ist1
(Figure 4.1B). Therefore, the minimal Ist1-interacting sequence of Did2 appears to be
Did2%%?% This stretch of sequence has been previously characterized as a MIM1 motif
due to its ability to interact with the MIT domain of VVps4 and is known to adopt a helical
conformation [16].

To identify the Did2-binding site on Ist1, we subjected purified Istl to limited
proteolysis by subtilisin. Digestion of Istl generated two stable fragments (Figure 4.1C)
with molecular weights of 22,576 Da and 8,741 Da, respectively, as determined by mass
spectrometry. We deduced that the larger fragment corresponds to the N-terminal amino
acids 1-193 (IstLNTD) and the smaller fragment corresponds to the C-terminal amino
acids 226-298 (IstLCTD). IstINTD, when expressed by itself, is not stable and

precipitates rapidly in solution. However, when IstINTD and Did2'%%%** (or Did2%%%)
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Figure 4.1 The N-terminal Domain of Istl specifically interacts with the MIM1
motif of Did2.

(A) The C-terminal MIM1 motif of Did2 binds to Istl. GST, GST-Did2FL, or GST-
Did2'"%%* was used to pull down N-terminal His-tagged Ist1 as indicated. Proteins
retained on the beads were analyzed by SDS-PAGE and visualized by anti-His immuno-
blotting and Ponceau S staining.

(B) IstINTD specifically interacts with Did2-MIM1. His-SUMO-tagged MIM1
fragments from Did2, Vps2, Vps24, or Istl was co-expressed with IstLNTD in E. coli.
Proteins retained on the Ni**-NTA beads were analyzed by SDS-PAGE and visualized by
Coomassie staining.

(C) Istl contains two stable domains. Purified full-length Ist1l was incubated with
increasing amounts of subtilisin as indicated. Digestion products were analyzed by SDS-
PAGE and visualized by Coomassie staining.
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are co-expressed in E. coli, they can be co-purified as a stable complex suggesting that
IStINTD contains the Did2-binding site (See Methods and Figure 4.1B). Ist1CTD, on the
other hand, does not bind to Did2.

Several other proteins, including Vps2, Vps24 and Istl itself, also contain
homologous MIML1 sequences that can interact with the MIT domain of Vps4. To test
whether these sequences can interact with Istl, we co-expressed His-SUMO-tagged
MIMZ1 fragments from Vps2, Vps24, and Ist1 with IstINTD. We used Ni**-NTA affinity
chromatography to examine complex formation between these respective protein pairs.
Surprisingly, formation of protein complexes can only be observed between IstINTD and
Did2-MIM1 under the assay condition (Figure 4.1B), suggesting that the interaction

between IStINTD and Did2 is highly specific.

The crystal structure of IstINTD

In order to understand the structural basis of Istl function, we have attempted to
determine the crystal structure of Ist1. Given the perceived structural flexibility within
the full-length protein and the aggregation problem of IstLNTD experienced during
protein preparation, we focused our structural study on the IstINTD/Did2-MIM1
complex. Two crystal forms can be obtained from the purified complex. One was grown
in the presence of high concentration of sodium citrate and diffracted to 3.8 A resolution.
It belongs to the space group of P4,22 and contains both protein fragments. The other
was grown under polyethylene glycol conditions and diffracted to 1.7 A resolution. It
belongs to the space group of C2 but contains only IstINTD. Since the C2 crystal form

diffracts significantly better than the P4,22 form, we first determined the structure of
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IstINTD with a combination of multiwavelength anomalous dispersion (MAD) and
single isomorphous replacement (SIR) from a native crystal, a selenomethionyl crystal,
and a mercury acetate derivative crystal (Table 4.1).

IStINTD has an all-a fold and contains nine a-helices (a1-a9) (Figure 4.2A).
Helices a1 and a2 fold into a 60 A long helical hairpin that constitutes the core of the
structure. Helix a2 takes a sharp turn at residues Arg83 and Val84, and is connected to
helix a4 via a short, non-conserved helix a3 (Figure 4.2A, 4.2B). Helices a4, a5, and a6
form a three-helix bundle, which packs against the bottom half of the a1/a.2 hairpin to
form the core of the structure. A short helix a7 and a flexible linker extending from the
core subsequently direct the rest of the sequence to the other side of the molecule, which
folds into two helices a8 and a9 and packs onto the top half of the al/a.2 hairpin. There
are two IstINTD molecules in the asymmetric unit, related by a non-crystallographic 2-
fold symmetry. They are nearly superimposable with an rmsd (root mean square
deviation) of 0.5 A for the Ca. atoms. The only major difference between the two
molecules is located at the linker between helix a7 and a8 (residues 160-163), suggesting
that this region is highly dynamic.

IsStINTD shows remarkable structural similarity to the ESCRT-III protein
CHMP3 (PDB ID: 2GD5 [20]) (Figure 4.2C). Pairwise comparison of the two structures
by DaliLite [21] gives an rmsd of 2.6 A for 103 aligned Ca atoms at 10% sequence
identity. In particular, the al/a2 helical hairpins from the two structures can be
superimposed very well (Figure 4.2C). Moreover, helices a4 and a5 in IStINTD are
structurally similar to helices a3 and a4 in CHMP3, and pack against the a.1/a.2 hairpin

in a similar manner. Since all known ESCRT-III proteins are believed to have a similar
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Figure 4.2 The crystal structure of IstINTD.

(A) Ribbon representation of IstINTD structure shown in two orientations. Secondary
structural elements (a-helices al-a9) and the N- and C-termini of the structure are
labeled.

(B) Structure based sequence alignments of IstINTD. Secondary structural elements of S.
cerevisiae IstINTD are also shown.

(C) IstINTD has an ESCRT-III like fold. Structural overlay of IstINTD with the
ESCRT-III protein CHMP3 (PDB ID: 2GDS5). IstINTD is colored blue and CHMP3
colored yellow. The disordered linker region between helix a4 and a5 in CHMP3 is
represented as a dash line.
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structure, the fold represented by helices a1l-a4 in CHMP3 is likely shared by all
ESCRT-III proteins therefore can be generally referred to as the ESCRT-I11 fold. Our
observation that IstLINTD contains an ESCRT-I11 fold indicates that this fold is not
limited to the ESCRT-III proteins.

The ESCRT-III proteins are bi-polar molecules with a positively charged N-
terminal half and a negatively charged C-terminal half [22]. During the course of MVVB
formation, they may form membrane-bound high-order oligomers either in the shape of
helical filaments or tubular structures as revealed by recent electron microscopy (EM)
studies [7, 8, 23]. Arrangement of CHMP3 in its crystal lattice displays a contiguous
basic surface, formed by the N-terminal half of the molecule [20]. It is believed that this
represents the membrane-binding surface for the CHMP3 polymers in the cell. In
contrast, Istl does not exhibit a significant bi-polar sequence feature and its surface does
not display any prominent positively charged patches. Full-length Istl is a monomer in
solution, as determined by sedimentation equilibrium analytical ultracentrifugation (data
not shown). Currently, there is no evidence that Istl forms a similar high-order
oligomeric structure as the ESCRT-III proteins in vivo. Examination of lattice contacts in
both the IstLNTD crystal and the IstINTD/Did2-MIM complex crystal (Figure 4.3)
shows that IsStINTD can self-interact in a variety of ways to form oligomers/polymers,
albeit different from that observed in the CHMP3 crystal lattice. Whether these oligomer
or polymer assemblies represent any physiologically relevant functional state of Istl is

uncertain.

The crystal structure of IstINTD in complex with Did2-MIM1
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Figure 4.3 Crystal packing in IstINTD and IstINTD/Did2-MIM1 complex
structures reveal IstINTD can potentially form polymers/oligomers.

(A) Stereo view of the polymer formed by IstINTD in the IstINTD crystal lattice. Of the
two IstINTD molecules in the asymmetric unit, one is colored in red and the other
colored in cyan, green, yellow, and magenta, respectively. Contents from four
neighboring asymmetric units are shown.

(B) The IstINTD/Di1d2-MIM1 complex forms a 16-membered ring-like oligomer in the
crystal lattice. The Did2-MIM1 helix is colored in red, and the four IstINTD molecules
in the asymmetric unit are colored in cyan, green, yellow, and magenta, respectively.
Sixteen [stINTD/Did2-MIM1 complexes from four neighboring asymmetric units form
the double-stacked oligomer. Tw o orientations of the oligomer are shown.

141



The crystal structure of the IstINTD/Did2-MIM1(Did2'°°?**) complex was
determined at 3.8 A resolution by molecular replacement using the refined IstINTD
structure as an initial search model. A total of four IstAINTD molecules were found in the
asymmetric unit. It was immediately obvious that each IStINTD is bound with a Did2-
MIML1 based on the electron density feature in the Fo-Fc map (Figure 4.4A). Did2-MIM1
binds to a highly conserved surface groove on IstINTD, formed by helix a8 and the
surface of al/a2 helical hairpin (Figure 4.4B). In particular, side chains of Arg38, Glu68,
Leul68, Tyrl72, and Glul75 of IstINTD are all pointing towards the Did2-MIM1
electron density; and therefore are likely involved in binding to the Did2-MIM1 peptide.

To examine the functional importance of these residues in contributing to Did2
binding, we introduced a series of point mutations into the full-length Ist1 and examined
their effects on Ist1-Did2 interaction. Mutating Arg38 to alanine (R38A), or Glu68 to
either alanine (E68A) or arginine (E68R) had no obvious effect on binding to Did2
(Figure 4.4C and data not shown); neither does mutating Leul68 or Tyr172 individually
to alanine (data not shown). However, mutating Glu175 to arginine (E175R), or mutating
Leul68 and Tyrl72 simultaneously to alanines (L168AY172A) completely abolished the
interaction between Istl and Did2 (Figure 4.4C), suggesting that these three conserved
residues are involved in direct binding to Did2.

The resolution limit of the electron-density map made it difficult for us to register
the sequence of Did2-MIML1 into the density with great confidence. However, results
from the above mutagenesis and biochemical analysis put significant constraints on the
potential mode of interaction between Ist1 and Did2. Given the functional importance of

Glul75, it is likely that a positively charged residue of Did2-MIML1 is in close proximity
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Figure 4.4 IstINTD interacts with Did2-MIM1 using a novel binding mechanism.
(A) Fo-Fc difference map (at 3o0) showing the location of Did2-MIM1 helix in the
IsStINTD/Did2-MIML1 structure.

(B) Did2-MIML1 binds in a highly conserved surface groove of IstINTD. The molecular
surface of IstINTD is colored based on conservation scores. The most conserved residues
are colored in magenta, and the least conserved colored in cyan. Residues R38, E68,
L168, Y172, and E175 from IstLNTD are potentially involved in interaction with Did2-
MIML1.

(C) Conserved residues in Istl are important for Did2 binding. GST-tagged Did?2
fragments were used to pull-down wild type or mutant Istl as indicated. Proteins retained
on the beads were analyzed by SDS-PAGE and visualized by Coomassie staining.

(D) IstINTD/Did2-MIM1 complex structure. IstLINTD is colored in blue and Did2-MIM1
colored in red. The MIML1 helix in (E) and (F) are shown in the same orientation.

(E) Vps4-MIT/CHMP1A-MIM1 complex structure (PDB ID: 2JQ9). The MIT domain of
Vps4 is colored in green and CHMP1-MIML1 colored in red.

(F) Spastin-MIT/CHMP1B-MIM1 complex structure (PDB ID: 3EAB). The MIT domain
of spastin is colored in cyan and CHMP1B-MIML1 colored in red.
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to form a salt bridge interaction with Istl. Moreover, this positively charged residue must
be located in the mid-section of the electron density, as dictated by the position of Glu175
(Figure 4.4B). The MIM1 sequence in human CHMP1A (human Did2 ortholog) has been
previously shown to form an amphipathic a-helix [16]. By modeling yeast Did2-MIM1
into a similar helix based on the sequence conservation in this region, we reasoned that
the absolutely conserved Arg198 in Did2-MIM1 is most likely close to Glul75 of Istl.
This provides us a marker to fit the entire 15 residues of Did2-MIML1 into the electron
density map (Figure 4.4D).

To evaluate our model, we took advantage of the fact that IsStLNTD when in

complex with a longer Did2 peptide (Did2'"®%%*

) produces isomorphous crystals. The
difference map calculated with phases derived from the molecular replacement solution
had a very similar electron density feature at the Did2 binding site. In particular, the
density corresponding to the C-terminus of the MIM1 peptide is well defined. There are,
however, extended but discontinuous density feature observed in several positions
corresponding to the unstructured N-terminal region that precedes the MIM1 peptide.
This indicates that the shorter peptide was modeled in the correct position and
orientation. The model is also supported by further crystallographic analysis. The
working and free R factors for the complex structure are 29.8% and 30.7% respectively,
reasonable at the 3.8 A resolution (Table 4.1). However, shifting the registration of Did2-
MIM1 by +1 results in working and free R factors of 31.1% and 32.1% respectively;
while shifting by -1 gives 30.6% and 32.9%, respectively. Moreover, there is little

negative or positive difference density at either end of the modeled MIMI1 peptide.

These results collectively suggest the validity of our structural model.
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Did2-MIM1 displays a novel mode of binding

The structure of the MIM1 region of mammalian Did2 homolog CHMP1 has been
previously characterized in complex with the MIT domains of mammalian Vps4
(CHMP1A) and spastin (CHMP1B) respectively (Figure 4.4E, 4.4F) [16, 24]. The MIT
domain has a three-helix bundle structure. When in complex with Did2/CHMP1-MIM1,
it can use either a groove between a2 and a3 (in VVps4) or a groove between a1 and a3
(in spastin) (Figure 4.4E, 4.4F). Three highly conserved leucine residues (corresponding
to Leul95, Leul99 and Leu202 in yeast Did2) as well as a number of nearby charged
residues (corresponding to Glu192, Arg198 and Arg203) of MIML1 are involved in
interaction with the MIT domains in both cases. The interface in the spastin-MIM1
structure, however, is much more extensive than the one in the Vps4-MIML1 structure.
Only the C-terminal three helical turns of the MIM1 helix directly contact Vps4 whereas
up to six helical turns contact spastin. In addition, the MIM1 helix is much more buried in
the spastin-Did2 structure than in the VVps4-Did2 structure.

The mode of interaction between Did2-MIM1 and IstLNTD shows distinctive
features unseen in the previous two cases. Unlike the MIT domain that binds to MIM1
with two parallel or anti-parallel helices, the MIM1 binding site in IsStINTD consists of
three helices with a shape resembling the letter “L” (Figure 4.4D). One helix (a«8) runs
anti-parallel to the MIM1 helix forming the floor in the “L” shape whereas the other two
(a1 and a2) run perpendicular forming the sidewall. At total of four helical turns are
involved in interaction with IstINTD leading to a buried interface of ~1,200 AZ. In

comparison, spastin-MIM1 and Vps4-MIM1 each bury ~1,900A? and ~1,000A%,
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respectively. Conserved residues that are involved in binding to the MIT domains are also
seen at the interface. For example, the side chains of conserved Leu199 and Arg203 of
Did2 might be involved in Van der Waals interaction with conserved Leul68 and Tyrl172
of Istl, which explains the phenotype of the L168AY172A double mutant. Arg198 of
Did2 forms a likely salt bridge with Glu175 of Ist1; therefore mutating Glul75 to the
positively charged arginine will strongly interfere with the interaction between the two
proteins. These results suggest that the same molecular surface of Did2-MIM1 helix is
involved in all three bindings despite differences in the modes of binding.

While high-resolution structural information will be ultimately required to fully
elucidate the molecular basis of interaction between Istl and Did2, our structure model
will nevertheless be valuable for designing experiments to study the molecular
mechanism of Istl and Did2 interaction. Notably, while the Did2-bound IstINTD
structure is largely unchanged compared to the apo-structure, the region corresponding to
helix a9 in the IstINTD structure shows significant structural variation among the four
molecules in the asymmetric unit and the helical conformation is not maintained in most
of them (Figure 4.5). This suggests that Did2 binding is able to induce conformational

change near the C-terminal region of Ist1, where it binds to Vps4.

Ist1-Did2 interaction is important for MVB sorting

Previous studies have suggested that Istl functions together with Did2 in a
process parallel to the Vtal/VVps60 complex [17]. Simultaneous deletion of one
component from each complex gives rise to a strong class E sorting phenotype in yeast.

To examine whether a functional Ist1-Did2 complex is important in the MVB pathway,

147



Figure 4.5 Did2 binding induces conformational change at the C-terminal region of
Istl.

The apo-structure of IstINTD is colored in green. The four Did2-MIM1 bound IstINTD
molecules in the asymmetric unit of the IstINTD/Did2-MIMI1 complex crystal are
colored in cyan, yellow, magenta, and pink respectively. Note the structural variability in
the region corresponding to helix a9 in the apo-structure of IstINTD.
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we examined the sorting of yeast MVB cargo, carboxypeptidase S (CPS), in response to
the disruption of Ist1-Did2 interaction. In wild type cells, the GFP-CPS fusion protein
was observed exclusively in the lumen of the vacuole as a result of proper vacuolar
sorting (Figure 4.6). Consistent with previous results, ist1A cells or vtalA cells has no
obvious or only modest effect on GFP-CPS transport, while ist1AvtalA cells display a
dramatic mis-localization of GFP-CPS to the limiting membrane of the vacuole and a
special class E membrane structure (Figure 4.6). To evaluate the role of Ist1-Did2
interaction in MVB sorting, we examined the subcellular localization of GFP-CPS in
istlAvtalA yeast cells supplemented with plasmids expressing either wild type IST1 or
Did2-interaction deficient istl mutant. As expected, transforming wild type IST1 into
istlAvtalA cells partially restored delivery of GFP-CPS into the vacuole to a level similar
to that observed in vtalA cells. However, none of the Did2-interaction defective istl
mutants is capable of complementing the MVB sorting defect observed in ist1AvtalA
cells. These results highlight the importance of Ist1-Did2 interaction for the in vivo
function of Istl, suggesting that a stable Ist1-Did2 complex is required for the proper

function of the ESCRT machinery in the yeast MVB pathway.

Conserved Ist1-Did2 interaction is important for efficient cytokinesis and abscission
Istl is evolutionarily conserved in the eukaryotic cells. BLAST search reveals a
clear Istl homolog in higher eukaryotes, referred as “KIAA0174” in human and many
other species. The function of this protein is largely uncharacterized, but the sequence
homology suggests that it likely acts in a way similar to Istl in yeast. As the structure of

the yeast Ist1-Did2 complex illustrates, the Did2 binding site of Istl involves one of the
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L168AY172A E175R

WT ist1A vtalA vta1Aist1A + HA-Ist1 + HA-Ist1 + HA-Ist1

Figure 4.6 Residues involved in Did2 binding are required for cargo sorting in the
MYVB pathway.

The MVB cargo GFP-CPS was visualized by fluorescent and brightfield microscopy in
living cells corresponding to wild type, istIA, vtalA, istIAvtalA, or istIAvtalA cells
expressing wild type or mutant Ist]l proteins as indicated. The absence of lumenal GFP
fluorescence in ist/AvtalA cells expressing HA-Ist1"'**Y' 4 or HA-Ist1™' ™® indicated
that the Ist1-Did2 interaction contributes to Istl function in vivo.
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most conserved regions on the IstINTD surface (Figure 4.4B). Furthermore, residues that
are important for the complex formation are absolutely conserved for the two binding
partners. Mutations of the conserved residues in yeast Istl significantly weaken its
interaction with Did2 (Figure 4.4C). To examine whether these residues are also
responsible for mediating Ist1-Did2 interaction in human, we introduced corresponding
mutations into the human Istl (hlstl) protein and tested the binding between histl and
one of the human Did2 homologs, CHMP1B.

As shown in Figure 4.7A, wild type hist1, but none of the two mutants (hlst151°%%
and hlst1-1°AY1%%4) “efficiently interacts with GST-CHMP1B. We further tested the in
vivo interaction between these two proteins using co-immunoprecipitation (Figure 4.7B).
Consistent with the pull-down experiment, wild type histl formed a stable complex with
CHMP1B. In contrast, neither mutant of histl interacted with CHMP1B to a level that
can be detected under the experimental condition, suggesting that the interaction
mechanism between Istl and Did2 is evolutionarily conserved.

The ESCRT machinery has been recently demonstrated to be important in the
abscission step during cytokinesis [25-27]. To determine whether hist1-CHMP1
interaction also plays a role in this process, we introduced wild type and mutant hlstl into
Hela cells and examined whether the CHMP1-binding deficient mutants would comprise
cytokinesis. Cells expressing wild type histl showed little alteration in cell cycle
progression when compared with non-transfected cells. However, expressing either
hist15%8% or hist1-'°*AY1%A mytants led to a significant accumulation of cells arrested in
late phase of cytokinesis as evidenced by persisted cytoplasmic bridge structures and

multi-nucleated cells (Figure 4.7C, 4.7D). Moreover, we frequently observed cells with 4
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Figure 4.7 hist1-CHMP1 interaction is important for cytokinesis.

(A) Invitro Interaction between histl and CHMP1B. Cos-1 cells expressing HA-tagged
histl proteins were lysed and subjected to pull-down by GST or GST-CHMP1B. Proteins
retained on the beads were analyzed by SDS-PAGE and anti-HA blotting.

(B) In vivo interaction between hlstl and CHMP1B. Cos-1 cells expressing FLAG-
tagged CHMP1B and HA-tagged hlstl constructs were lysed and subjected to co-
immunoprecipitation (IP) with anti-HA antibody. CHMP1B proteins associated with
histl were detected by anti-FLAG blotting.

(C) Disruption of hist1-CHMPL1 interaction leads to cytokinesis defects. Hela cells
expressing wild type or mutant HA-hlstl proteins were fixed and subjected to immuno-
fluorescence with anti-HA (green) and anti-alpha tubulin (red). Nuclei were visualized
with TORPO 3 (blue).

(D) Quantification of the cytokinesis defects shown in (C). Multi-nucleated cells (with 2
or more nuclei) or cells displaying apparent cytokinesis defect (with clear cytoplasmic
bridge between the daughter cells as visualized by alpha tubulin staining) were scored.
Experiments were repeated 4 times, with 100 cells counted for each sample.
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or more nuclei cells arrested in late cytokinesis stage and possessed cytoplasmic bridge
(Figure 4.7D, arrow), indicating that these cells were able to proceed through the nuclear
division (mitosis) but failed to complete their cytoplasmic division
(abscission/cytokinesis). Taken together, the data suggested that loss of hist1-CHMP1
interaction led to defects in mammalian ESCRT function, and hlst1-CHMP1 interaction

is essential for cell abscission during cytokinesis.

DISCUSSION

Implications on the mechanism of VVps4 inhibition by Istl

The fact that Ist1 contains a structural fold similar to that of the ESCRT-11I
proteins suggests a possible mechanism by which Istl acts as a negative regulator of
Vps4 activity. Although the C-terminal MIM1 sequence of Istl constitutes the major
Vps4 binding site, MIML1 alone is not sufficient for inhibition, but instead behaves as an
activator of VVps4 in the in vitro ATPase assay [14]. Furthermore, Istl can interfere with
the oligomerization of VVps4 and this activity also depends on IsStINTD. Since the
ESCRT-III proteins are the direct substrate of Vps4, the structural similarity between
IstAINTD and the ESCRT-III proteins suggest Istl might inhibit VVps4 activity by acting as
a substrate mimic, competing for Vps4 binding. The reason why Istl is an inhibitor but
other ESCRT-III proteins are substrates and/or activators might be due to the unique
structural properties of Istl. For example, the connection between the N-terminal
ESCRT-I1I domain and the C-terminal MIML1 in Istl is significantly longer, which could

lead to an inefficient “threading” if the ESCRT-III proteins are indeed pulled into the
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central pore of VVps4 as previously proposed [28]. On the other hand, since no detectable
interaction between IstLNTD and Vps4 has been found, the inhibitory effect of IsStINTD
on Vps4 oligomerization is not likely due to a direct competition with other Vps4
subunits. IstLNTD may interact with the pore motif of VVps4 that is responsible for
remodeling the ESCRT-I11 complex. The interaction may disfavor the formation of the
Vps4 ring structure. In this regard, many uncertainties for the inhibitory mechanism of
Ist1 originate from our lack of knowledge regarding how Vps4 acts on the substrates. As
such, elucidating how IstINTD inhibits the activity of Vps4 will help address the

fundamental question on how Vps4 dissembles the ESCRT-I11 complex.

A new MIM-binding domain

A common feature of the protein complexes within the ESCRT machinery is that
they contain domains that bind specifically to phosphoinositides, ubiquitin or specific
proteins. These modular units enable the machinery to bind cargo molecules and target
them to the membrane in a highly regulated fashion. The MIT domain is a novel protein-
protein interaction domain identified in a number of components of the ESCRT
machinery, including Vps4, Vtal, AMSH and UBPY [29]. It recognizes sequence motifs
that are encoded in the ESCRT machinery, primarily within the ESCRT-111 complex.
These sequences are collectively called the MIMs (MIT-interacting motifs). Two types of
MIM have been identified, MIM1 and MIM2. MIM1 exists in Vps2/CHMP2 and
Did2/CHMP1 and is characterized by a (D/E)xXLxXRLxXL(K/R) motif (where X is any
amino acid) [15, 16]. It binds to the MIT domain as an amphipathic helix. As described

above, MIM1 can bind to two different surfaces on the MIT domain. MIM2 exists in
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Vps20/CHMP6, Snf7/CHMP4, and archaeal ESCRT-III like proteins and is characterized
by a core consensus sequence of (L/V)Px(V/L)P [30, 31]. It adopts an extended loop
structure and binds between a1 and a3 on the MIT domain. Interaction between MIT and
MIM has been implicated in regulating the assembly of the ESCRT-I11 complex on the
membrane as well as targeting specific proteins to the membrane.

The crystal structure of the Ist1/Did2-MIM1 complex shows, for the first time,
that MIM can interact with a structure other than the MIT domain. The increased MIM-
binding structural repertoire reveals a previously unrecognized complexity within the
protein-protein interaction network of the ESCRT machinery. It is interesting to note that
when binding to VVps4 and Ist1, Did2 utilizes a nearly identical binding mechanism
(Figure 4.8). Although we do not have the precise side chain conformation, our complex
structure nevertheless clearly demonstrates that one side of the Did2-MIM1 helix is
important for IstLNTD interaction (Figure 4.8). This side involves Glu192, Leul95,
Alal96, Argl198, Leul99, Leu202 and Arg203 of Did2. Similarly, the same side in
CHMP1A-MIM1 helix mediates interaction with Vps4-MIT, involving corresponding
residues Glul84, Leul87, Ser188, Arg190, Leul91, Leul94 and Arg195 in CHMP1A.
As a result, superposing the MIM1 motifs in these two structures results in significant
clash between IstINTD and Vps4-MIT, suggesting they cannot bind to the same Did2-
MIM1 motif simultaneously. How these two interactions are coordinated in the cells is
intriguing. It is unclear whether Vps4 and Ist1 bind to Did2 in a sequential and competing

manner or they simultaneously bind to different Did2 molecules in a Did2 polymer.

Implication for ESCRT-I1II activation
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Figure 4.8 Did2 uses a similar surface to bind to IstINTD and Vps4-MIT.
IstINTD/Did2-MIM1 (blue) and Vps4-MIT/CHMP1A-MIM1 (green) are aligned based
on the superimposition of the MIM s in the two complex structures (stereo image).
Structural elements involved in interacting with IstINTD in Did2 are colored red, and
those involved in interacting with Vps4-MIT in CHMP1A are colored in yellow. The rest
of Did2/CHMP1A structures are colored in white.
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The ESCRT-I1II proteins are metastable molecules that exist in two distinct
conformations: a membrane-bound active form and a cytosolic inactive form. Transition
between the two conformations is controlled by the C-terminal auto-inhibitory region,
which binds to the N-terminal ESCRT-I1I fold in the inactive form to prevent the protein
from oligomerization [18, 19]. The auto-inhibitory region consists of an a-helix (a5 in
the CHMP3 structure) and the C-terminal MIM sequence. The CHMP3 fragment used in
the structure determination lacks the MIM sequence. Thus the conformation present in
the crystal structure represents an open and active form of the molecule [20]. In this form,
helix a5 does not adopt a fixed position relative to the core of the structure but assumes
an arbitrary conformation stabilized by lattice contact (Figure 4.2C). Moreover, most of
the 26 residues-long loop that connects the ESCRT-III fold to a5 is disordered in the
structure. Notably, this linker displays a high degree of sequence conservation (Figure
4.9), and therefore is very likely an important hinge region that controls the transition
between the open and close conformations of the molecule.

The surprising discovery that the MIM-binding IstLNTD contains an ESCRT-III
like fold provides a possible model for the elusive, inactive or close conformation of the
ESCRT-III proteins. In the IstINTD structure, helix a8 is linked to helix a5 (structural
equivalent to helix a4 in CHMP3) by a similar length connection (30 amino acids)
(Figure 4.2B). For this reason, we hypothesize that the position of helix a8 in the
IStINTD structure might correspond to the position of helix a5 in the ESCRT-III proteins
when it folds back and interacts with the ESCRT-II1 fold (Figure 4.10). Strikingly, in the
IsStINTD/Did2-MIM1 complex structure, the MIM1 helix binds in a site formed by

IStINTD helix a8 (Figure 4.4D). One could envision in the inactive state of the ESCRT-
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Figure 4.9 Structure based sequence alignment of the ESCRT-III protein
CHMP3/Vps24.

The secondary structural elements in human CHMP3 are labeled. The conserved linker
region between helix a4 and a5 is highlighted.
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Figure 4.10 A model for the functional cycle of the ESCRT-III proteins.
The left panel shows the open conformation of the ESCRT-III proteins. Helices al-a5
are adapted from the structure of human CHMP3. The C-terminal helix a-C is shown as a

cartoon and the linker regions as a dash line. The right panel shows the speculative close
conformation of the ESCRT-III proteins. Helices al-a8 and helix a-C are adapted from
the structure of the IstINTD/Did2-MIM1 complex.
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I11 proteins, helix a5 and the C-terminal MIM sequence pack onto the ESCRT-III fold in
a similar manner (Figure 4.10). During the course of ESCRT-III protein activation, the

inherent flexibility within the conserved linker between the ESCRT-III fold and helix a5
combined with the weakening of intra-molecular interaction will lead to the exposure of

both the N-terminal ESCRT-I1II fold and the C-terminal MIM sequence.

The role of Ist1-Did2 interaction in the cell

Our results support an important role played by Ist1-Did2 interaction in the cell.
Given the weak affinity between full-length Ist1l and Did2, it is unlikely that Ist1 and
Did2 will exist as a preformed complex in the cell; rather their association is tightly
regulated by other binding events. Furthermore, Istl and Did2 interaction appears to be
highly specific despite the existence of other proteins with homologous MIM1 sequences
(Figure 4.1B). We have further demonstrated that Ist1-Did2 interaction has a role in both
yeast vacuolar sorting and mammalian cytokinesis. However, the functional importance
of the intricate interplay between Istl, Did2, Vps4, and VVtal remains largely elusive.

Istl interacts with Did2 and Vps4; and Did2 can interact with Istl, Vtal, and
Vps4. Furthermore, the MIML1 region in Did2 is involved in all binding events [12, 16].
The order and interconnection of these interactions might represent a higher level of
regulation on Vps4 activity and need to be further delineated. Previous studies suggest
Did2 is recruited to the membrane via the Vps2/VVps24 complex [32]. This may lead to
the exposure of its MIM1 region. Depending on the physiological setting, it might either
recruit Vps4-Vtal complex in concert with the core ESCRT-II1 subunits to facilitate

ESCRT-III dissociation, or recruit Istl to antagonize Vps4 activity. This is consistent
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with the idea that the ESCRT-111 complex has a built-in timer to control its assembly and
disassembly [33], and we hypothesize the coordinated recruitment of Vps4-Vtal and Istl

by Did2 might contribute to this regulation process.

In summary, we have determined the crystal structures of an important functional
domain of Istl and its complex with the Did2-MIML1 peptide. Our results reveal that
IStINTD has an ESCRT-11I like fold, and interacts with the Did2-MIM1 helix via a novel
mechanism. The structural information, coupled with biochemical and cell biology
experiments, has provided important insights to the molecular mechanism of Ist1 function
and the biological role of Ist1-Did2 interaction. Furthermore, our results suggest that the
interaction between the C-terminal amphipathic helices of the ESCRT-III proteins and
their binding partners are more diversified than previously envisioned and deserve further

exploration in future studies.

METHODS

Cloning, expression and purification

DNA fragments encoding yeast Istl and Did2 were amplified from the
Saccharomyces cerevisiae genomic DNA. DNA fragment encoding IstINTD was cloned
into the Ncol/Xhol site of pETDuet-1 vector (ampicillin resistant) to yield an untagged
IStINTD protein; while Did2-MIM1 was cloned into a modified pET28a vector
(kanamycin resistant), with a SUMO protein inserted between a Hisg-tag and the coding

region. The resulting plasmids were subsequently co-transformed into E. coli
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BL21(DE3). For protein expression, cells were grown at 37°C in LB medium to an ODggg
of 0.8 before induced with 0.4 mM IPTG at 20°C for 16 hours. Cells were harvested by
centrifugation and frozen at -80°C. The MIM1 regions from other proteins were cloned
and co-expressed with IstINTD using a similar strategy. DNA fragments encoding
human CHMPIB and Istl were amplified from cDNA templates and cloned into the
BamHI/Xhol site of pLenti-FLAG and pKH3 vectors, respectively.

All protein purification steps were performed at 4°C. Frozen cell pastes were re-
suspended in buffer A [S0 mM Tris (pH 8.0), 300 mM NaCl, 5 mM B-mercaptoethanol]
supplemented with 10 pg/ml PMSF (phenylmethylsulphonyl fluoride) and disrupted by
sonication. Supernatant from centrifugation was loaded on a Ni' -NTA affinity column.
After the column was washed extensively with buffer A, the complex was eluted with an
imidazole gradient [SO mM Tris (pH 8.0), 50 mM NacCl, 250 mM imidazole, 5 mM §-
mercaptoethanol]. Fractions containing the complex were collected and buffer exchanged
into buffer A. His-tagged ULP1 protease was then added to remove the Hiss-SUMO tag,
and the resulting protein mixture was passed over a second Ni' -NTA column. The
complex was further purified by gel filtration chromatography on a Superdex-75 column
(Amersham Pharmacia) in buffer C [25 mM Tris (pH 7.5), 300 mM NaCl, 1 mM DTT],
concentrated and flash-frozen in liquid nitrogen. Selenomethionyl proteins were
expressed in E. coli B834(DE3) using a minimal medium where methionines were

replaced with selenomethionines, and purified in a similar way.

Crystallization and data collection
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Native crystals of IstINTD were grown by the hanging drop method at 4°C.
Proteins of IstINTD/Did2-MIM1 complex (10-15 mg/ml) were mixed with an equal
volume of the reservoir solution [6-10% PEG 3000, 100 mM Na acetate (pH 5.0), 200
mM MgCl;, and 100 mM glycine] in a final volume of 4 ul, and the mixture was
equilibrated against the reservoir solution. IStINTD crystallized by itself under this
condition. Crystals grew to full size in several weeks. To harvest, crystals were
transferred into a cryo solution [16% PEG 3000, 20% ethylene glycol, 100 mM Na
acetate (pH 5.0), 200 mM MgCl,, and 100 mM glycine] in a stepwise manner before
flash-frozen under liquid nitrogen. The best native crystal diffracted to 1.7 A and has a
space group of C2, with a unit cell dimension of a=144.84 A, b=44.17 A, ¢=66.95 A, and
$=110.49° (Table 4.1).

Selenomethionyl protein crystals of IStINTD were grown under similar
conditions but initially belong to a space group of P2,2,2;. These crystals decayed rapidly
under synchrotron X-ray radiation. Transferring them slowly into the cryo solution by the
button dialysis method at 4°C transformed them into a different C2 space group, with a
unit cell dimension of a=145.63 A, b=44.31 A, ¢=138.34 A, and p=112.75°. These
crystals are more resistant to decay. Diffraction data for both the native and the
selenomethionyl crystals were collected at the Advanced Photon Source beam line 21-1D-
D.

For preparation of the heavy atom derivative, native IStINTD crystals were
soaked in a solution containing 12% PEG 3000, 100 mM Na acetate (pH 5.0), 200 mM
MgCl,, 100 mM glycine, and 0.5 mM mercury acetate at 4°C for 2 hours. The crystals

were then back-soaked and stepwise transferred into the cryo solution before flash-frozen
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under liquid nitrogen. Diffraction data were collected with a Rigaku rotating anode
generator and an R-AXIS IV image-plate detector system. The mercury derivative
crystals belong to the larger C2 space group seen in the selenomethionyl crystals.
IstINTD/Did2-MIM1 complex crystals were grown by the sitting drop method at
20°C. Proteins of 10-15 mg/ml were mixed in a 1:1 ratio with the reservoir solution [1.1-
1.15 M Na citrate, 100 mM Na citrate (pH5.5), and 10 mM Urea] in a final volume of 4
ul and equilibrated against the reservoir solution. Crystals grew to full size in several
days and were transferred into a cryo solution (1.26 M Na citrate, 10 mM Urea, and 10%
glycerol) before flash-frozen under liquid nitrogen. Diffraction data were collected at the
Advanced Photon Source beam line 21-ID-D. The complex crystals belong to the space

group of P4,22 with a unit cell dimension of a=165.92 A, b=165.92 A, and c=121.56 A.

Structure determination and refinement

Diffraction data were integrated and scaled using HKL2000 (HKL Research)
(Table 4.1). The structure of IStINTD alone was determined by a combination of
multiwavelength anomalous dispersion (MAD) and single isomorphous replacement
(SIR) using the data collected from the selenomethionyl crystal and the mercury
derivative crystal. These two crystal forms are isomorphous and contain four molecules
in their asymmetric units. For MAD, four initial Se sites (out of a maximum of twenty)
were found using the program SnB [34]. Eight more Se sites were subsequently located
using the anomalous difference Fourier function in SHARP [35]. Parameters of these
twelve sites were then refined and used to calculate phases in SHARP. The electron

density map was further improved by solvent flattening as implemented in SHARP.
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Some features corresponding to secondary structural elements of a protein molecule
could be seen in the resulting map; however, the poor quality of the map did not allow
proper interpretation.

To improve the quality of phases, heavy atom derivative crystals were prepared.
This resulted in a mercury derivative crystal isomorphous not to the native crystal but to
the selenomethionyl crystal. We therefore treated the selenomethionyl data as a pseudo
“native” dataset in the SIR phasing process. Hg sites were located by the isomorphous
difference Fourier method implemented in CNS [36] using the MAD phases derived
above. The top four sites were then used to calculate a Patterson map, and the Harker
section at Y=0 of the resulting predicted Patterson map was compared with the
corresponding Harker section of the experimental isomorphous difference Patterson map.
The peaks from the two maps matched well, corroborating the correctness of the MAD
phases as well as the four Hg sites. These four initial sites were then used to locate more
sites and calculate SIR phases in SHARP. After density modification, some structural
features could again be seen in the electron density map but the map was not of high
enough quality for tracing. To further improve the experimental phases, the unmodified
MAD phase and SIR phase were combined and further improved by solvent flattening
using DM in the CCP4 suite [37, 38]. The resulting map has a significantly improved
quality and displayed many side chain details. About two-thirds of one protein molecule
was subsequently traced in O [39] and refined with REFMAC [40]. This partial model
was then used as a search model for molecular replacement into the 1.7 A native data set
using PHASER [41]. Both molecules in the asymmetric unit were easily located and the

resulting electron density map was of extremely high quality such that most of the model

166



was automatically built using ARP/WARP [42]. The model obtained from the auto-
building process was further adjusted in O and refined with CNS, using 5% randomly
selected reflections for cross-validation. Simulated annealing with torsion angle dynamics
was carried out, maximum likelihood target function with amplitudes (MLF) used, and
individual restrained B-factors refined. The final model contains residues 6-191 for each
protomer and 452 water molecules, with a working R factor of 22.6% and a free R factor
of 24.9% at 1.7 A and excellent geometry (Table 4.1).

The structure of IstINTD/Did2-MIM1 complex was determined by the molecular
replacement method using PHASER with the refined IStINTD structure as a search
model. There are four complexes in the asymmetric unit. The Did2-MIM1 peptide was
fitted into the electron density map with the aid of biochemical analysis (described in the
Results section). The model was refined using CNS. Non-crystallographic symmetry
(NCS) restraint was kept throughout the refinement process. The NCS restraint group
contains IstINTD 8-180 and Did2-MIM 189-204 for each complex. A tight restraint was
used at the beginning, with a restraint weight of 300 kcal/mole/A?, and then gradually
decreased. However, a medium strength restraint was always kept, and the restraint
weight used in the final rounds of refinement was 100 kcal/mole/A% The structure was
refined to a working R factor of 29.8% and a free R factor of 30.7% with good geometry.
The final model contains residues 3-188 for IStINTD chain A (residues 3-5 modeled as
alanines), 5-190 for IstINTD chain B (residue 5 modeled as alanine), 5-186 for IstINTD
chain C (residue 5 modeled as alanine), 5-192 for IstINTD chain D (residue 5 modeled as

alanine), 188-204 for Did2-MIM1 chain E and chain F (residue 188 modeled as alanines

167



in both), 189-204 for Did2-MIML1 chain G, and 187-204 for Did2-MIM1 chain H (residue

187-188 modeled as alanines).

Limited proteolysis

Subtilisin was used in the assay with protease to protein ratios (mass) ranging
from 1:10,000 to 1:10. For a standard reaction, 1 mg/ml Ist1 was incubated with subtilisin
in the reaction buffer (20 mM HEPES, pH 7.5, 200 mM NaCl, 10% glycerol). Reactions
were allowed to proceed for 30 minutes on ice before terminated by protease inhibitor
PMSF. Samples were boiled in SDS-loading buffer, analyzed by SDS-PAGE and
visualized by Coomassie staining.

To determine the molecular mass of the resulting fragments, subtilisin was
incubated with Istl at a 1:100 ratio and digested as described above. The reaction was
stopped by PMSF, and the resulting protein mixture was fractionated on an anion
exchange Resource Q column (Amersham Pharmacia). The molecular masses of
IStINTD and IstLCTD were measured by mass spectrometry in Michigan Proteome

Consortium at the University of Michigan.

Biochemical interactions

To test the interaction between yeast Istl and Did2, GST pull-down experiments
were performed following standard procedures. E. coli cell lysates were incubated with
GST-tagged proteins immobilized on glutathione agarose beads in the binding buffer
(PBS buffer supplemented with ImM DTT and 0.1% Triton X-100) for 40min at 4°C.

The beads were then washed with the binding buffer, and bound proteins were separated

168



on SDS-PAGE and visualized by Coomassie staining. For His-tag pull-down, cells were
lysed in buffer A used in protein purification. Cell lysates were then centrifuged and the
supernatant was mixed with Ni' -NTA resin. Bound proteins were eluted with buffer B
and analyzed by SDS-PAGE and visualized by Coomassie staining.

For interaction between human Istl and CHMP1B, GST pull-down and immuno-
precipitation (IP) were carried out as described previously [43]. Briefly, Cos-1 cells
grown in 10-cm dishes were lysed in buffer containing 100 mM Tris (pH 7.5), 1% Triton
X-100, 10% glycerol, 150 mM NaCl, ImM EDTA, supplemented with complete protease
inhibitor tablets (Roche). For GST pull-down experiments, ~10-20 pg of fusion protein
were used for each assay. For IP experiments, ~10 ul HA antibody conjugated agarose

beads (Santa Cruz biotechnology) were used for each assay.

Yeast cell biology

pRS415 HA-Istl was generated by first amplifying the Istl promoter from
genomic DNA along with coding sequences for an amino-terminal HA epitope and then
cloning this fragment into pRS415. Istl coding sequences were then subcloned from the
bacterial expression constructs described above (wild type or mutants) to generate
pRS415 HA-Istl, pRS415 HA-Ist1"'®*AY!?A and pRS415 HA-Ist1"'® plasmids.
Standard techniques were used to introduce the pRS415 HA-Istl constructs into
istlAvtalA yeast along with a MVB reporter construct expressing GFP-CPS. Microscopy
was performed on living cells using a Nikon fluorescence microscope fitted with filters
optimized for EGFP detection and a Coolsnap HQ digital camera (Photometrix). Images

were analyzed using Delta Vision software (Applied Precision, Inc.).
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Immuno-fluorescence and confocal microsocpy

Immuno-fluorescence experiments were carried out as described previously [44].
Hela cells grown on cover slips were fixed with 10% formalin for 10 minutes before
permeablized with 0.5% Triton X-100 in Phosphate Buffered Saline (PBS, GIBCO) for 5
minutes. Additional formalin was quenched with 100 mM glycine in PBS. Cells were
blocked with 1% BSA plus 1% chicken albumin in PBS and stained with rabbit anti-HA
(Santa Cruz Biotechnology) at 1:500, mouse anti-alpha tubulin (clone DM1A, Sigma) at
1:500. Coverslips were mounted in Vectashield mounting media (Vector Laboratories).
Confocal microscopy was performed using Olympus FluoView 500 laser scanning

confocal microscope; images were taken under X60 water lens.

Figure presentation

Multiple sequence alignment was performed with ClustalW [45]. Alignment
figures with secondary structures labeled were prepared using ESPript [46]. Amino acid
conservation scores are calculated using the ConSurf server [47]. Structure figures were
generated using Pymol (DeLano Scientific LLC). Coordinates and structure factors for
structures described in the study will be deposited into the Portein Data Bank upon

acceptance of the manuscript.
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CHAPTER 5

CONCLUSIONS AND PERSPECTIVES

The ESCRT machinery was originally characterized in the multivesicular body
pathway in eukaryotic cells. Recent studies demonstrated its broad involvement in other
related membrane fission processes, including enveloped virus budding and cell division.
Delineating the molecular mechanism of the ESCRT machinery will help to develop new
approaches for the prevention and treatment of a number of human diseases ranging from
cancer, viral infection to neurodegeneration. The ESCRT machinery includes the ESCRT
complexes and the AAA ATPase Vps4, with the latter serving as the only energy donor
during the entire MVB functional cycle. Although the phenotype of perturbing Vps4
activity includes the massive accumulation of the ESCRT complex on the membrane, the
primary function of VVps4 could be to drive membrane deformation and constriction with
ESCRT dissociation just being an end product associated with this function. Elucidating
the mechanism of function and regulation of VVps4 will be important for us to understand
and potentially harness the MVB related processes.

Vps4d is a member of the AAA ATPase family, the general functional theme of
which is to remodel protein or protein complexes through the ATP binding and
hydrolysis powered internal molecular motion. Therefore, characterizing the

conformational change of VVps4 during its ATPase reaction cycle will be a key to
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understand its function. Chapter 2 of this thesis describes my initial efforts toward this
goal. I have determined the crystal structures of S. cerevisiae Vps4 in both the nucleotide-
free form and the ADP-bound form. By examining their differences, | have presented a
structural view of the domain motion of VVps4 induced by the change in its nucleotide
status. Furthermore, | have demonstrated that VVps4 interacts with the substrate ESCRT-
I11 proteins in a nucleotide-dependent manner, which suggests a mechanism for the
coordination between ATP hydrolysis and substrate binding/release by Vps4.

The function of Vps4 is closely regulated in the cells by a network of proteins,
including Vtal, Did2, Vps60, and Istl. Studies in Chapter 3 and Chapter 4 aimed at
understanding the intricate molecular interactions that support the functional interplay
between Vps4 and these proteins. Chapter 3 focuses on the structural basis of Vtal
function. Vtal is a co-factor of Vps4. It binds and stabilizes the active form of Vps4. In
fact, accumulating evidence suggest the functional assembly that disassembles the
ESCRT-I1I complex in vivo is a Vps4-Vtal complex, rather than VVps4 alone. In addition
to binding to Vps4, Vtal also interacts with accessory ESCRT-III proteins Did2 and
Vps60. To gain insights into the functional mechanism of Vtal, | have determined the
crystal structures of the Did2- and Vps60-binding N-terminal domain and the Vps4-
binding C-terminal domain of S. cerevisiae Vtal and elucidated their respective binding
sites. Importantly, | found that the C-terminal domain also mediates Vtal dimerization;
and both subunits in a VVtal dimer are required for its function as a VVps4 regulator. I also
revealed the N-terminal domain of Vtal contains two MIT-like motifs that resemble the
ESCRT-III binding domain of VVps4. Therefore, the MIT-like motif are a generic ESCRT-

111 recognition motif and likely evolves from a common origin. Based on these results, |
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proposed the following regulation mechanism of Vtal: the C-terminal domain of Vtal
uses its dimerization property to stabilize the ATP-dependent double ring assembly of
Vps4 by strengthening the cross-ring interaction; while the MIT motif containing N-
terminal domain of Vtal provides an additional level of contact between the Vps4
disassembly machinery and the membrane-bound ESCRT-I111 polymer.

Chapter 4 is devoted to another regulatory protein of VVps4, Istl. Istl was
postulated to be an inhibitor of VVps4. It was shown to suppress the ATPase activity and
interfere with the function of VVps4 in vivo. This property of Istl depends on its N-
terminal predicted DUF292 domain. To understand the mechanism of Ist1 function, |
have determined the crystal structure of this important domain (IstINTD). Strikingly, my
results demonstrate it contains an ESCRT-II1 protein like fold. Furthermore, the structure
of IstLINTD might reflect an inactive state for the ESCRT-III proteins. Based on this
result, 1 speculate that Istl might inhibit VVps4 activity by functioning as a substrate
mimic. IstLNTD also specifically interacts with Did2, and | have further determined the
crystal structure of this domain in complex with a Did2 fragment. | found Istl interacts
with the C-terminal amphipathic MIM (MIT-interacting motif) helix of Did2. The
interaction site on Ist1, however, represents a novel non-MIT MIM-binding motif and is
located in a highly conserved surface groove. Single point mutation in this region can
effectively abolish the interaction between Istl and Did2. Given the biological
importance of Ist1-Did2 complex in modulating Vps4 activity in vivo, my results provide
novel insights for understanding the molecular mechanism of their function. Also, my
results suggest the interactions between the ESCRT-III proteins and their binding

partners are more complicated than previously envisioned and deserve further study.
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While these results give us a better understanding for the function and regulation
mechanism of VVps4, many questions still remain to be answered, particularly with regard
to how Vps4 acts on the substrates and how Vps4 and its different regulators are
temporally and spatially organized in the cells. For example, the ATP-dependent
oligomeric structure of VVps4 has yet to be characterized at an atomic resolution. As such,
proposals on the action mechanism of VVps4 rely largely on homologous modeling of
Vps4 to other known AAA ATPase oligomeric structures. However, it is not known to
what extent these models reflect the real active assembly of Vps4; and in fact, few AAA
ATPase actually form double-ring structure. Also in analogy to other AAA proteins, it is
hypothesized that the ESCRT-III proteins are drawn into the central pore of Vps4
oligomer to get unfolded. Direct proof supporting this model, however, has yet to be
acquired.

With all the structural and biochemical information accumulated, it is possible
that experiments can now be designed to test the above hypothesis. The MIM motifs of
the ESCRT-I1I proteins are the signals recognized by Vps4. It will be interesting to test
whether these motifs can be placed onto other proteins, to render fusion proteins as
pseudo substrates of Vps4. If they do, these fusion proteins can be employed to
investigate whether VVps4 can unfold a domain that precedes the recognition tag. A range
of proteins with different thermal stabilities can be tested to evaluate the strength of Vps4
unfolding activity. Similar method has been employed previously for the study of the
ClpXP degradation machinery [1]. Mutation analysis can also be performed to evaluate
the role of the central pore residing in the VVps4 oligomer, and cross-linking experiments

and even fluorescence resonance energy transfer (FRET) technique can be used to test the
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substrate-threading hypothesis. Another possibility is to engineer a Vps4 variant whose
substrate-binding MIT domain is replaced by the MIT domains from katanin or spastin,
and then test whether this VVps4 variant acquires microtubule-severing activity. A similar
type of idea has been used previously to convert the molecular chaperone ClpB into a
ClpP associated protein as part of a degrading machine [2].

To further delineate the mechanics used by the double-ring assembly of VVps4, it
will be necessary to generate hetero-oligomers of Vps4. In light of a previous study on
ClpX [3], it might be possible to engineer genes encoding six covalently linked Vps4
subunits. By carefully designing the length of the linkers between different Vps4
subunits, a biologically active Vps4 ring might be generated. An entire Vps4 assembly
can then be obtained by two of such pseudo hexamers. These two pseudo hexamers can
be further tagged differently, such that a hetero-double-ring can be purified. This will
give us a lot of opportunities to manipulate each individual subunit in the VVps4 oligomer.
For example, we can selectively make one or multiple subunits as ATP-
binding/hydrolysis deficient mutants or substrate-binding deficient mutants. These
reagents will be tremendously useful in deciphering the function of the VVps4 double-ring
structure and the contribution of individual subunits within the oligomer.

Vps4 can bind to different substrate proteins using distinct modes of interactions.
The ESCRT-III proteins that interact with VVps4 contain either a C-terminal MIM1 helix
or an internal MIM2 motif. Although the individual binding modes have been
characterized at atomic levels, how they are coordinated in vivo remains largely
unknown. Similar situation also applies to the interactions between Vps4 and its regulator

proteins. For example, Did2 can bind to Vps4, Vtal, and Istl and the same region in Did2
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is involved in each binding. The order and interconnection of these binding events might
represent a higher level of regulation on Vps4 activity and needs to be further delineated
in future studies.

Much of our frustration in understanding the function and regulation of Vps4 lies
in our lack of understanding of its substrate: the ESCRT-111 complex. Despite much
effort, how the ESCRT-I1I complex is assembled and organized in vivo remains largely a
mystery. As a first step to unravel this enigma, a recent publication revealed the order of
the assembly process for the core ESCRT-111 complex [4]. However, many details remain
to be uncovered. Interestingly, three recent studies show the ESCRT-III proteins can form
helical or tubular structures in vitro [5-7]. Though inspiring, they differ from each other
significantly in detail. More importantly, the physiological implications of these studies
are uncertain. The ESCRT-I11 complex is known to only form on the membrane [8]. For
this reason, it might be ultimately important to study them in an environment mimicking
the membrane condition. In this regard, it will also be necessary to elucidate the
interaction mechanism between the ESCRT-I11I proteins and lipid molecules.

In the end, the ultimate question will be how Vps4 cooperates with the ESCRT-III
proteins to generate membrane curvature and eventually lead to scission and/or
vesiculation. The membrane deformation process is unlikely to be a random spontaneous
reaction thus energy input will be required. Therefore, the action of Vps4 is very likely to
be directly coupled to this process. Further studies on the functional repertoire by Vps4,
Vps4 regulators and the ESCRT-111 complex will be enlightening in this regard; and the
results presented in this thesis may provide clues and useful reagents to address this

question.
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