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Abstract of the Dissertation
Establishment of an in vitro system for the biochemical characterization of an engineered
human mitochondrial i-AAA protease
by
HUI SHI
Doctor of Philosophy
in

Biochemistry and Structural Biology

Stony Brook University

2016

YMEIL (Yeast Mitochondrial Escape 1-like) is a mitochondrial inner membrane AAA+
protease. It carries a AAA+ ATPase module and a metallopeptidase domain belonging to the M41
family on the same polypeptide chain and forms a homohexamer as an active enzyme. Human
YMEIL plays important roles in mitochondrial quality control, maintaining mitochondrial
homeostasis, and participating in mitochondrial biogenesis. YMEIL degrades or processes
substrates at the expense of ATP. Although cellular functions of YMEIL were investigated and
several substrates have been identified by a number of in vivo studies, detailed mechanisms of
substrate recognition and degradation are still poorly understood due to a lack of an appropriate in
vitro assay system. The transmembrane segment of YMEIL poses a challenge of obtaining the
protease via recombinant expression. I overcame this problem by fusing a 32-residue polypeptide
that hexamerizes in solution to the N-terminus of the catalytic domains of YMEIL. I showed that
the resultant construct (hexYMEIL) is soluble and active in hydrolyzing ATP and degrading
protein substrates. Using this engineered hexYMEIL system, I performed Michaelis—Menten
kinetics characterization of ATP hydrolysis by the YMEIL enzyme, which shows comparable
kinetics parameters to the ones reported for other AAA+ proteases. By performing in vitro protein
degradation assay using the reconstituted hexYMEIL, I found that degradation of protein
substrates by YMEIL requires a recognizable signal called degron that can be located at the N-
terminus, C-terminus, or internal of a substrate. Simply unfolding a substrate is not a sufficient
condition of its degradation by YMEIL. I also found that YMEI1L degrades protein substrates in
a processive manner. In collaboration with Anthony Rampello in our lab, we found that YMEI1L
is capable of degrading proteins with substantial stability. We also found that degron sequence
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influences substrate degradation by YMEIL. These studies show that the engineered YMEIL
hexamer is suitable for in vitro biochemical investigation, and suggest that this approach is
applicable to other similar proteases within the same family.
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Chapter 1 — Introduction

Mitochondria are essential organelles that perform constant dynamic fusion and fission (1-
3), and are critical for the viability of cells and for cells to implement their functions normally,
largely due to the ability to produce the energy currency, ATP. In addition, mitochondria play vital
roles in other cellular activities, such as lipid metabolism (4), calcium signaling (5), autophagy (6),
apoptosis (7), and biogenesis of iron-sulfur clusters (8-10). Since mitochondria are involved in a
wide range of cellular activities, malfunction of mitochondria induces different deleterious
outcomes, including cardiovascular disorders (11), type 1 and type 2 diabetes (11),
neurodegenerative diseases (12), and cancer (13, 14). Indeed, several drug development strategies
targeting mitochondrial functions have been suggested and applied (15, 16), one of which is to

combat cancer by promoting apoptosis of tumor cells.

In order for these activities to be fulfilled and to avoid abnormalities, proteins located in
all parts of mitochondria need to cooperate and to be controlled precisely under a surveillance

system.

1.1 Mitochondrial structure, proteome and quality control

Mitochondrial structure and proteome

Mitochondria contain phospholipid bilayer double membranes and are organized in a
compartmentalized architecture, which contains four major sections (Figure 1.1): the outer
membrane (OM), the inner membrane (IM), the intermembrane space (IMS) enclosed by the OM
and the IM, and the matrix (M), whose boundary is defined by the IM. A portion of the inner
membrane termed cristae, invaginates into the matrix, thus increasing the surface area of the inner
membrane, where a series of electron transport events take place that results in ATP generation,
driven by the proton gradient built up during the process (17, 18). The separation of mitochondria
into specific regions allows different biochemical reactions that require a specific environment to

proceed under their optimal conditions without interference by other components in the organelle.

The outer membrane sets a border for mitochondria to be separated from the cytosolic

environment. Interestingly, this membrane structure comprises a low ratio of protein and



cardiolipin (19, 20). Furthermore, porin proteins, which originated from Gram-negative bacteria,
give rise to the permeability of the outer membrane, allowing the exchange of small hydrophilic
molecules of up 6,000 Daltons between the intermembrane space of mitochondria and the cytosol
(20-23). The outer membrane thus enables the communication of mitochondria with its
surroundings. Mitochondrial porins are integral B-barrel proteins in the outer membrane and are
also named as voltage-dependent anion channels (VDAC) (24-26). VDACs are regulated by

metabolites and proteins to control the permeability of the outer membrane (24, 27).

The inner membrane of mitochondria is rich in protein and impermeable. As a result,
channels in the inner membrane are needed to transport molecules such as ions between the matrix
and the intermembrane space (28). Proteins including translocase of the inner membrane (TIM)
complexes are present in the inner membrane and facilitate the translocation of nucleus-encoded
proteins into the matrix (17, 28-30). Five complexes that constitute the respiratory chain
responsible for ATP production are located at cristae, a characteristic structure of the inner
membrane (17, 18). Electrons are transferred from the initial donor, NADH, to the final acceptor,
oxygen molecules, through a series of redox reactions catalyzed by complex I - IV. During this
process, protons are pumped from the matrix into the intermembrane space, inducing the formation
of a proton gradient across the inner membrane. ATP molecules are then synthesized from ADP
and inorganic phosphate by complex V to convert energy from the proton gradient into the

chemical energy stored in ATP (18).

The intermembrane space and the matrix are aqueous environments with the function of
metabolite storage and exchange as well as protein folding and degradation, and are connected to
other cellular processes such as apoptosis (31). The matrix contains the mitochondrial genome that
is transcribed by the mitochondrial RNA polymerase in the presence of other transcription factors
(e.g. Transcription Factor A, Mitochondrial, TFAM), and translated on mitochondrial ribosomes.
The mitochondrial genome is a compact and double-stranded DNA molecule of a size about 16.6
kbp. The whole genome encodes 13 proteins that are constituents of electron transport chain
complex I, complex III, complex IV, and complex V, 22 mitochondrial tRNAs, and 2 rRNAs, with

no intron sequences (32).

Although the mitochondrial genome encodes only 13 proteins, the proteome of
mitochondria contains more than 1,000 members in mammals. Not surprisingly, a vast majority of

mitochondrial proteome are nucleus-encoded, translated in the cytosol and imported into one of
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the four compartments of mitochondria (33, 34). Experiments extensively characterizing the
mitochondria proteome from human heart identified proteins involved in various cellular processes
including oxidative phosphorylation (OXPHOS), cell signaling, ion channels, gene expression,
metabolism, apoptosis, immune reaction, redox reactions, and protein degradation and
translocation (33). A bioinformatics study further revealed the complexity of mitochondrial

functions and the protein network (35).

In order for the proteins encoded by the nuclear genome to reach their correct locations in
the mitochondria, mechanisms have evolved to ensure precise protein import into the mitochondria
(36, 37). Proteins synthesized in the cytosol are imported through four separate pathways. Protein
complexes such as translocase of the outer membrane (TOM) and translocase of the inner
membrane (TIM) are essential components of these protein import pathways (36). Surprisingly,
recent studies have suggested that certain intermembrane space proteins, when reduced and
destabilized, can be exported back into the cytosol through Tom40 (38). Thus, a more extensive

regulatory network of protein import and export allows mitochondria to maintain their homeostasis.

Mitochondrial quality control

In order to achieve proper function, mitochondria must coordinate the import of proteins
from the cytosol and expression of the mitochondrial genome to achieve the correct stoichiometry
of supramolecular complexes, for example, the respiratory chain. Unassembled components of the
respiratory chain result in an imbalance in protein distribution and need to be cleared from the
inner membrane. Mitochondria are constantly facing stress from the surrounding environment, but
the major threats come from the OXPHOS process within mitochondria, during which ATP is
generated and the harmful highly reactive byproducts, reactive oxygen species (ROS), are formed
(39-41). Electrons can leak from the path of the electron transfer chain, mainly from complex I
and complex III, and those electrons are captured by molecular oxygen to produce the superoxide
anion (41), which is the primary form of mitochondrial ROS. Superoxide anion can further react
by dismutation to give rise to hydrogen peroxide, another kind of mitochondrial ROS (42).
Although ROS at physiological level is important for normal cell functions in signaling pathways
such as cell growth and inflammation reaction (43, 44), over-produced ROS beyond the clearance
capacity of mitochondria can be deleterious to cells, resulting in damage to mitochondria DNA,

lipid molecules, and proteins, which have been linked to cancers (45). Obviously, due to the broad
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range of cellular functions in which mitochondria are involved, any abnormality in mitochondria
biogenesis and the failure to counteract internal challenges imposed by ROS will interfere with

normal cellular processes and induce the onset of various diseases.

Fortunately, evolution has enabled a sophisticated quality control network to emerge so
that mitochondrial homeostasis is under surveillance and catastrophic results are avoided. In
general, the quality control systems in mitochondria can be divided into five levels (46), including
ROS scavenging, repairing the damaged molecules, degradation of proteins that cannot be
recovered, mitochondrial fission and fusion, and mitophagy. These quality control mechanisms

are organized in a hierarchical yet integrated and interactive network (46).

Among these quality control systems, the most important one is probably the pool of
mitochondrial proteases (47). Although the proteases generally function by degrading substrates,
the modes of protein processing and the forms of final products resulted from protein degradation
are distinct. A critical duty of the proteases is to remove mitochondrial proteins that are damaged
to a level beyond the capability of the repair systems, which would otherwise lead to mitochondrial
dysfunction. These proteases also play important roles in regulating mitochondrial gene expression,
complex assembly, and dynamics (47, 48). There are 25 proteases identified to be located in human
mitochondria, and most of the homologs of corresponding enzymes have been found in yeast (47).
As summarized in the comprehensive reviews (47, 48), mitochondrial proteases can be grouped
into several categories, depending on their locations and functions. Substrates of mitochondrial
proteases are either processed into a shorter mature form or degraded destructively into small
peptides. Proteases thus operate as processing enzymes or quality control enzymes with
degradation activity. However, certain proteases, for example, the mitochondrial inner membrane

AAA+ proteases (i-AAA and m-AAA), possess both of the two functions (49).

Mitochondrial processing peptidase (MPP), mitochondrial intermediate peptidase (MIP),
and inner membrane peptidase (IMP) are involved in protein processing for maturation (48, 50).
To remove damaged and unfolded proteins caused by ROS or respond to the stress from the inside
or the outside of mitochondria, AAA+ proteases such as Lon, i-AAA, and m-AAA are utilized.
Oligopeptidases in the intermembrane space (Mop112 and Prd1) digest the peptides resulted from
proteolytic cleavage by proteases performing the quality control function to generate individual
amino acids (48). Recently, experimental and bioinformatics studies showed the regulation of

mitochondrial proteins by the ubiquitin-proteasome degradation pathway (51-53). Proteins were
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found to be ubiquitinated, and components of the ubiquitin-proteasome system (UPS) were found
to be localized to the mitochondria (52). Importantly, one yeast protein, Dmalp, was identified to
be an E3 ligase of the UPS system in the matrix (53). Members of the mitochondrial proteome
enclosed by the mitochondrial membrane, especially those residing in the matrix, are inaccessible
by UPS in the cytosol. The identification of Dmalp as an E3 ligase thus expands our view of the

regulation mechanisms of mitochondria, providing evidence of the existence of mitochondrial UPS.

The highly complicated but interactive organization of quality control supplies a vital
surveillance system for mitochondria and allows cells to function properly (46). Within this system,
proteases play central roles in integrating the functional pathways by either processing or
degrading proteins related to specific cell activities. One specific family, named AAA+ protease,

is of particular importance among the mitochondrial proteases and have prompted detailed study.

1.2 AAA+ ATPases

AAA+ proteases belong to a larger superfamily of AAA+ ATPase proteins. As the name
AAA+ (ATPases Associated with diverse cellular Activities) implies, members of this superfamily
hydrolyze ATP molecules and harvest the chemical energy stored in the high-energy phosphate-
phosphate bonds of ATP. The energy is then converted to other forms as needed for a variety of
cellular processes. Important roles that AAA+ ATPases play are exemplified by protein
degradation (54), DNA replication (55), transcription (56), and peroxisome biogenesis (57).
Although the core structure is highly conserved, significant variations in sequences and structures

exit among the AAA+ ATPases.

1.2.1 Classification of AAA+ ATPases

Attempts have been made to classify the AAA+ ATPase superfamily, which contains a
large number of protein members with diverse functions (58-62). Apart from the classical AAA
ATPase family, other proteins such as helicases, proteases, transcriptional activators, and proteins
taking part in initiation of DNA replication form separate families. All these protein families
combined with the central AAA family to establish the AAA+ ATPase superfamily. Based on the
emergence of specific elements, Lupas and Martin (59) built a phylogenetic classification system,

within which the AAA+ ATPase are divided into seven families. Members of the AAA+



superfamily have a characteristic C-terminal a-helical subdomain that is used as a standard to claim
the membership of this superfamily (62). By applying this criterion, Ammelburg and colleagues
(62) suggested the removal of some proteins previously assigned as AAA+ proteins from the
superfamily. A conserved motif called “second region of homology” (SRH) distinguishes the

classical AAA ATPases from others in the superfamily (59).

1.2.2 Structure of the AAA+ module

The AAA+ module is a domain of about 250 amino acids, and forms a hexamer to
efficiently hydrolyze ATP (Figure 1.2a). Generally, a single AAA+ module is composed of two
subdomains, an N-terminal large subdomain of Rossmann fold comprising a-helices and B-strands,
and a small domain at the C-terminus constructed from all a-helical elements (Figure 1.2b). The
core of the N-terminal subdomain is a parallel B-sheet made up of five B-strands, with a-helices
flanking both sides of the sheet. The parallel strands are connected by one or more helices, and are
arranged in a 51432 configuration. Within this conserved module, several notable sequence motifs
have been discovered and characterized (Figure 1.3) (63-65). Starting from the N-terminus of the
module, there exist two Walker motifs, SRH, and sensor 2. The two Walker motifs, Walker A and
Walker B are required for ATP binding and hydrolysis, respectively. The consensus sequence of
the Walker A motif is denoted as GXXXXGK][T/S], within which the lysine residue is critical for
binding of nucleotide. Mutation of this lysine residue results in the lack of ATP binding. The
glutamic acid residue in the Walker B motif with a characteristic sequence of hhhhDE, where h
stands for hydrophobic amino acid, is responsible for the catalysis of ATP hydrolysis. Replacing
the glutamate with a glutamine severely reduces the ability of hydrolyzing ATP, yet has no effect
on ATP binding. An additional consensus sequence termed SRH is characteristic of classical AAA
proteins. Within SRH, a conserved polar residue, e.g. threonine or serine, is the sensor of the y-
phosphate of ATP (sensor 1) bound on the same subunit and mutation of this sensor 1 residue to
an alanine or methionine down regulates the ATPase activity of AAA proteins (66). Moreover, so-
called arginine fingers in the SRH are thought to mediate the communication between adjacent
subunits, and contribute to the formation of nucleotide binding pocket of a neighboring subunit
upon formation of a hexamer (63). A conserved arginine at the N-terminus of the small subdomain

is called sensor 2, as it senses the y-phosphate of ATP bound on its own subunit. The sensor 2



arginine also interacts with the N-terminal large subdomain of a neighbouring subunit. This
conserved arginine at the sensor 2 position is thought to mediate the interaction between subunits,

although it is not present in the classical AAA module (63).

In a hexameric structure, ATP binds within the cleft formed by the N-terminal large
subdomain and the o-helical small subdomain, interacting with key residues present in the
conserved elements. Through coordinated actions, conformational changes or domain movements
induced by ATP hydrolysis are transmitted from one subunit to its neighbor, and the chemical
energy generated is converted into a mechanical form for AAA+ ATPases to perform their

functions (64).

1.3 AAA+ Proteases

One important family of the AAA+ ATPases is the AAA+ protease. At the cost of ATP
consumption, AAA+ proteases not only degrade incorrectly folded or damaged proteins, but also
remove proteins to initiate cell signaling pathways (54). Examples of AAA+ proteases have been
found in all kingdoms. The serine peptidase ClpP has several AAA+ ATPase partners (ClpX, CIpA,
and ClpC), with which ClpP combines to form a competent protease, respectively. Similarly, the
heat shock protein HslU with ATPase activity and the compartmental protease HslV are found in
bacteria where they assemble to form a functional AAA+ protease (67). The proteasome is present
ubiquitously in eukaryotes and archaea, and some prokaryotic species such as Mycobacterium
tuberculosis also possess a similar system (68-70). Members of the Lon protease family spread
over prokaryotes and archaea, and are also found in membrane organelles inside the eukaryotic
cells, for example, mitochondria and peroxisomes (71). The FtsH protease is the prototype of the
FtsH family and is localized in the inner membrane of bacteria (72). Other two types of AAA+
protease belonging to the FtsH family were also discovered, namely i-AAA (Ymel in yeast,
YMEIL in human) (73) and m-AAA (Ytal0/12 in yeast, AFG3L2 and paraplegin in human) (74-
76).

1.3.1 Structure of AAA+ proteases

AAA+ proteases can be grouped into two classes based on whether the AAA+ module and

the peptidase domain reside on the same polypeptide chain or not (54) (Figure 1.4). The case of



two catalytic domains present on a single polypeptide has been found in the Lon and FtsH families
(named group 1 hereafter). Whereas, in the case of Clp family, HsIUV, and proteasome (named
group 2 hereafter), the two functional modules are separated on two polypeptides. A common
feature of the AAA+ proteases is the need of hexamerization in order to carry out ATP hydrolysis
effectively (77). Although the peptidase domain in group 2 can be non-hexameric (the HslV
peptidase is a dodecamer with two hexameric rings stacking together), the AAA+ module is a
hexamer. In addition to the domains with catalytic activities, these proteases also carry an extra
fragment called the N-domain at the N-terminus of the protein, with HslU as the only exception.
As a unique feature, HslU contains an intermediate domain (I domain) between the two Walker
motifs in the large subdomain of the AAA+ module. The inner membrane-anchored protease FtsH
contains two transmembrane helices, whereas LonB in the Lon family contains one transmembrane
span. Special situations are seen in the ClpA and ClpC AAA+ ATPases, where two AAA+ modules
stack upon each other (Figure 1.4). The two AAA+ ATPase domains are usually named D1 and
D2 module, respectively. ClpA interacts with ClpP via loops in the D2 domain (78). Although D1
and D2 can function independently and substrates with low stability can be processed efficiently
by CIpAP variants with only D1 or D2 being active, both of the two AAA+ modules were shown
to be required for the process of stable proteins (79). In some cases such as ClpXP and the 26S
proteasome, a symmetry mismatch between the peptidases and their corresponding AAA+
regulatory partners is observed. While the ClpP peptidase is a tetradecamer made up of two
heptameric rings, the core 20S proteolytic domain of the proteasome contains four homoheptamer
rings stacking together that are comprised of two different types of proteins, resulting in a structure
of 28 subunits. The hexameric ClpX/ClpA/ClpC ATPases stack upon ClpP to generate an active
protease, respectively (54). In the case of proteasome, the 20S core peptidase has distinct ATPase
regulators in different organisms. In eukaryotes, the ATPase hexamer is formed by six distinct
gene products (Rptl-6), each with ATP hydrolysis activity (69). The counterparts of Rptl-6
particle are PAN in archaea (68, 69) and the Mpa ATPase in prokaryotes (70, 80), respectively.

1.3.2 Mechanism of protein degradation by AAA+ proteases

A major function of AAA+ proteases is to degrade proteins that are incorrectly translated,
unfolded, and damaged as a result of various stress conditions. Figure 1.5 shows the general

mechanism of protein degradation by a AAA+ protease (54). Usually, proteases form hexamers
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that sequester the proteolytically active residues inside a hollow cylinder, where proteolysis takes
place. Sitting on top of the peptidase is the hexameric AAA+ ATPase, with a central pore of limited
size. A conserved loop with a consensus ®VG motif (O represents the aromatic amino acid)
between the well-studied Walker A and Walker B motifs projects into the pore, reducing the
available space through which a polypeptide can pass in order to reach the cleavage site within the
degradation chamber. This configuration ensures that peptidases digest their substrates in a AAA+
ATPase regulated way, and that the active residue responsible for catalyzing peptide bond cleavage

does not interact with a substrate freely and cause nonspecific protein degradation.

Proteins to be degraded by AAA+ proteases usually carry a special sequence called a
degron that can be recognized by the protease (54). Protein degradation is initiated upon
engagement of the degron sequence by the protease. Cycling through the different stages of ATP
hydrolysis induces conformational changes within the ATPase domain. Subsequently,
displacement of the conserved loops in contact with degron in the central pore of AAA+ module
transmits the information of structural variation to the substrate degron. The conformational
changes allow the protease to exert a mechanical force on the substrate, leading to its unfolding
and translocation into the proteolytic chamber, providing a linkage between ATP hydrolysis and
protein degradation. This mechanism is supported by several biochemical and structural studies

conducted on ClpXP (81, 82), FtsH (83-85), paraplegin (86), and 26S proteasome (87).

The requirement of degron enables specific substrates to be selected from a pool of proteins
(54). Degrons can bear specific sequences, and attaching degrons to model proteins leads to the
degradation of those proteins by proteases (88). The position of degrons is not limited within a
substrate, and they are found to be located at the N-terminus, C-terminus or an internal segment of
a protein (89). In addition to promoting the initial binding of substrates to proteases, degrons have
been shown to regulate protease activities. Allosteric regulatory roles of degrons on Lon were
proposed, which states that distinct Lon confirmations with different protein degradation rates and
energy utilization efficiencies are stabilized by various degrons. Different operation modes of Lon
caused by degron regulation thus enables Lon to accommodate the need of particular proteolysis
activity under diverse conditions (90). Examples of degrons include ssrA (91, 92), sul20 (93) and
B20 (94). Other recognition signals needed for protein degradation are also found in living
organisms, for example, the simplest N-end rule signals (95), the ubiquitin/ubiquitin-like

proteasome systems in prokaryotes (70, 80, 96), archaea (68), and eukaryotes (68).

9



1.4 Mitochondrial AAA+ proteases

Four AAA+ proteases have been found within mitochondria. Lon clears misfolded proteins
caused by ROS damage in the matrix (97, 98). The two membrane-anchored proteases, i-AAA and
m-AAA, function in the inner membrane, the matrix, and the intermembrane space (99). Compared
to other well-studied AAA+ proteases, substrates of mitochondrial ClpXP are only recently
described, including NOAI, a protein that is critical for synthesizing mitochondrial proteins (100).
By partially unfolding the ALA synthase, which is responsible for producing the first precursor of
heme, 5-aminolevulinic acid (ALA), mitochondrial ClpX stimulates ALA synthase by facilitating
incorporation of the cofactor (101). This mechanism seems to be conserved across the lower and
higher eukaryotes. Proteomic studies identified substrates of mitochondrial ClpXP that are
involved in energy metabolism (102) and revealed the protective role of ClpXP against oxidative
stress (103). These four AAA+ proteases are central components of maintaining mitochondrial

homeostasis.

1.4.1 Mitochondrial AAA+ proteases in the inner membrane

i-AAA and m-AAA are the two types of mitochondrial membrane-anchored,
compartmentalized AAA+ protease belonging to the FtsH family (49) (Figure 1.6). Both proteases
contain an N-terminal domain, followed by one or two transmembrane segments and a AAA+
domain. At the C-terminus of the proteases, a peptidase domain belonging to the M4l
metalloprotease family carries out the degradation of protein substrates. Both proteases contain
features of the AAA+ module, as discussed above. Besides, a consensus HEXXH sequence within
the peptidase domain characterizes the feature of zinc-binding motif in proteins of peptidase
activity. The two histidine residues coordinate a zinc ion, with a remote C-terminal aspartate
residue providing a third ligand. The divalent zinc ion activates a water molecule for the cleavage
of peptide bonds. Similar to FtsH, the prototype of the family, i-AAA and m-AAA form hexamers,
sequestering proteolytically active sites in the peptidase compartment. Protein unfolding and

translocation depend on the ATPase domain, taking ATP as energy supply.

While both proteases share the same domain organization, there are some differences
between the two. i-AAA i1s a homohexamer comprising YMEIL subunits in human (104), and

Ymel subunits in yeast (105). However, different forms of m-AAA exist in different organisms.
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A heterohexamer formed by Ytal0 and Ytal2 subunits constitutes the m-AAA in yeast (106). The
corresponding m-AAA subunits are found in humans, where AFG3L2 (homolog of Ytal2) forms
a heterohexamer with paraplegin (homolog of YtalO). Interestingly, AFG3L2 itself is able to
hexamerize, resulting in an active homohexamer (107). i-AAA harbors one transmembrane span,
and its catalytic domains reside in the intermembrane space of mitochondria, with the N-terminal
domain on the opposite side of the inner membrane. In contrast, m-AAA passes the inner
membrane twice, projecting its N-domain and two active domains into the matrix. As a result, the
i-AAA and m-AAA nomenclature comes from this opposite orientations of the ATPase and
peptidase domains. One possible reason for nature to evolve two membrane-located AAA+
proteases with opposite configurations is to allow the degradation of proteins in different
compartments of the mitochondria, including the matrix, the inner membrane, and the
intermembrane space. This is supported by the evidences showing substrate degradation by the
two proteases in all mitochondrial compartments (108-110). These two proteases play an important
role in mitochondrial quality control. Dysfunction of the enzymes results in various diseases,
including neurodegenerative diseases (e.g. hereditary spastic paraplegia (111)). Recent research

showed the relationship of Ymel and Barth syndrome, an X-linked disease (112, 113).

14.2 i-AAA

The i-AAA protease, Ymel, was discovered by a genetic screen, from which mutations of
nucleus-encode genes resulting in increased mitochondrial DNA escape were isolated (114). And
it was observed later that inhibiting Ymel activity by either mutation or deletion results in a defect
of yeast growth in non-fermentable media at high temperature (73). A human homolog, YMEIL,
was shown to be able to complement yeast Ymel (104). Since then, a number of in vivo studies
were conducted to explore cellular functions of YME1L/Ymel, focusing on the substrates of the

enzyme and the cellular processes they are associated with.

Substrates

Unassembled subunit of the inner membrane integrated cytochrome c oxidase, Cox2, is
cleared by Ymel to avoid its accumulation in the inner membrane (115). A similar case has been

observed for the TIM chaperones, Tim9/Tim10, in yeast (116, 117). An intermembrane space
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protein, external NADH-ubiquinone oxidoreductase 1 (Ndel), when fused to a hemagglutinin
epitope C-terminally which results in Ndel destabilization but does not disturb its localization, is
degraded in a Ymel-dependent manner (118). Tazlp mutants related to Barth syndrome were
found to be degraded by Ymel in the yeast model (112). In addition to its quality control function,
Ymel also participates in protein turnover at a physiological level, as seen in the case of
phosphatidylserine decarboxylase 1 (Psd1) (119), Ups1/Ups2 (120) in yeast and PRELI (121) in
human. Using the model organism Saccharomyces cerevisiae, researchers demonstrated that a
mitochondrial outer membrane protein Atg23 needs to be processed by Ymel at the C-terminus
before it can interact with Atgl1 to promote mitophagy (122). Impeding this processing by Ymel
results in the deficiency of mitophagy. Importantly, OPA1 (Mgml in yeast) required for
mitochondrial fusion is processed by YMEIL/Ymel and OMA1 cooperatively, suggesting a role
of YMELI1/Ymel in regulating mitochondrial dynamics (123-128). Misregulation of OPA1l
processing has been linked to the onset of heart disease (129). The role of YMEIL in regulating
mitochondrial protein import is evidenced by the degradation of TIM17A, a component of TIM23
complex, under stress conditions (130). Interestingly, OMA1 and YMEIL show a reciprocal
degradation pattern resulted from different challenges (131). Depolarization of the inner
membrane of mitochondria results in OMAT1 degradation by YMEIL, whereas mitochondria
depolarization and ATP depletion induces degradation of YMEIL. An intriguing experiment
showed the activity of Ymel independent of its proteolytic function, in which polynucleotide
phosphorylase (PNPase) is transported into the intermembrane space through translocation by

Ymel without being degraded (132).

N-domain and the transmembrane segment

The N-domains of AAA+ proteases in the FtsH family share no obvious sequence
homology. By the bioinformatics analysis, N-domains (including all sequences of the proteases
except for the AAA+ module and the peptidase domain) from different AAA+ metalloproteases
were sorted into three main groups (133). Interestingly, YME1L/Ymel and their homologs form
two of the three main groups, evolutionally distant to FtsH and m-AAA. The periplasmic fragment
of E. coli FtsH exists as a monomer in solution. However, a hexameric model can be generated by
symmetry operations using the crystal structure of this fragment (133). Surprisingly, although N-

domains are much less conserved in sequences compared to the catalytic domains of AAA+
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metalloproteases, the structures of periplasmic fragment from different members in the FtsH
family display high similarity. In addition, residues at the subunit interfaces in the hexameric
model of periplasmic fragment of E. coli FtsH show conservation as compared to the hexamer of
corresponding segment of m-AAA subunit (133, 134). This may indicate the role in
oligomerization of this periplasmic fragment. In contrast, experiment results from E. coli FtsH
showed that the second transmembrane segment is responsible for oligomerization. FtsH
truncation without the first transmembrane segment and the periplasmic fragment still maintains
the ATPase activity and is capable of degrading substrates, comparable to that of wild type
enzymes (135). Nonetheless, it is possible that the periplasmic fragment contributes additionally
to the stability of FtsH hexamer. It is also possible that this fragment plays a role in recruitment of
physiological substrates of FtsH that have recognition sequences in the periplasm. The roles of N-
domain in oligomerization and substrate recognition have also been suggested in other AAA+
proteases, such as ClpXP (136, 137) and CIpAP (138). Based on the conserved functions of FtsH
family members and the structural conservation characteristics of periplasmic fragment, it is
reasonable to speculate that the N-domain the transmembrane segment of YMEIL may have

similar functions in oligomerization and substrate engagement.

Substrate recognition and degradation

As discussed above, a substrate is generally recognized by a AAA+ protease through a
specific sequence called degron. In prokaryotes, degrons are usually stretches of short peptide
fragment of 10 — 20 residues. Well studied degrons of this type include ssrA (91, 92), sul20 (93)
and B20 (94). Degrons can be recognized in different ways by the AAA+ proteases, through the
pore loop, the N-domain, or corresponding adaptors (54). ClpXP recognizes the C-terminus of
ssrA, and substitution of the last two alanine residues in the ssrA tag by aspartate (ssrAPP) prevents
substrates with sstAPP attached from being degraded by the enzyme (91). Similar to the ssrA tag,
the C-terminal fragment of LpxC about 20-amino acid long is important for the degradation of
LpxC by FtsH (139). This fragment contains a conserved motif of non-polar residues and is highly
specific for substrate selection by FtsH. Substitution of the last four amino acids at the C-terminus
results in LpxC degradation by other proteases rather than FtsH. In the case of Lon protease, a
motif containing hydrophobic residues (FPLF) in UmuD is critical for substrate degradation (140).
A similar motif (WRFAWFP) is also found in the B20 degron to be important for substrate
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degradation by Lon (94). Similarly, a degron sequence was identified in YfgM, a transmembrane
protein degraded by FtsH under stress condition (141). Interestingly, other proteins carrying an N-
terminal YfgM-like degron were shown to be degraded by FtsH (142). This Y fgM-like motif may
represent a type of degron that mediates the degradation of certain substrates by protease members
in the FtsH family. Several experiment results suggested some criteria of substrate selection by the
1-AAA protease. Ymel seems to recognize the unfolded mDHFR (143), which can be achieved by
sensing the folding state as in the case of Lon (94), or by engagement of the recognition sequence
in mDHFR that becomes accessible when mDHFR is unfolded. The latter mode of substrate
selection by revealing recognition signal when proteins do not exist in their native
folding/assembly states may explain the degradation of unassembled Cox 2 by Ymel (115), and
the degradation of Upsl/Ups2 by Ymel without formation of complexes with Mdm35,
respectively (120). The human homolog of Ups1/Ups2, PRELI, was also reported to be degraded
by human YMEIL, which complexes with TRIAPI1, a human homolog of Mdm35 (121). In
addition, a minimum length requirement of about 20 amino acid residues was reported for
substrates to be degraded by the i-AAA and m-AAA proteases (109). However, no defined degron
sequences have been reported for substrate selection by YMEIL. Considering the existence of
versatile substrates of YMEIL, it is possible that YMEIL recognizes its substrates through specific

sequences.

Additionally, adaptor proteins may play roles in substrate degradation by the YMEIL
protease. Examples of prokaryotic adaptors have been reported, such as SspB for ClpXP (144,
145), ClpS for ClpAP (146), and MecA for ClpCP(147). SspB and ClpS interact with their
corresponding protease and degrons on the substrate, increasing the effective concentrations of
substrates on the enzyme. MecA is important for the oligomerization of ClpC to form an active
enzyme. Previous studies suggested that two inner membrane proteins, Mgrlp and Mgr3p, may
serve as Ymel adaptors (148, 149). Mgrlp or Mgr3p alone can bind unfolded DHFR, and both

proteins are required for association of unfolded DHFR with Ymel at a maximal extent (149).

FtsH seems to possess only weak unfoldase activity (150), which can also be inferred from
the experimental results of Ymel (109, 143). FtsH only degrades proteins with low stability, but
is incapable of degrading stable proteins such as GFP (150). In consistent, Ymel degrades
destabilized mDHFR rather than wild type mDHFR (109, 143).
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Although the cryo-electron microscopy structure of m-AAA has been reported (151), as
well as the crystal structure of the AAA+ module of paraplegin (86), crystal structures of the
hexameric FtsH protease containing both the ATPase domain and the peptidase domain (83-85)
at higher resolution provide more valuable information about models of substrate degradation by
enzymes in this family. Structural comparison between the apo-form of FtsH (83) and the one
complexed with ADP in all six subunits (84) indicates that domain movements occur in the AAA+
module, induced by different nucleotide-binding states. In the ADP-bound structure, AAA+
modules are rearranged to be more compact, compared to that in the apo structure. Moreover, four
phenylalanine residues in the pore loop of the ADP-bound FtsH hexamer move inward,
representing the behavior of substrate pulling by the pore loop. Alternatively, the structure of FtsH
from Thermus thermophilus suggests a different operation mode (85). The FtsH hexamer adopts a
configuration of alternate closed and open conformations. Adjacent subunits function as an active
unit, cycling through the steps of ATP hydrolysis. The proteolytically active site is inaccessible in
the closed-form subunit, and the phenylalanine residue in the pore loop of the closed-form subunit
directs the substrate peptide to the active site in the peptidase domain of the adjacent open-form
subunit for degradation. A beta-hairpin structure in the peptidase domain in the open-form subunit
precludes the direct access of catalytic site of protein degradation without the guidance of pore
loop in the closed-form subunit. Unfortunately, no structural data of i-AAA are available till now.
It would be interesting and important to determine the structures of i-AAA in different nucleotide-
binding states. Such structural information will shed light on mechanisms of substrate degradation.
In addition, these structural data will help to map substrate binding sites on i-AAA more precisely,
such as the surface exposed helices on the AAA+ module (NH) and the peptidase domain (CH)
that are important for substrate binding (152).

Despite the extensive characterization on substrates and cellular functions of
YMEI1L/Ymel, detailed mechanisms of how this enzyme can select diverse protein substrates
seemly unrelated are still poorly understood. This is largely due to the unavailability of an in vitro
system, which allows us to dissect biochemical reaction steps without the interference by other
mitochondrial proteases. Also, it is of importance to investigate whether YME1L/Ymel is capable
of applying significant forces to unfold stable proteins, considering that forces of certain strength
are required when degrading membrane integrated proteins by YMEIL/Ymel (115), which

requires prior dislocation of substrate proteins from the inner membrane.
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In this thesis, in order to establish an in vitro system for studying YMEI1L biochemically,
I reconstructed YMEIL by fusing a 32-residue polypeptide to the N-terminus of the catalytic
domains for inducing hexamerization, circumventing the solubility issue imposed by the
transmembrane segment of YME1L when expressing the protein using a heterologous system. The
resultant construct (hexYMEIL) is active in solution with the capabilities of hydrolyzing ATP and
degrading protein substrates. Michaelis—Menten kinetics measurement of hexYMEI1L shows that
YMEIL hydrolyzes ATP with comparable kinetics parameters as previously studied AAA+
proteases. I found that, in contrast to earlier findings, YMEIL is able to degrade stable protein
substrates, and that a degron sequence is necessary for mediating degradation. Degron position is
not restricted, it can localized to the N-terminus, C-terminus or internal of the substrate to be
degraded by the YMEIL protease. I also found that degradation of proteins by YMEI1L proceeds
in a processively way. In collaboration with Anthony Rampello in our lab, the model degron B-20
was further characterized in detail to show the preference of amino acid identities by YMEIL.
Degron length also contributes to protein degradation kinetics. Finally, I solved the crystal
structure of the ATPase domain of i-AAA from Myceliophthora thermophila. The structure shows
common features observed in other AAA+ modules. In sum, this engineering strategy is suitable
for biochemical study of YMEIL in vitro, allowing us to investigate individual steps in proteins
degradation. More importantly, application of this approach to other membrane AAA+ protease

could be appreciated.
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cristae

Figure 1.1 The structure of mitochondria.

A mitochondrion has a double membrane-enclosed structure. The outer membrane (OM) separates
the organelle from the cytosol. The inner membrane (IM) circles the innermost aqueous
environment, the matrix (M). Between the outer membrane and the inner membrane is an aqueous
environment called the intermembrane space (IMS). A structure called cristae are formed from
invagination of the inner membrane into the matrix.
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WalkerA
Lys/WA

Figure 1.2 Structure of the AAA+ module.

a. Hexameric AAA+ module of FtsH from Thermotoga maritima (PDB code: 2CE7, residues:
151-402). Each of the six subunits is represented in one color, with two subunits at opposite
positions shown in the same color. Large subdomains are colored in dark and the corresponding
small subdomains are colored in the light version, respectively. ATP molecules are shown as red
sticks and magnesium ions are represented as green spheres, respectively. b. Structure of AAA+
monomer of FtsH from Escherichia coli (PDB code: 1LV7). Large subdomain is comprised of a-
helices (cyan) and B-sheet (pink). The five B-strands constituting the core -sheet are organized in
an order of 51432. The small subdomain is composed of a-helices colored in yellow. Conserved
Walker A motifis colored in blue and Walker B motif is depicted in green color, respectively. Key
residues are shown as stick representation, including lysine in the Walker A motif (Lys/WA),
glutamate in the Walker B motif (Glu/WB), and sensor1, respectively.
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Figure 1.3 Multiple sequence alignment of AAA+ modules.

Multiple sequence alignment shows the conserved motifs and residues within the AAA+ module.
Ten sequences are grouped into two classes, with sequences 1-5 being group 1 and sequences 6-
10 being group 2, respectively. On top of the aligned sequences, secondary structures contained in
the PDB file of the AAA+ module of E. coli FtsH (PDB code: 1LV7) are indicated. Secondary
structures comprising the large subdomain are colored in blue and those constituting the small
subdomain are colored in yellow, respectively. Black triangles under the aligned sequences
indicate the conserved Walker A motif, while the yellow ones imply Walker B motif, respectively.
The lysine residues in the Walker A motif are bolded in black, and the glutamate residues in the
Walker B motif are bolded in yellow, respectively. Residues contained in the second region of
homology (SRH) of the classical AAA+ module (group 1) are shown in the cyan box, with arginine
fingers bolded in black and sensor 1 bolded in blue, respectively. The sensor 2 arginine residues
in group 2 are indicated in Green-fluo box and bolded in red, while at the corresponding position,
alanine residues are present (bolded in red in a Green-fluo box) in the classical AAA+ module
(group 1). Sequence alignment was implemented in the MultAlin webserver (153), and the figure
was prepared with ESPript 3.0 webserver (154).
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Figure 1.4 Domain organization of AAA+ proteases.

The AAA+ proteases are grouped into two categories. Group 1 contains FtsH, LonA, and LonB,
having the AAA+ ATPase domain and peptidase domain exist on the same peptide chain,
respectively. The AAA+ ATPase domain and peptidase domain are present on different peptide
chains in the AAA+ proteases belonging to group 2. Group 2 contains HsIUV, ClpXP, CIpAP,
ClpCP, PAN/20S (archaea), Mpa/20S (prokaryotes), Rptl-6/20S (eukaryotes). Two AAA+
modules (AAA+ 1 and AAA+ 2) are found in ClpA and ClpC, respectively. Extra elements are
indicated as N (N-domain), TM (transmembrane segment), linker, and I (intermediate domain),
respectively. AAA+ proteases are classified according to the review (54).
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Figure 1.5 General mechanism of substrate degradation by a AAA+ protease.

Degradation of a native substrate by a AAA+ protease can be divided into several steps,
engagement, unfolding, translocation, and degradation. A substrate is engaged by the AAA+
ATPase on the protease through an accessible degron present on the substrate (red fragment).
AAA+ ATPase unfolds the native substrate and translocates the unstructured polypeptide through
the central pore of the AAA+ module into the peptidase chamber. ATP molecules are hydrolyzed
during unfolding and translocation. Denatured peptide chain is cleaved into fragments of
oligopeptide by the peptidase. Blue star indicates the active site inside the peptidase chamber. Only
3 subunits of the protease are shown for clarity.
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Figure 1.6 Mitochondrial AAA+ proteases in the inner membrane.

a. Domain organization of i-AAA (YMEIL homohexamer in human and Ymel homohexamer in
yeast) and m-AAA (AFG3L2 homohexamer and AFG3L2/paraplegin heterohexamer in human,
and Ytal0/Ytal2 heterohexamer in yeast). i-AAA contains an N-terminal domain (N), followed
by a transmembrane segment (TM). The ATPase domain (AAA+) and the peptidase domain of i-
AAA are located at the C-terminus of the protein. Similarly, m-AAA contains all four domains,
with the only difference of two transmembrane spans (TM1 and TM2) present. b. Domain
orientation of i-AAA and m-AAA in the inner membrane of mitochondria. The ATPase domain
and peptidase domain of i-AAA reside in the intermembrane space, while the catalytic domains of
m-AAA face the matrix. Colors are matched for each domain between the two panels.
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Chapter 2 — Materials & Methods

The preparation of GFP variant constructs, purification of GFP variants and
degradation of GFP variants were performed by Anthony Rampello in Dr. Steven Glynn

laboratory at Stony Brook University.

2.1 Construct preparation

2.1.1 Human YMEI1L

The coding sequence of ATPase domain and peptidase domain (residues 317-773 of
isoform 1) of human YMEIL (UniProt Entry: Q96TA2), termed YME1L-AP, was amplified using
PCR and constructed into a 2G-T vector (MacroLab, Addgene ID: 29707), a 2M-T vector
(MacroLab, Addgene ID: 29708), and a 2S-T vector (MacroLab, Addgene ID: 29711), according
to the Ligation independent cloning (LIC) protocol, respectively. The resultant construct includes

a Hiss-GST tag fused to the N-terminus of YMEIL-AP.

To generate a hexameric homo-oligomer of YMEI1L-AP, hexYMEIL, a codon optimized
DNA sequence encoding a 32-residue polypeptide (ccHex (155) : GELKATAQELKAIAKEL
KAIA WELKAIAQGAG) was synthesized by Genscript, PCR amplified, and inserted into a
modified 2G-T vector in our lab. Compared to YME1L-AP, the recombinant hexYMEI1L contains
an extra sequence (GELKATAQELKAIAKELKAIAWELKAIAQGAGGSGSYFQSNA) between
Hise-GST and the catalytic domains of YMEIL, with the underlined 10-residue sequence

functioning as a linker separating cc-hex and YMEI1L-AP. The DNA sequence used to generate
the modified 2G-T vector in our lab is inserted into the Sspl cutting site in the original 2G-T vector.
The DNA sequence is as follows: GGTAGCGGTAGTGGCGAACTGAAAGCGATCGCG
CAGGAGCTGAAGGCGATTGCCAAAGAATTAAAAGCCATCGCATGGGAGTTGAA
AGCTATCGCTCAGGGCGCGGGGTACTTCCAATCCAAT. Bolded sequence indicates the

sequence encoding ccHex, and the flanking two short sequences are codons for linker amino acids.

Truncated constructs of YMEIL were prepared by PCR amplification using YMEL1-AP
as a template, then the amplicons were inserted into a 2G-T or 2M-T(MacroLab, Addgene ID:
29708), respectively. Constructs with a 2G-T plasmid backbone contain a Hise-GST fragment
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fused to its N-terminus, respectively, whereas the 2M-T plasmid gives rise to an N-terminal Hise-

MBP fusion protein. All the truncated YMEIL constructs generated are summarized in Table 2.1.

The ATPase inactive variant of hexYME1L 54392 was prepared following “Round-the-horn”

site-directed ~ mutagenesis  protocol  (http://openwetware.org/wiki/'Round-the-horn_site-

directed mutagenesis), and the hexYMEIL construct was used as a template.

2.1.2 i-AAA from Myceliophthora thermophila

i-AAA protease from Myceliophthora thermophila (UniProt Entry: G2QPIS) is termed
IMT. To produce different truncations of IMT, cDNA sequences corresponding to the designated
fragments were PCR-amplified and inserted into a 2G-T or 2M-T vector, respectively, following
LIC protocol. Fusion proteins were attached to the N-termini of recombinant proteins similar to
the truncations of YMEIL, depending on the vectors used to produce the plasmids. Summary of

truncations of IMT is shown in Table 2.2.

2.1.3 Substrates

2.1.3.1 127 and variants

Constructs of 127 and certain variants (127-p20, 127P;,$20, and B20-ACI-N) (94) were a
generous gift provided by Dr. Robert Sauer (MIT). To create the mDHFR-127-f20 chimeric
construct, an mDHFR-sul20C plasmid, provided by Dr. Robert Sauer (MIT), was used as a
template. The DNA sequence of C-terminal sul20C was initially exchanged by the coding
sequence of $20 using PCR. Then a DNA sequence encoding 127 and a peptide (GSGS) which
functions as a linker and is attached to the immediate N-terminus of 127, was PCR-amplified and
inserted between mDHFR and 20 sequences.

127°P-17A and 127°P-17B were constructed by “Round-the-horn” PCR, with the cDNA
sequences of the C-terminal fragment (residues: 136-171) of human TIM17A (UniProt Entry:
Q99595) and C-terminus (residues: 136-172) of human TIM17B (UniProt Entry: O60830)
attached to the C-terminus of 127°P, respectively. 127P was produced by PCR using 127P;, 20
as a template, and the coding sequences of C-termini of human TIM17A and TIM17B were
provided by Dr. R. L. Wiseman (The Scripps Research Institute).

25



2.1.3.2 Ups1/2-Mdm35 and PRELI/TRIAP1

Coding sequences of Ups1 (UniProt Entry: Q05776) and Mdm35 (UniProt Entry: 060200)
from Saccharomyces cerevisiae were PCR amplified from yeast genomic DNA and subcloned into
a pACYCDuet-1 (Novagen) vector together. Mdm35 was firstly cloned into the pACYCDuet-1
vector using Ndel/Xhol (New England Biolabs) restriction enzymes, then the DNA sequence of
Upsl was inserted into Mdm35-pACYCDuet-1 plasmid between the EcoRI/Notl cloning sites.
This construct results in N-terminally Hises tagged Ups1 and untagged Mdm35.

Ups2 (UniProt Entry: P35200)/Mdm35 were constructed using the same protocol as that
used for Ups1/Mdm35, with Ups2 cloned between the EcoRI/NotlI restriction sites. Human PRELI
(UniProt Entry: Q9Y255) and TRIAP1 (UniProt Entry: O43715) were PCR amplified and cloned
into the pACYCDuet-1 vector. TRIAP1 amplicon and pACYCDuet-1 were treated with
Ndel/Xhol restriction enzymes, ligated and transformed into DH5a for plasmid reproduction. The
resulting TRIAP1-pACY CDuet-1 plasmid was further employed to incorporate PRELI, utilizing
the EcoRI/Notl cloning sites.

2.1.3.3 GFP variants

Plasmids containing the coding sequences of cp7-S*GFP-B20, cp6-S*GFP-B20, B20-cp7-
SEGFP, cp7-S*GFP were generously provided by Dr. Robert Sauer (MIT) (88), and cp7-S'GFP
variants containing indicated degrons were produced by PCR, with coding sequences of degrons

attached to the appropriate positions.

2.2 Protein expression and purification

All protein purification steps were carried out at 4 °C unless specified.

2.2.1 Human YMEIL

Plasmids containing YMEIL-AP (2G-T) or hexYMEIL (modified 2G-T) were
transformed into E. coli BL21 (DE3), separately, to allow expression under control by T7
polymerase and T7 promoter. Inoculation into 50 ml LB medium from corresponding glycerol

stocks was carried out in the early morning and cells were grown at 37 °C until ODsoo reached
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around 0.2 — 0.3. Cells were then sub-cultured into flasks containing 1 liter LB medium each, with
a ratio of 1:125. After the growth of cells at 37 °C reached a value of ODgoo around 0.3, the
temperature was brought down to 16 °C to allow additional growth until ODgo = 0.6. IPTG was
added at a final concentration of 0.5 mM to induce protein expression at 16 °C for 16 hours. Cells
were pelleted and washed in buffer A (25 mM Tris-HCI pH 8.0, 300 mM NaCl, 10% glycerol, 0.1
mM EDTA, 10 mM MgCl).

After resuspension in buffer A supplemented with 10 mM BME and 1 mM PMSEF, cells
were lysed by sonication in the cold room. The cell lysate was spun down at 15, 000 rpm (Beckman
Coulter, JA-20 rotor) for 30 minutes. Clarified supernatant was applied to Glutathione Superflow
Agarose (Pierce) resins manually packed in a gravity column, which was equilibrated in buffer B
(buffer A supplemented with 10 mM BME). Resins were then washed extensively in buffer B to
remove unbound proteins. 10 mM glutathione was added to buffer B to elute target protein from

the resins.

Fractions were pooled and the Hiss-GST tag was removed from the fusion protein by TEV
protease digestion overnight, with a ratio of 1 mg TEV / 50 mg fusion protein. Samples were
applied to a gravity column containing Ni-NTA agarose (Thermo Scientific) equilibrated with
buffer A supplemented with 10 mM imidazole in the absence of EDTA to remove the cleaved
Hise-GST tag and TEV protease. YMEI1L-AP or hexYMEIL containing fractions flowed through
Ni-NTA agarose resin were collected and concentrated using an Amicon centrifugal filter unit
(Merck Millipore) with a molecular weight cut-off of 30 kDa or 100 kDa, respectively. An SEC
step in a Superose 6 10/300 GL column (GE Healthcare), equilibrated with buffer C (10 mM Tris-
HCI pH 8.0, 100 mM NaCl, 10% glycerol, 0.1 mM EDTA, 5 mM MgCl,, and 1 mM DTT), was
employed for final polishing of purification. Protein fractions corresponding to the correct
oligomeric state were pooled and concentrated using an Amicon centrifugal filter unit with an
appropriate molecular weight cut-off to a final concentration around 10 mg/ml, then flash-frozen
in liquid nitrogen and stored at -80 °C. hexYMEIL 492 was expressed and purified using the
same protocol as that of hexYMEIL.

Expression and purification of truncations of YMEI1L were similar to YME1L-AP, except
that Ni-NTA agarose resins instead of glutathione agarose resins were used as the first purification
step for truncated constructs carrying 2M-T vectors. Proteins were subjected to SEC polishing for

final purification in buffer C without EDTA and MgCl,.
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2.2.2 i-AAA from Myceliophthora thermophila

IMT constructs were expressed and purified by similar protocols as those for truncated
constructs of YMEIL. Strategies of initial purification were chosen depending on the tag fused to

certain construct.

2.2.3 Substrates

2.2.3.1 127 and variants

Plasmids harboring 127 and 127-B20 coding sequences were transformed into E. coli BL21
(DE3) for protein expression, separately. Cells were initially grown at 37 °C until ODgoo = 0.6,
then protein expression was induced by application of IPTG at a final concentration of 0.5 mM at
18 °C for 16 hours. Cells were harvested and re-suspended in buffer D (20 mM Tris-HCI pH 8.0,
300 mM NaCl, 10 mM imidazole, 10% glycerol, 1 mM PMSF). The cell lysate was clarified by
centrifugation after sonication for cell lysis. Unbound proteins were removed by washing resins
with buffer D supplemented with imidazole to a final concentration of 50 mM. 500 mM imidazole
in buffer D was applied to elute proteins of interest. Proteins were further purified by SEC in a
HiLoad 16/600 Superdex 200 column (GE Healthcare) in buffer E (10 mM Tris-HCI pH 8.0, 100
mM NaCl, 10% glycerol). Peak fractions containing target proteins at positions of correct retention

volume were pooled, concentrated, and flash-frozen prior to storage at -80 °C.

127%PinB20, 127P-17A, and 127°P-17B were expressed in E. coli BL21 (DE3). Initial
culture was grown at 37 °C, and 0.5 mM IPTG was added when ODsoo = 0.6 to allow induction of
protein expression at 37 °C for 3 hours. Cells were harvested and lysed by sonication in buffer F
(20 mM Tris-HCI pH 8.0). All three 127 variants were expressed as inclusion body and were
pelleted by centrifugation at 15, 000 rpm for 30 minutes (Beckman Coulter, JA-20 rotor). Insoluble
127 variants were washed twice in buffer F then dissolved in buffer F with the addition of 6 M
GuHCI. Target protein was incubated with Ni-NTA agarose resin followed by washing in buffer
F containing 10 mM imidazole then eluted with 500 mM imidazole supplemented. Eluted fractions
were subjected to a HiTrap Desalting column (GE Healthcare) for buffer exchange into 10 mM
Tris-HCI pH 8.0, 100 mM NaCl. Proteins were concentrated, flash-frozen in liquid nitrogen and
stored at -80 °C.
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2.2.3.2 Ups1/Mdm35, Ups2/Mdm35, and PRELI/TRIAP1

pACYCDuet-1 plasmids containing yeast Upsl/Mdm35, Ups2/Mdm35, or human
PRELI/TRIAP1 coding sequences were transformed into E. coli Origami 2(DE3) cells, separately.
Cells were grown at 37 °C to ODeoo = 1.2 and induced with 0.5 mM IPTG to allow co-expression
for 5 hours at 30 °C. Cells were lysed by sonication in buffer G (50 mM Tris-HCI pH 8.0, 100 mM
NaCl, 1 mM PMSF and 40 mM imidazole). After clarifying by centrifugation, target proteins were
bound to Ni-NTA agarose resin and unbound proteins were eliminated by applying buffer G.
Protein complexes were eluted in buffer G containing 500 mM imidazole, and loaded onto a
Superdex 75 10/300 GL column (GE Healthcare) equilibrated with buffer G in the absence of
PMSF and imidazole for final purification. Target protein complex eluted at expected volume was

pooled, concentrated, flash-frozen in liquid nitrogen and placed at -80 °C for long-term storage.

2.2.3.3 GFP variants and mDHFR-127-$20

E. coli BL21 (DE3) cells containing plasmids that harbor coding sequences of cp6/cp7
variants with different degrons and mDHFR-127-B20 were grown at 37 °C, separately. Proteins
were expressed upon addition of 1 mM IPTG at 16 °C for 16 hours. After lysis by sonication and
clarifying by centrifugation in buffer H (25 mM Tris-HCI pH8.0, 300 mM NacCl, 10% glycerol, 10
mM BME, and 10 mM imidazole), proteins were bound to Ni-NTA agarose resins. Target proteins
were eluted following washing the resins thoroughly and purification was proceeded on a HiLLoad
16/600 Superdex 200 column in buffer E supplemented with 1 mM DTT. Peak fractions containing

proteins of interest were pooled, concentrated, flash-frozen in liquid nitrogen and stored at -80 °C.

23 Biochemical assays

2.3.1 ATPase assay

An established protocol of coupled assay (156) was employed to characterize ATPase
activity of YMEIL. A SpectraMax M5 plate reader (Molecular Devices) was used for the assay
with a kinetics mode selected. Consumption of NADH was followed by monitoring the loss of
absorbance at 340 nm for 20 minutes with an interval of 10 seconds between reads. Reaction was

carried out in a 384-well clear/flat-bottom plate at 37 °C (Corning) in buffer I (25 mM HEPES-
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KOH pH 8.0, 10% glycerol, 5 mM MgCl;, | mM NADH, 21.5 U/ml LDH) supplemented with
components for ATP regeneration (5 mM ATP, 7.5 mM PEP, and 18.8 U/ml pyruvate kinase PK)
in a total volume of 30 pl, in the presence of 1 pM hexYMEIL. Effects of substrates on ATPase
activity at different concentrations of hexYMEI1L were assayed with 20 pM substrates included,
respectively. The ATPase rate was calculated according to the formula: total ATPase rate = [rate
of A340 nm signal loss (milliunit per minute)] / [pathlength (in cm) * 6.23 * hexYMEIL

concentration (in pM)]

2.3.2 Protein Degradation assay

Protein degradation was performed in buffer J (25 mM HEPES-KOH pH 8.0, 100 mM KCl,
10 % glycerol, 1 mM DTT, 10 mM MgCly, 25 uM ZnClz) at 37 °C, including an ATP regeneration
system (5 mM ATP, 20 mM PEP and 18.75 U/ml PK). hexYMEIL at a final concentration of 1

UM or 2 uM was introduced in the reaction, as indicated.

Michaelis—Menten kinetics characterization of GFP variants degradation was conducted in
a 384-well black/flat-bottom plate (Corning) in a total volume of 30 ul at indicated substrate
concentrations, implemented in a SpectraMax M5 plate reader. A kinetics mode was selected and
the fluorescence signal (excitation = 467 nm, emission = 511 nm, auto cut-off = 495 nm) was
recorded for 1 hour with a 10-second interval to quantify the degradation of GFP proteins. To
calculate the rate of GFP variants degradation, the initial RFU was converted according to the
concentration of GFP variants used in the reaction to correlate the RFU value and 1 uM GFP
variant. Then the rate of protein substrates consumption was calculated, using [GFPs/(unit time *

hexYMEI1L molecule)] as the rate of GFP degradation.

To quantify the degradation of non-fluorescent proteins and to visualize GFP variants
degradation, proteins were resolved by SDS-PAGE then stained with Coomassie Brilliant Blue R-
250 (Bio-Rad). Reactions were carried out in the presence of 20 uM substrate (10 pM
Ups1/Mdm35) in a total volume of 100 pl, with the inclusion of 0.1 mg/ml CK for normalization
of quantification. Aliquots were taken at indicated time points, mixed with 4X SDS-PAGE loading
buffer, heated at 90 °C for 10 minutes and subjected to SDS-PAGE. Gels were scanned using Gel
Logic 212 Pro (Carestream Health), quantified by ImageJ (157) and CK was used as a loading

control to normalized the quantification.
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The chimeric protein, mDHFR-127-$20 (10 uM), degradation was assayed with MTX
present (100 uM) or absent. Quantification of protein bands stained with Coomassie Brilliant Blue
R-250 on SDS-PAGE was implemented by ImageJ (157) and the intensities were normalized to
that of hexYMEIL to minimize loading errors. The processivity ratio was calculated as previously

described according to the definition (158).

24 Analytical size exclusion chromatography

200 pl of a total amount of 1 mg hexYMEIL in the presence or absence of nucleotide was
loaded onto a Superose 6 Increase 10/300 GL (GE Healthcare) column at 4 °C. Purified
hexYMEIL in the absence of EDTA or ATP analogue was incubated on ice for 1 hour, then
injected onto the column equilibrated in buffer J (50 mM Tris-HCI pH 8.0, 100 mM NacCl, 0.5 mM
TCEP). EDTA-treated hexYME1L was incubated in buffer J supplemented with 5 mM EDTA on
ice for 1 hour prior to loading onto the column, which was equilibrated in buffer J with the addition
of 5 mM EDTA. To allow ATPyS to bind to hexYMEIL, additional 10 mM ATPyS, and 10 mM
MgCl; were added to EDTA-treated hexYMEIL and 1-hour incubation on ice was allowed before
applying to the column. 100 uM MgCl, and 100 uM ATPyS were included in the buffer for SEC

analysis.

2.5  127/127-B20 carboxymethylation

Carboxymethylated 127/127-$20 (“M127/“M127-B20) were produced similarly as previously
described (158). Briefly, 127/127-f20 were unfolded in a buffer containing 0.6M Tris-HCI pH 8.6,
6M GuHCI, 5SmM DTT, for 3 hours at room temperature. Cysteine residues in the reduced form
were then chemically modified by carboxymethylation upon the addition of freshly prepared
iodoacetic acid with a molar ratio of 100-fold excess and incubated for 2 hours in the dark.
Following carboxymethylation, proteins were loaded onto a HiTrap Desalting column (GE

Healthcare) for buffer exchange into 5 mM sodium phosphate pH 8.0.

2.6 Circular Dichroism

Circular dichroism characterization of native and carboxymethylated 127/127-f20 was

carried out at 25 °C and a protein concentration of 20 uM in 5 mM sodium phosphate pH 8.0. A
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quartz with a path length of 1 mm containing samples was placed in an Olis RSM CD
spectrophotometer (Olis). Raw data of ellipticity were taken from 190 nm to 310 nm, with total
240 data points. Three scans were performed three times and the values were averaged. 1 mg/ml
camphorsulfonic acid dissolved in ddH>O was used at the beginning of the CD measurement as a
standard to monitor the status of the CD instrument. Molar ellipticity was calculated from raw data

with a unit of degs * cm? * mol™.

2.7  UV-VIS spectroscopy

Proteins at indicated concentrations (127/127-p20, “M127/M127-B20) were placed in a
quartz cuvette with a path length of 1 cm, individually. Protein solution was resuspended well
using pipettes. The absorbance signal was recorded for wavelengths from 200 nm to 550 nm at
37 °C using a SpectraMax M5 plate reader, with a step size of 1 nm. Absorbance signal of

wavelengths > 320 nm was examined to monitor protein aggregation (159).

2.8  X-ray crystallography

2.8.1 Crystallization

Crystallization was carried out using the hanging-drop vapor diffusion method by mixing
an equal volume of protein and reservoir solution at 20 °C. 7mg/ml number 11 construct of
YMEIL (YMEIL-11) was incubated with 5 mM ADP/MgCl; or 5 mM ATPyS/MgCl; for 1 hour
on ice, respectively. YMEIL-11 were then screened against commercially available sparse

screening kits by mixing 1 pl of the protein with 1 pl of reservoir solution.

7.5 mg/ml of number 4 construct of IMT (IMT-4) and 7 mg/ml of number 9 construct of
IMT (IMT-9) were allowed for a 1-hour incubation with 5 mM ADP/MgCl on ice, respectively.
Crystals of IMT-4 were grown by mixing 1 pl of IMT-4 with 1 pl of reservoir solution containing
0.2M L-Proline, 0.1 M HEPES pH 7.4, 9% PEG 3350. 30-35% glycerol were included in reservoir
solution as a cryoprotectant for IMT-4 crystals. IMT-9 crystals were obtained by mixing 1 pl of
the protein with 1 pl of reservoir solution containing 0.2M Ammonium Citrate pH7.3, 14% PEG
3350. Crystals were cryoprotected in reservoir solution with the addition of 25% glycerol. After

cryoprotected, all crystals were flash-frozen in liquid nitrogen.
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2.8.2 Data collection and structure determination

Diffraction data were collected at the BL14-1 beamline of the Stanford Synchrotron
Radiation Lightsource (SSRL, Stanford, California). IMT-4 crystals did not give rise to a good
diffraction quality. Diffraction data of IMT-9 crystals were collected to 2.45 A at a wavelength of
1.18076 A using a CCD MAR325 detector in oscillation mode with an oscillation angle of 0.5°
and an exposure time of 3.0 seconds at 100 K. A total number of 460 diffraction images were

collected.

Data were indexed, integrated, and scaled using HKL.2000 (160), Molecular replacement
was implemented in Phaser (161) for calculating the initial phase with an FtsH structure (PDB
code: 1LV7) prepared by phenix.sculptor (161) as a search model guided by sequence alignment.
Model completion was initially performed using phenix.autobuild (161), and further refinement
was carried out by iterations of manual model building in COOT (162) and phenix.refine (161)
with NCS restraints applied. TLS refinement was included at the later stage of refinement with the
definition of TLS group determined by TLSMD implemented in PHENIX (161), and waters were
added when refinement was close to complete under the guidance of difference maps and
examination of the surrounding chemical environment. Model quality was validated by
MolProbity (163). Structure figures were prepared using PyMOL (The PyMOL Molecular
Graphics System, Version 1.8.4.0 Schrodinger, LLC.)
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Table 2.1 Deletion constructs of the human YME1L protein.

AP stands for constructs containing ATPase and peptidase domain; number stands for the
numbering of constructs generated. Fragment indicates the starting and ending positions of
corresponding construct. Constructs are cloned into 2G-T or 2M-T vector, with corresponding
GST or MBP fusion tag at the N-terminus. Columns of Ext.Coff., Mw, and pl show the extinction
coefficient, molecular weight and isoelectric point of the corresponding construct after cleavage
of fusion tag, respectively.

Domain number Fragment Vector Ext.Coff. Mw pl

1 331-765 2G-T 24300 48521 6.07

2 331-767 2G-T 24300 48707 5.95

3 331-773 2G-T 24300 49460 6.21

4 335-765 2G-T 24300 48033 5.95

AP 5 335-767 2G-T 24300 48219 5.84

6 335-773 2G-T 24300 48973 6.08

7 344-765 2G-T 24300 47021 5.88

8 344-767 2G-T 24300 47207 5.77

9 344-773 2G-T 24300 47961 6.01

10 331-580 2M-T 10930 27783 5.63

11 331-585 2M-T 10930 28409 5.89

AAA+ 12 335-580 2M-T 10930 27297 5.45
13 335-585 2M-T 10930 27922 5.65

14 344-580 2M-T 10930 26284 5.31

15 344-585 2M-T 10930 26910 5.49
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Table 2.2 Deletion constructs of the i-AAA protein from Myceliophthora thermophila.

AP stands for constructs containing ATPase and peptidase domain; number stands for the
numbering of constructs generated. Fragment indicates the starting and ending positions of
corresponding construct. Constructs are cloned into 2G-T or 2M-T vector, with corresponding
GST or MBP fusion tag at the N-terminus. Columns of Ext.Coff., Mw, and pl show the extinction
coefficient, molecular weight and isoelectric point of the corresponding construct after cleavage

of fusion tag, respectively.

Domain number Fragment Vector Ext.Coff. Mw pl
1 238-670 2GT 30700 47592 7.31
2 238-680 2GT 30700 48718 7.89
AP 3 241-670 2GT 30700 47265 6.90
4 241-680 2GT 30700 48391 7.31
5 249-670 2GT 30580 46635 6.78
6 249-680 2GT 30580 47761 7.14
7 238-483 2MT 9650 26914 9.25
8 238-488 2MT 9650 27486 9.36
9 241-483 2MT 9650 26587 9.12
AAA+ 10 241-488 2MT 9650 27159 9.25
11 249-483 2MT 9530 25685 9.22
12 249-488 2MT 9530 26257 9.34
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Chapter 3 — Establishment of an in vitro system and the biochemical characterization of

YMEI1L

Most results in this chapter have been published in the research article: Shi H, Rampello
AlJ, Glynn SE. Engineered AAA+ proteases reveal principles of proteolysis at the mitochondrial

inner membrane. Nature Communications 7: 13301. doi:10.1038/ncomms 13301

The preparation of GFP variant constructs, purification of GFP variants and
degradation of GFP variants (Figure 3.12b-d, Figure 3.13, Table 3.1, and Table 3.2) were
performed by Anthony Rampello in the Steven Glynn laboratory at Stony Brook University.

3.1 Reconstruction of an active hexameric i-AAA enzyme

3.1.1 The catalytic core domains of YMEIL do not assemble into active hexamers

As mentioned previously, the lack of an in vitro system for exploring YMEIL
biochemically greatly impeded our understanding of this important protease. In order to obtain
reasonable amount of the YMEI1L protein for in vitro assay and structural studies, a prokaryotic
expression system was utilized. The catalytic domains of humanYMEIL range from residues 317
to 773, containing the AAA+ ATPase module and the M41 peptidase domain (UniProt ID:
Q96TA2). This fragment of YMEI1L was sub-cloned and was termed YMEI1L-AP (Figure 1.8a).
When expressed in the E. coli strain BL21 (DE3), good yields of YMEIL-AP proteins with
different N-terminal fusion tags were obtained upon induction by IPTG (Figure 3.1a). Comparing
the relative expression levels and ease of purification of these proteins, the Hiss-GST-fused
YMEI1L-AP construct was chosen for use in future experiments. After multiple purification steps
and removal of the Hiss-GST tag by cleavage with TEV protease, the purity of final YMEL1-AP
protein was greater than 95% as assayed by SDS-PAGE (Figure 3.1b). As AAA+ modules are
typically required to hexamerize in order to carry out ATP hydrolysis (54, 64), an oligomeric form
of YMEI1L-AP was expected to be observed. However, YMEIL-AP eluted approximately as a
monomer as calculated from the elution volume in size exclusion chromatography (Figure 3.2).
Previous studies have shown that AAA+ proteins can form oligomers in a concentration and/or

nucleotide-dependent manner, as in the case of ClpB (164-166). This transition among different
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oligomeric forms could also exist in YME1L-AP. Therefore, the monomeric state observed in size
exclusion chromatography might be a result of the dilution of YME1L-AP when migrating on the
column.

A protocol of three-step coupled enzyme reactions (156) was used to test whether YME1L-
AP is competent to hydrolyze ATP (Figure 3.3). Disappointedly, YME1L-AP did not show any
detectable activity of ATP hydrolysis, even at high concentrations of ATP or enzyme. Although
previous studies showed that the cytosolic fragment of the YMEIL homolog, FtsH, from a
thermophilic bacteria is hexameric and active (85), it is very likely that YME1L-AP exists as a
monomer and is inactive in hydrolyzing ATP in solution regardless of the concentration of

YMEI1L-AP or nucleotide, which is consistent with previous results from yeast Ymel (143).

3.1.2 hexYMEILL forms a hexamer in vitro and is able to hydrolyze ATP and degrade casein.

The inability of YME1L-AP to form a hexamer in solution likely accounts for its lack of
ATPase activity, which may be caused by the removal of the N-terminal region (the N-domain and
the transmembrane segment) preceding YME1L-AP. Indeed, it has been suggested that the second
transmembrane segment of E. coli FtsH is important for its oligomeric state and proteolytic activity
(135), which was further supported by in vivo (167) and in vitro (168) experiments. We sought
ways to modify the YMEIL-AP construct to promote its oligomerization, by replacing the
transmembrane sequence with a soluble counterpart. Although fusing leucine zipper or
transmembrane spans from other mitochondrial inner membrane proteins to the N-terminus of
cytosolic fragment induce oligomerization of FtsH (167, 168), the methods do not guarantee the
formation of correct hexamers. After testing different approaches, a rationally designed peptide
comprised of 32 residues was found to satisfy our purpose (155). The so-called cc-hex peptide
homo-hexamerizes in solution (Figure 2f from reference (155)) (Figure 3.4a) with a size of 47.8
A *33.5 A *32.2 A as measured for in PyMOL. We appended the cc-hex sequence to the N-
terminus of YMEIL-AP, with a linker sequence separating the cc-hex and YMEIL-AP, and the
resulting construct was named hexYMEIL (Figure 3.4b). The hexYMEIL protein was purified to
a comparable purity to that of YMEIL-AP (Figure 3.5a). As expected, the elution peak of
hexYMEIL shifted to a position corresponding to a higher molecular weight by size exclusion
chromatography, compared to that of YMEIL-AP (Figure 3.5b). The calculated apparent

molecular weight of hexYMEIL is 295.6 kDa, close to the theoretical hexamer molecular weight
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of 333.0 kDa, indicating that hexYMEIL exists in a hexamerization state in solution. Taking the
above-mentioned nucleotide-dependent oligomerization into account, we next examined whether
the hexamerization of hexYMEIL depends on incorporation of nucleotides, although no
nucleotide is supplied when purifying hexYMEIL and hexamerization of cc-hex does not rely on
nucleotide. Unsurprisingly, no obvious change was seen on the size exclusion chromatography
profiles of hexYMEI1L upon addition of the non-hydrolysable analog ATPyS, or when treated with
a high concentration of EDTA to chelate magnesium ions and interrupt binding of any
endogenously bound nucleotides (Figure 3.5¢). Taken together, it can be concluded that
hexYMEIL exists as an oligomer in solution, most likely as a hexamer, and the oligomerization

behavior depends on the addition of cc-hex, rather than nucleotide.

The formation of a correct hexamer is a prerequisite for high ATPase activities of AAA
proteins (64, 135, 165). The assembly of monomers into a hexamers results in the formation of
interfaces between adjacent monomers, allowing information to be passed between neighbouring
subunits to coordinate movements and ATP hydrolysis within the hexameric ring (54, 64). We
then used the same ATPase assay (Figure 3.3) (156) to confirm that the reengineered hexYMEIL
is functional in efficiently hydrolyzing ATP. After detection of ATPase activity of hexYMEIL,
the reaction conditions of the assay were optimized against pH and salt type and enzyme
concentration. hexYMEIL is most active at pH 8.0 and without salt present in the buffer (Figure
3.6a). This is not surprising, as previous research has suggested that activities of AAA proteins are
lower at high salt concentration due to the destabilization of hexamers (164, 166). ATPase activity
at pH values higher than 8.0 or lower than 7.0 were also tested, but the results showed lower ATP
hydrolysis activity. The optimal conditions were then used to measure steady-state kinetics of
hexYMEIL ATPase activity, and the data fit well to the Hill version of the Michaelis—Menten
equation (R? = 0.9832) (Figure 3.6b). hexYMEIL exhibits comparable activity (Vmax = 42.4
ATPs * min! * hexYMEIL™!, Kyi2= 1.4 mM) to those determined for purified FtsH (135) and 26S
proteasome (169). The value of the Hill coefficient is 2.4, suggesting a positive cooperativity in

ATP hydrolysis by hexYMEIL.

As a AAA+ protease, YMEIL catalyzes the degradation or processing of protein substrates
(49). AAA+ proteases unfold a stable substrate, followed by translocation of the unstructured
polypeptide into the peptidase chamber where it is digested into small peptide fragments (54). In

order to demonstrate that hexYMEIL is able to degrade proteins, a general substrate of proteases,

38



B-casein, was employed. Because of the unstructured property of B-casein, the initial unfolding
step in the degradation process is not involved. B-casein was degraded by hexYMEIL in the
presence of ATP, whereas hexYMEIL did not show any protease activity against B-casein when
ATP is absent or ATPyS is provided instead of ATP (Figure 3.7a-c, e). To rule out the possibility
that the observed casein degradation is a result of contaminating enzymes, we substituted the
conserved glutamate (position 439) in the Walker B motif with a glutamine (hexYME1LE49Q),
The glutamate is the catalytic residue for ATP hydrolysis, activating the water molecule bound
near the ATP, which then carries out nucleophilic attack to break the terminal phosphate bond of
the ATP molecule. This E439Q substitution severely impairs the ATPase activity of hexYMEIL,
yet still allows ATP to bind to hexYMEI1L. No degradation of B-casein by hexYME1LE*Q was
observed within the 1-hour reaction (Figure 3.7d, e). In addition, no appreciable ATP hydrolysis
was seen for hexYME1LE#?Q, The rate of B-casein degradation by hexYMEIL was calculated to
be 0.49 + 0.08 molecules min™! hexYME1L™!, based on data points within the initial 20 minutes of
the reaction (Figure 3.7f). In summary, these results indicate that hexYMEIL is an active enzyme
in solution, holding both of the ATPase and protease activities, and that hexYMEIL is able to

translocate and degrade unfolded substrates in an ATP-dependent manner.

3.2 Degradation of protein substrates by YMEIL requires a degron sequence

Similar to hexYMEI1L, FtsH from Thermos thermophiles has been shown to digest a-casein,
as well as various unstructured model substrates at high temperature (65 °C) with no apparent
strictly conserved motif (170). Also, E. coli FtsH was shown to degrade its natural substrate ¢
both in vivo and in vitro (66, 135). Considering the wide range of substrates of YMEIL, it is
reasonable to speculate that there exists some criteria for YMEIL to select proteins to be degraded
or processed. The selection can be achieved by either recognition of accessible degrons (54, 171)
or simply engaging exposed unfolded polypeptide (170). Some well-characterized degrons of other
AAA+ proteases include ssrA (54, 172), sul20C and B20 (89, 90, 94).

To distinguish between these models of substrates selection by YMEI1L, we took advantage
of a model substrate, the 127 domain of human titin (173). Degradation reactions were performed
on four substrates: the native protein with a folded structure (127), the folded protein with a C-
terminal 20 tag (127-f20) (B20 sequence: QLRSLNGEWRFAWFPAPEAV) (94), a denatured
127 protein generated by carboxymethylation of cysteine reisdues (“MI27), and the unfolded 127
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carrying a B20 tag at the C-terminus (“MI27-p20) (Figure 3.8). Carboxymethylation of the two
cysteines that fold into the interior of 127 irreversibly unfold the protein but retain the solubility of
127 (173). Successful disruption of the native structure of 127 proteins was verified by circular
dichroism spectroscopy (Figure 3.9a). In order to rule out the possibility of aggregation of proteins
as a result of denaturation, UV-VIS spectra for the proteins were taken at a wavelength range of
200 — 550 nm (Figure 3.9b). Particularly, no discernable absorbance can be recognized above 320
nm (Figure 3.9¢), even at concentrations about 15 fold of those used in the degradation reactions
for “MI127 and “M127-B20 (Figure 3.9d), indicating the non-aggregated status of these two proteins
in solution (89). hexYMEIL did not degrade 127 and “M127 (Figure 3.8a and 3.8b). Nevertheless,
127-B20 and “M127-B20 carrying a B20 degron at the carboxyl terminus were rapidly degraded in
the presence of ATP (Figure 3.8c and 3.8d), regardless of the folding state. However, hexYMEIL
degraded both proteins with a degron attached, the unstructured substrate was degraded faster than
the folded one. The degradation rate of “M127-B20 was determined to be 0.31 + 0.020 molecules
min! hexYMEIL!, and that of 127-B20 is 0.24 + 0.003 molecules min' hexYMEIL™!. This
correlates with the general mechanism that an unfolding step is required for a native substrate
before it can be translocated into the peptidase chamber for degradation (Figure 1.7). It has been
presented that Lon, a AAA+ protease, degrades substrate bearing an internal 20 degron (94).
Whether the change in position of 20 in a substrate affects its degradation by hexYMEIL is an
interesting question to explore. We used the same construct (127 Pi,$20) (94) to examine this
problem. 127,20 carries a P20 tag at the interior of 127, close to the N-terminal portion. In
addition, the two cysteines buried inside the 127 protein were replaced by aspartic acid. Similar to
carboxymethylation, the substitution unfolds the protein yet preserves the solubility. Compared to
the unstructured “M127-B20, 127°P;,B20 was degraded by hexYMEIL at a much slower rate,
suggesting a role that position of a degron plays in substrate degradation by hexYMEI1L.

Notably, in the case of 127, “MI27, and 127°P;,820 degradation, hexYME1L was found to
be auto-degraded to some extent when degradation reactions were allowed to proceed up to 3 hours
(Figure 3.8a-b, 3.8¢). However, auto-degradation of hexYMEIL was not significant within one

hour when substrates with fast degradation rate, for example, 127-p20 and “MI27-B20 are present.

To summarize, these results imply that for YMEIL to degrade proteins, a suitable degron
sequence is required, and that the position of the degron affects substrate degradation by the

YMEIL enzyme.
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33 YMEIL processively degrades substrates

Protein degradation in a processive mode has been seen in AAA+ proteases, which states
that proteases unfold and degrade substrates from the degron end (48, 89, 174-176). This
mechanism is distinct from one where any accessible unstructured region is translocated then
cleaved following binding of the substrates on the proteases. In order to differentiate these two
models, a previously described protein chimera containing a C-terminal 20 degron (mDHFR-127-
B20) was employed (89, 158). mDHFR-127-320 was fully degraded by hexYME1Lwithin one hour.
However, in the presence of methotrexate (MTX), a proteolysis intermediate accumulated during
the course of degradation (Figure 3.10a). Methotrexate is a small molecule that stabilizes mDHFR
and prevents it from unfolding when being incorporated into the protein (89, 158). The
accumulation of a proteolytic intermediate with a size of mDHFR in the presence of MTX suggests
the processive mode of substrate degradation by hexYME1L. The mDHFR domain in the chimeric
protein is processively unfolded, translocated and degraded from the C-terminus. When mDHFR
is stabilized by MTX, which results in its resistance to unfolding by hexYMEIL, a partially
degraded product corresponding to the MTX-stabilized mDHFR is released from the enzyme. The
intermediate accumulated was quantified, and a processivity ratio defined previously (158) was

determined to be ~6 (Figure 3.10b).

The processive model of protein degradation by AAA+ proteases is also indicated by the
elevated ATPase activity in the presence of substrates. Substrate-stimulated ATPase rate implies
the interaction between the pore loops of AAA+ proteases and the substrates being translocated.
Interestingly, such stimulation was detected upon the supplementation of 127 variants (Figure
3.11a). However, the observed auto-degradation of hexYMEI1L may potentially complicate the
calculation of stimulated ATPase rate. We determined the amount of lost enzyme as less than 6%
within one hour in the presence of 127-p20 or “MI27-20. The ATPase rates of hexYMEIL
increased significantly upon addition of 20 pM 127-20 or “MI27-B20 to the reaction at a
hexYMEIL concentration of 0.25 uM (Figure 3.11b). No significant increment of ATPase activity
could be detected in the presence of 127 or “MI27. Also, when assayed at higher concentrations of
hexYMEIL, the stimulation of ATPase activity was less obvious, especially in the case of the
unfolded “M127-B20 (Figure 3.11c). These results reveal that upon the engagement of substrates

through degrons, degradation by YMEIL is a processive course from the degron end.
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34 YMEI1L is able to degrade substrates with certain stabilities

Degradation of the folded 127 domain and the native mDHFR protein (as shown by the
degradation of entire chimeric mDHFR-127-B20 protein) by hexYMEIL requires an unfolding
force to be applied on the stable substrates. This is in contrast to previous results that show that
FtsH, the bacterial prototype of the YMEIL i-AAA protease, does not possess a robust unfolding
power (150), and that Ymel, yeast homolog of YMEIL, degrades destabilized proteins but not the
native ones (109, 143). To substantiate our finding of the capability of hexYMEI1L to unfold stable
proteins followed by substrate translocation and degradation, we investigated the degradation of
proteins with characterized stabilities (Figure 3.12). As has been shown above, the 20 tag is able
to convert a non-substrate of hexYMEIL (127 or “M127) to a protein that can be degraded by
hexYMEIL (127- 20 or “MI27-B20). The B20 degron was then appended to ACI-N (the N-terminal
domain of the ACI protein) and different circularly permuted GFP proteins (cp6->*GFP and cp7-
SEGFP) of distinct local stabilities (88). ACI-N is stable (T = 54 °C) and almost completely folded
at 37 °C (177). To a higher extent, the stabilities of various circularly permuted GFP proteins were
determined to have the lowest T value of 68.3°C (178). The degradation of N-terminally 20-
tagged ACI-N (Figure 3.12a) in an ATP-dependent manner strongly suggests that hexYMEIL
applies unfolding force to a stable substrate to initial the degradation process. In addition, the result
demonstrates that hexYMEIL can also engage an N-terminal degron and allow degradation to

proceed towards the carboxyl terminus.

As shown in Figure 3.12b-d, cp7-5'GFPs carrying a P20 tag at either terminus were
degraded by hexYMEIL, although the degradation of N-terminally tagged protein (20-cp7-
SEGFP) seemed to be slower than that of C-terminally tagged version (cp7-S*GFP-B20), which is
consistent with results from the ClpXP protease (179). Again, this supports that the f20 tag can be
located at the N-terminus of a substrate to allow it to be degraded by hexYMEI1L. In contrast, cp7-
SEGFP without a degron attached was not cleaved (Figure 3.12b and 3.12c). Interestingly, cp7-
SEGFP with a C-terminal B20 degron (cp7-SfGFP-B20) was degraded at a faster rate than cp6-
SEGFP-B20. Despite the common C-terminal B20 sequence, the two proteins were reported to have
distinct unfolding pathways and local stabilities (88, 179), which explains the discrepancy of
degradation rates of the two GFP variants. Michaelis-Menten kinetics characterization of the

apparent best substrate, cp7-S*GFP-B20, was carried out in a plate reader by measuring the loss of
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GFP fluorescent signal emitted at 511 nm (Figure 3.12d). The calculated maximal degradation rate
is 0.11 GFP molecules min' hexYMELI1"!. This rate is about 7-fold slower than the reported
degradation rate of cp7-S*GFP, which carries a preferred C-terminal Sul20C degron, by the Lon
protease from E. coli (88). The Km value of cp7-S*GFP-B20 degradation by hexYMEIL was
determined to be 7.1 uM, about 2.5 fold higher than that of cp7-S*GFP-Sul20C degradation by Lon
(88). The different degrons (20 and Sul20C) in these experiments may contribute to the variation
in kinetics of substrate degradation. However, hexYMEIL seems to be intrinsically weaker in
unfolding cp7-*GFP, compared to E. coli Lon. Degradation of $20-cp7-S*GFP by Lon at a faster
rate (1.2 molecules min!' Lon™!) substantiates this hypothesis. Indeed, it has been suggested from
earlier experiments that different proteases have distinct capability of unfolding stable proteins
(158). We conclude that although YMEIL is a protease of seemly weaker unfolding ability, it does
unfold and degrade substrates with substantial stability, as can be seen in the examples of ACI-N
and GFP variants. The effect of the location of B20 degron on cp7-*GFP may be a result of the

different unfolding kinetics from N- or C- terminus.

3.5  Substrate degradation by YMEI1L is affected by degron sequence

As has been shown for other AAA+ protease, a degron is necessary for inducing substrate
degradation. Alterations in degron sequences result in changes in proteins degradation, as
exemplified by the well-characterized ssrA and 20 degrons (81, 94, 180). The requirement of
degrons with specific sequences or motifs is critical for AAA+ proteases to execute their
physiological functions. Considering that there are a variety of YMEIL substrates of different
functions, such requirement poses a criterion by which correct proteins are selected from a

crowded environment full of other molecules.

To better understand the impact of degron sequences on substrate degradation by YMEIL,
we investigated cp7-SFGFP degradation with several know degrons attached to the C-terminus
(Figure 3.13 and Table 3.1). cp7-S*GFP was chosen due to its fastest apparent degradation rate
among the substrates tested (Figure 3.12). Firstly, the set of degrons containing the first five
degrons in Table 3.1 (20, ssrA, sul20C, 10, and *'ssrA) were examined (Figure 3.13a). Although
sstA and sul20C have been demonstrated as good degrons for ClpXP and Lon, respectively,
hexYMEIL appeared to prefer the 20 degron over ssrA (11 residues: AANDENYALAA) or
sul20C (20 residues: ASSHATRQLSGLKIHSNLYH). Degradation of cp7-S*GFP with either ssrA
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or sul20C attached to the C-terminus is slower than that of B20-tagged cp7-S*GFP. Kinetic
parameters of the ssrA tag (Kdeg= 0.031£0.004 molecules min™ hexYMEIL™!, Ky = 12.0+£4.0 uM)
and the sul20C tag (Kqeg = 0.036+0.005 molecules min"! hexYMEIL™!, Ky = 15.2+5.0 uM) reveal
slower degradation of the two proteins, compared to that of cp7-SFGFP-B20 (kdeg = 0.110+0.003
molecules min!' hexYME1L™") (Figure 3.13b and 3.13d). Despite having the same length of 20-
residue unstructured fragment, cp7-*GFP-sul20C was degraded at a rate about 3-fold slower than
that of cp7-S"GFP-B20, indicating that amino acid composition in a degron sequence affects
substrate degradation by hexYMEIL. The degradation rate in the case of 11-residue ssrA-tagged
cp7-Y*GFP is about four-fold lower than that of cp7-S*GFP-B20 (Figure 3.13b and 3.13d). This
result can be interpreted in two ways. It is possible that the 11-residue long ssrA tag does not allow
optimal association of the substrate with hexYMEIL. This is reasonable since studies on FtsH
have suggested that a hydrophobic terminus of 20 or more residues are necessary for degrading
protein substrates in vivo (181). Alternatively, it can be explained by the distinct amino acid

identities between ssrA and 20.

In order to further probe the two possibilities, we constructed a truncated version of the
B20 tag that lacks the N-terminal 10 residues. The shortened tag was termed B10 (FAWFPAPEAYV).
Surprisingly, this cp7-SFGFP-B10 variant was degraded almost at the same rate (kdee=0.105+0.015
molecules min"! hexYMEIL™) as cp7-SfGFP-B20, with an increased Km value (Km = 12.4+1.9
uM) (Figure 3.13b and 3.13d). This result suggests that the 10 residues at the N-terminus of 20
degron does not contribute to the substrate engagement by hexYMEIL at a significant level. Also,
a short degron containing only 10 residues was able to intermediate substrate recognition. An
extended ssrA tag (““'sstA, QLRSLNGEAANDENYALAA) comprising the 10-residue N-
terminal portion of B20 was introduced to the C-terminus of cp7-S'GFP, resulting the cp7-S*GFP-
eXissrA construct. Compared to the ssrA-tagged cp7-S*GFP, this modified cp7-5'GFP-*'ssrA was
degraded at a much faster rate (Kgeg = 0.106+£0.007 molecules min"! hexYMEIL"!) than ssrA but
with a Km value (Km = 20.4+3.1 uM) about 3-fold higher than that of cp7-S*GFP-B20 (Figure
3.13b and 3.13d). The results from the first set of 5 degrons indicate that YMEIL distinguishes
amino acid composition of degrons for substrate selection, with additional contribution from the

length of degrons to the kinetic parameters of degradation.

A second set of modified 20 degrons were subsequently constructed, comprising the last

four members in Table 3.1 (B5, BF, BF2, and B5F). 20 was chosen as for further characterization
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of degron recognition as it was the fastest degraded of the three initial degrons tested (20, sul20C
and ssrA) tested. All four degrons were attached to the C-terminus of cp7-S"GFP. A truncated
version bearing only the C-terminal five amino acids (B5: APEAV) resulted in an unmeasurable
kdeg and K as ¢p7-SFGFP-B5 could not saturate the enzyme (Figure 3.13c), even at the high
concentrations. This indicates that the recognition of B5 by hexYMEIL is too weak to be assayed.
The poor association of 5 can be explained by the requirement of a longer degron sequence than
5 residues. Or it can be interpreted as that the 5 amino acids removed from 10 to generate 35 are
the key residues involved in substrate engagement, considering that the degradation rate of $10 is
almost the same as that of f20. We then produced a construct with a C-terminal fusion tag
consisting of these 5 residues potentially critical for substrate recognition (BF: FAWFP). The cp7-
SEGFP-BF protein showed slow but measurable degradation rate (Kgeg = 0.106+0.007 molecules
min"! hexYMEIL™"), comparable to cp7-S*GFP-sul20C (Figure 3.13b-d). This result suggests that
degron having a 5-residue length is sufficient to induce substrate binding to hexYMEIL, and
possibly, this sequence is primarily responsible for the recognition of substrate by hexYMEIL.
Introduction of another copy of BF generated an extended degron, BF2 (FAWFPFAWEFP) resulted
in a degradation rate almost identical to that of cp7-S*fGFP-BF, but with an affinity about 15-fold
higher (Km = 1.3+0.4 uM). The apparent high affinity indicates the strong association of cp7-
SEGFP-BF2 on hexYMEIL, impeding its unfolding and translocation by the hexYME1L enzyme.
As has been shown above, the position of 20 degron plays a role in substrate degradation by
YMEIL, it would be interesting to determine if this is the same situation for the finer recognition
element, the crucial FAWFP pentapeptide. We swapped the position of 5 and BF, resulting in a
BSF tag (APEAVFAWEFP). This variant exhibited 3-fold lower degradation rate than 10 but close
to that of BF. This result supports the crucial function of the FAWFP motif in substrate recognition
by YMEIL, Also, registering this central motif at the right position in the degron seems to be a

contributing factor for substrate engagement.

3.6 hexYMEIL is able to degrade endogenous substrates

In order to show that reengineered hexYMEIL not only degrades model substrates, but
also degrades physiological substrates, we carried out protein degradation using several identified
endogenous substrates. Members from the Upsl/PRELI-like family have been shown to be
degraded by the i-AAA proteases (120, 121). Specifically, the intermembrane space proteins, Ups1

45



and Ups2 in yeast participate in mitochondrial lipid regulation (182, 183). Both of the proteins are
intrinsically disordered and degraded by Ymel. Another metalloprotease in yeast, Atp23, also
degrades Upsl. However, binding of both proteins to Mdm35 results in their stabilization (120).
The counterpart of the Ups1 and Ups2 proteins in human, PRELI, was reported to be accumulated
in the presence of an ATPase deficient variant of YMEI1L. However, in cells containing wild type
YMEIL, rapid degradation was observed under stress conditions (121). The human homolog of

Mdm35, TRIAPI, contains the conserved CxoC motifs (121).

As reported, expression of Upsl, Ups2 or PRELI alone did not yield soluble proteins (184,
185). However, when co-expressing Ups proteins with their binding partners (Upl/Mdm35,
Ups2/Mdm35, PRELI/TRIAP1), only the Ups1/Mdm35 complex gives soluble protein in a non-
aggregated state. We then tested the degradation of Upsl/Mdm35 complex using our in vitro
system. Intriguingly, Upsl was degraded even when complexed with Mdm35 (Figure 3.14a).
Although there seemed to be some loss of Upsl in the absence of ATP (Figure 3.14b), the
degradation of Upsl by hexYMEIL with ATP is significantly faster (Figure 3.14c). The
degradation of Upsl by hexYMEIL in vitro in the presence of Mdm35 contradicts with the
stabilization effect on Upsl by Mdm35 in vivo (120). However, this can be explained by the
possibility that Ups1/Mdm35 complex undergoes an association/dissociation equilibrium, and the
dissociated Upsl from Mdm35 exposes the recognition sequence due to its intrinsic instability.
hexYMEIL is then able to engage Ups1 through the recognition motif in the Ups1 sequence. This
association/dissociation equilibrium behavior can also explain the observed slow degradation rate

of Upsl by YMEIL in vitro, which is inconsistent with the rapid turnover of Upsl in vivo (120).

Other endogenous substrates have been examined are the two variants of TIM17 proteins,
TIM17A and TIM17B, which are integral inner membrane proteins. Either of the two proteins can
be incorporated into a TIM23 translocase complex, resulting in the formation of different TIM23
complexes (36). Structural analysis of TIM23 translocase suggests that c-terminal tails of the
TIM17 proteins face the intermembrane space (186, 187). A sequence alignment of TIM17A and
TIM17B reveals the highly conserved characteristic of these two proteins (Figure 3.15a). The main
differences are found at the C-terminal tails with a size about 30 residues. Interestingly, TIM17A,
but not TIM17B, was discovered to be degraded by YMEIL under stress condition (130).
Therefore, the intermembrane space exposed C-terminal tails of the TIM17 proteins may serve as

degrons to allow degradation by the YMEIL protease. We attached the C-terminal tails from
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TIM17A (36 residues) and TIM17B (37 residues) to the C-terminus of the unstructured 127°P
protein (127°P-17A and 127°P-17B). In contrast to the in vivo results (130), both 127°P-17A and
127°P-17B were degraded in an ATP-dependent manner (Figure 3.15b-¢). However, 127°P-17A
was degraded significantly faster than 127°P-17B by hexYMEIL (Figure 3.15f). These
observations indicate that the C-terminal sequences from the TIM 17 proteins are possible degrons
for mediating substrate engagement. The detected faster degradation rate of TIM17A may indicate
that YMEI1L selects substrate through accessible recognition sequences. Additional contributions
from the surrounding environment in vivo may be involved for the substrate selection by YMEIL,

which may explain the distinct behaviors of TIMA and TIM17B in degradation in vivo.

Taken together, these results verify the feasibility of this in vitro system in the analysis of
degradation of physiological substrates, which would benefit the characterization of degrons from

endogenous proteins.

3.7 Conclusion

The human i-AAA protease, YMEIL, is a mitochondrial inner membrane protein with a
single transmembrane segment composed of highly hydrophobic residues. Together with its
homolog, m-AAA protease, YMEIL maintains the mitochondrial homeostasis in the inner
membrane, as well as the intermembrane space and the matrix (49). Results presented in this
chapter show that: 1, a de novo designed 32-residue sequence containing a heptapeptide repeats
(155) can be used to successfully generate a homo-hexamerized YMEIL, hexYMEIL. hexYMEIL
is soluble and capable of hydrolyzing ATP and protein substrates. 2, Protein degradation by
YMEIL requires an accessible degron sequence with preferred sequence and a certain length.
Simply unfolding a structured protein lacking a degron sequence does not result in its degradation
by the YMEIL protease. YMEIL processively degrades a substrate from the degron terminus to
the other. 3, YMEIL displays unfolding power at somewhat significant level, as evidenced by the
degradation of stable proteins that maintain their native structure at 37 °C. These substrates include
ACI-N, and circularly permuted GFP variants. 4, The in vitro degradation assay system can be used

for investigating degradation of physiological substrates.

The cc-hex peptide was employed in this study to substitute the transmembrane span of

YMEIL. The transmembrane spans of FtsH and m-AAA were shown to be important for the
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oligomerization of the proteases and play roles in their proteolysis function (135, 188, 189).
However, as shown in this study, hexYMEIL is able to degrade protein substrates in solution. Yet,
the hexamerized cc-hex in hexYMEIL contains no homologous sequence as the transmembrane
segment of YMEIL. This suggests that the transmembrane segment of YMEIL is not essential in
substrate degradation, and that it may mainly function as a membrane-tethering element and drive
oligomerization of YMEIL in vivo, playing roles structurally. Whereas, the possibility remains
that the transmembrane domain of YMEI1L participates in the degradation of endogenous proteins

that are anchored in the inner membrane.

The observed positive cooperativity (Hill coefficient h = 2.4) of ATP hydrolysis suggests
the communication between contiguous subunits resulted from inter-subunit interactions. In turn,
this indicates the correct assembly of hexamer with appropriate formed interfaces between
adjacent subunits. Although we cannot completely rule out the possibility that the artificial cc-hex
may restrict the motion of hexYMEIL, we suspect this concern is unlikely. Because a native
YMEIL sequence of a size about 20 amino acids between cc-hex and the core of folded AAA+

module of hexYMEIL is predicted to be unstructured.

YMEIL displays preference of degrons. Degrons can be as short as 5-residue long for
proteins to be degraded in vitro, as shown in this study. We identified a critical pentapeptide motif
(FAWEFP) in the 20 degron. This motif is the primary element for inducing substrate engagement
on hexYMEIL, and its correct registration on the enzyme contributes greatly to the kinetics of
degradation. Consistent with our results, Gur and colleagues reported that the identity and
placement of a similar WRFAWFP motif are a determinant for substrate binding on Lon (94).
Similarly, the hydrophobic patch was found in mDHFR (LPWPPL, position 23-38), which
becomes accessible when mDHFR is unfolded. Considering that YMEIL degrades unassembled
subunits of inner membrane complexes and proteins in the absence of binding partners in the
intermembrane space, which are reminiscent of behavior of substrate degradation by Lon, it is
reasonable to speculate that this FAWFP motif may represent a class of degron for mitochondrial
protein degradation. However, a search of proteins in the intermembrane space of mitochondria
using the FAWFP motif did not result in any hits. Interestingly, when searching using the motif in
a degenerated form (F-h-h-F, h stands for hydrophobic), 21 human proteins in the intermembrane
space were identified (Table 3.2). Within the list, two substrates of YMEIL confirmed previously
are found: the inner membrane protease OMAI1 (FVVF, position 206-209) (131), and the
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Ups1/PRELI-like family member in human PRELI (FAAF, position 19-22) (121). The
stabilization effect of Mdm35 on Ups| in yeast is largely mediated by the hydrophobic interactions
(185, 190), preventing Upsl from being recognized by Ymel. However, in the in vitro assays in
this study, degradation of Upsl may be explained by the slow dissociation of Upsl from Mdm35
in the association-dissociation equilibrium, revealing the yet to be identified recognition signal in
Upsl. For YME1L/Ymel substrates that do not have FAWFP or F-h-h-F motifs, it is highly likely

that these proteins contain different degrons or recognition sequences.

Although YMEIL exhibits weaker activities than the robust AAA+ proteases ClpXP and
Lon, as suggested by the degradation of cp7-S'GFP proteins, YMEIL is able to unfold these
proteins with substantial stabilities. The processivity ratio about 6 determined in the case of
mDHFR-127-B20 degradation suggests the preference of mDHFR unfolding over substrate release
from the enzyme in the absence of MTX. In combination with the observed stimulation of ATPase

activity, it is suggested that YMEI1L degrades substrates in a processive mode.

In summary, the engineered hexYMEIL enables in vitro biochemical characterization of
this important transmembrane protease for the first time. By using this system, we determined
some biochemical parameters of YMEIL and unraveled the substrate recognition mechanism by
YMEIL. We expect a broader application of this strategy to other AAA+ proteases that are

challenged by the similar issue of an unavailable in vitro system.
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Figure 3.1 Expression and purification of YME1L-AP.

a. SDS-PAGE gels showing expression of YMEL1-AP proteins with different tags fused at the N-
terminus in E. coli BL21 (DE3), respectively. Coding sequences of YME1L-AP were inserted into
2G-T, 2M-T, or 2S-T vectors, resulting in fusion proteins carrying an N-terminal Hise-GST, Hise-
MBP, or Hise-SUMO tag, correspondingly. Recombinant proteins were overexpressed (red arrows)
upon addition of IPTG at a final concentration of 1 mM. Theoretical molecular weights of different
fusion proteins are: 79.0 kDa (Hise-GST-YMEI1L-AP), 94.1 kDa (Hise-MBP-YMEI1L-AP), and
70.0 kDa (Hise-SUMO-YME1L-AP) b. Final purity of YME1L-AP (theoretical molecular weight
51.0 kDa without N-terminal fusion tag) analyzed by SDS-PAGE.
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Figure 3.2 Size exclusion profile of YME1L-AP.

YMEIL-AP was eluted at a retention volume of 16.43 ml on a Superose 6 Increase 10/300 GL
column, corresponding to an apparent molecular weight of 46.2 kDa (theoretical molecular weight

51.0 kDa). Elution positions of molecular standards of known molecular weight are indicated on
the profile.
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ATPase

1) ATP ¢ > ADP + Pi
PK
2) ADP + PEP ! > ATP + pyruvate
LDH
3) NADH + pyruvate + H* 1 > lactate + NAD*

Figure 3.3 Coupled enzymatic reactions in ATPase assay.

Figure showing three coupled enzymatic reactions in the ATPase activity test. Firstly, ATP is
hydrolyzed by the enzyme to be assayed, producing ADP and inorganic phosphate. Then ATP
molecules are regenerated from the ADP produced at step 1 by an ATP regeneration system
comprising PK and PEP, supplementing the ATP consumed by ATPases and keeping the ATP
concentration to be constant. At the final step, pyruvate from step 2 is converted to lactate,
catalyzed by LDH. At the same time, NAD" is formed resulted from the oxidation of NADH.
NADH has an absorbance signal at 340 nm, whereas the oxidized NAD" does not absorb at this
wavelength. Thus, A3sonm signal is monitored to follow the consumption rate of NADH, which can
be directly correlated with the ATP hydrolysis rate.
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Figure 3.4 Constructing the hexameric hexYMEI1L.

a. Dimensions of the cc-hex hexamer (PDB code: 3R3K) measured using Draw_Protein
Dimensions.py script implemented PyMOL. Peptides are represented in a color spectrum.
b. Full protein sequence of hexYME1L. The ATPase module of hexYMEI1L is highlighted in green
and peptidase domain is highlighted in pink. Amino acids of cc-hex are highlighted in cyan. The
linker between cc-hex and catalytic domains of YMEIL is bolded and italicized. The six N-
terminal residues in bold and underlined are generated by TEV digestion.
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Figure 3.5 hexYMEI1L is a hexamer in solution.

a. Final purity of hexYMEIL (theoretical monomer molecular weight 55.5 kDa without N-
terminal fusion tag) analyzed by SDS-PAGE. b. Overlay of size exclusion profiles of YMEIL-AP
and hexYMEIL on a Superose 6 Increase 10/300 GL column. Values of apparent Mw / theoretical
Mw are indicated for both of the proteins. ¢. Overlay of size exclusion profiles of hexYMEIL on
a Superose 6 Increase 10/300 GL column, with no treatment (black), after one hour of 5 mM EDTA
incubation (red), or one more hour treatment after addition of 10 mM ATPyS and MgCl, (purple).
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Figure 3.6 ATPase activity of hexYME1L.

a. Bar graph showing buffer optimization for ATPase assay of hexYMEIL (1uM). Different salt
types and concentrations were tested. An array of pH values were analyzed, in combination with
variation of salt. Results from conditions with pH values higher than 8.0 or lower than 7.0 are not
shown here. b. Rate of ATP hydrolysis by hexYMEIL in the presence of increasing ATP
concentration. Data were fitted well to Allosteric sigmoidal model (R* = 0.9832) with the formula:
rate = Vmax / ((Ki2/[ATP])" + 1), using GraphPad Prism version 7.02 for Windows, GraphPad
Software, La Jolla California USA, "www.graphpad.com". Parameters of the ATPase activity of
hexYMEIL are Vmax =42.4 ATPs * min' * hexYME1L"', Ki»= 1.4 mM, hill coefficient h=2.4.
Data are from independent experiments and represented as mean = S.E.M. (n = 3)
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Figure 3.7 Degradation of B-casein by hexYMEI1L.

a-d. SDS-PAGE gels showing degradation of 20 uM B-casein by 1 uM hexYMEIL. a. in the
presence of ATP. b. in the absence of ATP. c. in the presence of ATPyS. d. hexYME1LE439Q
with ATP supplemented. e. Quantification of the remaining B-casein for a (black), b (blue), ¢
(purple) and d (red). f. Zoomed in presentation of the first 20 minutes of e. Quantification was
normalized to the intensity of CK (0.1 mg/ml in the reaction) for each degradation reaction,
respectively. The degradation rate of B-casein by hexYMEIL in the presence of ATP (black)
(0.49+0.08 molecules * min! * hexYMEIL!) calculated from f. Data are from independent
experiments and represented as mean + S.E.M. (n = 3)
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Figure 3.8 Degradation of 127 variants by hexYME1L.

a-e. SDS-PAGE gels showing degradation of 20 pM 127 variants by 1 uM hexYMEIL. a. 127 in
the presence of ATP. b. “MI27 in the presence of ATP. ¢. 127-B20 in the presence of ATP. d. “M127-
B20 in the presence of ATP. e. 127P;,B20 in the presence of ATP. f. Quantification of the
remaining 127 variants for a (green), b (blue), ¢ (red), d (black), and e (purple). g. Zoomed in
presentation of the first 60 minutes from f. Quantification was normalized to the intensity of CK
(0.1 mg/ml in the reaction) for each degradation reaction, respectively. h. Degradation rates of 127-

B20 and “MI27-B20 of calculated from g. Data are from independent experiments and represented
as mean = S.E.M. (n =3)
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Figure 3.9 Circular dichroism and UV-VIS spectra of 127 variants.

a. Circular dichroism spectra of 127-p20 (black) and carboxymethylated “M127-20 b. UV-VIS
light absorbance spectra (200 — 550 nm) of 100 uM 127 variants: 127-p20 (black), “MI27-B20 (red),
127 (blue), and “M127 (purple). ¢. Zoomed in presentation of 250 — 400 nm light absorbance from
b. d. Light absorbance spectra (250 — 400 nm) of 127 variants: 288 uM “MI27-B20 (black) and 270
uM “MI27 (red).
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Figure 3.10 Degradation of mDHFR-127-p20 by hexYMEI1L.

a. SDS-PAGE gels showing degradation of 10 uM mDHFR-127-20 by 1 uM hexYMEIL in the
presence or absence of MTX. mDHFR (+ MTX) indicates the MTX-stabilized mDHFR
intermediate. b. Quantification of the intermediate appearing in the degradation reaction from a.
Quantification was normalized to the intensity of hexYMEIL for each degradation reaction,
respectively. Data are from independent experiments and represented as mean + S.E.M. (n = 3)
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Figure 3.11 Stimulation of ATPase activity of hexYMEI1L.

No Substrate
127-p20
M127-820
127

Mgy

a. Loss of hexYMEIL over time in degradation reactions in the presence of different substrates:
127 (blue), “M127 (green), 127-p20 (red), “M127-p20 (black) b. ATPase rate of hexYMEIL (0.25
M) in the absence of substrate (black) and in the presence of 20 pM substrates, 127 (pink), “M127
(green), 127-B20 (red), “M127-B20 (blue). c. ATPase rate of hexYMEI1L at different concentrations
(1 uM, 0.5 uM, and 0.25 uM) in the absence of substrate (black) and in the presence of 20 uM
substrates, 127 (pink), “MI27 (green), 127-B20 (red), “MI27-B20 (blue). Non-paired one-way
ANOVA analysis was carry out for b, comparing each group with substrates present to the “No
substrate” control group using GraphPad Prism version 7.02 for Windows, GraphPad Software,
La Jolla California USA, "www.graphpad.com". *P < 0.05, **P < 0.001. Data are from

independent experiments and represented as mean + S.E.M. (n = 3).
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Figure 3.12 Unfolding and degradation of stable proteins by hexYMEI1L.

a. SDS-PAGE gels showing degradation of 20-AcI-N (20 uM) by hexYMEIL (1 uM) in the
presence (+) and absence (-) of ATP and a plot of the loss of B20-AcI-N over time. b. SDS-PAGE
showing degradation of circularly-permuted variants of GFP (20 uM) by hexYMEIL (1 pM) in
the presence (+) and absence (-) of ATP. ¢. Loss of GFP variants over time from b. d. Rate of cp7-
SEGFP- B20 degradation against increasing substrate concentration displaying a nonlinear least-
squares fitting to the Michaelis-Menten equation (Kgeg = 0.11 molecules * min! * hexYME1L™;
Km=7.1 uM). **P <0.01, ***P <0.001, ****P <0.0001 calculated from an unpaired Student’s
t-test (two-tailed). Data are from independent experiments and represented as mean + S.E.M. (n =
3). (Figure adapted from the published paper: Shi H, Rampello AJ, Glynn SE. Engineered AAA+
proteases reveal principles of proteolysis at the mitochondrial inner membrane. Nature
Communications 7: 13301. doi:10.1038/ncomms13301) (Data from Figure b-d contributed by
Anthony Rampello)
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Figure 3.13 YMEI1L discriminates between degrons by sequence.

a. Sequences of each degron fused to cp7-SFGFP and tested for ATP-dependent degradation by
hexYMEIL. b. Michaelis—Menten plots showing degradation of cp7-S*GFP variants bearing C-
terminal fusions of degrons previously shown to enhance degradation by AAA+ proteases (20
(green) and sul20C (blue), Lon protease; ssrA (red), CIpXP protease; B10 (orange); *'ssrA (grey)).
Lines are nonlinear least-squares fits to the Michealis—Menten equation. ¢. Michaelis—Menten
plots of cp7-S*GFP proteins bearing C-terminal fusions of multiple truncated variants of the p20
degron (B10 (orange); BS, (pink); BF (magenta); BF2 (cyan); BSF (yellow)). Lines are nonlinear
least-squares fits to the Michealis—Menten equation. d. Maximal degradation rates (black columns)
and Ku values (white columns) for each degron sequence fused to the C-terminus of cp7-S*GFP.
All degradation reactions contained hexYMEIL (1 uM). Data are from independent experiments
and represented as mean + S.E.M. (n = 3). (Figure adapted from the published paper: Shi H,
Rampello AJ, Glynn SE. Engineered AAA+ proteases reveal principles of proteolysis at the
mitochondrial inner membrane. Nature Communications 7: 13301. doi:10.1038/ncomms13301)
(Data contributed by Anthony Rampello)
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Figure 3.14 Degradation of Ups1/Mdm35 complex by hexYME1L.

a. SDS-PAGE gels showing degradation of 10 uM Ups1/Mdm35 complex by 1 uM hexYMEIL
in the presence of MTX. b. SDS-PAGE gels showing degradation of 10 uM Upsl/Mdm35
complex by 1 uM hexYMEIL in the absence of MTX. ¢. Quantification of remaining Ups1 over
time in the presence of ATP (black) from a, in the absence of ATP (orange) from b. Quantification
was normalized to the intensity of CK (0.1 mg/ml in the reaction) for each degradation reaction,
respectively. ****P < (0.0001 calculated from an unpaired Student’s t-test (two-tailed). Data are
from independent experiments and represented as mean £ S.E.M. (n = 3).
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Figure 3.15 Degradation of 127¢P-17A and 127¢°-17B by hexYMEIL.

a. Sequence alignment of TIM17A and TIM17B, with b-e. SDS-PAGE gels showing degradation
of 20 uM substrates by 1 uM hexYMEIL. b. 127P-17A in the presence of ATP. ¢. 127°P-17A in
the absence of ATP. d. 127°P-17B in the presence of ATP. e. 127°P-17B in the absence of ATP. f.
Quantification of remaining substrates over time from b-e, 127°P-17A in the presence of ATP
(black), 127°P-17A in the absence of ATP (blue), 127°P-17B in the presence of ATP (orange),
127°P-17B in the absence of ATP (purple). Quantification was normalized to the intensity of CK
(0.1 mg/ml in the reaction) for each degradation reaction, respectively. **P <0.01 calculated from
an unpaired Student’s t-test (two-tailed). Data are from independent experiments and represented
as mean = S.E.M. (n = 3).
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Table 3.1 Degradation of GFP proteins bearing different degron sequences.

ND stands for not determined (Table adapted from the published paper: Shi H, Rampello AJ,
Glynn SE. Engineered AAA+ proteases reveal principles of proteolysis at the mitochondrial inner
membrane. Nature Communications 7: 13301. doi:10.1038/ncomms13301) (Data contributed by
Anthony Rampello)

Degron Number of residues Sequence Kaeg (min"*hexYMEIL™") Ky (uM)
20 20 QLRSLNGEWRFAWFPAPEAV 0.110+0.003 7.1£0.6
ssTA 11 AANDENYALAA 0.031+0.004 12.0£4.0
sul20C 20 ASSHATRQLSGLKIHSNLYH 0.036+0.005 15.24+5.0
10 10 FAWFPAPEAV 0.105+0.015 12.4+1.9
XgsrA 19 QLRSLNGEAANDENYALAA 0.106+0.007 20.443.1
B5 5 APEAV ND ND
BF 5 FAWEFP 0.040+0.003 18.94£3.0
BF2 10 FAWFPFAWFP 0.044+0.003 1.3+0.4
BSF 10 APEAVFAWFP 0.035+0.002 6.1+£0.6
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Table 3.2 F-h-h-F motifs identified in IMS proteins.

(Table adapted from the published paper: Shi H, Rampello AJ, Glynn SE. Engineered AAA+
proteases reveal principles of proteolysis at the mitochondrial inner membrane. Nature
Communications 7: 13301. doi:10.1038/ncomms13301) (Data contributed by Anthony Rampello)

Uniprot ID Name Sequence Location
P13073 COX41 FIGF 110-113
P36551 HEM®6 FGLF 405-408

FLGF 260-263
Q8TB36 GDAPI1 FMLF 337-340
Q96ES52 OMAI FVVF 206-209
095831 AIFM1 FGGF 418-421
P00505 AATM FAFF 239-242
QI9HO078 CLPB FLPF 568-571
QINRVI HEBPI FAVF 84-87
043676 NDUB3 FAAF 75-78
Q6NUK1 SCMC1 FGGF 235-238
043674 NDUBS5 FGGF 29-32
FLAF 136-139
095169 NDUBS FMIF 139-142
FWFF 235-238
P00395 COX1 FLGF 282-285
FPLF 397-400
QI9BPX6 MICU1 FALF 417-420
P03915 NUSM FAGF 463-466
P03905 NU4M FYIF 118-121
014880 MGST3 FLFF 71-74
014949 QCRS8 FVVF 53-56
Q9Y255 PRELI FAAF 19-22
Q14257 RCN2 FIAF 174-177
095202 LETMI FLVF 212-215
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Chapter 4 — Structural basis for the AAA+ module of i-AAA from Myceliophthora

thermophila

In order to elucidate the mechanism of i-AAA, we carried out crystallographic studies of
1-AAA proteases from human (YMEIL) (UniProt ID: Q96TA2) and Myceliophthora thermophila
(IMT) (UniProt ID: G2QPI5). We sub-cloned different constructs spanning different regions of
the proteins (Table 2.1 and Table 2.2) and screened against several commercially available
crystallization kits. Crystallization conditions from initials hits were optimized to obtain
diffraction-quality crystals. Two constructs, IMT-9 (residues: 241-483, referred as IMT-AAA
hereafter) and YMEI1L-11(residues: 331-585, referred as YMEIL-AAA hereafter), yielded
promising crystals (Figure 4.1). However, crystals of YMEI1L-11 diffracted poorly. Data sets at
high resolution were only obtained from crystals of IMT-AAA.

4.1 Overall structure of IMT-AAA

The crystal structure of IMT-AAA containing only the AAA+ module was determined to
a resolution of 2.45 A (Table 4.1), with dihedral angles of 97.47% of total amino acids falling in
the most favoured region and that of additional 2.53% in the allowed region. In the final model,
two monomers are present in one asymmetric unit (Figure 4.2a), each containing one ADP
molecule. The structure contains residues 241-483 (residue numbering according to UniProt ID:
G2QPI5) for both of the monomers, with extra N-terminal Ser-Asp-Ala amino acids in chain A
and Asp-Ala in chain B, resulting from TEV enzyme digestion. In chain A, amino acids Gly273
and Tyr316 are missing. Residues 352-357 in a loop region are absent in chain B. Each IMT-AAA
monomer is comprised of two canonical subdomains of AAA+ module, a large N-terminal o/
domain and a small a-helical bundle at the C-terminus. These two monomers can be superimposed
on to each other with subtle conformational differences. Superimposition on the backbones of the
large subdomain (residues: 248 - 406) results in an RMSD value of 0.515 A and a rotation of the
small domain (residues: 407 - 483) about 7.3° (Figure 4.2b).
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4.2 Conserved features and the ADP-binding site

IMT-AAA shares sequences of high homology with other members from the FtsH family
(Figure 4.3). The N-terminal large subdomain is comprised of a parallel -sheet of five B-strands,
with a-helices flanking on both sides (Figure 4.3 and Figure 4.4). Two conserved Walker motifs
(Walker A and Walker B) and key residues for nucleotide binding and hydrolysis are found in the
large subdomain (Figure 4.4). The lysine residue (Lys289 in IMT-AAA) in the Walker A motif is
important for ATP binding, mutation of which abolishes the ATP-binding ability of AAA+
proteins (63, 64). Within the Walker B motif, a highly conserved glutamate residue (Glu343 in
IMT-AAA) is the catalytically active residue for ATP hydrolysis. A conserved aromatic residue
(Tyr316) present in the pore loop mediates unfolding and translocation of protein substrates. The
characteristic conserved secondary region of homology (SRH) motif of classical AAA proteins,
contains a polar residue (Asn386 in IMT-AAA) termed sensor 1. This sensor residue is involved
in coordinating ATP hydrolysis (64, 65). In addition, two arginine residues located at the C-
terminus of SRH (Arg397 and Arg400 in IMT-AAA), which are referred as arginine fingers, are
thought to mediate ATP hydrolysis between adjacent subunits within the hexameric ATPase ring
(63, 64).

Interactions between the bound ADP molecule and IMT-AAA largely involve the B-
phosphate group of ADP (Figure 4.5) and the Walker A motif. The sidechain of the Walker A
lysine interacts with the oxygen on the B-phosphate group. In the Walker A motif, Gly286, Gly288,
Lys289 and Thr290 form hydrogen-bonds with oxygens on the B-phosphate group through their
backbone nitrogen atoms, respectively. The hydroxyl side chain of Thr290 forms hydrogen bond
with oxygen atoms on the a-phosphate group and B-phosphate group of ADP, respectively. Asp342
interacts with the B-phosphate group of ADP mediated by a water molecule. Leu291 hydrogen
bonds with the a-phosphate group using its backbone nitrogen. His246 and His422 interact with
the adenine portion of ADP via atoms on the main chain and side chain, respectively. A water
molecule mediates the interaction between adenine and the nitrogen atom on Gly446. The base of

ADP sits in a hydrophobic pocket formed by Val 245, Leu291, and Ile 418.
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4.3 Hexameric model of IMT-AAA

The structure of IMT-AAA was subjected to the online DALI server (191) to search for
similar proteins based on structural information. Most hits of smallest RMSD value are those FtsH
structures (2CE7, 2CEA, RMSD 1.4 - 1.6 A; 4WWO, 2R65, RMSD 1.6 - 2.0 A). Some other
structures, 3H4M (proteasome-activating nucleotidase) and 5C1B (transitional endoplasmic
reticulum ATPase) are also found to have small RMSD values (RMSDsuam = 1.6 A, RMSDscip =
1.9 A). A hexameric model was then built by superposition of IMT-AAA (chain B) onto FtsH
(2CE7) based on the structural alignment of large subdomain (IMT-AAA: 248 - 406, FtsH: 166 -
327). Both the large and small subdomains of IMT-AAA overlay well with that of FtsH (Figure
4.6).

Similar to Phe234 in the FtsH structure (84), the aromatic residues in the pore loop of IMT-
AAA (Tyr316) align in the central pore at three different layers, with the distances between
opposing tyrosine residues decreasing when the aromatic residues getting close to the peptidase
chamber (Figure 4.7a). Furthermore, the arginine fingers of IMT-AAA have almost identical
conformations as those of FtsH (Arg400 in IMT-AAA and Arg320 in FtsH) (Figure 4.7b). These
indicate that useful information can be extracted from the hexameric model of IMT-AAA.
Interestingly, based on the comparison of available structures of AAA+ proteins, Zhang and
colleagues (192) reported that a glutamate switch (a polar residue N/T/S in an octapeptide sequence)
in AAA+ proteins, located between the Walker A and Walker B motifs, links the ATPase activity
and ligand binding. The polar residue interacts with the Walker B glutamate residue when AAA+
proteins bind ATP, but no such interaction was observed when the proteins are complexed with
ADP, such as PspF (ref. 196 figure 2b and 2f). However, when bound to ADP and DNA, the
asparagine in the glutamate switch of ORC1 hydrogen-bonds with the Walker B glutamate residue.
In contrast, this interaction is lost when ADPNP is incorporated into ORC2 (ref. 196 figure 2¢ and
2g). In the structure model of hexameric IMT-AAA, the glutamate in the Walker B motif (Glu343)
interacts with the serine residues (Ser308 and Ser310) in the glutamate switch in the presence of
ADP (Figure 4.8a). It would be interesting to determine if such interaction will disappear when
IMT-AAA is co-crystallized with a non-hydrolyzable ATP analogue. An inter-subunit signaling
motif (ISS) has been described previously (193). Mutations of the amino acids in this motif exhibit
gain-of-function in the presence of substitution of Glu by GlIn in the Walker B motif (Figure 4.3).
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An interaction between the aspartate residue (D421 in YtalO in yeast) in the ISS motif and the
arginine finger (R450 in YtalO in yeast) is thought to link the movement of arginine finger and
ATP-binding site on the same subunit (193). In consistent, we observed the same interaction
between the arginine finger (Arg400) and Asp371 (corresponding to D421 in YtalO in yeast)
(Figure 4.8b), which may have the same function.

In conclusion, the IMT-AAA structure was determined in complex with ADP, revealing
the highly conserved the structure of classical AAA proteins. Further structural data of proteins
containing both the ATPase domain and the peptidase domain, in the apo form and complexed
with different ATP analogues, are of interest and importance to understand the function of i-AAA

at the molecular basis.
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IMT-AAA YMEIL-AAA

Figure 4.1 Crystals of IMT-AAA and YME1L-AAA.

Figures showing crystals grown after optimization of crystallization conditions at 20 °C. a. IMT-
AAA (Ammonium citrate 0.2M, pH 7.3, PEG3350 14%). b. YME1L-AAA (0.1M Sodium acetate,
pH4.6, PEG8000, 6%, 0.1 M magnesium acetate).
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Figure 4.2 Overall structure of IMT-AAA.

a. Structure of one asymmetric unit (ASU) of IMT-AAA. Two monomers are present in one ASU.
Chain A is colored in green and chain B is colored in yellow. ADP is represented as ball and stick.
The N-terminal large subdomain of chain A is shaded in blue ellipse and the small subdomain is
shaded in red ellipse. b. Superposition of large subdomain of chain A onto that of chain B results
in a rotation of 7.3° of the small subdomain. Colors of different monomers are the same as shown
in panel a.
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Figure 4.3 Multiple Sequence alignment of the AAA+ modules of i-AAA proteins.

Multiple sequence alignment shows the conserved motifs and residues within the AAA+ modules
of i-AAA proteins. Eight sequences belonging to the FtsH family are aligned. On top of the aligned
sequences, secondary structures contained in the PDB files of IMT-AAA and paraplegin (PDB
code: 2QZ4) are indicated. Secondary structures comprising the large subdomain are colored in
blue for paraplegin and in red for IMT-AAA, respectively. Those constituting the small subdomain
of paraplegin and IMT-AAA are colored in green and magenta, respectively. Blue triangles under
the aligned sequences indicate the conserved Walker A motif, while the yellow ones imply the
Walker B motif, respectively. The lysine residues in the Walker A motif are bolded in blue, and
the glutamate residues in the Walker B motif are bolded in yellow, respectively. Arginine fingers
are bolded in green and sensor 1 residues are bolded in magenta, respectively. Black stars under
the aligned sequences indicate the inter-subunit signaling motif (197). Sequence alignment was
implemented in the MultAlin webserver (153), and the figure was prepared with ESPript 3.0
webserver (154).
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Figure 4.4 Conserved motifs and residues in IMT-AAA.

Cartoon representation showing the structure of an IMT-AAA monomer. The large subdomain is
colored in light pink and the small subdomain is colored in orange. The Walker A motifis indicated
in blue and the Walker B motif is shown in yellow. The pore loop is colored in cyan. Secondary
region of homology (SRH) is colored in magenta. ADP is represented as ball-and-stick. Conserved
residues are shown as stick. (Walker A Lys289: blue, pore loop Tyr316: cyan, Walker B Glu343:
yellow, sensor 1 Asn386: magenta, Arginine fingers Arg397 and Arg400: green).
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Figure 4.5 ADP-binding site on IMT-AAA.

a. Electrostatic potential representation showing the ADP-binding site on IMT-AAA. A cleft for
ADP-binding is formed at the interface of the large and small subdomains. Red color indicates
negative charge and positive charge is colored in blue. ADP molecule is represented as ball-and-
stick. b. The interactions between ADP and residues on IMT-AAA. Water molecules are
represented as spheres in red. ADP molecule is shown as line. ADP-interacting residues are shown
as stick. Black dash indicates hydrogen bond.
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Figure 4.6 Hexameric model of IMT-AAA.

Superposition of IMT-AAA (yellow) on the crystal structure of FtsH (2CE7) (blue) generates a
hexameric model of IMT-AAA. Superpose was based on structural alignment of fragments 248 -
408 of IMT-AAA and 166 - 327 of FtsH.
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Figure 4.7 Pore loop residues and Arginine fingers in the hexameric structure.

a. Tyr316 residues in the pore loops of IMT-AAA show a similar three-layer organization aligning

the central pore of the AAA+ module. Transparent cartoon representation of the hexameric model

of IMT-AAA is colored in yellow and FtsH ATPase domain (2CE7) is colored in blue. Position of
the peptidase domain of FtsH is as indicated. Tyr316 (IMT-AAA) is represented as green stick and

Phe234 (FtsH) is shown as stick and colored in magenta. b. Arginine fingers of IMT-AAA (Arg400)
indicated as orange stick adopt the same conformation as those of FtsH (Arg320, light orange

stick). Transparent cartoon shows the hexameric model of IMT-AAA, with different subunits

shown in different colors.
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WalkerB/Glu343

Figure 4.8 Glutamate switch and ISS of IMT-AAA.

a. Cartoon representation showing the position of polar residues in the glutamate switch motif (196)
(Figure 4.3). The Walker B motif (Glu343) forms hydrogen-bonds with two serine residues

(Ser308 and Ser310) in the glutamate switch, respectively. Interacting residues are shown as stick.

b. Cartoon representation showing the position of Asp371 in the inter-subunit signaling (ISS) motif
(197). Asp371 interacts with the arginine finger (Arg400) in the same subunit. Interacting residues

are shown as stick.
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Table 4.1 Data collection and refinement statistics.

Crystal IMT-AAA
Data collection
Wavelength (A) 1.18
Temperature (K) 100
Space group P212:12;
Cell dimensions

a, b, ¢ (A) 45.916, 86.624, 155.025

o py(©) 90, 90, 90
Resolution (A) 50 -2.45(2.538 - 2.45)*
Rsym 0.093(1.025)
Rmeas, 0.099(1.092)
Rpim 0.032(0.370)
1/0(]) 27.1(2.0)
Completeness (%) 100(100)
Redundancy 9.2(8.0)
Refinement
Resolution (A) 2.45
No. reflections 23503
Rworkb / RfreeC 0.196/0.237
No. atoms

Total 3785

Protein 3654

ADP 54

Water 58
B factors

Protein 60.69

ADP 54.13

Water 59.41
R.m.s. deviations

Bond lengths (A) 0.002

Bond angles (°) 0.436
Ramachandran plot

Most favoured (%) 97.47

Allowed (%) 2.53

#Values in parentheses are for highest-resolution shell.

and calculated structure-factor for dataset used in refinement, respectively.
¢ Reree 18 the R factor calculated on the 5.15% of data excluded from refinement.
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Chapter 5 — Future Direction

The i-AAA protease is an essential component of the mitochondrial quality control system
and contributes significantly to the maintenance of mitochondrial homeostasis. YMEIL
implements its function by regulating its substrates involved in various biological processes in
mitochondria. Dysfunction of YMEIL results in mitochondrial defects and is related to
neurological disorders. A mutation in the mitochondrial presequence of YMEIL was identified in
people carrying a novel mitochondriopathy (194). This mutation impairs its maturation and
subsequently precludes the formation of functional i-AAA, which finally leads to the abnormality
of mitochondria. Despite the great advances in understanding the physiological roles of YMEIL

in detail, there still remain interesting questions to explore.

5.1 Different modes of substrate regulation by YME1L

Regulation of substrates by YMEIL can be dependent or independent on its proteolytic
activity. Destructive digestion of substrates has been seen in examples of the degradation of PRELI
(121), and the degradation of TIM17A under stress (130). Processing of OPA1, a human inner
membrane protein that is key to mitochondrial dynamics, is dependent on the peptidase activity of
YMEI1L. However, this processing action does not cause complete degradation of OPA1. Instead,
cleavage of OPA1 by YMEIL results in a shortened version (127). Interestingly, polynucleotide
phosphorylase (PNPase) in yeast is translocated into the mitochondrial intermembrane space by
Ymel from the TIM23 translocon, the yeast homolog of YMEIL, independent of its peptidase
activity (132). Similar chaperone-mimicking function is seen in the example of mitochondrial
ClpXP, a AAA+ protease. ClpX regulates heme biogenesis by activating a key enzyme, without
the requirement of ClpP (101). How does YMEIL determine if a substrate needs to be processed
or degraded completely? Is it the nature of the substrate sequence or the stability of a substrate that
decides the destiny of a protein substrate? Is there any sequence preference of cleavage site? How
does Ymel translocate PNPase independent of its metallopeptidase domain? The translocation of
PNPase by Ymel may happen in the way similar to that of ClpXP. The ATPase module and the
peptidase domain of ClpXP are separated apart into two different peptide chains. In contrast, Ymel
is a self-compartmental protease containing both of the two domains in a single polypeptide chain.

The difference complicates the explanation for YMEIL. Although the translocation of PNPase
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depends on an ATPase-competent Ymel, it is interesting to determine whether this chaperone-like
activity of Ymel is dependent on the aromatic residues in the pore loop. Corresponding YMEI1L
variant affecting substrate gripping can be utilized to investigate whether PNPase is translocated
through the central pore of the AAA+ module. In addition, previously reported helices located at
the AAA+ module (NH) and the peptidase domain (CH) that are responsible for substrate

recognition (152) are also worthy of investigation of their roles in PNPase translocation.

5.2 Biochemical characterization of YMEI1L

Although several substrates have been identified for YMEIL, no degron sequences from
native substrate were reported. Using the cc-hex fused YMEIL, hexYMEIL, we found a
conserved motif that is a promising YMEIL degron candidate. Further experiments are needed for
in vitro study of native substrate degradation and degron characterization, by virtue of the
hexYMEIL. An N-terminal helix (NH) and a C-terminal helix (CH) about 50-amino acid long
each have been suggested to engage substrates for degradation (152). However, no further detail
was given for substrate binding. The hexYMEIL presented in this thesis can be applied in this
regard, to pinpoint the key residue on NH and CH for substrate recognition. Furthermore, by taking
the advantage of the variants of cc-hex, cc-Hex-H24 and cc-Hex-D24, inter subunit interaction of
YMEIL can be investigated. cc-Hex-H24 carries a histidine substitution at position 24, while an
aspartate is introduced as substitution at the same position for cc-Hex-D24. These two variants can
form hetero-hexamers in solution, with a version of alternating arrangement to be dominant. By
using the cc-hex variants, a hetero-hexameric YMEIL can possibly be created, carrying different
residues at the same position. The information obtained from the study will greatly improve our
understanding of YMEIL in more detail. It would be interesting to prepare a construct of YME1L
whose transmembrane segment is replaced by cc-hex. The construct containing the N-terminal

region can be used to explore the effect of N-domain on substrate recognition and degradation.

53 Adaptor characterization

It has been suggested that Mgrl and Mgr3 associate with i-AAA to form a supercomplex
(148), and the two proteins were later reported to be adaptors of Ymel (149). Similarly, adaptors

have been identified for bacterial AAA+ proteases, such as SspB, which functions as an adaptor
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of ClpXP. Whether Mgrl and Mgr3 function in the same way as SspB or they utilize a different
mechanism remains to be examined. Moreover, are there any more adaptors existing for YMEI1L?

Further studies are needed to address these questions.

5.4  Autodegradation of hexYMEI1L

In this established in vitro system, hexYMEIL is autodegraded during the course of
degradation reaction. Autodegradation of hexYMEIL seems to be more severe in the presence of
poor substrates. To identify the potential sequence that induces autodegradation, series of YMEIL
truncations at either or both termini can be generated, with both ATPase activity and peptidase
activity preserved yet autodegradation eliminated or greatly reduced. Considering the long
unstructured fragment present between the cc-hex fragment and the N-terminus of the AAA+
module of YMEIL, we expect that the signal responsible for YMEI1L autodegradation exists in
this flexible segment. In addition to constructing YMEI1L truncations, amino acid substitutions can
be introduced into the suspect regions important for autodegradation. This strategy may affect the

structure and activities of YMEIL to a less extent, compared to truncating YMEIL.

5.5 Comparison of hexYMEI1L to the membrane-anchored YMEI1L

YMEIL contains a single transmembrane segment and is anchored in the inner membrane.
This cellular localization of YMEIL restricts its position inside the mitochondria. The N-terminus
of the AAA+ module of YMEIL is separated from the transmembrane segment by a predicted
unstructured sequence containing about 20 residues. The space between the inner membrane and
the AAA+ module has a defined size, precluding free access of the enzyme. On the other hand,
this distance between the ATPase domain and the inner membrane may explain the minimal length

requirement of recognition sequence about 20 residues long (139).

There may be more than one recognition sequences present on the YMEIL substrates. As
two distant substrate-binding sites on Ymel have been suggested (152). For certain substrates, the
CH fragment initially binds the substrate, followed by involvement of the NH sequence in substrate
binding. This hypothesis can be easily tested using the hexYMEI1L in vitro system, as no structural
variation of the catalytic domains of YMEIL and steric hindrance caused by the inner membrane

are present in the soluble hexYMEIL.
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Considering the physical separation of the N-domain and the catalytic modules, it is
impossible that the N-domain of YMEIL contributes to the recruitment of soluble proteins in the
intermembrane space, such as Upsl/Mdm35 tested in the hexYMEIL system. However, a
possibility still remains that endogenous transmembrane substrates with a matrix fragment present
bind to the N-domain of YMEIL, resulting in the subsequent degradation of proteins by YMEIL.

Structural variation of endogenous membrane proteins under stress condition may result
in the availability of sequences that can be recognized by the YMEIL enzyme. This mechanism is
supported by the degradation of TIM17A, an inner membrane protein that is a component of the
TIM23 complex (130). However, the degradation of model proteins with the C-terminal fragment
of TIM17B attached by hexYMEIL in solution is in contrast with in vivo results, which showed
no degradation of TIM17B by YMEIL (130). In the cellular context, it is conceivable that
additional molecules modulate the accessibility of degron sequences. Whereas, in the in vitro
assays, such regulation mechanism does not exit. As a result, the C-terminal sequence of TIM17B

may serve as a degron for mediating substrate degradation by hexYMEIL in solution.

Although the hexYMEIL system does not represent YMEIL in the physiological context,
it is still valuable for investigation of biochemical properties of YMEIL, such as unfolding strength

and substrate recruitment.

In conclusion, to understand the physiological function of YMEIL at the molecular basis,

in vivo and in vitro studies are necessary, using cellular, biochemical and structural approaches.
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