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ABSTRACT
QUANTITATIVE INVESTIGATION OF THE MEMBRANE PROTEIN
DEGRADATION MECHANISM BY MEMBRANE-INTEGRATED AAA PROTEASE
FTSH UNDER NATIVE ENVIRONMENTS
By

Yiging Yang

Controlled degradation of misassembled and dispensable proteins is a crucial
cellular process for maintaining the quality control of proteomes. In cells, one of the
important carriers of this process is AAA+ (ATPases Associated with diverse cellular
Activities) proteases, which mediate ATP-dependent proteolysis. The FtsH family
proteins are the only membrane integrated AAA+ proteases, which critically
contribute to membrane protein degradation. To investigate the mechanisms of
membrane protein degradation mediated by FtsH, | successfully reconstituted the
degradation process using FtsH of E. coli in a lipid bilayer environment (Chapter 2). |
also developed a six-helical bundle intramembrane protease GlpG of E. coli into a
model membrane substrate to study the quantitative relationship between folding
and degradation (Chapter 2). | found that FtsH has a substantial ability to accelerate
unfolding of membrane substrates up to 800 fold using ATP hydrolysis, and the
intrinsic folding properties of the substrates such as local stability, spontaneous
unfolding rates, and hydrophobicity also impact degradation rates. Finally, |
guantified the total ATP cost that FtsH consumes to degrade membrane proteins
(Chapters 3 and 4). To degrade membrane proteins, FtsH needs to overcome large
energetic costs for unfolding substrates in the membranes and extracting them
towards its protease domain located outside the membrane. | found that FtsH utilizes
ATP hydrolysis in degrading membrane proteins with similar efficiency to other AAA+

proteases in degrading water-soluble substrates. This efficiency is achieved by



coupling multiple ATP hydrolysis events to degradation in a highly cooperative
manner. These findings provide new insights into the physical principles of ATP-
dependent degradation of membrane proteins, and the in vitro system developed will
serve as a model for further refining the mechanisms of membrane protein

degradation.
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At last, | just want to share the poem ‘The Road Not Taken’ by Robert Frost here.

Two roads diverged in a yellow wood,
And sorry | could not travel both
And be one traveler, long | stood
And looked down one as far as | could

To where it bent in the undergrowth;

Then took the other, as just as fair,
And having perhaps the better claim,
Because it was grassy and wanted
wear;

Though as for that the passing there
Had worn them really about the same,

And both that morning equally lay

In leaves no step had trodden black.
Oh, | kept the first for another day!
Yet knowing how way leads on to way,

| doubted if | should ever come back.

| shall be telling this with a sigh
Somewhere ages and ages hence:
Two roads diverged in a wood, and |—
| took the one less traveled by,

And that has made all the difference.
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Chapter 1 Introduction to membrane protein degradation



Membrane protein quality control

Cell membranes and membrane proteins

Our current understanding of cell membranes and membrane proteins is the legacy
of a century’s study that has concentrated on the membranes and their lipids and
protein components. The cell membranes are permeability bilayer barriers
separating a whole cell from the environment and various subcellular organelles from
the cytosol (Figure 1.1).! The cell membranes are also not a static structure, but a
dynamic entity undergoing cell division, the extension of neuronal arbors and vesicle
trafficking.? Thus, the communications between membrane-encapsulated
compartments through vesicle budding from donor compartments and fusion with

others are elaborately regulated.3
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Figure 1.1 Cellular membranes visualized by electron microscopy.! a) A
diagram of a eukaryotic cell; b) Golgi fenestrations; c) tubule on endosomes; d) HIV-

1 viral budding.

The main components of cell membranes are phospholipids. The hydrophilic

headgroups and two nonpolar fatty acid tails in lipid molecules allow them to



spontaneously form a double-layered lipid bilayer in aqueous solution.* Cell
membranes also contain glycolipids and sterols, which regulates the fluidity of the
membranes, cell signaling, and cell-cell communications.® Singer and Nicholson
proposed the first molecular model of the cell membranes known as a ‘fluid mosaic
model’ in 1972. In the model, the lipids in cell membranes are free to diffuse in the
plane of the fluidic bilayer leaflets, and the mosaic is also made of proteins that are
inserted into the lipid bilayer.” Modern theories complete the model by including the
concepts of the complex lipid dynamics caused by the formation of cholesterol- and
sphingomyelin-rich lipid domains,® constant trafficking from and to the frontier,® and

association of the cytoskeleton with the bilayer.1% 11

Proteins inserted in the cell membranes (i.e., membrane proteins, MPs) also occupy
a substantial portion. In E. coli, they make up ~30% of the total membrane area
fraction.1? MPs have been observed only in two structural motifs in the membrane-
spanning region: a-helix bundles and the B-barrels.'® Compared to water-soluble
proteins, MPs have similar general structural characteristics: (1) the traversing
secondary structure elements of MPs are generally composed of 15-25 residues for
a-helices and 10-12 residues for B-stands so that the 30 A thick lipid bilayer
hydrophobic core can be spanned;*® (2) their amino acid distribution has a
directionality in space along the membrane normal. For example, the positively
charged arginine and lysine residues are more enriched in the cytoplasmic side
rather than in the extracellular side, which is known as the ‘positive-inside rule’, and
the positive residues are known to favorably interact with the negatively charged
membranes stabilizing the topology of MPs;!4 (3) the water-bilayer interfacial regions

are enriched with aromatic residues such as tyrosine and tryptophan in both sides.



These bulky residues possessing polar characters favorably interact with the lipid
head groups through hydrogen bonds and n-cation interactions so that MPs can be

stably anchored in the membrane.®

Constitutive MPs are assembled through a translocation/insertion process
discovered by Blobel and Dobberstein.'® During translation, nascent polypeptide
chains from ribosomes, which possess an exposed signal sequence at the N-
terminus, are targeted to the membrane-resident translocons, where the polypeptide
chains are then inserted and released into the membrane depending on their
hydrophobicity (Figure 1.2).17 After this process, MPs fold in the membrane. Non-
constitutive MPs spontaneously insert into the membrane from the aqueous phase.'®
They may exist as soluble forms in the agueous phase, and bind to membranes then

insert and fold.1°

Sequential
eXit Cytosol

—>» | [5] >

ER Translocon

Pairwise
exit
—
Figure 1.2 Membrane-integration mechanism of multi-spanning membrane

proteins.?? The transfer of transmembrane segments through a translocon may

occur sequentially,?? or pairwise.??

MPs carry out numerous critical functions such as transducing external stimuli into

cellular signals by presenting antigens on the cell surface;?? linking cells together;?*



facilitating diffusion of specific ions and molecules;?® catalyzing chemical reactions
and transporting metabolites across the membranes against concentration

gradients.?®

The folding problem of membrane proteins

Protein folding is a fundamental molecular process in life. Proteins in the cell must
correctly fold into their 3D structures for their biological functions. The native
conformations of a majority of water-soluble proteins are known to be optimized at a
free energy minimum structure under normal physiological conditions, as first
proposed by Anfinsen.?’ The Classic Anfinsen experiment has demonstrated that the
protein structure and biological activity of ribonuclease A are abolished under
denaturing conditions but restored spontaneously upon returning to physiological

conditions.?”

Our current understanding of this process is that under physiological conditions,
each protein molecule in the denatured state ensemble slides down an energy
landscape to reach the conformation that optimizes its favorable interactions, i.e., the
native state (Figure 1.3),?8 indicating that the amino acid sequence alone determines
the native fold.?8 Although proteins with different sequences may adopt a similar

fold.?®

During water-soluble protein folding, the hydrophobic effect is the dominant driving
force of this process.3° Other forces such as electrostatic interactions between
charged residues,®° hydrogen bonding,®' and van der Waals interaction3® are

affecting the protein stability.



N

Figure 1.3 A model of the funnel-shaped rugged free energy landscape in

protein folding.®? N represents the native state.

The folding of a-helical MPs can be described by a two-stage model proposed by
Popot and Engelman (Figure 1.4).32 Because the lipid bilayer restricts the range of
possible transmembrane protein conformations,3* the folding process can be divided
into two energetically distinct stages. In stage |, the independently stable
hydrophobic-helices are formed across the lipid bilayer, in response to the
hydrophobic effect, as well as the favorable backbone hydrogen-bonding in the non-
aqueous environment.®® In stage Il, the helices interact to establish a tertiary fold
with functional transmembrane structures.®® The free energy gain of this process is
contributed by packing and hydrogen bonding between transmembrane helices, loop

structures, or cofactors if applicable, excluding lipid solvation.6



In vitro folding

I

2 A

Ribosome Stage 1
mRNA u Insertion
Stage 1 Stage 2 e\
Insertion Folding ;
— —

Translocon

Figure 1.4 Folding of a membrane protein in vivo and in vitro within the

framework of the two-stage model.¢ (PDB: 2HI7)

Protein quality control, an important process for normal cell function
Although many small globular proteins are thought to possess a funnel-shaped
folding free energy landscape ensuring robust folding, the evolutionary pressure
toward function may select the protein sequences that would fold into dynamic and
marginally stable native states. However, this flexibility may mislead the polypeptide
chain, subjecting it to misfolding and aggregation. Some of the misfolded
polypeptides will be refolded by chaperones, or they all need to be degraded by
proteases. Otherwise, misfolded proteins can accumulate, causing cytotoxic

aggregation, such as amyloid fibrils, in the crowded cellular environment.3”

Protein misfolding can be caused by missense mutations in the amino acid

sequence, low protein stability, or environmental stresses.® Thus, the cells have



evolved with quality control mechanisms to maintain optimal levels of functional
proteins. Protein homeostasis refers to the control of protein concentration,
conformation, binding interaction (quaternary structure), and location of individual
proteins making up the proteome.®® Cells achieve this task mainly using two
pathways, one is through molecular chaperones (often regulated by ATP) to assist
correct folding (Figure 1.5);%° and the other is through proteases to degrade
misfolded or aggregated proteins and recycle them into amino acids.*? Protein
homeostasis thus influences general and specific cellular functions facing the
constant intrinsic and environmental challenges to prevent disease development.4!
Since proteins are dynamic molecules, the surveillance by chaperones and
proteases are required to operate constantly, and the two distinct activities need to
be optimally balanced to influence protein synthesis, folding, trafficking,

disaggregation, and degradation.*!

MPs have been thought to share a similar quality control logic with water-soluble
proteins.*? Imbalance between MP folding and degradation causes many diseases,
which occur via either excessive degradation of proteins that possess conformational
defects (e.qg., cystic fibrosis is caused by excessive degradation of misfolded variant
of cystic fibrosis transmembrane regulator protein)*3 or overwhelming deposition of
protein aggregates beyond the normal degradation capacity of cells (e,g. Alzheimer’s
disease is caused by the aggregation of the truncated form of amyloid precursor
protein).** To understand such disease mechanisms, it is crucial to understand the
mechanisms of how misfolded proteins are selectively recognized and degraded by
cellular proteases. This research project mainly focuses on dissecting the

mechanism of MP degradation.
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Figure 1.5 Protein homeostasis network.® The number in each yellow oval

represents the number of cellular components involved in the process.

AAA+ protease family

Proteolysis itself is a free-energy downhill process not requiring ATP. Protein
degradation in cells often involves the input of chemical energy generated by ATP
hydrolysis.*> ATP-dependent proteolysis, which is a focus of this study, is mediated
by AAA+ proteases, which are generally composed of the ring-shaped hexameric
AAA+ (ATPases associated with diverse cellular activities) ATPase and a
compartmental protease. The AAA+ ATPase domain is a highly conserved protein
module, which generally functions as a molecular motor that transduces chemical
energy from ATP hydrolysis into mechanical energy.*® The AAA+ domain can also
be involved in various biological processes such as molecular chaperoning for

protein refolding, DNA replication, membrane fusion, etc.%’ In the action of AAA+



proteases, the mechanical energy generated by AAA+ actively unravels misfolded or
aggregated proteins and translocates the unraveled substrates into the
compartmental proteases through a narrow pore which is excluded from bulk water.
This highly regulated process allows selective degradation of proteins with abnormal

conformations and precise quality control rather than massive degradation.

How are membrane proteins degraded?
Protein degradation pathways in eukaryotic cells have two major locations:
lysosomes, containing a variety of hydrolases, and proteasomes, which are a type of

ATP-dependent protease (Figure 1.6).4°

Misfolded proteins on the cell surface or foreign proteins are delivered to lysosomes
by endocytosis.*® Damaged subcellular organelles are engulfed by autophagosomes
and delivered to lysosomes as well.*> On the other hand, the ubiquitin-proteasome
system is in charge of the degradation of intracellular proteins.*® In this case,
substrates are conjugated to ubiquitin, which is then recognized by the proteasome.

MPs share these main pathways on their fate of degradation.
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Figure 1.6 How membrane proteins are recognized and degraded in a

eukaryotic cell.*® Each numbered step is explained in the main text.

In eukaryotes, MPs are first synthesized on endoplasmic reticulum (ER) and then
enter the ER quality control system called the Endoplasmic-Reticulum-Associated
protein Degradation (ERAD) pathway (Figure 1.6-Q)), i.e., misfolded MPs are
ubiquitinated by the membrane-bound ubiquitin ligase complex Hrd1/6 and extracted
by the membrane-associated hexameric ring-shaped AAA+ ATPase Cdc48 to target
the substrates to proteasomal degradation.*®-5° The ubiquitinated proteins extracted
from the ER membrane bind the regulatory particle of the 26S proteasome, where
ubiquitin is then recognized and recycled by the 19S regulatory ‘cap’ of the 26S
proteasome.>® The AAA+ ATPase subunits within the regulatory particle utilize the

free energy generated by ATP hydrolysis to unfold the substrate and translocate it
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into the core particle, which forms a proteolytic chamber.>° The substrate is then
cleaved into small peptides. If MPs pass this first part of the quality test, they are
then transported to the Golgi via vesicular trafficking. Here, misfolded MPs that have
been missed by the previous quality control can be either recognized and sent back
to the ER through retrograde transporting vesicles (Figure 1.6-(2)) or ubiquitinated
at the Golgi and subjected to endosomes for lysosomal degradation (Figure 1.6-

@).%! If the MPs pass the Golgi quality test, they are trafficked to their designed

destination, such as the plasma membrane, to fulfill their function. When the MPs are
no longer needed, they can be ubiquitinated on the plasma membrane as well for

internalization (Figure 1.6-@).*° Another possible way is that the ubiquitin signal can

direct the substrate to be released from the plasma membrane by forming

microvesicles (Figure 1.6-®).*° There are two options for the internalized MPs. One

is that the MPs are deubiquitinated and travel back to either plasma membrane or

Golgi (Figure 1.6-®).*° The other is that the MPs are sent to multivesicular bodies
(MVB) (Figure 1.6-®).*° Once the MPs are in MVB, ubiquitinated proteins can either
be sent for lysosomal degradation (Figure 1.6-®) or expelled as exosomes into the

extracellular space (Figure 1.6-9).%°
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In prokaryotes and subcellular organelles of eukaryotes and archaea, misfolded
proteins are recognized through solvent-exposed degradation markers or degrons,
which are typically a short stretch of hydrophobic amino acids (Figure 1.7).
Environmental stresses, including heat shock and endoproteolytic processing, can
cause denaturation of cellular proteins and expose the cryptic degrons. Degrons are
recognized either directly at the substrate entry pore of the ring AAA+ ATPase or by
an adaptor protein that delivers bound substrates to the AAA+ pore. Substrates
bound to the AAA+ ATPase are actively unfolded and translocated by ATP
hydrolysis, and then to a compartmental peptidase.>? The AAA+ protease
superfamily includes various subfamilies, including Lon, ClpXP, CIpAP, CIpCP,

HslUV, FtsH, 20S proteasome and PAN.
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Figure 1.7 Schematic illustration of proteolysis mediated by AAA+ protease.>?

Protein degradation in bacteria with AAA+ proteases

In E. coli, protein degradation is mainly carried out by AAA+ proteases, Lon, CIpXP
including CIpAP. HslUV and FtsH.%3 For FtsH and Lon, the AAA+ ATPase and
protease domains are covalently linked in one polypeptide chain. For all the others,

two domains are synthesized as distinct polypeptide chains and assembled into a
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large oligomeric functional unit.5? Here | describe features of each AAA+ protease in

E. coli.

Lon Lon protease was the first ATP-dependent protease which was isolated and
reported by Chung, Goldberg and co-workers from E. coli in 1981.54 Forming a
functional hexamer, each monomer possesses a Lysine-Serine dyad in the active
site.%® In E. coli, Lon is the primary AAA+ protease responsible for ~50% of protein
turnover in the cytosol. It recognizes aromatic and hydrophobic residues which would
be normally buried in the hydrophobic core of native fold proteins but exposed in
misfolded or denatured forms.5¢ Degradation efficiency of Lon is also affected by the
sequence of degrons.>” Mycoplasma, which has a small genome, encodes only two

types of AAA+ proteases: Lon and FtsH.58

One distinguishing feature of Lon is that in E. coli, it is co-purified with chromosomal
DNA fragments.>® Although there are no apparent sequence specificity and similarity,
this high affinity for DNA of Lon suggests the protease function towards the rapid
degradation of regulatory polypeptides or misfolded proteins associated with
bacterial chromosomes.®® Another interesting feature is that for HIV-1 enhancer, Lon
favors binding to a GT-rich sequence. For both light and heavy chain promoters of
the human mitochondrial genomes, Lon binds a specifically similar site,®® suggesting
that Lon patrticipates in the regulation of DNA replication as well as in specific gene

expression.®0

ClpX/ClpA ClpP ClpXP and CIpAP are proteolytic enzymes sharing the same
protease component, ClpP, and two different ATPases, ClpX and ClpA. ClpX has a

significant sequence similarity to ClpA, but ClpX has only one AAA+ module,
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whereas ClpA has two.%! There is also a universal symmetry mismatch in the
structure of Clp proteases, i.e., a hexameric AAA+ binds to a heptameric protease.®?
ClpP itself favors degradation of peptides with the length of ~10 residues and has
minimal peptidase activity on longer and structurally folded polypeptides.®® Stable
proteins and long polypeptide substrates can be degraded when ClpP forms a
complex with the ATPases ClpX and CIpA.%3 %4 |t has been reported that
Acyldepsipeptide antibiotic (ADEP) from Streptococcus hawaiiensis enhances the
protease activity of isolated ClpP to degrade unfolded proteins, yet still not folded
substrates.®®> ADEP binds to CIpA at a docking site similar to ClpX and ClpA,
according to the crystal structures.®® Bound ADEP changes the conformation of ClpP
heptamer to open up the degradation passageway.% In summary, ClpP degrades
stable proteins only when bound to ATP unfoldase, and ClpP itself degrades short

peptides or unfolded proteins if stimulated by ADEP.

ClpXP and CIpAP usually have the highest degradation ability among all AAA+
proteases in E. coli.’¢ Other than degrading unfolded proteins, CIpAP also prefers
the substrates with abnormal N-termini (Phe, Leu, Trp, or Tyr).5? ClpXP and CIpAP
can rapidly degrade polypeptides tagged with the C-terminal degron called SsrA-tag
(F-AAXXXXXALAA), which is installed to incompletely translated polypeptides to

rescue the stalled ribosomes.%”

Interestingly, ClpP shares a remarkable structural similarity, but not a sequence
similarity, with the inner core of B-subunits of the 20S proteasome. This suggests
that cytosolic proteases evolutionarily select the conformation to restrict the access

of the proteolytic active site from the cytosol. This substrate exclusion protects well-
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folded and functional cellular proteins from degradation since substrates can only be

proteolyzed after the interaction with ATP-dependent regulators.58

HslUV HsIUV is a protein complex composed of the ATPase HslU and protease
HslV, both of which form hexameric rings.®® From sequence analysis, HslV displays
homology to the B-subunit of the 20S proteasome particles suggesting that they
share a common evolutionary precursor.’® The biological role of HslUV remains
unclear. It has been reported that HslUV targets unfolded protein for degradation.”®
When the HslU ring is bound to the HslV ring, only ATP-bound HslU sticks its C-
terminal ~10 residue peptide into HslV to activate the proteolytic active site,’* or a
synthetic peptide can also activate HslV.”? In other cases, HslV cannot degrade

small peptides or interact with covalent inhibitors.”3

FtsH The main subject of this study focuses on the degradation mechanism
mediated by FtsH. The following section will describe FtsH in details.

FtsH: a membrane bound ATP-driven proteolytic machine

FtsH plays a crucial role in the protein quality control with its proteolytic and

chaperoning ability in all life of forms except for archaea.

m-AAA and i-AAA proteases in mitochondria

FtsH homologs in mitochondria are classified into m-AAA protease and i-AAA
protease. The m-AAA protease has two transmembrane segments, and the catalytic
AAA+ and protease domains are oriented toward the matrix. The i-AAA protease has
one transmembrane segment, and the catalytic domains are facing the mitochondrial

intermembrane space. There are many kinds of m/i -AAA proteases in mitochondria
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(Table 1.1). While FtsH in E. coli forms a homo-hexamer, m-AAA and i-AAA can
form either a homo- or hetero-hexamer depending on the subclass. It has been
proposed that the loss of one kind of functional m/i- AAA proteases can be
compensated by another.”* As a membrane associated AAA+ metalloprotease, it
degrades proteins that have been transported across the mitochondrial membranes

and end up misfolded.”

Organism Localization Nature of Molecular mass
/mitochondria complex of complex (kDa)
Saccharomyces I-AAA Ymelp Homo-oligomer -850
cerevisiae (Ytallp)
m-AAA YtalOp Hetero-oligomer ~900
(Afg3p) 2000
Ytal2p
(Rcalp)
Mouse m-AAA Paraplegin Hetero-oligomer ~900
AFG3L2 Homo- and
AFG3L1 hetero-oligomer
Homo sapiens i-AAA YME1L Homo-oligomer ~900
m-AAA Paraplegin  Hetero-oligomer
AFG3L2 Homo- and
hetero-oligomer
Arabidopsis i-AAA AtFtsH4 Homo-oligomer ~1500
thaliana AtFtsH11 Homo-oligomer ~1500
m-AAA AtFtsH3 Homo- and ~1000
AtFtsH10 hetero-oligomer 2000

Table 1.1 Experimentally characterized m-/i-AAA proteases.’

The m-AAA protease first identified in human cells is Paraplegin. This name
originates from the mutations of this protein from the patients of a genetically
inherited autosomal neurodegenerative disease, hereditary spastic paraplegia
(HSP).”® Mutations in another m-AAA protease, AFG3L2, are thought to be a cause
of another neurodegenerative disease spinocerebellar ataxia, which is often

presented together with HSP.”” Most of biochemical studies regarding the assembly
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and function of eukaryotic FtsH homologs have been carried out with yeast

orthologs.

Mitochondria lacking m/i-AAA proteases display a disruption in the assembly of
respiratory complexes.’”: 8 In yeast, m/i-AAA proteases are in charge of the quality
control of many MPs in subcellular organelles. i-AAA selectively degrades the
unassembled cytochrome ¢ oxidase subunit 117, and external NADH dehydrogenase
(Ndel).8° Yeast i-AAA proteases are also involved in regulating the synthesis of
cardiolipin (CL), a mitochondria specific phospholipid, by rapid degradation of the
protein complexes that supply phosphatidic acid.®' On the other hand, defects in m-
AAA impair mitochondrial translation, and thus the assembly of mitochondria-
encoded proteins can be inhibited. Loss of i-AAA from plant mitochondria delays
both seed germination and the transition between the vegetative and the
reproductive stage.®? It also changes leaf morphology of aging rosettes and lowers
the plant’s fertility.®® i-AAA from plant mitochondria prevents the accumulation of
hyper-oxidized proteins via dual mechanisms: (1) degrading them directly and/or (2)
decreasing the pool of unassembled subunits which would easily undergo

oxidation.84 85

FtsH in chloroplasts

FtsH in chloroplasts is localized in the thylakoid membranes with its catalytic
domains exposed to the soluble stroma.8 FtsH was reported as the protease which
protects the structural and functional integrity of the photosynthetic reaction centers
from environmental stresses at all stages of development.’ It degrades

unassembled chloroplast proteins on the stromal surface of the thylakoid
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membrane.8” One most studied example is the degradation of the core protein D1
protein in the photosystem Il reaction center. It is anchored to the thylakoid
membrane by five TM helices and is highly susceptible to oxidative damage induced
by excess light.®8 This photoinhibition process is described as the conformational
changes of the loops in the D1 protein upon excess irradiation, making the loops
accessible for cleavage by the soluble stromal and luminal ATP-independent Deg
proteases.®® 8 Then the TM helices are subject to degradation by ATP-dependent

FtsH.89. %

FtsH in bacteria

The name FtsH originates from the temperature-sensitive mutation gene related to a
cell division defect at 42 °C (filamentation temperature-sensitive) first detected in
E.coli.®? Although there are five different ATP-dependent proteases, FtsH is unique
among them because only FtsH is membrane-integrated and growth essential.%?
Membrane localization reveals the feature that FtsH plays an important role in
membrane protein degradation. FtsH of E. coli is the major focus of this research

and described in details as follows.

E. coli FtsH structures

E. coli FtsH has 644 amino acids and a molecular weight of 70.7 kDa.%? FtsH and its
homologs are commonly composed of three domains (Figure 1.8). One is the TM
domain with a folded periplasmic loop at the N terminus. Integration of the TM into
the membrane is known to facilitate oligomerization of FtsH by increasing the
effective concentration of FtsH and be essential to degradation of MPs.?3 The next

part is the AAA+ domain with ~240 amino acid residues, required for binding,
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unfolding, and translocation of substrates into the protease.®* As a common feature
of AAA+ enzymes, the AAA+ domain of FtsH contains the Walker A and B motifs, as
well as the ‘second region of homology (SRH)’ motif, responsible for ATPase activity
of FtsH.% The highly conserved residues in Walker A is important for ATP binding,
while the Walker B and the SRH catalyze ATP hydrolysis.®® The aromatic and
nonpolar FVG (Phe, Val, and Gly) motif from each subunit of FtsH hexamer are
aligned, forming the substrate recognition and entry pore in the hexameric ring.%
The protease domain contains the HEXXH motif (His-Glu-X-X-His, where X
designates any residues), which is responsible for the binding of the catalytic Zn?*

ion.%’

F228VG
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AAA+ ATPase = Zn2*-protease =C
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binding regulation active site
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Figure 1.8 The domain structure and topology of E. coli FtsH.

X-ray crystal structures of cytosolic catalytic domains of bacterial FtsH The
crystal structures of FtsH were determined for the whole cytosolic region containing
both the AAA+ and protease domains in ADP-bound forms isolated from thermophilic
bacteria Aquifex aeolicus® °° and Thermotoga maritima,'°° and apo form from

Thermotoga maritima.'®? The crystal structures of the isolated ATPase domain with
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different nucleotide-bound states was obtained from FtsH from E. coli,1%?
Helicobacter pylori, %3 T. thermophilius'®* and human mitochondrial homolog
paraplegin (SPG7).1% The crystal structure of the protease domain was obtained

from FtsH of Aquifex aeolicus.®®

The ATPase domain is composed of two subdomains (Figure 1.9). The large
subdomain contains Walker motifs, entry pore motif and SRH. The small subdomain
in the C-terminal region contains mostly a-helices. The ATP catalytic site lies at the
interface between the two subdomains.®8191 The conserved Arginine in SRH, known
as an ‘arginine finger’ stabilizes the intersubunit contacts and senses the y-
phosphate of ATP.%> The ATPase domain with these structural features forms a
hexameric cylinder shape adapting 2, 3 or 6-fold symmetry, depending on the
nucleotide bound state.®8101 Nucleotide binding induces conformational changes of
the ATPase domain. From the crystal structure of the cytosolic portion of FtsH from
Aquifex aeolicus, it has been proposed that ‘open’ and ‘closed’ conformations of the
ATPase domain are arranged alternatively within a hexamer.%: 1% The closed
conformation performs the ATP hydrolysis as the Arg finger R313 lies in the proper
position, while the 6-fold symmetric apo form of FtsH from T. maritimal® is in ‘open’
conformation for all subunits. The subunit switches between the two states with
different pore-loop positions, leading to pulling of the substrate into the proteolytic
chamber (Figure 1.9). From the study of ClpX, this conformational change is
hypothesized to drive the rigid body movement of the entire AAA+ ring that
generates a pulling force on bound substrates and induces active unfolding and

translocation of the unfolded polypeptide chain'®’.
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The protease domain also forms a hexameric disk with 6-fold symmetry.
Interestingly, the structure of the active sites in hexameric FtsH is very similar to
those of other monomeric Zn?* proteases, including ‘zincin’.?® Based on the study of
zincin (e.qg., tricorn interacting factor),'°8 the peptide hydrolysis occurs by a
nucleophilic attack of the carbonyl carbon by water molecules polarized by zinc ion
and glutamic acid (aspartic acid in FtsH E. coli). The crystal structure of the
hexameric periplasmic domain was also solved for FtsH of E. coli,'°¢ leaving only the

TM domain unsolved.
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Figure 1.9 Crystal structure of FtsH cytosolic domains from Aquifex aeolicus.®®
(A) Side view of FtsH monomer with ‘open’ and ‘closed’ conformations (left). Top
view of FtsH hexamer with the color codes- ‘closed’: green; ‘open’: blue (right). The
pore loops in the subunits (pink) are very near in space sealing the pore in the
‘closed’ conformation, whereas they are apart in space in the ‘open’ conformation.
(B) Schematic overview of the ATP hydrolysis cycle of FtsH. The same color code

was used as in (A).
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Cryo-Electron Microscopy (EM) structure of full-length FtsH In 2011, the first
structure of a full-length FtsH homolog (an m-AAA protease of yeast) has been
revealed as 12 A resolution using cryo-EM (Figure 1.10). Although this protease is
hetero-oligomeric in a naturally occurring form, only two mutations on one kind of
subunit (Yta 12) lead to the formation of homo-oligomeric complexes. Despite the
low resolution, this structure has unveiled an important characteristic of FtsH that
there is an intermembrane space between the TM domain and the cytosolic
domains, leaving a possible passage that is wide enough for unfolded but not folded

substrates.109
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Figure 1.10 Cryo-EM analysis of an intact yeast m-AAA protease.® (A)
Representative area of a digital micrograph of m-AAA hexamer embedded in
vitreous ice. Selected projection views and their corresponding class averages (right)
are also shown with 300 A scale bar. (B) Side view of the structure of the m-AAA
hexamer is shown as isosurface representation with the transmembrane domain

colored green, the intermembrane space domain gold, and the matrix domain gray.

In 2017, the water-soluble portion of a human i-AAA was published with a 3.4 A

resolution using cryo-EM, elucidating the molecular mechanisms of ATP hydrolysis
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and substrate translocation (Figure 1.11). This structure displays an asymmetric
AAA+ ring with the spiral-staircase shape, which is stacked on the planar symmetric
protease hexamer. A 10-residue peptide substrate was visualized in the AAA+
channel making close contacts with two Tyr residues from the entry pore loop.
Individual AAA+ subunits undergo a tightly-coordinated ATP hydrolysis cycle with
three different nucleotide-bound states, allosterically inducing the unfolded substrate
circling to the protease chamber. This mechanism positions the interaction between
the substrate and the central channel aligned with Tyr residues from all subunits in a
stepwise manner, which links an inter-subunit signaling motif to the y-phosphate

sensitive Arginine fingers.110
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Figure 1.11 Cryo-EM analysis of the substrate-bound homo-hexameric YME1
AAA+ protease.'? (A) The YME1 model with a bound substrate in cutaway view.
The substrate is color-coded orange showing cryo-EM density. The nucleic acids are
shown in sphere representation. (B) ATPase and protease rings are in orthogonal
views. (C) Each subunit of the hexamer cytosolic domain is shown side-by-side with
the transparent gray isosurface of the cryo-EM density. The relative movement of the
ATPase domain to the protease domain is shown by the dashed-lined angle above
each ATPase domain, sequentially. The tilt of the pore loop and pore loop tyrosine

are also visible.
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Features of FtsH substrates

FtsH degrades both water-soluble and MPs. It degrades intrinsically unstable folded
and functional proteins, and thus regulates their functions by controlling their
concentration. Known water-soluble substrates for FtsH include regulatory proteins
such as a heat shock factor 032 and the C-terminal domain of transcription factor cll
which is critical for lysogenization of bacteriophage A.*112 On the other hand, as a
quality control center, FtsH degrades misfolded and excessively expressed MPs
lacking their binding partners, such as uncomplexed subunits Foa in ATP synthetase

and SecY in SecYEG translocase.113:114

FtsH is known to have a weak sequence-specificity in recognition of degrons on
protein substrates but requires certain features. Often degron sequences possess
non-polar residues and sometimes a length requirement (>20 residues).''®> FtsH can
recognize the C-terminal degradation tag SsrA, a universal degron targeted by all
AAA+ proteases in E. coli, or a non-polar tag called “108” (SLLWS).1%¢ The
recognition of SsrA tag indicates the sensitivity of FtsH to water-soluble proteins.
One example is the regulation of the lipopolysaccharide (LPS) synthesis in bacteria
by FtsH. The outer leaflet of the outer membrane of gram-negative bacterial cells is
majorly composed of LPS to help the formation of a permeability barrier against
external chemicals. The synthesis of LPS starts from lipid A catalyzed by a short-
lived LpxC deacetylase (half-life, ~4 min).1*” The non-polar C terminal tail (20 amino
acids, non-conserved) of LpxC can be recognized by FtsH, and the inactivating
mutation of FtsH causes the lethal overaccumulation of LPS.1!” Besides, the N-
terminal cytosolic tail of certain proteins can also be recognized by FtsH for

degradation. Such an example is YccA, which is an E. coli MP unknown function.11®
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The previous quantitative studies of FtsH activity

The main goal of this dissertation was to elucidate the mechanism of membrane
protein degradation by FtsH quantitatively. Hence, it is important to review the
degradation measurements of FtsH reported in the field. Quantitative studies of
FtsH activity have been mainly carried out with FtsH from E. coli and water-soluble
substrates. The Ogura group has reported that FtsH hydrolyzes 196 ATP molecules
mint FtsHe! at 37 °C with an apparent Km value at [ATP] = 83 uM, in the absence of
substrates.'%* FtsH can also hydrolyze CTP, GTP, and UTP.1%4 It has also been
reported that globular protein substrates such as water-soluble 6321 and MP
SecY!!4 can be degraded in vitro in the presence of ATP but not non-hydrolyzable
ATP analogs. Short peptides can be cleaved under both circumstances.!® The
proteolytic and ATPase activity of FtsH can be stimulated by the addition of 20%
dimethyl sulfoxide.'?® As a Zn?* metalloprotease, degradation of 032 can be
stimulated by Zn?* and Mn?* while inhibited by metal ion chelators such as
Ethylenediaminetetraacetic acid (EDTA).1'! On the other hand, FtsH does not

respond to the serine protease inhibitor Phenylmethylsulfonyl fluoride (PMSF).111

FtsH hexamer can degrade ~0.5 molecules mint of an unstable water-soluble
protein 032 and at 42 °C and consume ~140 ATP molecules to degrade one copy of
the same protein.*?! Although AAA+ protease ClpXP and CIpAP can degrade
thermodynamically or kinetically stable globular proteins such as green fluorescent
protein (GFP), barnase and dihydrofolate reductase (DHFR), the Gross group found
that FtsH degrades only proteins with low intrinsic thermodynamic stability.1?2 The
Matouschek group suggested that the weak unfoldase activity of FtsH originates

from its weak ATPase activity (Figure 1.12).%6 Therefore, it has been widely
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accepted that FtsH does not have a strong activity to unfold protein substrates, and
this lack of robust unfoldase activity confers FtsH with an ability to selectively

degrade abnormal proteins that have already been denatured (Figure 1.13).
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Figure 1.12 ATPase activity of FtsH in comparison to various AAA+
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Figure 1.13 FtsH has a selectivity for intrinsically unstable proteins.'?? (A) FtsH
degradation favors thermodynamically unstable mutant FA10 of Arc repressor.
Degradation rates are lower for wild type and hyper stable mutant PL8. (B) FtsH can
degrade the circular permeated (CP) dihydrofolate reductase (DHFR) Asp 87 mutant
that has faster unfolding rate but not structurally or enzymatically altered. However,
the degradation of DHFR wild type or DHFR-CP-Asp87 with stabilizing cofactor

methotrexate is not successful.
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Model membrane substrate GlpG

The proposed ‘weak unfoldase’ feature of FtsH served as a dogma in the field for
more than a decade. As the studies were mainly carried out with the degradation of
water-soluble substrates of FtsH, the knowledge gap remained for quantitative
research of the degradation of membrane protein. To study FtsH-mediated
degradation of MPs, | chose the rhomboid protease GlpG as a model. Rhomboid
proteases are serine proteases and harbor the Ser-His catalytic dyad embedded in
the bilayer core. They proteolyze a specific peptide bond connecting the soluble
domains and TM domains near the membrane surface.'?® One of the most
characterized rhomboid proteases is Rhomboid-1 from Drosophila.'?* It participates
in the regulation of the epidermal growth factor receptor (EGFR) signaling by
releasing the EGF from its membrane-tethered precursor??® and activating the
signaling pathway.'?6127 The rhomboid protease family is conserved in all kingdom of
life, yet the only rhomboid, the function of which is known for bacteria, is AarA from
the Gram-negative Providencia stuartii. AarA cleaves a precursor of the translocase
channel formed by the multimerization of a single-pass TM protein, thereby allowing

the transport of an unknown quorum-sensing signaling molecule.'?8

GIpG is a rhomboid protease from E. coli, but little is known about its function. GIpG
is composed of six TM helices with both N- and C-termini facing the cytoplasm
(Figure 1.14). Shorter TM4 is surrounded by the other TMs, forming an aqueous
cavity under the surface of membrane contacting the Ser201-His254 catalytic dyad.
The Ha group proposed that the membrane-embedded loop between TM1 and TM2

may serve as a gate towards the active site controlling the access of substrates,2°
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whereas subsequent mutagenesis and biochemical studies indicates that flexible

TM5 serves as a substrate gate.130 131

Catalytic dyad
Ser201-His254
Periplasm

Membrane

Cytoplasm

Figure 1.14 Structure of GlpG TM domain. (residues 87-276, PDB code: 3B45)!3?

GIpG has emerged as an important model system to study the folding of helical MPs.
In 2014, the Otzen group reported that GlpG has the thermodynamic stability (AG) of
8.2 kcal/mole using a sodium dodecy! sulfate (SDS) denaturation method.'33 They
have proposed that the unfolding of GIpG is ‘two-state’ within the detergent micellar
phase since SDS perturbs the tertiary structure but not the secondary structure, 33
Therefore, AG here would be determined for the second stage within the context of
the two-stage model for MP folding. This suggestion was further consolidated by the
MD simulation studies by the Wolynes group.'3! Using the novel steric trapping
strategy, our group has shown that GlpG is composed of two subdomains, the
folding of which are partially coupled. Steric trapping has an advantage because of
its ability to measure the thermodynamic stability directly under native conditions
without using chemical denaturants. Using this method, we have determined that the
global stability of GlpG is AG = ~6 kcal/mol.*3* Our group is now capable of

manipulating its global and local stability by mutations. Thus, GIpG is an ideal model
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system to study how intrinsic folding properties of MPs determine the susceptibility to

degradation.

Table 1.2 shows the folding parameters of GlpG and other water-soluble model
substrates that have been used for AAA+ proteases. GlpG has moderate stability
with AG of 4-6 kcal/mol. Other folding properties of GlpG such as melting
temperature and unfolding rate are comparable to several water-soluble proteins that

are widely used as model substrates for other AAA+ proteases.
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AGu ku Tm

(kcal/mol) (min") (°C)
DHFR 6.12 5 x 102b 54¢
GFP N/Ad ~years® 76f
barnase 8.8¢ ~104h 70
Arc 10.9! B 59'
PhoA N/A N/A ~70m
DGK 16" <~10%0° ~80P
GIpG ~49,4.77,5.85 23'_43"x1 ?;’_Zt >85Y, 71

AGu: thermodynamic stability

ku: spontaneous unfolding rate

Tm: thermal melting temperature

a measured at room temperature'3®

b measured at 15°C"36

¢ from reference’®’

4 No available data

¢ from reference’38

f from reference3®

9 measured at room temperature'4°

hmeasured at room temperature’#!

' from reference’#?

I measured at room temperature’4?

K measured at room temperature 44

' from reference’#®

m from reference’4®

"DGK (diacylglycerol kinase) measured in SDS/decylmaltoside mixed micelles'’
°measured in n-octylglucoside by steric trapping'4®

P measured in dodecylmaltoside'4°

9measured by single-molecule force spectroscopy in neutral DMPC/CHAPS bicelles
at room temperature%0

" C-subdomain, measured by steric trapping at room temperature'34
s N-subdomain, measured by steric trapping at room temperature '3
measured in DMPC/DMPG/CHAPS bicelles at 37°C"'

Y measured in DMPC/DMPG/CHAPS bicelles and E. coli lipids'®’

¥ measured in dodecylmaltoside'>?

Table 1.2 Comparison of folding parameters of GlpG and water-soluble model

substrates for AAA+ proteases.
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Crowding effect on protein activity

One of the most striking features of cells is that the biochemical and biophysical
processes are carried out in the presence of enormously high concentrations of
biomacromolecules. For example, the concentration of the biomacromolecules such
as proteins, nucleic acids, and carbohydrates in an E. coli cell is up to ~300 mg/ml
(www.bioNumbers.hms.harvard.edu). Therefore, it would be highly relevant to study

biological processes in the presence of high concentrations of biomacromolecules.

When macromolecules are dissolved in solution at a high concentration, their
physical properties such as size and concentration may affect kinetic and equilibrium
behaviors of co-dissolved molecules, the situation of which is referred to
‘macromolecular crowding.’'®? If the macromolecules do not interact with each other
as well as with co-solutes, the major effect on the behavior of co-solutes would be

reducing the free volume of the system. This is called the ‘excluded volume’ effect.

In case of a protein folding reaction (U represents the unfolded state, and F
represents the folded state):

Uc—F

This equilibrium can be characterized as the free energy change, which can be
obtained from the corresponding equilibrium constant, where R is the molar gas
constant, and T is the absolute temperature:

AG,: =—RT InK,.

When we consider the crowding effect, the thermodynamic equilibrium of protein

folding can be reconstructed as in Figure 1.15. The standard free energy change
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and equilibrium constants in a dilute solution are denoted with superscript ‘0.” Then,
the free energy of protein folding in a crowded environment can be described as:

AAGUF = AGUF _AGL(J)F — AG;FOWdEd _AGlerWdEd

And the corresponding equilibrium constant would be:

Kue = KJr eXp(-AAG,. / RT)

AGY
Dilute UF .
solution -(—’

T AGETOWded 1 AGLI;rowded

,3%80 O.OO
2008

Figure 1.15 Thermodynamic equilibrium of protein folding in dilution and

crowded medium.133

If it is assumed that macromolecules do not interact with protein molecules of
interest, the excluded volume effect that reduces the free volume of each protein
nonspecifically enhances compaction of the conformations of both folded and
unfolded conformation. By the mass action law, the net outcome would be the
stabilization of the folded state, which is more compact (see Table 1.3 ‘protein
stability’). If the reaction involves protein-protein interactions, the excluded volume
effect will enhance the complex formation. In general, the macromolecular crowding
is known to decrease the apparent thermodynamic stability, enhance the formation
of macromolecular complexes in solution, increase the binding of macromolecules to

surface sites and induce the formation of insoluble aggregates. The expected

36



magnitude of these effects strongly depends on the relative sizes and shapes of
concentrated crowding reagents as well as the sizes of macromolecular reactants

and products.

Also, macromolecular crowding is generally expected to increase the rate of slow
transition state-limited association reactions and to decrease the rate of fast
diffusion-limited association reactions. The various effects are shown in Table 1.3.
Part of my project is to study the effects of macromolecular crowding on ATP
hydrolysis and degradation activities mediated by FtsH. This study will provide an
insight into how the physical environment mimicking the crowded cellular

environment influences the function of FtsH.

37



Macromolecule

Effects

Protein added
Association a-synuclein®* Ficoll 70K
rates 150 g/L
PEG 3.3K
150 g/L
BSA
50 g/L
HIV capsid Ficoll 70K
proteint®® 100 g/L
Association Bovine pancreatic Dextran 10K
equilibria trypsin inhibitor'%® 200 g/L

Replication protein BSA

RepA-DNA

complex!®’
Conformational RNase A58
isomerization

Adenylate
kinase'®®

Protein stability FK506-binding
with respect to proteint®
denaturation  DNase 161
Redesigned
apocytochrome
B562162
Enzyme activity DNase 1161

E. coli apoptosis

150 g/L

PEG 20K
30 wt-%

Dextran
270 g/L

Dextran
160 g/L
PEG 4K
20 wt-%
PEG 20K
85 g/L

PEG 4K~20K
20 wt-%
PEG 6K

stimulating protein 50 g/L

162

Ureasel64

Hemoglobin
30 wt-%

10 fold acceleration on amyloid
fibrillation rate

3 fold acceleration on amyloid
fibrillation rate

5~6 fold acceleration on
amyloid fibrillation rate

10 fold decrease on the half-
time of protein self-assembly

~5 x 10° fold increase in the
association constant of
decamer formation

10 fold increase in the
equilibrium association
constant for complex formation
Partially restores the
enzymatic activity of RNase A
in 2.4 M urea

Mean distance between
residues 169 and 203 reduced
in 1 M GuHCI

The free energy of unfolding
increase about RT

Tm for thermal denaturation
increases 15 °C

Refolding rate increases by
30% at 30 °C and by 80% at
20 °C

Km was not affected, but Vmax
increased ~20-fold

Km decreased 4 fold, and Vmax
increased 6 fold.

Urease activity increased 10-
fold.

Abbreviations: BSA, bovine serum albumin; PEG, polyethylene glycol.

Table 1.3 Examples of macromolecular crowding effects on protein

characteristics.
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Projects description

Protein degradation is a key molecular process in protein quality control and
regulation of functional networks in cells. While previous studies largely focused on
the degradation of water-soluble proteins, numerous questions remain open how
MPs are degraded. Using widely conserved FtsH as a model, | will provide answers
to the questions, (1) How do the intrinsic folding properties of MPs determine their
susceptibility of degradation? (2) How does FtsH utilize the free energy generated by
ATP hydrolysis to degrade MPs? (3) What are the mechanisms of FtsH-mediated

degradation of membrane proteins?

To answer these questions, | first reconstituted the MP degradation mediated by
FtsH in the lipid bilayer environment (Chapter 2). Using the stable membrane protein
GIpG as a model substrate, | quantitatively defined the ATP-driven unfoldase activity
of FtsH and elucidated the quantitative relationship between intrinsic folding
properties and degradation rates (Chapter 3). | also found that FtsH coupled multiple
ATP hydrolysis events to degradation in a highly cooperative and efficient manner
(Chapter 2). This mechanism explains how FtsH overcomes high energetic costs in
unfolding substrates in membranes and extracts them towards its protease domain

located outside the membrane.

This work represents the first study reporting the kinetics of MPs degradation by
specific degradation machinery and will provide useful knowledge for generating new
hypotheses to elucidate the challenging biological problem of MP degradation in

eukaryotic cells.
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Previous work of MP degradation has mostly focused on qualitative in vivo study or
semi-quantitative in vitro study.'® Also, the environmental conditions of in vitro
degradation study have been mainly detergent micelles rather than native lipid
bilayers.*° Therefore, the field is in need of a new model system for the quantitative
understanding of detailed degradation mechanisms. There have been two
challenges in achieving this goal: (1) it has been difficult to reconstitute a large
amount of the protein complexes of MP degradation machinery in the lipid bilayers
for biochemical and biophysical analysis; (2) Although it is widely accepted that the
degradation machinery for MPs recognizes their folding features as major criteria for
substrate selection, the characterization of the folding properties of MPs is still a
daunting task. In this chapter, | will describe the detailed procedures towards
developing an in vitro system for quantitative kinetic analysis of MP degradation on

the basis of understanding of the folding of MP substrates.

First, for functional reconstitution of MP degradation, | chose the membrane-
integrated AAA+ protease FtsH of E. coli as a model degradation machine. The
overexpression and purification of FtsH in high yield was achieved by using the pET-
based expression vector equipped with a C-terminal Hise-tag and a T7-promotor as
well as by screening of various BL21(DE)-based E. coli strains, the concentrations of
inducer Isopropyl B-d-1-thiogalactopyranoside (IPTG), and induction times and
temperatures. An optimal detergent condition for the purification of FtsH in a
functional form has been screened for the two major activities of FtsH, i.e., ATPase
activity and proteolysis activity in various detergent (micelles) and bilayer (bicelles

and liposomes) environments.
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Second, to study the folding-degradation relationship of FtsH-mediated MP
degradation, | chose the TM domain of GIpG as a model substrate because the
Hong lab has a capability to investigate the folding properties of GIpG (i.e.,
thermodynamic stability and unfolding kinetics) directly under native conditions, as
well as has tested a variety of mutants with modified folding properties. To convert
stable MP GIpG into a substrate for FtsH, | fused various degradation markers that
are known to be specifically recognized by FtsH or universally recognized by E. coli

AAA+ proteases.

Finally, | established the assays that can test the degradation in vivo and in vitro. To
monitor the degradation of GlpG in vivo, | employed Western blotting to track the
amount of GIpG tagged with an epitope after blocking protein synthesis with the
antibiotic spectinomycin. To monitor the degradation in vitro, a fluorescence-based
degradation assay was developed by conjugating an environment-sensitive
fluorophore to GlpG. In this way, | was able to determine degradation rates of the MP

substrate in real-time precisely.

Equipped with an ATP-regeneration system, the model system established in this

way turned out to be the simplest one for investigating MP degradation so that the

detailed chemical and physical principles of the degradation process can be studied.
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FtsH expression and purification

Obtaining an active form of FtsH with efficient expression and purification methods
were one main obstacle in this research project. After many trials with expression
cell line, induction condition, purification buffer and detergent screening, a mature
expression and purification method with repeatable FtsH yield and activity was

discovered.

The coding region for full-length FtsH was PCR-amplified from genomic DNA of the
E. coli strain MG1655 and subcloned into pET21a expression vector encoding C-

terminal Hise-tag.

For FtsH expression, E. coli C43 (DE3) pLysS cells containing plasmids encoding
FtsH were grown on selection plates (100 mg/L ampicillin) at 37°C. The liquid culture
was inoculated with a single colony and grown in LB media (100 mg/L ampicillin)
overnight at 37°C until the cells reach the stationary phase. The overnight culture
was used to inoculate a fresh LB media (100 mg/L ampicillin) and cultivated to the
mid-exponential phase (ODsoonm = 1.2) at 37°C. The culture was induced with 1 mM
isopropyl B-D-thiogalactopyranoside (IPTG) and was grown at 37°C for an additional

3hr.

Harvested cells were resuspended in 1/40 culture volume of resuspension buffer of
25 mM Tris-HCI (pH 8.0), 0.1% B-mercaptoethanol (BME) (v/v), 15% glycerol (v/v)
and 0.5 mM phenylmethylsulfonyl fluoride (PMSF). Cells were lysed five times using
EmulsiFlex-C5 pressure homogenizer (Avestin). After removal of cell debris by

centrifugation in F21 rotor using a Sorvall RC6+ centrifuge (Thermo Fisher Scientific)
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at 6,000 rpm for 30 min, the total membrane fraction was obtained by
ultracentrifugation (Beckman Coulter, Type 45 Ti rotor) at 28,000 rpm for 2 hr. The
total membrane pellets were resuspended in 1/50 culture volume Base Buffer (25
mM Tris-HCI pH 8.0, 200 mM KCI, 15% glycerol) using a tissue homogenizer. The
membrane resuspension was solubilized by addition of Triton X-100 to a final
concentration of 2% (w/v). Aggregation was removed by centrifugation at 12,000 rpm
for 1 hr. FtsH was purified from resulting supernatant using Ni%*-NTA affinity
chromatography (Qiagen, 1 mL resin volume per liter culture). After washing the
resin with a 10-resin volume of wash buffer (Base Buffer with 0.1% Triton X-100, 20
mM imidazole), bound FtsH was eluted with a 10-resin volume of Elution Buffer
(Base Buffer with 0.1% Triton X-100, 0.1% BME, 200 mM imidazole). The eluent was
concentrated using a centrifugal filtration unit (Millipore, 50 kDa MWCO). After
removal of excess imidazole in a desalting column (Bio-Rad) equilibrated with Base
Buffer with 0.1% Triton X-100 and 0.1% BME, FtsH was concentrated to the final
volume of 0.5~1.0 mL per liter culture (typically, 60~150 uM). All purification
procedures were carried out at 4°C. The protein concentration was determined by

660 nm protein assay (Bio-Rad), which was compatible with Triton X-100.

The highest yield of FtsH in a detergent-solubilized form was obtained in the order,
DDM > DM > NP-40 ~ TritonX™-100 > CHAPSO =~ B-OG. The protease activity was
not fully supported on high concentrations of all other detergents, except for NP-40
and TritonX-100, and eventually, the TritonX-100 was chosen based on its
supportive performance on FtsH activity. Figure 2.1 (right) is the comparison of

ATPase activity in detergent NP-40 and Triton X™-100. Here, TritonX™-100
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supported ATP hydrolysis slightly better. ATP hydrolysis was measured by an

enzyme-coupled assay® (Figure 2.1 left) in the presence of 5 MM ATP at 37°C.

0.0
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Figure 2.1 ATPase activity of FtsH measured in different detergent. The Y-axis
represents the relative ATP consumption by the time as the NADH absorption signal
decrease. PEP, phosphoenolpyruvic acid; PK, pyruvate kinase; LDH, lactate

dehydrogenase. Same trend was observed in repeated experiments (n>3).

Design of a model membrane substrate using GlpG for in vitro degradation
The substrates for an in vitro assay of GlpG degradation were designed as in Figure
2.2. GlpG variants fused to the C-terminus of maltose binding protein (MBP) followed
by a Tobacco Etch Virus (TEV) cleavage site were cloned into pET30a vector. The
resulting plasmids encoded the proteins with an N (or C)-terminal Hise-tag. The MBP
was to increase the yield of expression, and the TEV protease cleavage site was to
let the fusion protein be site-specifically cleaved off from GlpG without disturbing

other degradation markers.

FtsH is known to processively degrade a substrate starting from either N- or C-

terminus by binding an unstructured tail (>20 residues) with diverse sequences as a
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degradation marker.” 8 To establish GIpG as the model substrate, we chose four
well-characterized degradation markers which are preferentially recognized by FtsH
or other AAA+ proteases and examined their ability to induce GlpG degradation in
vivo (in the following section). Here we chose “108” and “SsrA” for C-terminal. ‘108’
(-SLLWS) is an artificial FtsH-specific degradation marker.® “SsrA” (-
AANDENYALAA) is a universal degradation marker can be recognized by all other
AAA+ proteases.!® For N-terminal, we employed the N-terminal tails (residues 1-23)
of E. coli proteins YccA and Dps as degradation markers (Figure 2.2), which are

known to be specifically recognized by FtsH and ClpXP, respectively.” 1!
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cleavage

¥
GlpG-noTag MBP LINGDGAGLEVLFQENLYFQSEFHYRRYPFF{ GIpG TMg7.57

11 AA Marker
) h
GlpG-108 MBP LINGDGAGLEVLFQENLYFQSEFHYRRYPFF-' GlpG TMg7.076 108
I
1 AA 28 AA
GlpG-SsrA MBP LINGDGAGLEVLFQENLYFQSEFHYRRYPFF GIPG TMay o7 SsrA
1 AA 34AA
A h
YccA-GlpG  {__meP__ JlNGDGAGLEVLFQENLYEQS T W G{ GIpG TMy v PLE
23 AA 8 AA
A A 4
Dps\-GlpG MBP LINGDGAGLEVLFQENLYFQS T L~ C{ GIpG TMy;ors PLE
1

| IS |
23 AA 8 AA

Figure 2.2 Substrate membrane protein GlpG design scheme and naming for in
vitro degradation. Residues in blue are the TEV protease recognition sequence,

and residues in green are the linkage peptides.

GlpG with a degradation marker was then tested by its proteolytic activity to confirm
the active conformation was not affected by the marker. We use the second TM
domain of lactose permease of E. coli fused to the staphylococcal nuclease (SN-
LacYTM2: 25.7 kD) as a model substrate (Figure 2.3). GIpG cleaves the scissile
peptide bond near the water-membrane interface of LacYTM2. This cleavage
reaction can be measured by SDS-PAGE or fluorescence-based assay developed
by the Hong group.? Here the SDS-PAGE data (Figure 2.4) show that all tested

GlpG variants are fully functional and in the native conformation.
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'!_.. SN: staphylococcal nuclease
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Figure 2.3 Activity assay of the model membrane substrate GlpG.

LacYTM2 LacYTM2
only GlpG GIpG only Dpsy- YccAy GIpG
l WT GIpG -SsrA -noTag l WTGIpG  GlpG -GlpG -108
I LI | 11 | | I 11 11 1
Incubation time (hr) 0 16 0 16 0 16 0 16 0 16 0 16 0 16

-
e
o
37°C 37 kKD

s <«4SN-LacYTM2
2 K> (- e AR L B R Sl
* * & ; 7 * * *

*

20kDP) %
75 kDI & —
5O KDp- afi——— o —— -
37 kDP e
0 i = <4SN-LacYTM2
25°C s EESEy IR e VR W TN SN-ALacYTM2

£ * 3 * * *

20 kD™ & -

Figure 2.4 Activity of GlpG variants with various degradation markers
measured by SDS-PAGE. The activity was measured under the same solution
condition used for the degradation assay in 3% DMPC/DMPG/CHAPS bicelles.
Briefly, GlpG (2 uM) and SN-LacYTM2 (10 uM), which were separately reconstituted
in bicelles, were mixed and incubated for 16 hr at each temperature. This reaction
yielded the cleavage product SN-ALacYTM2. The asterisk marks (*) on the gel

indicate the location of GIpG variants.

Design of a model membrane substrate using GlpG for in vivo degradation

To validate the membrane protein GlpG substrate constructs can be degraded by
FtsH in the cell, we design a similar set of constructs that can be tested in vivo. All in
Vivo constructs contain the TM domain of GIpG (residues 87-276) with N- or C-

terminal degradation marker and FLAG or HA epitope, which were cloned into
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pBAD/HisA vector (Figure 2.5). To test specific degradation by FtsH, we employed
the E. coli strain with intact chromosomal ftsH (+ftsH) and the strain with disrupted
ftsH (—ftsH).12 E. coli AR3289 (+ftsH) and AR3291 (-ftsH) strains were transformed
with each GIpG plasmid. Samples were then incubated at 37 °C, and an aliquot of
each sample was taken at subsequent time points. Spun-down cells were
resuspended with protein sample buffer and run on SDS-PAGE. GlpG degradation
was monitored by Western blotting against HA or FLAG epitope. Then, the HA
epitope was fused to the C-terminus of GIpG to investigate the effect of the N-
terminal markers on GIpG degradation. However, it was found that the C-terminal HA
tag can be recognized for degradation in vivo, and then two tandem Asp residues
(DD)'* were added after the epitope to suppress unwanted degradation from the C
terminus (Figure 2.6). Thus, using this as a control, the specific effect of the N-

terminal markers was studied.

66



C-terminal markers N-terminal markers

Epitope

FLAG-GIpG L !’ta( GlpG-HAyp Epitope
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| I
Marker Marker T AR
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FLAG-tag HA-tag 108-tag YecAytag HA-tag
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L ] 1 1
9AA 28 AA 23 AA 11 AA
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Figure 2.5 The constructs for measuring time-dependent degradation of GlpG.
Possessing the (left)C-terminal degradation markers, the 108-tag, and the SsrA-tag
and (right) the N-terminal markers, in the +ftsH E. coli strain, GIpG were then

monitored by SDS-PAGE and Western blotting.

+ftsH —ftsH

) | | |
ED:t'UrDe 0 10 20 30 45 60 0 30 60 min
GlpGha N C —— | —

—_

9 AA
" A— - " " _'-—'
GlpGhaop N DD=C

| IS |

11 AA Anti-HA

Figure 2.6 Modification of the N-terminal epitope on GIpG for FtsH degradation
in vivo. (Top) The HA epitope induced unwanted degradation by FtsH, even in the
absence of a specific marker. (Bottom) Addition of two Asp residues (DD) to the C-

terminus suppressed the unwanted degradation.

Quantitative measurement of FtsH protease activity in vitro
We developed a fluorescence-based high-throughput in vitro assay that can
precisely monitor the degradation of membrane proteins (Figure 2.7). GIlpG with an

engineered Cys residue was labeled with the thiol-reactive environment-sensitive
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fluorophore NBD. Upon degradation, NBD fluorescence is quenched due to the
transfer of the NBD label from the more hydrophobic bicellar phase to the aqueous

phase.

First, | optimized the position for NBD labeling on GlpG. Three positions tested for
single cysteine mutation (P95C, G172C, and V267C) are located at the membrane-
water interface on TM1, TM3 and TM6 helices to achieve both efficient labeling and
partition of NBD to the nonpolar lipid environment (Figure 2.8a). The sensitivity of
each NBD label and its influence on the degradation rates were then tested. Time-
dependent degradation of single-NBD labeled GlpG variants with the C-terminal 108
tag was measured using NBD-fluorescence and SDS-PAGE (Figure 2.8b). GlpGai7zc-
nBD-108 was chosen because it exhibited the largest fluorescence change upon
degradation among these variants and was degraded at a similar rate to wild-type

GlpG-108 lacking Cys mutation (GlpGwr-108) as seen from SDS-PAGE.

Degradation

ff M"iﬁ: gested peptide
Low fluorescence
1
High fluorescence
Bicelle
7 GG
FtsH G172C

Figure 2.7 Fluorescence-based degradation assay to monitor membrane

protein degradation.
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Figure 2.8 Optimization of NBD labeling position on GlpG for the fluorescence-
based membrane protein degradation assay. (a) Display of Cysteine positions
tested relative to the position of GIpG TM (residues 87-276) terminal. (b) The
relative degradation rate of each GlpG mutant compared to wildtype in fluorescence-
based assay and SDS-PAGE. Same trend was observed in repeating

experiments(n=3).

On the basis of the optimized construct, GlpG variants with a degradation marker

fused to the N-(Dpsn or YccAn) or C-terminus (108 or SsrA) were prepared.

GlpG degradation by FtsH was measured in 3% DMPC/DMPG/CHAPS bicellar
solution (q = 2.8; 2 uM FtsH; 20 mM HEPES, pH 7.5, 100 mM KCI, 15% glycerol,
0.1% BME, and 0.4 mM ZnCl2) with an ATP regeneration system (5 unit/mL

pyruvate kinase and 10 mM PEP) at 37°C. The rationale of choosing the negatively
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charged bicelles is described in Chapter 3. GlpG degradation was initiated by
addition of 2 mM ATP (the final concentration) and monitored by quenching of NBD
fluorescence at Aemission = 545 nm with Aexcitation = 485 nm on a microplate reader over
time. The net fluorescence change induced by GlpG degradation was obtained by

subtracting NBD fluorescence with ATP from that without ATP.

Figure 2.9 shows an example of how the degradation rate of NBD-labeled GlpG-
108c172¢c-ne0 WaS determined using the fluorescence assay. First, NBD fluorescence
at increasing concentrations of GlpG was measured in the absence and presence of
ATP (Figure 2.9a). Then, the difference fluorescence (AF) indicates the time-
dependent degradation of GIpG (Figure 2.9b). The initial linear slope of each trace

(AF/min) in the early time range is related to the initial degradation rate (see below).

The plateaued region (Figures 2.9a-b) in the later period of time of each trace
indicates that the degradation reaction was completed. If the plateaued fluorescence
intensity in the absence and presence of ATP (F«, -atp and F«, +atp, respectively:
Figure 2.10a) and the difference fluorescence intensity in the plateaued region(i.e.,
AF« = F« -aTP— F=, +aTP: Figure 2.10a) are linear as a function of GIpG
concentration, it indicates that the total fluorescence intensity changes (AF- ) are
directly correlated with the changes in the molar concentrations of the substrate (i.e.,
the amount of degraded GIpG). From the slope(AF«/A[GIpG]) in Figure 2.10b and
the slope in the trace of time-dependent fluorescence changes (AF/min) in Figure

2.9b, we can determine the degradation rate of GlpG (A[GlpG]/min, Equation 1).
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Figure 2.9 Example of GlpG-108ci72c-NBD deg degradation with fluorescence
assay. (a) Time-dependent NBD fluorescence was monitored at various
concentrations of GIpG-108 in the absence (F-atp) and presence (F+atp) of ATP
(original data). (b) Time-dependent change of the net fluorescence intensity indicates
GlpG degradation. It was obtained by subtracting the fluorescence intensity without

ATP from that with ATP at each GIpG concentration (AF = F-atp — F+atp).
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Figure 2.10 Correlation of the relative fluorescence intensity change to GlpG
concentration change. (a) For each repeat of experiment (n>3), the average of the
plateau region of the NBD fluorescence intensity in the absence (F«, -atp) Or
presence (F«, +atp) of ATP in a time range was obtained as Y-axis, which was then
correlated to each protein concentration where the fluorescence intensity change
measured. (b) The net intensity change (AF- = F«, _atp — F« +aTP) iS linear as a
function of GIpG concentration. vdeg, GIpG degradation rate by each FtsH hexamer

per minute, is defined as:

AF
i 1 )
min
V., = X Equation 1),
deg AF, [FtsH,] (Eq )
[GIpG]

where AF/min and AF/[GlpG] were obtained from the slopes from Figures 2.9b and

2.10b and further normalized by FtsH hexamer concentration ([FtsHe]), respectively.

Finally, the degradation rates of GlpG can be plotted as a function of the initial GIpG
concentration (Figure 2.11). Here the concentration of GlpG was expressed as a
mole fraction of GlpG out of the total concentration of the bicellar constituents, i.e.,

Xaipc = [GIpG] / ([GlpG]+[DMPC]+[DMPG]+[CHAPS]+[FtsH]). Because both enzyme
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(FtsH) and substrate (GlpG) are partitioned into bicelles so that it is more relevant to
express the concentrations of those species out of the total amphiphile

concentration.
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Figure 2.11 The final plot of degradation rate vs. GIpG concentration. This
example plot was used for enzyme kinetic analysis using Michaelis-Menten and Hill

equations. Full plot with error bars was shown in Chapter 3.

The plots of the degradation rates vs. GlpG concentrations were fitted to the
Michaelis-Menten equation:

Kt goq X i
_Keatdeg Naips (Equation 2),

V =
d
“ K + XGIpG

m,deg
where Vvdeg is GIpG degradation rate by each FtsH hexamer per min, Kcat, deg IS
maximal degradation turnover number of FtsH hexamer per min, and Km, deg is the
mole fraction of GlpG (see below) at which the degradation rate reaches a half

maximum. Alternatively, the same plots were also fitted to the Hill equation:

X NH deg
Clvc (Equation 3),

nH,deg nH,deg
+ XGIpG

Vdeg =

K

m,deg

where nH, deg IS Hill constant of GlpG degradation by FtsH hexamer.
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Summary

ATP-dependent protein degradation mediated by AAA+ proteases is one of the
major cellular pathways for protein quality control and regulation of functional
networks. While a majority of studies of protein degradation have focused on water-
soluble proteins, it is not well understood how membrane proteins with abnormal
conformation are selectively degraded. The knowledge gap stems from the lack of
an in vitro system in which detailed molecular mechanisms can be studied as well as
difficulties in studying membrane protein folding in lipid bilayers. To quantitatively
define the folding-degradation relationship of membrane proteins, we reconstituted
the degradation using the conserved membrane-integrated AAA+ protease FtsH as a
model degradation machine and the stable helical-bundle membrane protein GlpG
as a model substrate in the lipid bilayer environment. We demonstrate that FtsH
possesses a substantial ability to actively unfold GlpG, and the degradation
significantly depends on the stability and hydrophobicity near the degradation
marker. We find that FtsH hydrolyzes 380-550 ATP molecules to degrade one copy
of GIpG. Remarkably, FtsH overcomes the dual energetic burden of substrate
unfolding and membrane dislocation with the ATP cost comparable to that for water-
soluble substrates by robust CIpAP/XP proteases. The physical principles elucidated
in this study provide general insights into membrane protein degradation mediated

by ATP-dependent proteolytic systems.

Introduction
ATP-dependent proteolysis is an essential cellular process to degrade damaged or
misfolded proteins and to modulate the concentration of regulatory proteins.! This

process is carried out by AAA+ proteases including ClpXP, CIpAP, Lon, HslUV,
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FtsH, and 26S proteasomes, in which hexameric AAA+ ATPase binds substrates
possessing degradation markers, and actively unfolds and translocates them into a
protease chamber for degradation.? Current knowledge on ATP-dependent
proteolysis is largely limited to degradation of water-soluble proteins with insufficient
understanding for membrane proteins. This discrepancy is mainly due to the lack of
a proper in vitro system for detailed analysis of degradation mechanisms. Also,
inherent difficulties in studying membrane protein folding have hindered investigation

of the quantitative relationship between folding and degradation.

FtsH family proteins are widely conserved AAA+ proteases localized in the inner
membranes of bacteria and mitochondria, and in the thylakoid membranes of
chloroplasts.® They generally consist of an N-terminal transmembrane (TM) domain,
and aqueous C-terminal AAA+ and Zn?*-metalloprotease domains, which assemble
into a hexamer for function.* ® In their respective membranes, FtsH proteases serve
as major protein quality inspectors by degrading misassembled or damaged
membrane proteins, as well as short-lived water-soluble enzymes and transcription
factors.® In E. coli, disruption of the gene encoding FtsH induces the envelope stress
response and leads to a severe growth defect.® In yeast, defects in FtsH orthologs
cause impaired assembly of the respiratory chain and alter mitochondrial
morphology.” 8 In plant, FtsH in chloroplasts mediates turnover of the photo oxidized
core proteins of the photosynthetic reaction center and unassembled subunits in the
electron transfer chain.® ° In human mitochondria, mutations in FtsH orthologs
paraplegin and AFG3L2 are implicated in severe neurological disorders such as
spastic paraplegia and spinocerebellar ataxia.! 1> Compared to other AAA+

proteases, FtsH is known to possess unique features in recognition of substrates.
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FtsH is the weakest at hydrolyzing ATP and unfolding water-soluble model
proteins.t® While ClpXP and CIpAP rapidly unfold and degrade stable water-soluble
proteins,'4'® FtsH cannot degrade them.!’: 18 FtsH degrades a misfolded variant of
the membrane protein diacylglycerol kinase (DGK), but cannot degrade wildtype or a
thermostable variant in vivo.*® Therefore, it has been proposed that FtsH lacks
robust unfoldase activity, which allows for selective degradation of unstable or
misfolded proteins. These findings also suggest that FtsH degrades proteins
depending on their spontaneous unfolding, and ATP hydrolysis is mainly used to

translocate unfolded substrates.18

To understand how FtsH degrades membrane proteins, several key questions need
to be answered. First, although FtsH is known to lack the ability to actively unfold
water-soluble substrates, the relationship between the intrinsic folding properties of a
membrane substrate (e.g., stability and unfolding rate) and its degradation has not
been quantitatively studied. To define the folding-degradation relationship, it is
necessary to establish a model membrane substrate with defined structure and
folding properties that can be quantitatively characterized. Second, to degrade
membrane substrates, FtsH dislocates their hydrophobic TM segments from the
bilayer to the proteolytic active site in the cytosol using ATP hydrolysis.'” Single-
molecule force spectroscopy and thermodynamic analysis indicate that dislocating a
single TM helix from the bilayer to water in an unfolded form requires an enormous
free energy cost (50—-100 kcal/mol).*%29 With the proposed weak unfoldase activity,
how can FtsH drive such a vastly unfavorable process? Third, the proposed weak

ATPase and unfoldase activities have been mainly derived from in vitro studies in
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micellar solution.!3 18 However, does the micellar condition fully support native FtsH

activity?

To answer these questions, we reconstituted membrane protein degradation
mediated by E. coli FtsH using the stable helical-bundle membrane protein GIpG of
E. coli as a model substrate in the bilayer environment provided by bicelles. Bicelles
are agueous lipid-detergent assemblies in which bilayer fragments are edge-
stabilized by certain detergents.?! Measuring the stability and unfolding rate of GlpG
directly under native conditions was enabled by steric trapping,?? a novel method for
studying membrane protein folding. We demonstrate that contrary to the previous
proposals, FtsH can actively unfold the thermodynamically and kinetically stable
membrane protein GlpG and the degradation is significantly influenced by the
unfolding energy landscape and the hydrophobicity of the substrate. FtsH efficiently
utilizes ATP hydrolysis to degrade membrane proteins, overcoming the dual

energetic burden of substrate unfolding and membrane dislocation.

Results

Bicelles enhance ATPase activity of FtsH and allow facile protein diffusion.
To establish an ideal in vitro system for quantitative investigation of FtsH function,
we first optimized its ATPase activity by testing various lipid conditions, i.e., micelles,

bicelles and liposomes (Figure 3.1 and Table 3.1).

In detergent Triton X-100, the maximal ATP hydrolysis rate per FtsH hexamer (Kcat,

atp) was 51 + 2 min~! FtsHe ™%, and the ATP concentration required for half-maximal

velocity (Kmatp) was 400 £ 50 uM from Michaelis—Menten kinetics. Surprisingly, in

82



the large neutral (DMPC/CHAPS) and negatively charged (DMPC/DMPG/CHAPS)
bicelles (disk diameter = 30 nm 23), keat,aTP Substantially increased by 3.3 and 2.5 fold,
respectively, relative to that in Triton X-100, and Km, atp decreased by half. FtsH
reconstituted in liposomes composed of E. coli, or DMPC/DMPG lipids displayed
higher overall ATPase activity than in Triton X-100 (Figure 3.1). To quantify ATP
hydrolysis rate in the liposomes, we analyzed the orientation distribution of FtsH
inserted in the liposomes using limited proteolysis (Figure 3.2). > 90% of FtsH was
oriented with the AAA+, and protease domains outside, accessible to ATP added to
the outside of the liposomes. ATPase activity was negligible in detergent CHAPS.
Thus, enhanced ATP hydrolysis in bicelles appears mainly due to the interaction of
FtsH with the bilayered lipid region rather than with detergents. Notably, Kcatatp in
native E. coli lipids was similar to that in DMPC/DMPG/CHAPS bicelles. Many AAA+
proteases exhibit moderate positive cooperativity in ATP hydrolysis with Hill
coefficients (nw, atp) of 1.4-2.0.24 2526, 27 |n contrast, FtsH lacked cooperativity (nHatp
= 0.9-1.0) in all tested lipid environments, implying either negligible coupling among

the AAA+ subunits or a 1:1 binding stoichiometry between ATP and FtsH hexamer.
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Figure 3.1 ATPase activity of FtsH in various lipid environments. Measured in
3% (w/v) Triton X-100, bicelles (DMPC/CHAPS, q = 2.8; DMPC/DMPG/ CHAPS,
molar ratio = 3:1:1.4), liposomes (E. coli phospholipids; DMPC/DMPG,

[DMPC])/[DMPG] = 3:1) and 3% (w/v) CHAPS. Data are represented as mean = SEM

(n=23).
Michaelis-Menten Hill coefficient
.kcat,ATPa K aTp? PR
(min-! FtsHe™") (uM) ‘

DMPC/CHAPS 170 £ 4 310 £ 30 0.9+£0.1
DMPC/DMPG/CHAPS 128 £4 220 £ 30 1.0+£0.1
Triton X-100 5112 400 = 50 1.0+£0.1
E. coli lipids 118 £ 3 700+ 70 0.9+£01
DMPC/DMPG 64 £2 330 £ 50 0.9+£0.1
CHAPS 21+£2 4,700 = 1,000 0.8+0.2

All measurements were performed with [FtsH] = 2uM in 3% (w/v) total amphiphile
concentration at 37°C.

@ keat, aTP @nd Km, aTp Values are from nonlinear least square fits of data in Figure 3.1
to the Michaelis-Menten equation (See Methods Equation 2).

b ny atp was obtained from nonlinear least squares fits of data in Figure 3.1 to the Hill
equation (See Methods Equation 3).

Table 3.1 Kinetic parameters of ATPase activity of FtsH in various lipid

environments.
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Figure 3.2 Analysis of the orientation distribution of FtsH in liposomes and
tracking the protein loss during the reconstitution. FtsH purified in Triton X-100
(lanes 2) was reconstituted in (left) E. coli phospholipids or (right) DMPC/DMPG
lipids for ATPase assay. For reconstitution, extruded liposomes (58 mM) were
soaked with 0.5 mM (2 x CMC) Triton X-100, and detergent-solubilized FtsH was
added to the lipid-detergent mixture ([FtsH] = 10 uM, lanes 9). Detergents were
gradually removed using biobeads at 25 °C for 4 hr. The resulting proteoliposomes
(lanes 10) were extruded again to remove protein aggregation. After these steps,
~60% of FtsH was lost (compare lanes 8 and 10). The orientation distribution of FtsH
was analyzed by limited trypsin digestion (FtsH-to-trypsin mass ratio = 50), which
proteolyzed its large cytoplasmic portion containing AAA+ and Zn?* protease
domains (52 kD; lanes 3-6). Solubilization of proteoliposomes with b-octylglucoside
(B-OG) led to complete digestion of FtsH (lanes 7). Overall, >90% of FtsH was

inserted into liposomes with its cytoplasmic portion pointing outside.

We further tested bicelles for the ability to mediate facile diffusion and mixing of the

lipid and protein components (Figure 3.3), which is crucial for quantitative analysis of
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enzyme function. We employed a FRET-based mixing assay developed for studying
membrane fusion.?8 First, to test lipid diffusion, bicelles containing NBD (donor)- and
rhodamine (acceptor)-labeled lipids were prepared, in which NBD fluorescence was
highly quenched by rhodamine due to FRET. Upon mixing of the fluorescent bicelles
with the bicelles without fluorescent labels, NBD fluorescence rapidly increased
within a minute to the level of the homogeneously mixed state. We similarly tested
protein diffusion. The model substrate GIpG labeled with either NBD or rhodamine
was incorporated together in bicelles, and then mixing of the fluorescent protein-
bicelle complex with the bicelles without fluorescent labels was monitored by FRET.
We observed rapid protein diffusion in a similar time scale to that of lipid diffusion.
This result demonstrates that a bicelle is not a discrete lipid assembly but subject to
spontaneous fusion and dissociation, enabling facile mixing of lipid and protein

components throughout the entire hydrophobic phase in solution.

It would be ideal to study FtsH function in pure lipid bilayers. However, in liposomes,
each of which is regarded as a discrete assembly, it is inherently difficult to control
substrate-to-enzyme ratio, and their relative orientation and mixing. Thus, we chose
the negatively charged DMPC/DMPG/CHAPS bicelles as a lipid medium because of
their ability to support ATPase activity similar to native E. coli lipids as well as to

allow rapid protein mixing.
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Figure 3.3 Diffusion of NBD- and rhodamine-labeled (top) lipids and (bottom)
GlpG. In 3% DMPC/DMPG/CHAPS bicelles at 37 °C monitored by FRET, i.e., the
intensity ratio of NBD fluorescence at 535 nm to rhodamine fluorescence at 595 nm.

(Right) NBD and rhodamine fluorescence spectra at the end of each mixing reaction.

Model substrate GIpG is highly thermostable in bilayers.

To quantitatively study the folding-degradation relationship of membrane proteins
mediated by FtsH, we chose the TM domain of the site-specific intramembrane
protease GlpG of E. coli?® as a model substrate. We chose GlpG because (1) itis a
monomeric six-helical bundle membrane protein with structural information available
from >25 PDB entries (www.rcsb.org); (2) its folding has been extensively studied
using various methods including thermal and SDS denaturation, single-molecule
force spectroscopy and steric trapping in dodecylmaltoside (DDM) micelles and

DMPC/CHAPS bicelles (Table 1.2). 230,31, 32
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We tested thermostability of GlpG in DMPC/DMPG/CHAPS bicelles and E. coli lipids
employed in this study. GIpG was resistant to thermal inactivation and aggregation
up to 85 °C (Figure 3.4). As a control, we measured the thermostability in DDM. The
onset temperature of thermal denaturation (65-70 °C) agreed well with the reported
value.®® Taken together, GlpG is a highly thermostable membrane protein in bilayer

environments.
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Figure 3.4 Thermostability of GlpG in various lipid environments.
Thermostability of GIpG measured by thermal (top) inactivation and (bottom)
aggregation in DDM micelles, DMPC/DMPG/CHAPS bicelles, and liposomes
composed of E. coli phospholipids. The activity and absorbance measured at various
temperatures were normalized to those at 25°C. Data are represented as mean +

SEM (n = 3).

FtsH efficiently degrades stable GlpG in vivo.

FtsH is known to processively degrade a substrate starting from either N- or C-
terminus by binding an unstructured tail (>20 residues) with diverse sequences as a
degradation marker.33 34 To establish GIpG as a model substrate, we chose four
well-characterized degradation markers which are preferentially recognized by FtsH

or other AAA+ proteases and examined their ability to induce GlpG degradation in
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vivo. To test specific degradation by FtsH, we employed the E. coli strain with intact

chromosomal ftsH (+ftsH) and the strain with disrupted ftsH (—ftsH).3°

As C-terminal degradation markers (Figure 3.5a), we tested the FtsH-specific 108
tag (GlpG-108) and the universal SsrA tag (GlpG-SsrA).36: 37 Time-dependent
degradation of the whole protein was monitored by Western blotting using FLAG
epitope at the N-terminus. GlpG-108 was efficiently degraded in +ftsH (half-life, Ti2=
25 min) but not in —ftsH. Degradation of GIpG lacking a marker was negligible. Thus,
FtsH degraded GIpG by recognizing the 108 tag. GlpG-SsrA was degraded in +ftsH
at a similar rate to GIpG-108. However, GlpG-SsrA was also slowly degraded in —
ftsH generating two large fragments (~22 and ~14 kDa; MW of the full length = 26
kDa), implying the involvement of other proteases in recognition of the SsrA tag. To
test GIpG degradation by N-terminal markers, we employed the N-terminal tails
(residues 1-23) of E. coli proteins YccA (YccAn-GIpG) and Dps (Dpsn-GIpG) as
degradation markers (Figure 3.5b), which are known to be specifically recognized by
FtsH and ClpXP, respectively.33 3 Degradation of GlpG was monitored using HA
epitope at the C-terminus. GIpG variants with the N-terminal markers were gradually
degraded in +ftsH (T12= 35 min for YccAn-GIpG and T2 = 1 h for Dpsn-GlpG), while
stable in —ftsH. Although FtsH had been thought to degrade only unstable proteins
because of its proposed weak unfoldase activity,*® the thermostable membrane
protein GlpG was efficiently degraded by FtsH in vivo. It should be noted that GlIpG
with the Dpsn tag, which is known as a ClpXP-specific marker, was degraded

depending on FtsH.
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Figure 3.5 Degradation of GIpG in vivo. (a—b) (Left) GIpG constructs for testing the
effect of the C- or N-terminal degradation markers on GlpG degradation. (Middle)
Time-dependent degradation of GIpG variants monitored by Western blotting in the
E. coli —ftsH and +ftsH strains. (Right) Quantification of time-dependent degradation
of GlpG variants with the C- or N-terminal markers in the +ftsH E. coli strain

monitored by SDS-PAGE and Western blotting (see also Figure 2.5).

Reconstitution of FtsH-mediated degradation of GlpG in bicelles.

To quantitatively study the mechanism of FtsH-mediated degradation of membrane
proteins without the involvement of unknown cellular factors, we reconstituted the
degradation using purified FtsH and GIpG in the bicelles optimized for ATPase
activity and protein diffusion. GlpG variants with the fused degradation markers
retained the activity level of wild-type (WT), indicating that the markers did not affect
the native conformation. For precise and efficient measurement of degradation rates,
we developed a fluorescence-based assay using the environment-sensitive

fluorophore NBD conjugated to GlpG (See detail in Chapter 2). In bicelles, we
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successfully recapitulated FtsH-mediated degradation of GIpG (Figures 3.6)
observed in vivo. At the substrate-to-enzyme molar ratio of 10, FtsH degraded GlpG
with the C-terminal 108- and SsrA-tags (Tv2= 50 min) in a comparable time scale as
in vivo (Tw2= 25 min) in the presence of ATP. GIpG lacking a marker was not
degraded, indicating that the degradation was specifically induced by the markers.
Interestingly, GIpG with the N-terminal markers (YccAn- and Dpsn-tag) were
degraded significantly slower than those with the C-terminal markers. There was no
noticeable cleavage of FtsH by GIpG, which is a site-specific protease (Figure 3.7).
The degradation rate of GIpG-108 was enhanced in bicelles by ~3 fold relative to
that in micelles (Figure 3.8), demonstrating that bicelles support not only ATP

hydrolysis but also substrate degradation superior to micelles.
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Figure 3.6 GIpG degradation by FtsH in bicelles. (Left) Time-dependent
degradation of GlpG variants (5 uM) by FtsH ([FtsHs] = 0.5 uM) monitored by NBD
fluorescence in 3% DMPC/DMPG/CHAPS bicelles at 37 °C. Fluorescence intensity
with 5 mM ATP at each time point was normalized to the intensity without ATP.
(Middle) Degradation of GlpG variants monitored by SDS-PAGE and Coomassie
blue staining. (Right) Comparison of degradation of GlpG-108 monitored by NBD

fluorescence and SDS-PAGE shown in left and middle.
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Figure 3.7 The whole-gel image of SDS-PAGE monitoring time-dependent

degradation of GlpG variant in bicelles. This result indicated the site-specific

protease GlpG did not significantly cleave FtsH over prolonged incubation.

+ATP - ATP
| 11 | =
ow o o o o o 0419
Time (min) o & B L2 Y2 J 02 J T DMPC/DMPG/CHAPS
y 2
In DMPC/DMPG/CHAPS | L 034 frn?.’c!?eg+ 4 x
b s i L) 1 R = ! %% fove1m
= cat,deg
. £ 2] =0.26 + 0.01 min-' FtsHg"
o
— -—-.-<GIpG—108 © !
= ] Triton X-100
In Triton X-100 & 91 5 1 Kuge
---——-——-n-” <FtsH 8 =405 4 Xoper0s
- g 0'0-1 T T T T T KC&L“D
=0.09 £0.01 min-" FtsHg™"
a «GIpG- 2 0 100 200 300 400 500 3
108 GlpG mole fraction

(10°® Xip6-108)

Figure 3.8 Comparison of GlpG degradation kinetics in bicelles and micelles.

(Left) Comparison of time-dependent degradation of GlpG-108 (5 uM) by FtsH (3

MM) in 3% DMPC/DMPG/CHAPS bicelles and 3% Triton X-100 micelles monitored

by SDS-PAGE. (Right) Michaelis-Menten plot of GIpG degradation measured at an

increasing concentration of GlpG-108 (0.5-30 uM) and a fixed concentration of FtsH

(2 uM) in 3% DMPC/DMPG/CHAPS bicelles and 3% Triton X-100. The reactions

were performed in the presence of 5 mM ATP at 370C. Data are represented as

mean + SEM (n = 3). The detailed procedures to obtain degradation rates are

described in Chapter 2.
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The degradation rate of GIpG is determined by the location of the marker, not
by its sequence.

Next, we carried out kinetic analysis of GlpG degradation in bicelles by measuring
the degradation rate as a function of substrate concentration (Figure 3.9). Because
both enzyme and substrate were constrained in bicelles, the substrate concentration
was expressed as a mole fraction in the protein-bicelle complex (Xacips). Fitting of
degradation rates to a Michaelis—Menten equation yielded Km, deg = 3.0-3.7 x 107
Xaipc for GIpG-108 and GlpG-SsrA, and Km,deg= 6.3-9.0 x 107> Xaipc for YcCAN-GIpG
and Dpsn-GIpG (Table 3.2), indicating that the C-terminal markers bound FtsH
slightly tighter than the N-terminal markers. Remarkably, the degradation rate was
largely determined by the position of the marker rather than by its amino acid
sequence. We observed a similar maximum degradation rate, Kcat, deg = 2.5-2.7 X
1071 min~! FtsHe ~* for GIpG-108 and GlpG-SsrA while Kcatdeg= 1.6 x 107 min~t
FtsHs ~* for YccAn-GIpG and DpsnGlpG. GlpG with the C-terminal markers were
degraded more rapidly than that with the N-terminal markers by ~1.7 fold. The
strong dependence of the degradation rate on the position of the marker may have
stemmed from the different efficiency of FtsH to process GIpG variants that are
engaged in opposite directions. However, previous in vivo studies indicate that
membrane substrates lacking stable tertiary or quaternary interactions (e.g., YCCA,
the SecY subunit and the TM fragment of proW) are rapidly degraded by FtsH with
T2 < 8 min regardless of the position of the marker, much faster than GIpG (Tiz2=
25-60 min).34 3% 40 Also for other AAA+ proteases including ClpXP, CIpAP, and
proteasomes, the translocation rates of substrates are not significantly affected by

the direction of pulling.** 42 Therefore, our result raises a possibility that certain
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differences in the folding properties between the N- and C-terminal regions of GlpG

may have caused the difference in the degradation rate.
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Figure 3.9 GlpG degradation by FtsH in bicelles with various degradation
markers. Kinetic analysis of FtsH-mediated degradation of GlpG with various

degradation markers. Data are represented as mean + SEM (n = 3).

Michaelis-Menten Hill coefficient
a in-1 -
kcat,deg (rr11;n FtsHs Km,dega (XGIpG) nH,degb
GlpG-108 2.7 +£0.1 x10™ 3.7 £0.5 x10° 0.6 +0.1
GlpG-SsrA 25+0.1 x10™ 3.0+ 0.4 x10° 0.7+01
YccAn-GlpG 1.6 £ 0.1 x10" 6.3 +0.7 x10° 0.8+0.1
Dpsn-GlpG 1.6 £0.1 x10™" 9.0 £ 0.8 x10° 1.1+0.1

All measurements were performed with [FtsH] =2 uM in 3% (w/v)
DMPC/DMPG/CHAPS bicelles at 37°C.

3 Keat, deg, and Km, deg Values are from nonlinear least square fits of data in Figures 3.9
to the Michaelis-Menten equation (See Chapter 2 Equation 2).

b nH, 4eg Was obtained from nonlinear least squares fits of data in Figures 3.9 to the
Hill equation (See Chapter 2 Equation 2).

Table 3.2 Kinetic parameters of GlpG degradation by FtsH.
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Steric trapping to measure the spontaneous unfolding rate of GlpG.

Our findings that FtsH efficiently degrades stable GlpG and that the degradation rate
strongly depends on the location of the marker raise important mechanistic questions
regarding the folding-degradation relationship of membrane proteins: (1) Can FtsH
actively unfold a membrane substrate? (2) How do the intrinsic folding properties of

the membrane substrate influence its degradation?

To determine if FtsH can actively unfold membrane substrates, it is necessary to
measure the spontaneous unfolding rate (ku) of GIpG under the same bicellar
condition for measuring degradation and compare the measured ku to the ATP-driven
unfolding rate. Here we employed the novel steric trapping strategy developed for
studying membrane protein folding.?? 4® Steric trapping couples unfolding of a doubly-
biotinylated protein to competitive binding of bulky monovalent streptavidin (mSA)
(Figure 3.10). This method is advantageous because: (1) ku and thermodynamic
stability (AG°u) can be measured directly under native bilayer conditions without using
perturbants such as chemical denaturants and pulling force; (2) trapping of the
unfolded state depends on transient unfolding of the region between two specific biotin
labels separated at a close distance in the folded state. Thus, it allows for measuring

the local unfolding rate depending on the position of the biotin pair.
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Figure 3.10 Principle of steric trapping. When biotin tags are conjugated to two
specific residues that are spatially close in the folded state but distant in the amino
acid sequence, the first mSA binds either biotin label with intrinsic binding affinity, but
due to steric hindrance, the second mSA binds only when native tertiary contacts are
unraveled by transient unfolding. kon: on-rate constant of mSA binding to biotin label;
koft: off-rate constant of the mSA-biotin complex; ku: spontaneous unfolding rate; kr:

folding rate.

Using steric trapping, ku can be determined by shifting the reaction flux dominantly
towards unfolding upon the addition of a molar excess of WT mSA with a high biotin-
binding affinity (Figure 3.11a).43%° The apparent unfolding rate (ku, app) is asymptotic
as a function of mSA concentration, the maximum value of which corresponds to ku

(Figure 3.11b).
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Figure 3.11 Steric trapping of GIpG scheme to measure the spontaneous
unfolding rate ku. (a) Steric trapping for measuring ku was achieved by shifting the
reaction flux towards the unfolding direction using wild type monovalent streptavidin
(mSA-WT) possessing high-affinity to biotin (MSA-WT; Kd, biotin & 1071* M; Kon biotin ~
107 M1 s1; Koffbiotin  Weeks)** 45, Under the steady-state condition, in which ku
(unfolding rate) << kr (folding rate) and Ko, biotin (Off-rate of mSA from biotin) << Kon,
biotin- [NSA-WT] (on-rate of mSA to biotin), the apparent unfolding rate (ku,app) can be
approximated to an asymptotic equation shown in Figure 3.11b. At high mSA-WT
concentration, ku, app approaches ku. (b) Dependence of the apparent unfolding rate
(ku, app) On the concentration of MSA-WT. The unfolding rates were measured for the
double-biotin variant of GlpG, 95/172n-BtnPyr2 (1 mM) 22 at different mSA
concentrations in 20 mM sodium phosphate (pH7.5), 200 mM NaCl and 5 mM
dodecylmaltoside (DDM). GIpG activity was used as an unfolding readout in the
unfolding kinetic measurement at each mSA-WT concentration (see also Figure 2.3).
The data were fit to the steady-state kinetic equation shown in Figure 3.11a. In the
subsequent unfolding kinetic study (Figures 3.12 — 3.18), the mSA-to-GIlpG molar
ratio of 20 was used, at which ku,app Was close to ku (upward arrow). Errors

designate + STD from fitting.
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We have identified two pairs of optimal biotinylation sites, 95C/172C, and
172C/267C?? (Figure 3.12). After biotinylation, each biotin pair approximately covers
the N-terminal (N-subdomain, probed with the biotin pair 95/172n-biotinz) or C-

terminal half (C-subdomain, probed with the biotin pair 172/267c-biotinz) of GlpG.?2

FtsH actively unfolds GlpG for degradation.

To test if FtsH can actively unfold GlpG during degradation, we determined ku in
bicelles using GlpG activity as an unfolding readout at a 20-times molar excess of
mSA-WT (Figure 3.12 and 3.13). The C-subdomain unfolded slow with ku,app = 2.7 %
0.7 x 10 min"'. The N-subdomain unfolded even slower by ~1.5 fold (ku,app = 1.8 %
0.5 x 10 min""). Increase of mSA concentration up to a 30-times molar excess did not

significantly change ku, app, indicating ku,app ~ ku (Figure 3.14).
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Figure 3.12 Unfolding kinetics of double biotin variants of GIpG measured by
steric trapping. In 3% DMPC/DMPG/CHAPS bicelles at 37 °C. The N- and C-
subdomains?? were color-coded in cyan and orange, respectively. GlpG activity with
MSA relative to that without mSA was used as an unfolding readout. Errors

designate + STD from fitting.
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Figure 3.13 Unfolding kinetics measurements of GlpG by steric trapping. (a)
Binding isotherm between a double-biotin GlpG variant (95/172n or 172/267c, 2.5
mM) and mSA-WTpas in DMPC/DMPG/CHAPS bicelles, 20 mM HEPES (pH 7.5)
and 100 mM NacCl. The unhindered first binding is tight (1st binding) while the
second binding coupled with unfolding is weak (2nd binding). The 2nd binding phase
was slowly developed as the population of the trapped unfolded state increased over
time (Day 0 vs. Day 9). In the unfolding kinetic assay (Figure 3.12) for measuring the
spontaneous unfolding rate (ku), the [MSA]/[GIpG] ratio of 20 (upward arrows) was

used to ensure double binding of mSA to the double-biotin variants of GlpG.
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Figure 3.13 Continued. (b) The spontaneous unfolding rates of GIpG WT was
determined by steric trapping using GIpG activity as an unfolding readout. GIpG was
incubated in the absence or presence of 50 yM mSA-WT at 37°C in 3%
DMPC/DMPG/CHAPS bicelles, 40 mM HEPES (pH 7.5) and 100 mM NacCl. Steric
trapping was carried out for both double-biotin variants, (left) 95/172¢c-BtnPyr2 and
(right) 172/267C-BtnPyrz at a 20-times molar excess of [NSA-WTbas]. The apparent
unfolding rate (ku, app) was determined by applying the first-order reaction kinetics.
GIpG activity was measured by quantifying the amount of cleavage product of the

model substrate SN-LacYTM2 on SDS-PAGE.

102



o
I

@ %20 [MSA-WTpag]
ky=4.1+1.2x 104 min-

=
[{e]
|

0 x30 [MSA-WTpag]
ky=3.0 £1.0x 104 min-

e
“‘ql
1

Relative GIpG activity
Q
co
|

o
D
|

0 2 4 6 8 10 12
Time (x103 min)

Figure 3.14 Comparison of the unfolding rates of GIpG measured at 20-times

and 30-times molar excess of MSA-WT ;. k 's obtained at a different molar

U, app

excess of mSA-WT,5 agreed reasonably well, indicating that &, ,,,'s that we

determined (Figure 3.12) are close to k,. Errors designate + STD from fitting.

To quantify the degree of acceleration of GIpG unfolding by FtsH, we decomposed
the degradation process represented by zcat, deg (Substrate lifetime, 1/Kcat, deg) into
three sequential sub-processes'” 4¢: ATP-driven unfolding (zat, u) and membrane
dislocation (zcat, dislocation) by the AAA+ domain, and proteolysis (zcat, proteolysis) by the
protease domain (i.e., 7cat, deg = 7cat, U + Zcat, dislocation + Zeat, proteolysis). Although we were
not able to determine the lifetime of each sub-process, it is evident that zcat, deg > 7eat,
u. Next, we compared zcat, deg Obtained with the N-terminal marker to w (lifetime of
spontaneous unfolding, 1/ku) obtained from steric trapping at the N-terminal biotin
pair, and zat, deg With the C-terminal marker to v from steric trapping at the C-
terminal biotin pair (Figures 3.9 and 3.12, Table 3.2). By this comparison, 7/ zcat, deg
~ 800-900 regardless of the position of the degradation marker. Because at, deg >
cat, U, We conclude that FtsH accelerated GlpG unfolding at least 800 fold (i.e., u/cat,

u>800), clearly demonstrating the substantial ability of FtsH to actively unfold GlpG.
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This finding is contrary to the previous proposal that FtsH degrades substrates

depending on spontaneous unfolding.t’

Substrate stability and hydrophobicity contribute to degradation rate.

To determine how intrinsic folding properties of a membrane substrate influence its
degradation, it is necessary to obtain AG°u, ku and activation energy of unfolding (Ea,
u) (i.e. the unfolding energy landscape) of the substrate, and examine the correlation
between each folding property and the degradation rate. Due to slow unfolding,
however, it was difficult to measure AG°u of GIpG using steric trapping under the
same bicellar condition for measuring degradation. Instead, because GIpG unfolded
faster in micelles by 40-100 fold, we were able to describe the unfolding energy
landscape in DDM micelles using AG° that has been previously determined??, and
ku and Eau obtained in this study (Figure 3.15 and 3.16). Notably, we obtained a
highly asymmetric unfolding energy landscape in micelles (Figure 3.15), i.e., the N-
subdomain possessed higher kinetic (AEa, u = 8 kcal/mol) and thermodynamic (AAG®u

~ 1 kcal/mol) stability than the C-subdomain.
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Figure 3.15 Unfolding energy landscape of GIpG. (a) Arrhenius plot for obtaining
activation energy of unfolding (Ea, u) of GIpG WT and M100A variant. Spontaneous
unfolding rates (ku) were measured using steric trapping in DDM at various
temperatures (see Figure 3.16). (b) Unfolding energy landscape of GIpG WT and
M100A variants in DDM including the thermodynamic stability3! (AGu) and Ea, u. F, U,

and TS denote the folded state, unfolded state and transition state, respectively.
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a
Global unfolding induced by steric trapping at the N-terminal biotin pair
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Figure 3.16 Unfolding energy landscape of GIpG in DDM micelles revealed by
steric trapping. Temperature-dependence of the unfolding kinetics (unfolding
lifetime, tu = 1/ku) of GIpG WT and M100A variant in DDM micelles. (a) GIpG
unfolding was induced by steric trapping at the biotin labels located at the N-
subdomain of GIpG (95/172n-BtnPyr2). The unfolding of the subdomain leads to
global unfolding.* Unfolding of GIpG (1 mM) was measured by monitoring activity of
GlpG cleaving the TM model substrate SN-LacYTM2 upon addition of excess mSA-

WT (20 mM).
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Subglobal unfolding induced by steric trapping at the C-terminal biotin pair
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Figure 3.16 Continued. (b) Unfolding was induced by steric trapping at the biotin
labels located at the C-subdomain of GlpG (172/267n-BtnPyr2). The unfolding of the
C-subdomain leads to subglobal unfolding.! Unfolding of GlpG (1 mM) was
measured by monitoring activity of GlpG cleaving SN-LacYTM2 upon addition of

MSA-WT (20 mM).

Having the tools to analyze the unfolding energy landscape and degradation in hand,

we hypothesized that the degradation rate of GIpG depends on the unfolding kinetic
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barrier and stability of the region to which a degradation marker is attached,
analogous to the suggestion from degradation studies of water-soluble proteins by
ClpAP and ClpXP.'* To test this, we made an amino acid substitution on GIpG to
modify the unfolding energy landscape and investigated how the modification would
change the degradation rate. We chose M100A substitution in the internal packing
region (Figure 3.17), which destabilizes the N- and C-subdomains by AAG®u, wt-m100a
= 2.5 and 2.8 kcal/mol, respectively, in micelles.?? Ea, u of the two subdomains
similarly decreased by ~5 kcal/mol (5—10 fold increase in ku) (Figure 3.15). Also, in
bicelles, the substitution accelerated unfolding by 35-50 fold relative to WT for both
subdomains (Figure 3.18). Although the residue M100 is located at the N-terminal
TM1 helix, the structural perturbation by the substitution was propagated throughout
the protein. Indeed, the substitution increased Kcat, deg’s of both variants with the N-
and C-terminal markers (GlpGmio0a-108 and YccANn-GlpGwmiooa) by ~1.5 fold (Figure
3.19, Table 3.2 and 3.3).

Periplasm

Cytoplasm

Figure 3.17 GIpG conformation. The residues for amino acid substitutions to
decrease the conformational stability (M100A) or increase the hydrophobicity of the

C-terminal TM6 helix (A259L/A263L/V267W/L270F, designated as “LLWF”).
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Figure 3.18 The effect of M100A substitution on ku of double biotin variants of
GlpG. 2.5 uM of GIpG was tested in 3% DMPC/DMPG/CHAPS bicelles at 37°C.

Errors designate + STD from fitting.
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Figure 3.19 The effect of M100OA substitution on the degradation rates of GlpG

with the C-terminal (the 108 tag) or N-terminal (the YccAn tag) marker. Data are

represented as mean £ SEM (n = 3-6).
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Michaelis-Menten Hill coefficient

(in® Feapis®) K (Xac)

GlpGwm100a-108 3.7 £0.1 x10" 2.8+0.6 x10° 0.5+01
YccAn-GlpGmiooa 2.6 +0.1 x10" 17.3+2.4 x10° 0.9+0.1
GlpGLowr-108 2.2 +0.1 x10" 2.3+0.3 x10° 1.2+£0.2

All measurements were performed with [FtsH] = 2uM in 3% (w/v)
DMPC/DMPG/CHAPS bicelles at 37°C.

8 Kcat, deg, and Km, deg Values are from nonlinear least square fits of data in Figures
3.19 and 3.20 to the Michaelis-Menten equation (See Chapter 2 Equation 2).

b nH, deg Was obtained from nonlinear least squares fits of data in Figures 3.19 and
3.20 to the Hill equation (See Chapter 2 Equation 3).

Table 3.3 Kinetic parameters of GIpG varients degradation by FtsH.

On the basis of the asymmetric unfolding energy landscape and the sensitivity of the
degradation rate to the stability change, we reasoned that the slow degradation of
GlpG with the N-terminal degradation markers (Figure 3.9) was caused by the
higher conformational stability of the N-subdomain. However, from the
hydrophobicity analysis of GlpG using the membrane depth-dependent
hydrophobicity scale,*” and Hessa-von Heijne and Wimley-White scales determined
near the center of the bilayer (Figure 3.20),%® 4% we noticed that the N-terminal TM1
helix was much more hydrophobic than the C-terminal TM6 helix by 4-10 kcal/mol.
This fact raises a possibility that, in addition to the conformational stability that resists
unfolding, the hydrophobicity of the TM segment near the marker that would resist
membrane dislocation may also control degradation. To test this possibility, we
designed a quadruple substitution on the lipid-exposed residues in TM6
(A259L/A263L/V267W/L270F) near the C-terminal 108 tag (GlpGLLwr-108 hereafter)
to increase its hydrophobicity to the comparable level to that of TM1 (Figures 3.17

and 3.20). This variant possessed the activity and stability similar to WT (Figures
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3.21). If the hydrophobicity dominantly determines the degradation rate, GlpGLLwr-
108 would be degraded slower than GlpGwr-108 but at a similar rate to GlpG with
the N-terminal marker (YccAn-GlpGwr). Indeed, Keat, deg Of GlpGLLwr-108 decreased
but only halfway to the level of YccAn-GIpG (Figure 3.22). Thus, the dependence of
the degradation rate on the position of the degradation marker appears to be caused
by the combined effect of the stability and hydrophobicity of the substrate region

near the marker.

15+
™A1 T™M2 TM3 TM4 TM5 TM6 TM segment
I — —— ¥ from structure
10
=~ 54 i —— HVHWT
(o] i
e —— HvH M100A
K 0 )4 — HVHLLWF
3
A O ' W A | A B B —— WW WT
8 54 ¥ oy i v WW M100A
§ ------- WW LLWF
a -10
TLL WT
-15 —— TLL M100A
— TLLLLWF
-20 -

I | I I
100 150 200 250

Residue number

Figure 3.20 The whole-residue hydropathy plot of GIpG WT, M100A, and LLWF
variants. Hessa-von Heijne (HvH), Wimley-White (WW) octanol and Tian-Lin-Liang

(TLL) depth-dependent scales were used.
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Figure 3.21 Characterization of M100A and LLWF variants in vitro.

(a) Comparison of the activity of GIpG WT, M100A, and LLWF variants. Proteolytic
activity was measured by a fluorescence-based assay* using NBD-labeled
SNLacYTM2 (10 mM) as a substrate in the presence of 1 mM GIpG in 20 mM
HEPES (pH7.5), 100 mM NacCl, 0.5 mM TCEP and 5 mM DDM (see Figure S2a).
The initial slope of each trace is directly related to the activity. (b) Comparison of
thermodynamic stability (DG°u) of GIpG WT (95/172n-BtnPyr2) and its LLWF variant
measured by steric trapping in 5 mM DDM. A detailed description of the steric
trapping principle for measuring GlpG stability is described in Figure S5c and the
literature.! Briefly, the binding isotherm was obtained using weaker mSA variant
MSA-S27A (Kg, viotin = 1.4 nM) labeled with dabcyl quencher (MSA-S27Apag). The
degree of attenuation of the second mSA binding phase relative to the first binding is

correlated with the stability.
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Figure 3.22 The effect of the LLWF substitution on the degradation rates of

GlpG with the 108 tag. The degradation rates of GlpGwr-108 and YccAN-GlpGwr

were also plotted for comparison. Data are represented as mean + SEM (n = 3).

In summary, we found that the conformational stability and hydrophobicity of
membrane substrates are important factors that control degradation. Nonetheless,
the large changes in the unfolding rate (30-50 fold in bicelles) and the
hydrophobicity (~4 kcal/mol) led to only moderate changes in the degradation rate.
Probably, substantial unfoldase activity of FtsH elucidated in this study dampened
the sensitivity of the degradation rate to the changes in these folding properties. In
vivo, M100A and LLWF substitutions induced similar changes in the degradation rate

to those observed in vitro (Figure 3.23).
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Figure 3.23 Characterization of M100A and LLWF variants in vivo. Comparison
of degradation of GIpG WT, M100A, and LLWF variants in vivo measured by
Western blotting. The intensities of GIpG bands were quantified using the ImageJ

program.

Free energy cost to dislocate GlpG.

To obtain a quantitative measure of the hydrophobic nature of GlpG and the
energetic cost of its membrane dislocation, we calculated the total free energy of
dislocation (AGudisiocation) Using the depth-dependent hydrophobicity scale (Figure
3.24, Table 3.4). We assumed that the tertiary structure of GIpG is completely
unraveled in the bilayer before dislocation, while the helical content of each TM
segment is maintained. AGdisiocation Was defined as the free energy change from GlpG
whose tertiary structures are unraveled in the bilayer to its random coil form in water.
The calculated AGadisiocation was +360 kcal/mol, indicating that FtsH overcomes an
enormous free energy cost to dislocate GlpG. Studies using single-molecule force

spectroscopy report that AGudisiocation for a single TM helix ranges from 50 to 100
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kcal/mol.?° Our calculated AGdisiocation (~60 kcal/mol/TM helix) reasonably agrees with

this result.
a
Stage 2:
transfer of unfolded GlpG Stage 2-2:
from the bilayer to water transfer from bilayer to water
Water AGiisiocation / AGigansfer,side chaintAG yansfer backbone
$2 5 & od
e A6y 5w 9SS
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< ._-Ev" Stage 1: Stage 2-1;
unfolding of tertiary unfolding of TM helices in the bilayer
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Figure 3.24 Calculation of the free energy of dislocation (AGudislocation) Using the
depth-dependent hydrophobicity scale. Dissection of thermodynamics of FtsH-
mediated degradation of helical membrane proteins. (a) Overall, degradation of a
helical membrane protein can be divided into two ATP-driven steps, unfolding of
tertiary interactions within the bilayer (Stage 1) and dislocation of the unfolded state
from the bilayer to the aqueous phase for proteolysis (Stage 2) (see also Figure
3.27). Stage 2 can be further decomposed into Stage 2-1 (backbone unfolding of TM
helices in the bilayer) and Stage 2-2 (transfer of fully unfolded GlpG from the bilayer

to water) for thermodynamic analysis of dislocation free energy (AGdislocation).
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Depth-dependent AG,.,sir ~ Whole-residue AG,, s, for Ala

Figure 3. 24 Continued. (b) Thermodynamic stability in Stage 1 can be
experimentally determined using steric trapping. In Stage 2-1, the free energy
change (5.3 kcal/mol) for breaking a backbone hydrogen bond (NH — CO) within the
nonpolar hydrocarbon phase (AGH-bond, backbone) Was obtained from the rigorous
computational study using the density-functional theory.>° This value falls into the
range of experimentally determined AGH-bond, backbone (4—8 kcal/mol).>t The average
side-chain entropy change (1.25 kcal/mol) per residue (TASside chain) Was obtained
from the study by Privalov.5? In Stage 2-2, the membrane depth-dependent transfer
free energy change of a certain residue (X) relative to Ala (AGtransfer, side chain, Ala—sresidue
x) was predicted using the computational method.3 47- 54 The transfer free energy of
the whole Ala residue including a peptide group (AGtranster, Ala, whole residue= 0.16
kcal/mol) was obtained from the knowledge-based unified hydrophobicity scale.>®
Here it was assumed that the depth-dependence of AGH-bond, backbone, aNd AGtransfer, Ala,
whole residue Was not significant.% The total AGudisiocation Of all TM residues are shown in
Table 3.4. (c) Structural comparison of inhibitor-bound GlpG (2XOW) and apo-GlpG
(3B45). The structure of inhibitor-bound GlpG was used to obtain the depth of each
side chain in the TM helices using the OPM database because the apo-structure was

not included in the database.5” The two structures are highly similar (RMSD = 0.6 A).
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Stage 2-1 Stage 2-2

Helix AGtransfer,side chain,
Helix ID H-bond,backbone? TASside chain® Ala—>residuex® Total
Segment
+ AGtransfer,AIa, whole residued
TM1 95-113 79.50 -23.75 14.46 70.21
TM2 148-166 79.50 -23.75 14.36 70.11
TM3 171-190 84.80 -25.00 9.60 69.40
TM4 201-214 53.00 -17.50 7.15 42.65
TM5 227-241 58.30 -18.75 12.70 52.25
TM6 252-267 68.90 -21.25 8.83 56.48
All TM 424.00 -130.00 67.10 361.11
helices

@ AGH-bond,backbone = Number of H bond per TM helix x 5.3 kcal/mol = (Number of
TM residues — 4) x 5.3 kcal/mol®®. This value falls into the range of stronger
backbone hydrogen bonds (AGHB = 4-8 kcal/mol) experimentally determined in
detergent micelles.%”

b TASside chain: Because one peptide bond is shared by two resides, one residue
contributes -1.25 kcal/mol of TASside chain.®8

¢ AGyanster, side chain, Alasresiduex - COmMputationally derived depth-dependent

hydrophobicity scale relative to Ala residue.®®
4 AGyansfer. Ala, whole residque = 0-16 kcal/mol, knowledge-based unified hydrophobicity

scale for the whole Ala residue.”*

Table 3.4 AGuisiocation Of individual TM helices of GlpG using membrane-depth

dependent transfer free energy.

Total ATP Cost to Degrade GlpG.
Finally, to understand how efficiently FtsH utilizes ATP hydrolysis to degrade
membrane substrates, we quantified the total number of ATP molecules hydrolyzed
during GlpG degradation in bicelles using the equation: 4

total ATP cost = Kcat,ATP X Tcatdeg
keat, ATP denotes the maximal ATP hydrolysis rate per FtsHs with a bound substrate,
and Tcat, deg iNdicates the substrate lifetime (1/ Kcat, deg). These parameters were

obtained from Michaelis—Menten analysis of ATP hydrolysis and degradation of
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GlpG-108 and YccAn-GlpG (Figure 3.25, Tables 3.2 and 3.5). The total number of
ATP molecules hydrolyzed by FtsH hexamer to degrade a single copy of GlpG was

380 = 30 for GIpG-108 and 550 * 60 for YcCAN-GIpG.
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Figure 3.25 ATPase activity of FtsH in the presence of bound substrate.
ATPase activity of FtsH was measured in the presence of saturating concentrations
of the membrane protein substrate GlpG-108 and YccAn-GIpG. ATP hydrolysis by

FtsH (2 uM) was measured in DMPC/DMPG/CHAPS bicelles at 37°C using the

enzyme-coupled assay. Data are represented as mean + SEM (n = 3).

Michaelis-Menten Hill coefficient
a in-1 -
Kcat,ATP (rr:;n FtsHe K a1P® (Xo1pG) e
No substrate 109+ 2 0.17 +0.02 1.0+01
+ GIpG-108 99 +3 0.20+0.03 0.7+0.1
+ YccAN-GIpG 82+3 0.17 £ 0.02 0.8+0.1

All measurements were performed with [FtsH] =2 uM in 3% (w/v)

DMPC/DMPG/CHAPS bicelles at 37°C.
8keat, AT, and Km, atp Values are from nonlinear least square fits of data in Figure 3.25

to the Michaelis-Menten equation (See Method Equation 2).
®ny, aTe Was obtained from nonlinear least squares fits of data in Figure 3.25 to the

Hill equation (See Method Equation 3).

Table 3.5 The effects of bound substrates on the ATPase activity of FtsH.
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Discussion

Here, we present the first quantitative study that defines the folding-degradation
relationship of a membrane protein mediated by a specific cellular degradation
machine. A striking finding of this work is that FtsH substantially accelerates
unfolding of a stable membrane protein (>800 fold) and carries out its membrane
dislocation overcoming enormous free energy cost (~360 kcal/mol). This result
redefines the unfolding capability of FtsH, shifting the long-standing paradigm that
FtsH passively selects substrates depending on spontaneous unfolding. We also
showed that the degradation of the membrane substrate is significantly influenced by
conformational stability and hydrophobicity. Hydrophobicity is a unique determining
factor in the degradation of membrane proteins, which may provide another layer of

complexity in the degradation mechanism.

FtsH Degrades Membrane Substrates More Efficiently than Water-Soluble
Substrates.

The weak unfoldase activity, which has long been regarded as a distinctive feature of
FtsH,'8 is based on the observation that FtsH cannot degrade stable globular
proteins such as DHFR, GFP, and barnase which unfold slowly, whereas degrading
fast unfolding Arc and its variants depends on their stability. Also, the correlation
between the degradation rates of Arc variants by FtsH and their proteolysis rates by
the energy-independent proteinase Arg-C suggested that FtsH cannot actively unfold
a substrate.8 %8 Thus, it is surprising that FtsH degrades GlpG via active unfolding
although its conformational stability is comparable to or exceeds that of water-

soluble proteins which cannot be degraded by FtsH (Table 1.2).
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How can this discrepancy be explained? Structural and single-molecule studies of
AAA+ enzymes suggest that during the cycles of ATP hydrolysis, AAA+ subunits
undergo power stroke motions applying pulling forces on the bound substrate to
induce its unfolding and translocation.>® 89 A similar principle has been suggested for
FtsH.%! The cryo-EM image of Ytal2, an FtsH ortholog in yeast, shows that the
substrate entry pore formed by the AAA+ domains faces the membrane plane with a
narrow gap of ~13 A (Figure 1.11B).5 Under this spatial constraint, water-soluble
and membrane proteins will be engaged with FtsH in very different geometric
arrangements through the flexible tails containing a degradation marker (Figure
3.26). For water-soluble proteins, only the unfolded polypeptide chain, not a globular
domain, can approach the gap. Thus, the tail bound to the entry pore will align the
excluded globular domain at ~90° relative to the pore axis. For membrane proteins
with known structure, TM helices are tilted from the bilayer normal at ~20° on
average.®? Thus, the TM helices can be closely aligned along the pore axis. Although
the pulling forces along the pore axis exert the same tension on the tails of the two
types of proteins, a larger opposing frictional force would be generated at the
deflection point near the pore for the water-soluble proteins aligned at ~90° than for
the membrane proteins aligned at a smaller angle. Thus, the pulling

forces would be more effectively applied to the membrane proteins than on the

water-soluble proteins.
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Figure 3.26 A mechanical model to explain why FtsH more efficiently degrades
membrane proteins than water-soluble proteins. (up) When a membrane-protein
(GIpG here) with a flexible tail as a degradation marker binds to FtsH, the bound talil
will align the TM helices of GIpG at a small deflection angle®? relative to the direction
of the pulling force. In this case, a less frictional force is generated at the deflection
point (*) near the substrate entry pore and the pulling forces will be efficiently applied
to the membrane protein. Despite the presence of the PM (periplasmic) domain,
probably GlpG can approach close to the pore axis because of the large gap
between neighboring PM domains. (down) When a water-soluble protein (barnase
here) with a flexible tail binds to FtsH, the bound tail aligns barnase at a large
deflection angle (~90°) relative to the direction of the pulling force. In this case, more

frictional force is exerted at the deflection point, reducing the effective pulling force.
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Another possible reason for the discrepancy is the difference in the spontaneous
refolding rate (kr) between the two types of proteins. Previous studies indicate that
GFP that has been transiently unfolded by ClpXP can fold back to the native state
when the ATP hydrolysis rate is low.%% 64 The ke's of Barnase and DHFR in water,
which cannot be degraded by FtsH, are ~300 and ~8 fold higher (kr = 12 s™* and
0.25 s™), respectively, than that of GIpG in neutral bicelles (kr = 0.04 s71). 32.65,66
Notably, unfolded DHFR can rapidly refold to a compact intermediate with kr, u-1 =
6.7 s71.%5 The kr’s of these water-soluble proteins are comparable or higher than the
rate of ATP hydrolysis on FtsH (~2 s™, Figure 3.1), whereas that of GlpG is much
lower. Therefore, even if barnase and DHFR can be unfolded by FtsH in a certain
round of ATP hydrolysis, they could possibly refold to the compact intermediate or
native state before the next round of ATP hydrolysis. In contrast, once GlpG unfolds,
it is likely to remain unfolded until the next ATP hydrolysis occurs, entering the

subsequent dislocation and degradation stages.

Our result seems hard to reconcile with the result that FtsH cannot degrade the
membrane protein DGK in vivo.'® DGK forms a tightly packed trimer with high kinetic
stability.5” ¢ It does not unfold by steric trapping up to 30 days in micelles,** much
slower than GIpG (w = 2 days). Thus, it is likely that the kinetic barrier of DGK

unfolding is beyond the unfolding capability of FtsH.

Folding-Degradation Relationship of Membrane Proteins.
Previous studies on the degradation of water-soluble proteins by ClpXP and CIpAP
have shown that the pulling forces generated by ATP hydrolysis act primarily on the

local structure adjacent to a degradation marker.1# 4262 Thus, degradation strongly
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depends on local conformational stability as well as unfolding cooperativity of the
whole structure.®* Here we demonstrate that the same principle can be applied to the
degradation of membrane proteins. For GlpG, we observed a strong correlation
between the degradation rate and the local stability of the region to which a
degradation marker was attached (Figure 3.9). Then, if one subdomain is unraveled
by FtsH, what will happen in the other? Previously, we have shown that the
perturbation of the native tertiary interactions near the N- or C-terminus is readily
propagated throughout the protein.?? Thus, once FtsH actively unravels either
subdomain with its substantial unfoldase activity, the subsequent unfolding of the

rest would not experience much resistance.

Through analysis of various intrinsic folding properties of GIpG, we revealed the role
of the conformational stability and hydrophobicity in determining the degradation of a
membrane protein. Recently, the conformational stability has been shown to be a
key determinant for the cellular trafficking efficiency of the human membrane protein
PMP22.7° In yeast, the presence of a mitochondrial FtsH ortholog increases the
threshold hydrophobicity level of a TM helix for its retention in the inner membrane.”*
Our systematic study dissecting the effects of the two physical forces further

supports these observations.

A Three-Step Model for Membrane Protein Degradation.

On the basis of our findings, we suggest a three-step model for FtsH-mediated
membrane protein degradation (Figure 3.27). In the first “engagement” step, the
degradation marker on a membrane substrate binds to the entry pore of the AAA+

hexamer. Although we only tested well-characterized markers, the substrate-enzyme
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affinity does not seem to strongly depend on the detailed sequence of the marker
(Figure 3.9). Thus, any flexible cytoplasmic tails on native membrane substrates or
the tails that are exposed upon protein misfolding, chemical or enzymatic cleavage,
subunit dissociation or premature truncation of the translation may serve as

degradation markers.? 33 34

In the second “unfolding” step, FtsH actively unravels the tertiary structure of the
bound substrate in the membrane using ATP hydrolysis. If the membrane substrate
is highly stable, unfolding would require multiple power-stroke motions, during which
the substrate may undergo “slippingrelease” events without unfolding.*¢ Also, as
noted earlier, the transiently unfolded substrate may refold before the next pulling
occurs. Thus, it is likely that the engagement and unfolding steps are reversible. In
the third “dislocation and degradation” step, FtsH dislocates the unfolded substrate
from the membrane to the protease chamber for degradation using ATP hydrolysis. If
the substrate is highly hydrophobic, partial dislocation-reinsertion of the TM

segments may repeatedly occur during pulling events.

AAA+ pore axis Total 380 — 550 ATP hydrolysis
per GIpG degradation

)
FtsH GIpG
Engagement Unfolding

Dislocation and
Degradation

Figure 3.27 Three-step model of FtsH-mediated degradation of membrane

proteins.
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Degradation of GlpG requires the hydrolysis of a total of 380-550 ATP (1.7-2.5
ATP/residue). Although it appears energetically wasteful, the ATP cost per residue is
comparable to that of other AAA+ proteases in the degradation of water-soluble
substrates (0.2-6.6 ATP/residue, Table 3.6). To degrade water-soluble substrates,
ATP hydrolysis is used to unfold them in water and translocate the unfolded chains
into the similarly aqueous proteolytic chamber. Surprisingly, for membrane
substrates, FtsH carries out the energetically expensive dislocation step (AG = 360

kcal/mol) with a similar ATP cost.

Number of ATP Number

AAA+ Sub Substrate hvdrolvsi f Number of ATP
rotease ubstrate type _nydrolysis 9 hydrolysis/residue
b min-! substrate”! residues
FtsH? GlpG-108 membrane 380 — 550 228 1.7-2.5
FtsH® 0% water- 140 289 0.5
soluble
ClpXPe Titin-I27-SsrA  Vater 644 08 6.6
soluble
ClpXP¢  GFP-SsrA water- 146 268 0.5
soluble
B-galactosidase  water-
e
Lon (3-93) soluble 175 91 1.9
¢ cp6-sul209/ water- 60/ 0.2/
Lon cp7-sul209 soluble 186 284 0.7
PAN® casein water- 312 220 1.4
soluble

a from this work

b from reference’?

¢ from reference*®

dfrom reference?*

e from reference’

f from reference”

9 circular-permutated superfolder GFP variants
hfrom reference’®

Table 3.6 Comparison of ATP costs during degradation of several model

proteins by AAA+ proteases.
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To further understand the mechanisms of membrane protein degradation, it is
necessary to determine which step is rate-determining and how the total ATP cost is
distributed between the unfolding and dislocation steps. Extensive mutational studies
varying the stability and hydrophobicity in a wide range and assessing their

correlation with degradation rates and ATP consumption are under progress.

Implications in Membrane Protein Quality Control.

Our findings have broad implications in the role of FtsH in membrane protein quality
control. The substantial unfolding dislocation ability discovered in this study will
expand the range of potential substrates to membrane proteins which are misfolded
or aggregated with stable non-native interactions, membrane proteins which are
folded but need to be degraded for regulatory purpose or toxicity, and prematurely
truncated translation products which need to be immediately degraded from the
membrane. Several pieces of evidence support the need and existence of significant
unfoldase activity of FtsH in bacteria, mitochondria and chloroplasts: (1) FtsH rapidly
degrades the whole SecYEG translocase complex jammed with an inefficiently
secreted protein; 7 (2) FtsH in the thylakoid membranes mediates swift regeneration
of the damaged photosynthetic reaction center by degrading the photo-oxidized core
proteins;% 77 (3) Chaperone activity of FtsH has been reported which requires active
unfolding.”® These quality control processes can be better understood by the FtsH

activity redefined in this study.
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Methods

ATPase activity assay of FtsH.

ATP hydrolysis rate by FtsH was measured by an enzyme-coupled assay. The assay
mixture (typically 100 uL) in a 96-well UV-compatible microplate (Greiner Bio-One)
contained 2 pyM FtsH, 20 mM HEPES (pH 7.8), 10 mM MgClz, 400 uM ZnClz, 0.1%
BME, 100 mM KCI, 15% glycerol, 0.5 mM NADH, 10 mM phosphoenolpyruvic acid,
0.5 units of pyruvate kinase and 0.5 units of lactic dehydrogenase. The oxidation of
NADH coupled to ATP hydrolysis was monitored at 37°C by continuous monitoring
absorbance at 340 nm on a microplate reader (M5e, Molecular Devices). Data
analysis and fitting equations to calculate ATP hydrolysis rate (vartp) by FtsH

hexamer per minute are shown as following:

AADbs
i 1
__min .
Vate = A Abs x[FtsHG] (Equation 1)
[ATP]

A fitting equation using Michaelis-Menten kinetics for ATPase activity of FtsH is
given as:

v — kcat,ATP[ATP]
M Koy are +[ATP]

(Equation 2)
where vatp is ATP hydrolysis rate, Kcat, AT is @ maximal ATP turnover number by
FtsH hexamer per min, and Km, atp is Michaelis constant, the ATP concentration at
which ATP hydrolysis rate reaches the half-maximum.

Hill equation to fit ATPase activity of FtsH is given as:

[ ATP]nH.ATP
Ny, AP + [ATP] Ny AP

VATP

K

m,ATP

(Equation 3)

where nu, atp is Hill constant of FtsH hexamer ATPase activity.
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Preparation of bicelles.

15% (w/v) stock of DMPC/DMPG/CHAPS (lipid-to-detergent molar ratio, q = 2.8)
bicelles were prepared by hydrating DMPC/DMPG (molar ratio = 3:1) mixture with
water and adding 20% (w/v) CHAPS to reach the desired q value. Lipid and Protein
Diffusion Assays in Bicelles. To test lipid diffusion in bicelles, 3% bicelles containing
fluorescently labeled lipids (NBD-DPPE and rhodamine-DPPE; a lipid mole fraction
of 0.01 for each) were mixed with 3% unlabeled bicelles at a 1:35 volume ratio in 20
mM HEPES (pH 7.5), 15% glycerol (v/v), 80 mM KCl and 10 mM MgClz. FRET
signal, i.e., the ratio of fluorescence intensity of NBD at 530 nm to that of rhodamine
at 590 nm, was monitored over time at 37 °C. To test protein diffusion in bicelles,
GlpG labeled with NBD or rhodamine was incorporated together into the bicelles by
direct injection to the final concentration of each labeled proteins at 74 uM. GIpG

diffusion in bicelles was measured in the same manner as in lipid diffusion.

Lipid and protein diffusion assays in bicelles.

3% (w/v) bicelles (DMPC/DMPG/CHAPS, g = 2.8) without fluorophores (hereafter,
unlabeled bicelles) were prepared in 20 mM HEPES (pH 7.5), 15% glycerol (v/v), 80
mM KCIl and 10 mM MgClz buffer by diluting 15% bicelle stock solution described
above. The bicelles containing fluorescently labeled lipids were prepared using the
following procedures: First, DMPC and DMPG lipids (DMPC:DMPG molar ratio =
3:1) dissolved in chloroform were mixed with NBD (nitrobenzoxadiazole)-DPPE (1,2-
dipalmitoyl-sn-glycerol-3-phosphoethanolamine) (FRET donor) and Rh (rhodamine)-
DPPE (FRET acceptor) lipids which were also dissolved in chloroform at a lipid mole
fraction of 0.01 for each. The lipid solution was dried under a stream of nitrogen gas

and further in vacuum for 2 hours. The resultant lipid film was resuspended in 20 mM
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HEPES (pH 7.5), 15% glycerol, 80 mM KCI, and 10 mM MgCl: buffer. The desired
amount of CHAPS was added to a final lipid and detergent concentration of 3% (w/v)
to form the fluorescent bicelles. Lipid diffusion in bicelles was tested by mixing the
fluorescent bicelles with unlabeled bicelles at a 1:35 volume ratio and monitoring
FRET signal, i.e., the ratio of fluorescence intensity of NBD at 530 nm to that of Rh
at 590 nm, as a function of time. As a negative control that represents no diffusion,
the fluorescent bicelles were mixed with buffer solution. As a positive control that
represents a homogeneously mixed state, the bicelles containing NBD-DPPE and
the bicelles containing Rh-DPPE were added separately to unlabeled bicelles and

carefully mixed.

Diffusion of protein components in bicelles was also tested to evaluate the time scale
of the interaction between FtsH and substrates, both of which are integrated into
bicelles. The principle is similar to that of the lipid diffusion assay described above.
Instead of using fluorescently labeled lipids, we incorporated the model membrane
substrate GlpG labeled with NBD or Rh into DMPC/DMPG/CHAPS bicelles by direct
injection of GIpG solubilized in n-dodecyl-B-D-maltoside (DDM, Anatrace) to bicelles.
The fluorescent GlpG-bicelle complex contained 74 uM of NBD-GIpG and 74 uM of
Rh-GlpG. GlpG diffusion in bicelles was tested by measuring the ratio of
fluorescence intensity of NBD at 530 nm to that of Rh at 590 nm as a function of
time. As a negative control that represents no diffusion of proteins, the bicelles
containing NBD and Rh labeled GIpG were mixed with buffer solution without
bicelles. As a positive control that represents a homogeneously mixed state, the
bicelles containing NBD-GIpG and the bicelles containing Rh-GlpG were added

separately to unlabeled bicelles without incorporated proteins. All fluorescence

129



measurements were performed on PTI QW4 fluorimeter at 37°C with a final sample
volume of 1,400 uL. For FRET, the excitation wavelength for NBD was 467 nm, and
the emission wavelengths were 530 nm for NBD and 590 nm for Rh. Both excitation

and emission slit-widths were set to 0.75 mm.

Thermostability of GlpG in lipid environments.

Thermostability of the model substrate GlpG was studied in bicelles, liposomes, and
micelles by measuring resistance to irreversible thermal inactivation and
aggregation. To measure the thermostability in bicelles, GlpG-108 (see below for
cloning, expression and purification of GlpG variants for detailed information) in DDM
was incorporated into 2 mL of 3% (w/v) DMPC/DMPG/CHAPS bicelle solution (20
mM HEPES, 15% glycerol, 100 mM NacCl, pH 7.5 buffer) to a final concentration of 5
MM by direct injection of concentrated GIpG-108 in DDM into preformed bicelles and
incubating for 1hr on ice. The total volume was transferred to a quartz cuvette and
heated from 25°C to 90°C with a 5°C interval in the cuvette holder on CARY 100
Series UV-Vis spectrophotometer connected to a temperature-controller. At each
target temperature, the sample was incubated for 5 min, and then 100 pyL sample
was aliquoted from the cuvette and cooled down on ice for 1 hr. 70 yL from each
aliquot was used for measuring thermal aggregation and 25 pL for thermal
inactivation. Thermal aggregation was measured by absorbance at 320 nm at room
temperature. Thermal inactivation was measured by fluorescence-based GlpG
activity assay??, which was carried out by the addition of 25 pL of SN-LacYTM2
labeled with NBD, the model GIpG substrate, to a final concentration of 10 uM at

room temperature. The substrate was pre-incorporated in 3% bicelles.
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To measure the thermostability in E. coli liposomes, GlpG-108 was first reconstituted
in E. coli lipid vesicles. Dried E. coli lipid (Avanti Polar Lipids) film was hydrated with
20 mM HEPES (pH 7.5), 100 mM NaCl buffer to a final lipid concentration of 10 mM.
The lipid suspension was homogenized by three cycles of freeze-thaw and then
extruded through 0.2 uM pore size polycarbonate membrane (Whatman). DDM was
added to the liposome suspension to a final concentration of 10 mM and incubated
for 30 min, and GIpG protein stock was added to a final concentration of 5 uM. The
lipid-protein-detergent mixture was incubated for 30 min. For detergent removal,
three portions of Bio-Beads (Bio-Rad) were added (20 mg/mL for each) stepwise. In
each step, the mixture was gently stirred for 1-2 hr at room temperature. The
resulting proteoliposomes were extruded again using 0.2 uM pore size membrane.
2.0 mL of reconstituted GIpG in 20 mM HEPES (pH 7.5), 100 mM NacCl buffer at a
concentration of 5 uM was added to a quartz cuvette. Sample heating and aliquoting
were performed in the same way as in bicelles. For the samples to measure
irreversible aggregation, one portion from each aliquoted sample was solubilized
with a final concentration of 2% (w/v) octyl- B-glucoside (B-OG, Anatrace) and
incubated overnight, and absorbance at 320 nm was measured at room temperature.
For the samples to measure irreversible inactivation, the other portion from the
aliguoted sample was solubilized in 20 mM DDM overnight and GlpG activity (1 uM
at a final concentration) was measured by addition of NBD-labeled SN-LacYTM2 in
DDM to a final concentration of 10 uM. As a control, thermostability of GIpG-108 was
measured in DDM under the same condition used by Baker and Urban (2.5 yM GIpG
in 50 mM Tris pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM DTT and 0.1% (w/v)
DDM)3°, Sample heating, aliquoting, absorbance, and GIpG activity measurement

were performed in the same way as in bicelles and liposomes.
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In all measurements, absorbance at 320 nm and GlpG activity for the samples that
had been incubated at each temperature were normalized relative to those at 25°C,

respectively.

GlpG degradation assay in vivo.

E. coli AR3289 (+ftsH) and AR3291 (—ftsH) strains were transformed with each GlpG
variant plasmid. 7 mL of LB containing 100 pg/mL of ampicillin was inoculated with a
single colony, and cells were grown for 18 hr at 37°C for AR3289 and 30°C for
AR3291. ODsoo nm Was measured to check growth. When ODeoo nm reached in 1.5—
1.7 (AR3289) and 0.8-1.0 (AR3291), GIpG expression was induced by addition of
0.2% (w/v) arabinose at 37°C for 1 hour. Then protein synthesis was blocked by the
addition of 300 pg/mL spectinomycin, immediately followed by a collection of the
sample at time 0. To monitor degradation over time, samples were further incubated
at 37°C in a shaker at 180 rpm. 600 pL of aliquot of each sample was taken at
subsequent time points. All samples were frozen in liquid nitrogen immediately after
collection. For immunodetection, thawed cells were spun down at 13,000 rpm for 3
minutes using a bench-top centrifuge (Eppendorf, 5424R). Depending on their
absorbance, cell pellets were resuspended in TE Buffer (10 mM Tris-HCI, 1 mM
EDTA, pH 8.0) and mixed with protein sample buffer (final concentration of 2% SDS
(w/v), 0.1% (w/v) bromophenol blue, 10% glycerol (v/v), 1% (v/v) BME, 50 mM Tris-
HCI, pH 6.8). The mixtures were sonicated for 10—30 seconds prior to SDS-PAGE.
4-20% Mini-PROTEAN TGX gels (Bio-Rad) were used in all electrophoresis. To
monitor GlpG degradation by FtsH, Western blotting analysis against HA or FLAG
epitopes was performed. Epitope-tagged proteins were transferred to a PVDF

membrane (Bio-Rad). The following procedures were performed according to the
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protocol provided by manufacturers. GlpG variants containing HA epitope were
probed with HRP-conjugated anti-HA monoclonal antibody (Thermo Fisher Scientific,
1:1000 dilution). GlpG variants with FLAG epitope were detected using rabbit
monoclonal anti-FLAG primary antibody (Cell Signaling Technology, 1:1000 dilution)
and anti-rabbit IgG-HRP secondary antibody (Cell Signaling Technology, 1:2000
dilution). Chemiluminescent detection was performed using Clarity Western ECL

substrate (Bio-Rad) and ChemiDoc Imager (Bio-Rad).

Cloning and mutagenesis of GlpG for in vitro degradation.

Variants of GlpG TM domain (residues 87-276) fused to N-terminal MBP followed by
TEV cleavage site (TEVcieavage) Were cloned into pET30a vector using Ndel and Xhol
restriction sites. The resulting expression plasmids encode the proteins with an N-
terminal Hise-tag (Hiss-MBP-TEVeavage-GIpG). Using this as a base construct, a
degradation marker for FtsH was fused to the N-(Dpsn or YccAn) or C-terminus (108
or SsrA) of GlpG. Cysteine mutant G172C was generated by QuickChange site-
directed mutagenesis for thiol-reactive fluorophore labeling. E. coli BL21(DE3) RP
cells transformed with a GlpG plasmid were cultivated on selection plates (50 mg/L
kanamycin) at 37°C. The liquid culture was inoculated with a single colony and
cultured in LB media (50 mg/L kanamycin) overnight at 37°C until reaching the
stationary phase. The overnight culture was used to inoculate a fresh LB media (50
mg/L kanamycin), and the culture was grown at 37°C until an ODeoonm 0Of 1.0, at
which a final concentration of 0.5 mM IPTG was added. The culture was further

grown 16 hours at 15°C.
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Purification of GlpG variants for in vitro degradation assay.
Hiss-MBP-TEVcieavage-GIpG possessing a degradation marker was expressed in E.
coli BL21(DES3) RP cells. Cells were harvested and resuspended in 1/50 culture
volume of 50 mM Tris-HCI buffer solution (pH 8.0) containing 0.5 mM TCEP, 5 mM
EDTA, and 0.5 mM PMSF. The resuspended cells were lysed five times using
pressure homogenizer. The lysate was centrifuged at 6,000 rpm for 30 min in F21
rotor using a Sorvall RC6+ centrifuge. The supernatant was centrifuged to obtain the
total membrane fraction at 28,000 rpm for 2 hours in Type 45 Ti rotor using
ultracentrifuge (Beckman-Coulter). The membrane pellets were resuspended in
1/100 culture volume of 50 mM Tris-HCI buffer solution (pH 8.0) containing 200 mM
NaCl and 0.5 mM TCEP using tissue homogenizer. The membrane resuspension
was solubilized by addition of 1/100 culture volume of solubilization buffer (pH 8.0)
containing 50 mM Tris-HCI, 2% (w/v) n-decyl-p-D-maltoside (DM, Anatrace), 200 mM
NaCl, 0.5 mM TCEP, and 0.5 mM PMSF followed by ultracentrifugation at 12,000
rpm for 30 min in Type 45 Ti rotor. Hise-MBP-TEVcleavage-GIpG in the supernatant
was purified using Ni2*-NTA affinity chromatography (1 mL resin per liter culture).
After removal of excess imidazole in a desalting column (Bio-Rad), the linker
between Hise-MBP and GlpG was cleaved using TEV protease with an N-terminal
His7-tag (His7-TEV protease) ([GIpG] / [TEV protease] = 5) after 6 hours of gentle
stirring at room temperature. 1 mL of Ni-NTA resin was added to the reaction mixture
to bind His7-TEV protease and Hiss-MBP. GIpG portion was isolated in the flow-
through and further concentrated using an Amicon centrifugal filter unit (Millipore
Sigma, 10 kDa MWCO). The protein concentration was measured using absorbance

at 280 nm (g280nm = 69,940 M-cm™1)
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NBD-labeling of GlpG variants.

About 30 uM of purified single-cysteine mutant (G172C) of GlpG variants in 0.5%
DM, 50 mM Tris-HCI and 200 mM NacCl (pH 8.0) was incubated with 10 times molar
excess of TCEP for 1 hour at room temperature. 15 times molar excess of thiol-
reactive, environment-sensitive fluorophore IA-NBD amide dissolved in DMSO (~10
mg/ml) was added to the mixture while vortexing. The labeling reaction was
incubated at 4°C overnight in the dark. Excess free labels were removed by dialysis
against buffer containing 0.2% DM, 50 mM Tris-HCI, and 200 mM NacCl (pH 8.0) and
a desalting column. Typically, the labeling efficiency of NBD ranged from 1.0-1.2 as
determined by comparing the concentration of NBD measured by UV-Vis
absorbance (g4sonm = 23,500 M-cm?) to the concentration of GlIpG measured by DC

protein assay (Bio-Rad).

GlpG degradation assay in vitro using NBD fluorescence

Degradation of NBD-labeled GlpG variants by FtsH was measured in 3% (w/v)
bicelles (DMPC/DMPG/CHAPS, q = 2.8). To ensure integration of the model
substrate GlpG into bilayers, GlpG was first reconstituted in DMPC/DMPG liposomes
with the following protocol: Mixed dried lipid ((DMPC]:.[DMPG] = 3:1) was dispersed
in 20 mM HEPES (pH 7.6) 100 mM KCI, 15% glycerol, 0.1% BME and 4% B-OG to a
final lipid concentration of 3% (w/v). The NBD-labeled GlpG stock solution (100-300
MM) in DM was mixed with the solubilized lipids to a final concentration of 50-100 M
and incubated on ice for 1 hr. The mixture was dialyzed against X350 sample
volumes of 20 mM HEPES (pH 7.5), 100 mM KCI, 15% glycerol, 0.1% BME buffer
solution, with four buffer exchanges over 48 hours at 4°C (10 kDa cutoff dialysis

tubing, Thermo Fisher Scientific), followed by incubation with Bio-Beads (Bio-Rad,
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0.2 mg/mL suspension) for 16 hr at room temperature for further removal of residual
detergents. The resulting proteoliposomes were extruded through a 0.2 uM pore size
polycarbonate membrane (Sigma). The total phospholipid concentration was
determined by an organic phosphate assay. Based on the measured total lipid
concentration, the desired amount of CHAPS was added to form bicelles with g =
2.8. The final concentration of NBD-labeled GIpG in bicelles was determined by the
DC assay. Measurements of time-dependent degradation of GlpG were performed
in 3% bicellar solution (20 mM HEPES, pH 7.5, 100 mM KCI, 15% glycerol, 0.1%
BME, and 400 uM ZnCl2) containing various concentrations of NBD-labeled GIpG
and an ATP regeneration system (0.5 unit/100 uL pyruvate kinase and 10 mM
phosphoenolpyruvic acid). FtsH was incorporated into bicelles by direct injection of
FtsH stock solution in Triton X-100 (60-100 uM) to preformed bicelles at a final
monomer concentration of 2 yM on ice. A total volume of 100 uL of each sample was
transferred to a 96-well UV-compatible microplate (Greiner Bio-One) and sealed with
a polyolefin film. Degradation of GlpG was initiated by addition of 2 mM ATP to each
well and monitored by quenching of NBD fluorescence at 545 nm with an excitation
wavelength of 485 nm on a SpectraMax M5 plate reader. The net change of NBD
fluorescence induced by GlpG degradation was obtained by subtracting the time-
dependent change of NBD fluorescence in the presence of ATP from that in the
absence of ATP at each GIpG concentration. Data analysis and fitting equations are

described in Chapter 2.

Computing dislocation free energy of GlpG.
Free energy of dislocation (AGudislocation) Was defined as the free energy required to

transfer the whole TM helices of fully unraveled GIpG from the lipid bilayer to water.
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It can be approximated by summing up the free energy changes in Stage 2-1
(backbone unfolding of TM helices in the bilayer) and Stage 2-2 (transfer of the

unfolded polypeptide from bilayer to water) (Figure 3.24) as follows:

AG‘dislocation = Z AC;H—bond,backbone + z TASside—chain+ z AC;transfer,residuex

H-bonds residues residues (Equation 4),
where AGH-bond, backbone IS the free energy change for breaking a backbone hydrogen
bond in the TM a-helices inside the lipid bilayer®®, TASsidechain is the change in side-
chain entropy for helix unfolding®2, and AGtranster, residuex iS the free energy change for
transferring the whole residue X from the bilayer to water. Here AGrtransfer, residuex can
be computed as

AG

AG +AG

transfer,Ala—residueX (Eq u at| on 9),

transfer residueX = transfer,Ala

where AGtransfer, Ala iS the transfer free energy of whole residue Ala®®, and AGtransfer,
Ala—residueX IS the side-chain transfer free energy of residue X with respect to Ala. Here
it was assumed that the depth-dependence of AGH-bond, backbone, aNd AGtranster, Ala, whole
residue WaS Not significant®6. The side-chain transfer free energy AGtransfer, Alaresiduex
was determined using the depth-dependent general transfer free energy profile
(GeTFEP)®3, which is obtained by computing the side-chain transfer free energies in
B-barrel membrane proteins*’:%*, GlpG structure of PDB ID 2XOW was used, with the
TM segments determined using the Orientations of Proteins in Membranes (OPM)
database®’. The Cq coordinates of each TM residue and the thickness of TM
segments were used to determine the relative depth d of that residue, which is then
used for calculating the side-chain transfer free energy AGtransfer, Ala—residuex (d) using

GeTFEP.
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3 .
AG‘transfer,AIaaresidueX (d) = Z pX,i ’ d I .
i=0 (Equation 10),

where px, i is the i-th coefficients of residue X in GeTFEP. The sequence of GlpG
structure with a bound inhibitor (PDB ID 2XOW) is identical to that of the apo-
structure (PDB ID) 3B45. The root-mean-square deviation (RMSD) between these

two structures is 0.60A.

Quantification and statistical analysis

Throughout the manuscript, the data are represented as the average £+ SEM or +
STD of fit. All experiments were performed at least in triplicates unless specified.
Quantitative band analysis of the resulting SDS-PAGE gel and Western blot was
carried out using ImageJ (https://imagej.nih.gov/ij/index.html) software to determine

the band intensity, the fraction of substrate cleaved at each time point.
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Summary

AAA+ proteases utilize ATP hydrolysis to actively unfold native or misfolded proteins
and translocate them into a protease chamber for degradation. This basic
mechanism yields diverse cellular consequences, including the removal of misfolded
proteins, control of regulatory circuits, and remodeling of protein conformation.
Among various bacterial AAA+ proteases, FtsH is only membrane-integrated and
plays a key role in membrane protein quality control. Previously, we have shown that
FtsH has substantial unfoldase activity for degrading membrane proteins overcoming
a dual energetic burden of substrate unfolding and membrane dislocation. Here we
asked how efficiently FtsH utilizes ATP hydrolysis to degrade membrane proteins. To
answer this question, we measured degradation rates of the model membrane
substrate GlpG at various ATP hydrolysis rates in the lipid bilayers. We find that the
dependence of degradation rates on ATP hydrolysis rates is highly nonlinear: (1)
FtsH cannot degrade GlpG until it reaches a threshold ATP hydrolysis rate; (2) after
exceeding the threshold, the degradation rates steeply increase and saturate at the
ATP hydrolysis rates far below the maxima. During the steep increase, FtsH
efficiently utilizes ATP hydrolysis for degradation, consuming only 40—-60% of the
total ATP cost measured at the maximal ATP hydrolysis rates. This behavior does not
fundamentally change upon addition of the macromolecular crowding agent Ficoll70
as well as against water-soluble substrates. The Hill analysis shows that the
nonlinearity stems from the coupling of 3—5 ATP hydrolysis events to degradation,
which represents unique cooperativity compared to other AAA+ proteases including

ClpXP, HslUV, Lon, and proteasomes.
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Introduction

Unicellular organisms such as bacteria need to readily adjust an optimal level of
functional proteins in response to the changing environment."2 Therefore, rapid
degradation of misfolded or damaged proteins as well as native regulatory proteins
that are no longer needed, is critical to the viability of the cells.®>® In bacteria, this
process is mainly mediated by ATP-dependent proteases including ClpXP, ClpAP,
HslUV, Lon, and FtsH. They generally work as large protein complexes composed of
hexameric AAA+ ring ATPases and multimeric compartmental peptidases.® For
ClpXP, CIpAP, and HslUV, the AAA+ (ClpX, CIpA, and HslU) and peptidase (ClpP
and HslV) domains are synthesized as separate polypeptide chains and post-
translationally assemble with their partners. For Lon and FtsH, the two domains are
encoded in a single polypeptide chain and form a hexamer as a functional unit.”-"!
For function, water-exposed degradation markers on the substrates, which are
typically a peptide segment largely composed of nonpolar residues, bind to the AAA+
ring at a narrow entry pore.®12-15 Repetitive cycles of ATP hydrolysis on individual
AAA+ subunits induce power stroke motions, applying vectorial pulling forces on the
bound substrate and mechanically unfolding it. By the same force, the unfolded
substrate is translocated through the axial pore into the peptidase chamber, in which

the substrate is proteolyzed into small fragments and recycled.®

Since the coupling of ATP hydrolysis to substrate unfolding and translocation is the
hallmark in the mechanisms of ATP-dependent proteolysis, considerable efforts have
been made to quantify how efficiently ATP hydrolysis drives the subsequent energy-
requiring steps.'”-?" Despite the shared mechanisms, each AAA+ protease

possesses a substantially different ability to hydrolyze ATP and unfold substrates, the
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two activities of which are not necessarily correlated.?? CIpAP and ClpXP are robust
ATPases (400-900 ATP hydrolysis min-' AAA+6") and strong unfoldases that can
degrade thermodynamically or kinetically stable globular proteins such as green
fluorescent protein (GFP), DHFR, barnase, and titin 127.1%22-24 _on can hydrolyze
ATP at a moderate speed (150-200 min-' AAA+s™") when stimulated by substrates
but has weaker unfolding power to unfold stable globular proteins.32122 Hs|UV is a
slow ATPase (~70 min-' AAA+¢") but can unfold stable substrates as well as CIpAP
or ClpXP depending on the location of the degradation marker.?22° Lastly, FtsH,
which is only membrane-integrated and growth-essential among E. coli AAA+
proteases, is a slow ATPase (50—100 min-' AAA+¢') and cannot actively unfold

globular proteins.?%26

The total ATP costs required to degrade a single copy of substrate are widely varied
(0.2—6.6 ATP/residue) depending on the stability of substrate and the type of AAA+
protease.'317-21.27 |t has been shown that the rate-determining step that requires
more ATP hydrolysis is the disruption of tertiary interactions, especially those that
stabilize the local structure near the degradation marker.'%2# Interestingly, a large
portion of total hydrolyzed ATP molecules are futile, i.e., multiple power-stroke
motions occur to induce a single mechanical unfolding event because the substrate

undergoes frequent “slipping-release” motions without unfolding. 9282

While a majority of studies of ATP-dependent proteolysis have concerned globular
proteins, it is poorly understood how membrane proteins are degraded in cells. Here,
we investigated membrane protein degradation mediated by the membrane-

integrated AAA+ protease FtsH of E. coli (Figure 4.1a), focusing on how efficiently
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FtsH utilizes ATP hydrolysis for degradation. FtsH family proteins are widely
conserved in the inner membranes of bacteria and mitochondria as well as in the
thylakoid membranes of chloroplasts.3%3' In these membranes, they are responsible
for quality control of membrane proteins by degrading misassembled, intrinsically
unstable or damaged proteins especially under stress conditions (e.g., heat,
oxidation, irradiation and starvation).26:32-44 Previously, we have successfully
reconstituted FtsH-mediated membrane protein degradation using the six-helical
bundle intramembrane protease GlpG as a model membrane substrate in the large
negatively charged phospholipid bicelles as a bilayer medium.?° We also have
demonstrated that FtsH can accelerate unfolding of GlpG up to ~800 fold in contrast

to its poor unfoldase activity for globular proteins.2°

Here we aim to answer three specific questions: (1) To degrade membrane proteins,
FtsH needs to overcome two thermodynamically unfavorable steps, i.e., substrate
unfolding in the membrane and dislocation of the hydrophobic transmembrane (TM)
segments to the proteolytic active sites located in the cytosol (Figure 4.1a). Does the
degradation linearly correlate with ATP hydrolysis rates or require a threshold? (2)
The apparently large ATP costs in protein degradation by AAA+ proteases have been
attributed to the resistance of substrates against unfolding and translocation, and
stochastic fluctuations in the mechanical stability of substrates or in the unfolding
power of AAA+ proteases.’®284% Then, what is the effective ATP cost that is
converted to actual “work” to degrade membrane proteins? (3) In cells, protein
degradation occurs in the environment crowded with macromolecules, which can
affect the conformational equilibria and diffusion of both AAA+ protease and

substrate.*® How does macromolecular crowding influence degradation of membrane
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proteins?

To answer these questions, we measured FtsH-mediated degradation of the model
membrane substrate GlpG over a wide range of ATP hydrolysis rates in bicelles.
Unexpectedly, we found a sigmoidal dependence of the degradation rates on the
ATP hydrolysis rates. We show that this nonlinearity originates from the cooperativity
among multiple ATP hydrolysis events that efficiently converts the released free
energy to substrate unfolding and membrane dislocation. Macromolecular crowding
mildly impacts degradation activity. Our result provides new insights into how FtsH
utilizes ATP hydrolysis for degrading membrane proteins overcoming the dual

energetic burden of substrate unfolding and membrane dislocation.
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Figure 4.1 The membrane-integrated AAA+ protease FtsH and the model
membrane substrate GlpG. (a) The domain structure and membrane topology of
FtsH. TM: transmembrane segment; PM: periplasmic domain. (b) The model GlpG
constructs with the C- and N-terminal degradation markers employed in this study.
GIpG TM: the transmembrane domain of GlpG (residues 87-276); the 108 tag: -
SLLWS; the YccAn-tag: MDRIVSSSHDRTSLLSTHKVLRN-. (c) Reconstitution of
FtsH-mediated degradation of GIpG in the negatively charged DMPC/
DMPG/CHAPS bicelles (molar ratio, 3:1:1). The thiol-reactive fluorescent NBD label
as a reporter group to monitor degradation was conjugated to the cytoplasmic

interfacial region of the middle helix TM3 of GlpG variant G172C.
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Results

Dependence of degradation rates on ATP hydrolysis rates has three distinct
phases

FtsH is known to initiate degradation by binding to the flexible tail at either N- or C-
terminus of a substrate as a degradation marker and processively proteolyze it
towards the other end.'*1547 |t has also been reported that FtsH can initiate
proteolysis at an internal site of a substrate.*® The model membrane substrate GlpG
of E. coli is a site-specific intramembrane protease composed of a cytosolic N-
terminal domain (residues 1-86) and a six-helical bundle catalytic TM domain
(residues 87-276) (Figure 4.1b—c).*° Here we chose the constructs possessing only
the TM domain to exclude the possible involvement of the cytosolic portion in
degradation and focus on protein interactions within the membrane. The isolated TM
domain is not degraded by FtsH but becomes a good FtsH substrate when a
degradation marker (>~20 residues) is fused to either terminus.?° We used the N-
terminal tail of an E. coli membrane protein YccA (the YccAn-tag) as an N-terminal
marker and the sequence 108 (the 108-tag) as a C-terminal marker (Figure
4.1b)."550 Both tags are known to be specifically recognized by FtsH.47-%! To monitor
degradation, we conjugated the environment-sensitive fluorophore NBD to an
engineered cysteine (G172C) in GlpG.2° NBD fluorescence is quenched when the
fluorophore is transferred from the hydrophobic bicellar phase to the aqueous phase

upon degradation (Figure 4.1c and 4.2).
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Figure 4.2 The procedures to determine FtsH-mediated degradation of GIpG
using NBD fluorescence. This is an example for GlpG-108 labeled at the residue
position G172C. The assay was performed at a fixed concentration of FtsH (2 uM) in
2% (w/v) DMPC/DMPG/CHAPS bicelles at 37°C in the presence of an ATP
regeneration system (phosphoenol pyruvate/pyruvate kinase). (a)—(c): The
procedures to obtain the relationship between the concentration of degraded GlpG
and the intensity change of NBD-fluorescence. (a) Time-dependent NBD
fluorescence was measured at various concentrations of GlpG-108 in the absence
(F-atp) and presence (F+atp) of ATP. (b) Time-dependent change of F+atp relative to
F-atp(AF = F-atp — F+aTP) indicates GlpG degradation. After the degradation is
completed, AF reaches a plateau and AF’s in the plateaued time range are averaged
(designated as AF «). (c) AF «is linear as a function of GIpG concentration. The slope
of AF - vs [GIpG] yields the intensity change per uM GlpG degraded (AF/ uM

degraded GIpG).
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Figure 4.2 Continued. (d)—(g): The procedures to obtain the degradation rates of
GIpG and its relationship with the ATP hydrolysis rates. (d) Time-dependent NBD
fluorescence was measured at various concentrations of ATP including [ATP] =0 in
the presence of 15 uM GIpG. (e) For the intensity data at a certain ATP concentration
other than 0, AF is calculated relative to that at [ATP] = 0 as a function of time. The
linear slopes of fitted lines in the early time range (AF/min) is related to the initial rate
of GlpG degradation. (f) The slopes from Figure 4.2c (AF/ uM degraded GlpG) and
Figure 4.2e (AF/min) and is related to the degradation rate through the relationship,
the initial degradation rate (uM/min) = (AF/min)/(AF-/uM degraded GlpG). This rate
was further normalized by FtsH hexamer concentration ([FtsHe]). (g) The final plot of
the degradation rates vs. the ATP hydrolysis rates. The ATP hydrolysis rates at each
ATP concentration were obtained from the Michaelis-Menten plots (ATP hydrolysis

rates vs. ATP concentration, Figure 4.3 measured in the presence of 15 uM GlpG.
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To investigate how ATP hydrolysis rates of FtsH influence degradation rates of GlpG,
we controlled the ATP hydrolysis rate by varying the concentration of ATP (0-5,000
uM) and measured the degradation rate at each ATP concentration in the presence
of an ATP regeneration system (see Methods). ATP hydrolysis rates measured as a
function of ATP concentration in the presence of GlpG yielded the Michaelis-Menten
parameters, Ku, atp ~ 45 uM and Kkcat, TP ~ 125 min-' FtsHe™! (Figure 4.3, Table 4.1).2°

Thus, the ATP hydrolysis rates were varied in the range of 0—125 min-" FtsHe™".

d
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Figure 4.3 Measurement of ATP hydrolysis rate of FtsH as a function of ATP
concentration. These data were used to investigate the relationship between
substrate degradation rates vs. ATP hydrolysis rates. For GlpG degradation by FtsH
(Figure 4.6) and casein degradation by Lon (Figure 4.10), the ATP hydrolysis rates
obtained from the Michaelis Menten equations were used. For casein degradation by

FtsH (Figure 4.7), those obtained from the Hill analysis were used.
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Michaelis-Menten Hill
Km,ATP kcat,deg Km,ATP kcat,deg n
(min" FtsH.") (min” FtsH,") (min” FtsH ") (min” FtsH, ) AT
a
FtsH 56+10  110+5  96+38 128413 0.7+0.1
DMPC/DMPG/CHAPS
FtsH + GIpG-108
OMPOIDMPGICHAPS 4627 127+5  66+20 141+11 0.7+0.1
FISH + YCCACGIPG ) 17 123+5  38+5 1745 1302
+ + + + +
DMPC/DMPG/CHAPS = = 2=
FtsH
OMPC/CHAPS 30 +8 141 + 8 26 + 1 120+2 25+0.2
FisH + casein 34 +7 125+ 6 29 + 1 116+2 1.9+0.2
DMPC/CHAPS = * * * & 20
Lon® 14 + 3 18 + 1 12 + 1 17+1  15+0.1
Lon + casein 9+1 127 £ 2 8+ 1 125 + 2 1.1+0.1

aFor FtsH, all measurements were performed with [FtsH] =2 mM in 2% (w/v)
DMPC/DMPG/CHAPS or DMPC/CHAPS bicelles at 37 °C. The final concentrations
of GlpG variants and casein were 15 mM or 0.45 mg/ml.
®For Lon, all measurements were performed with [Lon] =1 mM in 20 mM HEPES
(pH 7.4), 100 mM KCI, 1 mM DTT buffer solution. The final concentration of casein

was 0.08 mg/ml.

Table 4.1 Kinetic parameters of FtsH and Lon ATP hydrolysis rate in different

substrates and environments.

Overall, GlpG with the C-terminal degradation marker (GlpG-108) was degraded faster

than that with the N-terminal marker (YccAn-GIpG) at all ATP concentrations (Figure

4.4). The slower degradation of YccANn-GlpG is due to the higher local conformational

stability and hydrophobicity of the N-terminal region of GlpG, which resist active

unfolding and membrane dislocation, respectively.? It should be noted that, despite

the presence of the ATP regeneration system, GlpG degradation by FtsH continued

only for 2—4 hours, leaving 20~70% of substrates not degraded after overnight. This

is rather due to the inactivation of FtsH after prolonged enzyme turnover or sample

incubation rather than the defects in the ATP regeneration system (Figure 4.5).
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Figure 4.4 FtsH-mediated degradation of GlpG in bicelles at various ATP
concentrations. (Left) Time-dependent degradation monitored by NBD-fluorescence
and (Right) end-point degradation measured by SDS-PAGE after 16 hours. Top:
Degradation of GlpG-108; Middle: Degradation of YccAn-GlpG; Bottom: Degradation
of the destabilized variant M100A of GlpG-108. All assays were performed at 37 °C

with FtsH (2 uM) and GIpG (15 uM) in DMPC/ DMPG/CHAPS bicelles (pH 7.5).

159



a b AFOO [ClpGrgp-108]

4,000 (M)
12,000 Before degradation Q ]
3 20
2 ]
< o @ ]
o Y 8,000 ol ]
c 0
m o o O ]
z 2 o O ]
9 4,000 £ 3 ]
= [ .
0 T T T T ' 1 0 AR RS AR RN LR RRES
0 10 20 30 0 200 400 600
[GlpGgp-108] (uM) Time (minute)
c Predicted line if 100% d )
— 1 was degraded
A& 6,000 0.6+ [ATP] (uM)
% = 4 Portion not % o 1
o 3 4,000 degraded z 2
o ¢ (~20%) . o 2
c o s " Q
o o i 5 0
o @ 2,000 I ) o 2
£ 0 } Experimental o 8
o s condition £ =
4 O_Lr T T T T 1 o
0 10 20 30
[GlpGgp-108] (uM) Time (minute)

Figure 4.5 Incomplete degradation of GlpG by FtsH. (a) The linearity of NBD
fluorescence as a function of the concentration of the model substrate NBD-labeled
GlpG-108 (GlpGnep-108) in DMPC/DMPG/CHAPS bicelles. (b) Time-dependent
changes of difference NBD fluorescence (AF) during degradation of GlpGnep-108 by
FtsH at various GlpGnep-108 concentrations. The difference was obtained by
subtracting NBD fluorescence of the sample (GlpGnep-108 and 2 uM FtsH in
bicelles) in the presence of ATP (5 mM) from that in the absence of ATP. DF~
indicates the maximal fluorescence change after DF reaches a plateau. An ATP
regeneration system was added to each sample. (c) AF- as a function of GlpGnep-
108 concentrations. (d) ATPase activity of FtsH (2 uM) in DMPC/DMPG/CHAPS
bicelles using an enzyme-coupled assay containing the ATP regeneration system.

The samples contain 15 uM casein.
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Interestingly, the dependence of the degradation rates on the ATP hydrolysis rates
displayed a sigmoidal behavior with three distinct phases for both GlpG variants
(Figure 4.6 /eff): (1) At lower ATP hydrolysis rates (0—20 min-' FtsHe™"), the
degradation rates were negligible; (2) As the ATP hydrolysis rate increased (20-80
min-' FtsHe™"), the degradation rates steeply increased up to ~0.22 min-! FtsHe™" for
GlpG-108 and 0.12 min-' FtsHe™' for YccAn-GlpG; (3) At higher ATP hydrolysis rates
(>80 min' FtsHe ™), the degradation rates were saturated without a further increase.
Notably, the degradation rates were saturated at the ATP hydrolysis rates far lower

than the maximal ATP hydrolysis rates (kcat, ATP), €ven close to kcat, ATp/2.

This result indicates that the degradation of GlpG requires a minimum threshold level
of the ATP hydrolysis rate. Remarkably, the degradation rates are highly sensitive to
a small change in ATP concentration (from ~20 to ~60 uM, Figure 4.4 right) or ATP
hydrolysis rate (from ~25 to ~70 min-' FtsHe™!, Figure 4.6 /eft) before reaching the

maximal degradation rates.
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Figure 4.6 Dependence of the degradation rates of the membrane substrate
GIpG on the ATP hydrolysis rates. (Left) Degradation rates of GlpG-108, YccAn-
GIpG, and GIpG-108 M100A as a function of ATP hydrolysis rate at 37 °C. The
positions of the maximal ATP hydrolysis rates (Kkcat, atr) and the half maxima (kcat,
atp/2) are marked with black arrows. The threshold ATP-hydrolysis rate is marked
with a line arrow. (Right) The effective ATP cost for each GlpG variant (in
parenthesis) was obtained by taking the inverse of the maximum value of the first

derivative of the plot in /eft.

Sigmoidal behavior is intrinsic, not depending either on the conformational
stability or membrane localization of substrates

To degrade membrane proteins, FtsH actively unfolds substrates in the membrane
and dislocates them into the proteolytic active sites located in the aqueous phase.
GIpG possesses moderate thermodynamic stability (AG°u = ~6 kcal/mol) and a high
activation energy of unfolding (Ea,u = ~30 kcal/mol) in mild detergent
dodecylmaltoside.2%-52-5 Also, the free energy costs for transferring a single
hydrophobic TM helix from the lipid bilayer to water in an unfolded form can be

substantially large (50—100 kcal/mol).2%-57-58 \We hypothesized that FtsH requires a
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threshold ATP hydrolysis rate to overcome the conformational stability of GlpG and
the large free energy cost for membrane dislocation. If this hypothesis is true, the
threshold level will be reduced or disappear if the conformational stability of the

substrate decreases or the substrate is not localized in the membrane.

To test this hypothesis, we first tested a destabilized GlpG variant M100A with the C-
terminal 108 tag. This mutation disrupts core packing in the TM region of GIpG,
lowering AG°u and Eau by ~2.5 kcal/mol and ~5 kcal/mol relative to wild type,
respectively.?%-52 This mutation also accelerates unfolding by 30—60 fold in bicelles.?°
Nonetheless, this mutation did not change the threshold ATP hydrolysis rate relative
to wild type with the same marker, retaining the sigmoidal relationship between the
degradation and ATP hydrolysis rates (Figure 4.4 bottom and 4.6 left). The decrease
of conformational stability only increased the maximal degradation rate by ~30% as
observed in the previous study.?® Next, we tested the influence of membrane
localization using the water-soluble model substrate casein, which lacks both
membrane localization and conformational stability (Figure. 4.7). Again, the
sigmoidal relationship was retained with the clear appearance of a threshold at ~30

ATP hydrolysis min-' FtsHs™.
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Figure 4.7 Dependence of the degradation rates of the water-soluble substrate
casein on the ATP hydrolysis rates by FtsH. (Left) Time-dependent degradation of
water-soluble Bodipy FL-labeled casein (0.45 mg/ml) by FtsH (2 uM) at various ATP
concentrations in neutral DMPC/CHAPS bicelles. Degradation was monitored by
dequenching of Bodipy FL fluorescence (Aexcitation = 485 nm; Aemission = 525 nm) at 37
°C. (Right) Dependence of the degradation rates of Bodipy-FL casein on the ATP

hydrolysis rates in comparison to that of GlpG-108. Values are means + SEM (N =

2-5).

We also asked why the degradation rates of both membrane and water-soluble
substrates are saturated far below the maximal ATP hydrolysis rates. We suspected
that the hexameric Zn?* protease domain may not be fully functional in our
reconstituted system, limiting the flux of translocated substrates towards
degradation. However, the addition of the protein stabilizer glycerol or the
macromolecular crowding agent Ficoll70 for enhancing the assembly of FtsH
hexamer did not noticeably improve the degradation rate in the absence of both
(Figure 4.8). Reducing the substrate load by lowering the substrate concentration by

30 fold did not affect the sigmoidal nature (Figure 4.9).
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Solution composition Slope (min-1)
Buffer 1.68 +0.09 min-’
Buffer+15% glycerol 1.11£0.03 min'
Buffer+15% glycerol+15% Ficoll70  1.29 £ 0.04 min"

Difference NBD fluorescence

I I I 1
0 100 200 300 400
Time (min)

Figure 4.8 The addition of glycerol (protein stabilizer) or Ficoll70
(macromolecular crowding agent) does not significantly improve the
degradation rate of GlpG. Time-dependent degradation of GlpG-108 (0.5 uM) by
FtsH (2 uM) was measured at 5 mM ATP in DMPC/DMPG/CHAPS bicelles. The

slope of the linear fitted line in each data represents the degradation rate.
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Figure 4.9 Reducing the substrate load to FtsH does not fundamentally change
the relationship between the degradation rate and the ATP hydrolysis rate. (a)
Time-dependent degradation of GlpG-108 (0.5 uM) by FtsH (2 uM) at various ATP
concentrations in DMPC/DMPG/CHAPS bicelles. (b) Dependence of the degradation
rates of 0.5 uM GIpG-108 on the ATP hydrolysis rates in comparison to that of 15 uM

GlpG-108.

To further confirm the nonlinear relationship, we tested degradation of the same
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model substrate casein by another E. coli AAA+ protease, Lon, by which the
degradation rates are linearly increased proportionally to the ATP hydrolysis rates.5°
Indeed, the rates of casein degradation and ATP hydrolysis displayed an excellent
linear relationship (R? = 0.97) (Figure 4.10 and 4.3d). Therefore, we conclude that
the sigmoidal dependence of the degradation rates on the ATP hydrolysis rates is an

intrinsic property of FtsH.
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Figure 4.10 Dependence of the degradation rates of the water-soluble
substrate casein on the ATP hydrolysis rates by Lon. (Left) Time-dependent
degradation of Bodipy FL-labeled casein (0.08 mg/ml) by E. coli Lon in 20 mM
HEPES (pH 7.5), 100 mM KCI, 1 mM DTT at 30 °C. (Right) The relationship between

degradation and ATP hydrolysis rates mediated by Lon.

The Hill analysis suggests that the sigmoidal dependence stems from the
cooperativity among ATP hydrolysis events

The sigmoidal relationship between the degradation and ATP hydrolysis rates
strongly suggests cooperativity among multiple ATP hydrolysis events. To
quantitatively understand the sigmoidal behavior, we employed the Hill analysis

(Figure 4.6 /eft). Surprisingly, although the relationship between ATP concentrations
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and hydrolysis rates shows weak or no cooperativity (the Hill coefficients, nu, atp =
0.7-1.3)?° (Figure 4.3), we observed strong cooperativity between the degradation
and ATP hydrolysis rates with nn = 4.3-4.5 for GlpG-108 and GIpG-108 M100A, nH =
5.0 for YccAN-GlpG and nn = 3.9 for casein (Table 4.2). Km, atp, the ATP hydrolysis
rate at which the degradation rate reaches a half maximum, was only 60—-80 min-"'

FtsHe! (50—~70% of the maximal ATP hydrolysis rates).

kcat,dega Km,ATPb

(min”' FtsHe) (min”! FtsHe) M, ATP®
GlpG-108 0.22 £ 0.01 39+ 1 43104
GlpG-108 M100A 0.27 £ 0.01 40 £1 44+0.3
YccAn-GIpG 0.12+£0.01 611 50+£04
GlpG-108/Ficoll 70 (15%) 0.20 £ 0.01 502 34+04
Casein-Bodipy FL¢ N/A® 54 +5 39+1.2

All measurements were performed with [FtsH] =2 uM in 2% (w/v)
DMPC/DMPG/CHAPS bicelles at 37 °C.

The final concentrations of all GlpG variants were 15 uM.

a@The maximal degradation rate.

®The ATP hydrolysis rate at which the degradation rate becomes Kcat geg/2.
¢ The Hill coefficient.

dMeasured in DMPC/CHAPS bicelles at 0.45 mg/ml of casein-Bodily FL.
¢ Not determined because of the uncertainty in molecular weight.

Table 4.2 Kinetic parameters describing the dependence of degradation rates
of GIpG on ATP hydrolysis rates by FtsH. The data were Obtained by fitting to the

Hill equation (Equation 4).

Our Hill analysis reveals a remarkable principle of how FtsH, which is known as
weaker ATPase and unfoldase than other AAA+ proteases, utilizes ATP hydrolysis to
carry out protein degradation. At low ATP hydrolysis rates (<20-30 min-' FtsHs™"),
FtsH cannot drive substrate unfolding and membrane dislocation. As the ATP

hydrolysis rate increases, accumulated ATP hydrolysis events start to cooperate,
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enabling substrate degradation that efficiently reaches the maximal rates. The steep
increase of the degradation rates is an outcome of coupling of 4—5 ATP hydrolysis
events which occur probably in an independent, stochastic manner on individual
AAA+ subunits in FtsH. This cooperative behavior by FtsH is distinct from the
degradation mediated by other robust AAA+ proteases such as ClpXP, HslUV, Lon,
PAN and 26S proteasomes, which linearly increase degradation rates in response to

an increase in ATP hydrolysis rates.17:18,59-61

Effective ATP cost for degrading GlpG
So far, the total ATP costs by AAA+ proteases for degrading substrates have been
quantified under the steady-state conditions, where both ATP hydrolysis rates and
degradation rates are maximal'®:

Total ATP cost = kcatATP X 7deg = Kcat ATP X (1/Kcat,deg) (Equation 1)
Here, kcat, aTp designates the maximal ATP hydrolysis rate per FtsH hexamer at a
saturating concentration of substrate, and weg indicates the substrate lifetime, i.e.,
the inverse of the maximal substrate degradation rate, kcat,deg. Using this method, we
have determined the total ATP costs: 380 ATP for GlpG-108, 270 ATP for
destabilized variant GlpG-108 M100A, and 550 ATP for YccAn-GlpG.?° Despite the
relevance, however, this method will generally overestimate the ATP cost for FtsH-
mediated degradation because the ATP hydrolysis rates at which degradation rates
reach a maximum are much lower than the maximal ATP hydrolysis rates (Figure 4.6

left, 4.7 left and 4.10 /eft).

Therefore, we suggest an alternative approach to quantify an “effective” ATP cost

that actually leads to substrate degradation using the degradation rate versus ATP
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hydrolysis rate plot (Figure 4.6 left)."” As shown in the plot, after the ATP hydrolysis
rates exceed the threshold levels, the degradation rates increase until reaching a
saturated level. In this increasing range, the inverse of the slope represents the

excess number of ATP hydrolysis required to degrade one more unit of GlpG:

Effective ATP cost =

Slope
1 _ Number of ATP hydrolyzed
Degradation rate (number of GIpG degraded min™ [FtsH,]") ~ Number of GlpG degraded
ATP hydrolysis rate (number of ATP hydrolyzed min™ [FtsH,]")

(Equation 2)
The slope at each ATP hydrolysis rate was obtained by taking the first derivative of
the functional form fitted to the Hill equation (Figure 4.6 right). For each GlpG
variant, we defined the effective ATP cost at the ATP hydrolysis rate, which yielded a
maximal slope. The effective ATP costs were 153 ATP for GlpG-108, 121 ATP for
GIpG-108 M100A and 387 ATP for YccAn-GIpG. These values are only 40-45%
(GlpG-108 WT and M100A) and ~70% (YccAn-GlpG) of the total ATP costs
measured under the steady-state conditions.?° Thus, FtsH utilizes ATP hydrolysis
more efficiently than previously thought, and the effective ATP cost is well correlated

with the local stability of the region to which the degradation marker is fused.

Macromolecular crowding does not affect ATPase and protease activities of
FtsH

Finally, we asked how the physical environment mimicking the crowded cellular
environment influences ATPase and degradation activities of FtsH using the inert

macromolecular crowding agent Ficoll70 (average molecular weight ~ 70 kDa;

hydrodynamic radius ~ 4 nm).52 Crowding agents at high concentrations in solution
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place steric constraints on proteins because of the large excluded volume. The
reduced free space can influence the equilibria of protein conformations and protein-
protein interactions.*%83 In general, macromolecular crowding is known to induce
compaction of unfolded states and enhance protein-protein interactions.® We
expected that Ficoll70, which has a molecular weight similar to FtsH, may influence
ATPase and degradation activities of FtsH by enhancing the hexameric assembly of
FtsH, facilitating the interaction between FtsH and substrate, or possibly decreasing

the volume of unfolded GlpG.

We first measured the effect of Ficoll70 on ATPase activity in bicelles. In the range of
0-15% (w/v) Ficoll70, ATP hydrolysis rates did not change significantly (Figure
4.11a and 4.12). Also, the Michaelis-Menten analysis at 15% Ficoll70 indicates a
negligible influence of the crowding agent on ATPase activity (Figure 4.11b). Before
assessing the effect of Ficoll70 on degradation activity of GIpG, we tested if the
macromolecular crowding would impact the conformational stability of GlIpG using
the novel steric trapping method in mild dodecylmaltoside detergent. Steric trapping
couples transient unfolding of a doubly biotinylated protein to double binding of bulky
mSA (52 kD; Figure 4.11c).5? This method is an advantageous tool for measuring
protein stability directly under native solvent or lipid conditions. The thermodynamic
stability (AG°u) of GIpG was determined from the binding isotherm between doubly-
biotinylated GlpG and monovalent streptavidin variant with reduced biotin binding
affinity (mSA-S27A) (Figure 4.13) for the schemes of biotinylation and binding
assay). The attenuated second binding phase is correlated with the stability of GlpG.

Addition of 15% Ficoll70 moderately decreased the stability by AAG° = 0.4 + 0.2
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kcal/mol (Figure 4.11d). Probably, the excluded volume by Ficoll70 mildly stabilized

the unfolded state by inducing its compaction in the micellar phase.
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Figure 4.11 The effects of the macromolecular crowding agent Ficoll 70 on the
ATPase activity of FtsH and thermodynamic stability of GIpG. (a) Dependence
of ATP hydrolysis rates of FtsH (2 uM) on the concentration of Ficoll70 measured at
a saturating concentration of ATP (5 mM) in DMPC/DMPG/CHAPS bicelles at 37 °C
(see also Figure 4.12). (b) Michaelis-Menten analysis of ATPase activity in the

presence and absence of 15% Ficoll70 (w/v) measured in DMPC/DMPG/CHAPS

bicelles.
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Figure 4.11 Continued. (c) The principle of steric trapping.>? When biotin tags are
conjugated to two specific residues that are spatially close in the folded state but
distant in the amino acid sequence, the first monovalent streptavidin (mSA) binds
either biotin label with the intrinsic binding affinity (AG®sind). Because of steric
hindrance, the second mSA binds only when native tertiary contacts are unraveled
by transient unfolding. Hence, binding of the second mSA is attenuated depending
on the stability of the target protein (AG®sind + AG°u). By adjusting the biotin affinity of
mSA by mutation, unfolding and binding reactions can be reversibly controlled, and
AG°y of the target protein can be obtained by monitoring binding of the second mSA.
Binding of mSA to biotin labels on GlpG was measured by FRET-based assay
employing BtnPyr label (donor) and mSA labeled with nonfluorescent dabcyl
quencher (acceptor) %2 (Figure 4.13a). (d) The effect of Ficoll70 on the stability of
GIpG measured in dodecylmaltoside detergent (56 mM). Binding isotherms between
double-biotin variants of GlpG (172/267-BtnPyrz2) and a mSApas variant with a
reduced biotin binding affinity (MSApas-S27A, Kd, biotin = 1.4 NnM) monitored by
quenching of pyrene fluorescence.%? 15% Ficoll70 does not significantly affect the
intrinsic biotin binding affinity of mSA to the biotin labels (Figure 4.13b). Values are

means £ SEM (N = 2-3).
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Figure 4.12 The macromolecular crowding agent Ficoll70 does not affect the
ATP hydrolysis rate by FtsH. Time-dependent ATPase activity assay monitored by
UV absorption of NADH using an enzyme-coupled assay (see Methods). Each data
indicates the difference of absorbance of the samples in the absence and presence

of 5 mM ATP at 2 uM FtsH in 2% DMPC/DMPG/CHAPS bicelles.
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Figure 4.13 The macromolecular crowding agent Ficoll70 does not significantly
affect the intrinsic binding affinity of monovalent streptavidin (mSA) to a single
biotin label on GlpG-G172C. (a) Thiol-reactive biotin label possessing a fluorescent
pyrene fluorophore. The pyrene fluorophore in the label serves as a FRET donor to
detect binding of quencher labeled mSA. (b) The intrinsic binding affinity between a
weaker biotin binding variant mSA-W79M and a single-biotin label on GIpG (75 nM)
was measured at an increasing concentration of mSA-W79Q. The binding was
monitored by FRET between fluorescent pyrene from the fluorescent biotin label
(BtnPyr) and dabcyl quencher labeled near the biotin binding pocket of mSA. The
resulting net difference pyrene fluorescence was obtained by subtracting the pyrene
fluorescence intensity under binding equilibrium from that with added excess free

biotin (2 mM) which induced complete dissociation of bound mSA.
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Next, the degradation rates of GIpG-108 were measured as a function of ATP-
hydrolysis rate in the presence of 15% Ficoll70 (Figure 4.14a). While the
degradation rates overall decreased in the presence of Ficoll70, the threshold ATP
hydrolysis and maximal degradation rates remained similar, and the degradation rate
became less sensitive to the increase in ATP hydrolysis rate. As a result, the
effective ATP cost increased by 40% relative to that without Ficoll70 (Figure 4.14D).
Probably, the large increase in viscosity caused by Ficoll70 slowed down the
dislocation of the unfolded substrate, making the ATP cost larger as shown for
ClpXP.55 Overall, the macromolecular crowding only had a mild impact on activities

of FtsH.
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Figure 4.14 The effect of the macromolecular crowding agent Ficoll70 on the
relationship between the degradation and ATP hydrolysis rates. (a) Degradation
rates of GIpG-108 measured as a function of ATP hydrolysis rate in the presence of
15% Ficoll70. The data were compared with those in the absence of Ficoll70. Values
are means + SEM (N = 2). (b) The influence of Ficoll70 on the effective ATP cost
(parentheses) obtained by taking the inverse of the first derivative of the plot in

Figure 4.14 (a).
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Discussion

The most striking finding of this study is that degradation rates by FtsH display
nonlinear dependence on ATP hydrolysis rates. At least, ~20 ATP hydrolysis events
need to be accumulated per minute for degradation to occur, but once exceeding the
threshold, FtsH tightly couples ATP hydrolysis to degradation in a highly cooperative
manner (n+ = 4-5). The degradation rates are saturated at remarkably low ATP
hydrolysis rates, only 50-70% of the maximal ATP hydrolysis rates. It is surprising
because in the cases of other relatively well-characterized AAA+ proteases such as
E. coli ClpXP, E. coli HslUV, Lon, yeast 20S proteasomes and archaeal PAN, the
rates of degradation and ATP hydrolysis are linearly correlated. 8596166 A notable
exception is degradation of GFP by ClpXP, which requires ~20% of the maximal ATP
hydrolysis rate to initiate degradation.®® In that study, the existence of threshold has
been attributed to a stable unfolding intermediate of GFP which is rapidly formed in-
between low frequency bursts of ATP hydrolysis on ClpX.?86° However, after the ATP
hydrolysis rate exceeds the threshold, the degradation rate of GFP keeps increasing
until the ATP hydrolysis rate reaches a maximum. This is different from the unique

cooperativity observed in FtsH-mediated degradation.

We also hypothesized that certain folding features of GlpG might have caused the
appearance of the threshold. In comparison to water-soluble substrates, ATP-
dependent degradation of membrane proteins poses a general thermodynamic
challenge, i.e., dislocation of hydrophobic TM segments from the membrane to the
proteolytic active sites located in the cytosol (AGdisiocation = 50—100 kcal/mol per
TM),20.57.58 gs seen in the degradation by FtsH, the endoplasmic reticulum-

associated degradation by the Hrd1 ubiquitin ligase complex/Cdc48 (an AAA+
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enzyme)/26S proteasome system and dislocation of mislocalized tail-anchored
membrane proteins by the membrane-anchored AAA+ enzyme Msp1 from the
mitochondrial outer membranes.*367-6% The conformational stabilities of membrane
proteins can also be substantial (AG°u = 3—-12 kcal/mol).527%-73 However, we always
observed the sigmoidal dependence with threshold regardless of substrate stability
and membrane localization, indicating that the high degree of cooperativity among
ATP hydrolysis events is an intrinsic feature of FtsH-mediated degradation. Probably,
this cooperativity would be ideal for FtsH to efficiently overcome the large energetic

cost of substrate unfolding and membrane dislocation.

Another interesting finding in this study is that while ATP hydrolysis on FtsH occurs
independently (n1 = 1 for ATP hydrolysis rates versus ATP concentration), the
independent events become cooperative in degrading substrates. Because the Hill
coefficients in this process are 4-5, we can speculate that the cooperativity stems
from the coordination of ATP hydrolysis throughout the subunits within the AAA+
hexamer ring of FtsH. Intringuingly, a recent cryo-electron microscopic (cryo-EM)
study of FtsH orthologs, Yme1 of yeast, suggests a remarkable mechanism by which
the Yme1 hexamer carries out substrate translocation by tightly coordinating ATP-
bound, ADP-bound, and apo forms of the six AAA+ subunits with 4atp:1appP:1apo
stoichiometry.® However, the cryo-EM structures of substrate-bound 26S
proteasomes that have a linear relationship between the degradation and ATP
hydrolysis rates also show a similar number (4-6) of bound nucleotides

47P:1ADP: 1apo, 3ATP:2ADP: Tapo OF 3ATP:1ADP:2apo.”* The structures of PAN proteasomes
that have the linear relationship again suggest the coordination of five nucleotides’

binding 4atr:1appP: 1apo 0N the PAN ATPase during substrate translocation.”® These
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results imply that the coordination of multiple nucleotides’ binding itself may not

explain the cooperativity between ATP hydrolysis events for degradation by FtsH. To
better understand the mechanism, it is necessary to precisely determine the binding
stoichiometry, affinity, and kinetics between FtsH and ATP or ADP as well as to track

down the origin of cooperativity at each functional step during degradation.

Our study suggests that FtsH is a slow but highly efficient degradation machine for
membrane proteins. The effective ATP costs for degrading GlpG (150-390 ATP, 0.6—
1.9 ATP per residue) were only 40—70% of those measured at steady-state
conditions (380-550 ATP, 1.8—2.6 ATP hydrolysis per residue).?° Considering the
reported range of ATP costs for various AAA+ proteases and substrates (0.2-6.6
ATP per residue),'317-2127 the effective ATP costs by FtsH fall into the lower edge of
the range. This finding demonstrates a remarkable ATP efficiency achieved by FtsH,
which overcomes the large free energy costs to degrade membrane proteins. Our
result reasonably agrees with recent single-molecule force spectroscopic studies
showing that CIpXP spends 40~70% of the time working for unfolding and
translocation with many futile ATP hydrolysis events over a wide range of dwell time
(a few seconds—a hundred seconds) before inducing abrupt and cooperative

substrate unfolding.?8-2

What can we learn about membrane protein quality control in the cells from our in
vitro studies? The macromolecular crowding agent Ficoll70 for mimicking the cellular
environment has mild impacts on ATPase and degradation activities of FtsH.
Therefore, it is likely that the features of FtsH discovered in this study will be

maintained in the cells. The fact that the level of the saturated degradation rate
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depends on the conformational stability suggests that the AAA+ ATPase of FtsH has
a limited pulling power such that, as the ATP-hydrolysis rate increases, an
equilibrium point is reached at which the resisting force (substrate stability,
hydrophobicity and diffusive dissociation of substrates) and pulling force are
balanced. This principle may explain the ability of FtsH as quality control machinery
for membrane proteins, preferentially degrading misfolded, or intrinsically unstable

membrane proteins.

We observed that, because of the high cooperativity, the maximal degradation rates
by FtsH is reached at surprisingly low ATP concentrations (60-80 uM). For
comparison, the degradation activity of ClpXP can be modulated in the range of 0—
500 uM ATP because of the linearity between ATP hydrolysis and degradation
rates.??:60.76 Considering that ATP concentrations in a single E. coli cell vary from
~200 to ~5,000 uM under normal growth conditions,’” ClpXP activity will respond
sensitively to the changes in the availability of ATP. One clear example is the control
of the cellular concentration of RspO (os-factor) by CIpXP in E. coli. RspO is
accumulated under nutrient-deprivation or in the stationary growth phase, inducing
the transcription of various stress response genes.! Degradation of RspO by ClpXP
is known to be directly controlled by the cellular level of ATP upon carbon
starvation.”® On the other hand, we expect that FtsH works at its full degradation
capacity under broad stress conditions which compromise membrane protein quality
and deplete the cellular levels of ATP.7%-8! This feature may also serve as a safety
scheme at an elevated ATP level (e.g., heat shock)®? preventing excessive protein

degradation in the cell membranes.
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Methods

ATPase Activity Assay of FtsH.

ATP hydrolysis rate by FtsH was measured by an enzyme-coupled assay on a
microplate reader (M5e, Molecular Devices) at 37°C. The assay solution contained 2
uM FtsH, 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, pH
7.5), 10 mM MgClz, 400 uM ZnClz, 0.1% BME, 100 mM KClI, 15% glycerol, 0.5 mM
NADH, 10 mM phosphoenolpyruvic acid, 0.5 units of pyruvate kinase and 0.5 units of
lactic dehydrogenase. The oxidation of NADH coupled to ATP hydrolysis was

monitored by OD340 nm.

Reconstitution of GIpG in Bicelles and Degradation Assay using NBD
Fluorescence.

Degradation of NBD-labeled GlpG variants by FtsH was measured in 2% (w/v)
negatively charged bicelles (DMPC/DMPG/CHAPS, g = 2.8). GIpG was first
reconstituted in 3% (w/v) DMPC/DMPG liposomes ([DMPC]:.[DMPG] = 3:1) in 20 mM
HEPES (pH 7.6) 100 mM KCI, 15% glycerol, and 0.1% BME. The NBD-labeled GIpG
stock in DM was mixed with the lipids solubilized with 4% n-octyl-B-D-glucoside to a
final concentration of 50—100 uM and incubated on ice for 1 h. For removal of
residual detergents, the mixture was dialyzed against 20 mM HEPES (pH 7.5), 100
mM KCI, and 0.1% BME at 4 °C overnight, followed by incubation with Bio-Beads
(Bio-Rad) for 3 days at room temperature. The resulting proteoliposomes were
extruded through a 0.2 uM pore size polycarbonate membrane (\Waters) to remove
aggregation. The total phospholipid concentration was determined by an organic
phosphate assay. Based on the measured lipid concentration, the desired amount of

CHAPS was added to form bicelles with g = 2.8. The final concentration of NBD-
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labeled GlpG in bicelles was determined by 660 nm assay. Time-dependent
degradation of GIpG was measured in 2% bicellar solution (20 mM HEPES, pH 7.5,
100 mM KCI, 15% glycerol, 0.1% BME, 5 mM MgCl2 and 400 uM ZnCl2) with an ATP
regeneration system (0.5 unit/100 pL pyruvate kinase and 10 mM
phosphoenolpyruvic acid). FtsH was incorporated into bicelles by direct injection of
FtsH stock solution in Triton X-100 to preformed bicelles at a final monomer
concentration of 2 uM on ice. A total volume of 100 uL of each sample was
transferred to a 96-well UV-compatible microplate (Greiner Bio-One) and sealed with
a polyolefin film. Degradation of GlpG was initiated by addition of ATP to each well
and monitored by quenching of NBD fluorescence at 545 nm with an excitation
wavelength of 485 nm on a plate reader. The change of NBD fluorescence induced
by GIpG degradation was obtained by subtracting the time-dependent change of
NBD fluorescence in the presence of ATP from that in the absence of ATP at each
GlpG concentration. The degradation rate of GlpG by each FtsH hexamer per minute

(vdeg) is defined as:

AF
i 1 .
min
Vv, = X Equation 3),
deg AF, [FtsH,] (Eq )
[GIpG]

where AF/min and AF«/[GIpG] were obtained from the slopes from Figure 4.2c and
4.2d, respectively. For the assay of casein degradation, casein excessively labeled
with Bodipy FL (Thermo Fisher Scientific) was used. Casein degradation was
monitored by dequenching of Bodipy FL fluorescence at 525 nm (Aemission = 485 nm).
The Hill equation to fit the degradation rate vs. ATP hydrolysis rate of FtsH is given

as:
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v - (ATP-hydrolysis rate)™
P Kpare™ + (ATP-hydrolysis rate)™ (Equation 4)

where nnatp is Hill constant of FtsH hexamer ATPase activity.

Cloning, expression, and purification of E. coli Lon.

The gene of lon of E. coli strain K12 MG1655 was amplified by colony PCR with the
primers containing Nhel (5’-end) and Xhol (3’-end) restriction sites, and then inserted
into the pET21a vector with a C-terminal Hise-tag. The Lon protein was expressed in
E. coli C43 (DE3) pLysS cells. The cells transformed with the expression vector were
cultivated in LB media (100 mg/L ampicillin) at 37°C until ODsoonm reached 0.6.
Protein expression was induced with 0.2 mM IPTG, and the culture was further
incubated at 24°C for an additional 16 h. Harvested cells were resuspended in
resuspension buffer (20 mM HEPES pH 7.5, 400 mM NacCl, 100 mM KCI, 1mM
TCEP). After cell lysis using C5 pressure homogenizer, the soluble fraction was
obtained by ultracentrifugation (Beckman Coulter, Type 45 Ti rotor) at 18,000 rpm for
20 min. The supernatant containing Lon was purified using Ni2*-NTA-affinity
chromatography (Qiagen). The packed resin was washed with resuspension buffer
containing 100 mM imidazole and eluted with 15 mL resuspension buffer containing
800 mM imidazole. Excess imidazole in the eluent was removed by dialysis against
storage buffer (25mM HEPES pH7.5, 100mM KCI). Purified Lon was concentrated to
the final concentration of 40-50 uM per liter culture (660 nm protein assay, Pierce).

All purification procedures were carried out at 4°C.
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Measuring thermodynamic stability of GIpG using steric trapping.
Detailed procedures of steric trapping have been previously reported.>? Briefly,
double-cysteine variant of GIpG (G172C/V267C) purified in DDM was labeled with
the thiol-reactive biotin derivative possessing pyrene fluorophore, N-(5-(2-
iodoacetamido)-6-0x0-6-(2-(+)-Biotin hydrazinyl)hexyl)-4-(pyren-1-yl)butanamide
(BtnPyr-1A) to yield 172/267-BtnPyr2.52 Thermodynamic stability of GIpG in DDM
micelles was determined by measuring the attenuated second binding of mSA
labeled with dabcyl quencher (mSAbag) to 172/267-BtnPyr2 at room temperature.>?
MSAbas binding was monitored by quenching of pyrene fluorescence from BtnPyr
labels by Forster resonance energy transfer. 1 uM of 172/267 c-BtnPyr2 was titrated
with a mSAbag variant possessing a reduced biotin binding affinity®2, mSApas-S27A
(Kd,biotin = 1.4 £ 0.9 nM) in 20 mM DDM, 0.25 mM TCEP, 20 mM sodium phosphate
and 200 mM NacCl (pH 7.5).52 Quenching of pyrene-monomer fluorescence at 390
nm was monitored with an excitation wavelength of 345 nm on a plate reader. The
attenuated second binding phase of a binding isotherm was fitted to the equation:

1

F= (F,-F,)+F, (Equation 5),

K,. .
[1+ Kd,biotin + EEJIOUH l ]
o J[mSA]

where F is measured fluorescence intensity, and Fo and F- are the fluorescence
intensities at [NSA] = 0 and at the saturated bound level, respectively. [nSA] is the
total mSA concentration, K, biotin IS the dissociation constant for unhindered biotin
binding affinity of mSA, and Ku is the equilibrium constant for unfolding of GIpG.
After obtaining the fitted Ku, the thermodynamic stability was calculated using the

equation AG°y = —RTInKu.
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Chapter 5 Concluding remarks and future outlook
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In my dissertation work, | addressed several key questions regarding the molecular
mechanisms of MP degradation mediated by the membrane-integrated AAA+

protease FtsH.

In chapter 2, to study the degradation of MPs in a lipid bilayer environment, |
successfully reconstituted the FtsH-mediated MP degradation for creating a model
system to study this process quantitatively. The fluorophore-labeled stable helical
membrane protein GlpG was tagged with known degradation markers, and then the
degradation kinetics was precisely measured in real-time by monitoring the
fluorescence change in the presence of an ATP regeneration system. The result was
the first quantitative report on MP degradation, which led to the determination of the

folding-degradation relationship of the MP.

In chapter 3, to further study the quantitative relationship between the folding and
degradation relationship, the system created in chapter 2 and the steric trapping
strategy developed by Hong'’s lab were employed. | discovered that FtsH has a
substantial ability to actively unfold MP substrates, challenging the long-standing
paradigm that FtsH cannot actively unfold a substrate due to its low unfoldase
activity. The ATP cost and degradation rate of GIpG were similar to well-studied
water-soluble proteins by the known robust AAA+ proteases such as ClpXP and
ClIpAP, highlighting the efficiency of FtsH in both unfolding and extracting its
substrates from the membrane. The degradation of a single copy of GlpG was also
guantified as the hydrolysis of 380-550 ATP molecules by FtsH. The stability and
hydrophobicity of membrane proteins were also identified as the key factors that

determine the degradation rate. These insights would provide general insights into
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the MP degradation mediated by ATP-dependent proteolysis, which is a major

process in ERAD in eukaryotic cells.

In chapter 4, | investigated how FtsH utilizes ATP hydrolysis to degrade MPs. | found
a surprising result that FtsH has a unique nonlinear dependence between
degradation rates and ATP hydrolysis rates. The nonlinearity is represented by a
sigmoidal dependence between the two rates. The Hill analysis then explained this
nonlinearity, which stems from the coupling of multiple ATP hydrolysis events. This
behavior of FtsH is unique from other water-soluble AAA+ proteases such as ClpXP,
HslUV, Lon, and proteasomes, which displays linear relationships between
degradation rates and ATP hydrolysis rates. This nonlinearity further revealed that
only 40-60% total ATP was consumed compared to the ATP consumption measured

at maximal ATP hydrolysis rates determined in Chapter 3.

The knowledge obtained from this study including the degradation activity, the
folding-degradation relationship and the ATP efficiency may be used to model the
quality control network of MPs in the E. coli inner membranes, as done for the water-
soluble proteins in the E. coli cytosol by the Gierash group in 2012. Also, the
physical principles of MP degradation obtained from this study may be extended to
the ATP-dependent degradation in ERAD, which is a major protein degradation
pathway in eukaryotic cells. In ERAD, misfolded MPs are recognized by the ubiquitin
ligase complexes in the ER membrane, dislocated by a membrane associated AAA+
enzyme, and finally targeted to the proteasome in the cytosol, which has a similar

logic to FtsH-mediated degradation.
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This study yields numerous novel problems that are awaiting to be solved. First,
what is the rate-determining step in the degradation of MPs? Is it substrate unfolding
or membrane dislocation? Which step requires more ATP hydrolysis? Second, how
different types of AAA+ proteases compete for degrading MPs in the inner
membranes of E. coli cells? Does the membrane-integrated FtsH have any
advantages in recognizing MP substrates because of the colocalization effect? Third,
is FtsH itself enough for the quality control of MPs, or does it work together with
other ATP-independent proteases or molecular chaperones? Fourth, how many
pulling events by AAA+ subunits are required to induce a single unfolding event?
Does the unfolding occur in a single step or involve multiple steps? How many
residues are pulled from the membrane at each event of ATP hydrolysis? These
have been challenging questions to approach so far. The degradation system that
has been developed in this study will serve as a useful platform to address these

guestions in the future.
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