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ABSTRACT

Burials of ionizable residues inside hydrophobic core are unfavorable in general
due to the high desolvation cost of transferring them from water to lipid bilayer.
Nevertheless, these residues can form ion-pairs and play vital roles in cellular functions
including proton/electron transfer, catalysis, and receptor activation. Proteins in
thermophilic microbes maintain their fold and activity in extreme environments like
volcanoes, ocean ridges and hot springs with high temperatures (80-110 °C). Previous
studies suggested that thermophilic proteins achieve thermostability via an increased
number of salt-bridges between ionizable residues compared to their mesophilic
homologs. Thus, studies regarding the ionizable residues and thermostability of
thermophilic proteins are essential for the fundamental understanding of protein stability,
function, and engineering. While related studies have mostly concerned water-soluble
proteins, these topics received less attention in membrane proteins. In my dissertation, |
aim to bridge the knowledge gaps using the universally conserved rhomboid protease
family as a model. | focused on addressing the following two questions: 7) What is the
energetic consequence of burying ionizable residue pairs in the core of membrane
protein? 2) What is the origin of the thermostability of membrane proteins in
thermophilic organisms? In the first question, | found that bearing ionizable residues
inside membrane protein induces destabilization of membrane protein kinetically and
thermodynamically. Double mutant cycle analysis suggests paired internal ionizable
residues form favorable interaction in micelle and bicelle environments. In the second
question, my results demonstrate that the delipidated thermophilic rhomboids lose their
stability and are fully inactivated at temperatures below their optimal growth conditions
compared to mesophilic rhomboid. These results suggest lipids play critical roles in

buried ionizable pairs and thermostability in membrane protein folding.
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CHAPTER 1: Introduction to membrane protein folding and stability



1.1. Overview of protein folding
Proteins play indispensable roles in cell life such as catalyzing chemical reactions,
transducing/receiving signals, transporting materials and even providing structural
support for cells. Function of proteins depends on their three-dimensional structure.
Protein folding is the process by which a linear polypeptide chain is transformed into a
unique three-dimensional (3D) structure. Misfolded proteins, unless degraded by
proteases or refolded by molecular chaperones, tend to form aggregations or amyloid
fibrils inside and outside cells, which can interfere with normal cellular function. Multiple
lethal neurodegenerative diseases such as Creutzfeldt-dakob disease (misfolding of
prion protein)’, Parkinson disease (misfolded tau and possibly a-synuclein?), Huntington
diseases (misfolding induced aggregation of HTTex1) 3, and amyotrophic lateral
sclerosis (misfolded transcriptional repressor TDP-43)* are examples of protein
misfolding diseases®. Thus, it is crucial to acquire detailed understanding in protein
folding to find cures for life-threatening diseases.

The first known protein structure was water-soluble protein myoglobin (Figure
1.1.), which was solved by Perutz, Kendrew, and coworkers using X-ray
crystallography®. At the resolution of 6 A, this revolutionary result revealed complicated,
asymmetric features of protein molecules and immediately posed the protein-folding
problem: what are the fundamental physical and chemical principles behind the
formation of this intricate protein structure? Over the past decades, this problem
evolved into three major questions’: 1) What are the physicochemical properties of the
one dimensional (1D) amino acid sequence that drive them to fold into 3D native
structure? 2) What are the folding pathways that proteins follow to be folded at a
remarkable speed (i.e., in a millisecond to second scale) despite the huge number of
conformational combinations? and 3) Can computer-based algorithms assist accurate

predictions of 3D structures from their 1D amino acid sequences?



Figure 1.1. First protein structure Myoglobin’ with resolution of 6 A and the
myoglobin structure with resolution of 2 A8, In a 6 A resolution, shape and fold of the
domain can be recognized while the secondary structure is still not clear. The typical
chemical bond length is around 1-2 A. To precisely assign the identity of sidechains, the
atoms in the structure need to be visible, which requires resolution of 1.7-2.8 A. In 1973
Kendrew and Waston solved myoglobin structure with a higher resolution of 2 A (PDB
1MBN), the secondary structure and the iron containing porphyrin IX ligand can be

recognized. Reprint permission from Dill et al.” (license number: 1616289-1).

In 1961, Anfinsen’s experiments showed that the denatured polypeptide chains of
ribonuclease A whose cysteine residues are fully reduced can reversibly refold into the
functional native state of the protein °. This result demonstrates that the native
conformation of proteins is determined solely by the amino acid sequence and is
optimized to a global free energy minimum?°,

In 1968, Cyrus Levinthal developed a thought experiment to explain how a given
polypeptide chain can fold at such a high speed despite the astronomic numbers of
possible conformational arrangements®. For example, a small protein ubiquitin is
composed of 76 amino acids which are connected by 75 peptide bonds with 150 y and
¢ angles in total. Assuming each angle has three stable rotamers, the conformational
space of the polypeptide chain is composed of 3% alternative configurations from which

there is one properly folded combination. If ubiquitin can sample the conformational
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space as effective as 10'° arrangements per second, it will take approximately 1054
years, which is about 10%° times of the age of the earth (i.e., 10°-10"° years). This
seemingly self-contradictory description is known as Levinthal’s paradox and leads to
the argument that proteins fold guided by certain pathways with limited native
confirmations.

Anfinsen and Levinthal’s experiments together led to the development of the
“folding energy landscape” theory of protein folding™. It is now widely recognized that
the folding energy landscape of a single-domain protein is funnel-shaped. That is, many
high energy, unstructured polypeptide chains fold into a global energy minimum
representing the unique native structure with shallow valleys representing local energy
minima and bumps representing kinetic barriers during folding. That is, starting from the
unfolded chains with highly heterogeneous conformations, the progress of folding
largely occurs in the ways to decrease the free energy of the chains (i.e., by forming
“native contacts”) and to reduce the degree of freedom of the chain configurations until
they reach the native conformation at the free energy minimum.

Intrinsically Disordered Proteins (IDPs) are a unique class of proteins that lack a
fixed three-dimensional structure under physiological conditions, existing instead as
dynamic ensembles of conformations. Unlike compact, folded proteins, IDPs are
characterized by high flexibility and lack of stable secondary structures, and they are
usually fully expanded in water. Sequences of IDPs were previously suggested to be
richer in polar and charged amino acids, such as glutamine, serine, and arginine, while
being low in hydrophobic residues compared with ordered proteins'?. However, a more
recent small angle x-ray scattering measurement on solvent quality for IDPs suggested
that even IDP with a high hydrophobicity can be expanded in water'3. Moreover, the
abundance of IDPs is surprisingly high, bioinformatics studies predicted that around
30% of eukaryotic proteins are mostly disordered''%. The dynamic conformation
enables IDPs to interact with multiple binding partners, making them crucial for cellular
signaling, regulation, and molecular recognition. For example, p53, one of the most
extensively studied IDPs, is a transcription factor showing multiple conformations when
bind with different receptor proteins'®. The prevalence and functional importances of

IDPs challenges the generality of sequence-structure-function paradigm.
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1.2. Overview of the cell membranes
Biological membranes are essential components of cells. By definition, membranes
serve as a permeable barrier while allowing essential nutrients in and wastes out. In
prokaryotic cells, gram-negative bacteria have two layers of membranes: cytoplasmic
membrane and outer membrane Gram-positive bacteria only have one layer of plasma
membrane. For eukaryotic cells, membranes not just define the boundary of the whole
cell but also encapsulate subcellular organelles such as nucleus, mitochondria, golgi
apparatus, lysosomes and endoplasmic reticulum to separate them from cytoplasm.
As the fundamental scaffolding of cell membranes, the lipid bilayer presents
inherent challenges for structural elucidation. A key dilemma lies in reconciling its non-
crystalline state with the hydrated, thermal disordered, biologically relevant, fluid phase
(La). To overcome the challenge, researchers have employed multiple methods,
including X-ray and neutron diffraction’”, molecular dynamic (MD) simulation® to
approximate the 3D structure of lipid bilayer in the La phase. Collectively, these
pioneering studies have characterized a consistent lipid bilayer structure featuring a
hydrocarbon core flanked by two aqueous interfaces. In the distribution profile of quasi-
molecular structural group of lipids, nonpolar tails exhibit a normal distribution centered
within the hydrocarbon core, with a peak width of ~10 A'7. The carbon-carbon double
bonds and methylene groups are distributed throughout the core, showing reduced
probability density both at the center of the core, and near the interfacial regions 7.
Meanwhile, the polar head groups are predominantly localized outside of the
hydrocarbon core, concentrated at the interfacial boundaries. The hydrocarbon core
maintains consistently low polarity throughout its volume, while exhibiting a distance-
dependent polarity gradient across the interfacial regions'. The structure suggested
three key features of lipid bilayers': 1) The board distribution of the structural groups’
probability reflects significant thermal fluctuations; 2) the thickness of ~30 A allows
accommodation for most membrane proteins; and 3) the heterogeneous polar groups at
the interfaces facilitate polypeptide partitioning by forming non-covalent interactions.
The formation of lipid bilayers is governed by well-established thermodynamic
principles. When dispersed in an aqueous phase, lipid molecules aggregate to minimize

the exposure of their hydrophobic to water, thereby satisfying the thermodynamic



preference. This process is primarily driven by the hydrophobic effect, contributed by the
aliphatic lipid chains?°. The Gibbs free energy of bilayer formation, given by: AG = AH -
TAS has two major contributions: enthalpic and entropic. Experimental data have
suggested that the AG is dominated by a large entropic contribution (AS)?°. It has been
believed that the aggregation of hydrophobic moieties disrupts the ordered, cage-like
water shells around lipid tails, increasing the entropy of the system?'. Consequently, AG
becomes more negative (AG < 0), rendering lipid bilayer formation a spontaneous
process under physiological conditions.

Phospholipids are a major component of membrane lipids. The basic chemical
structure of phospholipid includes (i) glycerol backbone, (ii) two acyl chains that are
esterified to the first and second carbons of glycerol and (iii) polar headgroup link to
phosphate group which is attached to the third carbon of glycerol. The polar headgroup
determines the type and charge state of phospholipids. The net charge of headgroup
can be negative: Phosphatidylserine (PS), Phosphatidylglycerol (PG),
Phosphatidylinositol (P1) and neutral: Phosphatidylethanolamine (PE) and
Phosphatidylcholine (PC). Acyl chains lengths vary in range from 12 to 24 carbons, and
the chains can be saturated or unsaturated with one or few double bonds in cis- or
trans- conformation. Cardiolipin (CL) is an inverted conical-shaped
diphosphatidylglycerol lipid with two phosphatidic acids linked by a glycerol backbone in
the center thus has four acyl chains and is highly anionic due to two phosphate groups.
CL predominantly exists in the inner mitochondria membrane and causes the negative
curvature of membrane??. Besides phospholipids, cell membranes also contain
glycolipids, sphingolipids, and cholesterols, which modulate the membrane’s fluidity,
signal transduction, and cellular recognition. Cholesterols have unique structure with
rigid ring headgroup and flexible hydrocarbon tail, which allow it exhibit dual role in
decreasing and increasing the membrane fluidity. In areas where the phospholipids are
loosely packed or at high temperatures, cholesterol reduces movement of hydrocarbon
tails and thus reduces the membrane fluidity. On the other hand, in regions where
phospholipids are tightly packed or at low temperatures, the presence of cholesterol
disrupts the orderly arrangement. This disruption prevents the fatty acid chains of

phospholipids from packing too tight, thereby increasing fluidity.
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1.3. Overview of membrane protein structures and folding

Together with the lipid bilayer, membrane proteins are essential components of cell
membranes. They take up 25-30% of the total open reading frames in various
genomes?® and occupy 30% of the total surface area and 50% of the total mass of the
cell membranes?*. Regarding the secondary structures in the membrane-embedded
parts, membrane proteins can be classified into two types: a-helical and B-barrel. a-
helical membrane proteins are in the cytoplasmic membranes of prokaryotic cells or in
the cytoplasmic and all organelle membranes of eukaryotic cells. B-barrels are mostly
found in the outer membranes of gram-negative bacteria, the cell walls of gram-positive
bacteria, and the outer membranes of mitochondria and chloroplasts. Beyond their
distinct subcellular locations within biological membranes, a-helical and B-barrel
proteins exhibit several well-defined structural characteristics. a-helices are right-
handed, coiled, rod-like membrane structures, and their cores are tightly packed,
minimizing the sizes of cavities or pores. Therefore, the overall polarity of a-helical
membrane proteins is generally low, dominantly composed of non-polar residues. In
contrast, B-barrel membrane proteins have dominantly nonpolar residues at the outer
surface contacting the lipid bilayer and often contain a hydrophilic cavity lining polar or
charged residues at the inner surface of the barrel. In both a-helical and p-barrel
membrane proteins, the nonpolar residues traversing the hydrophobic core of the
membrane are called “hydrophobic stretches”. The alpha helical hydrophobic stretches
typically are composed of approximately 20 amino acid residues?®, whereas the beta
barrel hydrophobic stretches have around 10 amino acid residues, followed by a more
polar region within the hydrophilic pore or cavity?®.

Driven by the hydrophobic force, the folding of membrane protein is initiated by
the energetic favorable insertion of nascent polypeptide, especially the transmembrane
(TM) domain, from N-terminus to C-terminus, a process known as sequential mode
insertion. To adopt proper secondary and tertiary structures within the lipid bilayer, the
transmembrane domain (TMD) undergoes topological changes governed by several key
rules and determinants?’: 1). membrane protein topology is strongly influenced by the
enrichment of positively charged residues in the cytoplasmic extramembrane domain.

Arg and Lys are four times more abundant on the cytoplasmic side than the extracellular
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side; this phenomenon is often described as the “positive-inside rule” 28, 2). Studies
showed that changing the charge balance of a single-pass protein can affect TMD
orientation?®3°, This result suggests that the distribution of charged residues near the
membrane spanning regions is crucial in protein orientation, as known as the “charge
difference rule”. 3). Both sequential (N to C terminus) and non-sequential TMD insertion
yield similar final topologies, suggesting the possibility of reorientation mechanisms to
refine protein structure?’. In addition to these rules, the translocon machinery and
membrane potential serve as key determinants of topological transformation 2”. While
these mechanisms remain elusive, specific events, such as post-translational
modification-driven structural rearrangements and salt bridges that stabilize membrane
protein conformation, provide insight into unique underlying principles governing
membrane protein topology.

Membrane proteins play pivotal and versatile roles in cellular life including signal
transduction, exchange of metabolites, catalysis and cell adhesion?'. To carry out their
functions, membrane proteins must be properly folded within the constraint of lipid
bilayer. Membrane protein conformations are highly sensitive to changes in physical
properties, influenced by solvation-related interactions with lipids, cofactors, and other
molecules. Genetic mutations destabilize native fold through disrupting/eliminating the
critical intra-or-inter protein interactions, leading to the protein misfolding. For example,
nuclear magnetic resonance (NMR) study of the L16P mutant locate in the TM helix
peripheral myelin protein 22 (PMP22) revealed its increased tendency to adopt partially
unfolded conformation compared to the wild-type (WT) protein3?. Disturbing backbone
H-bonding for helix formation, proline mutation breaks TM helix, forming flexible hinge
leading to the equilibrium shift from native to molten globule state, underlies Trembler-J
syndrome, a form of Charcot-Marie-Tooth disease(CMTD) 3. A 47-site mutagenesis
study of the KCNQ1 channel’s voltage sensor domain recognized certain mutations
promote misfolding, leading to cellular mistrafficking and long QT syndrome, a cardiac
disorder characterized by delayed heart repolarization®3. While mutation is a major
cause of membrane protein misfolding, other factors—such as post-translational
modifications®* and oxidative stress®° can also destabilize proteins. Although the

pathological pathways of misfolded membrane proteins are complex and beyond the



scope of this discussion, their misfolding consistently relates to thermodynamic and
kinetic energy barriers between folded and unfolded states. Thus, it is practically
important to understand membrane protein folding to understand the mechanisms of
these misfolding diseases and to discover the ways of their cures.

Despite the importance in organismal health, studying the folding of membrane
proteins is a difficult task. Membrane proteins fold in a chemically heterogeneous lipid
bilayer environment. The fully hydrated lipid bilayer has total thickness of ~55-60 A%,
which consists of chemically and physically distinct regions: the hydrophobic core
composed of lipid hydrocarbon tails of ~30 A 36, and the two interfacial regions
composed of lipid polar head groups contacting bulk water. Lipid bilayers impose vital
environmental constraints that influence the shape of membrane proteins. The complex
chemical and physical properties of the lipid bilayer make it challenging to develop the
protocol to effectively control the folding and unfolding processes for folding studies.

A foremost task towards answering these questions is to elucidate the intrinsic
folding energy landscape of membrane proteins. The elements of the folding energy
landscape include the free energy levels of the states which are populated during
folding, the energy barriers between the states, and the conformation of the states and
transition states 3’. In practice, these elements are obtained from equilibrium and kinetic
experiments by shifting the population distribution between the states using various
perturbants (e.g., chemical denaturant, pH, heat, and mechanical force) and by
detecting the states that appear during the folding 38. The conformations of the states
and transition states are determined by mapping the regions in which the native
contacts are retained or lost, or by measuring the degree of compactness of each
state13:39-41

For water-soluble proteins, a variety of methods have been developed to study
the folding of water-soluble proteins in test tubes and cells, at the global and single-
residue resolution, and in the ensemble and single-molecule scale*?=4. However, those
methods have had limited success when applied to membrane proteins. For example,
polar chaotropic agents such as urea and guanidine-hydrochloride (GdnHCI) can induce
reversible unfolding and membrane extraction of B-barrel membrane proteins*>-47 . But

for helical membrane proteins, those methods are often ineffective in inducing the
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reversible disruption of secondary or tertiary interactions except for a few types of the
proteins*-50. Heating the membrane proteins solubilized in amphiphilic assemblies such
as detergent micelles or lipid bilayers typically leads to irreversible protein aggregation
51,52 The large size of lipid vesicles and limited accessibility of water to the hydrocarbon
core of a bilayer render it difficult applying solution-NMR, hydrogen-deuterium exchange
(HDX), and small-angle X-ray scattering. Notably, solid-state NMR and HDX combined
with mass spectrometry have recently been successful for several membrane proteins
53-55

Studies about structure and folding energetics of membrane proteins still lag
those of water-soluble proteins (Figure 1.2). It was 1985, almost 30 years after first
reported water-soluble protein myoglobin, when the first structure of membrane protein
photosynthetic reaction center was solved experimentally®®. The first quantitative
studies of membrane protein folding energetics®’°® were reported in early to mid-1990s,

which is also 30 years after Anfinsen’s experiments.

Cumulative unique MP structures (n = 1784)

Years since first structure (1985)

Figure 1.2. Cumulétive unique membrane protein structures. Red line represents
the expected exponential growth curve according to the first 20 years of unique
membrane protein structure accumulation trend. The actual accumulation growth after
2005 lagged far behind the expected trend. Unique proteins in the database are 1784;
Coordinate files in the database are 8343; Published reports of membrane protein

structures in database are 3591. Source: http://blanco.biomol.uci.edu/mpstruc/

10



1.3.1. Two stage model of helical membrane protein folding

In 1990, Popot and Engelman proposed the “two-stage model” to explain the folding of
a-helical membrane proteins (Figure 1.3 a).5° In Stage I, nonpolar segments in a
polypeptide chain are inserted into the membrane to form TM

helices. In Stage I, the inserted TM helices associate to form a compact native state.
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Figure 1.3. Two models of helical-bundle membrane proteins folding®. (a) Two-

stage model. In Stage |, nascent polypeptide chain is inserted into a lipid bilayer from
aqueous environment and forms separated TM helices as individual secondary
structures. The inset describes the in vivo situation. The mRNA is translated by
ribosome and insertion of polypeptide chain mediated by translocon. In Stage I,
inserted helices are associated to form tertiary structure (b) Four-step model. The entire
folding is further dissected into (1) adsorption of polypeptide chain onto the membrane
surface, (2) coil-to-helix transition on the membrane surface, (3) insertion of helices into
membrane, and (4) helix—helix association to the folded state. The tertiary structure
model protein here is from E.coli rhomboid protease GlpG (PDB: 2XOV)®%'. Reprint

permission from Elsevier (license number: 6040820811553).

The experimental observations that led to the development of the two-stage
model are based on the structural and folding studies of bacteriorhodopsin (bR), which
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is a proton pump activated by the light driven cis-trans isomerization of covalent bound
retinal: 1) bR denatured by the depletion of retinal using hydroxylamine or the addition
of the chemical denaturant SDS was refolded into mild detergents or liposomes. The
proton-pumping activity and structure of refolded bR were identical to those of the native
proteins®2. Thus, the folding of bR is reversible and its native conformation is a
thermodynamically stable state; 2) The treatment of bR with chymotrypsin yields two
fragments, the N-terminal segment with two TM helices and the C-terminal segment
with five TM helices. When reconstituted in liposomes, the mixture of the two fragments
associated to form the native structure with the native level activity®2. This result
indicates that the native tertiary structure of bR is formed by the lateral association of
the separated TM helices within the membrane; 3) Individual TM segments of bR were
largely hydrophobic and formed TM helical conformation except for TM4 which inserted
into the membrane in a pH-dependent manner and for TM7 which aggregated in the
membrane. The two-stage model is a “thermodynamic” model rather than a description
of the folding mechanism such that this model hypothesizes that each stage is driven by
distinct set of molecular forces.

In Stage I, hydrophobic segments in a polypeptide chain are inserted into the
membrane as stable and separated helices. In this stage, the hydrophobic effect is the
primary driving forces. Additionally, since the unpaired backbone hydrogen (H)-bonds in
the nonpolar bilayer core is highly unfavorable, the backbone H-bonds are stabilized in
the bilayer, providing another driving force for the formation of TM helices (AGP®bilayer =-3
to -5 kcal/mol per H-bond 63).

In the cells, the targeting and insertion of nascent polypeptide chains to the
membranes are mediated by an elaborate array of the conserved factors 455, In
contrast to the two-stage model postulating that TM helices are established upon
membrane insertion; the formation of a hydrophobic helix is known to occur within the
ribosome exit tunnel during translation®. The N-terminal hydrophobic helix emerging
from the exit tunnel is captured by a signal recognition particle (SRP), which arrests the
elongation of the NPC and brings the NPC-ribosome complex to the SRP receptor (SR)
on the cytoplasmic (FtsY in Escherichia coli) or endoplasmic reticulum (ER) membrane

(SRa/B in eukaryotes) ¢7. The receptor docks the NPC-ribosome complex onto a
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translocon, followed by the release of the SRP upon GTP hydrolysis to resume
translation 68, The translocon is a heterotrimeric membrane protein (SecYEG in E. coli
or Sec61afy in mammals). The core protein in the translocon (SecY or Sec61a) forms a
protein conduction channel, allowing the passage of an elongating NPC in two
directions: A hydrophobic helical segment partitions into the membrane through a lateral
gate while hydrophilic extracellular loops and domains translocate across the
membrane through a vertical gate 7.

In E. coli, the translocon is further assembled to a larger protein complex,
SecYEG/SecDF-YajC/YidC in E. coli 8 Those additional components are known to
prevent the backsliding of a substrate during translocation (SecDF), to facilitate the
membrane insertion of marginally hydrophobic TM segments (YidC), and to act as a
chaperone with an unknown mechanism (YidC) 4.

Recent studies on the mammalian translocon complex have revealed an
intriguing biogenesis mechanism of multispanning membrane proteins 772, While the
TM segment of a single-spanning membrane protein inserts to the membrane near the
lateral gate of Sec61a, the N-terminal TM segment in a multi-spanning membrane
protein, which is followed by a short interhelical loop, inserts to the membrane on the
backside of Sec61a (i.e., the opposite side of the lateral gate).” The first TM segment
induces the recruitment of a series of the membrane proteins, BOS (Back Of Sec61:
THEM147/Nicalin/NOMO), GEL (GET-and EMC-Like: TMCO1/C200rf24), and PAT
(Protein Associated with Translocon: CCDC47/Asterix) 7374,

Based on cryo-EM, structural modeling, and biochemical data, the resulting
“‘multipass translocon” has been modeled to form a lipid-filled cavity whose size can
accommodate 6 to 7 TM helices (Figure 1.4)"°. This model suggests that GEL and PAT
present a polar surface facing the lipid cavity such that the newly inserted TM helices
possessing polar residues can be stabilized in the lipid environment via hydrogen
bonding”® . The lipid cavity surrounded by the multipass translocon excludes the
subsequently inserted helices from the outside milieu in the membrane, thereby
allowing the TM helices to fold in the isolated space’? . The model proposes that the

multipass translocon serves as both a translocase and chaperone, protecting the NPCs
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from premature intra- or intermolecular collapse during their membrane insertion and
folding™2.

These studies suggest an intricate biogenesis mechanism of membrane proteins
orchestrated by multiple cellular factors. Then, how does these cellular factors modify
the intrinsic folding energy landscape of membrane proteins? Inversely, how does the
features of the intrinsic folding energy landscape necessitate the involvement of a
specific cellular factor in the folding? Answering these questions may provide a
comprehensive understanding of membrane protein folding. Notably, the partition free
energies of amino acid residues measured between the translocon and ER-derived
membranes are highly correlated with those between water and octanol as well as
between water and the bilayer 4576, suggesting that the thermodynamic principle of

membrane insertion (i.e., Stage | of membrane protein folding) is still valid in the cellular

context.
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Figure 1.4. The scheme and structure of human multipass translocon’”.
Translocon mediates the membrane insertion and, potentially, folding of multispanning
membrane protein (top view from the cytosolic side; PDB code: 6W6L)"8. The original
structure contains a ribosomal complex (deleted here) with a bound nascent polypeptide
chain (NPC). The NPC is expected to insert into the membrane at the opposite side of
the lateral gate of Sec61a. The lipid headgroups in the membrane are only hypothetical
and schematic. This figure was adapted from Borner and Weissman 2018 publication 6°

after modification.
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In Stage Il, individually inserted helices associate side-by-side and pack into a
compact native structure. This stage is the net outcome between two competing
molecular forces: 1) the folding overcomes the conformational entropic costs (i.e., of the
backbone and side chains) involved in the protein compaction; 2) Due to the scarcity of
water molecules in the hydrophobic bilayer core, the hydrophobic effect cannot drive MP
folding at this stage. Therefore, to drive folding, van der Waals packing interaction, H-
bonding, salt bridges, or other weak polar interactions such as n-n, n-cation and &-
anion interactions that are regarded less important in the folding of water-soluble
proteins should emerge as important contributors in stage Il. Later in 2003, based on
advancing knowledge of membrane protein folding, Poppt and Engleman added Stage
lll, which describes potentially oligomerizing, binding of prosthetic groups or partitioning
of coil regions’®.

Although the two-stage model is still considered as valuable framework in
studying the folding of a-helical membrane proteins, more evidence have shown that
this model oversimplified the conformational states involved in folding, especially, the
conformations (i.e., the denatured state ensembles)8®8! before the compaction in Stage
Il. For a more realistic thermodynamic description, Wimley and White suggested a four-
step model (Figure 1.3 b) dissecting the whole folding process into four sequential
steps, each of which is experimentally accessible and can be described using free
energy terms '%; 1) the adsorption of an unstructured coil from water to the membrane
interface; 2) the transition from the random coil to structured helices on the interface; 3)
the insertion of the helices from the interface to the core of the membrane; and 4) the
association of the separated helices to a native helical bundle. However, in the insertion
stage of membrane protein folding, the free energy derived by hydrophobic effect is
already largely expended, leaving the question of what the driving forces for Stage Il are
open.

1.4. Molecular driving forces in membrane protein folding

1.4.1. Hydrophobic effect

Hydrophobic effects are widely accepted as a major driving force in water-soluble
protein folding, as evidenced by the enrichment of nonpolar residues in the core of the
folded proteins and the large increase in heat capacity upon unfolding®2. However, in the
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insertion stage of membrane protein folding, the free energy derived by hydrophobic
effect is already largely expended, leaving the driving force for the inserted
transmembrane helices folding unclear.

Studies have focused on analyzing the amino acid residue composition and
hydrophobicity of the TM segments aiming for understanding the role of the hydrophobic
effect in membrane folding. Stevens and Arkin compared the hydrophobicity of the
interior and exterior of 61 individual transmembrane helices from seven structures and
found them to be similar 8. In another study, Adamian and coworkers performed an
analysis of amino acid residue composition of 29 membrane protein structures and
revealed that the transmembrane protein interior exhibits lower hydrophobicity than the
exterior contacting the surrounding lipids®. However, the relative prevalence of polar
residues in the interior does not imply that the hydrophobic effect is the primary driving
force. A proposed hypothesis for this discrepancy in hydrophobicity is that evolution
favors optimal functionality and stability, rather than solely maximizing stability. This
hypothesis is supported by the presence of hydrophilic cores or pores in ion channels or
transporters, which are essential for the transportation of ionic or polar solutes.

Researchers also developed the experimentally-determined hydrophobicity
scales of individual amino acid residues. Wimley and White determined the partition free
energies (AG°transfer) Of 20 amino acid residues using a short pentapeptide host-guest
system (Ac-WL-x-LL, x can be any 20 amino acid residues of interest as a guest) from
water to the hydrophobic environment, octanol (“the whole residue hydrophobicity scale”
including the side chain and the peptide bond)8%. With the same pentapeptide system,
they determined the AGP°transter Of amino residues transfer from water to the water-
membrane interfaces of the zwitterionic 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine bilayer®. Hessa-von Heijne hydrophobicity scale is developed with the
Sec61 translocon-mediated insertion of E.coli leader peptidase (Lep)’®. The H segment
contains amino acids of interest and is installed between two glycosylation sites on the
P2 domain of Lep, which locate in the ER luminal side. Once H segment is integrated
into the ER membrane, only the site remaining in luminal side will be glycosylated. The
apparent membrane insertion equilibrium constant from translocon to can bilayer is

described as comparison between the singly (inserted, fig) and doubly (translocated, fzg)
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glycosylated Lep fraction (i.e., Kapp= f1g/f2g), Which is quantified with SDS-PAGE gel .
Free energy of H segment membrane insertion AGapp can be calculated with the Kapp to
directly compare the membrane integration tendency of residues (i.e., the more
favorable AGapp , the higher hydrophobicity). Measurements of AGapp With varying the
position of amino acid and total length of H segment reveals the position and length
dependence®’. Moon and Flemming reported the first experimentally determined side-
chain hydrophobicity scale measured with beta-barrel membrane protein outer
membrane phospholipase (OmpLA) in large unilamellar vesicles composed of 1,2-
dilauroyl-sn-glycero-3-phosphocholine (DLPC)*. In their study, Ala210 of OmpLA, which
is lipid-exposed and located in the center of the hydrophobic core of the bilayer was
chosen as the site of interest for substituting 19 other residues. Upon denaturation by
GdnHCI, OmpLA and its variants in the membrane partition to the aqueous phase so
that the difference in the free energy change of unfolding induced by each substitution
relative to WT can be measured and interpreted as the difference in the water to lipid
bilayer partition energy between the substituting residue and alanine 4°.

In summary, Wimley-White scale estimates water-bilayer partition free energy of
whole-reside within protein mimicking small peptide. Hessa-von Heijne scale is obtained
from a more biologically relevant context (i.e., translocon to bilayer) revealing translocon
recognition of amino acids in TM segment. While the former two scales employee
peptide and transmembrane helix as study model, Moon-Fleming scale measured
contribution of sidechain in native membrane protein context. Nonetheless, the partition
energies of acidic residues (i.e., Asp and Glu) are underestimated in Moon-Fleming
scale since the bilayer to water transfer happen at low pH, which is close to the
sidechain pKa of Asp and Glu, making their desolvation costs less significant compared
with physiological pH.

1.4.2. Van der Waals interactions

Van der Waals (VdW) interactions arise from temporal fluctuation in electron distribution,
which create instantaneous electric fields® . This instantaneous electric fields are felt by
other nearby atoms and molecules, which in turn adjust the spatial distribution of their
own electrons®. Thus, VdW packing interaction occurs between nonpolar residues such
as Gly, Ala, Val, Leu, lle, and Met. Inside the lipid environment, the hydrophobic effect
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cannot be the major driven force because of the scarcity of water. Instead, studies have
shown that VdW packing interaction between separated helices becomes a more
dominant force for helical association to overcome the entropically favorable helical
separation and to compete with VdW between helices and nonpolar lipid tails®¥-°'. The
energetic contribution of VAW interaction to membrane protein stability was
quantitatively studied for the dimerization of the single membrane-spanning glycophorin
A transmembrane domain (GpATM)%. Subsequent mutagenesis and structural studies
discovered a GxxxG glycine zipper motif in GpATM that allows the helices to closely
packed, facilitating the formation of a helix-helix interface and promoting dimerization®3-
95, Another example of VdW packing is the LxxIxxx motif found in the homopentameric
membrane protein phospholamban (PLN). A ~100 ns time-scale molecular dynamics
(MD) simulation of the PLN pentamer showed that nonpolar LxxIxxx motif in the C-
terminal TM region is more rigid (backbone RMSF =0.53A) than the polar N-terminal
(backbone RMSF =1.53A)%. Based on the thermostability and MD simulation studies on
the modified LxxIxxx motifs demonstrated that the VdW packing between nonpolar
residues alone is adequate for stabilizing the designed membrane protein without polar
interactions®.
1.4.3. Hydrogen bonding interactions
Using N-methylacetamide (NMA) as a model molecule, Ben-tal and coworkers
computed the free energy required to form hydrogen bonds in vacuum, water and liquid
alkane mimicking aqueous and hydrophobic environments®’. They discovered that
transferring a pair of the unbonded polar groups in water (representing the unfolded
proteins in an aqueous phase) to the hydrogen bonded pair in the non-polar phase
(representing folded proteins in the membrane) is energetically unfavorable (+2.5
kcal/mol). This is primarily due to the significant cost of water- desolvation of the
unbonded polar groups upon their transfer from water to the nonpolar core of the
membrane. Nonetheless, the dissociation of a H-bonded pair within the membrane is
highly unfavorable because the loss of favorable H-bonds cannot be compensated for
the separated polar groups (~-5 kcal/mol).

While hydrogen bonding was expected equally or even more crucial for the

stability of membrane protein folding, studies from the Engelman®® and DeGrado®®
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groups showed the importance of polar residues such as Asn, Asp, GIn, Glu and His
mediated hydrogen bonding and oligomerization of single membrane-spanning helices.
However, they also noted that the energetic contribution from H-bonds and vdW packing
are comparable. The Bowie group further demonstrated that substituting Ala for either
polar or nonpolar residues had similar effects on the stability of bacteriorhodopsin°.
Through double mutant cycle analysis, they found that the contribution of side-chain H-
bonds between TM helices is only about ~-0.6 kcal/mol on average, suggesting a
modest influence of H-bonds to membrane protein stability'°°. Bowie suggested that the
discrepancy between experiment and theory arise from the lack of consideration of the
membrane protein’s structural context (i.e., the polarity of peptide backbones)'®!. The
abundance of competing hydrogen bonds from the backbone, whose hydrogen bonding
potential is not fully saturated, can compensate the need for hydrogen bonds in the
denatured state where the TM helices are separated. Additionally, the dielectric constant
within the lipid bilayer may be higher than in pure alkane liquid due to the penetration of
water molecules into the bilayer forming competitive hydrogen bonds.
1.4.4. Salt Bridge interaction
Two oppositely charged amino acid side chains within 4 A are regarded being engaged
with a salt bridge interaction'%2. Based on the analysis of 222 unique salt bridges from
36 different high-resolution structures of globular proteins, Nussinov and coworker
suggested that the strength of salt bridge highly depends on the geometry of the
charged side chains'%3. Interestingly, from their database, the most stabilizing and
destabilizing salt bridge interactions were found in the same protein with a similar
degree of burial while the significant difference was the angle between the lines
connecting the C.. atoms and the centroids of the two charged groups'®3. A “good” salt
bridge geometry allows more H-bonding interaction form between the side chains.
Analysis of the database also demonstrated that most of the salt bridges are formed
between residues that are relatively near each other in the sequence %3,

Several studies report that salt bridges participate in modulating both protein
stability and functionality. In the water-soluble protein, Arc repressor, the pairwise
interactions within the buried salt-bridge triad Arg31-Glu36-Arg40 stabilize the protein by

-1.7 to -4.7 kcal/mol'%4, Interestingly, substituting the charged residues in the triad with
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larger nonpolar residues substantially enhanced stability by -2.1 to -3.8 kcal/mol without
disrupting structure and function'®. This result indicates that the nonpolar residues is
more beneficial to stability than the charged residue pair in the hydrophobic core of a
globular protein.

In a study of the B-barrel channel protein Outer Membrane Protein A (OmpA), a
series of double mutant cycle analyses were carried out to investigate the impact of the
“charge tetrad” (Glu52-Arg138-Glu128-Lys82) occluding the central lumen of the small
B-barrel'%. Interestingly, the tetrad is “insulated” by three aromatic residues that may
further stabilize the tetrad by n-cation or n-anion interactions. The charge tetrad
revealed favorable salt-bridge interactions with a board range from -0.6 to -5.6
kcal/mol'%. Notably, disrupting the central “trans” salt bridge Glu52-Arg138 significantly
increased the probability of ion conduction through OmpA and disrupting the “cis” salt
bridge reduced the probability. This suggests a dynamic switching of salt bridging
partners—from the primary Glu52-Arg138 to the alternative pair, Glu52-Lys82 and
Arg138-Glu128, mediating the gate-opening mechanism in OmpA. These findings
highlight the influence of salt bridges on membrane proteins’ stability and function.
Unfortunately, for a-helical membrane proteins, the low abundance of charged residues
in the membrane-embedded region leads to a low occurrence of salt bridge interactions
106 Furthermore, it is not a trivial task to analyze the protonated states of charged
residues of even in the structures of high resolution’?’. Thus, the effect of salt-bridge
interactions on stability and function has not been comprehensively studied for helical
membrane proteins.

1.4.5. Entropic effect

During folding, the side chain and backbone of a polypeptide chain form intramolecular
interactions and become less flexible. This process is entropically unfavorable since
conformational entropy is directly related to how free bond can rotate, while
interaction/bond formation will constrain it. For example, MD simulations of the native
and denatured states of a small globular protein ubiquitin showed that the total change
in entropy is TASTotal = 1.4 kcal-mol™" per residue at 300 K with only 20% from the loss

of side-chain entropy'.
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Similarly, for membrane proteins, entropy can be considered as a negative
contributor to their thermodynamic stability. Any strategies that mitigate significant
entropy loss can therefore facilitate membrane protein folding.

One strategy is to increase the membrane protein motions in the native state and
therefore reduce an entropic cost during the folding. In the comparative studies of f3-
barrel membrane protein OmpX in detergent, lipid biclles and nanodiscs, NMR
relaxation rates showed that transmembrane p-strands of OmpX experienced more
conformational exchange in a lipid environment than in detergents'®. For the light-
activated receptor rhodopsin, the inter-spin distance distributions measured by double
electron-electron resonance (DEER) spectroscopy in detergent and nanodisc were
significantly different’%. In DDM micelles, rhodopsin exhibited one conformation, while
in lipids, a more heterogeneous conformational ensemble is observed. O’'Brien and
coworker found that based on the distribution of NMR-derived order parameters, both
helical and B-barrel membrane proteins have more dynamic side chain motions in ns-
timescales compared to water soluble proteins'''. Order parameter describes the
motional amplitudes of methyl-bearing sidechains in the scale of 0 to 1. When the order
parameter is 0, side chains are completely disordered while the order parameter of 1
meaning sidechains are completely aligned. In this study, for both membrane proteins,
the distribution of the order parameters showed a new class of higher amplitude
motions (i.e., 0-0.2, which are usually rare or absent in water soluble proteins), which
were not observed for water-soluble proteins.

Another strategy is to reduce the entopic cost by having residues with smaller
side chains, which have fewer possible rotamers than residues with larger side chains.
MacKenzie and Engelman’s structure-based prediction of GpATM dimerization
suggested that restrictions on the sidechain rotameric freedom are critical for GpA helix
stabilization 9. Their prediction on GpATM dimer stability found that point mutation L75A
is stabilizing only because WT Leu lost the larger rotamer freedom during dimerization
while substituting Ala side chain did not.

1.5. Methods to study membrane protein folding
In the following sections | will describe several methods to study membrane protein

folding in vivo and in vitro.
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1.5.1. SDS denaturation

Sodium Dodycl Sulfate (SDS), a strong anionic detergent, induces the disruption of non-
covalent interactions in proteins, leading to their unfolding and formation of the SDS-
polypeptide chain complex. This linearized denatured state solvated by SDS molecules
allows proteins to be separated based on their molecular weight by electrophoresis.
When solubilized in mild detergents, the native conformation can be retained. By
increasing the content of SDS in the micellar system (i.e., the mol fraction of SDS, Xsps
= [SDS]/[total detergents]), the protein can be denatured reversibly. Using an indicator
reporting the folding status of the protein, an equilibrium denaturation curve can be
constructed by plotting the fraction unfolded vs. SDS mol fraction. Such indicator could
be intrinsic tryptophan fluorescence, circular dichroism, or other properties that can
sensitively report the conformational properties of the protein. In some cases, the
denaturation curves can be well represented by the two-state model involving only the
folded and denatured states. The free energy of denaturation (AG°n-p) can be obtained
by fitting the denaturation curve to a model function. One of the important assumptions
in the fitting model is that AG°n-p is linearly dependent on the SDS mol fraction and the
AG°n-p under the native condition (i.e., without SDS) by linear extrapolation of AG®°n-p to
Xsps = 0.

SDS-denaturation method has been employed to study thermodynamic stability
AG°np of several helical membrane proteins such as bR (20 kcal/mol)'?, various
rhomboid proteases (2.1-4.5 kcal/mol depends on their origin)®!, DsbB (4.4 kcal/mol) '3,
and diacylglycerol kinase (16 kcal/mol)''4. Although important insights in driving forces
for membrane protein folding were obtained by this method, limitations exist as well.
Detailed mechanisms of how SDS denature proteins are not clearly understood and the
validation of linear extrapolation especially at lower SDS mole fraction (Xsps = 0-0.4)
has been questionable'5116. For example, in the study of rhodopsin denaturation with
SDS, the conformational change of rhodopsin has distinctive stages depending on SDS
concentration’. At lower SDS concentrations (i.e., w/v 0.05-0.3%, Xsps = 0.5 - 0.85),
the increase in tryptophan fluorescence and buried cysteine reactivity suggests an
opening of rhodopsin conformation 7. At elevated SDS concentration (i.e., w/v 0.3-3%),

the lowered tryptophan fluorescence and cysteine reactivity suggest a more compact
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conformation during denaturation probably due to the compaction of the denatured state
by the decrease in the micelle volume enriched by SDS'7. Additionally, strong anionic
SDS modifies the structure of the native lipid bilayer causing a pore formation'®. Thus,
this method is not optimal to be applied to the native lipid bilayer system.

1.5.2. Urea and GdnHCI denaturation

Urea and GdnHCI are polar chaotropic agents inducing protein denaturation by
disrupting the non-covalent interactions, increasing the solubility of denatured
polypeptide chains in solutions. For water soluble protein folding, both denaturants are
extensively used to reversibly control denaturation. Although commonly used, the
molecular level understanding in GdnHCI mediated denaturation mechanism is not fully
understood. For urea-mediated denaturation, experimental and MD simulation studies
suggest two mechanisms: 7) a “direct mechanism”: through the electrostatic interactions
with the backbone and polar side chains of protein'®-'2'; and 2) “indirect mechanism”:
via perturbing the structure of the solvent water therefore weakening the hydrophobic
effect to facilitate the exposure of buried nonpolar residues'?2123,

Urea and GdnHCI can induce reversible unfolding and membrane extraction of
several B-barrel membrane proteins (e.g., OmpA, PagP, OmpLA, and OmpW) enabling
the thermodynamic analysis of their folding*>7. But for helical membrane proteins,
those methods are often ineffective inducing the reversible disruption of secondary or
tertiary interactions. For example, bR cannot be efficiently denatured by urea and
GdnHCI. The absorbance spectrum of covalently bounded retinal on bR indicates that
the tertiary structure is maintained at high denaturant concentration (i.e., [Uera] = 8M,
[GdnHCI] = 6M)'?4. Furthermore, renaturation of bR denatured by SDS into
CHAPS/DMPC mixed micelle is not significantly inhibited with the presence of 7M urea
124 Nonetheless, the folding reversibility has been achieved for a few helical membrane
proteins such as GlpG'?® in micelles, GalP%° in micelles, and LeuT in both micelles and
liposomes. Unlike bR (AG®°n-p = 10 to 12 kcal/mol), those proteins have moderate
stability (AG°n-p for GlpG = 4 to 5 kcal/mol; AG°n-p for GalP = 2.5 kcal/mol; AG°N-b for
LeuT = 2.5 to 3.8 kcal/mol), which likely allow the effective denaturation by the polar

chaotropic reagents.
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1.5.3. Force profile analysis

Force profile analysis (FPA) focuses on co-translational folding in vivo utilizing the
property of a translational arrest peptide (AP) which stalls or decelerates the synthesis
of a nascent peptide chain on a ribosome. The SecM-arrest peptide in gram-negative
bacteria is one of the well-characterized examples'?6. AP binds on the exit tunnel of the
ribosome and halts the translation when its last codon in the sequence reaches the
acceptor (A) site on a ribosome'?’. Resolution of the arrested state by AP depends on
the pulling force, which is generated by the folding of the preceding N-terminal region of
the nascent polypeptide chain during translation (i.e., co-translational folding). Thus, an
AP serves as a folding sensor whose ability to arrest translation can be engineered to
achieve an optimal stalling/sensing efficiency'?.

The FPA has been applied to measure the folding of TM helices of helical
membrane proteins'28.129_ |f the hydrophobic interaction between a nascent polypeptide
segment and the membrane is strong, the membrane insertion and helix formation
generate a strong force. Resultantly, the strong force facilitates the resolution of the
translational arrest by AP, allowing the complete translation of the full-length nascent
polypeptide chain. In contrast, a less hydrophobic TM helix generates a weak pulling
force and thus, the translation of a full-length nascent chain is suppressed. The
population ratio of the fully translated protein to the protein fragment can be detected by
SDS-PAGE. With the FPA method, residue-by-residue analyses on three polytopic a-
helical membrane proteins with different levels of topological complexity (i.e. EmrE,
GlpG and BtuC) were reported’?®. Combining the mutagenesis of force generating TM
helices and coarse-grained MD simulation, the impacts of charged residues,
hydrophobicity of periplasmic surface helix and re-entrant helix on membrane insertion
have been studied’?®. Thus, FPA is considered as a powerful tool for studying the
propensity of a given TM segment to insert into the membrane (i.e., Stage | of
membrane protein folding) in vivo. However, this method does not seem sensitive to the
possible force generated by the lateral association between the TM helices (Stage II).
1.5.4. Single molecule force spectroscopy
Single-molecule force spectroscopy disrupts the native structure of membrane proteins

by applying mechanical force on one or both termini of the proteins. In general, this
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method allows folding and stability studies of infinitely diluted membrane protein while
maintaining the membrane environment. There are two major types of method: atomic
force microscopy (AFM) and magnetic tweezer.

In the setup of AFM, membrane protein in lipid is deposited to mica substrate on
a piezo stage while a cantilever adsorbs to one end of protein and retracts away from
the surface vertically. As the pull force increases, the secondary structure of protein is
gradually disrupted in a stepwise manner. The generated distance versus pulling force
showed a “saw tooth” pattern representing the unfolding event of the secondary
structures embedded in the membrane. Yu and coworkers utilized AFM with ultrashort
cantilevers providing an enhanced time resolution and force precision to study unfolding
of bR'3%, They observed the previously undetected intermediates separated by only two
to three amino acids. However, in AFM the direction of pulling is not relevant to
biological unfolding process.

In the experimental set up of magnetic tweezers, DNA handles bind protein
termini between the magnetic bead and surface so that the sample membrane protein
and lipids surface is not directly contact with surface. Compared with AFM, magnetic
tweezers unfold membrane protein in the lateral direction so that once the pulling force
is well controlled, only the tertiary interactions are disrupted while the secondary
structure remain intact. This property makes magnetic tweezer a suitable tool to study
the second stage of helical membrane protein folding. Decreasing the force will refold
the protein. Magnetic tweezers have been employed to investigate force-induced
unfolding and refolding events of helical-bundle membrane proteins at either constant or
varying force 13'-135_ Compared with AFM, magnetic tweezers unfold membrane protein
in the lateral direction so that once the pulling force is well controlled, only the tertiary
interactions are disrupted while the secondary structure remain intact. This property
makes magnetic tweezer a suitable tool to study Stage Il of helical membrane protein
folding.

When magnetic tweezers are applied to a membrane protein whose N- and C-
termini are exposed in the same side of the membrane, the pulling force exerted in the
direction parallel to the membrane allows the control of unfolding and refolding within

the membrane, as measured by the one-dimensional extension of the protein®®.
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Remarkably, at a series of discrete force levels (<5 pN), transitions are observed
between discrete states of the protein, from which the transition rates and probability of
each state can be obtained . The transition rate constants measured as a function of
force are fitted to the Bell-Zhukrov model (the force and Ax*, the distance difference
between each transition state and the kinetically connected state, are independent with
one another) or the Dudko-Hummer-Szabo model (Ax* depends on force) to yield Ax*
and the free energy barrier (AG*) at zero force, which are then used to reconstruct the
free energy landscape of folding 131133135,

Min and coworkers studied unfolding of monomeric CIC chloride transporter from
E.coliin DMPC/CHAPS bicelle with magnetic tweezers'32. The CIC transporter
monomer is known for having inverted symmetrical N-C subdomain topology. By
gradually increasing and decreasing the force, they found there is an intermediate state
between two identical unfolding steps, which suggested N and C half of CIC transporter
unfold separately. This result supports the previous hypothesis that homodimeric
membrane transporters with the same or opposite topologies likely evolved from ancient
gene duplication36,

1.5.5. Native mass spectrometry

Native nano-electrospray ionization ion-mobility/mass spectrometry (IM-nESI-MS) is a
powerful tool (Figure 1.5.) to study specific protein-lipid and protein-protein
interactions’37-140_ |n this state-of-the art technic, protein-lipid complexes protected by
detergent droplets are gently charged and transferred into gas phase ions by a nESI
capillary. lon beam then passes through quadrupole mass filter to rapidly separate
weakly bound bulk lipid and detergent molecules from the protein in a ms time scale.
When the ionized proteins with selectively bound lipids are guided into collision cells,
they are accelerated by the electric field applied on the cell and collide with inert gas
molecules. By controlling the collision voltage, the protein-lipid complexes can be
preserved or dissociated, and the native protein conformation can be maintained or
expanded. The ionized protein-lipid complexes are then further separated depending on
their mass, charge, and shape in an ion-mobility cell. Finally, the protein-lipid complexes
are transferred into the time-of-flight mass analyzer generating mass-per-chage m/z

spectra. At a moderate voltage which preserves the native protein-lipid complexes, the
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signal intensity and distribution in the native MS spectra can be used to identify
selectively bound lipid species and their number bound to the protein. The spectra can
further be fitted into ligand binding model to obtain the dissociation constants of the
lipids from the protein. By a gradual increase of voltage, the protein-lipid complexes can
become subject to unfolding, from which the unfolding free energy can be obtained.
This method addresses protein-lipid interactions in membrane protein folding by
identifying various phospholipids that tightly bind and their effects on the stability of
helical membrane proteins such as MscL (a mechanosensitive channel of large
conductance), AqpZ (aquaporin Z) and AmtB (the ammonia channel)'3. Native MS can
be also applied to investigate the thermodynamics of lipid-membrane protein
interactions by temperature-dependent nESI-IM-MS, leading to the evaluation of
enthalpy and entropy contributions to the binding of individual lipids to AmtB 3%, This
method has been validated with multiple water-soluble proteins yielding similar results
to conventional methods such as isothermal titration calorimetry and surface plasmon
resonance’3®, nESI-IM-MS has also been used to determine the dissociation constants
of the AmtB-GInK complex and further to reveal the allosteric modulation of the AmtB-
GInK interaction by lipid binding'4°. A major advantage of this technique is that native
MS requires less protein samples (0.1-1 yM) compared with other methods to
quantitatively measure lipid binding. The limitation of this method is that lipid binding
thermodynamics is measured in gaseous phase instead of a real membrane
environment. This method measures protein-lipid interactions in the background of
detergent micelles, that is, lipids compete with detergents for binding to the protein

rather than with lipids as in the cell membranes.
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Figure 1.5. Schematic set up of protein-lipid complexes in native mass
spectrometry’’. Protective detergent micelles (cyan shells) protein—lipid complexes
(protein, red and green rods; lipid, yellow sticks) droplets are charged and evaporated
into gas phase by a high potential difference applied to the cone (inset 1). Quadrupole
isolates the protein—lipid complex from detergent and bulky, loosely bound lipids (inset
2). Collision with inert gas in the collision cell dissociates the protein—lipid complex and
further depends on the collision voltage (inset 3). Reprint permission from Springer
Nature (license number: 6040830678314).

1.5.6. Steric trapping
Steric trapping enables the study of various aspects of membrane protein folding such
as thermodynamic stability, spontaneous denaturation rate, conformational features of
the denatured states, and cooperativity with minimal perturbation of native protein—lipid
and protein—water interactions. The underlying principle of steric trapping is to couple
the spontaneous denaturation of a doubly biotinylated membrane protein to the
simultaneous binding of two bulky monovalent streptavidin (mSA) molecules (Figure
1_5)80,115,141—144_

As an engineered version of streptavidin, mSA maintains the tetrameric structure
of streptavidin while possessing only one effective biotin binding subunit (Figure 1.6a)

145, The biotin binding subunit (“alive”, the wild-type streptavidin polypeptide chain with
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Hise tag) retains the high biotin affinity of wild-type streptavidin (Kdbiotin = ~10~'* M) and
the three inactive subunits (“dead”, a triple mutant N23A/S27D/S45A without Hiss tag)
has a dramatically reduced biotin affinity (Ka,biotin = ~10~3 M) 45, Thus, at working
concentrations of mSA (up to ~10~ M), binding of biotin to the dead subunits is
negligible such that one mSA molecule can bind to one biotin molecule at the alive
subunit.

To apply the steric trapping strategy, biotin tags are conjugated to a target protein
at two specific residues that are spatially close in the folded state and distant in the
amino acid sequence (Figure 1.6b)"'5116: A first mSA binds to either biotin label with an
intrinsic binding affinity (AG®sind). Binding of a second mSA is inhibited due to the steric
hindrance with the first bound mSA but allowed when the native tertiary contacts are
transiently unraveled. Thus, the binding of the second mSA is attenuated depending on
the thermodynamic stability of the protein (AG®°gind + AG°N-D).

We have engineered mSA to control the affinity to biotin and the off-rate of bound
biotin in a broad range (Kdbiotin =5 x10~"" M to 8 x10-6 M; tofrbiotin = seconds to hours) by
amino acid substitution on the biotin binding pocket in the alive subunit''146. Thus, the
mSA binding and denaturation reactions can be reversibly controlled by using a mSA
variant with a reduced biotin affinity and by changing its concentration. A mSA variant
with a higher biotin affinity is adequate when the stability of the target protein is high. A
mSA variant with a lower biotin affinity is used when the stability is low. In this way, the
second mSA binding effectively competes with the refolding of the target protein,
yielding an optimal attenuation of the second binding (in the range up to 40-80 mM
[mSA]). The AG°n-p can be obtained by fitting the attenuated second binding phase or
the degree of protein denaturation monitored as a function of mSA concentration to the
model function 1%116.142 The fitting model has been derived from the coupled equilibria
between the spontaneous denaturation of the target protein with one bound mSA and
the second mSA binding 42144,

The application of the model is validated by demonstrating that the first binding of
mSA does not affect the conformation and stability of the target protein and that the
second mSA binding and protein denaturation are coupled 16144, Steric trapping has a

broad dynamic range of measurable stability (AG°Nn-p = —2 kcal/mol to —8 kcal/mol) 115.
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This method has enabled the stability measurements of strong TM helix—helix
interactions in lipid bilayers 41143, bR in bicelles, and GlpG in micelles and bicelles
115,141,147—149.

Steric trapping can also be used as a tool to measure the spontaneous
denaturation rate of a target protein'441%9, Binding of biotin to wild-type (WT) streptavidin
is known to have a high on-rate (kon biotin = ~108 M~' s71) and low off-rate (koft biotin = ~1075
s™"), which results in an enormously high affinity (Kdbiotin = ~107'4 M) 151, By increasing
the concentration of mSA WT to the level at which the timescale of the second mSA
binding is shorter than the lifetime of the denatured state (zon,biotin << 7, that is, Kon,biotin
[mMSA] >> kr), the denatured state can be captured as soon as it is formed. Because the
maximal speed limit in the formation of a helical hairpin is estimated to be ~1072? s in the
bilayer and the binding of biotin to mSA rapidly occurs in ~10~* s (at [mSA] = 10
uM)151.152 1it is expected that the transiently denatured protein is effectively captured by
the second binding of mSA. Consequently, the overall reaction rate is determined by the
spontaneous denaturation rate of the target protein (~min to ~days)'#4.150,

By design, steric trapping detects the opening of the region encompassing two specific
biotinylated sites in a target protein. Therefore, the local thermodynamic and kinetic
stability of a protein can be measured by moving the position of a biotin pair within the

protein's,
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Figure 1.6. Schematic set up of monovalent streptavidin preparation and steric
trapping strategy’’. (a) A mixture of denatured active (with Hiss-tag) and inactive (the
N23A/S27D/S45A mutant without Hiss-tag) streptavidin subunits (molar ratio = 1:4) in 6
M GdnHCl is refolded in pH 7.5 sodium phosphate buffer solution. The resulting
refolding products contain inactive, monovalent, divalent, trivalent, and tetravalent
tetramers, which have differential affinities to a Ni-NTA affinity resin. Monovalent
streptavidin is selectively eluted at ~50 mM of imidazole concentration. Distribution of
each tetramer species is from binomial prediction and densitometry data (PDB ID:
1STP). (b) The reaction scheme for measuring thermodynamic stability (AG®~-p) of a-
helical membrane protein GlpG (PDB ID: 3B45).

1.6. Intramembrane rhomboid protease as study model

Proteases, also known as peptidase or proteinase, are enzymes that catalyze the
hydrolysis of peptide bond present in protein substrates. Intramembrane proteases are
embedded in cell membranes and involved in protein quality control, protein processing,
and activation of signaling pathways through regulated proteolysis'531%4. So far, there
are four major families of intramembrane proteases: 1) site-2 metalloproteases (S2P)
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with two His residues coordinated to zinc to catalyze proteolysis’®®; 2) y-secretases
which are aspartyl proteases with two conserved TM Asp residues in the active site6;
3) rhomboid serine proteases with a unique Ser-His catalytic dyad rather than the more
common Ser-His-Asp catalytic triad in water-soluble serine proteases'”:%8; 4) the most
recently described glutamyl proteases with the conserved Glu catalytic residue's°.

In this dissertation, the rhomboid proteases are the main model membrane
proteins for studying helical membrane protein folding. The name, ‘rhomboid’, originates
from Drosophila genetics screening. Genes are typically named after the altered
phenotype during embryo development disturbed by mutation. Thus, rhomboid earned
the name from the mis-shaped, rhombus-like head skeleton of Drosophila larva'®. The
rhomboid family proteins are found in all branches of life '®'. There are four major types
of function that are carried out by rhomboid proteases (Figure 1.7.): 1) Activating
signaling pathways'%2: Spitz, a membrane-anchored growth factor in endoplasmic
reticulum, is transported to Golgi Apparatus, where it is recognized and cleaved by
Rhomboid-1. The cleaved Spitz is then released from the mother cell and activates the
epidermal growth factor (EGF) pathway of the neighboring cells, facilitating Drosophila
development; 2) Mediating selective gene expression in bacteria’®3: In Providencia
stuartii, rhomboid proteases AarA target TatA, a protein that is activated upon the
removal of a small amino terminal extension. Activated TatA engages in the assembly of
twin-arginine translocation machinery, promoting protein export. The process enables
communication between cells and leading to selective gene expression, a phenomenon
known as quorum sensing; 3) Regulation of mitochondrial homeostasis'®': In human
mitochondria, rhomboid PARL cleaves mitochondrial kinase PINK1 thus prevents it from
recruiting Parkin ubiquitin ligase. Cleavage of PINK1 leads to disruption of PINK1/Parkin
pathway and consequentially reduces the rate of selective degradation of damaged
mitochondria; 4) Parasite invasion: During the invasion of host blood cells by the
Malaria parasite Plasmodium, adhesion occurs between the parasite and the host cell's
membrane protein, adhesin'®. A rhomboid protease cleaves adhesin, enabling the
parasite to detach to ensure its survival. It is expected that there are still other

rhomboids with unknown functions.
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Figure 1.7. Four general categories of rhomboid protease cellular roles™’. In the
left green shadowed roles, cleavage of the substrate activates certain pathways. In the
right orange shadowed roles, rhomboid cleavage inactivates the target protein or
terminate process. Upper left: Initiating EGF signaling during Drosophila development
by Rhomboid-1, which is localized in the Golgi apparatus. Rhomboid-1 cleaves Spitz
(green) after it is transported from the endoplasmic reticulum by Star (purple). Bottom
left: In Providencia stuartii, rhomboid protease AarA activates TatA (red) by cleaving its
short terminal extension. Cleaved TatA assemble into the twin-arginine translocation
machinery contributing to quorum-sensing. Top right: Rhomboid PARL in mitochondria
cleaves PINK1 to suppress Parkin recruiting to mitochondria and slow down mitophagy.
Bottom right: Rhomboid protease from Malaria parasite Plasmodium cleaves adhesins
(black) to disassemble the connection between parasite and host cell (red) at the end
stage of parasite invasion. Reprint permission from Springer Nature (license number:
6040830979368).

The rhomboid protease E. coli GlIpG, is the first intramembrane protease whose
structure has been solved'®®, and its structure and the catalytic mechanism are
relatively well characterized. Later, the crystal structure of Haemophilus influenzae GlpG

has been solved.'%® So far, E coli and Haemophilus influenzae GlpG are still the only
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two rhomboid proteases with known structures. Both structures show that the tightly
packed six TM helices form a catalytic core. Crystal structures revealed that the catalytic
dyad, Ser201 from the GxSG motif in TM4 and His254 from the (A/G)H motif in TM6, is
buried ~10 A below the membrane surface'®. Subsequent structural and mutational
studies have identified several highly conserved motifs as essential components for
catalysis other than the catalytic dyad'®’. His150 and Asn154 from the HxxN motif
stabilizing the Ser201-formed oxyanion hole during catalysis. Structurally, the
G(A)xxG(A) motifs in both TM4 and TM6 are highly conserved, enabling the tight
packing of the two helices harboring the catalytic dyad. These findings have provided
critical insights into the structural basis of intramembrane proteolysis and laid the
groundwork for further exploration of the still incompletely understood catalytic
mechanisms of the rhomboid protease family.

1.6.1. Rhomboid protease substrate sequence specificity

Although the details of rhomboids’ proteolysis mechanism are not fully understood, the
structural features shared by its preferred substrates provide useful information. The
substrates are typically biotopic membrane proteins, which typically form TM helices in a
hydrophobic membrane environment. However, such rigid secondary structure is
typically not subject to proteolysis, and local unfolding is required for proteolysis to
occur'®. To be successfully recognized and proteolyzed, the substrate should be
partially unstructured near the scissile bond'®°. As expected, helix-destabilizing motifs
such as the Gly-Ala motif in Spitz from Drosophila Rhomboid-1, are observed in multiple
other rhomboid substrates'®®. Notably, Spitz can be cleaved by multiple rhomboid
protease orthologs, suggesting the substrates share conserved sequence/structural
characteristics'0.

Strisovsky and coworkers have found that three bacterial rhomboid proteases
with different predicted membrane topologies (AarA from P. stuartii, GlpG from E .coli
and YqgP from B.subtilis) cleave four different substrates (TatA, Gurken, Spitz and
LacYTM2) at the same exact peptide bond in the TM domains of the substrates'!. A
further positional mutagenesis screening and the crystal structures of GlpG bound with

substrate-derived peptidyl inhibitors show that small amino acids without branched
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sidechain (e.g., Ala and Cys) are preferred on the P1 position of the substrate while the
negatively charged residue (e.g., Asp) is not preferred anywhere from P1 to P4'72.
1.6.2. Proteolytic mechanism of rhomboid protease GlpG

Studies agree that the binding of the TM substrate involves the flexible TM5 helix.
Previously, it has not been clearly understood how the scissile bond of the TM
substrates contacts the active site due to the lack of GlpG structures bound with a
substrate. Two hypotheses have been suggested: The first is that TM5 with ~8 residue-
flanking loops undergoes lateral motions within the membrane acting as a substrate
gate. The lateral gate opens to allow the substrate to deeply enter and contact the
active site. This hypothesis is supported by experimental evidence that replacing three
aromatic and bulky nonpolar residues at the TM2-TM5 interhelical site (i.e., Trp236,
Phe232, and Leu229) with valine dramatically increases proteolytic activity of GlpG
compared to WT'73, However, when three pairs of TM2-TM5 interfacial residues
(Phe153/Trp236, Trp157/Phe232 and Tyr160/Leu229) are engineered into Cys residues
and tethered by chemical cross-linkers, GIpG proteolytic activity does not change'’4.
This result indicates that the substrate binding might not require large movement of
TMS5. The second is the loop 5 (L5) cap hypothesis with the TM2-TMS interface still
serving as a potential docking site. This hypothesis suggests that rather than TMS helix,
L5 opens up and the region containing the scissile bond in the substrate bends towards
the active site upon docking. This hypothesis is supported by the conformational
plasticity of L5 in the crystal structures'”>. Urban and coworkers have solved ten time-
resolved structures of E. coli GIpG spanning the near-entire steps of the proteolytic
reaction in the presence of an aldehyde inhibitor. These structures suggest that the
movements of both TM5 and L5 play important roles in the substrate binding and
proteolysis'’6.

1.6.3. Folding studies of rhomboid protease GIpG

Besides the catalytic mechanism, the folding and stability of GlpG have been carried out
in various hydrophobic environments by several groups using different methods. Urban
and Baker performed a comprehensive thermal denaturation and activity study with 151
mutants in DDM micelles®'. The changes in melting temperature and proteolytic activity

by mutations were used to identify critical structural elements for stability and function.
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The resultant structural mapping led to the discovery of four ‘key stone’ regions (Figure
1.8.a): 1) The H-bonding network that stabilizes the hairpin conformation of the L1 loop
on the extracellular side; 2) The H-bonding network along TM2, L2 and TM3 on the
cytoplasmic side; 3) the tight helix-helix packing between the asymmetric “glycine
zipper,” GxxxGxxxA on TM6 and GxxxAxxG on TM4 helix; 4) another packing core
mainly mediated by large nonpolar residues (i.e., Phe197, Leu200, Val204 and Leu

207 ) and small residues (i.e., Gly194 and Gly199) in the N-terminal TM helices (TM1 to
TM4) and L3. Interestingly, despite the suggested importance of the H-bond networks in
the first two “key stones”, the double mutant analysis showed that the individual H-
bonds are weak (-0.58 + 0.2 kcal/mol for Glu166-Thr97 and -0.58 £ 0.2 kcal/mol for
Asp268-Lys173).

Otzen and coworkers performed ®-value analysis on 69 residue sites in the TM
domain of GIpG'”” in DDM/SDS mixed micelles (Figure 1.8b). Here, increasing SDS
fraction denatures the protein whereas increasing DDM renatures protein. ®-value
represents the ratio of the change in activation free energy of folding to the change in
free energy of folding between WT and a mutant. ® = 0 indicates that the mutant site is
unfolded in the transition state; ® = 1 indicates that the mutant site is folded structure in
the transition state. The Chevron plot (i.e., the unfolding and refolding rates as a
function of denaturant concentration) displays a V-shape indicating that only two states
(i.e., folded and unfolded) exist during folding. The ®-values obtained were categorized
into three classes: 1) Mutated residues with large positive ® values mostly populated at
the cytoplasmic side of TM1 and TM2, which were identified as the folding nucleus; 2)
Residues on TM3-TM6 yield near-zero ® values, indicating that this part of the protein is
unfolded in the transition state. This observation is reasonable since the catalytic dyad
Ser201-His254 is in TM4 and TM6, and TM5 is thought to be flexible to allow the
substrates to approach the catalytic dyad. Residues with uncommon negative ® values
are distributed along the loops 1-3 and this region is proposed to experience
conformational rearrangements (“backtracking”) to correctly position the folding nucleus
(i.e., cytoplasmic side of TM1 and TM2) while assisting the folding of the rest of the

domain.
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Yoon and Bowie group performed the single-molecule studies with magnetic
tweezers for GlpG in DMPC/CHAPSO bicelles'®. This study focused on Stage Il of
GlpG folding since the magnetic tweezers can reversibly control the unfolding and
refolding in the membrane. As the pulling force increases, GlpG remains compact until
the force reaches 25 pN and then unfold with the length extension by 40 nm. This result
suggests unfolding of GlpG is highly cooperative without major intermediate. In the
‘force-jump’ experiment, the pulling force is increased rapidly and maintained at the
constant force, 21 pN. While a major fraction of unfolding events exhibited a single step
(i.e., 56% from the native to unfolded state), unfolding via intermediates (I, |2, or both)
were also observed . The dwell times of the two intermediate states were much shorter
compared to the dwell time of the unfolded state (t1 and t2 < 2% of tu), implying there is
only one major energy barrier during unfolding, thus, further providing evidence for
largely cooperative unfolding of GlpG. Direction of the mechanical unfolding is tested by
introducing mutations that can locally destabilize GlpG (i.e., L155A for N-terminal region
and A206G for C-terminal region). The changes in probability of 11 and |2 caused by the
mutations suggest that the unfolding starts from the C-terminal region and then
propagates to the N-terminal region as suggested by the previous ® -value analysis'"’.
To construct the folding energy landscape, GlpG was unfolded and refolded over the
different ranges of applied forces (13—-33 pN to unfold, 1-7 pN to refold). The kinetic
barrier for unfolding from the folded state was high indicating that the folded state has a
long lifetime (t12~ 3.5 h). Putting together, these observations suggested that the high
folding cooperativity and high unfolding kinetic barrier of GlpG lowers the probability of
partially unfolded states during folding.

The Hong group studied thermodynamic stability, cooperativity, packing
interactions, and the compactness of the denatured state of GlpG in micelles, bicelle, or
lipid bilayers using steric trapping '1%147.148.178 They developed novel biotin tags
possessing the thiol reactive and spectroscopic (fluorophore or spin-label) reporter
groups'S. By changing the position of the biotin pairs and measuring the
thermodynamic stability, they demonstrated distinct folding properties of the two
subdomains (i.e., the rigid N-subdomain and the flexible C-subdomain). They further

developed the “cooperativity profiling” method to quantify the degree of propagation of
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mutation-induced structural perturbation. Through the mapping of the cooperativity
profiles on the structure (Figure 1.8.c), they discovered the networked nature of the
residue interactions in GlpG and that the stability of GIpG is maintained by the
cooperative, localized, and overpropagated residue interactions in micelle and bicelle
environments''®147. The cooperativity map revealed that cooperative and localized
interactions are clustered in three distinct regions in micelles: the buried region in N-
subdomain near the center of the bilayer and the structured L1 loop, the residues near
the water-retention site close to the catalytic dyad, and the TM4/TM6 interface harboring
the catalytic dyad. Interestingly, the cooperativity map in DMPC/CHAPS lipid bicelle
shows that the residues in the nearly whole packed regions are engaged with
cooperative interaction, indicating that the lipid environment in bicelles can facilitate the
propagation of local structural perturbations throughout protein™”.

Steric trapping was applied to study the impact of the native structural cavities on
the stability and activity of GlpG'48. Using cavity-filling mutations, they found that
improving packing can stabilize the protein at the expense of compromising activity. This
finding suggests that the cavities have evolved to balance stability and activity of
membrane proteins.

An advantage of steric trapping is that the denatured state ensemble (DSE) of
GIpG can be captured enabling the detailed characterization of the DSE using various
biophysical and biochemical techniques such as double electron-electron resonance
(DEER) spectroscopy, limited proteolysis, and mass spectrometry in micelles, bicelles,
and liposomes'’8, By combining the experimental results with MD simulations for
generating the reference DSE’s, they found that the DSE of GIpG in the lipid bilayer is
partially expanded but not collapsed. This suggests that the lipid bilayer is not either a
good or bad solvent for the DSE of membrane proteins, allowing some degree of

association of the TM helices.
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In micelles 1"

In bicelles

Figure 1.8. Representative folding and stability features of GIpG>'115.147.177_(a) Four
“key stone” regions®' depicted with space-filling model highlighting architectural
properties underlying GlpG function. Gray represents areas of packing interactions
which contribute to the low thermodynamic stability and high environmental
responsiveness of rhomboid proteases. Regions with predominant hydrogen-bonding
residue interactions are in pink. Strong residue-packing interactions are illustrated in
blue. Yellow highlights the critical regions for dynamic functions during proteolysis. The
destabilizations of each mutation in each region are denoted quantitatively by the size of
each letter (catalytic serine and histidine are in green, and the five most important
stabilizing residues are highlighted with stars). Reprint permission from Springer Nature
(license number: 6041170879165). (b) 2-D topological diagram of GlpG'”’. Residues in
are colored according to their ¢-values as indicated by the color bar on the left (c)
Cooperativity profiles mapped within detergent and lipid on GlpG structure''®'47, The
color code of each residue’s cooperativity profile: “cooperative” (green, IAAAGIS RT =
0.6 kcal/mol), “moderately localized in N-subdomain” (tin, 2RT= AAAG > RT), “localized
in N-subdomain” (blue, AAAG > 2RT), “moderately localized in C-subdomain” (orange, —

RT> AAAG = —-2RT), and “localized in C-subdomain” (red, —2RT> AAAG).
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1.7. Thermophilic proteins

1.7.1. Characteristics of thermophiles

The word “thermophile” comes from two Greek words, “thermotita”(means: heat) and
“philia” (means: love). Thermophiles refer to microbes that endure and thrive at relatively

high temperature (up to 122 °C) and high pressure (200-500 atm). The anaerobic,

chemoautotrophic thermophiles are thought to be the first microbe to thrive on earth
about 4 billion years ago'”®. Studies of thermophiles were mainly initiated by Thomas
Brock in the 1960s, after the ground-breaking discovery of microbes from the hot
springs of Yellowstone National Park'8°. A phylogenetic tree (Figure 1.9.) has been built
based on the sequences of small-subunit ribosomal RNAs. Starting from the universal
common ancestor occupying the root, the tree has tripartite divisions into bacterial,
archaeal and eukaryotic domains'®'. The bold branches represent thermophiles.
Thermophilic organisms widely exist in all three domains of life. Thermophiles occupy
mainly in the deeper and shorter branches suggesting that they emerged in early times
and evolved at a slow rate.
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Figure 1.9. Small subunit ribosomal RNA-based phylogenetic tree'®'. The root of

the tree represents the common ancestor of all species. Length of branches correlate to
rate of evolution: the longer the branch, the faster the evolution rate. The bold branches

in this tree represent thermophiles.
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1.7.2. Thermophiles and their biotechnological applications

Due to the tolerance to high temperatures, proteins from thermophiles have garnered
many interests for their industrial applications. One of such examples is the widely used
high-fidelity DNA polymerase (i.e., the error rate of 1 out of 1.3 million base pairs)
discovered from thermophilic archaea Pyroccous furiosus '82. Enzymes isolated from
anerobic thermophiles (i.e., Clostridium thermocellum and Caldicellulosiruptor
saccharolyticus) have a capability to convert lignocellulosic biomass into hydrogen at
elevated tempreatures'8184, Some thermophiles can also degrade petroleum
hydrocarbons'8. Two strains of thermophilic bacteria from the Bacillus family can
concentrate the radioactive strontium on both sides of a bioreactor into one side, a
process that can be used to remove the heavy metal contaminations'8. Natural
compounds isolated from thermophiles have been found to be promising drug
candidates. Two natural compounds isolated from Aspergillus terreus significantly
repress the growth of ABCG2-expressing breast cancer cells'® and inhibit the
inflammation caused by acute kidney injury'®. Dimeric ferritin from Thermotoga
maritima can be engineered to form diverse nanocontainers of drug molecules for the
delivery and targeting to cancer cells'8%.19,

1.7.3. Features of membrane lipids from thermophiles

Temperature is one of the most important environmental factors that impact life by
changing the behaviors and stability of biomolecules. High temperatures close 100 °C
can denature nucleic acids and proteins and increase membrane fluidity to a lethal
level™®.

To stay functional as a permeability barrier and mediator of membrane proteins’
function, the cell membranes in thermophiles should be maintained to the liquid
crystalline phase at high temperatures. In the liquid crystalline phase of the membranes,
the lipid molecules are highly mobile like liquid but oriented in a range of direction like
solid. To maintain these properties, thermophiles have membrane lipid compositions
highly distinguishable from mesophiles, reflecting their adaptation strategies to high
temperatures. As the temperature increases, the membranes shift from the gel phase to
fluid and eventually to a nonlamellar form with a negative monolayer curvature. Longer

and saturated (Figure 1.10.a) fatty acid chains packed better than shorter and
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unsaturated ones thus will be more rigid at higher temperatures. The cyclopentane rings
in fatty acid chain (Figure 1.10.d) restrict the chain motions (analog to cholesterol
molecule) therefore stabilize membrane at higher temperatures.

Other than fluidity adjustment, the stability of individual lipid molecules is also
critical to maintaining the functional membranes at high temperatures. The lipids with
ether backbones (Figure 1.10.b) found in thermophilic archaea (e.g., Pyrococcus
furiosus) and bacteria (e.g., Aquifex pyrophilus) are known to be more chemically stable
than the lipids with ester backbones, which are prevalent in mesophiles'92193, The
presence of bipolar tethered lipids (Figure 1.10.c,d) is considered as another
outstanding feature of membrane lipids in thermophilic archaea. Phospholipid molecules
with one polar, two fatty acyl chain pack in an end-to-end manner to form a bilayer. In
contrast, the bipolar lipids contain two polar head groups that are tethered by two long
tails to form a single layer with a similar thickness to a bilayer in mesophiles. Previous
studies with thermophilic archaea have shown a strong correlation between the living
temperature and the fraction of the tethered lipids'®4-%. Due to the presence of
condensed tail, the motions of hydrocarbon chains are extensively restricted. Thus, the
leakage caused by high temperatures can be effectively reduced as shown by a
carboxylfluorescein permeability assay'%’. MD simulations revealed that tethered lipids
in the monolayer possess a less torsional entropy compared to the phospholipids at

elevated tempreatures'¥”.
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Figure 1.10. General examples of lipids from thermophiles compare with
mesophiles’?, Structural elements of lipid molecules are highlighted by three colors.
Hydrocarbon chains in grey are represented by fatty acids in bacteria and isoprenoid
chains in archaea. Ester or ether bond link the hydrocarbon chains to the glycerol
backbone are in red. In archaea, hydrocarbon chains are attached to the glycerol
backbone by ether-bonds. The backbone moiety highlighted by yellow represents
glycerol-3-phosphate in bacterial lipids and glycerol-1-phosphate in archaeal lipids.
Head groups R17 represent phosphate polar heads and R2 represents single or multiple
hexoses. (a) representative phosphate lipid in mesophilic bacteria (b) lipid in
thermophile with phytanyl chains (c) archaeal bipolar glycerol dialkyl glycerol tetraether
with phytanyl chains spans the membrane to form lipid monolayers (d) archaeal bipolar
glycerol dialkyl glycerol tetraether contains 2 cyclopentane rings in the phytanyl chains

spans the membrane to form lipid monolayers.

1.7.4. Features of thermophilic proteins

Thermophilic and mesophilic proteins have distinguishable amino acid compositions. In
general, on the protein surface, there are more positively and negatively charged
residues in thermophilic proteins than their mesophilic homologues'®. Resultantly, the
formation of salt bridges at the protein surface could be a stabilization strategy for
thermophilic protein. Moreover, aromatic residues such as Phe, Tyr, and Trp are
significantly more abundant in thermophilic proteins than in mesophilic proteins, playing

a crucial role in the enhanced thermal stability’®®. These aromatic residues are typically
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clustered in the protein surface and contribute to thermostability by forming favorable
aromatic-aromatic interactions?%.

The Bowie group compared the structural properties (e.g., side-chain burial,
packing, hydrogen bonding, transmembrane kinks, loop lengths and hydrophobicity) of
25 nonhomologous helical membrane proteins from thermophiles and 101 helical
membrane proteins from mesophiles?®'. Interestingly, while most of these properties are
similar, two properties are significantly different: 7) A slightly smaller number of
interhelical H-bonds is found in thermophiles compared to that of mesophiles; 2)
Thermophilic membrane proteins are overall more hydrophobic in TM helices than
thermophilic membrane proteins. These results agree with the sequence analysis of a
larger membrane protein database showing the suppression of polar (i.e., Asn, GIn, Tyr)
and ionizable (i.e., Asp, Glu, Arg) residues and the increase of small and nonpolar
residues (i.e., Ala, Gly, Phe, Leu) in thermophilic membrane proteins. This study
suggests that ensuring the membrane embedment of TM helices is more important than
forming interhelical H-bonds to increase thermostability of membrane proteins.

1.8. Project Description
In this dissertation, | tackled two unresolved problems regarding the stability of helical
membrane proteins using rhomboid proteases as a study model.

In chapter 2, | investigated how buried ionizable residues impact the
thermodynamic and kinetic stability of GlpG of E. coli in two different hydrophobic
environments, detergent micelles and lipid bicelles. While TM segments of helical
membrane proteins are mainly composed of aliphatic or aromatic residues, polar and
ionizable (Asp, Glu, and Lys) residues are found with relatively low frequencies?%2.
Despite the low abundance, those types of residues are known to be important for
membrane protein function such as formation of proton channel?%3, activation of
receptor?%* and mediating transporter activity?®>. Here, we aim to answer three specific
questions: 1) How do ionizable residues buried in the interior of a membrane protein
impact stability compared to nonpolar residues with similar sizes? 2) Is the paired
ionizable residues (i.e., Glu-Lys or Asp-Lys) buried in the protein interior stabilizing the
protein? 3) Does the paired ionizable residues form an ion-pair (i.e., a salt bridge) or a

charge-neutral hydrogen bond? To answer these questions, | first identified cavities in
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the interior of GIpG and engineered two spatially proximal nonpolar residues contacting
the cavity into ionizable residues individually and simultaneously. To create potential ion-
pair interactions, the two nonpolar residues were replaced by acidic (Glu or Asp) and
basic (Lys) residues. | first measured the kinetic stability (i.e., spontaneous denaturation
rates) of WT and the variants using a proteolysis assay combined with the SDS-PAGE. |
found that in both micelle and bicelle, the introduction of single or double ionizable
residues in the protein interior dramatically decreased the kinetic stability of GlpG.

Next, | employed the steric trapping strategy to measure the thermodynamic
stability of WT and variants in micelles and bicelles. | found that ionizable residues can
be tolerated in the protein interior with a moderate destabilization by AAG®° wr-mut= 1.4 to
3.4 kcal/mol in micelles and 1.2 to 2.7 kcal/mol in biclles despite their dramatically
negative impacts on the kinetic stability. Double mutant cycle analysis indicates that the
pair of acidic and basic residues are overall stabilizing with the interaction free energies
(AAG®int) ranging from -3.6 £ 0.3 to -1.2 £ 0.2 kcal/mol in micelles and from -1.5 + 0.3 to
-0.5 £ 0.2 kcal/mol in bicelles. Thus, the ionizable residue pairs were less favorably
engaged with each other in lipid environments. Substituting the acidic residues (Glu)
with a polar residue (GIn) had a similar impact on stability, indicating that the ionizable
residues exist as a neutral form and are engaged with each other by H-bonds rather
than a salt-bridge.

In Chapter 3, we asked what is the physical origin of the unusual heat-resistance
of stability and function of membrane proteins in thermophilic organisms. We addressed
this question by comparing the thermostability and activity of thermophilic rhromboid
proteases to those of mesophilic E. coli GlpG. In the phylogenetic tree of the rhomboid
protease family (Figure 1.11.), rhomboids from some thermophilic bacteria, archaea,
and eukarya exist together in the same branches, suggesting a horizontal gene transfer
during the evolution of rhomboids. Many thermophilic rhomboids occupy shorter
branches close to the root of the phylogenetic tree, implying that they may represent
prototype rhomboids. Although previous studies indicate some differences in
hydrophobicity and the frequency of interhelical H-bonds between mesophilic and
thermophilic membrane proteins, we still need experimental data that can support this

suggestion or provide a new physical principle of thermostabilization. To achieve the
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goal, | employed three rhomboids from thermophilic archaea (Thermococcus profundus
and Pyrococcus furiosus) and bacteria (Thermotoga maritima) as study models in
addition to mesophilic E.coli GlpG. We successfully cloned the genes and expressed
and purified them for further characterizations.

Using a thermal denaturation assay, | found that delipidated thermophilic
rhomboids are inactivated at temperatures lower than the optimal living temperatures of
their host organisms. Interestingly, those thermophilic rhromboids have lower
thermostability than mesophilic E. coli GlpG. This result led us to the hypothesis that the
thermophilic rhomboids are not stabilized by their intraprotein, residue-specific
interactions but stabilized by their lipid environments. Using the proteolytic activity assay
for TM and water-soluble substrates, | found that thermophilic rhomboids display
various activities, which are higher or lower than mesophilic E.coli GlpG. Interestingly, a
multiple sequence alignment indicates that the activity variation is highly correlated with
the lengths of the flanking loops of the gating helix TMS. This result leads to the
hypothesis that the activity level of rhomboids is determined by the lengths of those
flanking loops, which affect the dynamics of the gating helix. Using Ecoli GlpG as a
starting template, we tested this hypothesis by increasing and decreasing the lengths of
the flanking loops. | provided some preliminary results that partially agree with our

hypothesis.
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Figure 1.11. Phylogenetic tree for rhomboids. Universal common ancestor is defined
as the center of the tree. This tree contains 43 representative rhomboid amino acid
sequences from all three life domains. Rhomboids from thermophiles are denoted with

asterisk signs. Online sever NGPgylogeny.fr is employed to generate tree2%,
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CHAPTER 2: Role of buried ionizable residues in the stability of one a-helical
intramembrane protease
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2.1. Summary

lonizable residues buried in proteins play vital roles in cellular functions including
electron transfer, catalysis, and receptor activation. Therefore, studying the energetics
of side-chain interactions of the ionizable residues in the protein interior would deepen
our fundamental understanding of protein stability, provide insights into protein
functions, and potentially guide protein engineering. While related studies have
dominantly focused on water-soluble proteins, relevant analyses in membrane proteins
are scarce even though membrane proteins constitute one-third of total proteins. The
interior of membrane proteins is known to have a similar hydrophobicity to the
hydrophobic core of water-soluble proteins. Unlike water-soluble proteins, the solvent-
accessible cavities and surface of the TM region of a membrane protein contact
nonpolar lipid tails instead of water. Thus, if ionizable residues are buried within the
protein, their environment in the native and denatured states is expected to be highly
hydrophobic. The limited number of studies on buried ionizable residues in membrane
proteins has hindered the discovery of new biological mechanisms, leaving significant
gaps in our understanding of their conformational and functional roles.

Here, | aim to bridge the gap with GlpG, a member of the universally conserved
rhomboid protease family as a model. | address three major questions: 1) will buried
ionizable residues be tolerated in the core of the membrane protein? 2) will the lipid
environment favor or disfavor the burial of ionizable residues relative to detergent
micelles? 3) Will ionizable residue pairs form charged interaction or just charge-neutral
polar interaction in a membrane protein? To answer these questions, two pairs of
acidic/basic residues (Glu/Lys) are installed into the two nonpolar cavities of GlpG,
respectively. Thermodynamic stability of GlpG and the engineered variants are
quantified using steric trapping, and spontaneous denaturation rates were measured
using proteolysis. | find that the burial of ionizable residues induces destabilization of
the protein kinetically and thermodynamically. However, double-mutant cycle analysis
indicates favorable interactions between the Glu and Lys residues. Notably, the strength
of the favorable interaction is much smaller than the expected strength of the salt-bridge
interaction formed between the buried acidic and basic residues in water-soluble

proteins. Further analysis suggests that the Lys/Glu residue pairs in GlpG are likely to
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form hydrogen bonds in neutral forms instead of charged pairs. Our results provide
fundamental understanding on energetic consequences of buried ionizable residue
membrane protein.

2.2. Introduction

The internal ionizable residues play a variety of critical roles in protein functions
including regulation of ATP hydrolysis?%’, proton transfer®3, membrane transport?°® and
so on. However, harboring ionizable residues inside the hydrophobic core of protein is
energetically unfavorable due to the desolvation cost, i.e., the free energy increase
during the transfer of polar or charged residues from the aqueous phase to the nonpolar
environment. In Wimley and White’s experimentally determined hydrophobicity scale?%,
transferring acidic and basic residue in their charged forms from water to octanol or
from water to water-membrane interfacial regions are highly unfavorable (i.e., 1.0-2.8
kcal/mol for positively charged lysine and 2.0-3.6 kcal/mol for negatively charged
glutamate)?°®. When ionizable residues are in neutral forms, the partitioning becomes
moderately to marginally unfavorable (i.e., 0-0.1 kcal/mol for neutral glutamate)?2.
When oppositely charged residues are simultaneously transferred from water to the
hydrophobic medium, two energetic contributions compete with each other. One is the
high desolvation cost for burying individual charged residues, which is highly
unfavorable. The other is the strong coulombic attraction between two oppositely
charged residues in the nonpolar medium with a low dielectric constant, which is highly
favorable. The attractive electrostatic interaction is also called a salt bridge interaction,
which is formed when the charge centers of two oppositely charged residue groups are
within 4 A'92, The net transfer free energy of forming a charged pair in a nonpolar
medium depends on the balance between these two opposing energetic contributions.
With a model peptide having both acidic and basic residues in the same molecule, the
free energy change from the unpaired charged Lys and Arg residues in water to the
formation of a Lys-Arg salt bridge in octanol were experimentally determined to be -4
kcal/mol?%°, In the context of protein structures, the balance could be more complicated
because the two other factors should be taken into account: the unfavorable side chains
entropy loss due to the formation of a well-defined salt-bridge as well as interactions

between the ion-pair with the rest of the protein.
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Interestingly, the distributions of ionizable residues in membrane protein
structures closely follow the trends of thermodynamic partition free energies between
water and a hydrophobic medium. The Ulmschneider group plotted the distribution of
each amino acid residue in the available structures of helical membrane proteins along
the membrane depth?'°. The plot shows that in the hydrocarbon core of the membrane,
nonpolar residues are enriched and the acid/basic residues including Arg, Lys, Asp, Glu,
and His are rare. The probabilities of the negatively charged residues, like Asp and Glu,
are similar between the cytoplasmic and periplasmic membrane-water interfaces, while
those of the positively charged residues, including Arg and Lys, are higher on the
cytoplasmic side. The biased distribution of Arg and Lys residues is called the “positive-
inside rule”?'1212 which is a critical determinant for the membrane topology of a
transmembrane helices.

For water soluble proteins, the energetic contributions of the pair of buried
acidic/basic residues have been evaluated with the model protein Arc repressor’®. The
three ionizable residues (i.e., Arg31, Glu36, and Arg40) form two pairs of stabilizing salt
bridge interactions (-1.7kcal/mol for Arg31-Glu36 and -4.7kcal/mol for Glu36-Arg40)1%4,
However, mutating them into large, hydrophobic residues such as Met, Tyr, Leu or Val
further stabilizes the protein by 2.1 to 3.9 kcal/mol without disrupting the activity'%4.
These observations suggested that although buried ion-pairs can be favorable, they
would not bring more stabilization than nonpolar residues with comparable sizes. Over
the decades, the Garcia-Moreno group has extensively studied the impacts of internal
ionizable residues on protein stability focusing on the model water-soluble protein,
staphylococcal nuclease?'3-2'7, Around 25 internal hydrophobic residues of
staphylococcal nuclease have been engineered into residue with ionizable side chains:
Glu, Lys, and Arg one at a time?13214216_ The side chain pKa's of those residues
measured by changes in unfolding free energy as a function of pH display a substantial
shift from their intrinsic pKa's in water. The pKa of Glu is 4.5 in water while increasing up
to 9 in the protein interior. The pKa of Lys is 10.5 in water but decreases down to 5 in the
protein’s hydrophobic core. The direction of the pKa shift suggests that when a Glu or
Lys residue is buried, a neutral state is preferred over the ionizable state. In contrast,

the insensitivity of buried Arg over pH titration demonstrates that the guanidinium side
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chain with pKa 12 in water experience no shift, implying that a buried Arg is always at its
charged state?'4. Structural studies of the variants indicate that an ionizable group can
be tolerated without causing significant structural consequences disrupting the native
state?'3214.216_ No loss in enzymatic activities of the most ionizable variants further
supports that replacing internal hydrophobic residues with ionizable residues has no
destructive impacts on the structure and function of SNase. The effects of replacing
internal Leu and Val of Staphylococcal nuclease with Lys and Glu, respectively, have
been extensively studied?'®. The crystal structures of WT, single mutants, and double
mutants demonstrate that the substituting ionizable residues can be tolerated without
significantly disrupting the native structure?'s. The polarity of the microenvironment
around the ionizable residues increases as two water molecules penetrate and form H-
bonding network with the ionizable residues. The stability of single and double ionizable
variants indicate that harboring ionizable residues inside the protein destabilizes the
protein in general. The measurements of side-chain pKa and stability as a function of pH
demonstrate that when buried together, Lys and Glu are more likely to exist as charged
forms. Further double mutant cycle analysis indicates that although bearing the
ionizable residues are destabilizing, the acidic/basic residue pair is engaged with a
highly favorable interaction of -4.9 kcal/mol 2.

Studies show that the interaction between ionizable residues are important to
function and stability of membrane proteins2%42'8, For example, in the interior of OmpA,
a small B-barrel membrane protein ion channel, four ionizable residues are clustered in
the center of the narrow lumen and form strong to marginally (-5.6 to -0.6 kcal/mol)
favorable salt bridge interactions. The switchable salt-bridges within the charge tetrad
are known to control the open and close of the channel gate?'®. For OmpA, three
aromatic residues are surrounding the tetrad, further stabilizing it through n-cation or n-
anion interactions. Moreover, the structure showed presence of water molecules at two
vestibules of the ion channel partially contacting the tetrad?'®. The water molecules
increase local dielectric constant as well as further making the burial of the charges
favorable.

The energetic contribution of ionizable residues in helical membrane protein

remains unclear because relevant energetic analysis is scarce due to the low their
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occurrence in helical membrane proteins2'%2'9, Buried ionizable residues in the helical
membrane proteins are expected to be highly insulated from water not only by the
hydrophobic residues in the protein interior, but also by the nonpolar tails of membrane
lipids. Thus, it is less likely for water molecules to stabilize ionizable residues inside the
proteins than for those in water-soluble proteins. Here | aim to bridge the knowledge
gap by answering three key questions: 1) will buried ionizable residues be tolerated in
the core of the membrane protein? 2) will the lipid environment favor or disfavor the
burial of ionizable residues relative to detergent micelles? 3) Will ionizable residue pairs
form charged interaction or just charge-neutral polar interaction in a membrane protein?
| chose E.coli GIpG, a member from the universal conserved rhomboid protease
family as a study model. In the rhomboid protease family, E.coli GlpG possesses 6 TM
helices and is well characterized with more than twenty solved high-resolution
structures. | targeted and engineered four buried nonpolar residues into ionizable
residues Lys and Glu to create two potential charged pair interactions located in two
different regions within the protein. Employing the novel steric trapping strategy'', we
measured the thermodynamic stability in two hydrophobic environments that are widely
used for membrane protein research: micelles, the spherical aggregates of detergent
molecules; and bicelle, the disc-shaped lipid bilayer with edge stabilized by detergents. |
find that these buried ionizable mutants largely destabilize GlpG yet a double-mutant
cycle analysis suggests that marginally to moderately favorable interactions are formed
between Lys and Glu. Overall, the lipid environment enhances the accommodation of
ionizable residue interactions compared to detergent micelle. The similar energetic
effects of ionizable Glu and its neutral proxy GIn suggest that when buried, ionizable
residues prefer a neutral form engaged in polar interactions.
2.3. Materials and Methods
2.3.1. Mutagenesis, expression and purification of GlpG
Site-directed mutagenesis was performed on the gene encoding the TM domain (87 -
276) of GlpG with a N-terminal Hiss affinity tag in pET15b vector. The main mutations
were: 1) introducing double-cysteine residues, P95C/G172C and G172C/V267C,
respectively, for conjugating the thiol-reactive biotin derivatives; 2) replacing single or
double buried nonpolar residues (Met100/Thr178 or Leu207/Val165) by ionizable or
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polar residues Lys/Glu or Lys/GlIn, respectively. The proteins were expressed in E. coli
BL21(DE3) RP competent cells (Agilent Technologies) and was induced with 0.5 mM
IPTG (Isopropyl B-d-1-thiogalactopyranoside) for 16-18 h at 15°C. Cells were harvested
and resuspended in 30 mL/L-culture of 50 mM Tris-HCI

(tris (hydroxymethyl)aminomethane Hydrochloride) buffer (pH 8.0) with 5 mM EDTA
(Ethylenediaminetetraacetic acid), 1 mM DTT (Dithiothreitol) and 1 mM PMSF
(phenylmethylsulfonyl fluoride). The resuspended cells were lysed with a pressure
homogenizer (Avestin) for 4 times. Cell lysates were centrifuged for 20 min at 6,000
rpm, 4°C in a FS-34 rotor using a Sorvall RC6+ centrifuge (Thermo Scientific).
Supernatant was collected and centrifuged to obtain the total membrane fraction for 2 h
at 24,000 rpm, 4°C in the 45Ti rotor using an ultracentrifuge (Beckman-Coulter).
Membrane pellets were resuspended in 20 mL/L-culture of 50 mM Tris-HCI buffer (pH
8.0) with 200 mM NacCl, 0.5 mM TCEP (Tris(2-carboxyethyl)phosphine) using a tissue
homogenizer (Fisher Scientific). The membrane resuspension was solubilized by adding
0.8% (w/v) DDM (n-Dodecyl B-D-maltoside) and aggregates were removed by
ultracentrifugation at 12,000 rpm for 20 min. The supernatant containing detergent-
solubilized GIpG was incubated with 2 mL of Ni-NTA (Nickel Nitriloacetic acid) resin
(Qiagen, 50% w/v) by rotating at 4°C for 1 h. GlpG was eluted with 50 mM Tris-HCI
buffer (pH 8.0) and 200 mM NaCl in 0.1% DDM containing 300mM imidazole. The
eluted fraction was concentrated and desalted with Amicon centrifugal filter unit
(Millipore Sigma, 30 kDa MWCO) and desalting column (Bio-Rad Econo Pac 10DG
desalting column) respectively. Concentration of GlpG was measured by UV
absorbance at 280nm (the extinction coefficient, £ =69,440 M-'cm™') with a Nanodrop
(Thermo Scientific).

2.3.2. Labeling of GIpG and determination of labeling efficiency

The concentrations of the purified double cysteine variants of GIpG were adjusted to 25-
50 uM in 0.1% DDM,50 mM Tris-HCI and 200 mM NaCl (pH 8.0). The protein solution
was incubated with 2 mM TCEP for 1 h at room temperature, followed by the addition of
40-molar excesses of the thiol-reactive biotin derivative with fluorescent pyrene (BtnPyr-
IA) dissolved in DMSO (~20% w/v) while vertexing. The labeling reaction was incubated

by gently rotating in dark at room temperature for 16-18 h. Aggregation formed during
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the overnight reaction was then removed by centrifugation at the 3,500 rpm for 10 min.
Excessive free labels in the supernatant were removed by washing GlpG bound to Ni-
NTA resin with 0.05% DDM, 50 mM Tris-HCI and 200 mM NaCl (pH 8.0) by ~50 residue
volume and then GlpG was eluted with 50 mM Tris-HCIl and 200 mM NacCl (pH 8.0),
0.1% DDM containing 300 mM imidazole. Residual free labels and imidazole were
removed by desalting (BIO-RAD Econo Pac 10DG column).

Labeling efficiency of GlpG variants was determined by measuring the pyrene
absorption at 346nm (¢ = 42,000 M-'cm') and the protein concentration with a 660 nm
colorimetric assay (Thermo-scientific). The pyrene-to-protein molar ratio ranged from
1.2 to 1.8 (ideally 2.0). To further confirm the labeling efficiency and the removal of free
biotin labels, SDS-PAGE was set up as follows: 10 puL of 5 yM GlpG was incubated with
the SDS sample buffer for 30 min to denature GlpG. 10 uL of 25 yM WT-mSA was
added and incubated for another 30 min to bind the biotin-labels on GlpG. The SDS-
PAGE was run at 100 V for 90 min on ice to prevent mSA tetramer from heat-induced
dissociation. Labeling efficiency was calculated by quantifying the band intensities of
single-mSA bound and double-mSA bound GIpG, which agree with the results obtained
from UV absorption and 660 nm assays.

GlpG labeled with BtnPyr was injected into gel filtration (GE superose, 10/300
GL)-Fast Protein Liquid Chromatography (BioRad, Biologic Dua flow) for further
purification and the checking of the oligomeric state. The column was equilibrated with 2
column volumes (60mL) of 50 mM Tris-HCI buffer (pH 8.0) and 200 mM NacCl containing
0.08 % DDM and 1 mM TCEP at the flow rate of 0.5 mL/min. The UV absorbance of
elution peaks are detected at 280 nm. As molecular weight references, the FPLC was
performed for 125 uL of 36 mg/mL gel filtration standard proteins on the same column.
2.3.3. Expression, purification and labeling of TM substrate SN-LacYTM2
As an indicator of folding, the activity of GlpG is probed with the site-specific cleavage of
SN-LacYTM2, a membrane-bound substrate derived from the second TM domain of the
lactose permease (LacYTM2, sequence: INCISKS-DTGIIFAAISLFSLLFQPLFGLLS with

“ o

the scissile bond denoted as “-” between S and D) of E. coli fused to staphylococcal
nuclease (SN). The gene of the fusion protein has a C-terminal Hiss tag and is encoded

in the pET30a vector with the SN domain in the N-terminal region and LacYTM2 in the
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C-terminal region. A TEV cleavage site is engineered in the linker between SN and
LacYTM2 (SN-TEVcut-LacYTM2-His6). In LacYTMZ2, the residue five residues upstream
of the scissile bond (P5 position) was mutated to cysteine to conjugate with the thiol-
reactive, environmentally sensitive fluorophore, iodoacetyl-7-nitrobenz-2-oxa-1,3-diazol
(IA-NBD amide, Setareh Biotech). The fusion protein was expressed in the E. coli
BL21(DE3) RP strain. Detailed procedures for expression, purification, and fluorescent
labeling of SN-LacYTMZ2 are described in the previous literature®,
2.3.4. Preparation of bicelles
A stock of 25% (w/v) DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine)/CHAPS (3-
[(3-Cholamidopropyl) dimethylammonio]-1-propanesulfonate) (the lipid-to-detergent
molar ratio, q = 1.5) bicelles were prepared by first hydrating DMPC lipids with water
and then adding 25% (w/v) CHAPS was to the desired g value. Bicelle samples were
homogenized through three cycles of freeze-thaw using liquid nitrogen and a 42 °C
water bath. Bicelle stock solutions with 0.05% NaNs were kept at -20 °C for long term
use.
2.3.5. Determination of GlpG activity
GlpG activity was probed with NBD-labeled SN-LacYTM2 as a substrate’® at the GlpG-
to-substrate molar ratio of 1:10. Upon cleavage, the environmentally sensitive
fluorophore NBD is transferred from the hydrophobic to the aqueous environment
leading to a decrease of fluorescence. Time-dependent changes of NBD fluorescence
were monitored at 37 °C in 96-well plate using a SpectraMax M5e plate reader with the
excitation and emission wavelengths of 485 nm and 535 nm, respectively. The activity
was represented by the initial slope of fluorescence change over time.

Another way to measure GIpG activity was with the peptide substrate??? (MMPS-
024, CPC scientific) as a model substrate in molar ratio of 1:20 (GlpG: substrate). This
9-residue peptide (mca-RPKPYAV/WM-K(dnp), where lowercase v stands for norvaline,
a non-natural amino acid; “/” represents the position of scissile peptide bond) has been
proven to be proteolyzed by GlpG.??! Here, the fluorophore 7-methoxycoumarin (mca) is
on the amino terminus and is internally quenched by dinitrophenol (dnp) conjugated to
the Lys at the carboxyl-terminus. Upon cleavage of the peptide, mca fluorophore is

dequenched leading to an increase of fluorescence. Time-dependent changes of mca
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fluorescence were monitored at 37 °C on a SpectraMax M5e plate reader with the
excitation and emission wavelengths of 320 nm and 430 nm, respectively. GlpG activity
was represented by the initial slope of fluorescence change over time.
2.3.6. Determination of GlpG intrinsic denaturation rate with Proteinase K (ProK)
digestion assay in micelle and bicelle
The 5 pM GIpG (172m267c-BtnPyr) in 5 mM DDM micelle or incorporated in 2% (w/v)
DMPC/CHAPS bicelles in 20 mM HEPES (pH 7.5) and 200 mM NaCl was incubated on
ice for 15 min. 3 mM CaCl: is added as a stabilizer of for Proteinase K (ProK, PCR
recombinant grade, Roche). The proteolysis reaction was initiated by adding 200 pg/mL
of ProK (the final concentration) and incubated for different time lengths. 15 pL aliquot of
each sample was taken at each time point and thoroughly mixed with 5 mM PMSF
followed by further incubation for 10 mins. Proteolysis was visualized by SDS-PAGE (4
to 20% gradient gels, Bio-Rad). The remaining fraction of GlpG after ProK digestion was
quantified by measuring the band intensities of GlpG using ImageJ??2. The band
intensity at each time point was normalized to that of the control (GlpG without ProK)
fitted to the first-order exponential decay function to obtain the intrinsic denaturation
rate.

y= yo+Ae'kdenatt(Eq1 )
(Eq2)
(Eg3)

Tp=
denat
In2

kaﬂenat

T1/2=

y: the remaining GlpG fraction after ProK digestion; yo: the final GlpG fraction; A: the
amplitude of the total intensity change; kdenat: the intrinsic denaturation rate; 1y, : the time
constant of intrinsic denaturation; z112: the half-life of GIpG; t : the time.

2.3.7. Preparation and labeling of monovalent streptavidin (mSA)

Active and inactive forms of streptavidin encoded in pET15b were transformed into E.
coli BL21(DE3) RP strain (Agilent) and overexpressed in terrific broth (TB) media with
0.5 mM IPTG for 16-18 h at 37°C. The “active” subunits include wild-type streptavidin
and other lower biotin binding affinity variants (S27R, N23A/S45A, W79M, S45A, S27A,
and E51S) with a C-terminal Hiss tag. The “inactive” subunit refers to the triple mutant,
N23A/S27D/S45A (low biotin affinity, Kubiotin = 1.2 x 10-3 M) streptavidin without C-
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terminal Hise tag??. Harvested cells were resuspended in 30 mL/liter-culture of 50 mM
Tris-HCI (pH 8.0), 0.75 M sucrose buffer with 1 mg/mL hen egg lysozyme. The
resuspended cells were lysed 5 to 7 times using a pressure homogenizer (Avestin).
Inclusion bodies were collected by centrifuging the cell lysates at 12,000 rpm for 15 min
at 4 °C. The pellets were washed by 40 mL of 50 mM Tris-HCI (pH 8.0), 1.5 M NaCl,
0.5% Triton X-100 (Sigma) buffer with a tissue homogenizer, and centrifuged at 12,000
rpom for 15 min at 4 °C. The washing of pellets with Triton X-100 was repeated ~3 times.
After the detergent washing, the pellets were washed with 35 mL of 50 mM Tris-HCI (pH
8.0), 1.5 M NaCl for one time. The pellets were solubilized in 8 mL (per L-culture) of 6 M
guanidine hydrochloride (GdnHCI, pH 2.0). Aggregates were removed by centrifuging
the sample at 24,000 rpm for 45 min at 4 °C. The optical density of the supernatant was
measured with UV absorbance at 280nm by a Nanodrop (Thermo Scientific).

To refold streptavidin, the active and inactive subunits of streptavidin in GdnHCI
were mixed at a molar ratio of 1:4 and added dropwise to the final GdnHCI
concentration less than 0.3 M in 20 mM sodium phosphate buffer (pH 7.5), 200 mM
NaCl, and 0.5 mM TCEP containing 15% glycerol while vortexing vigorously on ice.
Aggregates were removed by centrifuging at 6,000 rpm for 30 min at 4 °C. The clear
supernatant was incubated with Ni-NTA resin (~1 ml resin per 100 ml buffer, Qiagen) at
4°C for 1 h. Collected Ni-NTA resin by centrifugation was washed with 10 mM imidazole,
0.5 mM TCEP, 20 mM sodium phosphate, 200 mM NacCl (pH 7.5). monovalent
streptavidin (mSA) was eluted with 50 mM imidazole, 0.5 mM TCEP, 20 mM sodium
phosphate, 200 mM NaCl (pH 7.5). The eluted fractions were dialyzed (10 kD MWCO,
Thermo Scientific) against 0.5 mM TCEP, 20 mM sodium phosphate, 200 mM NaCl (pH
7.5) buffer to remove imidazole for next purification. A second affinity chromatography in
Ni-NTA resin was performed with the same washing and eluting steps. To remove
imidazole, the eluted mSA fractions were desalted and concentrated with the desalting
column (BIO-RAD Econo Pac 10DG) and the Amicon centrifugal filtration units (Millipore
Sigma, 30 kDa MWCO) respectively. The concentration of mSA was measured by UV
absorbance at 280nm (¢ =167,760 M-"cm-') with a Nanodrop (Thermo Scientific).

To label mSA with a thiol-reactive quencher, Tyr83 near the biotin-binding pocket

of the active subunit was mutated to Cys (Y83C). 50 yuM of mSA was incubated with 5
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times molar excess of TCEP for 1 h at room temperature. A 20-time molar excess of
dabcyl-maleimide (AnaSpec) stock in water (1% w/v) was added dropwise while
vortexing and was incubated overnight in dark at 4°C. Excess free labels were removed
three times on a desalting column (Bio-Rad Econo Pac 10DG) equilibrated with 20 mM
Na2HPO4 (pH 7.5), 200 mM NaCl. The concentration of mSApas was measured with UV
absorbance at 484nm (¢ =3,200 M-'cm-') by a Nanodrop (Thermo Scientific).
2.3.8. Determination of the biotin binding affinities of mSA variants in micelle and
bicelle
The biotin binding affinities of mSA variants were determined by a FRET based assay
with single-biotinylated GlpG (GlpG-BtnPyr), which contains one Cys residue
(P95C)"5147 Next, 200 nM of GlpG-BtnPyr solubilized in 5 mM DDM or 2% (w/v)
DMPC/CHAPS bicelles (g = 1.5) was titrated by mSA variants with a lower biotin affinity:
MSADaB-S27R, mSApas-N23A/S45A. The titrated samples were incubated overnight
and transferred to a fluorescence cuvette (Hellma, ultra-micro). Pyrene fluorescence
spectra were acquired from 340nm to 500nm with the excitation wavelength at 345 nm
on a SpectroMax M5e spectrometer (Molecular Devices). For each sample, pyrene
fluorescence between 375nm and 405nm is averaged. Excessive biotin was added to
the final concentration of 2 mM and incubated for 4h to dissociate bound mSA from
biotinylated GlpG and pyrene fluorescence were acquired. This data with biotin was
used as a baseline to be subtracted from the data without biotin. The baseline-
subtracted data were fitted to the following equation to obtain Ka biotin Of MSApas-S27R
and mSApas-N23A/S45A in micelle and bicelles™®.

2
(PT+[mSA]+Kd,biotin)'J(PT+[msA]+Kd,biotin) -4P1[mSA]
= +A2H#(Eq4)
.

F: the measured fluorescence intensity; Pr: the total GlpG concentration; [NSA]: the

F=A1x

total mSA concentration; Kaiotin: the dissociation constant for the biotin-mSApas
complex; A7: the net change in fluorescence; A2: the fluorescence level without

mSAbas. Fitted values included A7, A2, and Ky biotin While the other values were fixed.
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2.3.9. Measuring GIpG thermodynamic stability with binding isotherm in micelle

and bicelle
The 1 uM of GIpG doubly labeld with BtnPyr was titrated by thiol-reactive dabcyl
(AnaSpec) conjugated mSA (mSAbas) at various concentrations in 20 mM sodium
phosphate (pH 7.5), 200 mM NacCl, 0.25 mM TCEP buffer containing 5 mM DDM. For
measurements in bicelles, 1 yM of the same doubly biotinylated GlpG was reconstituted
in 3% DMPC/CHAPS (q = 1.5) in 20 mM HEPES (pH 7.5), 200 mM NaCl, 1 mM DTT
buffer by direct injection. The mSA variants with a range of biotin affinity (mSApas-
S27R, N23A/S45A, W79M, S45A, S27A, and E51S) were tested until a second mSA
binding phase optimally attenuated in a mSA concentration window of 0 to 60 uM was
found. The reaction mixtures were transferred to a 96-well microplate (Greiner), sealed
with polyoléefin film (VWR), and incubated at room temperature for 24-48h for
equilibration.

As the indicator of binding, quenching of pyrene fluorescence was measured at
390 nm with the excitation wavelength of 345 nm on a SpectroMax M5e plate reader
(Molecular Devices). Data were averaged from three readings. To obtain the
thermodynamic stability, the attenuated second binding phase was fitted with a 2-state
scheme (i.e., the equilibrium between the native and denatured states) to the
equation™®:

[U-mSA][mSA]

_[U-mSA]

U [F-mSA]
1

N Kd,biotin) 1 ]
[1+ (Kd,biotin'l' Ku [mSA]
F: fluorescence intensity; Fo: the fluorescence intensities of pyrene from the BtnPyr

F (Fo-Fo)+Fq (Eg5)

labels on GIpG with no mSA binding; F-: the fluorescence intensities at the saturated
bound level; [MSA]: the total mSA concentration; Kapiotin: the intrinsic biotin affinity of
mSA,; Ku: the equilibrium constant for protein denaturation. After obtaining the fitted Ku,

the thermodynamic stability was calculated using the equation, AG°Nn-p =-RTIn K.
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2.3.10. Double mutant cycle analysis

To measure the pairwise interaction energies of the engineered residues, double-mutant
cycle analysis was employed 224, For this analysis, the wild-type protein (WT), two
single mutants, and the corresponding double mutants and the free energy changes
upon mutation are used:

AAG®int = AAG®xy-xY - AAG°xy-xy = AAG°xv-xY' - AAG°XY-XY’

= AG°xv- AG°xy - AG°xy + AG°xy = AG°xy’ - AG°xy - AG°xvy’ - AG°xy (Eq 6)
where X and Y are WT residues and X’ and Y’ are residues substituting X and Y,
respectively. If the change in stability of the double mutation (AAG°xy.xy’) is different
from the sum of the changes brought by the single mutations (AAG°xv-xy’ +AAG°xy-xy),
the two residues in WT are coupled and the magnitude of the difference represents the
strength of interaction between them (the interaction free energy, AAG®int).

2.3.11. Cooperativity profiling

This method measures the degree of spatial propagation of the structural perturbation
induced by a point mutation throughout the protein. This is quantified by measuring the
mutation-induced stability changes at two different biotin pairs located in distinct regions
of a protein. First, perturbation is induced by introducing a single point mutation in the
background of the biotin pair variants 95n172v—BtnPyr2 (AG°n-owtN) or 172m267c—
BtnPyr2 (AG°n-b,wt®), which are set as ‘WT’. The superscripts “N” and “C” denote the
location of the biotin pair, i.e., the N-terminal subdomain (N-subdomain) and C-terminal
subdomain (C-subdomain). Then, the stability change induced by the same mutation is
measured by steric trapping with two WT backgrounds (AAG°N-pwT-MutN = AGON-DwWTN —
AGON-DMutN or AAGON-DWT-Mut® = AGON-DWTC — AG°N-DMutC). Then, the differential effect of
the mutation on the stability of the two subdomains is quantified as follows:

AAAGP = AAGON-D,WT-MutN - AAGON-D WT-Mut®

= [AG°N-DWTN — AGON-DMutY ]- [AGON-DWTC — AGON-DMutC | (Eq7)
Four cut-off values, AAAG® = —2RT, —RT, RT and 2RT (R: gas constant and T: absolute
temperature) were used to resolve the degree of cooperativity of each residue
interaction. For a given AAAG?® value, a cooperativity profile is assigned for a given

mutated site as following: AAAG® > +2RT: highly localized in N-subdomain; +RT< AAAG®
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< +2RT: moderately localized in N-subdomain; —RT< AAAG® < +RT: cooperative; —2RT<
AAAGP® =—RT: moderately localized in C-subdomain; AAAG® < —2RT: highly localized in
C-subdomain.

2.4. Results

2.4.1. Introducing ionizable residues in the hydrophobic interior of GlpG

| first identified proper nonpolar residue pairs that will be replaced by ionizable residues
based on the two criteria: 1) the WT residues are buried within the protein interior with a
low fraction of solvent accessible surface area (fASA); 2) the sizes of WT nonpolar
residues that are to be replaced have similar side-chain volumes to the ionizable Lys-
Glu pair; 3) the WT nonpolar residues are contacting internal cavities such that there is
room for accommodating possible size mismatching between the WT and substituted
residues. The fASA’s of residues in the GlpG structure were evaluated on the GetArea

server (http://www.scsb.utmb.edu/getarea/) using the crystal structure of GlpG (PDB id:

3B45) and the probe with a radius of 1.4 A. Lys has an average side-chain volume of
171 A3, similar to the nonpolar residues Met, Leu, and lle (the side-chain volumes: 171
A3 168 A3, 168 A3, respectively)??®. For the same practice, Val (142 A3) has a similar
volume to Glu (155 A3)225,

Based on these criteria, we selected ten residues in GlpG as potential
substitution sites: Val96, Met100, Leu161, Val165, Leu174, lle175, Thr178, Leu200,
Val204 and Leu207. Six of these sites (Leu161, Val165, Leu174, Leu200, Val204, and
Leu207) were completely buried (i.e., fASA = 0) while the other four were partially
exposed (0 < fASA < 0.2). To designate optimal nonpolar residue pairs, the WT GlpG
structure was used as a template assuming that the amino acid substitutions maintain
the overall fold of the protein. We identified five initial mutation candidates,
V165E/L174K, L161K/V204E, V165E/L207K, VO6E/I175K, and M100E/L200K.
However, the screening for the expression and purification of these variants indicated
that a reasonable yield was achieved only the variant L207K/V165E (0.1 mg/L-culture)
for further characterization (Figure 2.1.a). Although Thr (122 A3) to Glu mutation is not
ideal under the criteria of the nonpolar-ionizable residue substitution and the minimal
change in side-chain volume, the M100K/T178E substitutions satisfied the criterion of
cavity contact. The yield was satisfactory for this variant (0.2 mg/L-culture) (Figure
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2.1.b). Taken together, | chose the variants L207K/V165E (hereafter, denoted as
L207K/V165E) and M100K/T178E (hereafter, denoted as M100K/T178E) for

subsequent tests for kinetic and thermodynamic stability.
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Figure 2.1. Structural representation of double mutants demonstrating solvent

Leu207 (TM4)
100% buried

accessibility, cavities, and designed sidechain shape changes. (a) The double

mutant M100K/T178E. (b) The double mutant L207K/V165E. The internal cavities were

identified on the DEPTH server??6. Yellow meshed spheres correspond to the probe

water molecules (radius of 1.4 A) filling the cavities.

2.4.2. Burial of the ionizable residues substantially decreases the kinetic stability
of GIpG in DDM micelles

To investigate the impact of buried ionizable residues on unfolding kinetics of GlpG, we

employed proteolysis, a technique that distinguishes folded and denature state of

protein and quantify protein stability??”-??2 (Figure 2.2 a). The denaturation rate of

RNaseH and maltose binding protein determined by proteolysis agree well with the

kinetic parameters of denaturation determined by circular dichroism?28222_|n this study,
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we utilized the nonspecific protease Proteinase K (ProK) with high digestion rate (kcat =
~10%/min) and low sequence specificity (typically nonpolar residues)?3°. If ProK exists at
enough concentration, the proteolysis rate of GlpG is much higher than the refolding
rate of GIpG (krefolding = 10/min)?3'. Under the assumption that GlpG is at dynamic
equilibrium between the native and denatured states, ProK selectively proteolyzes
water-exposed coil regions as soon as they appear due to denaturation. Because we
added GIpG at an excess concentration of ProK (>10 relative to GIpG) in this assay, the
reaction irreversibly moved towards the direction of proteolysis of the denatured state
(Figure 2.2.a). Analogous to the EX1 condition in hydrogen/deuterium (H/D) exchange
where the apparent rate of H/D exchange is limited by the “open” rate (kopen) of the
protein?32, the rate-limiting step of ProK digestion is the spontaneous denaturation of
GIpG (kdenat ~ Kproteol). | monitored the time-dependent proteolysis using SDS-PAGE to
determine the kdenat. The amount of intact GlpG from ProK treatment (i.e., the native
state) was determined by measuring the corresponding band intensities on the SDS-
PAGE gel.

As shown in Figure 2.2.b, WT GIpG remained intact in the presence of ProK for
48-72 hours (the half-life, t12 = ~90 hr) in detergent micelles, implying a high kinetic
stability of the native state. In stark contrast, the single mutants (M100K, T178E, L207K,
and V165E) and double mutants (M100K/T178E and L207K/V165E) exhibited a
substantially high susceptibility to ProK digestion being digested within 2 min. Thus, the
half-lives of GlpG with the ionizable residue pairs decreased by 2,700-to-18,000-fold
compared to WT. Among all mutants, the most kinetically unstable variant was the
single mutant, L207K (Figure 2.2.f). Interestingly, the single mutant M100K had the
highest kinetic stability among all variants (t1/2 = ~2 hr) (Figure 2.2.c and Table 2.1.).
These results indicate that introducing an ionizable residue in the protein interior

dramatically induces a dramatic reduction of kinetic stability of GlpG compared to WT.
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Figure 2.2. Determination of the spontaneous rate k., of GIpG with a ProK

digestion assay. (a) The reaction schem of the ProK digestion assay. GlpG was treated

with an excess concentration of ProK. k,,: spontaneous folding rate; K. ;o the rate

constant of proteolysis for random coil peptides; Koroteor: the apparent rate constant of

proteolysis measured by SDS-PAGE. When the random coil is proteolyzed much faster
than folding, the denaturation rate is approximated to the apparent proteolysis rate. (b)
SDS-PAGE result of the ProK digestion assay for WT in DDM. The spontaneous
denaturation rate (kdenat) was obtained by fitting the time-dependent changes of the
remaining GlpG fractions with the model of first order reaction y = y +Ae*denat{_ (¢)-(h)
SDS-PAGE gels of the ProK digestion assays in DDM for M100K, T0178E,
M100K/T178E, L207K, V165E, and L207K/V165E respectively.
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Table 2.1. The spontaneous denaturation rates, half-lives, denaturation time

constant of WT and the ionizable single, double mutants in DDM micelles.

K,....in micelle (sec”) 7, in micelle (sec) 1, in micelle (sec)

WT 21+02x10° 3.3+0.3x10° 3.7+0.4x10°

M100K 9.1+0.9x10" 76+0.8x10° 1.1+0.1x10"
T178E 1.0+0.1x1 0'2 67.2+5.7 97.0+8.3
M100K/T178E 58+ 0.9 x10° 119 £19 172 + 27
L207K 32405 x102 21.7+3.3 31.3+4.38
V165E 17401 x102 419+ 2.0 60.4 2.9
L207KIV165E 92 4 0.3 x10° 31.0+4.4 44.7 + 6.4

2.4.3. Oligomeric states of GlpG with ionizable residues in the protein interior
Kinetic stability results indicate that burying ionizable residue inside GlpG significantly
compromises the half-lives of the folded state. Thus, it is possible that during
denaturation (12 = ~2 min), the buried ionizable residues are exposed and mediate
oligomerization through intermolecular polar interactions. Also, it is possible that
oligomerization in the denatured states contributes to GlpG stability.

To further test this stability, | employed size exclusion chromatography (SEC) to
resolve the oligomeric states of GlpG variants. The underlying principle of SEC is that
molecules with smaller size (i.e., a lower molecular weight, condensed structure) can
dive into the pores on stationary phase which results in a longer path than the
molecules with larger size (i.e. a higher molecular weight, expanded conformation).
Therefore, larger molecules migrate early due to relatively shorter paths. Coupling with
UV detectors and absorption spectrum at 280 nm, distribution of protein sample with
different sizes can be differentiated.

In Figure 2.3.a, the superposition of the chromatogram of WT GlpG with that of
the standard proteins indicates that WT GIpG at 20 uM exists as monomer (see the
legends). For all the variants with buried ionizable residue mutants (Figure 2.3.b-f), the
chromatograms indicate that at relatively higher injected protein concentrations (20-40
pM), the ionizable variants exist as a monomer-oligomer mixture while oligomeric forms

are preferred. After the first separation, the monomer fractions were collected,
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concentrated, incubated for 2-3 hours at room temperature, and injected for the second
gel filtration. The superimposed chromatograms show that the isolated monomeric GlpG
fractions remain as monomer and slowly exchange with oligomer. Interestingly, for the
double mutant L207K/V165E, oligomer and monomer coexist even at a low
concentration while still preferring the monomeric state. Overall, our gel filtration results
demonstrate that oligomeric states of GlpG variants are concentration dependent. In
other words, at lower concentrations the equilibrium of oligomerization shifts to a
monomeric state. Therefore, under my steric trapping conditions using a low GlpG

concentration (1uM GIpG), it is expected that GlpG largely exists as monomer.

67



a - o020 05 2
E WT GIpG 0s B
2 1 mw 744 KD 8
@ 150 kD ¢ % o3 2
£ o010 Standards 670 kD B 2
a 0.2 E
o
§ 0.05 | Lot 8
a
o
0.00 - ; ‘ 00 g
20 30 40 50 60
b 0.20 0.20 e 50 0.20
M100K (20 1) w0 L207K (8 uM) Monomar
ST wWT (20 uM) Oligomer n 015 oW 20 uwy o ‘ I 015
010 1] ."Monomer o0 =] igomer i oo
0.05 - 0.05
0.00 T T T 7 0.00
iy 20 30 40 50 60
Cc ‘g 04 0.20 f >
,g oa.| TI7BE (40 uh) Lous 0| Y165E (8 uM) Loss -3
2 WT (20 uM) WT (20 M) g
~ o2 [ o1 e 20 R Low &
8 2
014 I~ 0.05 10 [- 005
§ 1]
Q2 o0 - s 0.00 0 000 =
5 . ) . A b : v F
O o020 020 20 020 ™~
d < M100K/T178E (33 uM) g L207KV165E(5 uM)
0.15 - 015 15 R - 015
WT (20 M) A WT (20 uM) "
0.10 - i\ - 0.10 ° 10 4 o010
0.05 = 0.05 54 [~ 0.05
0.00 - : - 0.00 [ ST S : 0.00
20 30 50 60 20 30 40 50 60
Retention time (min)
h = 50 o —
8 2 40 \b\f‘cr}ﬂ( Ohgomer‘ iy Monomer L o.12 5 g
2= o
@ oo _ 304 30 um For I g
2+ % ' Foos X g g
O %20 Loos wg
a8 - 0.04 e |
N 10 | - =]
<< - 1 ooz = 4]
i o T T T 0.00 -
_ 20 30 40 50 60
z » s
= f o @
g |L207kvissE i Loz & 2=
2 wT Oligomer o | % = o
s¥ v Yi . Monomer oY m=5
26 " 104 30 uM iy Loos 13 g‘ =]
FRR ~ | 5uM Foos <35
0 = — " A3
o w * 0.04 o
< < ooz & @
[{=]
- 000
2 20 30 a0 50 60 =

Retention time (min)

Figure 2.3. Determination of GlIpG oligomeric state with size exclusion
chromatography. (a) Gel-filtration chromatograms of WT GlpG (black dotted line)
superimposed with protein standards (red solid line). The molecular weights of standard
peaks were labeled. The aggregation number per DDM micelle is ~150 and the
molecular weight of a DDM is 0.5106 kD. Thus, the predicted molecular weight of a
DDM micelle- GlpG monomer complex is 99.6 kD (150*0.5106 kD + 23.4 kDa), which
agrees with the observed peak. (b)-(g) Chromatograms of WT GlpG (black dotted line)
superimposed with GlpG possessing single and double buried ionizable residues at
various concentrations (red solid line) (h)-(i) Chromatograms of WT GlpG (black dotted
line) superimposed with L207K and L207K/V165E (red solid lines), respectively. The
chromatogram for the lower injected-sample concentration represents the monomer
fractions isolated from the oligomer-monomer mixture obtained with the higher injected-

sample concentration.
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2.4.4. Impact of buried ionizable residues on the thermodynamic stability of GIpG

in DDM micelles
Next, we measured the thermodynamic stabilities (AG°n-p) of WT and variants using
steric trapping to quantify the degree of destabilization induced by the burial of ionizable
residues. Steric trapping is a method to capture the spontaneously denatured state of a
doubly biotinylated protein through the simultaneous binding of two bulky monovalent
streptavidin (mSA) molecules (Figure 2.4.a). Compared with conventional stability
measurements using chemical denaturants (i.e., GAnHCI or urea), this method is
advantageous because protein stability can be directly measured in the native solvent
and lipid environment.

Previously, two pairs of optimal double-biotinylation sites on the TM domain of
GIpG had been identified, which did not affect the activity and stability of and
engineered into Cys (P95C/G172C and G172C/V267C) to probe GlpG stability at N-
terminal (95n172m) and C-terminal (172v267c) subdomains (the subscripts N, M, and C
denote the locations of biotinylated sites in the N-terminal helix TM1, Middle helix TM3,
and the C-terminal helix TM6)''®. The double cysteine variants, P95C/G172C and
G172C/V267C, are labeled with the thiol-reactive biotin derivative carrying a pyrene
fluorophore (BtnPyr). To measure AG°n-b of GIpG, a binding isotherm is generated by
titrating the doubly-biotinylated GlpG with an increasing concentration of mSA labeled
with the dabcyl quencher (mSAbag)''°. That is, the quenching of pyrene fluoscence from
the BtnPyr label on GIpG In the binding isotherm, there are two clearly distinguishable
binding phases (Figure 2.4.b). The first tight binding phase represents the intrinsic
binding of the first mSA to either of the BtnPyr labels on GlpG. The second attenuated
binding phase is coupled to GlpG denaturation. By fitting the second binding phase to
Eq5, AG°N-p of GIpG can be obtained. In DDM micelles (Figure 2.4.b, Figure 2.5.), the
AG°n-D of WT GIpG were 5.9 £ 0.1 kcal/mol with the 95n172wm biotin at N-subdomain and
4.5 + 0.1 kcal/mol with the 172m267c biotin pair at for C-subdomain. The values agreed

with the previous determined results 5149,
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Figure 2.4. Scheme of steric trapping for measuring the thermodynamic stability
of WT GIpG. (a) The principles of steric trapping. GlpG is doubly labeled with biotin tags
at two specific residues which are spatially close in the native state but distant in the
amino acid sequence. The biotin tag (BtnPyr) is composed of three parts: a thiol-
reactive group, biotin, and fluorescent pyrene. The first monovalent streptavidin (mSA)
binds to either biotin label (AG°sing) without steric hinderance. The second mSA binds to
the other biotin label only when the tertiary structure of GlpG is transiently unraveled
(AG°~-p) because of the steric crash between bulky mSA molecules. The coupling of
mSA binding to denaturation attenuates the apparent binding affinity of the second mSA
(AG’Bind + AG°N-D). (b) Binding isotherms between the double-biotin variants of GlpG
and mSA in micelles (left) and bicelles (right). GlpG were labeled with BtnPyr-IA at N-
subdomain (95n172w-BtnPyr2) or C subdomain (172m267c). When a mSA variant with a
weaker biotin affinity is used (here mSApas-S45A in micelles and mSApas-S51Ain
bicelles), the separation of two binding phases is observed. The more attenuated
second binding indicates the higher stability (i.e., larger AG°n-p). In each plot, the
fluorescence intensity was normalized to the intensity change of the second binding
phase and AG°n-p of WT GIpG was measured in micelle or bicelle by fitting the second

binding phase with Eq.5.
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The single mutants with the completely buried L207K and V165E were highly
destabilized, as measured at both N- (Figure 2.5.a) and C-subdomains (Figure 2.5.b).
However, the magnitudes of AG°N-p of the single mutants with the completely buried
ionizable residues were significantly higher than the magnitudes of AG°~-p of the single
mutants with partially buried ionizable residues M100K and T178E, implying that the
ionizable residues buried in the interior induced the larger destabilization of the protein.

We also tested how the amphipathic residue Met100 and small polar residue
Thr178 located in N-subdomain of the lipid-contacting region contribute to stability
compared to the nonpolar residues with similar sizes, M100L and T178V. When stability
was measured for N-subdomain with the biotin pair at 958172m (Figure 2.5.a), the
single mutation T178V destabilized GlpG by 1.2 + 0.1 kcal/mol. The crystal structure of
GlpG displays the side chain-backbone H-bond between Thr178 and Leu174. Thus, the
T178V substitution may disrupt the side chain-backbone H-bond, leading to
destabilization. On the other hand, the other single mutation M100L as well as the
double mutation M100L/T178V only mildly destabilized GlpG by 0.6 + 0.1 kcal/mol.
Interestingly, when stability was measured for C-subdomain with the biotin pair at
172m267c, the AGNn-p of M100L, T178V and M100L/T178V mutants were almost
identical to WT. These results indicate that in the nonpolar environment contacting
lipids, amphiphatic Met has an energetic contribution to stability similar to Leu, and polar
Thr can be stabilizing by forming a H-bond with the backbone. However, the latter
energetic effect is highly local to the region (i.e., N-subdomain) where Thr is located as
this stabilization does not bear any effect on the local stability of the other region (i.e.,

C-subdomain).
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Figure 2.5. Binding isotherms between the double-biotin variants of GIpG and

monovalent streptavidin (mSA) to determine the thermodynamic stability of WT
and variants using steric trapping in DDM micelles. Binding was measured by
quenching of pyrene fluorescence from the BtnPyr labels, which was induced by the
dabcyl quencher conjugated to mSA (mSAbas). The double-cysteine variants of GlpG
were labeled with BtnPyr at N-subdomain (95n172m) or C subdomain (172m267c¢). In
each plot, black dashed lines indicate the intrinsic, unhindered binding of mSA variants
without the steric trapping effect. AG°N-p was obtained by fitting the attenuated second
binding phase to Eq.5. In each plot, the fluorescence intensity was normalized to the
intensity change of the second binding phase. The weaker second binding indicates the
higher stability (i.e., the larger AG°n-p). For reference, the second binding phase to WT
GIpG is shown when a given mSA variant was used (solid black line) in each plot. (a)
Binding isotherms measured at N-subdomain (95n172wm). (b) Binding isotherms

measured at C-subdomain (172,,267 )
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Figure 2.5. (cont’d).
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2.4.5. Buried ionizable residues form favorable interactions in DDM micelles
Double mutant cycle analysis was employed to study the interaction energy between
the engineered basic and acidic residues that are close to each other in the core of
GIpG. The two residues can be regarded as coupling or interacting with each other if the
sum of degree of destabilization by individual single mutations is different from the
degree of destabilization by their corresponding double mutation??4. Thus, according to
the definition of the interaction energy (AAG®int, Fig. 2.6 a), negative AAG°int represents
a favorable interaction, AAG®int of zero means no interaction, and positive AAG®int
implies unfavorable interactions. In micelles, the partially exposed ionizable pair
M100KT178E formed a favorable interaction with AAG®int=-2.0 £ 0.3 kcal/mol when
measured at N-subdomain and AAG®int=-1.6 £ 0.2 kcal/mol at C-subdomain. The fully
buried pair L207K/V165E also formed a favorable interaction with AAG®int=-2.1 £ 0.2
kcal/mol at N-subdomain and AAG®int= -3.6 * 0.3 kcal/mol at C-subdomain. The
difference between the interaction energies measured at N and C subdomains were
overall larger for the completely buried L207K/V165E pair compared with the partially
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exposed M100K/T178E pair. Overall, both the buried ionizable pairs form favorable
interaction as part of compensation for the highly unfavorable energy cost of having the

ionizable residues in the hydrophobic core of GlpG.
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Figure 2.6. Double-mutant cycle for calculating the interaction energy (AAG®int) of
the buried ionizable pairs in DDM micelles. (a) The scheme of double-mutant cycle
and equations for calculating the interaction energy, AAG°int. (b) and (¢) The double-
mutant cycles for M100K/T178E contain the stability changes upon single and double
mutations and the interaction energy measured at N-subdomain and C-subdomain. (d)
and (e) The double-mutant cycles for L207K/V165E.
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2.4.6. Impact of buried ionizable residues on the kinetic stability of GIpG in

DMPC/CHAPS neutral bicelles
Recent studies have highlighted the critical roles of lipid-enriched hydrophobic
environments in maintaining the conformational stability of membrane
proteins'’. However, it is not well understood how different hydrophobic environments
precisely impact the thermodynamic stability, kinetic stability, and functionality of
membrane proteins bearing buried ionizable residues. Here we compare the impacts
between a lipid-based system and a detergent-based system in their ability to
accommodate ionizable residues. | first measured the kinetic stability of single and
double mutants in DDM micelle and zwitterionic 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) and 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate (CHAPS) neutral lipid bicelles. Cryo-electron microscopy structure
revealed that at a molar ratio of DMPC to CHAPS of 1.5, uniform oblate spheroidal
bicelle particles with an average diameter of 90 A were formed, suggesting the
formation of lipid-segeregated bicelle with a planar bilayer phase in the center rather
than mixed micelles'’. In contrast, detergent DDM formed near-spherical micelles with
a smaller average diameter of 60 A'47.

In parallel to the study in DDM, we evaluated the kinetic stability of GlpG in the
lipid bilayer environment provided by bicelles by a proteolysis assay. The susceptibility
of membrane protein to nonspecific proteolysis by ProK served as an indicator of
differentiating the denatured state from the folded state. As shown in Figure 2.7 a, over
80% of WT GIpG remained intact after 12 days at room temperature. Although the
current setup cannot determine the absolute half-life or the intrinsic denaturation rate of
WT GIpG due to the loss of ProK activity during prolonged incubation, the fact that the
half-life of WT GIpG in detergent was ~90 h allowed us to confidently conclude that the
WT GIpG has higher kinetic stability in lipid bicelles than in detergent micelles. This
conclusion is further supported by a previous study, which reported an intrinsic
denaturation rate of approximately 110 hours for WT GIpG in DMPC/CHAPS bicelle at
37°C 233, Additionally, the half-life of the single mutant M100K was approximately 25
hours in bicelles, which is 12-fold longer than its half-life in micelles. However, the

bicelle environment did not provide further kinetic stabilization to the other mutants. In

75



fact, the intrinsic denaturation rate of the other mutants such as T178E, M100K/T178E,
L207K, V165E and L207K/V165E were even faster in bicelles compared to micelles
(Figure 2.6.c-g and Table 2.2.). These results indicate that, for most of the buried
ionizable residue mutants, the bicelle environment does not provide additional
enhancement of the kinetic stability compared to the micelle environment.
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Figure 2.7. Determination of the spontaneous denaturation rate Kdenat using ProK
digestion assay. (a)-(g) SDS-PAGE results obtained by ProK digestion assays in 2%
neutral DMPC/CHAPS bicelles (the molar ratio of DMPC to CHAPS = 1.5) for WT GlpG,
M100K, T178E, M100K/T178E, L207K, V165E, and L207K/V165E variants respectively.
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Table 2.2. Intrinsic denaturation rate, half-life, denaturation time constant of wild

type and ionizable single, double mutants measured in DMPC/CHAPS bicelle.

Koo i bicelle (sec'1) t, ., in bicelle (sec) f, in bicelle (sec)
WT N/D N/D N/D
M100K 75+1.0x10° 9.3+1.0x10°  1.320.2x10°
T178E 16+0.1 X1O-2 440+ 3.0 64.0+4.0
M100KT178E 89405 x10~ 78.0 £5.0 110 £7.0
L207K 40+03x102 17.0%1.0 25.0 £2.0
V165E 18+0.0x107 39.0+3.0 56.0+4.0
L207KV165E 51 401 x102 14.0 2.0 20.0+2.0

2.4.7. Impact of buried ionizable residues in thermodynamic stability of GIpG in

the DMPC/CHAPS neutral bicelles
In neutral DMPC:CHAPS bicelles (q = 1.5), the measured AG°n-p’s of WT GIlpG were
7.1 £ 0.2 kcal/mol at N-subdomain and 6.8 £ 0.1 kcal/mol at C-subdomain. The values
agree with the previous determined results'#’ (Figure 2.8.a). Compared with the
stabilities measured in DDM micelle, the mutants, M100L, T178V, and M100LT178V, are
better tolerated in lipid bicelles, that is, the stability changes induced by these mutations
(AAG°n-DwT-Mut’'S) in micelles were smaller than those in bicelles. At N-subdomain,
AAG°N-p, wr-Mut Of the partially exposed single mutants M100K and T178E were +1.3 £
0.3 kcal/mol and +1.9 £ 0.3 kcal/mol respectively, moderately destabilizing the protein
(1.7 and 2.8 kcal/mol in micelles, respectively) (Figure 2.8.a). At C-subdomain, AAG®n.-p,
wr-mut Of M100K and T178E were +1.2 + 0.1 kcal/mol and +1.5 + 0.2 kcal/mol
respectively, destabilizing the protein (1.4 and 1.8 kcal/mol in micelles, respectively).
AAG°N-D, wr-Mut Of M100K/T178E double mutant were +1.9 £ 0.2 kcal/mol and +1.6 £ 0.1
kcal/mol when measured in N and C subdomain respectively (Figure 2.8.b). The double
mutation destabilized GlpG yet the destabilization by the two single mutations were not
additive, implying the coupling of the two residues.

At N-subdomain, AAG°n-p, wr-mut Of the completely buried single mutant L207K
and V165E were both +1.6 £ 0.2 kcal/mol, destabilizing the protein (3.4 kcal/mol in
micelles). At C-subdomain, AAG°n-p, wr-mut Of L207K and V165E were +1.9 £ 0.1
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kcal/mol and +1.7 £ 0.1 kcal/mol, respectively (2.7 and 1.8 kcal/mol in micelles,
respectively), similar to the destabilization observed at N-subdomain. The AAG°N-D,WT-Mut
of the double mutant L207K/V165E were +2.7 £ 0.2 kcal/mol and +2.1 £ 0.2 kcal/mol
when measured at N and C subdomain, respectively. Overall, the degree of
destabilization was smaller in bicelles than in micelles, indicating that the buried

ionizable residues are better tolerated in bicelles than in DDM micelles.
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Figure 2.8. Binding isotherms between doubly-biotinylated GlpG variants and
monovalent streptavidin (mSA) variants to determine the thermodynamic stability
of GIpG using steric trapping in DMPC/CHAPS bicelles. In each plot, the
fluorescence intensity was normalized to the intensity change of the second binding
phase. The fitted stabilities of WT and mutants are shown. For reference, the simulated
second binding phase for WT GIpG (solid black line) and the intrinsic unhindered
binding phase of mSA (dotted black line) are shown in each plot. (a) Binding isotherms
measured at N-subdomain (95n172wm). (b) Binding isotherms measured at C-subdomain
(172m267 c-BtnPyr2)
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Figure 2.8.(cont’d)

b
AGyp in kcal/mol

AGyp in kcal/mol
M100L-6.7 £ 0.0
M100K -5.6 £ 0.1
M100KT178E-5.2 £ 0.1

WT -6.8 £0.1
T178V -7.2 £ 0.1 .
M100LT178V -7.1 £ 0.1

o 10 20 30 40 s0 &0

[MSAnas-E51S]

T178D -4.3 £ 0.1
M100KT178D -4.5+£0.1 ,

T T T T T T 1
[ 0 20 0 40 50 60 [] 10 20 30 40 50 60

[mSADAE-SZ?'A] [MSApag-S27A]

T178Q -4.9 £ 0.1
M100KT178Q -4.9+0.2

[Normalized Pyrene Fluorescence

L207K-4.9 £ 0.1
o] V165E -5.1 £ 0.1 .
vod ool T2 L207KV165E-5.1 £ 0.1 ,,

T T T T T T 1 T T T T T T 1
o 10 20 30 40 50 60 L] 10 20 30 40 50 60

[MSApas-S27A] [MSApas-S27A]

V165Q -5.0 + 0.1
——y o, L207KV165Q-4.6+£0.3

:
(R [P —

2.4.8. Buried ionizable residues form favorable interactions in neutral bicelles
Next, we quantified the interaction strengths (AAG°int) between the buried ionizable
residues in lipid bicelles using double mutant analysis (Figure 2.9.). Overall, the
Lys100/Glu178 and the Lys207/Glu165 pairs form favorable interactions, with AAG®int
values ranging from -0.5 £ 0.3 to -1.5 £ 0.2 kcal/mol. Interestingly, however, when
comparing these interaction energies between bicelles and micelles, the interactions
between the buried ionizable residues in bicelles were weaker than in micelles. An
outstanding example is the completely buried L207K/V165E pair in N-subdomain in lipid
bicelle with the AAG®int of -0.5 + 0.3 kcal/mol weaker that AAG®int of -3.6 £ 0.3 kcal/mol
in micelles.

Across all the interaction energy of double mutants obtained from the different
subdomains and hydrophobic environments, AAG i, values spanned a range of -3.6 to -

0.5 kcal/mol (Figure 2.10.a). We further categorized these AAG®int values based on the

79



hydrophobic environment (micelle vs. bicelle) and subdomains. The student t-test
revealed a significant difference (p<0.05) in AAG°int obtained between N and C
subdomains in micelles, but no difference (p>0.05) in AAG°int obtained between N and C
subdomains in bicelles (Figure 2.10.b). Thus, the interaction energies were more
uniform between different subdomains in the lipid environment provided by bicelles than
in micelles. Notably, the pooled AAG®int values from micelles and bicelles were
significantly different (p<0.05) (Figure 2.10.b), indicating that the aforementioned
smaller interaction energies between the ionizable residue pairs in bicelles than those in
micelles had a statistical significance. This discrepancy may arise from the relatively
enhanced conformational stability of C-subdomain in bicelles (i.e., the uniform
interaction energies across the subdomains) and a larger unfavorable contribution from
bicelles to the interaction energies between the ionizable groups (i.e., the smaller
interaction energies in bicelles than in micelles). This unfavorable contribution is likely
stemmed from the poorer partition of the groups into the more dehydrated hydrophobic

core of the bicelles compared to that of the micelles.
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Figure 2.9. Double-mutant cycle analysis for calculating the interaction energies
of buried ionizable pairs in DMPC/CHAPS bicelles. (a) and (b) Double-mutant cycles
for the M100K and T178E substitutions and the associated their stability changes and
interaction energies at N-subdomain (a) and C-subdomain (b); (c) and (d) Double-
mutant cycles for L207K and V165E substitutions and the associated stability changes

and interaction energies at N-subdomain (¢) and C-subdomain (d).
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Figure 2.10. Statistical analysis of the interaction energies measured in different
environments and at different subdomains. (a) Histogram of all interaction energies
(AAG®int) in N-subdomain and C-domain in micelles and bicelles, respectively. (b) Box
plots of AAG®int’'s and the t-test results between two relevant data sets. Asterisks indicate

the statistically different data pair with p<0.05.

2.4.9. lonizable residues are more likely to exist as neutral form in GlpG

In principle, to unequivocally assign the charged state of buried ionizable residues, pKa
of buried Glu and Lys should be determined by measuring the stabilities of WT and
mutants at different pHs and by creating a titration curve. However, this strategy is not
applicable with our current steric trapping method due to the difficulties in determining
the intrinsic biotin affinities of mMSA variants at different pH’s and the poor behavior of
mutant proteins (i.e., aggregation at lower pH’s). As an alternative strategy, | replaced
ionizable residues (e.g., Glu) with the neutral polar residue having a similar sidechain
and volume (e.g., GIn) as a nonionizable proxy representing the charge-neutral state.
Accordingly, | measured the stability of T178Q, V165Q, M100K/T178Q, and
L207K/V165Q variants in micelles and bicelles (Figure 2.5. and Figure 2.8.). | expected
when buried individually, the charged Glu residue would be much less tolerated than

with its charge-neutral proxy, GIn. Overall, when measured under the same conditions
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(i.e., the same position, the same environment, and the same subdomain), the single
Glu-to-GIn mutation yielded a similar stability. | also expected when buried
simultaneously with charged Lys, the charged Glu form would interaction more strongly
with Lys than the Lys-GlIn pair. However, the double mutant cycles yielded a similarly
favorable interaction energy between Lys-Glu and Lys-GIn pairs (Figure 2.11., Figure
2.6., Figure 2.9., and Figure 2.12.).

Together, these results suggest that the buried Glu residues are more likely to
exist as a charge-neutral form and form a polar-polar instead of a charge-charge
interaction with Lys. Previous study indicates the strength of salt bridge interaction
depends on the geometry of the two oppositely charged residues’®. It is agreed that
according to the Columb’s law, the attraction between opposite charges is inversely
proportional to distance between the two charges. | expected that the increase in
distance between the charged centroids of oppositely charged side chains would cause
a decrease in the strength of salt bridge interaction if there are no extra favorable H-
bonding interaction formed. Compared to Glu, Asp has a shorter side-chain length that
will increase the distance from Lys. The double mutant cycle analysis (Figure 2.5.,
Figure 2.8. and Figure 2.12.) indicates that M100K/T178D pair and M100K/T178E pair
yielded a similar favorable interaction under the same condition. Therefore, it is hard to
differentiate contributions of the side chain distance by comparing the stability changes

and interaction energies.
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Figure 2.11. Double-mutant cycles for calculating the interaction energy of buried
ionizable/polar residue pairs in DDM micelles. (a) and (b) The double-mutant cycles
for the M100K/T178Q substitutions at N- and C-subdomains. (¢) and (d) The double-
mutant cycles for the L207K/\VV165Q substitutions at N- and C-subdomains.
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#1201
wr 13203 100kT178 WI ——>  MI100K

+1.4+0.1 +07+02 +1.7+0.1 +0.5+0.2
00£02
miooT178Q 228202 0 okt1780 T178Q ——————>M100KT178Q
AAG®=-0.7 + 0.3 keal/mol AAG®=-1.2 0.2 kcal/mol
c d
+16+02
WT  —— 2% o [ 207KV165 wr 1801 . 507k
+24+02 +1.1+0.1 +1.8+0.1 +0.3+0.3
viesq —2320.1 5 o67kvie5Q viesqa 94203 3 o07kviesq
AAG®, = -13 + 0.2 kealimol AAG®,,=-15 + 0.3 kcal/mol

Figure 2.12. Double-mutant cycles for calculating the interaction energy of buried
ionizable/polar residue pairs in bicelles. (a) and (b) The double-mutant cycles for the
M100K/T178Q substitutions at N- and C-subdomains. (¢) and (d) The double-mutant
cycles for the L207K/V165Q substitutions at N- and C-subdomains.
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Figure 2.13. Double-mutant cycles for calculating the interaction energy of buried
ionizable/polar residue pairs in different environments. (a) and (b) The double-
mutant cycles for the M100K/T178D substitutions at N- and C-subdomains in micelles.
(c) and (d) The double-mutant cycles for the M100K/T178D substitutions at N- and C-

subdomains in bicelles.

2.4.10. Cooperativity of buried ionizable residues in micelle and bicelle
Next, we analyzed how the destabilization (i.e., the perturbation of side-chain
interactions) caused by the buried ionizable/polar residues propagates within GlpG
using the cooperativity profiling based on the steric trapping strategy''®. Steric trapping
captures the unraveling of the tertiary contacts around the region containing a specific
biotin pair, allowing the measurement of local stability of a protein depending on the
position of a biotin pair. By measuring the stability changes induced by a point mutation
with the biotin pairs located in different regions of GIpG, the degree of propagation of
the perturbation caused by the mutation can be quantitatively evaluated.

Here, the effect of a single mutation on stability (AAG®°n-pwT-mut) is measured with two

biotin pairs located in N and C subdomains (i.e., AAG°N-p,wT-MutN and AAGON-DwT-MutC,
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respectively). If the difference in the measured stability changes (AAAG® = AAG®y,wT-Mut"
- AAGy,wt-mut®) is smaller than the thermal fluctuation energy (JAAAG®| < RT = 0.6
kcal/mol), it means the impact of the point mutation is uniformly propagated throughout
GIpG. Thus, the WT residue is involved in “cooperative” interactions with the
surrounding. When the mutation preferentially destabilizes the subdomain containing
the point mutation (|JAAAG® | > RT), the WT residue is engaged in “localized”
interactions,. Finally, when the more destabilized subdomain does not contain the point
mutation, (JAAAG® | > RT), the perturbed WT residue is engaged in an “over-
propagated” interaction.

In micelle, four out of nine single mutations corresponded to “localized”
interactions in N-subdomain (RT < [AAAG®° | < 2RT) (Table 2.3.). For the M100L and
M100K point mutations (WT residue was Met), the perturbation of the side-chain
interaction was evenly propagated (i.e., “cooperatively” engaged). The mutation on
L207K caused over-propagated interaction. Thus, in micelles, the residues are engaged
with the surrounding with various cooperative profiles.

On the other hand, most of the mutated residues are engaged in cooperative
interactions in bicelles (Table 2.4.). These results are consistent with our previous study

that most of the residue interactions in bicelles are cooperatively engaged'’.
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Table 2.3. Summary of the thermodynamic stability, change in thermodynamic

stability upon mutation relative to WT, and cooperativity measured in micelles.

N-subdomain (95,172,,) C-subdomain (172,267 .)
Mutants AG®, (kcal/mol) AA(chI-/DrﬁWoTI-)MUt AG®\ p (kcal/mol) (AKAC(; /2%"’;”""'“‘ AAAG® (kcal/mol) Cooperativity
WT 5.9+0.1 45+0.1

M100L 53+0.2 +0.6 £ 0.2 44+0.1 +0.1+£0.1 +0.5+0.1 Cooperative
T178V 4.7+0.1 +1.2+0.1 46+0.0 -0.1+£0.1 +1.3+0.1 Localized N-subdomain
M100K 42+0.1 +1.7+£0.1 3.1%0.1 +1.4+0.1 +0.3%0.1 Cooperative
T178E 3.1+0.1 +2.8+0.2 27%0.1 +1.8+0.2 +1.0+£0.3 Localized N-subdomain
T178D 3.3+0.2 +2.6+0.2 29+0.2 +1.6+0.2 +1.0+£0.3 Localized N-subdomain
T178Q 25+0.1 +2.3+0.1 29+0.1 +1.6+0.1 +0.7 £ 0.3  Localized N-subdomain
L207K 25+0.2 +34+0.2 1.8+0.2 +2.7+0.2 +0.7£0.3

V165E 25101 +3.4+01 27+041 +1.8+0.1 +1.6+£0.1 Localized N-subdomain
V165Q 2.7+0.2 +3.2+0.2 2.7+0.1 +1.8 0.1 +1.4+0.2 Localized N-subdomain

Table 2.4. Summary of the thermodynamic stability, change in thermodynamic

stability upon mutation relative to WT, and cooperativity measured in bicelles.

N-subdomain (95,172,,) C-subdomain (172,267 .)
Mutants AG®,,  (kcal/mol) AA(SC;‘I'/Drth;')MU‘AGN_D (kcal/mol) AA(chl_/DrﬁWcII_)MUt AAAG® (kcal/mol) Cooperativity
WT 7.1+0.2 6.8+0.1

M100L 6.5+0.1 +0.6 +0.2 6.7+0.0 -0.1+0.1 +0.5+£0.2 Cooperative
T178V 72+0.2 -0.1£0.3 721041 -04+0.1 +0.3+£0.3 Cooperative
M100K 58+0.2 +1.3+£0.3 56101 +1.2+0.1 +0.1+0.3 Cooperative
T178E 52+0.2 +1.91+0.3 53%0.2 +1.5+0.2 +04+04 Cooperative
T178D 49+0.2 +2.2+0.3 43101 +2.5+0.1 -0.2+0.3 Cooperative
T178Q 57101 +14+0.2 49101 +1.9+0.1 -0.5+£0.2 Cooperative
L207K 55+£0.1 +1.6+0.2 49101 +1.9+0.1 -0.31£0.2 Cooperative
V165E 551£0.2 +1.6+0.2 51101 +1.7+£0.1 +0.1+0.2 Cooperative
V165Q 4.7+0.1 +2.4+0.2 5.0+01 +1.8+ 0.1 +0.6 £ 0.2 Localized N-subdomain
2.411. Effect of buried ionizable residues on enzymatic activity of GlpG

Finally, we investigated the effect of burying ionizable residues on the proteolytic activity
of GlpG. In the case of staphylococcal nuclease with buried ionizable residues, the
enzymatic activity is not disrupted for most of the sites unless the engineered sites are
contacting the active site?'6. As an indicator of folding and conformational integrity of
GlpG'#, the enzymatic activities of the variants with buried ionizable residues were
measured in micelles and bicelles using the model TM substrate LacYTM2 234-236 gnd
the model water-soluble substrate MMPS-042. The two substrates probe different
aspects of the conformational integrity of GlpG. The TM substrate LacYTM2 interacts
with GlpG through the binding to the “TM2-TM5 substrate docking site” (i.e., “the lateral
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gate”) within the membrane'7-176, The water-soluble substrate MMPS-042, which is a
10-mer peptide??!, is more likely to access the active site directly from the aqueous
phase to the opening of “L5 cap” on the catalytic dyad.

We observed the improvement in enzymatic activity for all mutants toward the TM
substrate LacYTM2 in bicelles over micelles (Figure 2.14.b). The improvements were
2- to 3-folds for the mutations to the nonpolar residues including M100L, T178V and
M100LT178V, and were near ten-fold for the mutations to the ionizable residues. In
contrast, the improvement of bicelle over micelle toward the water-soluble substrate
MMPS-024 was much lower (Figure 2.14. b,d). Most of the buried ionizable single or
double mutations significantly inactivated GlpG, suggesting that either the folding or the
conformation of the active site was perturbed. The mutation M100K was an exception
maintaining 70+ 7% and 94 + 7% of the proteolytic activity toward the TM substrate in
micelles and bicelles respectively, and 47+ 4% and 61 £ 9 % toward the water-soluble
substrate MMPS-024 in micelles and bicelles respectively. Although the possibility that
the ionizable residues in the protein interior perturbed the active site, it is also likely that
the dramatic inactivation stemmed from the short lifetime of the folded state (~2 min)
caused by the buried ionizable residues. The timescale of the substrate turnover by
GlpG is 10° to 10" min, which overlaps with the lifetime of the folded state for the
mutants with the buried ionizable mutations. That is, the mutants do not have enough

time to carry out the catalysis reaction.
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Figure 2.14. Activity assays to measure the impact of buried ionizable residues on
GlpG activity. (a) The scheme for measuring the proteolytic activity of GlpG with the
TM model substrate SN-LacYTM2 (SN: staphylococcal nuclease fusion; LacYTM2: the
second TM segment of E. coli lactose permease). SN-LacYTM2 is labeled with the
environment-sensitive fluorophore NBD on the five-residue upstream of the scissile
bond. The cleavage of LacYTM2 induces the transfer of NBD from the hydrophobic
bicelles to the aqueous phase. The transfer induces the decrease in NBD fluorescence.
(b) Proteolytic activity (mean % s.d., N = 3) of GlpG variants toward LacYTM2. (c¢) The
scheme for measuring the proteolytic activity of GlpG with the water-soluble model
substrate MMPS-024. The peptide before proteolysis is an internally quenched state.
The N-terminus of MMPS-024 is labeled with the fluorophore mca (7-
methoxycoumarin). The quencher dnp (dinitrophenol) is conjugated on the C-terminus.
The lower-case v stands for the nonnative amino acid norvaline. The cleavage of the
scissile bond induces the increase in mca fluorescence. The size of the substrate
relative to GlpG is not realistic, just for illustration. (d) Proteolytic activity (mean + s.d., N
= 3) of GlpG variants toward MMPS-024.
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2.5. Discussion

Although the ionizable residue pairs (i.e., the interaction between acidic and basic
residues) inside membrane proteins has been proven to be important in membrane
protein function and stability, their energetic impacts on stability and the influence of
different solvation environments have been rarely studied. In this study, | tackled these
problems through systematic site-specific mutagenesis, steric trapping, proteolysis, and
double mutant cycle analysis using a TM helical protein, E. coli GlpG. My findings
demonstrate that the incorporation of ionizable residues in the core of GIpG destabilizes
the protein, leading to a moderate-to-substantial reduction in both thermodynamic and
kinetic stability. Despite the energetic disfavor of burying the ionizable residues inside
the protein, we observed that the interactions between the acidic and basic residues are
moderately favorable with the AAGCinter of (-0.5 kcal/mol to -3.6 kcal/mol). Further
comparative stability studies in different hydrophobic environments (i.e., in micelles and
bicelles) show that bicelles more effectively maintain the conformational stability and
enzymatic activity of GIpG. Interestingly, the interaction between the ionizable acid and
basic residues were weaker in bicelles than it is in micelles. Although our bicelle
preparation (3% w/v-% DMPC:CHAPS, q = 1.5) contains a significant portion of
detergent CHAPS, our previous physical characterizations of bicelles (cryo-EM, small-
angle X-ray scattering, fluorescence anisotropy, and Laudan fluorescence) indicate that
the hydrophobic thickness, the gel-fluid phase transition temperature, and the strength
of amphiphile-amphiphile packing of our bicelles are very similar to those of a pure
fluidic DMPC bilayer. Thus, the lipid segregation into the center of bicelles effectively
occurs in our bicelles and thus, our bicelles provide a reasonable bilayer mimicking
physical environment for membrane proteins.

Here, we carefully selected two inter-helical nonpolar residue pairs neighboring
the internal cavities with the consideration of the residue distance (preferably less than
4 A) to form two potential ion pairs. The increased tendency to oligomerization shown
from SEC profiles and the significantly higher intrinsic denaturation rate observed for the
variants bearing ionizable residues compared to those for WT suggest that when the
internal residues are exposed upon denaturation, the ionizable residues have a

significant tendency to induce inter-chain oligomerization. We observed that lipid
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bicelles improve the kinetic stability of GlpG. However, for the single and double
mutants bearing the ionizable residues, the intrinsic denaturation rates in bicelles are
similar to those in detergent micelles. Interestingly, the decrease in activation free
energy (AAGP *n.pwT-mut) upon mutation are overall larger than the decrease in stability
(AAG® N-D,wT-Mut) in micelles (Figure 2.15.). That is, buried ionizable residues are highly
detrimental to the maintenance of a kinetically stable native state. It is surprising that the
M100K residue that is partially lipid-exposed is relatively better tolerated compared to
L207K buried in the protein interior. It is possible that the conformational perturbation
caused by the Lys residue at the position 100 is energetically less extensive thus can be
better accommodated in the lipid environment. This accommodation of the partially lipid-
exposed Lys could be due to the deprotonation of the amine group to the charge neutral
state and to the formation of a side chain-backbone H-bond similar to the stabilization of
the Thr178 side chain by the side chain-backbone H-bond.
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Figure 2.15. Comparison of GIpG kinetic stability and thermodynamic stability
changes caused by burial of ionizable residues in micelles. Comparison of the
mutational impacts on the kinetic stability (quantified as activation energy to transition
state during denaturation AAG#*°n-p, wT-Mut = AG#N-D, wT — AG#°N-D, Mut,
AG*°N-D=- RTInKgenat) and thermodynamic stability change (AAG°n-p, w-mut = AG°N-D, WT —
AG°N-D, Mut) in micelles. The solid lins with the slope (m) = 1 are shown as guide to
indicate the equal change in activation energy AAG*°n-p, wr-mut and thermodynamic

stability change AAG°N-D, wT-Mut
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Additionally, we observed that the introduction of ionizable residues into the core
of GlpG induced a dramatic loss of activity. Based on the correlation between kinetic
instability and the degree of inactivation, it is highly likely that the loss of activity stems
from the kinetic instability (i.e., the short lifetime of the functional native state) rather
than the perturbation of the native state by the buried ionizable residues (Figure 2.16.a-
b).
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Figure 2.16. Correlation between the half-lives of the native states of GIpG WT
and the variants vs their proteolytic activities in micelles. The linear trend lines are
curved due to the scale of the native state half-life in the logarithmic format. All activities
were normalized to the activity of WT GIpG. (a) Correlation with the proteolytic activity
toward the TM substrate SN-LacYTM2. (b) Correlation with the proteolytic activity

toward the water-soluble model substrate MMPS-024.

It is interesting that the thermodynamic stability of the ionizable residue-bearing
is compromised, but to a limited level. For those mutants, AAG°Nn-pwT-mut ranges 1.7 to
3.4 kcal/mol for N-subdomain and 1.4 to 3.4 kcal/mol for C-subdomain in micelle;
AAG®N-DwT-Mut ranges from 1.3 to 2.7 kcal/mol for N-subdomain, and 1.2 to 2.5 kcal/mol
for C-subdomain in bicelle. For comparison, Leu207, one of the target residues for
substitution to Lys, has been recognized as a critical residue since it is involved in the
tight inter-helical side-chain packing interaction (i.e., with Leu161 on TM2)>'. As a resullt,
the destabilization caused by replacing Leu with Ala disrupting the TM2-TM4 interhelical
packing (i.e., a “large deletion” mutation) was dramatic in both micelles and bicelles with

15,147 AAGON-DWT-Mut = 3 to 4 kcal/mol in micelle and AAG°N-b.wT-Mut = ~5 kcal/mol in
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bicelle'>147, Counterintuitively, the destabilization caused by L207A mutant is severer
than the destabilization by L207K and L207Q. This result would imply the critical
importance of van der Waals packing interaction in membrane protein stability over
polar interactions. While the nonpolar-to-polar substitution destabilizes the protein by
the increased desolvation cost of burying a polar residue in the nonpolar protein core,
the Leu-to-Lys substitution reasonably maintains the packing constraints around the
substitution site, not leading to severe destabilization.

These scenarios (i.e., the tolerance of lipid-contacting Lys and the less-than-
expected degree of destabilization by the substituted ionizable residues) would be valid
if the ionizable residues become charge-neutral in the protein interior. My result that the
substitutions from Thr178 and Val165 to Glu or GIn have a negligible difference in GlpG
stability partially support this premise. That is, Glu is highly likely to exist as the neutral

state within the hydrophobic core.
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CHAPTER 3: Investigate the origin of thermostability and activity of thermophilic
rhomboid proteases in comparison to their mesophilic homologs
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3.1. Summary

Proteins in thermophilic microbes maintain their fold and activity at high temperatures
(80—-110°C) and pressures (200-500 atm). In the phylogenetic tree, thermophilic
bacteria and archaea dominate deep and short branches visually indicating their early
emergence and slow rates of evolution. Thus, studies regarding the thermostability and
activity of thermophilic proteins are generally beneficial to the fundamental
understanding of protein stability and evolution. While such studies have largely focused
on water-soluble proteins, the principles of thermostability and maintenance of activity
under extreme conditions are not well understood for membrane proteins. Here, | tackle
these problems using the universally conserved rhomboid protease family as a model.
Three rhomboids from thermophilic bacteria (TmRh from Thermotoga maritima) and
archaea (PfuRh from Pyrococcus. furiosus and TpRh from Thermococcus profundus)
were cloned, expressed, and purified in E. coli cells.

Interestingly, the delipidated thermophilic rhomboids solubilized in micelles were
fully inactivated below the optimal growth temperatures of their origins with their
thermostability no greater than the mesophilic rhomboid GlpG from E. coli (EcGIpG).
Additionally, the thermophilic rhomboids displayed varied activities towards
transmembrane (TM) and water-soluble substrates. The activity variation is correlated
with the lengths of the loops (L4 and L5) around flanking TMH (TM Helix) 5, which
serves as a lateral gate for TM substrates. These results lead to two hypotheses: i)
Thermostability of thermophilic membrane proteins are not acquired solely by their
intraprotein interactions but the interactions with their native lipids are critical; ii) The
lengths of the TMH4 and TMH5-flanking loops modulate the activity of rhomboids by

controlling the mobility of their lateral gates.
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3.2. Introduction

Life thrives in nearly every corner of earth, from the intense heat of deep-sea
hydrothermal vents to the icy peaks of the Himalayas, and even in boiling hot springs or
the frozen plains of Antarctica 237. Organisms that adapt to extreme conditions are often
grouped by the specific challenges they overcome—like temperature extremes
(psychrophiles at low temperatures and thermophiles in intense heat), high-salt habitats
(halophiles), acidic or alkaline conditions (acidophiles and alkaliphiles), and high-
pressure zones (barophiles). Thermophiles are microbes that adapt to higher
temperatures (80-110 °C). The phylogenetic tree based on the sequence of small
subunit ribosomal RNA’s has tripartite divisions that correspond to bacterial, archaeal
and eukaryal domains harboring the root as a universal common ancestor?.
Thermophilic organisms dominantly occupy deeper and shorter branches in the
phylogenetic tree, suggesting their early emergence during evolution and slower
evolution rates. Due to the heat resistance of their native conformation and activity, the
proteins from thermophiles have garnered particular interests regarding protein
engineering and industrial applications. For example, the widely used high-fidelity Pfu
DNA polymerase, which maintains activity at 90 °C, was originally discovered and
isolated from the thermophilic archaeon Pyrococcus furiosus?3®. The naturally dimeric
ferritin found in thermophilic bacteria Thermotoga maritima forms protein nanocages
and can be further engineered into various types of nanostructures for biomedical
applications such as DNA protection against heat?4°. Thus, it is critical to understand
fundamental principles behind how proteins maintain their folding and activity at high
temperatures.

Heat increases molecular vibrations, consequently disrupting the non-covalent
interactions such as H-bonding, VdW packing, and salt-bridge interactions which are
essential for stabilizing the secondary and tertiary structures of proteins. To better
understand the thermodynamic principles that govern protein stability under heat stress,
Becktel and Schellman used the temperature dependent stability curve (Figure 3.1.a)
that can be described by the modified Gibbs-Helmholtz equation (Eg1). This equation
relates the heat capacity change upon unfolding (AC,), melting temperature (Tm), and

enthalpy change (AHn) to the thermodynamic stability (AGu) of a protein?*'. Nojima and
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coworkers proposed three strategies of how proteins modulate their stability (Figure
3.1.b) to adapt to higher temperatures (i.e., greater protein stability AGu and melting
temperature Tm)?*2: (1) an upshift of the stability curve to achieve a higher maximum
stability AGs, accompanying an increase of Tm (Il) a broadening of the stability curve
(i.e., a reduction of ACp) to achieve a higher Tm (lll) a shift of the stability curve towards
the right direction for a greater Tm. The second derivative (Eq 2) of the Gibbs-Helmholtz
equation (i.e., the curvature of the stability curve) is directly translated into AC,. Thus,

the ACyp should be smaller to achieve a higher stability,.
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Figure 3.1. Stability curves for hypothetical proteins?3’.(a) Stability curve of a
hypothetical protein plotted as a function of temperature. The curve can be described by
the modified version of Gibbs-Helmholtz equation (Eq 1). Ts represents the temperature
at maximal stability AGs, Tmis the melting temperature when AG = 0, Twis the habitat
temperature for the organism having the protein. (b) Stability curves show three
strategies to achieve higher thermostability (i.e., the higher melting temperature Tm).
The reference stability curve of a hypothetical mesophilic protein is in solid line. The Tm
can increase by shifting the curve upward, which increases the overall stability, AG
(strategy | depicted in diamonds); by broadening the curve (strategy Il depicted in
circles), or by shifting the curve to the right (strategy Ill depicted in squares). Reprint
permission from John Wiley and Sons (license number: 6040840345436).
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AG = (1T—Tn) AHr - [(Tm-T)+TIn (T—Tm)] AC»# (Eq1)

dAG(Ts) _ AG
oT  Ts

(Eq2)

The database that compares the experimentally determined thermodynamic
parameters of homologous proteins from thermophiles and mesophiles only contains
water-soluble proteins, many of which are DNA or RNA-interacting proteins237.
Interestingly, the comparison between a histone protein MB from thermophilic archaea
and its mesophilic homologue MfoB (80% sequence identity) showed that all three
strategies (i.e., the lower AC,, higher AGs, and higher Ts) are applied in MfB with the
higher melting temperature Tm (113°C vs 74.8°C)?43,

A global, non-redundant structural analysis of 64 mesophilic and 29 thermophilic
proteins from 25 protein families show that thermophiles tend to have more ion pairs
whose centroids of the charged groups are separated within 4 A, suggesting the
prevalence of salt bridge interactions in thermophilic proteins?*4. The comparative
analysis of the amino acid distributions from eubacteria proteins suggests that there are
more positively and negatively charged residues (i.e., Arg, His, Lys, Asp, and Glu) on
the surface of thermophilic proteins compared to their mesophilic homologues 24°.
Consistent with these analyses, Wong and coworkers also show that the water-soluble
thermophilic protein, ribosomal L30e, from Thermococcus celer enhances its
thermostability through the ion-pair interactions at the surface?*¢. Through the Ala-
scanning and double mutant cycle analysis, they determine that the two ion-pairs,
Glu6/Arg92 and Glu62/Lys46, stabilize the protein by 2 kcal/mol and 5 kcal/mol in AG,
respectively?*6. The Gibbs-Helmholtz analysis further shows that abrogating the two ion-
pairs via Ala substitutions leads to an increase in AC, (i.e., 5.3 kcal/mol/K for WT and
6.7 kcal/mol/K for Ala6/Ala92 double mutant), reducing the Tm. In the comprehensive
survey of 29 thermophilic proteins and 64 of their mesophilic homologues from 25
protein families, the correlation between the number of ion pairs and the optimal growth
temperature is observed?*’. Taken together, the surface ion-pair interaction is one of the

key strategies for thermophilic water-soluble proteins to achieve their thermostability.
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While the studies described above majorly focus on the comparisons of
thermodynamic parameters, structure, and amino acid composition of water-soluble
proteins in thermophile and mesophiles, studies on thermophilic membrane proteins
have gained less attention partially due to the scarce information of their structure and
stability. A comparative sequence analysis on the predicted TM helices of 8 thermophilic
and 12 mesophilic membrane proteins showed a preference of small residues such as
Gly, Ser, and Ala suggesting tighter packing of thermophilic membrane proteins?#.
Later, the Bowie group built a database of 25 unique helical membrane proteins from
thermophiles and their 101 homologues from mesophiles. A comparative analysis of the
structural properties such as side-chain burial, packing, H-bonding, TM helical kinks,
loop lengths, and hydrophobicity?°" did not find a noticeable difference for most
properties except for 7) a slightly decrease in the number of interhelical H-bonds in
thermophiles; 2) a slightly larger hydrophobicity of the TM helices in thermophilic
membrane proteins. These two properties agree with the broader sequence analysis
showing the depletion of polar (i.e., Asn, GIn, Tyr) and ionizable (i.e., Asp, Glu, Arg)
residues and the increase of small and nonpolar residues (i.e., Ala, Gly, Phe, Leu) in
thermophilic membrane proteins 2°'. Notably, the increase in the number of small
nonpolar residues would contribute to stabilization by reducing the entropic cost during
helix-helix packing since the smaller residues have fewer possible rotamers, and by
allowing tighter packing between helices?°!.

Besides the structural features and amino acid composition of proteins, the lipid
compositions of thermophilic organisms are also substantially different from mesophiles.
It is expected that the lipids in thermophiles contribute to thermal adaptation by
effectively responding their membrane properties to high temperatures impacting the
function and behaviors of membrane proteins. Cells maintain their membrane integrity
and homeostasis through a mechanism called ‘homeoviscous adaptation’’®?. The
electron paramagnetic resonance study first demonstrated that the E. coli membrane
lipids extracted at various incubation temperatures (i.e.,15-43°C) exhibit a similar
viscosity when assembled into a bilayer while the fractions of long and saturated fatty
acyl chains in phospholipid increase as the growth temperature increases?*°. To

maintain a proper level of fluidity and permeability of the membranes, thermal
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adaptation strategies involve an adjustment of the rigidity and ordering of the
hydrocarbon chains. In thermophilic bacteria, the increase in the ratios of i) branched
chain iso-fatty acids, ii) saturated fatty acids, Jij) long-chain fatty acids, and iv) polar
carotenoid content is commonly observed as the optimal growth temperature
increases?%9-253_ The lipids in archaea can be differentiated from those of bacteria by the
presence of archaeol, a diether composed of two phytanyl chains?%. In thermophilic
archaea, macrocyclic archaeols, which have isoprenoid chains that cross-link the two
tail-ends improve the membrane integrity against water by restricting lipid motions?%.
Membrane-spanning tetraether lipids, which form rigid monolayers, are frequently
observed with a high abundance in archaea’®*1%. Experimental and simulation studies
demonstrate that such structure can efficiently reduce the heat-induced membrane
leakage'®’. Incorporation of pentacyclic rings into saturated acyl chains can further
increase the gel-fluid phase transition temperature of the monolayers2°6. Interestingly,
when the optimal living temperatures are beyond 90°C, the tetraether membrane
spanning lipids are detected in both bacteria and archaea®2.

Rhomboid proteases are a family of integral membrane, which activate
membrane-anchored effector proteins via the cleavage of a peptide bond near the
membranes 67, They regulate various biological processes, including cell signaling,
quorum sensing, mitochondria remodeling, and protein quality control '6', Their
universal occurrence in all life domains suggest that the rhomboid family may have
evolved from the last universal common ancestor?®’. However, phylogenetic analysis
suggests that rhomboids are more likely to have bacterial origin and then spread to
archaea and eukaryotes through horizontal gene transfers during the early stage of
tripartition2%®. Considering the early emergence of thermophiles in the phylogenetic tree,
it would be reasonable to regard thermophilic rhomboids as the prototypes of the family.
Thus, studying the structure-stability-activity relationship will be a valuable effort for
advancing our understanding of the thermal adaptation strategy and evolutionary
pathway of this universal protein family. Here, we chose the rhomboids from three
thermophilic organisms as our study models: i) the rhomboid from the archaeon,
Thermococcus profundus, which was isolated from a deep-sea hydrothermal vent with

the optimal growth temperature of 80°C?%?; ji) the rhomboid from Pyrococcus furiosus,
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which was originally found in a geothermal sediment with the optimal growth
temperature of 100°C?2%9; jii) the rhomboid from the thermophilic bacteria, Thermotoga
martima, which was discovered in the sediment of marine geothermal area (i.e., hot
spring) with an optimal growth temperature of 80°C (livable in a broad temperature
range from 55°C to 90°C?8". The mesophilic homologue, GlpG from E. coli has been
extensively studied regarding the structure, dynamics, and proteolytic mechanism as a
control for this comparative study.

After successful cloning, expression, and purification, these thermophilic
rhomboids were characterized using proteolytic activity and thermal denaturation
assays. Interestingly, the thermal denaturation assay showed that the delipidated
thermophilic rhomboids had lower thermostability than E. coli GlpG. This result leads to
the hypothesis that the thermophilic rhomboids are not only stabilized by their
intraprotein interactions but also their native lipids. In the proteolytic activity assay, the
thermophilic rhomboids were tested towards various model substrates in micelles and
bicelles. The rhomboids cleaved a given substrate with different activities while
generally displaying a lower activity in neutral phospholipid bicelles. A multiple sequence
alignment suggests that the activity variation of the different rhomboids stems from the
different lengths of the flanking loops of the gating helix TM5. This result leads to the
hypothesis that the activity level of rhomboids is controlled by the lengths of those
flanking loops, which affect the mobility of the gating helix and the amplitude of the
gating motions. Using Ecoli GIpG as an engineering template, | tested this hypothesis

by shortening or extending the lengths of the flanking loops.
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3.3. Materials and Methods
3.3.1. The cloning of thermophilic rhomboids
The genes encoding the rhomboids from T. maritima (TmRh, UniProtkKB: Q9X0H3), T.
profudus (TpRh, UniProtKB: AOA2Z2ME71), and P. furiosus (PfuRh, UniProtKB:
Q8U1H9) were amplified using a colony PCR (BIO-RAD) from their original genomes
with the restriction sites of Ndel at the N-terminus and Xhol or Hindlll at the C-terminus.
The amplified genes and expression vectors (pET28a or pET30a) were digested with
the restriction enzymes. The digested vectors were treated with calf-intestine
phosphatase followed by ligation with T4-DNA ligase. XL1-blue competent cells were
transformed with the ligation products, plated on LB agar plates containing kanamycin
(PET30) and ampicillin (pET28), and incubated overnight at 37 °C. Isolated colonies
were picked and further grown overnight. The final plasmids were extracted with the
QIlAspin miniprep kit (Qiagen).
3.3.2. Expression, purification, and identification of thermophilic rhomboids
The codon-optimized TmRh gene with a C-terminal Hise-tag encoded in pET30a was
expressed in E. coli C43 (DE3) pLysS competent cells (Sigma Aldrich). 50 mL of LB
cultures incubated overnight at 37°C were inoculated in 1 L TB media with 0.05 g/L
kanamycin at 37°C untill ODsoonm approached 0.8 to 1.0. The inoculated culture was
chilled on ice before induction. IPTG was added to the final concentration of 0.5 mM for
inducing protein expression and the culture was further incubated for 16-18h at 225
rom, 15°C.

TpRh or PfuRh with a N-terminal Hiss-tag encoded in pET 28a was expressed in
E. coli C43 (DE3) pLysS competent cells (Sigma-Aldrich). 25 mL of LB cultures
incubated overnight at 37°C were inoculated in 1 L LB media with 0.1 g/L ampicilin at
37°C untill ODsoonm approached 1.0 to 1.2. The inoculated culture was chilled on ice
before induction. IPTG was added to the final concentration of 0.5 mM for inducing
protein expression and the culture was further incubated for 16 h to 18 h at 225 rpm,
15°C.

1 L of the LB culture was harvested and resuspended in 30 mL of 50 mM TrisHCI
buffer (pH 8.0) with 5 mM EDTA (ethylenediaminetetraacetic acid), 1 mM DTT

(dithiothreitol), and 1 mM PMSF. The cell resuspensions were lysed with a pressure
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homogenizer (Avestin) 4 times. The cell lysate was centrifuged for 20 min at 4 °C, 6,000
rom in a FS-34 rotor using a Sorvall RC6+ centrifuge (Thermo Scientific). Supernatant
was collected and centrifuged to obtain the total membrane fraction at 24,000 rpm for 2
h with an ultracentrifuge (Beckman-Coulter). Membrane pellets were resuspended in 20
mL of 50 mM Tris-HCI buffer (pH 8.0) with 200 mM NaCl, 0.5 mM TCEP using a tissue
homogenizer (Fisher Scientific). The membrane resuspension was solubilized by adding
1% (w/v) DDM followed by the removal of insoluble aggregates using ultracentrifugation
at 18,000 rpm for 25 min. Supernatant was incubated with 2 mL of Ni-NTA resin
(Qiagen, 50% w/v) by slowly rotating at 4°C for 1 h. The target protein was eluted at 300
mM imidazole in 50 mM Tris-HCI buffer (pH 8.0) and 1 M NaCl in 0.1% DDM. The eluted
fraction was concentrated and desalted with the Amicon centrifugal filter units (Millipore
Sigma, 30 kDa MWCO) and the desalting columns (BIO-RAD Econo Pac 10DG
desalting column). The concentrations of thermophilic rhomboids were measured by UV
absorbance at 280nm (TmRh € =63,830 M-'cm™!; TpRh € =45,505 M-'cm™'; PfuRh ¢
=31,400 M-'cm") with a nanodrop (Thermo Scientific).

After desalting, the rhomboids were injected into a gel filtration column (GE
superose, 10/300 GL) for further purification and testing the oligomeric state with FPLC
(BioRad, Biologic Dua flow). The gel filtration column was equilibrated with a 2-column
volume (60mL) of 50 mM Tris-HCI buffer (pH 8.0) and 200 mM NaCl containing 0.08 %
DDM and 1 mM TCEP. The flow rate was 0.5 mL/min. As a reference, 125 uL of 36
mg/mL gel filtration standard proteins were injected. Before running, the column was
equilibrated with the 2-column volume (60mL) of 50 mM sodium phosphate buffer (pH
7.2) and 150 mM NaCl. The elution was detected by absorbance at 280 nm.

For immunodetection, purified rhomboids were mixed with 20 uL of the protein
sample buffer with (w/v) 2% SDS, 1% (v/v) B-mercaptoethanol (B-ME) in 50 mM Tris-
HCI buffer at pH 6.8. Samples were loaded on SDS-PAGE (4 to 20% gradient gel, Bio-
Rad) at 180 V for 40 min. Western blotting was performed against the N-terminal or C-
terminal Hises-tag epitope depends on the protein construct. The proteins separated on
SDS-PAGE were transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad)
at 100 V for 1 h. Rhomboids with the His tag were detected using rabbit monoclonal
anti-Hiss primary antibody (Cell Signaling Technology, 1:1,000 dilution) and anti-rabbit
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IlgG-HRP secondary antibody (Cell Signaling Technology, 1:2,000 dilution).
Chemiluminescent detection was performed using Clarity Western ECL substrate (Bio-
Rad) and ChemiDoc Imager (Bio-Rad).
3.3.3. Preparation of bicelles
A stock of 20% (w/v) DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) /CHAPS (3-
[(3-Cholamidopropyl) dimethylammonio]-1-propanesulfonate) (lipid-to-detergent molar
ratio, g = 2.0) bicelles were prepared by adding water into DMPC powder to hydrate
lipids. 20% (w/v) CHAPS stock was added to obtain the desired q value. Bicelle
samples were homogenized through three to five freeze-thaw cycles using liquid N2 and
a 37°C water bath. Bicelle stocks were stored at -20 °C.
3.3.4. Preparation of multiple rhomboid substrates
Plasmids of multiple substrates (Gurken, LacYTM2, Spitz and TatA) were gifts from
Professor Kvido Strisvosky. The substrate constructs contain maltose-binding protein
(MBP) in the N terminal region and thioredoxin (Trx) followed by a Hiss tag in the C-
terminal region. The procedures for expression and purification were adopted from the
previous literatures262-264,

The TM substrates (Gurken, LacYTM2, and Spitz) were expressed in the E. coli
KS55 (MC4100;glpGKO::Cat) strain in the presence of ampicillin and chloramphenicol.
The TM substrate TatA was expressed in E. coli KS47(MC4100 WT +araD139) strain in
the presence of ampicillin. 25mL of LB cultures grown overnight was inoculated in 1 L
LB media at 37 °C until ODeoonm reached 0.8 and induced with 0.5 mM IPTG for 2-3 hr.
The cell pallets were harvested using centrifugation and resuspended with 20 mL of
20mM HEPES buffer (pH 7.4) with 100 mM NacCl, 5 mM MgClz, 10% glycerol, and
protease inhibitor (cOmplete Mini, Sigma-Aldrich). The cells were lysed with a pressure
homogenizer (Avestin) for 3-4 times. The lysates were centrifuged by an ultracentrifuge
at 10,000 rpm for 30 min (Beckman-Coulter). Pellets were isolated, resuspended with a
tissue homogenizer (Fisher Scientific), and solubilized with 0.75% DDM. After
ultracentrifugation of the solubilization products at 10,000 rpm for 30 min (Beckman-
Coulter), the supernatant was incubated with 2 mL of Ni-NTA resin (Qiagen, 50% w/v)
by slowly rotating at 4 °C for 1 h. Target proteins were eluted with 200 mM imidazole in
50mM HEPES buffer (pH 7.4) with 200 mM NaCl, 1 mM MgCl2, 10% glycerol, and 0.1%
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DDM. Imidazole was removed by a desalting column (Bio-Rad Econo Pac 10DG
desalting column). The proteins were concentrated using an Amicon centrifugal filter
unit (Millipore Sigma, 50 kDa MWCO) and finally quantified by the 660 nm detergent
compatible quantitation kit (Bio-Rad).
3.3.5. Measuring the rhomboid activity with various transmembrane substrates
To test the proteolytic activities of the rhomboids (EcGIpG, TmRh, TpRh, and PfuRh)
towards different substrates, 25 uM of the rhomboids and a substrate were mixed in 5
mM DDM or 2% DMPC/CHAPS (q = 2) bicelles and incubated at room temperature for
6 h. Reactions were ceased by adding 15 uL of the protein sample buffer with 2% (w/v)
SDS, 1% (v/v) B-ME in 50 mM Tris-HCI at pH 6.8 into 15 L of the reaction mixture.
For immunodetection, the samples were loaded on SDS-PAGE (4 to 20%
gradient gel, Bio-Rad) at 180 V for 40 min. Western blotting analysis was performed
against the N-terminal MBP epitope. The proteins separated on SDS-PAGE were
transferred to a nitrocellulose membrane (Bio-Rad) at 100 V for 1 h. Substrates with the
MBP fusion were detected using mouse monoclonal anti-MBP primary antibody (Cell
Signaling Technology, 1:1,000 dilution) and anti-rabbit IgG-HRP secondary antibody
(Cell Signaling Technology, 1:2,000 dilution). Chemiluminescent detection was
performed using Clarity Western ECL substrate (Bio-Rad) and ChemiDoc Imager (Bio-
Rad).
3.3.6. Measuring the thermostability of rhomboids with thermal inactivation assay
The thermostability of delipidated rhomboids in DDM micelles were tested by heat
induced aggregation and inactivation. 1 yM rhomboid containing 5 mM DDM in 40 mM
Tris-HCI (pH 8.5) with 200 mM NaCl and 0.25 mM TCEP was incubated at the
temperatures from 25°C to 90°C with an interval of 5°C using the heating program in
thermocycler (Bio-Rad). The samples were heated at a rate of 4°C/min to a designated
temperature for 5 min and cooled back to 15°C for another 15 min. All samples were
transferred to a 96-well plate. Light scattering is measured as optical density (OD) at
320nm on a SpectraMax M5e plate reader (Molecular Device) was measured at room
temperature to detect the degree of aggregation. The transition temperatures of heat

inactivation were obtained from fitting the normalized OD with a logistic function
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1
Y= Trekoo) (Eq 3)

Here x is the temperature, k is the steepness of the curve, xo represents the
temperature at midpoint of the function (i.e., transition temperature) and y is the
normalized optical density.

To measure the content of the native proteins after incubation at each
temperature, the activity of rhomboids was monitored using the water-soluble model
substrate, casein-BODIPY (EnzCheckTM protease assay kit, Invitrogen) at the molar
ratio of 2:5 (rhomboid: substrate). Time-dependent dequenching of BODIPY
fluorescence was monitored at 37°C using a SpectraMax M5e plate reader (Molecular
Device) with the excitation and emission wavelengths of 480 nm and 530 nm,
respectively. The initial slope of the time-dependent fluorescence change was
interpreted as activity.

3.3.7. Engineering of the TM5 flanking loops in GlpG with substitution, deletion
and insertion mutations
For substitution, site-directed mutagenesis on the L4 and L5 loops was performed using
QuickChange Kit (Agilent). Insertion and deletion mutations modifying the lengths of L4
and L5 were performed using Q5 Site-directed mutagenesis Kit (NEB).
3.3.8. Determining GlpG activity with engineered L4 and L5
Detail procedures for the preparation of the substrate NBD-labeled SN-LacYTM2 are
described in Chapter 2. GlpG activity was measured at the GlpG:substrate molar ratio of
1:10. Time-dependent changes of NBD fluorescence were monitored at 37°C using a
SpectraMax M5e plate reader with the excitation and emission wavelengths of 485 nm
and 535 nm, respectively. GIpG activity was also monitored with the water-soluble
substrate casein-BODIPY (EnzCheck™ protease assay kit, Invitrogen) at the
GlpG:substrate molar ratio of 1:5. Time-dependent changes of BODIPY fluorescence
were monitored at 37°C using a SpectraMax M5e plate reader with the excitation and
emission wavelengths of 480 nm and 530 nm, respectively. GlpG activity was finally
probed with the peptide substrate MMPS-024 (CPC scientific) at the GlpG:substrate
molar ratio of 1:20 ?2'. Time-dependent changes of mca fluorescence were monitored at
37°C using a SpectraMax M5e plate reader with the excitation and emission
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wavelengths of 320 nm and 430 nm, respectively. For all substrates, GlpG activity was
represented by the initial slope of fluorescence change over time

3.4. Results

3.4.1. Purification of thermophilic rhomboids

With several rounds of optimization for the expression and purification (Figure 3.2.a),
the final yields for thermophilic rhomboids were approximately 0.16 mg/L for TmRh (MW
=28.1 kDa ), 0.40 mg/L for ToRh (MW =25.2kDa ), and 0.23 mg/L for PfuRh (MW
=23.7kDa ), still lower than the ~0.8mg/L of EcGlpG. The SDS-PAGE for purification
products shows a limited purity for thermophilic rhomboids as evidenced by multiple
bands on the gels (Figure 3.1.b). The identification of rhomboids was further confirmed
through the immunodetection against Hiss-tag. Western-blotting results (Figure 3.1.c.)
overall agreed with SDS-PAGE results but revealed the partial dimer formation of
EcGlpG and oligomer formation of TpRh. Noticeably for TmRh, under the monomer
band, the lower molecular weight bands were observed, suggesting the possibility of
auto-proteolysis. The faint band of PfuRh on Western Blotting might suggest a tail
truncation in the N-terminal tail region which contains Hiss-tag as the corresponding
band from Coomassie staining was denser than other thermophilic rhromboids.

For further purification and analysis, size exclusion chromatography (SEC) was
performed (Figure 3.2.d-g). The broad, merged elution peaks of EcGlpG whose
positions spanned those of the standard peaks in the range from 44kD to 670 kD,
indicate the co-existence of monomers and oligomers at a high injection concentration
([EcGIpG] = 65 uM). Purified thermophilic rhomboids were run on SEC at comparable
concentrations (40 to 80 uM). Elution peaks of TmRh also showed the existence of
oligomers, while monomers are likely to be a dominant species in the merged peaks. In
contrast, the single, broad elution peak of TpRh at ~150 kD (monomeric EcGlpG at 60
to 80 kD) indicated dominant formation of oligomers. It is possible that the loading
concentration is so high that oligomer formation was favored. Thus, | collected the lower
molecular weight fractions of TpRh, diluted them to a lower concentration, loaded them
again on the SEC column. Those fractions are largely eluted as monomers, indicating
that the oligomer formation depends on the protein concentration. The single,
monodisperse elution peak of PfuRh indicates that the dominant species is monomer.
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Figure 3.2. Expression construct and identification of rhomboid proteases.
(a) construct designs of thermophilic rhomboid proteases. Each blue block represents

Hisg-tag and each yellow block represents a thrombin cleavage site. (b) SDS-PAGE of

purified rhomboids. The asterisks indicate monomeric rhomboids. The molecular
weights for the rhomboid proteases (including the purification tag and cleavage site in
the expression vector) are: EcGIlpG: 23.4 kDa, TmRh: 28.1 kDa, TpRh: 25.2 kDa, and
PfuRh: 23.7 kDa (c) Western blotting of the rhomboids using an anti-Hiss-tag epitope
primary antibody. (d-g) Gel-filtration chromatography of the rhomboids superimposed
with the gel filtration protein standards (black dotted line). For the standard peaks, the
molecular weights were annotated. The aggregation number per DDM micelle is ~150,
the molecular weight of a DDM molecule is 0.5106 kDa. The predicted molecular weight
of the DDM micelle-monomeric EcGIpG complex is 150x0.5106 kD + 23.4 kDa = 99.6
kD. The molecular weight of the DDM miclle-monomeric TmRh complex is 150x0.5106
kD + 28.1 kDa = 104.7 kD. The molecular weight of the DDM miclle-monomeric TpRh
complex is 150x0.5106 kD + 25.2 kDa = 101.8 kDa. The molecular weight of the DDM
miclle-monomeric PfuRh complex is 150x0.5106 kDa + 23.7kDa = 100.3 kDa. There are
two gel filtration runs for TpRh: the first run was for concentrated TpRh (solid red line),

second run (dashed red line) was for the monomeric fractions from the first run.
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Figure 3.2. (cont’d)
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3.4.2. Thermophilic rhomboid showing various activities towards multiple given

transmembrane substrates
We then tested proteolytic activities towards different transmembrane substrates
including Gurken, LacYTM2, Spitz, and TatA (Figure 3.3.a). The chimeric substrate
substrate was developed by the Strisovsky group170 containing the N-terminal maltose-
binding protein (MBP, 43 kDa) fused to the TM substrate (3-4 kDa) followed by
thioredoxin (12 kDa) and Hiss-tags. Among them, Gurken and Spitz are two natural
substrates of Drosophila Rhomboid-12%°. The naturally driven but not bona fide
substrate LacYTM2 (LYTM2 hereafter) was derived from the second TM segment of the
lactose permease from E.coli and proved to be efficiently proteolyzed by EcGlpG?236.
The natural substrate TatA is cleaved by the rhomboid protease AarA to mediate
quorum-sensing in Providencia stuartii 6. The overall sequences of the four substrates

are divergent but all have transmembrane helix destabilizing residues (i.e., Gly, Pro,
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GlIn, Ser). The previously recognized scissile bond of the four substrates is exposed to
the extracellular side by several residues (Figure 3.3.a). Due to the molecular weight
difference between the N and C terminal fusion tags flanking the TM substrate region,
the full length and cleaved bands can be easily resolved on SDS-PAGE or the other
separation tool such as size exclusion chromatography.

The proteolytic assays are performed in both detergent micelle (DDM) and
neutral lipid bicelles (1 w/v-% DMPC:CHAPS, and g = 2.0) by incubating the substrate
for 6 hours at room temperature. Overall, the SDS-PAGE and western blotting (Figure
3.3.b-c) demonstrated that all four substrates can be cleaved by the rhomboids in
micelles with various efficiencies. For TatA and Gurken, the three rhomboids besides
TmRh showed a comparable cleavage efficiency. The proteolytic efficiencies of EcGIpG,
TpRh and PfuRh towards Spitz were relatively low compared to TmRh. EcGlpG and
TmRh can proteolyze LYTM2 efficiently while the other two archaeal rhomboids showed
a limited proteolytic efficiency. Spitz seems to be the poorest substrate for EcGIpG,
TpRh and PfuRh showing the cleavage efficiencies of <10%.

Overall, ToRh and PfuRh have relatively low enzymatic activity in micelle, while
TmRh showed the highest overall proteolytic efficiency. By the actions of TmRh, the
SDS-PAGE and Western blotting results for the intact full-length substrates mostly
disappeared. It is also interesting that for substrate TatA, multiple cleaved bands at
lower molecular weight (i.e., between 15 and 20 kDa) other than the prevalent cleaved
band (i.e., with the N-terminal MBP fusion tag around 50kDa) are observed for all four
rhomboid proteases, suggesting that there could be more than one scissile bond in
TatA.

In neutral bicelles (Figure 3.4.), the proteolytic efficiencies of all rhomboid
proteases changed compared to those in micelles. EcGlpG was highly efficient in
proteolyzing LYTM2. However, the proteolytic efficiencies of TmRh in bicelles
dramatically decreased towards all substrates, especially towards Spitz. Similarly, the
archaeal rhomboids showed reduced proteolytic activity towards Gurken and Spitz.

Building on the initial survey on the cleavage efficiency of the four rhomboids
towards various TM substrates, we further compared the proteolytic activities of the

thermophilic rhomboids relative to mesophilic EcGIpG in a more quantitative way.
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Towards this goal, we employed a high-throughput, fluorescence-based assay, which
was previously developed by our group. In this assay, staphylococcal nuclease (SN) is
fused to the N terminus of the substrate LYTM2 and the environment-sensitive
fluorophore NBD is labeled at the engineered cysteine residue, which is located at the
fifth residue upstream from the scissile bond (Figure 3.5.a). Upon proteolysis,
fluorophore is transferred from the hydrophobic environment to the aqueous phase
exhibiting a decrease in fluorescence intensity. By monitoring the proteolysis-induced
fluorescence changes over time, the activities of proteases can be quantified for direct
comparison. In parallel, the activity towards the water-soluble substrate casein-BODIPY
was tested. The water-soluble substrate is considered to approach the active site of the
rhomboids from the aqueous phase (i.e., through the opening of the L5 cap). On the
other hand, the TM substrates are expected to approach the active site instead diffusing
from the hydrophobic core of the membrane (i.e., through the opening of the TMS5 gate).

Towards the TM substrate LYTM2 (Figure 3.5.c), TpRh and PfuRh showed lower
activity, ~20% of EcGIpG, while TmRh showed a higher activity. This result aligned well
with the SDS-PAGE and Western blotting results (Figure 3.3.b-c). All three thermophilic
rhomboids showed significantly higher proteolytic activity towards the water-soluble
casein (Figure 3.4.c) compared to EcGIpG. TpRh and PfuRh activities are ~three-fold
higher while TmRh showed almost ~20-fold relative to EcGIpG.
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Figure 3.3. Proteolytic activity of the rhomboid proteases toward various

transmembrane substrates in micelles. (a) The constructs of the TM substrates

(magenta) with the N-terminal maltose binding protein (blue) and the C-terminal

thioredoxin (orange). The sequence of each substrate with the scissile bond (dash)

commonly cleaved by the bacterial rhomboids EcGlpG, AarA from P. stuartii and YgpG

from B. subtilis. The predicted TM segments are underlined?®¢. The molecular weights of
the substrates (the full-length constructs): Gurken 69.8kD, LYTM2 67.7kD, Spitz 69.6kD,
and TatA 69.2kD. SDS-PAGE (top) and western blotting (bottom) results of Gurken
proteolysis (b), LYTM2 proteolysis (c¢), Spitz proteolysis (d), and TatA proteolysis (e) by

the rhomboids. For Western blotting, anti-MBP primary antibody was used.
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Figure 3.4. Proteolytic activity of the rhomboid proteases toward various
transmembrane substrates in bicelles. SDS-PAGE (top) and Western blotting
(bottom) results of Gurken proteolysis (a), LYTM2 proteolysis (b), Spitz proteolysis (c),
and TatA proteolysis (d) by the rhomboids. Anti-MBP antibody was used as a primary

antibody for Western blotting.
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Figure. 3.5. Quantitative proteolysis assays for the mesophilic and thermophilic
rhomboids toward the TM and water-soluble model substrates. (a) Scheme of the
assay measuring the proteolytic activity of rhomboid proteases with a TM substrate such
as SN-LYTM2 (SN: staphylococcal nuclease fusion tag; LacYTM2: the second TM
segment of E. coli lactose permease). SN-LYTM2 is labeled with the environment-
sensitive fluorophore NBD on the five-residue upstream of the scissile bond. (b)
Scheme of the assay measuring the proteolytic activity of rhomboid proteases with a
water-soluble model substrate such as casein-BODIPY. Casein is conjugated with the
self-quenching fluorophore BODIPY conjugated to multiple Lys residues in casein. (c)
Proteolytic activity of a given rhomboid relative to that of EcGlpG (mean + s.d., N = 3)
towards LYTM2 and casein-BODIPY.
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3.4.3. Thermostability of delipidated rhomboids in micelles

To test the functionality and stability of the thermophilic rhromboids in DDM micelles, |
measured their thermostability by measuring the degree of heat-induced protein
aggregation and inactivation (Figure 3.6.a). In general, heat induces denaturation and
aggregation of membrane proteins. Aggregated proteins scatter more incident lights into
random directions than unaggregated proteins. Therefore, the amount of light
transmitted to the detector is reduced and the degree of reduction of transmitted light is
proportional to the amount of aggregation. Therefore, we use optical density (OD), the
logarithm of incident light intensity over transmitted light intensity, as the fraction of
aggregated/denatured protein to quantitatively measure the formation of aggregation
(Figure 3.6.b-c). In parallel, as a more sensitive tool for measuring thermostability, |
performed a thermal inactivation assay using casein-BODIPY as a substrate (Figure
3.6.d). The changes in OD at 320 nm and activity as a function of temperature were
fitted to the two-state model (Figure 3.6.c). | note that the transition from the folded to
the aggregated state is irreversible, not representing the folding-unfolding equilibrium.
Thus, the fitted transition temperature (Tm) represents the temperature corresponding to
a half maximum of the total OD or activity change not informing of any thermodynamic
meanings. Still, the Tm obtained in this way can be used as a reasonable quantitative
measure of thermostability of the rhomboids.

Overall, the two thermal denaturation assays (aggregation vs activity) agreed
with each other (Figure 3.6.b and 3.6.d). Surprisingly, | found that TpRh and PfuRh
from thermophilic archaea started to aggregate at temperatures much lower than their
optimal growth temperatures in the dilapidated micellar environments (Figure 3.6.c).
The Tm of TpRh was ~65 °C, 15 °C lower than the optimal growth temperature of T.
profundus (~80 °C). For PfuRh, the Tm was also ~15 °C lower than the optimal growth
temperature of P. furiosus (~90 °C). Interestingly, for TmRh the Tm was comparable to
the optimal growth temperature (80 to 90 °C). In contrast, EcGIpG was highly
thermostable with the Tm of of 77 °C , much higher than the optimal living temperature
of 37 °C. My Tm value for EcGIpG was around 5 °C higher than the literature value®'.
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Figure 3.6. Thermostability of the rhomboids in DDM micelles. (a) Schemes for
measuring heat-induced denaturation/aggregation and inactivation. (b) Thermal
denaturation assay by measuring the temperature-dependent irreversible aggregation
using light scattering at 320 nm. (c) The apparent melting temperatures, Tm (mean
s.d., N = 3) of the rhomboids with the literature value for EcGlpG®'. (d) Thermal
denaturation assay by measuring the temperature-dependent inactivation towards the

water-soluble substrate casein-BODIPY (mean = s.d., N = 3).
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3.4.4. In-silico structural analysis of thermophilic rhomboids

| further studied what is the molecular origin of various proteolytic activities of
thermophilic rhomboids. Although there are currently no experimental structures of
rhomboid proteases from thermophiles, | obtained the structural models using
AlphFold?¢” and IntFold?®® (Figure 3.7.a). A multiple sequence alignment (Figure 3.7.b)
predicts the catalytic dyads for TmRh (Se135/His198), TpRh (S128/His174) and PfuRh
(Ser117/His163). The predicted structures show that these Ser-His pairs are buried
under the membrane plane in the periplasmic side similar to the rhomboid proteases
with known structures'%269, Structural studies on EcGlpG suggest the critical role of
TM5 helix as the lateral gate for the entrance of TM substrates'65173, 7-residue long L4
(connecting TM4 and TM5 in the cytosolic side) and 8-residue long L5 (connecting TM5
and TM6 in the periplasmic side) are likely to be responsible for the gating movement of
TM5. In EcGIpG, L5 is also known to play a critical role in capping the catalytic dyad
such that the opening of L5 allows the access of the scissile bond in a substrate to the
dyad'7®176_ L5 harbors two bulky methionine residues (Met247 and Met249) above
active site. In contrast, the predicted TmRh structure suggested a longer L4 loop (22-
residue long) and a shorter L5 cap (7-residues long) compared to those of EcGIpG. The
predicted structures of the other two thermophilic rhomboids both suggested shorter L4
and L5 (Figure 3.7.a).

Taking together, we hypothesize that the lengths of L4 and L5 are critical to the
proteolytic activity of rhomboid proteases. Longer L4 and L5 would allow the TM5 lateral
gate to open wider and increase its flexibility, facilitating the access of both TM and
water-soluble substrates to the catalytic dyad. This is what we observe for TmRh with
longer TM4 and TM5 than those of EcGIpG, leading to an increase in activity for both
LYTMZ2 and casein-BODIPY (Figure 3.5.). In contrast, shorter L4 and L5 would allow
the TM5 gate to open narrower and decrease its flexibility. The tightening of TM5 will
hinder the lateral access of TM substrates to the catalytic dyad, but shorter L5 would
shrink the cap size, thus exposing a larger portion of the catalytic dyad for water-soluble
substrates. This is what we observe for ToRh and PfuRh with the shorter TM4 and TM5
(Figure 3.5.), leading to a decrease in activity for LYTMZ2 and an increase in activity for
casein-BODIPY.
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Figure 3.7. Structural modéis and multiple sequence alignments of mesophilic
and thermophilic rhomboids. (a) EcGlpG with known structures (PDB ID: 3B45). The
key structural elements (TM helices and the flanking loops of the gating helix TM5) are
annotated. The catalytic dyad, Ser201-His254, is shown as spheres in the square box.
The TmRh structure is obtained by IntFold; The TpRh and PfuRh structures were
obtained predicted by Alpha fold. The predicted catalytic dyads in the thermophilic
rhomboids suggested by multiple sequence alignments are shown as spheres in the
square box. (b) Multiple sequence alignment of EcGlpG, TmRh, TpRh and PfuRh. The
TM residues are underlined. In the alignment, the residues in the His-Ser catalytic dyad
are highlighted in yellow in each rhomboid sequence. “*”: highly conserved; “: ” the

residues with same size and hydropathy; “ . ” the residues with preserved size or

hydropathy.
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3.4.5. The effect of loop lengths on the activity of rhomboids towards a TM
substrate
My hypothesis is that the lengths of the flanking loops of the gating helix TM5 control
the activity of rhomboid proteases. Using EcGlpG as a template for testing the
hypothesis, | first investigated whether the residues in L4 and L5 of EcGIpG are
engaged in any tertiary interactions with their surrounding regions and if any, whether
those interactions affect proteolytic activity. Accordingly, | engineered most of the
residues in L4 and L5 into Gly to disrupt potential tertiary contacts while maintaining the
original loop lengths. Then, | tested the role of substituted residues in activity since
these Gly substitutions are expected to increase the flexibility of the loops, affecting
activity. Next, after establishing the constructs with all possible WT residues in L4 and
L5 replaced by Gly, | changed the lengths of L4 and L5 by inserting or deleting multiple
Gly residues and measured proteolytic activities of these loop variants towards TM and
water-soluble substrates.

The impacts of the series of mutations on EcGIpG proteolytic activities were first
evaluated for the TM substrate LYTM2 that laterally access the catalytic dyad (Figure
3.8.). The activities of the variants were measured in both DDM micelles and
DMPC:CHAPS bicelles. Overall, EcGIpG and variants were more active in bicelles than
in micelle.

L4 is the cytosolic loop in the trans side of the catalytic dyad (residues 220-227).
The replacement of the N-terminal GIn220 with Gly in L4 (L4 _1G) moderately increased
the activity by ~2 fold in micelles without a noticeable change in bicelles. The
subsequent replacements of the N-terminal WT residues with Gly’s did not change the
activity up to L4_4G (the four WT residues in the N-terminal side of L4 were replaced by
four Gly’s) in both micelles and bicelles. However, the proteolytic activity is
compromised when either of 1le223 or Leu225 (either or both of them) was mutated to
glycine (see L4 _4G1l and L4_4G1L in Figure 3.8.a). The crystal structure of EcGIpG
indicates that 11e223 and Leu225 in L4 point inward forming tertiary contacts with
Arg168 on TM helix 2 and Val211 on TM helix 4 while the other residues are facing
outward without contacting with other TM helices. Thus, the tertiary contacts involving

lle223 and Leu225 are critical to the activity towards a TM substrate.
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When three additional Gly residues were inserted into the N-terminal side of L4
(L4_3G+5G1I1L in Figure 3.8.a), a significant reduction in proteolytic activity was
observed in micelles but not in bicelles. When three additional Gly residues were
inserted into the C-terminal side of L4 (L4 _5G1I11L+3G in Figure 3.8.a), activity was
restored to the WT level in both micelles and bicelles. The addition of six extra glycine
residues to L4 (that is, three Gly residues to each end of L4, L4 _3G+5G1I1L+3G in
Figure 3.8.a) reduces activity to a substantially lower level than WT EcGlpG.

Taken together, this result indicates that a few tertiary contacts between L4 and
the rest of the protein (i.e., lle223 and Leu225 with TM2 and TM4) are critical to the
maintenance of activity. That is, the opening and closing of the TMS gate mediated by
the L4 loop are not random motions. This result agrees to our previous result showing
that the cavity creating mutations on the other side of the TM2-TM5 substrate binding
site significantly reduce activity#8. However, the flexibility of L4 still seems to affect
activity. The insertion of additional Gly residues to the C-terminal side of L4 substantially
increases activity in bicelles when the critical l1le223 and Leu225 are kept in their
positions (compare the activities of L4-5G111L and L4-5G111L+3G).
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Figure 3.8. Proteolytic activities of the variants with modified L4 or L5 of EcGIpG
toward the TM substrate SN-LYTM2 in DDM micelles and DMPC:CHAPS bicelles (1
w/v-%, q = 2). (a) The effects of modifying L4 on activity. The modification schemes and
notations of the variants (left) and the proteolytic activities of the variants (mean + s.d.,
N = 3) (right) are shown. (b) The effects of modifying L5 on activity. The modification
schemes and notations of the variants (left) and the proteolytic activities of the variants

(mean + s.d., N = 3) (right) are shown.

L5 is the periplasmic loop (residues 243-249) capping the catalytic dyad. When
the residues in the N-terminal side of L5 were consecutively replaced by Gly with a
constant loop length (L5_3G to L5 _6G in Figure 3.8.b), the proteolytic activity towards
LYTM2 was consistently enhanced in both micelles and bicelles. However, when
Met249 and Ala250 were replaced with Gly (L5_7G in Figure 3.8.b), the WT activity
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level was restored. This result aligns well with the Urban group’s result showing that
replacing WT L5 with all-Gly L5 moderately reduces the reaction towards another TM
substrate TatA'’®. They interpreted this result in the way that the detailed sequence of
L5 is not important for the opening of the L5 cap. On the other hand, our result
demonstrates that the disruption of tertiary contacts mediated by several WT residues
substantially improves activity (L5_3G to L5_6G in Figure 3.8.b), indicating an
importance of WT tertiary interactions between L5 and the rest of the protein to activity.
Interestingly, we noticed when the upstream six residues were mutated into Gly and
Met249 was switched to Val (L5_6G1V in Figure 3.8.b), proteolytic activity further
improved by 4-5 fold compared to WT in micelles, and 1.2-1.5 fold in bicelles. The
deletion of three to five Gly residues from the N-terminal side of the L5 cap significantly
inactivated the protein relative to the hyperactive variant L5 6G1V (L5_6G1VA5G,

L5 7GAS5G and L5_7GA3G in Figure 3.8.b). However, the smaller deletion 6G1VA3G
was only inactivating in micelles but highly activating in bicelles, which was difficult to
interpret. Interestingly, the installation of two to four Gly residues that increased the
length of L5 (L5_2G+6G1V, L5 _3G+6G1V, and L5 4G+6G1V in Figure 3.8.b) showed
an activity level comparable to the hyperactive L5 6G1V.

In summary, the disruption of the WT tertiary contacts involving the 6 residues in
the N-terminal side of L5 greatly improved activity, suggesting the importance of this
part in modulating the activity of EcGIpG. The tightening of the L5 cap by deletion of
several residues overall reduced the acivity towards the TM substrate LYTM2 while the
further loosening of the cap maintained the hyperactivity. Overall, these results on L5
still support our hypothesis that the length and flexibility of the L5 cap controls the
activity of rhomboid proteases.

3.4.6. The effect of loop lengths on the activity of rhomboids towards a water-
soluble substrate

Next, | tested proteolytic activity of the loop-modified variants towards the water-soluble

substrates that directly access the catalytic dyad through the L5 cap. | used two distinct

substrates which have different requirements for their proteolysis: 7) the large generic

substrate casein-BODIPY (20-25 kD) that would require a large opening of L5 and 2) a

small self-quenched peptide substrate MMPS-024 whose susceptibility to proteolysis
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has been optimized. Although the water-soluble substrate casein-BODIPY can
effectively probe activity*®, the fluorescent signals of casein-BODIPY in bicelles were
too poor to be analyzed. Thus, for casein-BODIPY, we only measured activity in
micelles while for MMPS-024, in both micelles and bicelles.

When the multiple residues in the N-terminal side of L4 were replaced by Gly
with the loop length, lle223, and Leu225 kept intact (the variants L4_1G, L4_2G,

L4 4G1l, and L4_5G1I1L), the activity towards casein-BODIPY was greatly improved
by 2- to 4-fold relative to WT EcGIpG (Figure 3.9.a). This is a distinct feature from the
trend for the TM substrate LYTM2, where those substitutions maintained the WT-level
activity. Consistent with the trend for the TM substrate, the replacement of either 1le223
or Leu225 (participating in the tertiary contacts with TM2 and TM4) with Gly in the
background of L4 5G1I1L substantially reduced activity from the hyperactive level to the
WT-level. The addition of three additional Gly residues to the N- or C-terminal side of L4
(the variants L4_3G+5G1I1L) further reduced activity by 40%-70% compared to WT. It is
interesting that the modification of L4 which is on the opposite side to the catalytic dyad,
dramatically changes the activity towards the water-soluble substrate casein, whose
access to the catalytic dyad. Except for [le223 or Leu225 that are deeply inserted into
the core of the GlpG structure, the replacements of other WT residues with Gly in L4 are
expected to disrupt potential interactions with the protein itself or with the cytosolic
interfacial region of the membrane. This disruption is likely to increase the mobility of
the TM5 gate whose effect is transmitted to the periplasmic loop L5, leading to the
enhancement of activity.

In the L5 cap region, the trend in activity variation for the water-soluble substrate
agreed with the trend for the TM substrate (Figure 3.9.b vs Figure 3.8.b). That is, the
replacement of the residues in the N-terminal side of L5 maintaining the constant loop
length (L5 3G to L5 _6G in Figure 3.9.b) enhanced the proteolytic activity towards
casein-BODIPY by 6- to 7-fold. Both the deletion (i.e., the L5 shortening) and addition
(i.e., the L5 extending) of Gly residues increased activity by 3- to 4-fold. However, the
dramatic shortening of L5 by five residues (L5_6G1V A5G with only 2 residues in L5)
almost abolished activity probably due to the distortion of the active site structure. The

shortening of the L5 cap (L5_6G1V A3G) will lead to an incomplete shielding of the
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catalytic dyad towards the aqueous phase and the extending L5 will increase the gating
motions. Both of these cases can lead to an enhancement in activity.

Finally, we probed the activity of the loop-modified variants towards the small
water-soluble substrate MMPS-0024, a 10 amino acid peptide with the fluorophore 7-
methoxycoumarin on the amino-terminus and the quencher dinitrophenol on the
carboxyl side. The sequence of this peptide is highly optimized rendering it highly
susceptible to proteolysis by EcGlpG??'. Due to the small size, MMPS-0024 would
easily penetrate deep into the catalytic dyad without a large opening of the L5 cap.
Thus, the activity result is expected to reflect the “intactness” of the active site
conformation for proteolysis, not adequate for probing the movements of the gating helix
TM5 and the flanking loops L4 and L5. Indeed, the variations of activities towards
MMPS-0024 were overall smaller (varying from 50% to 300% relative to WT activity)
than those towards the larger casein-BODIPY (varying from 30% to 800% relative to WT
activity). Also, the variants displayed larger activity in bicelles than in micelles probably
due to the enhancement of stability and cooperativity by the lipid environment™’.

For the modifications in L4, the trend in activity for MMPS-0024 was very similar
to that for casein-BODIPY (Figure 3.10.a vs Figure 3.9.a), indicating that the activity
variation observed for casein-BODIPY reflects an allosteric effect of the modifications in
L4 on the catalytic dyad. However, we note that the activity changes within a narrower
range (50% to 200% relative to WT), indicating that these modifications did not
dramatically disrupt the intactness of the active site. In contrast, for the modifications in
L5, the trend in activity for MMPS-0024 was different from that for casein-BODIPY
(Figure 3.10.b vs Figure 3.9.b) in that the activity towards MMPS-0024 varied in a
much narrower range than that towards casein-BODIPY. This result indicates that the
perturbations on the intact active site were not severe for most of the loop modifications
on L5 and it is reasonable to interpret the activity changes towards the casein-BODIPY
based on the changes in the gating motions and loop dynamics.

In summary, | obtained a preliminary understanding about the correlation
between the loop lengths and the activity of rhomboid proteases: 1) The native
interactions in L4 and L5 are critical for overall proteolytic activities; 2) The disruption of

the WT residue interactions in the flanking loops while maintaining a few structurally
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important WT residues overall substantially enhances activity, indicating the importance
of the loop flexibility to activity; 3) Increasing or decreasing the loop lengths can
increase or decrease activity depending on the type of substrate, overall supporting our
hypothesis (i.e., the control of rhomboid activity by the lengths of the flanking loops of
the gating helix). Nonetheless, | acknowledge that a further activity analysis is required

to confirm this hypothesis.
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Figure 3.9. Proteolytic activities of the variants with modified L4 or L5 of EcGlpG
toward the water-soluble substrate casein-BODIPY in DDM micelles. (a) The
effects of modifying L4 on activity. The modification schemes and notations of the
variants (left) and the proteolytic activities of the variants (mean + s.d., N = 3) (right) are
shown. (b) The effects of modifying L5 on activity. The modification schemes and
notations of the variants (left) and the proteolytic activities of the variants (mean + s.d.,

N = 3) (right) are shown.
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Figure 3.10. Proteolytic activities of the variants with modified L4 or L5 of EcGlpG
toward the water-soluble substrate MMPS-0024 in DDM micelles and
DMPC:CHAPS bicelles (1 wiv-%, q = 2). (a) The effects of modifying L4 on activity.
The modification schemes and notations of the variants (left) and the proteolytic
activities of the variants (mean + s.d., N = 3) (right) are shown. (b) The effects of
modifying L5 on activity. The modification schemes and notations of the variants (left)

and the proteolytic activities of the variants (mean + s.d., N = 3) (right) are shown.
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3.5. Discussion

My results provide insights into how helical membrane protein in thermophiles acquire
thermostability in thermophiles and how the motions of the gating helix TM5 and its
flanking loops modulate the proteolytic activity of rhomboid proteases. | found that
thermophilic rhomboids are not as thermostable as expected in a delipidated micellar
environment. Surprisingly, thermophilic rhomboids exhibit even lower stability than their
mesophilic homologue. The large differences between the measured inactivation
transition temperatures of thermophilic rhomboids and the optimal growth temperatures
of their native organisms imply the potential role of native lipids in stabilizing

thermophilic membrane proteins.
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Figure 3.11. Lipids in thermophilic bacteria and archaea?°*27°, (a) Bacterial dither
lipid with iso-branched fatty acid chain. (b) Bacterial dither lipid with long, saturated fatty
acid chains. (c¢) Polar carotenoid. (d) Macrocyclic archaeol. (e) Archaeal tetraether lipid
(caldarchaeol). (f) Diphytanylglycerol. (g) Cyclopentane-containing caldarchaeol.
Reprint permission from Springer Nature (license number: 6043801195643).
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Lipids in thermophilic bacteria or archaea typically contain an ether backbone,
which is linked to various types of fatty acid chains (Figure. 3.11.). These types of lipids
enhance thermal adaptation by enhanced lipid-lipid packing and reduced permeability of
the membrane. As the delipidation of the thermophilic rhomboids leads to lower
thermostability than that of the mesophilic rhomboid EcGIpG, it is expected that their
native lipid bilayer environments would be required for the acquisition of their
thermostability. Interestingly, a study of our group has shown that the enhancement of
lipid-lipid packing interaction improves the thermodynamic stability of EcGIpG.
Therefore, testing the effect of thermophile-derived lipids on membrane protein stability
will be important to the fundamental understanding of membrane protein stability.
However, the interactions between membrane protein and thermophilic lipids have
received insufficient attention. In addition to the global membrane properties of the lipid
membranes such as the lipid-lipid packing and lateral pressure profile, measuring the
binding properties of thermophile lipids to the protein including binding enthalpy,
entropy, and free energy will also be a valuable effort to the understanding of
thermostability of membrane proteins. Exhilaratingly, Laganowsky and coworkers
established the tools for studying how phospholipid binding modulates membrane
protein stability and membrane protein-protein interactions using nano-electrospray
ionization ion-mobility/mass spectrometry (NESI-IM-MS) 138-140_ Therefore, the nESI-IM-
MS incorporating temperature-control apparatus would serve as a suitable platform for
future investigations.

Previously, Baker and Urban measured the Tm of four different mesophilic
rhomboids with low sequence identity (i.e., the rhomboids from Escherichia coli,
Haemophilus influenzae, Vibrio cholerae, and Providencia stuartii)®'. Their Tm vary
widely by ~25 °C with the highest EcGIpG and lowest. The authors hypothesized that
the origin of this discrepancy in thermostability stems from the variations in
nonconservative residues. They further tested the hypothesis by incorporating one of
the stabilizing residues Leu207 from EcGIpG into the corresponding residue Val122 in
HiGIpG, leading to an elevation of Tm ®'. The sequence alignments and predicted
structures of thermophilic rhomboids indicate that the “hypothetically stabilizing” residue

corresponding to Leu207 in EcGIlpG are not conserved. Testing such potentially
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stabilizing residues in thermophilic rhomboids under delipidated conditions woud be an
interesting future task.

In the Urban group’s comprehensive stability and activity study of 151 mutants in
EcGIpG, L4 is believed to be neither functional nor structurally important since the Ala
mutations on some of the L4 residues have almost no change on thermostability and
proteolytic activity®'. In contrast, our systematic study demonstrates that a series of Gly
mutations without disturbing the local loop-helix interactions enhance activity.
Furthermore, | found that the changes in the length of L4 can also modulate activity. We
speculate the length of L4 could be further increased to observe a salient impact.

A more recent structural and functional study on EcGIpG suggests that rather
than being a flexible cap exposing the catalytic dyad to the substrate, it is more likely
that L5 serves as a navigator guiding a substrate to the catalytic dyad'’®. The high-
resolution, time-resolved snapshots of the EcGlpG-substrate complex show a critical
role of Met249 on L5 by interacting with the upstream residues from the scissile bond
(i.e., P2, P3 and P4)'76, Nevertheless, our result shows that increasing the mobility of
the residues in the upstream of Met249 and substituting it into Val249 further enhance
the proteolytic activity, reemphasizing the “cap” role of L5. On the other hand, | found
that the shortening of L5 significantly compromise activity, which contradict to the “cap”
property. It is possible that the decrease in L5 length induces the distortion of the
contacts between the gating helix TM5 and the rest of the protein as well as the
shrinkage of the hydrophilic cavity harboring the active site. Thus, it is also necessary to
test how the activity of EcGIpG is affected when the lengths of L4 and L5 are varied at
the same time. Interestingly, my result shows that the simultaneous insertion of multiple
Gly residues to L4 and L5 (i.e., L4 5G1I11L_L5 6G1V in Figure 3.8.a and Figure 3.9.a)
restores activity to the WT level. Therefore, the L4_5G1I11L_L5_6G1V mutant can serve

as the starting template.
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CHAPTER 4: Concluding remark and outlook
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In this research, | aimed to elucidate two important problems regarding the stability of
helical membrane proteins with the universally conserved rhomboid proteases as a
study model: 1) What are the energetic consequences of burying ionizable residue pairs
in the core of membrane protein? 2) What is the origin of the thermostability of
membrane proteins in thermophilic organisms?

In chapter 2, | addressed the first question by quantitively evaluating the effects
of internal ionizable residues on the kinetic and thermodynamic stability of E. coli GlpG
in detergent micelles and lipid bicelles. Overall, the burial of ionizable residues
destabilize GlpG to a varying extent. Double mutant cycle analysis shows that favorable
interactions are formed between the acidic (e.g., Glu) and basic (e.g., Lys) ionizable
residues that can form a salt bridge. Thermodynamic stability measurements indicate
that the lipid environment provided by disc-shape like bicelles enhances the
accommodation of ionizable residues in the protein interior compared to spherical
detergent micelles (AAG°Nn-DwT-Mut = 1.5 to 3.5 kcal/mol in micelles vs 1.2 to 1.9 kcal/mol
in bicelles) while the interactions between the acidic and basic residues were more
favorable in micelles. On the other hand, the kinetic stability measurements in general
show no significant stabilizing effect from lipids for most of the buried ionizable residues.
Substituting the acidic residues (Glu) with a non-ionizable proxy (GIn) yields a similar
degree of destabilization, which suggests that the ionizable residues exist as a neutral
form and their acidic-basic residue pairs are likely engaged with each other by H-bonds
rather than a salt-bridge.

Although our current results cover multiple aspects regarding how an introduction
of ionizable residues into hydrophobic internal cavities impact the stability of helical
membrane proteins, there are remaining questions that can be further explored in the
future: what would be the energetic consequences of polarity reversal compared to the
current ionizable pairs (i.e., M100K/T178E to M100E/T178K and L207K/V165E to
L207E/V165K)? Hwang and Warshal’'s computational study on aspartate
aminotransferase revealed that switching the native positively charged Arg292 into the
negatively charged Asp in the active site causes drastic destabilization of 6.8 kcal/mol
for substrate binding?”!. They suggested that the protein microenvironment around the

ionizable residues is preorganized for accommodating a certain type of ionizable
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residue while switching polarity is highly destabilizing and unfavorable?’!. What if the
microenvironment is not predefined for the ionizable residues, in other words, will the
artificially buried ionizable residue pair be reversed without major energetic constraints?
Garcia-Moreno and coworkers addressed this question with the study model of water-
soluble protein staphylococcal nuclease (SNase). They studied the thermodynamic
stability, ionization states, and structures of the artificial charge-reversal pairs
V23E/L36K (EK) and V23K/L36E(KE) 2'". They found that the charge-neutral KE pair is
less stable than the charged EK pair and a structural reorganization occurs to
accommodate the highly destabilizing KE pair2'5217. Such rearrangement includes the
penetration of water molecules into the ionizable residue pair. In a membrane protein, |
speculate that the structural reorganization for accommodating such polarity reversal
will be even limited because the bilayer environment shielding the protein may not be
able to facilitate a conformational rearrangement through solvation by water molecules.
Instead, a distortion of the native helical packing may occur to accommodate the
unfavorable polarity reversal.

Another important future direction is to obtain the atomic level investigation of
how the buried ionizable residues inside the low dielectric, insulated environment
impacts the behavior of the helical membrane protein. Our group’s extensive
thermodynamic studies in different environments will provide useful guidelines for
computational studies such as Molecular Dynamic (MD) simulations. Deng and Cui’s
simulation work on SNase?'%217 shows that with the nonpolarized CHARMM36m force
field, the simulated interaction free energy of an ion-pair is extremely destabilizing (i.e.,
AAG®uwt-Mmut > 55 kecal/mol vs. ~9 kcal/mol from experiment)?’2. Interestingly, the use of
the electronic polarization including 2019 CHARMM-Drude force field, which include
greatly improves the prediction, implying an essential role of polarization of the low-
dielectric constant environment in stabilizing a buried ion pair. Their simulation results
further suggest a higher degree of water mobility and penetration to the internal charged
pair compared to those to a charge-neutral pair?’2.

While MD simulation is a powerful tool for obtaining the information on dynamical
properties of water molecules, it is much harder to investigate water dynamics

experimentally. One of the few strategies is in situ H20'%/H20'8 exchange Fourier
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transform infrared spectroscopy (FTIR) that has been used to monitor the H-bonding of
water molecules in the helical membrane protein bacteriorhodopsin 273. The advantage
of FTIR spectroscopy is that the measurement is performed at room temperature rather
than under cryogenic conditions. In future, incorporating both experimental and in silico
methods would further strengthen our understanding of the behaviors of buried
ionizable pairs in helical membrane proteins.

In chapter 3, | tackled the second question by measuring the heat-induced
denaturation and the proteolytic activity of various rhomboid proteases from
thermophilic bacteria and archaea. Surprisingly, in detergent micelles where the native
lipids from E. coli are extensively removed, the thermophilic rhomboids were similarly or
less thermostable than EcGlpG®'. The thermophilic rhomboids are denatured and
inactivated at temperatures (i.e., 60-70°C) lower than their intrinsic living temperature
(80-100°C). Thus, unlike water-soluble thermophilic proteins, the amino acid sequences
of the thermophilic membrane proteins may not necessarily have evolved to achieve
thermostability by their intraprotein interactions. Rather, it is highly possible that the lipid
environment plays a key role in their thermostability.

Our preliminary activity assays demonstrate that thermophilic rhomboids that are
believed to be an ancient form of rhomboid family proteins, can cleave four widely used
TM substrates with divergent sequences (i.e., Spitz, LYTM2, Gurken and TatA)23° that
have been used to test the activity of mesophilic rhomboids. Notably, TmRh exhibits
high proteolytic activities towards all four substrates in micelles and might be able to
cleavage TatA from multiple sites. Although previous studies indicate that the rhomboids
originated from evolutionarily distant bacteria and eukarya can recognize the same
substrate motif?3%, the sequence specificity of thermophilic rhomboids are still elusive.
Moreover, it would be informative to screen more divergent substrates other than
naturally derived substrates. Therefore, a synthetic peptide library and a high
throughput quantitative analytic platform would achieve this goal. The O'Donoghue
group successfully combined tandem mass tags with an established peptide cleavage
assay to yield a quantitative Multiplex Substrate Profiling by Mass Spectrometry (QMSP-
MS)?74. Their gMSP-MS platform was validated with well-characterized water-soluble

cysteine proteases against 275 unique peptide bonds in parallel 274, Later they assayed
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the sequence specificity of the rhomboid proteases, Haemophilus influenzae GlpG and
Providencia stuartii AarA against 228 peptide substrates. They showed that HIGIpG
exhibits a narrower sequence preference but higher catalytic activity than PsAarA274.
With the wide substrate library and high throughput tool, we can further characterize the
sequence specificity and catalytic efficiency of thermophilic rhomboids.

Although our current results under delipidated micellar conditions imply that lipids
from thermophiles may play a role in stabilizing thermophilic membrane proteins, the
potential role of stabilizing residue motifs cannot be excluded. To discover such
stabilizing motifs and evaluate the strength of interaction, a “motif exchange” strategy
can be developed. That is, a potential stabilizing motif such as aromatic clusters,
disulfide bonds, and salt bridge networks that are unique in either thermophilic or
mesophilic structure could be implanted into the other structure. For example, previous
sequence and structural analyses of thermophilic proteins have demonstrated the
abundance of aromatic residues (especially, Phe) and the presence of their clusters in
17 out of 24 thermophilic enzyme families'9%201, These aromatic clusters are usually
found in relatively rigid regions on the protein surface. These aromatic clusters occupy
the positions of Leu, Ser, or lle in their mesophilic counterparts'®?. It is possible aromatic
clusters increase the rigidity of secondary structure enhancing thermostability at higher
temperatures. Interestingly, the predicted structures of our thermophilic rhomboids
suggest the existence of inter- or intra-helical aromatic clusters (Fig. 4.1.). Thus, |
hypothesize that the aromatic clusters would contribute to the thermostability of
membrane proteins. In the next step, the hypothetical “aromatic cluster motif’ from
thermophilic rhomboids could be engineered into the corresponding regions of
mesophilic rhomboids, which would further stabilize them. The impacts of the
exchanged motifs on stability and cooperativity can be measured with steric trapping in
different hydrophobic medium (i.e., neutral detergent micelles and lipid bicelles). Double
mutant cycle analysis can be used to further confirm if there are favorable interactions

between the aromatic residues.
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Predicted thermophilic rhomboid structures

EcGIpG TmRh TpRh

Figure 4.1. Predicted structures of mesophilic and thermophilic rhomboids.
EcGlpG with known structure (PDB ID: 3B45, resolution 1.9 A) in which Important TM
helices are labeled. The TmRh structure was predicted by IntFold?8; The TpRh and
PfuRh structures were predicted by Alpha fold?%’. The surface aromatic residues in
EcGIpG are shown in spheres. The residues involved in the aromatic clusters in
thermophilic rhomboids are shown as grey spheres. In TmRh: Tyr105, Tyr109, Tyr145,
Phe108, Tyr204, and Trp208; In TpRh: Phe81, Phe82, Tyr85, Phe132, Phe158, and
Phe160; in PfuRh: Phe121, Phe149, Tyr160, His163, and Phe164.
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