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It must be splendid to command millions of people in great national ventures, to lead a
hundred thousand to victory in battle. But it seems to me greater still to discover
fundamental truths in a very modest room with very modest means—truths that will still be
foundations of human knowledge when the memory of these battles is painstakingly

preserved only in the archives of the historian.

Ludwig Boltzmann

A German Professor’s Trip to El Dorado, translated by Bertram Schwarzschild
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ABSTRACT

Potassium channels are membrane proteins critical for electrochemical regulation and func-
tion in almost all animal cells. In humans, many diseases are associated with mutations in
potassium channels, including life-threatening arrhythmias such as Long-QT Syndrome. The
process of potassium channel folding and oligomerization is disrupted in many genetic mis-
folding diseases but remains poorly understood. Outstanding questions concern the struc-
ture of folding intermediates, the sequential events involving selectivity filter folding and
pore helix insertion to produce the native tetramer, thermodynamic characterization, and
the role and generalizability of a protein-dense phase. We have extensively studied the in
vitro folding behavior of KcsA, a robust model system for ion channel folding for many hu-
man potassium channels such as hERG and Kv1.2. Here we characterize a novel tetrameric
species under thermal denaturation with circular dichroism, tryptophan fluorescence, and
SDS-PAGE. This state consists of a non-native bundle of transmembrane helices with dis-
placed and dynamic pore helices, which we demonstrate to be metastable using our Upside
force field. We also present results from hydrogen-deuterium exchange mass spectrometry
(HDX-MS) that demonstrate the extensive stabilization of the KcsA tetramer compared to
the monomer. Most notably, we adapted HDX pulse-labeling to membrane protein folding in
liposomes to observe site-resolved changes in hydrogen bond formation and stability during
oligomerization for the first time. We observe rapid formation of secondary structure in the
transmembrane glycine zipper and the inner half of the pore helix, followed by slower folding
of the selectivity filter, turret, and outer half of the pore helix on the same slow timescales of
tetramer formation. In the context of our previous work, this suggests that these slow-folding
structures act as an architectural “keystone” that is assembled last to stabilize the structure

into its native fold.
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CHAPTER 1
INTRODUCTION

1.1 The protein folding problem

The protein folding problem, first formally posed in 1936, is one of the most discussed topics
in science since the release of AlphaFold2 in 2021.25:122,126.169 T} ynprecedented success of
this program prompted some to claim that the protein folding problem had been “solved,” but
in reality this problem encapsulates a wide range of very different questions, none of which
have been completely resolved, and many of which remain elusive. Current perspectives on
the protein folding problem can be split into two main questions: (1) Can we predict the
3-dimensional structures of a protein given its 1-dimensional amino acid sequence, and (2)
what are the underlying forces that shape the energy landscape of protein motions?

The first question — structure prediction — is often approached with top-down methods,
most recently with machine learning (ML), as the goal is to build a model that is most
predictive of a correct protein structure. These approaches consider minimal inputs, always
the 1-dimensional amino acid sequence and subsets of experimentally-solved structures in
the Protein Data Bank (PDB), but sometimes additional information like related amino acid
sequences. This information is then fed into a neural network-based model as in AlphaFold2
or RoseTTAFold or a language model like RGN2, an output structure is predicted, evaluated,
and iteratively refined. 52784

However, in many of these approaches it is assumed that the underlying physics is too
complicated and poorly-understood to be incorporated into an efficient structure-prediction
model, and that it is preferable for a machine-learning algorithm to learn significant pat-
terns within the PDB training data that are not necessarily based in physics. There is
precedent for top-down approaches as these machine-learning algorithms vastly outperform

more physics-based bottom-up models in structure-prediction tasks in both accuracy and
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speed. In fact, in the 2020 Critical Assessment of protein Structure Prediction (CASP14)
competition, the top ten performing algorithms incorporated deep learning models, and
the 26" best method was the highest-performing non-neural network-based method, which
implemented a random forest rather than a purely physics-based model. 139 Despite the un-
precedented success of AlphaFold2, which was the overall best-performing model in CASP14,
problems remain in the structure-prediction problem: multiple sequence alignment (MSA)-
based methods including AlphaFold2 have reduced accuracy for proteins that lack known
homologues, and currently are unable to accurately predict the effect of mutational per-

turbations. 16:134

Language-based models produce more accurate predictions for these cases,
but still perform more poorly than AlphaFold2 when an MSA is available. 27,116 Ultimately,
these remaining problems with current structure-prediction methods maintain experimental
structure determination as an essential part of modern biology, and it is not obvious if future
development of these ML-based methods will be able to make experimental methods obsolete
without a full understanding of the underlying physics of protein folding.

Therefore it is important to address the second component of the protein-folding problem
— protein folding from first principles — to understand the detailed dynamic processes,
mechanisms, and driving forces behind protein folding. While a complete solution to this
problem would necessarily solve the structure prediction problem unambiguously, solving
the protein folding problem from first principles is also critical for (1) understanding the
basis of many genetic diseases, (2) designing new folds of functional proteins with no known
homologous sequences, and (3) filling the conceptual gap in the Central Dogma of Molecular
Biology between translation and functional protein biogenesis.

Many serious diseases are caused by protein misfolding including Alzheimer’s disease,
prion disesases, Parkinson’s disease, Creutzfeldt—Jakob disease, type 2 diabetes mellitus,
and cystic fibrosis, and often lead to pathology through amyloidosis. 24129 Even among dis-

eases that do not produce amyloids, a large percentage of all genetic diseases, particularly



those arising from missense mutations or short in-frame insertions or deletions, are ulti-
mately protein-folding diseases. 180 Current approaches to predicting protein misfolding
and pathology caused by missense mutations must rely on a physics-based understanding
of protein folding, since MSA-based methods poorly predict effects of point mutations on
protein stability. 16,134 However, more recent studies suggest that AlphaFold2 could improve
its prediction of mutational effects on structure by predicting multiple structures without
using structural templates, and measuring the effective strain at the site of mutation rather
than pLDDT or RMSD. 113

Many protein engineers seek to build new proteins from scratch that have novel functions
not found in nature. To do this, they often seek to define new folds. This de novo protein
design is very challenging for MSA-based methods like AlphaFold2 if these newly-defined
folds lack significant sequence homology with existing proteins, and may require protein
engineers to incorporate physics-based considerations into their design process.607121’138

Lastly, while the Central Dogma of Molecular Biology posits that all of the information
required to fold a protein is contained in its 1-dimensional sequence of amino acids, this is
increasingly accepted to be an oversimplification. The final functional forms of proteins is
determined not just by amino acid sequence, but also by the highly-tuned physical and chem-
ical environment surrounding it as it folds and is trafficked to its final destination: Aqueous
or lipidic solvents, salt concentrations, temperature, cofactors, chaperones, and regulatory
enzymes and proteases are among the many physical determinants of protein folding. Cur-
rent top-down structure prediction models handle the genuine conformational diversity of
proteins poorly, and most do not incorporate any chemical or physical information about the
solvent conditions or protein thermodynamics in their inputs because they do not explicitly

predict the stability of their generated structures.



1.2 Membrane protein folding

Most studies of protein folding have been centered on the folding of small, water-soluble pro-
teins. This is because of their high levels of expression in bacterial purification systems, sus-
ceptibility to chaotropic denaturants, ease of measurement by techniques such as small angle
x-ray scattering (SAXS), circular dichroism (CD) spectroscopy, and hydrogen-deuterium ex-
change (HDX) coupled with mass spectrometry (MS) or nuclear magnetic resonance (NMR).
Many small, water-soluble proteins often have a long shelf-life and resistance to aggregation.

However, membrane proteins are also critical components of cellular biology, essential for
signaling, transport, movement, and homeostasis. While membrane proteins only account for
20 to 30% of the proteome, they are targets of around 60% of pharmaceutical drugs.133:165
Many protein misfolding diseases involve membrane proteins like cystic fibrosis, retinitis
pigmentosa, Charcot-Marie-Tooth disease, and long-QT arrhythmias, and therefore the study
of their folding is important for medicine as well as basic biology. 193:160

Studying membrane protein folding is challenging for many reasons: (1) They are of-
ten expressed in very low yields, often from animal cell lines that are difficult to culture.
(2) Membrane proteins often have very short shelf-life and aggregate quickly after purifi-
cation, requiring experiments to be short and carried out immediately after purification.!2
(3) They are often regulated by diverse lipid membranes, which may contribute to large
artifacts and debilitating signal-to-noise problems when studied with traditional methods
like CD and HDX. The lipid requirement of membrane protein folding also necessitates large
computational resources to properly simulate membrane proteins embedded in large mem-
branes of explicit lipids with molecular dynamics (MD) simulations. (4) The unfolded state,
or disordered state ensemble (DSE) of membrane proteins is much complex than that of
water-soluble proteins, and often is highly dependent on the mode of denaturation used to

approximate the DSE.?153 Additionally, as we show in this work, many denaturants com-

monly used to study water-soluble proteins do not perturb certain small, stable membrane
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proteins like the potassium channel KesA.12

Integral membrane proteins can be grouped into two main categories: (1) alpha-helical
membrane proteins, found throughout animal membranes and the inner membrane of prokary-
otic organisms, and (2) beta barrel membrane proteins, found in the outer membranes of
prokaryotic organisms, chloroplasts, and mitochondria.

Some beta barrel membrane proteins can be folded in vitro from a urea-denatured state
into lipid membranes, much like water-soluble proteins. 13,39,43 1y cells, the folding machinery
of these proteins is much more complex, as they must be extruded as an unfolded chain
through pores in the inner membrane into the periplasm, after which they are inserted and
folded into the outer membrane with the help of a large complex of specialized machinery
including chaperones. 2374137

Alpha helical membrane proteins, which are the focus of this work, are more difficult to
fold in wvitro. Bacteriorhodopsin (bR) monomers can be folded from an SDS-partially denatu-
rated state into membranes, and monomers of potassium channels KcsA and KvAP can be re-
folded from SDS-solubilized monomers into native tetramers in lipid membranes. 42:79:104,114,173,174
From their studies of bR, in which they refolded separate, alpha-helical proteolytic fragments
of bR into lipids to produce a state optically indistinguishable from the native state and ca-
pable of binding retinal, Popot and Engelman proposed a ‘“2-stage model” of alpha helical
membrane protein folding: (1) Transmembrane helices insert into the membrane, followed
by (2) helical packing into the native structure. 142 A decade later they amended this model
into a “3-stage model” of folding, adding an additional step at the end of the 2-stage model in
which prosthetic groups, ligands, and additional structural elements like short helices insert
into the transmembrane helical bundle to form the native structure.4?

Due to the known diversity of the DSE of membrane proteins, and with new methods

to study membrane protein folding in purified systems and cotranslationally, the Popot and

Engelman models are now accepted as oversimplified. These modern methods include par-



tial chemical denaturation, often with SDS or urea, mutational v analysis, directed pulling
experiments, often with AFM or optical or magnetic tweezers, and steric trapping experi-
ments. 37-73,82,91,120,128,136,158,177 P} ege methods are often coupled with computational anal-
yses including MD simulations to resolve more molecular detail.30:51,53,54,111,184 Altogether,
these techniques allow researchers to control the folded state of a membrane protein and es-
timate folding and unfolding rates as well as thermodynamic parameters. They have also
revealed the great complexity in membrane protein DSEs, which are often highly dependent
on the mode of denaturation or refolding and the system in which the membrane protein is
reconstituted (e.g. detergent micelles, mixed micelles, nanodiscs, bicelles, liposomes, or cell
membranes).31’53’68’77’156 Further, recent advances in hydrogen-deuterium exchange mass
spectrometry, including those presented in Chapter 5, are now being applied to membrane
proteins. A more detailed review of these advances is given in Chapter 2. In cells, integral
membrane proteins are inserted into the lipid bilayer cotranslationally via a ribosome-docked
translocon, often with many ribosomes on a single mRNA transcript, and many require ad-
ditional chaperones to partition into the membrane efficiently and with the correct topol-
ogy.20:99,164,176,181,182,186 T1)¢ separation of membrane insertion and formation of tertiary
contacts proposed by the Popot and Engelman models is being additionally challenged by
the knowledge of cotranslational membrane protein folding. Several groups including the
Deutsch and von Heijne labs are able to measure the force required to arrest peptide forma-
tion in the exit tunnel of the ribosome. They find significant secondary structure is formed
in the exit tunnel and is retained upon passage into the translocon, suggesting that many
helices are already formed and available for tertiary structure formation upon exiting the
translocon. 36-37,40,54

Despite these modern methodological advances to study helical membrane protein folding
in vitro and in vivo, relatively few studies focus on the folding and assembly processes

associated with helical membrane protein oligomerization. Dimerization studies of ClC-ecl



and Fluc channels by subunit capture, single-molecule photobleaching, and coarse-grained
molecular dynamics (CG-MD) simulations suggest a central role of the lipid membrane in
driving dimerization. 2072250 Studies of higher-order oligomers are often limited to the study
of single pass transmembrane helix association. 3166 However, unfolding experiments have
studied the contribution of oligomeric structure to protein stability in larger, more complex
proteins, 154178100

Potassium channels are class of multi-pass alpha helical membrane protein comprising
four independent subunits whose assembly into a tetramer has been studied in detail. Soon
after solving the structures of prokaryotic potassium channel KesA (K channel of strepto-
myces A) from Streptomyces lividans and KvAP, a voltage-gated channel from Aeropyrum
perniz, the lab of Dr. Roderick MacKinnon began to study the folding of these channels.
They found that KcsA could be folded into native tetramers in lipids from a semi-synthesized
state, combining a recombinant peptide (residues 1 to 73) with a synethetic peptide (residues
74 to 125).173 They also found that wild type (WT) KcsA requires lipids for refolding to
the native tetramer, and that KcsA binds anionic lipids at an interfacial binding site be-
tween monomers near the lipid-water interface. Anionic lipid binding was not required
for folding, but was essential for potassium conductance.1™ The Gonzéalez-Ros group has
extensively studied KcsA unfolding, and has also observed lipid-dependent refolding from
trifluoroethanol (TFE) denatured states.®918 The lab of Dr. Ben de Kruijff measured the
efficiency of KcsA folding in the absence and presence of the signal recognition particle as
well as components of translocon machinery, but find that KcsA can be refolded into native
tetramers in the absence of any translocon.3® Studies of the closely-related potassium channel
KvAP have been conducted by the Valiyaveetil group and reveal a strong temperature and
lipid-dependence on tetramerization rate. They also find that the KvAP monomer inserts
rapidly from SDS micelles into membranes, and that, unlike KcsA, the cytosolic domain of

KvAP is required for tetrameric structure to form. 4114



1.3 A model for potassium channel pore domain folding

We have chosen to further study KcsA, as it is a robust model for the folding of the pore
domain of many potassium channels like hERG and Kv1.2. KcsA is a homotetrameric channel
consisting of four multi-pass alpha helical transmembrane monomers surrounding a central
pore. Starting from the N-terminus, KcsA begins with a amphipathic peripheral membrane
MO helix. This is followed by a transmembrane helix, TM1, a water-exposed turret loop, a
short and highly conserved pore helix, followed by an even shorter selectivity filter. After
a short loop, the protein reenters the membrane as a kinked transmembrane helix TM2,
which forms the walls of the water-filled cavity in the center of the tetramer, capped by the
highly charged intracellular gate and, at the C-terminus, the cytosolic domain. Figure 1.1

shows many of these components, including the lipid-exposed surface of the monomer, which

turret D | _ Periplasm
.' Pore Helix @1

™1 «/? Membrane

y / «
3 Cytosol

Figure 1.1: KcsA Transmembrane Domain [Protein Data Bank (PDB) ID 3EFF]. A, and B. Top, side
views. C. Monomer: TM helices TM1, TM2, pore helix, turret, and selectivity filter. D. Surface residues
(polar, basic, and acidic residues are colored green, red, and blue, respectively). Figure adapted from Song
et al., PNAS (2021).

notably contains many polar residues.

TM2

We have built upon the work of MacKinnon and Valiyaveetil, and more extensively
characterized the folding and tetramerization process of SDS-solubililzed KcsA monomers
inserted into azolectin (soy) small unilamellar vesicles (SUVs). We found that: (1) KcsA
rapidly inserts from monomers into a protein-dense phase within the membrane, (2) het-

erogeneous folding kinetics to the native tetramer ensue, with the amount of flux down
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misfolding pathways controllable using an engineered topology-maintaining disulfide bond,
and (3) tetramerization rate is irrespective of monomer concentration in free solution. 158
Outstanding questions concern the identification of the rate-limiting step, the structure of
folding intermediates, the role of a protein-dense phase, and thermodynamic characterization
of channel folding.

With Forster resonance energy transfer (FRET) spectroscopy, we have observed the for-
mation of a protein-dense phase, initially consisting of monomers rapidly inserting into the
lipid membrane from a detergent-solubilized state. The dense phase is maintained through-
out tetramer formation, suggesting that monomers in the dense phase are dynamic and
undergo rearrangements and diffusion before folding into tetramers. 1% It is well established
that native tetramers of KcsA form large, supramolecular clusters that may be involved
in cooperative gating.9’58’70’124’1487179 In fact, protein clustering within and peripheral to
the membrane is emerging as a general phenomenon in biology, and may have implications
ranging from cooperative gating of ion channels to assembly of active complexes in immune
signaling.107417140’161’187 It is difficult to study the biophysical bases of these supramolec-
ular membrane protein clusters, because few existing models for membrane protein phase
separation bridge the gap between the molecular detail necessary to study any site-specific
protein-protein interactions and the macro-scale material properties of the protein and lipid
phases necessary to interpret the long-range behavior of these clusters in the context of
cells.? However, several groups, including the lab of Dr. Sarah Veatch are quickly bridg-
ing this gap between macro-scale phase separation at the membrane and detailed molecular

models.92’152’155

Our observation of a protein-dense phase forming early during channel for-
mation is a novel observation of membrane protein clustering, though it remains unclear if
this phase has any function in the folding process, or even exists in real cells at all. However,

a thorough investigation into the importance of the protein-dense phase in KcsA folding will

be left for future studies.



In this dissertation, I was instead interested in studying the site-resolved structural
changes associated with KcsA folding and unfolding. In other words, we sought to answer:
What structures are most important for the stability of the natively-folded KcsA tetramer,
and what parts of the structure fold or unfold first? How unfolded are different structures
within the KcsA monomer, and how much stability do these same structures gain in the
tetramer? Can we characterize the site-resolved dynamics of secondary-structure formation
during KcsA folding and tetramerization?

To answer these difficult questions, we need to integrate a wide variety of optical, bio-
chemical, and computational techniques for detailed folding and stability measurements,
and we need a theoretical framework for approaching these problems. Any process of potas-
sium channel folding starts with membrane insertion of the monomers, either in vitro from a
detergent-solubilized state or in vivo using cellular insertion machinery. This is a very flexible
and highly dynamic state. 158 The monomers can then follow one of three possible paths: (1)
A “native assembly” model, in which each monomer independently folds into a structure with
native-like contacts and stability, followed by a tetramerization step of native-like monomers,
(2) “keystone” model, in which the transmembrane helices form a tetrameric bundle first, fol-
lowed by insertion and folding of pore helices and selectivity filters (the “keystone”), and (3)
a “‘cooperative” folding model in which transmebrane helices form a tetrameric bundle simul-
taneous to pore helix and selectivity filter insertion and folding. This theoretical framework
is summarized by the model in Figure 1.2.

Note that these models are likely oversimplified, but serve as a useful theoretical frame-
work to contextualize our folding and unfolding studies of KcsA. Additionally, while these
models can apply to the pore domain folding of most potassium channels, they does not
include the folding of cytosolic or any voltage sensing domains.

In Chapter 3, we study conformational changes of the KcsA tetramer under different

modes of denaturation. We find that the stability of KcsA is determined by the presence of
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Figure 1.2: 3 Models for Potassium Channel Pore Domain Folding and Assembly

lipid or detergent, monovalent cations, and surprisingly, the choice of experimental buffer.
Under thermal denaturation, we observe a sequential and irreversible unfolding pathway
starting with displacement and unfolding of the pore helices, followed by disassembly of the
tetramer, and ultimately monomer aggregation. We also characterize a novel state of KcsA
observed at 50°C constisting of a tetrameric transmembrane helix bundle with displaced
and dynamic pore helices that we observe to be metastable by CG-MD and resembles the
intermediate state in the “keystone” model of folding. In Chapter 4, we measure the native-
state HDX of KcsA monomers and tetramers in DDM micelles, in the presence and absence
of potassium ions, and with chaotropic denaturant. We find that the tetramer of KcsA is
extremely stable, especially in relation to the structured, but less stable KcsA monomer.
Urea was observed to disrupt only a few locations on the tetramer, including destabilization
of TM1 and the loop to TM2, and unexpected stabilization of the C-terminal end of the

MO helix. Equally unexpected was the absence of tetramer stabilization measured in high
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potassium conditions. In the context of KcsA assembly, the large difference in stability be-
tween monomeric and native tetrameric states argues against the “native assembly” model.
In Chapter 5, we adapt HDX pulse-labeling to study the folding and oligomerization of a
membrane protein in liposomes with peptide-level resolution for the first time. We observe
rapid folding of TM2 and the inner half of the pore helix, followed by slower folding of the
outer half of the pore helix and attached selectivity filter and turret. By SDS-PAGE, we
observe that native tetramers are formed on the same timescales as the slow-folding compo-
nents measured by pulse-labeling. Pulse-labeling experiments, as well as native-state HDX
measurements of the KecsA monomer, required a novel purification of a folding-competent,
monomeric form of KcsA in DDM, which we report in Chapter 2. Altogether, unfolding
experiments and CG-MD are suggestive of the “keystone” model for folding, while native-
state HDX argues against the “native assembly” model. However, we remain agnostic to
the resemblance of the real folding pathway to either the “keystone” or “cooperative” fold-
ing models since we are not yet able to measure the rate of transmembrane helix bundle
formation or inter-monomeric pore helix contacts from these methods alone. However, the
observation that the pore helix, selectivity filter, and turret fold on the same timescales as
native tetramer formation suggest that these structures can be considered the “keystone”
component. As in an architectural arch, these structures form last, locking the tetramer into

its stable, native fold.
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CHAPTER 2
MATERIALS AND METHODS

2.1 Introduction to HDX

HDX is an integral tool for studying protein folding and dynamics with high spatial and
temporal resolution. Compared to other methods to probe protein stability and solvent ac-
cessibility that involve making mutations for the attachment of large chemical labels, HDX is
non-perturbative: It requires no mutations, it can probe the backbone stability of potentially
all non-proline residues in the protein simultaneously, and the backbone hydrogen exchange
reaction that it takes advantage of is a naturally-occurring process for all proteins with
their surrounding water. All applications of HDX involve the labeling of backbone amide
protons by deuterium, from heavy water. This can occur as an acid- or, more commonly,
base-catalyzed reaction. There are different ways to determine what part of the protein was
labeled: (1) nuclear magnetic resonance (NMR), in which the rates of decay of site-resolved
peaks resulting from deuterium labeling are measured, or (2) mass spectrometry (MS), in
which the protein is proteolyzed into many peptide fragments whose mass shifts upon deu-
terium labeling are measured by mass spectrometry. In this work, we couple HDX to MS
and measure deuterium content of KcsA peptides by the average m/z shift of their mass
distributions upon labeling. Figure 2.1 shows representative spectra of peptide VAGITS-
FGLVTAAL in the KesA monomer from undeuterated (magenta) to full uptake (green).

In any HDX experiment, deuterium can only exchange with the amide hydrogen if that
hydrogen is not actively participating in a hydrogen bond. Taking advantage of this, there
are two main kinds of experiments that can be conducted to measure the folded state of
that backbone amide under different conditions: native-state HDX and HDX pulse-labeling.
Native-state HDX measures equilibrium backbone dynamics by applying deuterium pulses

of varying lengths to a protein sample in equilibrium. A protein at equilibrium is not static.
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Figure 2.1: Mass spectra of TM2 peptide VAGITSFGLVTAAL from native-state HDX of KcsA monomer
in DDM, from undeuterated (magenta) to full uptake at 24 hours (green). The undeuterated mass distri-
bution reflects the natural isotopic distribution in an unlabeled peptide, whereas the fully labeled mass
distribution is binomially distributed.

Rather, it is undergoing thermal fluctuations that transiently break and reform the backbone
hydrogen bond structures. The probability of these structures breaking is inversely related
to the equilibrium stability of that structure. In other words, if a backbone amide can only
pick up a deuterium at long labeling times during a native-state experiment, then that amide
is very stably folded compared to a less stable amide that is only rarely hydrogen bonded and
can therefore pick up a deuterium quickly, at short labeling times. In an HDX pulse-labeling
experiment, the duration of deuterium pulse is held constant but the protein is undergoing
a non-equilibrium process. This can be protein folding, binding, or changing conforational
state. In pulse-labeling, changes in deuterium occupancy of an amide group represent changes
in the folded state of that amide over the course of the non-equilibrium process. A schematic
comparing a typical native-state experiment to a pulse-labeled experiment for KcsA is shown

in Figure 2.2.

The equilibrium expression governing hydrogen-deuterium exchange for a given part of
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Figure 2.2: Schematic depiction of native-state versus pulse-labeled HDX-MS experiments.

a protein is given by Equation 2.1:

kun O
Folded =2 Unfolded —222 Exchanged (2.1)
fold intrinsic

Generally, the observed hydrogen-deuterium exchange rate, kgpx, of an amide hydrogen

is given by

kunfold kintrinsic (2 2)

kuapx =
kunfold + kfold + kintrinsic

In what is called the EX2 limit, kg1q > Kintrinsic, and given Keq folding = Ffold/Funfold:

Equation 2.2 simplifies to

kunfold kintrinsic -~ kintrinsic
Kunfold + Ffold ~ Keq,folding

kupx = (2.3)

We can estimate the free energy change, AGy,)q, associated with forming a backbone

hydrogen bond with this amide hydrogen by measuring the protection factor, kintrinsic/¥HDX -
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AGfoq = —RT ln(Keqfolding) ~ —RTIn (%) (2.4)

In the EX1 limit, kfy)q < Fintrinsic, and Equation 2.2 simplifies to

KHDX ~ kunfold (2.5)

In this way, conducting HDX in the EX2 limit yields thermodynamic information about
the folding/unfolding equilibrium while an EX1 HDX experiment produces kinetic informa-
tion about changes in hydrogen-bond structure during a non-equilibrium folding or unfolding
process. Therefore, native-state HDX often makes use of the EX2 limit to measure hydrogen
bond stabilities in a protein at equilibrium. Pulse-labeling HDX experiments are less clearly
in the EX2 or EX1 regime, and often different parts of a protein will exhibit EX2 or EX1
behavior during the same folding or unfolding process.

In Chapter 4, we measure native-state HDX of the KcsA monomer and tetramer in
DDM in the presence of different ions and denaturants. We observe extreme stability in the
tetramer, with incomplete uptake in almost the entire protein after 24 hours of labeling in
pD 8.5 deuterium buffer at 25°C. However, we measure complete uptake in a single part of
the tetramer, the MO helix, from no deuterium uptake at 1 s to saturated labeling around
10,000 s (Figure 2.3). In one peptide from the MO helix, LARLVKL, we have chosen to
represent this saturated deuteration level, which remains around 4 deuterium atoms through
at least 24 hours in labeling, as our upper labeling limit, the “all-D” reference state. This
peptide never reaches the theoretical limit of 5 deuterium atoms because of a phenomenon
called “back-exchange” in which deuterated backbone amides can exchange their deuterium

back to protium from bulk water during proteolysis or desalting. There is also a potential
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for “forward-exchange” arising from new deuterium atoms being picked up by an unlabeled
backbone amide from residual deuterium during these same processes, but in LARLVKL,
we observe almost no forward-exchange. We can normalize the uptake curve of this peptide
to the “all-D” level, and fit the curves to a single or double exponential fit of the following
form, where A, B, and C are scaling constants, and kgpx is the measured exchange rate
for a single exponential fit, while kgpx; and kgpxo are the measured exchange rates for a

double exponential fit:

Single Exponential Fit : #Deuterium = C' (1 — Ae_kHDX't)

Double Exponential Fit : #Deuterium = C (1 — Ae kupx1t _ Be_kHDXQ't)

A single exponential fit would be most appropriate if, for example, the entire peptide
exchanged cooperatively (i.e. when it unfolds, it unfolds all together, and all amide protons
are equally likely to exchange), but from Figure 2.3, it appears that a double exponential
fit is most appropriate, suggesting that this peptide exchanges in two halves, with the faster
half exchanging at kgpxy ~ 30/s and the slower half exchanging at kgpxa ~ 0.0009/s.
However, since we don’t know which rates correspond to which residues, we cannot estimate
the Kiptrinsic corresponding to these exchange rates, so we cannot calculate free energies of
folding for each half. However, we know that the single exponential fit, with kgpx ~ 0.001/s,
represents the average exchange of the entire peptide LARLVKL for which we can estimate
Kintrinsic = 470/ 5.6:28,130 Assuming we are exchanging in the EX2 limit, then by Equation
2.4, the free energy associated with folding this peptide is AGg,q ~ —8 kcal/mol. Since the
rest of the KcsA tetramer in DDM was not observed to reach “all-D” by 24 hours, it is likely
that much of the protein has an even greater stability than the M0 helix, with AGg,q < —8
kcal /mol.

Pulse-labeling experiments in Chapter 5 exhibited mostly EX2-like behavior, though
17
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Figure 2.3: HDX-MS uptake curves for MO helix peptide “LARLVKL” showing single and double expo-
nential fits.

interpretation of the observed bimodality in some peptides is discussed in detail in Section

5.3.

2.2 Development of a new HDX-MS technique

The vast majority of both native-state and pulse-labeling HDX-MS studies have focused
on water-soluble proteins, with current development focused on increasing the resolution of
HDX-MS data by improving peptide coverage and developing new analysis methods of MS
and MS-MS labeled spectra.66:78,86,87,183

However, the development of HDX techniques for membrane proteins significantly lags
behind that of water-soluble proteins. This is because the presence of membranes and mem-
brane mimetics pose many additional challenges related to lipid removal, ion suppression,
stability against chemical denaturation, and generally poor digestion efficiency of integral
membrane proteins, aside from low protein yield during expression and high tendency to
form protein aggregates outside of lipids and detergents. Additionally, while the same gen-

eral methodologies work for HDX on most water-soluble proteins, HDX methods must be
18



optimized individually for each membrane protein and each membrane mimetic system. 10

These considerations are discussed for HDX pulse-labeling of KcsA in detail in Chapter 5.

To our knowledge, the first application of HDX to a membrane protein was in 2004, in
which detergent-solubilized microsomal glutathione transferase 1 was found to have signif-
icant movement of transmembrane helices and reorganization of its cytosolic domain upon
glutathione binding with native-state HDX coupled to crystallography.” This was followed
by many other membrane protein HDX studies from detergent-solubilized states. These fo-
cused in particular on conformational changes in transporters and G-protein coupled recep-
tors (GPCRS).19’47’48’57’102’115’118’191 Notably, HDX has also been applied to ATP-driven
conformational dynamics of the prokaryotic translocon machinery SecYEG-SecA.30 Several
groups including our own have begun to study HDX of membrane proteins in lipids. Different
self-assembled lipid structures — bicelles, nanodics, SMALPs, and liposomes — require dif-
ferent protocols for lipid removal and proteolysis. 1,44,69,83,112,144 (e study even used HDX
to study conformational changes of the ~-rotor shaft of ATP synthase in liposomes under a
proton gradient across a membrane in liposomes.172 This is notable because the lipid load
from liposomes is higher than that of bicelles, nanodiscs, or SMALPS, so the required lipid
removal before MS analysis is harder. However, this work focused on water-soluble domains
of ATP synthase, and we found that their methods were insufficient to resolve transmem-
brane peptide signal from KcsA in liposomes in our own experiments. Lastly, our group has
begun developing HDX methods for in vivo applications, and we have measured deuterium
uptake of a beta barrel in the outer membrane of live e. coli cells. 01

While some of these studies have observed limited EX1 behavior, almost all existing
studies of membrane protein HDX consist of native-state HDX measurements in the EX2
limit. To our knowledge, only a single study has successfully conducted pulse-labeling of a
membrane protein in lipid bilayers.®? This study folds bR monomers from an SDS-partially

denatured state into bicelles. They observe significant changes in deuterium incorporation
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during monomer refolding, but because they are limited to whole-protein measurements, it
remains unknown where this deuterium incorporation occurs within bR. Here, we adapted
HDX-MS pulse-labeling for site-resolved membrane protein dynamics in liposomes. We have
optimized a method for on and off-column digestion with pepsin and FPXIII (fungal pepsin
from Aspergillus saitoi, type XIII) and efficient lipid removal using a suspension of BSA-
blocked ZrO2 beads, which are used during mechanical agitation and sample frothing. With
this method, we can now observe changes in hydrogen-bonded structure and dynamics in a
membrane protein undergoing tetramerization with peptide-level resolution.

We report this optimized protocol here, along with all other materials and methods used

in this work.

2.3 Materials

Chemicals were purchased from Sigma-Aldrich (St Louis, Missouri) unless otherwise noted.
All detergents were purchased from Anatrace (Maumee, OH), and all lipids were purchased

from Avanti Polar Lipids (Alabaster, Alabama).

2.4 HDX pulse-labeling of KcsA folding in liposomes with

peptide-level resolution

KesA folding was initiated by mixing 2 pl. KesA A125 monomer (35 M in 50 mM Na-
Phosphate pH 7.5, 100 mM NaCl, 1 mM DDM) with 2 puL azolectin SUVs (prepared as
described below) for various folding times, tg,q, at room temperature, 25°C. We then added
26 pL of pulse buffer (20 mM Tris pD 7.0, 8.0, or 9.0, 100 mM NaCl, 1 mM DDM) for a
6 s pulse duration, 7,y = 6s. 30 uL quench buffer, consisting of 600 mM glycine pH 2.5,
100 mM NaCl, 3 M urea, 1 M thiourea, and 0.4% DDM was added to stop the labeling

reaction. To start soluble protease digestion, 2 ul. of pepsin (Sigma-Aldrich, reference no.
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P6887, with optical density 6 in 100 mM sodium citrate, pH 4.4) was added, and incubated
for 4 minutes at room temperature. At this point, 4 pL of approximately 190 mg/mL ZrOs9
(Sigma-Aldrich, reference no. 55261-U, and blocked with bovine serum albumen, BSA)
were added. Critically, the sample was vigorously frothed by pipetting up and down with
high flow for 1 minute at room temperature. The sample, now foamy, was transferred to
a spin filter (0.45 pum pore), and spun at approximately 15,000 r.c.f. for 30 s at 2°C. This
removed the bubbles and lipid-bound ZrOg from the sample. Samples were immediately
flash frozen in a bath of dry ice and EtOH and stored at -80°C until liquid chromatography
mass spectrometry (LC-MS) analysis at a later time. Since all mixing timepoints were on
the order of seconds, all reactions were conducted by hand. These steps are summarized in
Chapter 5 in Figure 5.1.

Samples were thawed on ice and 50 pLL was immediately injected into the LC sample loop,
which had been filled with 200 pL of chase buffer (same buffer as quench buffer) immediately
prior. The sample and chase buffer were then run at 0.1 mL/min with isocratic buffer (0.1%
FA pH’d to 2.5 with TFA) through a hand-packed 1:1 pepsin:FPXIII (fungal pepsin from
Aspergillus saitoi, type XIII) column for on-column proteolysis for 210 s. Peptides were
collected on a Targa Piccolo C8 trap column for 150 s of desalting in isocratic buffer. Peptides
were then eluted at 20 pL/min over a Targa C18 analytical column (5 pum beads) with a
gradient of 10% MeOH (containing 0.1% FA, against 90% of water containing 0.05% TFA)
at 0 minutes to 90% MeOH at 23 minutes. Peptides were collected from 3 to 22 minutes over
this gradient and directed towards the HESI-II (Thermo Fisher Scientific) probe attached to
a Thermo Q203 Exactive mass spectrometer. Note that DDM eluted after 23 minutes, so it
was important to divert the detergent away from the MS and into the waste for long-term
maintenance of the MS. After 23 minutes, 4 sawtooth gradients from 10% MeOH to 90%
MeOH were used to clean the trap and analytical columns. Meanwhile, the protease column

was cleaned with 6 column volumes of clean mix (5% iPrOH, 5% ACN, 20% acetic acid, 70%
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water). All chambers of the LC are maintained at approximately 6°C except for the protease
column chamber at 20°C.

Critically, the ZrOg resin was incubated with 3% BSA (in 50 mM Na-Phosphate, 100 mM
NaCl, pH 7.5) for at least an hour, followed by 5 cycles of gentle washing in isocratic buffer
to remove excess weakly-bound BSA, each time letting the resin settle by gravity and eluting
off the supernatant. BSA-bound ZrOs lasted for approximately 2 hours before the BSA was
no longer sufficiently blocking the resin, leaving unblocked sites to bind KcsA peptides, and
leading to massive reduction in peptide signal.

Undeuterated measurements were carried out with the same protocols listed above (even
including lipids), except water was used instead of deuterium buffer. These same undeuter-
ated conditions were used for MS-MS fragmentation experiments, for which peptides were
identified by searching against the entire BL21 proteome, with KcsA and potential pro-
tein contaminants manually added to the search list. SearchGUI with X! Tandem, MS
Amanda, and Comet algorithms was used for peptide identification, and identified peptides
were imported into HDExaminer (Sierra Analytics, Modesto, CA). Analysis of deuterated
and undeuterated MS runs was conducted with HDExaminer, which identified m/z envelopes,
calculated their centers of mass, and quantified changes in deuterium incorporation between
pulse-labeling timepoints. All peptide maps were generated by ExMS2.87

Note that residual lipids not removed by ZrOg caused non-monotonic shifts in retention
times of as much as 1 minute over tens of runs. Compared to runs with no lipids, the
retention time of the peptide was shifted by an even greater amount. Therefore, for any
given peptide, mass spectra were integrated over the same range of retention times relative
to the maximum total ionic current (TIC) for that peptide in that run. This resulted in
retention time integration ranges that differed significantly between runs, but was consistent
with respect to the maximum TIC.

Note also that our 0 s folding timepoint was conducted by mixing pulse buffer and lipids
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before adding protein and quenching 6 s later. We originally attempted to measure the uptake
of KesA monomers in DDM under equilibrium conditions for 6 s, but since the presence of
lipids in other experiments affected the retention times of peptides so dramatically, it was
hard to choose comparable retention time integration bounds between experiments with and
without lipids, so we chose to measure the 0 s folding timepoint in lipids as well.

This is a highly-optimized protocol, with the compositions of all buffers, 2-step proteol-
ysis, chase buffer, and manual frothing of the quenched sample containing ZrOg beads all
being critical for consistent, high-signal recovery of the 11 peptides we studied across many
folding times. Any other conditions we tried produced almost 0 resolved peptides. We believe
the manual frothing of sample with ZrOg was critical for forming many air-detergent-lipid
interfaces while simultaneously providing rapid and strong shear forces to disturb the lipo-
some structure and extract the partially-digested protein into DDM. Curiously, vortexing
and sonication of the sample did not produce the same effect, as vortexing may have been
too gentle a perturbation, and sonication likely caused BSA to fall off of the ZrO2 beads,
leading them to bind not only to phospholipid headgroups but also to peptide fragments and

partially-digested protein. This caused an almost complete reduction in peptide signal.

2.5 Native-state HDX of KcsA monomers and tetramers in DDM

All native-state HDX experiments in this work were measured from protein stocks in 20 mM
Tris pH 7.5, 100 mM NaCl, and 1 mM DDM, and all protein concentrations are reported
per monomer.

Deuterium labeling was initiated by incubating KcsA with deuterium buffer for various
labeling times at room temperature, 25°C. For monomer measurements, 2 plL of 19.5 uM
protein were mixed with 28 L deuterium buffer (pD 8.5). For tetramer measurements in
NaCl, 6 uL of 88 uM KcsA was mixed with 24 pL of deuterium buffer (pD 8.5), whereas
for measurements in KCI, 6 uL of 88 uM KcsA was first mixed with 2 pL. 1 M KCI for 5
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minutes before initiating labeling with 24 uL of deuterium buffer (pD 8.5). For both NaCl
and KCl measurements in 4 M urea, 3 ul. of 98 uM KcsA was first incubated with 3 ul
equilibration buffer (20 mM Tris pH 7.5, 100 mM NaCl, 1 mM DDM, 4 M urea, and only
in the KCl/urea experiment, 300 mM KCI) for 1.5 minutes, followed by labeling with 24 uL
deuterium buffer (pD 8.5, 4 M urea, and only in the KCl/urea experiment, 150 mM KCl). In
every experiment, HDX was then quenched at room temperature by adding 30 uL. of quench
buffer. For monomer experiments this contained 600 mM glycine pH 2.5, 8 M urea, and 0.4%
DDM, while all tetramer experiments used a quench buffer with 600 mM glycine pH 2.5, 4
M urea, and 0.4% DDM. Monomer samples were then spin filtered (0.2 or 0.45 pm pore)
at 2°C for 30 s, and 50 uL. was injected into the LC with 200 uL of chase buffer (600 mM
glycine pH 2.5, 4 M urea, 0.4% DDM) behind the sample in the injection loop. To quenched
tetramer samples, 10 Ll of soluble pepsin (O.D. 2 in 100 mM sodium citrate, pH 4.4) was
added and digested without mixing for 5 minutes at room temperature. These samples were
then spin filtered and injected with chase buffer in the same manner as monomer samples.
Both monomeric and tetrameric samples then underwent online digestion on a POROS
hand-packed 1:1 pepsin:FPXIII column at 20°C under 0.1 mL/min flow of isocratic buffer
(0.1% FA pH’d to 2.5 with TFA) for 210 s. All samples were desalted on a POROS hand-
packed R2 trap column for 150 s. Peptides were eluted over a Targa C18 analytical reverse-
phase column (5 pm beads) with a 2-buffer gradient scheme (with 20 xL/min flow) consisting
of a ramp from 10% acetonitrile (ACN) (containing 0.1% FA, against 90% water containing
0.05% TFA) at 0 minutes to 50% ACN at 14 minutes, to 90% ACN at 15 minutes, and
remaining at 90% ACN until 18 minutes. Peptides were collected from 5 minutes to 16
minutes along this scheme, and after 18 minutes, 5 sawtooth gradients from 10% ACN to
90% ACN cleaned the trap and analytical columns. Meanwhile, the protease column was
cleaned with 6 column volumes of clean mix (5% iPrOH, 5% ACN, 20% acetic acid, 70%

water) between injections. All chambers of the LC were maintained at approximately 6°C
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except for the protease column chamber at 20°C. Eluted peptides underwent electrospray
ionization with the HESI-II (Thermo Fisher Scientific) probe attached to a Thermo Q203
Exactive mass spectrometer.

Undeuterated measurements were carried out with the same protocols listed above, except
water was used instead of deuterium buffer. These same undeuterated conditions were
used for MS-MS fragmentation experiments, for which peptides were identified by searching
against the entire BL21 proteome, with KcsA and potential protein contaminants being
manually added to the search list. SearchGUI with X! Tandem, MS Amanda, and Comet
algorithms was used for peptide identification, and identified peptides were imported into
HDExaminer (Sierra Analytics, Modesto, CA). Analysis of deuterated and undeuterated
MS runs was conducted with HDExaminer, which identified m/z envelopes, calculated their
centers of mass, and quantified changes in deuterium uptake between native-state labeling
timepoints. For any given peptide, mass spectra were integrated over the same range of
retention times in the LC.

We were not able to obtain a maximally-deuterated “all-D” control due to KesA’s high
protection by detergent and high propensity to aggregate without detergent, even in 8 M urea.
However, many peptides in our monomeric native-state HDX experiments were observed to
reach a saturated deuterium level at long labeling timepoints. We treated those as our all-D
control. On the other hand, to control for possible deuteration picked up after quenching
(i.e., “forward-exchange”), we mixed deuterium buffer and quench buffer together first before
adding the protein sample to this mixture, and then followed the same protocol as above.
We found the effect of “foward-exchange” to be negligible.

Lastly, as in our HDX pulse-labeling method, this is a highly-optimized protocol, so
removing any component of quench or chase buffer or reducing preolysis conditions led to a
drastically reduced peptide signal. This is likely because KcsA is so small and stable, making

it very hard to digest. Further, without chase buffer, the peptides of KcsA are too sticky to
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ever reach the R2 trap column, and are never detected.

2.6 Gentle purification of folding-competent KcsA monomers in

DDM

Expression and purification of KcsA tetramers in e. coli is adapted from previous work from
the Roux Lab, with a few notable differences.®® Instead of purification in DM, we used
DDM in every purification buffer. Note that detergent exchange from DM to DDM is very
tricky and often resulted in a severe drop in yield due to KcsA precipitation. Therefore, our
membrane extraction/solubilization buffer contained 20 mM Tris pH 7.5, 0.15 M KCI, and
30 mM DDM (soluble grade). Instead of affinity tag purification on Ni-NTA, we used cobalt
resin instead, which we found reduced impurities. Our cobalt column wash buffer consisted
of 20 mM Tris, pH 7.5, 0.15 M KC1, 1 mM DDM (soluble grade), and 20 mM imidazole.
We eluted our sample off the column with 20 mM Tris, pH 7.5, 0.15 M KCl, 1 mM DDM
(soluble grade), and 300 mM imidazole. After chymotrypsin treatment to remove the His tag
as described previously, we finally purified the DDM-solubilized KcsA tetramer by passing it
over a Superdex 200 Increase 10/300 GL size exclusion column in either 20 mM Tris pH 7.5
or 50 mM Na-Phosphate pH 7.5, 100 mM NaCl, and 1 mM DDM (analytical grade). This
protocol produces between 2 and 4 mg of tetramer per liter of e. coli culture. Tetramers in
Tris or phosphate buffer were used for melting experiments, while those used for native-state
HDX were full-length and did not undergo chymotrypsin treatment.

To produce folding-competent monomers from this tetramer stock, we unfolded the
tetramers and removed DDM by TCA precipitation followed by acetone washes as previously
reported. 158 We resolubilized the unfolded, precipitated monomers in 0.5% SDS (in 50 mM
Na-Phosphate pH 7.5 and 100 mM NaCl). We performed slow dialysis with Slide-A-Lyzer
MINT Dialysis Devices of 10K MWCO (Thermo Fisher, Waltham, MA) into purification

buffer (containing 50 mM Na-Phosphate pH 7.5, 100 mM NaCl, and 1 mM DDM). Dialysis
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took place with gentle rocking at room temperature for 4 days, followed by a single pass
through a 2 mL, TK MWCO, Zeba desalting spin column in purification buffer to remove
any remaining SDS. Samples were flash frozen in a bath of dry ice and EtOH, and stored
at -80°C. These DDM-solubilized KcsA monomers are refoldable upon thawing and mixing
with SUVs.

If we attempted to switch detergents from SDS to DDM too quickly, either with a de-
salting spin column or by size exclusion chromatography, we observed a yield loss of up to
around 98% in mass. We also tried to exchange detergent by reattaching full-length KcsA
monomers (which we had not subjected to chymotrypsin treatment) to Ni-NTA resin, to
wash with consecutively higher concentrations of DDM. However, the SDS-denatured state
of KesA monomers was unable to bind efficiently to the Ni-NTA. The small amount of
KcsA that was bound and detergent-exchanged in this way appeared to be misfolded, be-
cause it could no longer reform tetramers when mixed with lipid membranes. Therefore,
despite achieving a monomeric KcsA species in DDM, the purification was too harsh, and
the monomer was no longer folding-competent. While detergent exchange by dialysis is very
slow, it is gentle enough to produce monomeric species that can refold properly.

Purification of KcsA monomers in DDM has previously been reported by a different
method, with a slow, stepwise temperature ramp to unfold the tetramer gently enough to
maintain solubility of the monomer.?* However, we have yet to evaluate if this method

produces refoldable monomers.

2.7 Liposome preparation

Small unilamellar vesicle (SUV) liposomes were prepared from azolectin (541602 Soy Extract
Polar, Avanti). Lipids were dissolved in chloroform in a glass vial, dried overnight in a
vacuum desiccator, and rehydrated the next day using neutral phosphate buffer (50 mM

NaPi, 100 mM NaCl, 1 mM DDM) to a final lipid concentration of 10 mg/mL. Rehydration
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was accomplished by vortexing for 5 to 15 minutes at room temperature. The lipid suspension
was then subject to 5 rapid freeze/thaw cycles (using a dry ice/EtOH bath to freeze, and
a 60°C water bath to thaw), followed by extrusion 51 times (using an Avanti extrusion kit)
through a membrane with 100 nm pores at approximately 50°C. The resulting SUVs were
cooled to room temperature before use in an experiment, and incubated under Ar gas for

long-term storage (for 1 to 2 weeks).

2.8 In wvitro refolding of KcsA from DDM into liposomes

Refolding of DDM-solubilized KesA A125 monomers was initiated by mixing with azolectin
SUVs. This was done at various monomer to lipid ratios across different experiments. For
HDX pulse-labeling in Chapter 5, folding was initiated at a ratio of 1:300. Refolding exper-
iments in NaCl and KCIl, in which tetramerization was measured by SDS-PAGE in Chapter
5, were carried out at a ratio of 1:700, while melts of refolded KcsA in Chapter 3 were carried
out at 1:1000. We have observed previously that the refolding rate of A125 monomers was
independent of monomer concentration in bulk solution. 158

For the SDS-PAGE tetramerization assay in Figure 5.8, 10 uL of lipid /protein refolding
mixture was quenched with 20 pL 10% SDS (in 50 mM NaPi, 100 mM NaCl), and run on
a 4-20% Tris-Glycine gel with non-reducing loading buffer as previously reported. 1?8 These
gels were stained with a silver staining kit (Thermo Fisher, Waltham, MA), imaged using
a Bio-Rad ChemiDoc Imaging system, and band intensities were quantified using Bio-Rad
Image Lab software. These SDS-PAGE-based tetramerization curves were fit to a single

exponential function with scipy.optimize.curve fit to estimate folding time constants, 7.4,

with A and C as fit scaling constants.

% Tetramer(t) = C (1 — Ae_t/7f01d>
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2.9 KocsA denaturation experiments: thermal denaturation, TFE

denaturation, urea, and SDS ramps

KcsA A125 tetramers were purified in either 20 mM Tris pH 7.5 or 50 mM sodium phosphate
(NaPi) pH 7.5, both containing 100 mM NaCl and 1 mM DDM. For thermal denaturation
experiments measured by SDS-PAGE, six fractions of tetramer were simultaneously incu-
bated for 30 minutes at each measured temperature using a PCR thermocycler, with a 7th
fraction incubated at room temperature, 25°C. Following incubation, samples were run on a
4-20% Tris-Glycine gel with non-reducing loading buffer without boiling samples. For chem-
ical denaturation experiments, purification buffer (50 mM NaPi pH 7.5, 100 mM NaCl, 1
mM DDM) was mixed in different ratios with 10 M Urea or 10% SDS (both dissolved in
purification buffer) or 100% TFE to a final volume of 20 uM. This was briefly mixed with
5 pL of native tetramer sample, incubated for 5 minutes at 25°C, and run on SDS-PAGE
following the same protocol used for thermal denaturation samples. For comparison between
Tris and phosphate buffer thermal stability, KcsA purified in Tris was buffer-exchanged into
phosphate using a 2 mL, TK MWCO, Zeba desalting spin column, and vice versa.
Reconstituted proteoliposomes were produced by incubating purified KcsA tetramers
with azolectin SUVs (prepared as described above) at a ratio of approximately 1 monomer
to 1000 lipid molecules (assuming an average molecular weight of a lipid of 800 g/mol) for
11 hours at room temperature. Refolded samples were produced by mixing azolectin SUVs
with purified KcsA monomers at a ratio of around 1 monomer to 1000 lipid molecules for
approximately 20 hours at room temperature. To remove excess DDM in both reconsti-
tuted and refolded proteoliposomes, BioBeads were added to a final concentration of about
40 mg/mL and incubated with gentle rotation for another 11 hours at room temperature.
Biobeads were removed by spin filtration at 13.4 r.c.f. through a spin filter (0.45 pum pore).
Thermal and chemical denaturation measurements were carried out as described above for

DDM-solubilized KesA tetramers.
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SDS-PAGE gels were stained either with AcquaStain Protein Gel Blue Stain or with a
silver staining kit (Thermo Fisher, Waltham, MA) and imaged using a Bio-Rad ChemiDoc
Imaging system. Band intensities were quantified using Bio-Rad Image Lab software, and fit
to the following form with scipy.optimize.curve fit to estimate melting temperatures, Tpy,,

witht A and C as fit scaling constants.

1
%Tetramel"(T) =C (1 B 14+ e—A(T—Tm))

2.10 Upside simulations

Structures of KcsA lacking the MO helix were prepared from PDB ID 3EFF. KcsA structures
including the MO helix, both WT and KcsA-Glyog were prepared from AlphaFold2’s Google
Collaboratory notebook (https://github.com/sokrypton/ColabFold) to predict the structure
of full-length KcsA tetramer. For WT, the full-length sequence was input as a homotetramer,
whereas for KesA-Glygg, residues E51 through T85 were replaced with a string of 20 adjacent
Gly residues and input as a homotetramer. All structures of KcsA were positioned in a 38
A membrane manually using Swiss PDB Viewer (http://www.expasy.org/spdbv/).

The Upside force field 2.1 was implemented with an implicit 38 A membrane potential
as previously reported, with solvent-accessible surface calculated at each frame to determine
residue water or lipid positioning. 51184 For relaxation simulations of KesA-Glygg, relaxation
was carried out in 4 replicates at T=0.85 kT and showed rapid equilibration within 250 frames
(Figure 3.10B). One of the four replicates was not included here because the cytoplasmic
helix of one monomer got stuck in an unrealistic pose, peripheral to the membrane surface,
never encountering the other cytoplasmic helices. For melting simulations of KcsA A125
WT, 28 evenly-spaced temperature replicates between T=0.8 and 1.1 k7T were used, with a
replica exchange interval of 10 frames between exchange attempts. These simulations were

achieved within 36 hr wall times with replicates distributed among Intel(R) Xeon(R) CPU
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E5-2680 v4 single cores on The University of Chicago’s Midway2 computing cluster.

2.11 Tryptophan fluorescence in SUVs

Tryptophan fluorescence of KesA in SUVs was measured on a HORIBA Fluorolog-3 spec-
trophotometer (Flurolog-3 Yobin Yvon-Horiba; Synergy Neo HST, BioTek). Tryptophan
excitation was conducted with 296 nm light with 1 nm slits. Fluorescence emission was
collected at 90° to the excitation path, with a wavelength scan from 311 to 400 nm, 10 nm
slits, 0.1 s integration time, and a monochromator grating (with 1200 lines/mm and 330 nm
blaze wavelength) to reduce scattering artifacts from liposomes. The temperature scan was
conducted with an increment of 1°C, with tolerance of 1°C and an equilibration time of 6
min at each measured temperature. Emission counts were normalized to the lamp intensity
as S1/R1. This work was conducted in The University of Chicago Biophysics Core Facility
(RRID:SCR_ 017915).

For the analysis of fluorescence melting curves in Figure 3.8, both NaCl and KCl traces
were normalized to the maximum emission at 330 nm. While scattering effects were not
explicitly taken into account for each individual spectrum, the SUV samples in potassium
and sodium were taken from the same stock, so a comparison of the two conditions is valid,
as the scattering effects in both would be corrected by the same linear offset. 122

Samples for melting experiments were contained in a square micro fluorometer cuvette
with a teflon stopper top and FCA3 thermal adaptor (spectrosil quartz, 0.315mL, Catalog
#23-3, 45-Q-3 from Starna Cells, Atascadero, CA). Samples were filled to the top of the
cuvette and capped tightly with the teflon stopper to prevent boiling at temperatures over

100°C.
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2.12 Simultaneous circular dichroism and tryptophan fluorescence

CD and tryptophan fluorescence were measured simultaneously on a Jasco J-715 CD Spec-
trophotometer, customized with a second photomultiplier tube (PMT) orthogonal to the
incident light path to measure fluorescence (Figure 2.4A). Constant-temperature CD spec-
tra were measured with a data pitch of 1 nm, 10 to 20 nm/min wavelength scan speed, 4 s
response time, and a band width of 1 nm. Temperature ramps were measured with 226 nm
incident circularly-polarized light, with a 5 nm bandwidth. Fast temperature ramps were
collected with a data pitch of 1.0°C, temperature slope of 1°C/min, and 4 s response time,
while slow temperature ramps were collected with data pitch 1.0°C, temperature slope of
7°C/hr, and a 16 s response time. In the fluorescence arm of the light path, a high-pass filter
(over 330 nm) was used to remove scattering artifacts, and the fluorescence PMT gain was
manually set to 0.020 at the start of each experiment. Samples were contained in a square
micro cuvette with a teflon stopper top and FCA3 thermal adaptor as described above.

A representative CD trace of KesA A125 is shown in Figure 2.4B, with high tension
(HT) overlaid.

2.13 Protein-dense phase microscopy

Total internal reflection fluorescence microscopy (TIRFM) was conducted on a Leica GSD /TIRFM.
KesA A125 monomers solubilized in SDS (0.5% SDS, 20 mM Tris pH 7.0, 100 mM NaCl)
and labeled with Alexa-594 thioreactive dye at KcsA residue 86 (L86C) were rapidly mixed
with giant unilamellar vesicles (GUVs), deposited on a glass-bottomed microwell dish (Mat-
Tek, Ashland, MA), and imaged under TIRF conditions. This workflow is diagrammed in
Figure 2.5A. Azolectin GUVs were prepared from 3 cycles of rapid freezing of SUVs (prepa-
ration described previously) in dry-ice/EtOH followed by thawing slowly on ice.”® TIRFM

was performed in the Integrated Light Microscopy Core at University of Chicago, which
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Figure 2.4: Simultaneous CD and Trp Fluorescence. A. Light paths for CD and Trp fluorescence
measurements in our customized Jasco J-715 Spectrophotometer. B. CD spectrum of 8uM KcsA A125
overlaid with HT.
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Figure 2.5: Protein-dense phase microscopy workflows. A. Method for folding KcsA while imaging with
TIRFM. B. Production of SLB on mica substrate, followed by insertion and folding of KesA with fluid-cell
AFM.

Fluid-cell atomic force microscopy (AFM) was conducted on the Asylum Cypher AFM.
Supported lipid bilayers (SLBs) were produced as previously reported by the Lee Group,
except that azolectin SUVs in Tris buffer (20mM Tris pH 7.0, 100 mM NaCl) were used in this
work instead of SUVs of purified lipids. "+ After SLBs were deposited on the mica substrate,
the system was rinsed with additional Tris buffer to remove non-attached membranes. This
was followed by introduction of KecsA A125 monomers in SDS (0.5% SDS, 20 mM Tris pH
7.0, 100 mM NaCl). Height-trace images were captured by tapping-mode AFM at 25°C
before SLB formation, after SLB formation, and after KcsA incorporation. A schematic
of this workflow is shown in Figure 2.5B. This work made use of the shared facilities at
the University of Chicago Materials Research Science and Engineering Center, supported by

National Science Foundation under award number DMR-2011854.
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CHAPTER 3
POTASSIUM CHANNEL UNFOLDING IDENTIFIES A NOVEL
NON-NATIVE TETRAMERIC SPECIES OF KCSA

The folding of a multimeric helical membrane protein necessitates several key processes: (1)
formation of secondary structure in the membrane, (2) folding of water-exposed chains, (3)
the clustering and stabilization of transmembrane helix bundles, (4) establishment of correct
orientation of N- and C-termini in relation to the membrane, (5) the formation of multimers
from monomers, and occasionally (6) the binding of ligands or prosthetic groups and/or (7)
the formation of a water-filled pore. Processes (1) through (5) are often grouped together
conceptually to define a given membrane protein topology, whereas (6) and (7) more specific
to ion channels, transporters, and pumps. 189

In studying the folding and multimeric assembly of KcsA, it is important to evaluate the
contribution of each of these processes to the stability of monomeric and tetrameric states
of the channel as well as intermediate states that may be traversed during folding. From an
energetic perspective, we can consider the monomer, tetramer, and observable intermediates
as minima on an energy hypersurface in the space of all protein conformations. It is notable
that functional states of the protein, such as open, closed, and inactivated states of an ion
channel, are also observable local minima on the same energy surface. Perturbations such
as changes in solvent conditions (e.g. lipid composition in the membrane, and pH, ion, and
ligand concentration in the aqueous solvent), temperature, protein density, and changes in
electric or chemical potential across the membrane affect the depths of the state-defining
wells, the heights of the barriers between states, and the frequency with which the protein
samples these states.

To characterize the monomeric and tetrameric states, which are the endpoints of KcsA
assembly, as well as any folding intermediates, it is important to be able to physically per-

turb the folded state of the protein. We also want observables to report protein structural
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information under these perturbations. We can determine barrier heights by measuring the
kinetic rates of tetramerization and the (free energy) well depths of each state by measur-
ing the relative populations of protein in each well. Here we choose to do the latter, and
measure the relative stabilities of monomeric and tetrameric KcsA as well as that of a puta-
tive folding intermediate observed during denaturation. Our structural observables are (1)
tetrameric state as measured by sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE), (2) alpha-helical content measured by CD and HDX, and (3) solvent accessi-
bility of native tryptophans as measured by fluorescence. To aid interpretability, we compare
these experimental observations to model structures generated by the AlphaFold2 structure-
prediction algorithm and our Upside coarse-grained molecular dynamics (MD) package.®
This approach is powerful not only because it allows for thermodynamic characterization of
monomeric and tetrameric states, but also because it can isolate intermediate states that
might be difficult to identify during folding but are nonetheless accessible to the protein as
it folds and unfolds.

In this chapter, we characterize the structural changes associated with KcsA unfold-
ing and identify a novel tetrameric species. This state consists of a tetrameric bundle of
transmembrane helices lacking a natively-folded pore helix and selectivity filter. We observe
that this tetrameric species is metastable by structural prediction and CG-MD simulations,
but exhibits much greater suceptibility to denaturants than the native tetramer. While we
were unable to observe refolding from this state in preliminary experiments, this work sug-
gests that the hypothesized intermediate in the “keystone model” of KcsA folding is a real,

metastable state accessible during channel unfolding.
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3.1 Denaturation of KcsA depends on ion concentration, lipids,

pH, and buffer condition.

To understand structural differences between the KcsA monomer, tetramer, and any in-
termediates, we needed to control the relative populations of monomeric and tetrameric
channels at equilibrium. To do this, we started with the natively-folded KcsA tetramer and
investigated structural changes upon channel denaturation.

This required a method to unfold KcsA in a controlled manner as we monitored structural
properties of the protein under different unfolding conditions. Finding such a method proved
to be nontrivial, as common denaturants like urea and SDS, used for similar studies in
cytosolic proteins, proved to be ineffective at significantly perturbing KcsA. In fact, the
native KcsA tetramer, solubilized in either n-Dodecyl-f-D-maltoside (DDM) detergent or
reconstituted in azolectin small unilamellar vesicles (SUVs), was unperturbed by up to 8 M
urea or 8% SDS (Figure 3.1).

Only heat-induced denaturation and the organic solvent 2,2,2-Trifluoroethanol (TFE)
were observed to break the tetrameric structure of the native KcsA channel, with melting
temperatures measured to be 61.074+0.87°C in DDM and 92.53+1.00 °C in azolectin SUVs,
and the TFE denaturation midpoint concentrations, [TFE]I/Q, to be 22.64 + 0.14 %TFE in
DDM and 30.01 + 0.56 %TFE in SUVs. (Figure 3.1).

Stabilization of KcsA is observed not only in the presence of lipids, but also in the
presence of K™ ions (Figure 3.2). More surprisingly, KcsA was found to be stabilized in
Tris buffer compared to phosphate buffer both in DDM micelles and lipid vesicles. This effect
was confirmed by exchanging channels, originally purified in one buffer, into the other buffer
and remeasuring their melting temperatures. We found that the final buffer identity, rather
than the initial buffer from protein purification, determined the protein stability (Figure
3.3). The stabilization of KcsA by potassium ions that we observe is well established, and is

thought to derive from the higher binding energy to the selectivity filter of potassium, cesium,
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Figure 3.1: Natively-folded KcsA A125 can be unfolded by heat and TFE, but not by commonly-used
denaturants SDS or urea, as measured by SDS-PAGE melting curves.

and rubidium ions compared to sodium ions.5%103:145-147 Similarly, the stabilization of KesA
by lipids is well-known. 17

In contrast, the effect of buffer identity on protein stability is poorly studied, but there
is evidence that different buffers, even at the same pH, adsorb differently to the surface of
a protein. This is believed to be the result of differential buffer hydration and in one study
has been linked to buffer-dependent perturbations of protein liquid-liquid phase separation
(LLPS).15 Tris buffer was not a subject of that study, but is known to have a significant
temperature-dependence of its buffering capacity, lowering the pH of a solution by approx-

imately 0.03 pH units per 1°C increase in temperature.46 KesA is a pH-gated channel with

highly charged water-exposed residues in its intracellular gate that undergo large conforma-
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tional changes at low pH, so we hypothesized that the decrease in pH of Tris at increasing
temperatures may be stabilizing the channel. Upon testing the stability of KcsA in a low-pH
(pH 2.6) phosphate buffer, we observed that tetramers in DDM are unstable at temperatures
as low as 25°C, ruling out channel stabilization by acidic conditions.

Having ruled out pH-effects, we speculate that the observed stabilization by Tris may
derive from a hydration-based effect similar to that proposed by the LLPS study. This may
lead to different degrees of adsorption to the water-exposed monomeric interfaces, perhaps
lining the water-exposed faces of the selectivity filter or the TM2 inter-monomeric contacts
in the water cavity near the glycine zipper. It is also possible that the observed stabiliza-
tion by Tris is a result of a high-temperature degradation byproduct of Tris, formaldehyde,
which can react with tyrosine residues near inter-monomeric contacts and lead to chemical
fixation and stabilization of the KcsA tetramer. 199167 Tt is notable that, while Tris stabilizes
KcsA in SUVs, the effect is much smaller than the observed stabilization in DDM micelles,
suggesting that the buffers could be interacting with the detergent micelle more than the
liposome. It is also possible that the stabilizing effects of lipids are stronger than those from
buffer interactions. Additional experiments are required to fully evaluate the effect of buffer
composition on membrane protein stability.

Irrespective of buffer choice, we found that heat and TFE denaturation are effective for

perturbing the structure of natively-folded KcsA.

3.2 Tryptophan fluorescence, circular dichroism, and SDS-PAGE

identify a non-native tetrameric species.

Denaturation curves of KcsA by SDS-PAGE are useful in that they report the fraction
of tetrameric species under different conditions, however this assay is difficult to interpret
structurally. It is possible that non-native tetrameric, trimeric, or dimeric species exist at

sampled denaturation conditions, but are destabilized by SDS-PAGE and run as monomers
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on the gel. Therefore, it is necessary to measure KcsA denaturation with more structurally-
specific methods.

Taking advantage of the extremely helical structure of KcsA and the abundance of native
tryptophan residues on each monomer, we can measure simultaneous CD absorbance and
tryptophan fluorescence spectra under different denaturation conditions to observe changes
in KcsA secondary structure and tryptophan solvent accessibility. This allows us to detect
more detailed structural changes and observe any non-native intermediate species that could
not be captured by SDS-PAGE.

Upon slow thermal denaturation, we observed several distinct unfolding transitions in
CD (226 nm) and tryptophan fluorescence in DDM-solubilized KcsA (Figure 3.4). The
differential absorbance (Acg) of 226 nm left- and right- circularly polarized incident light
is commonly used as an alpha-helical signature in CD, and its monotonic increase towards
zero from 40°C to 110°C indicates that KcsA is losing significant secondary structure during
the thermal melt.6! Tryptophan fluorescence, excited with the same 226 nm incident light
and measured orthogonally along with CD absorbance, displayed a monotonic decrease over
the same temperature range, characteristic of solvent quenching. Structurally, all five na-
tive tryptophan residues of KcsA are located near the lipid-water interface (Figure 3.8A),
so a decrease in tryptophan fluorescence suggests that there is an increase in water expo-
sure of these native fluorophores with increasing temperature. The sharpest changes in CD
absorbance and fluorescence correspond well to a tetramer melting transition measured by
SDS-PAGE. Therefore, there is a significant loss of alpha-helical secondary structure and
increased solvent exposure of native tryptophan residues as the KcsA tetramer is unfolded
and dissociated into monomers. Since three of the native tryptophan residues are at the
ends of transmembrane helices, these likely remain fairly stable during thermal denaturation
as long as the membrane or detergent structure remains intact, and any significant changes

in fluorescence come from the two adjacent tryptophan residues in the pore helix, W67 and
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Figure 3.5: Potassium and rubidium ions stabilize the CD and tryptophan fluorescence melting curves

of KcsA.

W68. Accordingly, the large decrease in tryptophan fluorescence upon KcsA melting could
correspond to the pore helix losing its native contacts and popping out into free water. At
high temperatures (around 100°C), we expect that the detergent structure is no longer intact,

so fluorescence changes at high temperatures may reflect changes in solvent accessibility of

all five tryptophan residues.
Notably we observed the same stabilization by CD, tryptophan fluorescence, and SDS-

PAGE associated with potassium binding (Figure 3.4 green and grey boxes). Figure 3.5
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demonstrates the same behavior with rubidium ions, which stabilize the channel almost
as much as potassium, and can be similarly measured by CD and tryptophan fluorescence.
This is in agreement with measured binding energies of potassium and rubidium to KesA. 103,
Note that while all of the melting transitions in Figure 3.5 are at higher temperatures than
those measured in Figure 3.4, the former experiment applied a temperature ramp with a
10 times greater slope and was likely too fast to fully equilibrate at each measured temper-
ature. Therefore we only refer to this latter experiment for qualitative comparison of KcsA
stabilization by different ions. To ensure that the ion-based stabilization of KcsA was due
to specific ion binding and not a discrepancy or contamination of the experimental buffers,
we measured the CD melting curves of an unrelated, water-soluble protein, cytochrome c
(Cyt C) from horse heart using the same buffers as our KcsA melts. Cyt C contains no
such selectivity filter, and as we expected, had no observable ion dependence on its thermal
stability (Figure 3.6) supporting the interpretation that the observed increase in thermal

stability in KcsA is due to specific cation binding.
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Figure 3.6: Cytochrome C from horse heart shows no ion dependence in its CD melting curves.

Because of the marked differences in tetramer stability measured by SDS-PAGE, alpha
helical content measured by CD, and tryptophan solvent accessibility measured by fluores-
cence resulting from different binding ions, we can conclude that the selectivity filter and

attached pore helix contribute greatly to the stability of native KcsA.
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While the melting transition tracked by SDS-PAGE and tryptophan fluorescence is
smooth, there is a surprisingly abrupt increase in CD absorbance over the same temperature
range (black wedge in Figure 3.4). This sharp change in CD behavior around 60°C occurs
when approximately half of the tetrameric species has dissociated, and suggests that DDM-
solubilized KcsA only begins to lose secondary structure around halfway through the tetramer
disassembly process. Because tryptophan fluorescence is already becoming quenched below
60°C, at temperatures when the tetramer is beginning to dissociate, but before any signifi-
cant loss in helical content, we infer that the tetramer disassembly does not necessitate pore
helix unfolding. Potentially, pore helix displacement at T < 60°C is sufficient to destabilize
the tetramer, but above 60°C the pore helix begins to unfold, further biasing a displaced
state and destabilizing the tetramer even more so that by 75°C, almost the entire population
of KcsA is monomeric, with displaced and unfolded pore helices.

For completeness, we considered that 60°C may represent a critical point in the phase
transition from DDM-solubilized KcsA to protein aggregate, as supported by a spike in
the simultaneous high tension measurement, possibly due to light scattering off of protein

aggregates. (Figure 3.7). As in Figure 3.5, this high tension measurement was conducted
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Figure 3.7: There is a spike in high tension when KcsA begins to lose alpha helical structure (black
wedge).

over a fast temperature ramp during which the sample was likely not fully equilibrated with

the heat bath, leading to artifactually high estimates of transition temperatures. If 60°C is
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a critical temperature, then it is possible that the loss of secondary structure during KcsA
melting is more continuous (and simultaneous with pore helix displacement) throughout the
tetramer dissociation transition, but at 60°C there is enough unfolded pore helix in solution
to rapidly precipitate the protein, leading to the rapid loss of CD absorbance and the increase
in high tension.

The same trends in unfolding behavior were observed in lipids by a measurement of
tryptophan fluorescence for a temperature ramp of KcsA reconstituted into azolectin SUVs
and excited with 296 nm light (Figure 3.8). In the presence of only sodium, the pore helix
is displaced at lower temperatures than in potassium. Notably, however, in lipids there is a
large separation in temperature between tryptophan fluorescence transitions and tetramer
disassembly. This is most prominent in the presence of sodium alone, where the fluorescence
transition occurs between 40 and 60°C, whereas tetramer dissociation occurs at 80 to 100°C.
Assuming fluorescence changes are mostly the result of pore helix movements, this suggests
that the pore helices are fully displaced before the tetramer dissociates during KcsA melting
in membranes. Interestingly, pore helix displacement occurs at nearly the same temperatures
in lipids and DDM, even though the tetramer disassembles only at much higher temperatures
in lipids than DDM. This suggests that lipids do not contribute much to the stability of the
pore helix, but they do contribute greatly to the stability of the tetramer. This also implies
the existence of a non-native tetrameric species in lipids between 60 and 80°C consisting of
a tetrameric transmembrane helix bundle with pore helices displaced into the water.

The existence of such a non-native tetrameric state produced during unfolding raises
several questions: Can we characterize the stability of this state, and is it an intermediate
in folding?

To study the stability of this state, we equilibrated a sample of DDM-solubilized KcsA (in
NaCl) at 50°C, a mostly tetrameric state in DDM but with some pore helix displacement, and

exposed this sample to different amounts chemical denaturants (Figure 3.9A). SDS had no

46



A Selectivity

Filter

Pore Helix B

™2 ™1

Membrane

Fluorescence Intensity (AU)

320 340 360 380 400
Emission Wavelength (nm)

C 1.0- o — . —— NaCl 1.0
= \ e ™ KCI
< ‘ &
> 0 \ -0.8
e T
3 S
o 06 3
E A
i =
o '04 Q
I 3
© =
£ -0.2
o
Z

-0.0

20 40 60 80 100
Temperature (°C)

Figure 3.8: Tryptophan fluorescence of KcsA in azolectin SUVs. A. Structure of KesA monomer (PDB
3EFF) highlighting key structural elements and the five native tryptophan residues in green. B. Full emission
spectra of KcsA reconstituted into azolectin SUVs in 150 mM KCI from 20°C to 109°C. C. Fluorescence
emission at 330 nm (in NaCl in orange and KCl in blue) shows a structural change in average tryptophan
water-accessibility at temperatures where the channel remains tetrameric in lipids (overlaid SDS-PAGE
curves in NaCl in grey and KCl in black).

effect on this non-native 50°C state as in the native tetramer, but TFE destabilized this state
more than the native tetramer. Most surprising was the effect of urea, which did not perturb
the native tetramer, but greatly destabilized the 50°C state. We also examined the effect of
these denaturants on the full KecsA melting pathway by thermally denaturing the channel in
the presence of a high but constant concentration of these denaturants (Figure 3.9B). Again,
SDS had no effect on KcsA thermal stability, but urea significantly decreased the thermal

stability of the channel. Therefore, destabilizing the pore helix causes destabilization of the

entire tetramer.
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Figure 3.9: Susceptibility of non-native tetrameric species of KcsA to denaturation. A. This high-
temperature state is destabilized in TFE and urea, but not SDS. B. Thermal denaturation of KcsA in 6.7%
SDS and 6.7M urea demonstrate no effect of SDS, but significant destabilization by urea.

Overall, these results speak to the very different structural perturbations produced by
each denaturant as well as the nature of a novel state of KesA. Denaturing detergents (e.g.,
SDS) and lipids act on the stability of transmembrane helices, as observed in the large stabi-
lization of KcsA by lipids. In contrast, urea acts on the water-exposed parts of the membrane
protein, only perturbing the stability of KcsA in DDM when the pore helix becomes displaced
and more water exposed at 50°C. Heat acts on all protein contacts equally, but may have
additional indirect effects on transmembrane helix stability by its potential to alter the bulk
material properties of the surrounding lipids and detergent. TFE simultaneously denatures
and causes precipitation of KesA in a similar manner as other alcohols.1®7 For membrane

proteins specifically, TFE also likely perturbs the membrane or detergent structures, fur-
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ther destabilizing a membrane protein. The differential destabilization of helical membrane
proteins by different denaturants is well-established but remains poorly understood. 7
Therefore, we propose a novel species of KcsA consisting of a tetrameric transmembrane
helical bundle with displaced, water-accessible pore helices that is uniquely susceptible to
urea denaturation but retains tetrameric stability in lipids. This also suggests that both
the pore helix and the transmembrane helix bundle are critical for native KcsA tetramer

stability.

3.3 Modeling and CG-MD concur that a transmembrane helix

bundle can be a metastable unfolding intermediate.

To supplement the experimental characterization of a novel non-native tetrameric state of
KcsA, we have used structural modeling and CG-MD to evaluate the theoretical stability of
such an state.

If this state truly consists of a transmembrane helix bundle with displaced, water-
accessible pore helices as implied by the thermal unfolding experiment in lipids (Figure
3.8), then a model of KcsA lacking any pore helix or selectivity filter should be stable with
only a transmembrane helix bundle. To test this, we ran an AlphaFold2 homo-tetrameric
prediction with an input sequence of full-length KesA, but with residues E51 through T85 re-
placed with a 20 residue-long poly-glycine chain which we will call KcsA-Glyog. AlphaFold2
predicted a native-like structure with low per-residue confidence score (pLDDT) throughout
the model protein. Given the strange vertical placement of the peripheral M0 helix adjacent
and parallel to the transmembrane helices, and the lack of energetic considerations in Al-
phaFold2’s prediction algorithms, we chose to manually relax AlphaFold2’s output structure
using our Upside coarse-grained force field (Figure 3.10A). Upside was chosen because of
its ability to efficiently sample protein dynamics and because of its past success in mod-

5L.85,184 e resulting Upside structure, relaxed with the Upside
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Figure 3.10: KcsA-Glyag. A. left, Cartoon showing structural elements of KcsA-Glysg, notably replacing
the pore helix and selectivity filter with 20 glycine residues, middle, AlphaFold2 prediction of KcsA-Glyogg
structure, right, Upside Representative relaxation of AlphaFold2 structure showing a bundled transmembrane
helix structure. B. RMSD over 3 replicates of Upside relaxation simulations demonstrate the stability of the
bundled tetrameric structure at T=0.85 kT

2.1 force field with an implicit membrane potential in 3 independent replicates at constant
temperature 0.85 kT (corresponding to approximately 25°C), finds a collapsed transmem-
brane bundle structure lacking a native water-filled cavity. The angle of these bundled
transmembrane helices is more perpendicular to the membrane-water interface than in the
native structure. This non-native tetrameric species is stable because the structure predicted
by AlphaFold2 quickly equilibrates to the same collapsed state (with stable RMSD) within
200 frames in all replicates (Figure 3.10B). Note that RMSDs are calculated relative to
the initial, unrelaxed starting structure. This stable structure supports our experimental
inference that KcsA can form a tetrameric bundle of transmembrane helices, even without
a pore helix or selectivity filter.

Can a similar structure be achieved at elevated temperature by a wild-type (WT) KcsA
that includes the full pore helix and selectivity filter? To investigate this question, we
simulated heat-induced denaturation of the truncated construct of WT KcsA (A125) in
Upside using temperature replica exchange molecular dynamics (REMD) over 28 evenly-

spaced replicates from 0.80 to 1.10 K7". In the 1.0 KT replicate we observed a collapsed

transmembrane helix bundle in the implicit membrane with completely unfolded and water-
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Figure 3.11: Upside CD-MD melting of KcsA WT A125. A. left, Cartoon showing main structural
elements of protein, right, snapshot of non-native tetrameric bundle at 1.0 k7. B. Average recentered
RMSDs per monomer over 28 temperature replicates show the lower thermal stability of the pore helix
compared to the whole protein.

exposed pore helices and selectivity filters. As in the relaxed KcsA-Glyog structure, we
observed that the transmembrane helices in this collapsed state are more perpendicular to
the membrane-water interface and do not surround any water-filled cavity (Figure 3.11A).
Additionally, we constructed melting curves from the recentered RMSD of alpha carbon
(CA) protein coordinates averaged over each monomer for each temperature replicate. Com-
paring the CA average monomeric RMSDs for the whole protein to those of only the pore
helix supports our experimental observations that the pore helix of KcsA melts at lower
temperatures (77, (pore helix) = 1.00 £T") than the those required for the full tetramer dis-
assembly (7;,(whole protein) = 1.06 kT) (Figure 3.11B). Note that the unfolded state of
the pore helix measured by RMSD in these CG-MD simulations is displaced and no longer
helical, so this state likely corresponds to the unfolded state measured by CD rather than
that measured by tryptophan fluorescence.

These modeling and CG-MD studies support the plausibility and proposed structure of a

non-native tetrameric state of KcsA with displaced pore helices as an unfolding intermediate.
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3.4 Discussion: The role of a non-native tetrameric species in

KcsA unfolding and folding.

In this chapter, we have studied KcsA denaturation by many methods, observing that only
TFE and heat-induced denaturation can dissociate the tetramer. We observed significant
stabilization of KesA by ions including potassium and rubidium that can bind the selectivity
filter as well as stabilization by lipids and, most surprisingly, Tris buffer. The observation
that urea and SDS have no measured effect on the stability of the KcsA tetramer is consistent
with the knowledge that different denaturants work by different mechanisms, and that the
physical nature of membrane protein unfolding is fundamentally very different than the
unfolding of water-soluble proteins. 7

We also measured changes in KcsA structure upon thermal melting. Measurement of
the tetrameric state by SDS-PAGE, alpha helical content by CD, and solvent-accessibility
of the pore helix by trypotphan fluorescence suggest that structural changes upon thermal
denaturation are not simultaneous among different parts of the structure. This led us to
identify a novel tetrameric species at temperatures high enough to displace the pore helix
into aqueous solvent, but low enough to preserve the tetramer.

The stability of this novel species was studied in different denaturants, and its sus-
ceptibility to urea denaturation and stabilization by lipids suggests that it has the follow-
ing structure: a tetrameric, but collapsed bundle of transmembrane helices with displaced
and water-exposed pore helices. Lastly, we demonstrated the plausibility of this non-native
tetrameric state using AlphaFold2 structure prediction and Upside CG-MD, which confirm
the stability of this structure as well as the susceptibility of the pore helix to unfold at lower
temperatures than tetramer dissociation.

Altogether these observations suggest a sequential mechanism for KesA thermal denatu-
ration in DDM: Starting with native KcsA tetramer, pore helices begin to pop out into the

surrounding water around 45°C. This is enough to destabilize the tetramer so that monomers
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begin to form. At 60°C, the pore helices begin to lose secondary structure, with more being
displaced into the water and increased tetramer disassembly. By 75°C, almost all of the
pore helices have unfolded and popped out, and almost all species are monomeric. These
structural transitions upon KcsA thermal denaturation are summarized by Figure 3.12,

and are very similar to those proposed for a 2-stage mechanism of TFE-based KcsA denat-

uration. 89,18
Tetramer with
Unfolded Pore Helices
Unfolded Monomers,
Aggregates
Native Tetramer with
Tetramer Displaced Pore Helices

Monomers with
Displaced Pore Helices

Increasing Temperature

Figure 3.12: Sequential model for KcsA thermal denaturation.

While this non-native tetrameric species is certainly an unfolding intermediate, it is less
clear whether this state is accessed during folding and assembly of monomers into tetramers.
The structure of this species, with bundled transmembrane helices but displaced and dynamic
pore helices, suggests that it could be a reasonable intermediate in the “keystone model”
for KesA folding. However, for this species to be a folding intermediate, the transition

to this state from the native tetramer must be reversible. We tested this by measuring
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the CD absorbance of KcsA in DDM during a temperature sawtooth, starting at 20°C,
heating up to 65°C, cooling down to 20°C, heating up to 110°C, and cooling back to 20°C.
We observe irreversibility of KcsA unfolding by CD absorbance during this temperature

sawtooth (Figure 3.13A). Measuring the full CD spectrum reveals a monotonic loss of
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Figure 3.13: Formation of the non-native tetrameric species of KcsA at 65°C is irreversible. A. CD
absorbance (226 nm) shows irreversible unfolding over a temperature sawtooth from 20°C to 60°C to 20°C
to 110°C and back to 20°C. B. CD spectra in the far UV demonstrate irreversible loss of secondary structure
during the temperature sawtooth. Lettered traces in B correspond to sawtooth endpoints in A.

secondary structure over the course of the experiment, irrespective of whether the sample
54



was being heated or cooled (Figure 3.13B). This irreversibility suggests that this non-
native tetrameric species may not be an intermediate in KcsA folding. However, it should
be acknowledged that these temperature changes were all conducted very quickly, and the
sample may not have had time to fully equilibrate with the temperature bath. This could
explain the large discrepancy in CD signal at 65°C in the first heating and cooling arms
of the experiment. Future experiments measuring unfolding reversibility in a more gentle
system (slower heating to a lower reversal temperature) and measurement of tetramerization
kinetics in the presence of urea (which should destabilize any similar non-native tetrameric
state) would be necessary to determine if this species is accessed during KcsA folding and
assembly. Curiously, in the published 2-stage TFE-based unfolding model for KcsA, the
first stage of unfolding, consisting of both pore helix displacement and tetramer disassembly
is observed to be reversible in detergent.8 However, it has been proposed that thermal
denaturation of KcsA is irreversible because of the displacement of detergent molecules from
the protein at higher temperatures. 18 In fact, the destabilization of the tetramer in either
detergent or lipids at high temperatures may be primarily due to disruption of the membrane

or membrane mimetic at these temperatures.
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CHAPTER 4
NATIVE-STATE HYDROGEN-DEUTERIUM EXCHANGE
DEMONSTRATES THE EXTREME STABILITY OF
POTASSIUM CHANNEL KCSA

To understand the structural changes associated with potassium channel tetramerization,
we sought to measure the stability and equilibrium dynamics of the KesA monomer and
tetramer, which are the two endpoints of a tetramerization or melting process. We wanted
to measure protein stability, not simply of the whole protein as in Chapter 3, but on the
level of individual groups of residues throughout the protein. To do this, we optimized
experimental conditions for native-state hydrogen-deuterium exchange mass spectrometry
(HDX-MS) measurements of KcsA monomers and tetramers in detergent (DDM) micelles.

Native-state HDX-MS is a powerful tool to measure equilibrium protein dynamics and
stability by measuring the rate at which backbone amide protons exchange with bulk water.
By plunging the protein into deuterated buffer at high pH, which we call the labeling buffer,
native protium can exchange with deuterium in a base-catalyzed exchange reaction (at pH
> 4). The reaction is then quenched at low pH, the protein is rapidly digested by protease,
resulting peptides are desalted and separated by reverse-phase chromatography, and loaded
onto a mass spectrometer to measure the mass change of the peptide resulting from any
deuterium labeling.

For exchange to occur in a given amino acid, the part of the protein containing that
amino acid must unfold, and the proton on that residue’s amide nitrogen must swap with
a deuterium in the labeling buffer as shown in Figure 4.1. In the EX2 limit, when the
protein is folding and unfolding in equilibrium, kgyq > Kintrinsic, the free energy of folding
that amino acid, AGyy)q, is related to the measured exchange rate, kgypx, by AGgq ~

—RT In(kiptrinsic/kupx ). Then the relative stabilities of different parts of the protein in the
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same equilibrium state can be simultaneously estimated. Alternatively, we can compare the
stability of the same part of the protein in multiple different states, AAGy,q- We applied
this powerful technique to WT KcsA and examined any differences in stability in monomers

and tetramers, in the presence of potassium, and in the presence of urea, a denaturant.

kunfold D O
2
Keq,folding ——
D e kintrinsic
kfold

Figure 4.1: Cartoon representation of KcsA A125 monomer in equilibrium between folding (kgo1q) and
unfolding (kunfold), and undergoing HDX (Kintrinsic) from the unfolded state. In the EX2 limit, the measured
HDX rate can be compared to the intrinsic exchange rate, Kintrinsic tO estimate the free energy of folding,

AGio1d-

We found that KcsA is structured even in monomeric form, maintaining most of its
stability in its transmembrane helices, but becomes much more stable in the tetrameric form
in which free energies of folding are too high to be measured. Additionally, to our surprise,
the significant stabilization of the KcsA tetramer by potassium, as demonstrated in Chapter
3, was completely unresolvable from native-state HDX, even in the presence of urea, which
destabilized only the C-terminal end of KcsA’s transmembrane helix 1 (TM1) and the loop

between the selectivity filter and transmembrane helix 2 (TM2).
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4.1 Native-State HDX of monomeric KcsA is highly structured in

DDM.

The extreme stability of tetrameric KcsA, the presence of lipid membranes or membrane
mimetics such as DDM, and the inaccessibility of KcsA to protease cleavage made HDX-MS
measurements quite difficult. Extensive optimization of protease cleavage conditions and
liquid chromatography (LC) gradients, washes, and columns were required for even the most
simple HDX-MS measurements of KcsA. Further, we found different optimal conditions for
HDX-MS measurements of monomer and tetramer in DDM. Our optimized protocols are
described in detail in Chapter 2.

In DDM, we were able to detect 71 unique peptides whose identity we confirmed with
secondary fragmentation (MS-MS) measurements. These peptides were derived from all
regions of the protein except the N-terminus of the MO helix, a small segment in the middle
of TM1 and a few residues in the middle of TM2 (Figure 4.2A). Notably, due to extensive
peptide overlap, we were able to achieve single amino-acid resolution for many sites along the
KcsA sequence including much of the pore helix and part of the cytosolic domain (Figure
4.2B).

We measured HDX in a pD 8.5 deuterium buffer for over 24 hours (Figure 4.3). The
observed exchange rate in all measured parts of the protein, even in the fastest-exchanging
(i.e., least protected) peptides, is orders of magnitude slower than the intrinsic exchange
rate at pD 8.5 (Kintrinsic ~ D00/s). This suggests that the entire KcsA monomer in DDM is
highly structured. Comparing the uptake (%D) of different structural elements of KcsA over
the same labeling times allows for a qualitative comparison of stability. It is notable that
the cores of transmembrane helices, TM1 and TM2, are much more protected compared to
the turret, pore helix, selectivity filter (SF), and loop to TM2. Qualitatively, this suggests
that the pore helix, SF, and attached loops are much more water-exposed and less stable

compared to the transmembrane helices. TM2 does have higher uptake than TM1, and the
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Figure 4.2: Peptide map of full-length KcsA monomer in DDM. A. All peptides identified from MS-MS
fragmentation spectra (blue bars indicate peptide length and location within the full sequence). B. Peptide
and residue-level resolution indicated by red dots (single amino-acid resolution) and blue bars (longer peptide
resolution), with no bar or dot indicating no coverage in that part of the sequence.

ends of both TM helices have extremely high uptake, suggesting that the core of both TM
helices of the KcsA monomer is already structured and buried in the DDM micelle.

While we are defining the KcsA monomer as the “unfolded” endpoint in a folding or
unfolding process, native-state HDX suggests that, unlike the unfolded state of cytosolic
proteins, which often behave as self-avoiding random walks with no persistent secondary
structure, the unfolded, monomeric state of KesA in DDM already has significant secondary
structure. This is consistent with structural studies of the monomer in SDS that show

significant structure in TM1 and TM2, but with additional flexibility in TM2 around the
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Figure 4.3: Native-State HDX of KcsA Monomer in DDM. A. Heatmap showing the percent deuteration
throughout the protein. Uptake levels (%D) are plotted on the sequence of the protein, with important
structures annotated. Bars over the sequence show all measured overlapping peptides colored by average
deuterium uptake. B. Cartoon representation of KcsA A125 monomer colored by %D at 9s of labeling.
White indicates no data.
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G99 glycine hinge. 20

4.2 HDX rates of tetrameric KcsA identify extreme stability.

If one defines the KcsA monomer as the unfolded state, then how does the stability of
this protein change in its native tetrameric state? To evaluate this question, we optimized
separate proteolysis and LC-MS conditions to maximize peptide coverage and signal for
native-state HDX on the KcsA tetramer in DDM. We were able to detect and confirm the
identity with MS-MS scans of 89 unique peptides. These cover the entire sequence, except
for a large segment in the second half of TM1 (Figure 4.4A), with amino-acid resolution
for many sites across the sequence, especially in the loop connecting MO and TM1, turret,
pore helix, and cytosolic domain (Figure 4.4B).

Deuterium uptake of tetrameric KcsA in DDM was measured at pD 8.5 over 24 hours
(Figure 4.5). As in the monomer, we observed HDX exchange rates across the tetramer
that were many orders of magnitude slower than their equivalent intrinsic exchange rates.
However, all parts of the tetramer demonstrated large increases in protection compared to
the monomer, except in the MO helix. In fact, we measured almost no deuterium uptake
across much of the protein within 24 hours, even in the turret, pore helix, SF, and loop
to TM2. In the tetramer, TM2 is much more protected than TM1, whereas the relative
stabilities of these structures are reversed in the monomer. Because of the extremely high
protection in the tetramer, and because samples were prone to aggregation during labeling
conditions longer than 24 hours, we could not quantify AGy,q for most of the tetramer,
except for the least stable part of the channel, peptide LARLVKL spanning residues 9 to 15
in the MO helix, which was estimated to have AGy,q ~ —8 kcal/mol. Since the rest of the
tetramer had even less uptake, it is likely that these regions are more stable than the MO
helix, with AGy,q < —8 keal/mol.

A more direct of comparison of stability between the monomer and tetramer can be ob-
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Figure 4.4: Peptide map of full-length KcsA tetramer in DDM. A. All peptides identified from MS-MS
fragmentation spectra (blue bars indicate peptide length and location within the full sequence). B. Peptide
and residue-level resolution indicated by red dots (single amino-acid resolution) and blue bars (longer peptide
resolution), with no bar or dot indicating no coverage in that part of the sequence.
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Figure 4.5: Native-State HDX of KcsA Tetramer in DDM. A. Heatmap showing the percent deuteration
throughout the protein. Uptake levels (%D) are plotted on the sequence of the protein, with important
structures annotated. Bars over the sequence show all measured overlapping peptides colored by average
deuterium uptake. B. Cartoon representation of KcsA A125 tetramer colored by %D at 12 hr of labeling.
White indicates no data.
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served on the level of individual peptides. Examining the individual deuterium uptake curves
of the peptides AAGAATVL, residues 28 to 35 from TM1, ITYPRALWWSVE, residues 60
to 71 in the pore helix, and VAGITSFGLVT, residues 97 to 107 in TM2, we again see that
all three parts of the protein are very protected compared to kiptrinsic (Figure 4.6). In all
peptides, the exchange curves in the tetramer are right-shifted significantly from those in

the monomer, again highlighting the extensive stabilization of the native tetramer.

TM1: AAGAATVL _ Pore Helix: ITYPRALWWSVE

o -

75 75 .| 75

TM2: VAGITSFGLVT

#D

10 10
Labeling time, typx (s)

= monomer monomer s monomer
= tetramer = tetramer = tetramer
kfntrmsic kintrinsic kintrins:c

Figure 4.6: Comparison of deuterium uptake in the KcsA monomer and tetramer across 3 peptides from
TM1, the pore helix, and TM2, overlaid on the theoretical exchange curves given by Eintrinsic-

There are several technical complications in attempting to quantify stability differences
between tetramer and monomer beyond the inability to measure full uptake curves. The op-
timal HDX conditions were subtly different for monomer and tetramer experiments: both in-
volved on-line protease digestion under the same flow rate and temperature, but the tetramer
required an additional 5 minutes of digestion at room temperature with soluble pepsin. This
may have resulted in greater back-exchange in the tetramer compared to the monomer.
However, we repeated the tetramer HDX reaction with no soluble pepsin at 27 s of labeling,
and while we observed much lower signal and many fewer peptides, the deuterium uptake
in the few peptides with measurable signal was very close to the equivalent values at 27 s
in the experiment with soluble pepsin reported in Figure 4.5. For example, in the three
peptides from the tetramer in Figure 4.6, the average #D at 27 s without soluble pepsin

was 0.39, 0.35, and 0.05, compared to 0.42, 0.66, and 0.05 with soluble pepsin, respectively.
64



If back-exchange were to change uptake behavior, then the calculated #D should be higher
without soluble pepsin than with it. Since this is not the case, a comparison of monomer
and tetramer uptake curves at pD 8.5 is reasonable.

Further, some TM2 peptides exhibited two classes or “bimodal” exchange behavior (Figure

4.7). For the peptide VAGITSFGLVT, the slowly-exchanging population had almost no
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Figure 4.7: Tetrameric TM2 peptide “VAGITSFGLVT” exhibits bimodal behavior, with a slow popula-
tion having no uptake and a fast population exchanging almost as quickly as in the monomer. The thickness
of the lines and points in the fast and slow populations are scaled to their average size in the total population
across all timepoints. These are overlaid on the plots of monomer and tetramer uptake, the latter a weighted
average of the fast and slow populations.

D uptake, but accounted for 89.6% of the peptide population on average across all time-
points. This contrasts greatly with the fast population, which had very similar uptake as
the monomer, but only accounted for 10.4% of the total population. This can be interpreted
two ways: (1) There was significant unwanted carryover of protein in the LC system between
runs, or (2) there were residual amounts of monomers in the tetrameric sample. The first
scenario would result in a significant decrease in apparent deuterium uptake, as protein stuck
in the LC between runs would likely back-exchange down to 0% deuterium and then elute

in the subsequent run, effectively averaging that 0% population with the desired, labeled

population from that run. This can happen passively as protein can stick to columns or
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tubing and come out continuously, or this can occur when a plaque of protein forms in the
LC and then is cleaved into peptides by soluble pepsin that is injected with the labeled
protein sample in a new, subsequent run.

To evaluate the effect of carryover due to continuous sticking and elution, we measured
the peptide signal from a blank run (i.e., no protein or buffers are injected into the LC-MS)
following a high-signal labeled run. For the bimodal TM2 peptide VAGITSFGLVT, the
measured #D in the blank run was 0.04 with signal O(7.0 x 10%) compared to 0.05 D in a
protein-containing run (labeled with deuterium for 27 s) with signal @(4.5 x 107). While
the uptake was very similar between the blank and labeled experiments, the peptide signal
was almost an order of magnitude greater for the labeled run, suggesting that continuous
carryover did not significantly contribute to this peptide’s average uptake. To evaluate the
effect of soluble pepsin on carryover, we compared the #D uptake and total signal at 27
s of TM1 peptide AAGAATVL under an equivalent HDX experiment with and without
soluble pepsin. Without soluble pepsin, we measured 0.39 D with signal O(3.5 x 106), but
with soluble pepsin we measured 0.42 D with signal O(6.0 x 10%). The lower signal of the
experiment lacking soluble pepsin is not surprising since soluble pepsin is required for efficient
proteolysis of the KcsA tetramer. If pepsin-induced carryover were significant, then a greater
percentage of peptides in the experiment with soluble pepsin should have 0 D, lowering the
average #D compared to the experiment without soluble pepsin. This was not observed, so
soluble pepsin-based carryover is likely not the cause of the low uptake or observed bimodality
in tetrameric KcsA. The second interpretation of the observed bimodality in the TM2 peptide
VAGITSFGLVT is more likely, that there is a small population of monomers that accounts
for ~10% of the mass of the population and is not visible by SDS-PAGE. However, an
additional experiment, in which soluble pepsin is injected into the LC system without KcsA
while holding all other experimental conditions constant (i.e., quench and chase buffer), is

necessary to definitively rule out any effect of carryover on native-state HDX measurements
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of tetrameric KcsA.

To further characterize the extreme stability of the KcsA tetramer, we measured the
native-state HDX of the tetramer in 4 M urea (Figure 4.8). Urea destabilized TM1 greatly,
speeding up HDX both in the middle of the transmembrane helix and near the detergent-
water interface preceding the turret. There was also a large increase in exchange in the
loop between the SF and TM2. Surprisingly, there was a marked decrease in HDX in the
MO helix. We can compare the uptake curves of the MO peptide LARLVKLLL and the SF
loop peptide GDLYPVTL to examine the urea-induced HDX effects in more detail (Figure
4.9). Uptake in the MO helix is significantly slowed in 4 M urea, while uptake in the SF
loop is sped up moderately. However, to properly compare HDX in urea with HDX in water,
measured uptake levels need to be scaled by a correction factor in order to account for the
extensive interaction of urea with the protein backbone. It is well known that urea forms
hydrogen bonds with backbone amide hydrogens and therefore slows HDX by approximately
a factor of 2.100 Correcting for this effect, we can compare the uptake of LARLVKLLL and
GDLYPVTL in no urea with the uptake in 4 M urea, rescaled by a factor of 2 (Figure
4.9 dotted lines). Even with this correction, the MO peptide exhibits slower HDX in 4 M
urea than in no urea, and the increase in HDX in the SF loop in the presence of urea is
even more exaggerated. The decrease in HDX in the MO helix is an unusual and unexpected
effect. One possible interpretation is that urea causes TMI1 to shift upward, exposing its
C-terminal side to aqueous solvent and thus producing faster HDX. This is possible because
this helix is capped only by a proline but lacks any aromatic residues to lock it in place
at the membrane-water interface. Tyrosine 45 could lock TM1 in an upward conformation
with this residue approaching the membrane-water interface, pulling the MO helix partially
into the membrane, potentially causing the linker between MO and TM1 to become helical
and protected. Further experiments would be necessary to evaluate the effect of urea on the

structure of native KcsA.
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Figure 4.8: Differences in native-state HDX of KesA tetramer in DDM without urea and with 4 M urea.
A. Heatmap showing differences in percent deuteration (A%D), with red indicating more uptake in urea,
blue indicating more uptake without urea, and grey indicating no change. Uptake differences are plotted on
the sequence of the protein, with important structures annotated. Bars over the sequence show all measured
overlapping peptides colored by average change in uptake. B. Cartoon representation of KcsA A125 tetramer
colored by A%D at 2 hours of labeling. White indicates no data.
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Figure 4.9: Changes in HDX in the presence of 4 M urea in two peptides in the KcsA tetramer, showing
stabilization by urea in the MO helix peptide LARLVKLLL and destabilization by urea in the SF loop

peptide GDLYPVTL. Uptake curves are overlaid on the intrinsic exchange curve (grey) and an uptake curve
corrected for the HDX-slowing effect of urea (dotted).

4.3 Ion-dependence of tetrameric stability is not observed with

HDX.

Since the binding of selective ions K and RbT were observed to stabilize the tetrameric
structure of KcsA so extensively in Chapter 3, we were interested in determining what specific
parts of the channel were responsible for this stabilization. Accordingly, we measured native-
state HDX of the KcsA tetramer in the presence of potassium ions to compare to the uptake
observed in the presence of only sodium ions, reported above in Figure 4.5.

To our surprise, there was no significant difference in measured HDX for the KcsA
tetramer in the presence of sodium or potassium (Figure 4.10A). We hoped to exaggerate
any differences in HDX by measuring the effect of 4 M urea on the potassium-bound KcsA
tetramer, but once again observed no difference in deuterium uptake at all (Figure 4.10B).
This was unexpected, as such large differences in thermal stability between two states of a
protein should be measurable by HDX. The reason for this may be the same reason why we
cannot quantitatively measure AGjy, q across the KcsA tetramer: Experimental constraints

prevent us from sampling deuterium uptake for longer than 24 hours. Unpublished data

69



from Abigail Schroeter in the Sosnick Group suggest that another helical membrane protein,
GIpG, requires weeks of incubation with deuterium buffer (at an equivalent pD) in order to
observe full uptake of its transmembrane helices. Incubating KcsA in deuterium buffer past
24 hours results in aggregation, so these long measurements are not possible, though they

may be necessary to observe the stabilization resulting from potassium or rubidium binding.

4.4 Discussion

In this chapter, we have presented native-state HDX measurements of the KcsA monomer
and tetramer in DDM, in the presence of 4 M urea and in the presence of KCl. Monomer
measurements were collected in a single replicate, but all tetramer measurements were aver-
aged between 2 technical replicates.

We observed significant stabilization across KcsA tetramers compared to monomers. De-
spite being much less stable, the monomer is structured throughout, and exchanges much
slower than the intrinsic HDX rate. This observation is consistent with existing studies of
bacteriorhodopsin unfolding by single-molecule force spectroscopy that demonstrate stabi-
lization of alpha helical transmembrane structures in membrane-embedded trimers compared
to monomers. 14 While we only measured the native-state HDX of tetrameric KcsA in DDM,
we would expect the stability of the KcsA tetramer in lipid to be even greater, as shown by
SDS-PAGE in Chapter 3 (Figure 3.1). Therefore, we can conclude that during tetrameriza-
tion, the KecsA monomer begins quite structured, but gains a significant amount of stability
during folding to its native tetrameric state.

Native-state HDX of membrane proteins may not sample the same unfolded state that
thermal unfolding or TFE denaturation achieve. This is supported by the strong dependence
of bound ions on tetramer stability when measured by thermal unfolding in Chapter 3,
compared to the complete lack of dependence of bound ions on tetramer stability when

measured by native-state HDX-MS at room temperature in this chapter. Additionally, in
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Figure 4.10: Potassium has no effect on the native-state HDX of tetrameric KcsA, with or without
urea. A. Heatmap showing differences in deuterium uptake, A%D, between low potassium (100 mM NaCl)
and high potassium (62.5 mM KCI, 100 mM NaCl) conditions. B. Heatmap showing differential deuterium
uptake in 4 M urea between low potassium (100 mM NaCl) and high potassium (150 mM KCI, 100 mM NaCl)
conditions. Color scale is the same in A and B, with red indicating greater uptake in the high potassium
condition and blue indicating greater uptake in the low potassium condition.

71



Chapter 3, we observed melting temperatures of the water-soluble protein Cyt C around
85°C, compared to KcsA in DDM and NaCl, which melts at 61°C. From this, we might
predict that the thermal stability of Cyt C would correspond to increased protection in
native-state HDX compared to KcsA. However, in published work, many parts of Cyt C

4.96 While only small regions of Cyt C are not fully

are fully exchanged by 100 s in pD 7.
exchanged by 100,000 s, most of the KcsA tetramer is unexchanged at 100,000 s. For these
differences to be consistent, HDX and thermal denaturation must access different unfolded
states. To rationalize this, we consider the fact that membrane proteins must be solubilized
in lipids or detergent. In order to unfold tetrameric KcsA into monomers in DDM, the
detergent micelle must undergo fission. Membranes are easily perturbed by temperature, so
at high temperatures during KcsA thermal denaturation, the energy barrier associated with
micellar fission may be lowered to allow the channel to break into monomers. In contrast,
at room temperature, where we measured HDX, there may be a higher barrier to micellar
fission, leading KcsA to only rarely sample its monomeric state. Another explanation for the
apparent inconsistency in melting temperatures and deuterium uptake in KcsA and Cyt C is
also a membrane-based effect: The intrinsic exchange rate of any peptide in the membrane
is necessarily lower than in bulk water. This is due to the depth-dependent decrease in the
concentration of hydroxide ion (the HDX catalyst) in the interior of a bilayer or detergent
micelle. It is highly unfavorable to bury a charged group in the membrane, so the effective
intrinsic exchange rate must be decreased in the membrane?6:135. Therefore, even if a buried
portion of KcsA has the same stability as a portion of Cyt C, the effective kjptringic Will be
lower in the membrane or detergent solubilizing KcsA compared to the aqueous solvent
solubilizing Cyt C, which would result in comparatively lower deuterium uptake in KcsA.
Urea also induces different unfolding behavior in cytosolic and membrane proteins. In
4 M urea, we observed a destabilization of the TM1 helix of KcsA, especially near its C-

terminal end, as well as destabilization in the loop between the SF and TM2. Unexpectedly,
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we also measured significant stabilization of the M0 helix, which may be a result of increased
secondary structure due to urea-induced upward motion of TM1. It is well known that urea
induces its own protection from deuteration (by about a factor of 2) by hydrogen-bonding
directly with the protein backbone.% However, this does not mean that the lack of any
measured HDX changes in the rest of the protein necessarily indicates twofold destabilization
by urea. This is because urea has a very low probability of entering the membrane and
does not disrupt lipid tail packing, so very little urea is likely in contact with lipid-exposed
regions of membrane proteins. 93127 Therefore, in lipid-facing regions of KesA exhibiting
no measured change in HDX in the presence of urea, it is reasonable to conclude that
these regions are not destabilized by urea. For the regions of KcsA that are destabilized
by urea, it is notable that these do not occur at any inter-monomeric interfaces. This
explains why urea alone is not observed to disassemble the KcsA tetramer (Figure 3.1).
Perhaps the unfolding intermediate of KcsA observed at 50°C in Chapter 3 brings more of
its inter-monomeric interfaces into contact with aqueous solvent, which could explain the
urea-dependent stability of this species.

One should be wary of making any direct comparisons between the HDX measured in this
chapter and the thermal stability of KcsA measured in Chapter 3 because all native-state
HDX measurements were conducted in Tris buffer, which we showed significantly stabilizes
tetrameric KcsA, at least at elevated temperatures (Figure 3.3). It is possible that mea-
suring deuterium uptake in tetramers in phosphate buffer would yield more complete uptake
curves that could resolve the differences in stability of tetrameric KcsA in potassium and
sodium.

Lastly, the presence of a structured monomer with much greater flexibility than the native
tetrameric species agrees with our previous work in which we observed a highly dynamic,
monomeric KcsA species in nanodiscs by NMR and in all-atom MD simulations in lipids. 158

In the context of the “native assembly” model for folding, the monomers measured by native-
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state HDX are flexible but structured. However, while they may retain some native-like
structure, they must gain a tremendous amount of stability as they become tetramers. This
suggests that the “native assembly” model, which assumes that monomers with native-like
structure and stability are folding intermediates, is an unlikely mechanism for KcsA assembly.
Rather, the extreme stability of the native state is only established by being locked into a

tetramer.
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CHAPTER 5
SITE-RESOLVED HYDROGEN-DEUTERIUM EXCHANGE
PULSE-LABELING IDENTIFIES TETRAMERIZATION
FOLDING PATHWAY IN A MEMBRANE PROTEIN FOR THE

FIRST TIME

To determine the detailed mechanism for potassium channel assembly, it is necessary to
observe changes in folding of individual structural elements of the channel. For this pur-
pose, we have adapted hydrogen-deuterium exchange pulse-labeling, originally developed for
the folding of soluble proteins, to membrane protein folding at the peptide level. Native-
state HDX has been used recently to observe equilibrium dynamics of membrane proteins in
lipid membranes, and around 10 years ago, HDX-MS pulse-labeling observed the folding of
bacteriorhodopsin (bR) monomers from SDS into lipid bicelles.? However, that work only
studied whole-protein changes in HDX during folding, so information about which specific
parts of bR were folding was unattainable. Therefore, our work is innovative because we are
the first to our knowledge to use HDX pulse-labeling to observe site-resolved changes in the
hydrogen-bond network of a membrane protein undergoing folding and tetramerization in

liposomes.

5.1 Adapting HDX-MS pulse-labeling for membrane protein
folding in lipids
Measuring site-resolved changes in HDX in a membrane protein in liposomes (azolectin lipid
SUVs) is challenging for many reasons including detergent-MS incompatibility, lipid removal,

and recalcitrant proteolysis.

Ionic lipids and detergent are incompatible with MS analysis of peptides by electrospray
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ionization since they co-elute with peptides off the LC and “steal” the ionizing charge required
by the peptides for their flight and detection. Therefore, while in previous studies we have
folded KcsA monomers from SDS into liposomes, I optimized a new purification protocol to
produce KesA monomers in DDM so that they could be folded into lipids from a non-ionic
detergent. This purification protocol is detailed in Chapter 2, and was also used to generate
the monomeric species of KcsA studied by native-state HDX-MS in Chapter 4.

Lipids present challenges not only in their ability to appropriate the ionizing charge from
peptides during electrospray ionization, but also because they protect the protein from the
proteolysis required to produce measurable peptides in the first place. Lipids also can foul
the interior of the LC and MS and reduce instrument performance. We adapted a method
using zirconium oxide resin to remove phospholipids from liposomes. Published studies have
used ZrO2 resin either in free suspension or packed into a column for phospholipid removal in
native-state HDX studies of membrane proteins in lipids.4765 We observed that ZrOg binds
not only lipids, but also protein and peptides, and that blocking excess free binding sites on
ZrO9 beads with bovine serum albumen (BSA) was required for peptide recovery with high
signal, in agreement with recently-published work.%® Unlike this work, however, we found
that reproducible, high-signal detection of peptides from liposome-integrated KcsA required
using a solution-suspension of ZrOs9, blocked with BSA for at least three hours, rinsed 5 times
in isocratic buffer (0.1% FA in water, pH'd to 2.5 with TFA), and used for lipid removal
within an hour of this last rinse. We also found that high amounts of non-ionic detergent
(0.4% DDM) and a cocktail of denaturants (3 M urea, 1 M thiourea) were required in the
acidic HDX quench buffer. This quench buffer had three main functions: (1) It stopped the
HDX labeling reaction, (2) it prevented KcsA aggregation during lipid removal, and (3) it
followed the sample through the LC system as a “chase” buffer to catch sticky and often
elusive hydrophobic peptides for MS analysis. We found optimal proteolysis to occur for

KesA proteoliposomes in two digestion steps: (1) with soluble pepsin for 5 minutes at room
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temperature and then (2) on-column in a hand-packed 1:1 pepsin:FPXIII (fungal pepsin from
Aspergillus saitoi, type XIII) column at 20°C. Lastly, for long-term LC and MS maintenance,
we eluted our sample from the analytical reverse-phase C18 column using methanol (with
0.1% FA) rather than acetonitrile.

This optimized preparation, summarized in Figure 5.1, is necessary in order to detect
any peptides from KcsA tetramers in lipids, and allowed us to measure site-resolved changes
in hydrogen bonded structure in a membrane protein for the first time. A more detailed
protocol is described in Materials and Methods, Chapter 2. With this protocol, we were able
to detect up to 26 unique peptides from a population of KcsA, 2.5 minutes after insertion
into liposomes (Figure 5.2). In reality, at longer folding times, KcsA became even less
accessible to proteolysis, but over 15.5 hours of folding, we were able to measure around 11
peptides reproducibly and with very high signal. We examine the behavior of those peptides

during KcsA folding and tetramerization in detail below.
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Overlapping Map of the Generated Peptide List
(26 unique peptides, total 28 peptides)
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Figure 5.2: Peptide map of KcsA assembling from monomer in DDM to tetramer in azolectin lipid SUVs
for 2.5 minutes, with optimized delipidation and proteolysis protocol for pulse-labeling. A. All peptides
identified from MS-MS fragmentation spectra (blue bars indicate peptide length and location within the full
sequence). B. Peptide and residue-level resolution indicated by red dots (single amino-acid resolution) and
blue bars (longer peptide resolution), with no bar or dot indicating no coverage in that part of the sequence.
At longer labeling times, even fewer high signal peptides were recovered.

5.2 Theoretical behavior of peptides in HDX pulse-labeling of

membrane protein folding

For a given peptide in a pulse-labeling experiment studying KcsA folding and assembly, we
consider three scenarios for changes in the average deuterium labeling during tetramerization:
(1) If the peptide is from a part of the protein that is unfolded in the monomer and stays

unfolded in the tetramer, then deuterium occupancy will be high in the monomer and remain
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high throughout tetramerization (Figure 5.3 top trace). (2) On the other hand, if the
peptide is from a part of the protein that is folded in the monomer and remains folded
in the tetramer, there will be low deuterium occupancy at all times during the assembly
process (Figure 5.3 bottom trace). (3) In the case where a peptide is from a part of the
protein that has less secondary structure in the monomer than in the tetrammer, a decrease
in deuterium occupancy will be seen (Figure 5.3 middle trace). Of course, for membrane
proteins, protection from HDX can arise not just from backbone hydrogen bond stability but
also from the lipid bilayer. Therefore, a decrease in deuterium labeling of a peptide could

also imply that it is becoming more buried in the bilayer over the course of tetramerization.

#D

N
~
.-------

Folding Time

Figure 5.3: Possible scenarios for peptide-level HDX-MS pulse-labeling curves over the process of KcsA
folding and assembly, from monomer in DDM on the left to tetramer in lipid on the right.

In reality, we only observe the latter two behaviors, peptides that fold over the course
of tetramerization and peptides that remain stably folded throughout the process, as no
measured peptide was fully unfolded in either the monomer or the tetramer. Although we
are treating the monomer as our unfolded state, we know from native-state HDX that the

monomer is already quite structured (Figure 4.3). Then if most parts of KcsA become even
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more stable during tetramerization, we should not be surprised by the lack of any measured
peptides with uniformly high deuterium labeling at all times during channel assembly. It is
also conceivable that deuterium labeling could identify unfolding events, movement of helices
out of the membrane and into aqueous solvent, or even non-monotonic behavior, but none
of these trends were observed in any of the peptides during tetramerization.

This examination of peptide-level pulse-labeling behaviors treats the population of KcsA
undergoing folding and tetramerization as homogeneous (unimodal) at each timepoint. This
is reasonable for the peptide mass distributions in this pulse-labeling experiment, of which
many can be fit well to single mass envelopes. However, some peptides, especially fast-folding
peptides, are better fit with a bimodal model (Figure 5.6). This observation is consistent
with previous pulse-labeling studies of fast-folding water-soluble proteins, which exhibit both
unimodal and bimodal peptide mass distributions. 78:183

Lastly, it is important to mention that we chose a pulse duration of 6 s, which is about 100
times the lifetime of an average unprotected amide hydrogen at pD 9.0 across all reported
peptides (< Kintrinsic >~1~ 0.06 s). Therefore, anytime a part of the KcsA backbone is

unfolded and exposed to the labeling buffer during tetramerization, it will become deuterated.

5.3 Site-resolved changes in hydrogen-bonded structure during

KcsA folding and tetramerization

In Figure 5.4, we present pulse-labeling curves for 9 peptides, pulsed at pD 9.0 for 6 s, ex-
tracted from a population of KcsA undergoing folding and tetramerization from monomers in
DDM to tetramers in liposomes over 15.5 hours. These peptides span the following regions of
KcesA: TM1, turret, pore helix, selectivity filter, and TM2. They exhibit different behaviors,
with some peptides folding progressively during tetramerization (pore helix, selectivity filter,
TM2) compared to others that retain similar folds during channel assembly (TM1, turret).

We are able to examine the contribution of the inner and outer halves of the pore he-
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Figure 5.4: Site-resolved HDX pulse-labeling demonstrates diverse folding behaviors throughout the
protein. Measurements were taken over 15.5 hours following initiation of insertion and tetramerization of
DDM-solubilized KcsA monomers in liposomes (azolectin SUVs).

lix by examining the overlapping peptides LWWSVE (inner pore helix), ITYPRAL and
ITYPRALW (outer pore helix), and ITYPRALWWSVE (whole pore helix). By “inner” and
“outer” we are referring to the 3D location of each peptide with respect to the potassium con-
duction pathway in the center of the native tetramer. Both the inner and outer parts of the
pore helix decrease occupancy by approximately 1 deuterium over 15.5 hours, implying that
they each form on average about 1 hydrogen bond during tetramerization. This is consistent
with the observation that the peptide containing the entire pore helix, [TYPRALWWSVE,
loses about 2 deuterium atoms during channel tetramerization (Figure 5.5). Comparing the
outer pore helix peptides ITYPRAL and ITYPRALW, we see a difference in deuterium occu-
pancy of 0.8 D at t=0, which decreases to 0.3 D at 15.5 hours, suggesting that W67, the only
residue of difference between these two peptides, contributes an average of approximately
0.5 hydrogen bonds formed during KcsA tetramerization.

Notably, the inner portion of the pore helix folds very fast compared to the outer por-
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tion, with deuterium occupancy no longer changing about 1000 s after insertion into the
membrane. In contrast, the outer part of the pore helix folds slower, with the peptide

ITYPRALW still undergoing exchange after 1 hour.

4 Inner Pore Helix Whole Pore Helix 5 Outer Pore Helix
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S ﬁ 3 8 = peptide [TYPRALW ! ﬁ
3 & L‘" 4 ‘L'/ 5‘
k‘/" L"y 6 &€
& ! "“’-O“\\‘ 3 :_', .
[P g ) : ) g
‘,' ) Y
5 € Y &
1 2 A‘/‘/ L“' 1 <’ :7
& Sl
S & e
S 5
0 0+ 0
10' 10> 10° 10 10 10> 10°  10° “10'  10°  10° 10
Folding Time (s) Folding Time (s) Folding Time (s)

Figure 5.5: HDX pulse-labeling behavior in overlapping peptides from the KcsA pore helix. The inner
portion of the pore helix folds faster than the outer pore helix.

Among other peptides examined in this study, the peptide VAGITSFGLVT from TM2
also folds very quickly, within 100 s of insertion into the membrane. This peptide contains
both the putative channel opening hinge, G99, and the first glycine of a conserved glycine
zipper, G104, 90:108,151,171

Notably, peptides ITYPRALWWSVE from the pore helix and VAGITSFGLVT in TM2
have bimodal mass distributions, of which we have plotted only the quickly-exchanging
population from ITYPRALWWSVE and the unimodal fit of VAGITSFGLVT in Figures
5.4 and 5.5. The full, bimodal behavior of these peptides is shown in Figure 5.6. For
the pore helix peptide, this bimodality is likely not EX1-type HDX behavior since none of
the constituent peptides from the inner or outer pore helix are bimodal. Also, if this were
true EX1 behavior, we would expect the fraction of proteins in each population to change
monotonically in time, but this is not the case (Figure 5.6, bottom left). In contrast,
VAGITSFGLVT may be exchanging in the EX1 limit at fast folding times. However, since we

only have one timepoint exhibiting bimodal behavior, we cannot conclude that this peptide is

in the EX1 limit without additional data at shorter folding timepoints with higher temporal
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resolution.
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Figure 5.6: Bimodality in mass envelopes of two peptides during pulse-labeling. Upper plots show
changes in deuterium occupancy in the fast and slow-exchanging populations of each peptide. Lower plots

estimate the fraction of the KcsA particles in the slow-exchanging population over time.

Overall, these results suggest that the inner pore helix and center of TM2 in the vicinity

of the glycine hinge fold quickly (within 1000 s and 100 s, respectively), followed by slower

folding of the outer pore helix and selectivity filter during channel tetramerization.
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5.4 Stability-labeling demonstrates stable tetramerization

Our pulse-labeling experiment studying KcsA tetramerization with a pulse of pD 9.0 was

repeated, but we applied labeling pulses of different strengths by changing the pD from 7.0

t0 9.0. This variation of HDX pulse-labeling is termed “stability-labeling” since differences in

deuterium uptake between different pulse strengths applied at the same folding time measure
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the relative stability of the population at that given folding timepoint.1®® Here we highlight 4
representative peptides exhibiting interesting behavior from HDX stability-labeling (Figure
5.7).

The pore helix, throughout the entire tetramerization process, and early folding inter-
mediates of TM2 have lower stability compared to other structures according to HDX. We
conclude this from the marked differences in deuterium occupancy at all timepoints between
pD 7, 8, and 9 in the pore helix, and between pD 7 and 9 in the TM2 peptide within 100 s of
membrane insertion. In contrast, the HDX data indicate that intermediates of TM1, TM2
after 100s, and the turret are very stable, with equivalent pulse-labeling deuterium occupan-
cies over all strengths of pulse. The regions of KcsA that exhibit less stable intermediates
from stability-labeling are the same regions observed to be less stable in the native-state
HDX of the monomer (Figure 4.3). Unexpectedly, these are not the same regions of the
KcsA tetramer perturbed by 4 M urea (Figure 4.8). This suggests that the tetramerization
intermediates of KcsA are more similar in stability to the monomeric state. Lastly, the slow
populations of bimodal peptides are all unperturbed by different pDs, suggesting that the
slow-exchanging population is extremely stable, perhaps being the folded tetrameric state.

Stability-labeling by varying pulse pD is particularly tricky difficult for KesA, since it
is a pH-gated channel that opens at low pH.168 This means the range of pDs we choose
must be small: We cannot go above pD 9 without risking neutralization of cationic residues.
Likewise, below pD 7, the histidines may become protonated, while below pD 5 acidic amino
acids in the intracellular gate of KcsA are neutralized. The restriction of pulse strength
to between pD 7 and 9 necessarily leads to a small dynamic range in measured deuterium
occupancy. Overall, we would expect more dynamic range in stability-labeling measurements
if the monomer were less structured at the start of tetramerization, but since we know from
native-state HDX that the monomer is already quite structured in DDM, the small changes

in deuterium occupancy we see during tetramerization are expected.
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Note that at pD 7, our pulse length of 6 s is just shorter than the average lifetime of
an unprotected amide hydrogen in pD 7 pulse buffer. Therefore, it is possible that not
every backbone opening event is captured by this pulse condition. Despite this, the pulse-
labeling curves of each peptide at pD 7 appear to follow the same qualitative trends as those
measured at pD 8 and 9, simply with a smaller changes in average deuteration over 15.5

hours of tetramerization.

5.5 Putting pulse-labeling in context
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Figure 5.8: SDS-PAGE folding assay measures tetramerization kinetics in the presence of NaCl or KCI.
Measurements were taken over 18.5 hours following initiation of insertion and tetramerization of DDM-
solubilized KcsA monomers in liposomes, as in pulse-labeling measurements.

To extract mechanistic information from site-resolved HDX pulse-labeling, these data
must be put in the context of other measurements. The most informative of these measure-
ments is the SDS-PAGE folding assay that we have previously published. In that study,
we made use of the extreme stability of the KcsA tetramer and measured the fraction of
tetrameric species following mixing of SDS-solubilized monomers and azolectin SUVs, find-

ing heterogeneous folding kinetics, with fast and slow rate constants of 40 + 2 s and 1500

+ 100 s.19% Here we adapt that protocol to study the tetramerization kinetics of KcsA
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monomers from DDM micelles into azolectin SUVs (Figure 5.8A). Note that both the
monomeric protein and the SUV samples used for this SDS-PAGE folding assay are from
the same preparation as those used for the pulse-labeling experiments presented in this
chapter. Quantifying these SDS-PAGE gels, and fitting the fraction tetramer to a single
exponential fit, we only observe a slow-folding population with time constant 1050 + 264
s (Figure 5.8). One benefit of folding from DDM is that we can now study the effect of
folding in the presence of potassium ions, which is impossible in the presence of any SDS, in
which potassium is insoluble. We find that the kinetics of KcsA folding in the presence of
potassium is slightly faster than the kinetics of folding in only NaCl: We measure the folding
rate constant of DDM-solubilized KcsA into azolectin SUVs in 300 mM potassium to be 393
+ 187 s.

Since the pulse-labeling experiments were conducted in the absence of potassium, we can
compare the site-resolved changes in deuterium occupancy with the kinetics of tetramer-
ization in NaCl. Interestingly, the fast-folding TM2 peptide VAGITSFGLVT is no longer
changing deuterium levels after 100 s, a much shorter folding timescale than the tetramer-
ization time constant in NaCl from SDS-PAGE. In contrast, the pore helix, turret, and
selectivity filter are folding over the same timescales that tetramers are being detected by
SDS-PAGE (~ 1000 s). Together, this suggests that the stabilization of the pore helix, SF,
and turret are necessary for folding to the native tetramer, whereas the fast folding of TM2
observed in pulse-labeling does not represent folding to the native tetramer.

What structure could be forming so early in KcsA tetramerization? There are two pos-
sibilities: (1) The glycine zipper of KcsA could be forming a dimeric, trimeric, or tetrameric
bundle very early, but without a properly folded pore helix, and this tetrameric structure
may not be stable enough to run as a tetramer on SDS-PAGE. Alternatively, (2) TM2 is
very flexible in monomers in DDM micelles, likely due to the hinge at G99, but may be-

come fully stabilized and protected simply by insertion into the lipid membrane. It has been
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shown that TM2 is very flexible in SDS micelles, even adopting a bent orientation.26 This is
in agreement with the uptake of TM2 in our native-state HDX measurements of the KcsA
monomer (Figure 4.3). In fact, TM2 in the monomer is less stable than TM1. In agreement
with this, in pulse-labeling, the TM2 peptide undergoes a large rapid increase in protection
compared to TM1, which is very protected throughout tetramerization. Perhaps the con-
sistent protection of TM1 comes from the presence of the MO helix, which may lock TM1
into a rigid structure both in DDM and in liposomes, whereas TM2 only gains significant
protection when it is inserted into a lipid membrane.

We also note that tetramerization of DDM-solubilized monomers inserting into azolectin
SUVs does not go to completion, even after the 18.5 hours of folding measured by SDS-PAGE.
Therefore, our pulse-labeling measurements are likely detecting a substantial population of
monomer in lipid membrane or even monomer in detergent micelles. However, the only
significant effect of this is that the magnitude of changes we observed by pulse-labeling are
smaller than they would be if we folded to 100% tetramer.

We must also contextualize these pulse-labeling curves within the vast knowledge pool
of KesA structure-function studies. Many of these studies surround the pore helix and
selectivity filter, as these are critical structures to channel inactivation. One such structure
is the well-studied side-chain hydrogen-bond network including the “inactivation triad” of
E71-D80-W67 with structural waters in this region, highly coupling the movements of the SF
and the pore helix. 29:34,98,132,141,143 ;g hydrogen-bond network spans two peptides with
very different pulse-labeling behaviors: the fast-folding inner pore helix peptide LWWSVE
and the slow-folding selectivity filter (SF) peptide TATTVGYGDL. The difference in folding
behaviors between the inner pore helix and the SF suggests that the inactivation network
does not contribute much to folding of the pore helix region during channel tetramerization.
It is possible that this network is already formed in the monomer, so it would not contribute

to stability changes during tetramerization. Alternatively, this network may be weaker than
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the forces stabilizing the inner pore helix. To fully evaluate the importance of the inactivation
hydrogen-bond network on folding, it is necessary to measure tetramerization kinetics in an
“open mutant” like E71V. If the presence of potassium ions speeds up folding (as we observe
in Figure 5.8) by perturbing the selectivity filter and inactivation triad, then we would also
expect the E71V variant to perturb folding kinetics significantly.

To ensure that the final folded state, measured by HDX pulse-labeling and our SDS-
PAGE tetramerization assay, is the natively-folded KcsA tetramer, we compared the melting
temperature of refolded KcsA to that of the KcsA tetramer purified in DDM and phosphate
buffer from e. coli and reconstituted into the same azolectin SUVs. We confirmed that the
two have the same thermal stability, with a melting point of the refolded tetramer being 91.0

+ 1.5 °C compared to 92.53 4+ 1.0 °C of the reconstituted tetramer (Figure 5.9).
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Figure 5.9: Thermal denaturation of refolded KcsA and reconstituted, purified KcsA demonstrates
equivalent stability of the two species, suggesting that the refolded KcsA is the native tetrameric species.

Not only does this confirm that we are folding to the native tetrameric structure in pulse-
labeling, but the existence of monomer in the refolded sample of KcsA (observed at 25°C on
SDS-PAGE), with DDM micelles removed via incubation with Bio-Beads™, suggests that
a substantial portion of the non-tetramerized KcsA after 15.5 hours of folding is monomers
in lipid.
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Lastly, we note that the vesicular structure of the lipids did not significantly change in
the timeframe of a pulse-labeling experiment. Dynamic light scattering (DLS) measurements
replicating the solvent conditions of pulse-labeling experiments suggest that the additive
presence of DDM and KcsA perturbed the SUV structure much more than the 15.5 hours
of incubation with detergents and protein (Table 5.1). In fact, under all buffer conditions
tested, the average radius and polydispersity of the SUV sample increased only marginally
between initial mixing and 15.5 hours of subsequent incubation. At either timepoint, the
addition of DDM increased the average SUV radius and polydispersity only marginally,
though the addition of KcsA monomers was a much larger perturbation, increasing both the
radius and polydispersity substantially. These results would suggest that phosphate buffer
or DDM did not cause significant SUV swelling or fusion, but the insertion of many KcsA

monomers into each SUV caused significant liposome swelling.
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5.6 Discussion

In this chapter, we presented what we believe to be the first site-resolved measurements from
HDX pulse-labeling reported for a membrane protein folding and assembling into liposomes.

During tetramerization of DDM-solubilized KcsA monomers inserting into azolectin li-
posomes (SUVs), we observed changes in different hydrogen-bonded structures across the
protein. The differences we observed were subtle, with changes in deuterium occupancy
never exceeding 2 deuterium atoms for any peptide over the 15.5 hours measured. How-
ever, given the pre-existence of significant structure in the starting state, monomeric KcsA
in DDM, this subtle change is not unexpected. Perhaps the large difference in measured
native-state HDX stabilities between monomer and tetramer in Chapter 4 would suggest
that the change in deuterium occupancy during tetramerization should be greater, but it is
important to consider that pulse-labeling was conducted in phosphate buffer, while native-
state HDX was measured in Tris. As Tris is known to greatly stabilize tetrameric KcsA
(Chapter 3), it is likely that the stability differences between monomeric and tetrameric
KcsA, measured by pulse-labeling in this chapter, are smaller than those in Tris, further
making these subtle differences in deuterium occupancy expected.

Compared to our native-state HDX measurements of KcsA, as well as to most HDX
studies of soluble and membrane proteins, we were only able to resolve a very small number
of peptides during pulse-labeling. However, we are confident in the identity of these peptides,
due to their high signal, often with counts of O (108), trustworthy fragmentation pattern by
MS-MS, and by comparison of these peptides to their native-state equivalents whose identity
is confirmed by similar uptake behavior in adjacent, overlapping peptides. The peptides we
observe in HDX pulse-labeling, although few, span all regions of KcsA except the MO helix,
thereby allowing us to observe the folding behavior across many different structures within
KcsA. Most notably, in the context of previous work that reported changes in deuterium

occupancy in bR folding coarsely across the whole protein, our measurements represent
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the first site-resolved HDX pulse-labeling of membrane protein folding in lipids to date.
Therefore, despite the small number of measured peptides, this represents a significant step
forward in studying membrane protein folding and dynamics.

The existence of a set of useful peptides is significant because we can interpret the changes
in deuterium occupancy as changes in hydrogen bonds being formed or lost during KcsA
tetramerization. A decrease of 1 deuterium measured by pulse-labeling corresponds to an
average increase of 1 hydrogen bond across the ensemble of KcsA. Therefore, we really are
observing site-resolved folding dynamics during the oligomerization of a membrane protein.

HDX stability-labeling measurements suggest that the pore helix and TM2 have less
stable folding intermediates early in tetramerization, similar to native-state HDX measure-
ments of the monomer in Chapter 4. Considering this fact alone, we may suspect a ‘“native
assembly model” for KcsA tetramerization. However, the fact that we observe any tem-
poral changes in deuterium occupancy at all in our pulse-labeling measurements, and that
the timescales of these changes are different in different parts of the protein argues against
the native assembly model: natively-folded monomers coming together to form tetramers
without much rearrangement is inconsistent with this pulse-labeling data. Additionally, we
find from stability-labeling that the pore helix of KcsA remains less stable than other parts
of the protein, even after 15.5 hours of tetramerization. This seems inconsistent with our
native-state HDX measurements of the tetramer demonstrating extreme stability in the pore
helix (Figure 4.5), but since our native-state HDX was measured in Tris buffer and our
pulse-labeling HDX was measured in phosphate buffer, this inconsistency may be explained
by the stabilization of KesA by Tris buffer (Figure 3.3). Overall, from stability-labeling
HDX, we found that the average population of KcsA at different timepoints during tetramer-
ization — i.e., intermediate folding ensembles — was quite stable across many peptides. The
pore helix was the least stable part of KcsA during tetramerization, and the TM2 peptide

containing part of the glycine zipper was the only peptide observed to gain stability over

94



the course of tetramerization. Lastly, stability-labeling measurements can be treated almost
as technical replicates, especially given the high stability of tetramerization intermediate
ensembles. The same pulse-labeling behavior was observed across different pDs, except with
smaller magnitudes in deuterium occupancy changes at lower pD pulses.

Comparing the timescales and magnitudes of deuterium occupancy changes, we propose
a sequential model for KcsA folding and tetramerization: TM2 folds very quickly, around 100
s after membrane insertion, at the same time as fast folding of the inner portion of the pore
helix, which is folded 1000 s after membrane insertion. The fast stabilization of TM2 may
represent the initial formation of a tetrameric bundle of transmembrane helices around the
glycine zipper or fast stabilization by the lipid bilayer. The inner portion of the pore helix is
known to have high inherent helical propensity, as the inner pore helix of the closely-related
potassium channel Kv1.3 was observed to have stable secondary structure cotranslationally. o4
Therefore, the fast folding we observe of the inner pore helix may reflect both the inherent
high helical propensity of this structure and fast-forming initial contacts with neighboring
monomers. This could then nucleate the slower folding of nearby structures (the outer half of
the pore helix, selectivity filter, and turret). This model resembles the proposed “keystone”
mechanism of folding, with fast formation of a transmembrane helix bundle and inner pore
helix contacts followed by slower folding of the outer pore helix and selectivity filter. The
slower-folding elements of the structure can be considered the keystone, added last in the
folding of tetrameric KcsA to stabilize the native structure. Comparison of the fast TM2
stabilization with the slower tetramerization rate from SDS-PAGE, however, does not rule
out a cooperative folding model in which all parts of the channel form native tetrameric
structures simultaneously. Future experiments are necessary to evaluate the effects of pore
helix helical propensity in lipids, anionic lipid binding to the monomer-monomer interface,

and fast monomer insertion into a protein-dense phase on the mechanism of KesA folding. 158
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CHAPTER 6
DISCUSSION AND DETAILED MODEL OF POTASSIUM
CHANNEL FOLDING AND ASSEMBLY

This work is centered on uncovering the mechanism for potassium channel folding and as-
sembly, but also speaks to many questions related to membrane protein folding, structure,
and dynamics in general.

What is the unfolded state of a membrane protein? While the native, folded state of
membrane proteins is extensively characterized by structural biology, the unfolded state of
a membrane protein is not so easy to define. Water-soluble proteins have a well-studied
unfolded state, or denatured state ensemble (DSE). The DSE is often dependent on solvent
conditions or crowders as well as protein sequence, but most often the DSE of water-soluble
proteins is approximated by denaturating the native state using chaotropic agents such as
urea or guanidinium chloride, thermal denaturation, or force-based unfolding using atomic
force microscopy (AFM) or optical tweezers. 028117131 Ag we observed in Chapter 3, tra-
ditional chaotropic denaturants are often too weak to fully unfold a membrane protein,
so the DSE of membrane proteins is much less well characterized. The unfolded state of
membrane proteins depends on additional factors arising from the membrane: membrane
packing and defects, thickness, lateral tension, curvature, fluidity, and headgroup charge.
All of these factors affect not only the DSE but also the dynamics of natively-folded mem-
brane proteins, many of which undergo dynamic structural changes in response to membrane
properties, including protein activation, channel opening, oligomerization, or formation of
larger supramolecular protein complexes.3’7’32’45’53’76’95’109

These considerations have been discussed in the context of “good” and “poor” solvents.
For water-soluble proteins, solvent quality is well-quantified by Flory coefficients. 11,52,73,149

However, due to the geometric constraints of membrane proteins in the bilayer, with unfold-

ing events occurring both within and orthogonal to the plane of the bilayer, this formulation
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is not readily applicable to describe the DSE of membrane proteins. However, qualitative
descriptions of solvent quality are still informative: In general, the membrane acts as a good
enough solvent to stabilize isolated hydrophobic transmembrane helices within the bilayer.
However, the membrane is not a perfect solvent, or else transmembrane helices would never
stably associate or form higher-order oligomers with water-filled cavities in the membrane
like KcsA.

From pulse-labeling studies of KcsA tetramerization presented here as well as past studies
of KcsA folding, the membrane appears to be a poor solvent for monomers, tetramers, and
intermediate states.!®® Not only do transmembrane helices have to assemble into a stable
transmembrane bundle, the interior of this bundle is a water-filled cavity. Additionally,
KcesA is known to form supramolecular clusters during and after folding, with implications
for folding and gating.9’58’124’148’1587179 This would suggest that lipids are a relatively poor
solvent for KcsA: The many charged and polar lipid-facing surfaces in the monomer favor a
compact structure in the membrane, both in extremely stable tetramers and in large protein-
dense phases during folding. In fact, lipids are such a poor solvent for TM2 that it forms
a tight, helical bundle with the TM2 helices from adjacent monomers through a conserved
glycine zipper, surrounding a water-filled cavity within the membrane that is a critical part
of the potassium conduction pathway in the native tetramer.

Perhaps counterintuitively, the membrane can be considered a relatively good solvent
for KesA monomers: In DDM, monomers are highly prone to irreversible aggregation, likely
through misfolding of their transmembrane helices in aqueous solvent, whereas when they are
embedded in the lipid membrane, they are stably solvated and protected from aggregation.
Additionally, in our in vitro KesA folding experiments, in which monomers initially insert
into azolectin SUVs and quickly form a protein-dense phase, the synthetic lipid membrane
is still a good enough solvent to allow the rearrangements within the protein-dense phase

necessary for correct monomer-monomer contacts to be made during tetramerization.
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The nature of the unfolded state of a membrane protein is also highly dependent on the
mechanism of unfolding.?1:5377 Membrane beta barrels can often be fully denaturated in
urea, from which they can be refolded into lipid membranes. 133943 This is not often the
case for an alpha helical membrane protein like KcsA, which we find is only moderately
destabilized in urea, in TM1 and the small loop preceding TM2 (Figure 4.8), certainly not
enough to disassemble the tetramer (Figure 3.1). Similarly, even 8% SDS is insufficient to
disassemble the KcsA tetramer. However, the organic solvent TFE leads to tetramer dis-
assembly at concentrations above 20% (v/v) and the KcsA tetramer breaks into monomers
at 61°C in DDM, but is stabilized by lipids, melting at 93°C when reconstituted into SUVs.
This is very curious considering that the melting point of Cyt C, a water-soluble protein, is
over 80°C as measured by CD (Figure 3.6). This would imply that it is more stable than
the DDM-solubilized KcsA tetramer. However, we observe extreme stability of the KcsA
tetramer by native-state HDX at pD 8.5 at 25°C (Figure 4.5) compared to generally high
uptake at short labeling times reported in Cyt C at pD 7.4 at 3°C.%0 This inconsistency
suggests that proteins access different unfolded states transiently at low temperatures com-
pared to near their melting temperatures. In this way, it seems that the DSE of Cyt C
is very different than that of the KcsA tetramer in DDM at low temperatures. The KcsA
tetramer almost never accesses the monomeric unfolded state at 25°C, but is almost entirely
monomeric at 80°C, whereas Cyt C accesses its DSE frequently even at 3°C, leading to high
uptake, despite its high melting point. The DSE of tetrameric KcsA at 25°C may only con-
sist of small wiggles around its native structure that are exacerbated by 4 M urea (Figure
4.8). Larger unfolding events are not sampled in our native-state HDX experiments. In
contrast, above 61°C, the DSE of KcsA in DDM is monomeric and very unstable, forming
visible aggregates. The DSE of other helical membrane proteins is quite different, for ex-
ample with GlpG accessing a partially expanded state of transmembrane helices, with one

transmembrane helix that even reversibly leaves the membrane, partially shifting into aque-
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ous solvent.? However, even in the case of GlpG, it was found that the mode of unfolding
determines the precise forces necessary to reach the unfolded state.??

Lastly, the physiological context of cotranslational membrane protein folding must be
considered when defining the folded and unfolded states of a membrane protein. Outer
membrane beta barrels in bacteria, mitochondria, and chloroplasts are extruded as unfolded
chains through translocation machinery into the periplasm where they are finally inserted
and folded by additional chaperones in the outer membrane. 2374137 Therefore, the DSE of
outer membrane beta barrels in vivo may resemble that of water-soluble proteins, a mostly
extended chain that must be pulled through the inner membrane into the periplasm. In
contrast, helical proteins are often translated directly into the membrane by a docked com-
plex consisting of a ribosome and membrane chaperones. Translocated polypeptides, often
already with significant helical structure in the translocon channel, are released laterally
into the membrane. 99:164,176,181,182,186 \[y]tiple copies of a helical membrane protein may
be translated simultaneously from ribosomes docked on the same mRNA transcript, called
polysomes.®0 This may facilitate oligomerization of separate monomers by their cotransla-
tional proximity. Many cotranslational folding studies of helical membrane proteins measure
the force required to arrest peptide formation at the ribosome-docked translocon. 36:37,40,54
In this case, the DSE of these helical membrane proteins is a partially formed peptide chain
spanning the ribosome exit tunnel, the core of the translocon, and possibly several trans-
membrane helices that have already been released laterally into the membrane.

Therefore, it remains unclear how to best define the unfolded state of a membrane pro-
tein, yet this question remains so central to our understanding of membrane protein folding
and dynamics. It seems that the DSE of a membrane protein is highly dependent on the
protein itself, the membrane or membrane mimetic used to solubilize it, the mode of denat-
uration, and even on the method used to measure its stability and structure. What states

are accessible to a membrane protein in wvitro, in a detergent micelle, in a lipid membrane,
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exposed to chemical denaturants or heat, or in vivo cotranslationally attached to ribosomes
and chaperones? How are these states perturbed by solvent conditions, lipid composition
and curvature, ligands, and other proteins within and peripheral to the membrane? For a
multi-pass oligomeric helical membrane protein such as KcsA, should we define the unfolded
state to be the monomeric state, or something with even less secondary structure, like the
precipitated endpoint of a thermal melt? And how does the method of measurement affect
the unfolded state we observe, since we measure very different unfolded states in native-state
HDX compared to thermal denaturation of KecsA? These are all nontrivial questions that
must be considered in any study of membrane protein folding and dynamics.

Throughout this study, we have been careful with our definitions of folded, unfolded, and
intermediate states of KesA, and while these definitions are subtly different in our thermal
denaturation, unfolding studies, compared to our HDX pulse-labeling, folding studies, we
have observed commonalities in structure and stability of monomeric, native tetrameric,
and intermediate folding states, that all point to a keystone-like mechanism for potassium
channel folding, which we believe to be the most detailed mechanism of the folding and
oligomerization of an ion channel to date.

In Chapter 3, we observed a novel species of KcsA during thermal denaturation, at
around 50°C, consisting of a tetrameric transmembrane helix bundle, but with displaced and
dynamic pore helices that are more exposed to aqueous solvent than in the native state.
This novel tetrameric species is metastable by our Upside CG-MD model, but is less stable
than the native tetramer in TFE, and is uniquely sensitive to urea denaturation. While
this species resembles our hypothesized “keystone” folding intermediate, we were not able to
observe reversible folding from a similar, but less stable, 65°C state, so it remains unclear
whether or not this state is accessed during the folding and assembly of KcsA. In Chapter
4, we measured site-resolved stabilities across KesA using native-state HDX. We observed

a monomeric species that is much less stable than the tetramer, but retains significant
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secondary structure, especially in the transmembrane helices. However, the fact that these
monomers must gain a tremendous amount of stability as they transition into tetramers
argues against the “native assembly” model, which assumes that monomers with native-like
structure and stability are folding intermediates. In Chapter 5, we adapted HDX pulse-
labeling to a membrane protein undergoing oligomerization in liposomes with peptide-level
resolution for the first time. We observed fast folding of TM2 and the inner half of the pore
helix, followed by slower folding, on the same timescales as tetramerization measured by
SDS-PAGE, for the outer pore helix, selectivity filter, and turret. The fast folding of the
inner pore helix is likely due to the high helical propensity of this region, but it remains
unclear whether the fast folding of TM2 is due to stabilization of this transmembrane helix
by lipids during rapid membrane insertion or if it represents the fast folding of a tetrameric
helical bundle around the glycine zipper.

Therefore, from pulse-labeling we cannot unambiguously determine the kinetics of trans-
membrane helix bundle formation. If the transmembrane bundle forms quickly, then this
supports the “keystone” mechanism, but if the transmembrane bundle forms later, on the
same timescales as outer pore helix, SF, and turret folding, then this supports a more “coop-
erative” model for KcsA assembly. At the very least, given the importance of the pore helix
in the stability of the tetramer, which we learned from thermal denaturation experiments
in Chapter 3, this structural unit — consisting of the pore helix, SF, and turret — which
folds on the same timescales as native tetramers form, can be considered an architectural
“keystone” of KcsA assembly, folding last and locking the tetramer into an extremely stably

folded structure.
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CHAPTER 7

FUTURE EXPERIMENTS

In this dissertation, I have presented a thorough study of KcsA unfolding and folding, through
a combination of diverse experiments, simulation, and modeling. These involved the novel
purification of a folding-competent KecsA monomer solubilized in DDM micelles as well as the
adaptation of HDX pulse-labeling to study membrane protein folding and oligomerization
in liposomes with peptide-level resolution for the first time. We have learned a sequential
mechanism of KcsA unfolding, and measured the extreme stability of the DDM-solubilized
KcsA tetramer in relation to a less stable, but structured monomer. During folding and
assembly of the KcsA tetramer in liposomes, we observed from HDX pulse-labeling the fast
folding of TM2 and the inner half of the pore helix, with the outer half of the pore helix, se-
lectivity filter, and turret folding slower, on the same timescales as native tetramer formation
measured by SDS-PAGE. In the context of the theoretical models for KesA oligomerization
presented in Figure 1.2, we can rule out the “native assembly” model due to the large
difference in stabilities between monomers and tetramers measured by native-state HDX.
However, we are unable to measure the kinetics of both TM2 helix tetramerization (along
with the formation of a water-filled cavity surrounded by bundled TM2s) and the formation
of inter-monomeric pore helix contacts, so we must remain agnostic to whether TM2 bundle
formation forms first, as in the “keystone” model, or simultaneous with pore helix, selectivity
filter, and turret folding, as in the “cooperative” folding model. To clarify the final details
of this sequential folding and assembly mechanism, it is necessary to more fully understand
the driving forces behind the fast folding of the inner pore helix and TM2.

First, we must measure the helical propensity of KcsA monomers in lipids. This result
will indicate whether the fast folding of the inner pore helix as observed in pulse-labeling was
a result of this peptide forming fast inter-monomeric contacts or rather increasing helicity

rapidly upon insertion into the lipid bilayer, irrespective of coming into contact with other
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monomers. Initial Upside simulations of partially-unfolded KcsA demonstrate high helical
propensity in the pore helix (Figure 7.1A), in agreement with cotranslational arrested
peptide force profiles of Kv1.3 which suggest high helical content in the inner pore helix
of this highly conserved 1region.54 Potentially, native tryptophan homo-FRET experiments
could also clarify the timescales of tetrameric pore helix contact formation, as this technique
has been applied to a single-W67 mutant of KcsA to measure subtle changes in W67-W67

distances in expanded and contracted states of the selectivity filter. 146

Fast folding inner
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Figure 7.1: Future avenues to study pore helix folding. A. Constant temperature T=0.85 kT Upside
simulation of a partially unfolded KcsA showing spontaneously-formed pore helix segments (green wedges).
The grey outline shows the simulation starting state, containing no pore helix secondary structure. B.
Location of the putative anionic binding pocket at the interface between the pore helix of one monomer and
TM2 of the adjacent monomer. C. Location of the mutation L66V that leads to slow folding. In B and C,
the inner pore helix peptide, LWWSVE, that folds quickly by HDX pulse-labeling, is highlighted in magenta.
Structure from PDB 3EFF.

We may be able to understand pore helix folding kinetics more fully by studying the
effect of chemical perturbations on channel formation. Unexpectedly, the pore helix is very

protected at room temperature from water-soluble chaotropic agents like urea (Figure 4.8).
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However, it remains unclear how urea affects the stability of the monomer. Therefore if
the rate-limiting step of KcsA tetramerization resembles the monomer, urea (or the more
hydrophobic chemical variant, thiourea) may slow folding kinetics by disrupting pore helix
folding.

Additionally, the pore helix is known to form an anionic lipid binding pocket with TM2 of

9,143,148,170,174 o pylse-labeling folding experiments

an adjacent monomer (Figure 7.1B).
presented here were all carried out in azolectin SUVs, which contain approximately 7% PA by
weight. Therefore, folding kinetics in the absence of anionic lipids has not been investigated,
and if anionic lipid binding stabilizes a native-like inter-monomeric contact in the rate-
limiting step of folding, then the absence of PA may slow tetramerization.

Lastly, we can perturb the pore helix by mutagenesis. We have expressed two pore helix
mutants, KcsA L66V and L66E. L66E is equivalent to F383E of Kv1.3, a mutation shown
to significantly destabilize the pore helix of Kv1.3.49 The mutation of the same residue to
a valine in L66V is equivalent to a mutation in the pore helix of hERG, L615V, that is one
cause of the life-threatening arrythmia long-QT syndrome. 160 Mutational analysis of the pore
helices can be tricky since this part is so critical for potassium channel formation, and while
L66V expressed well in e. coli, the yield of L66E purification was so low that I was unable to
study it. We found that KcsA L66V had the same thermal stability as WT (both in NaCl and
KCl conditions), but refolded into azolectin SUVs much more slowly. After approximately 12
hours of folding, L66V produced only about 30% of the amount of tetramers as WT in that
same time period measured by our SDS-PAGE refolding assay. This is curious because L66
natively faces the lipid bilayer and doesn’t seem to be particularly important for side-chain
packing in the structure of WT KcsA (Figure 7.1C). Further, the substitution of a L for
V does not seem particularly perturbative, though perhaps either (1) this site is a critical
protein-protein contact point in a folding intermediate that is significantly different from the

native tetrameric structure, or (2) L66V perturbs the anionic lipid binding site, leading to
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destabilization of important folding intermediates. Therefore, further study of pore helix
mutant folding is a nontrivial endeavor, but would help elucidate the specific role of the pore
helix in potassium channel tetramer formation.

The other large answered question raised by our HDX pulse-labeling experiments involves
the rapid folding of the TM2 helix: Are we observing the glycine zipper, which our TM2
peptide contains, rapidly forming a tetrameric transmembrane helix bundle? Or is the rapid
increase in secondary structure of this peptide instead a result of stabilization by the bilayer?
We observe that TM2 in the KcsA monomer is structured, but remains very dynamic in our
native-state HDX measurements, in agreement with published NMR studies of the KcsA
monomer in SDS micelles, which observed a very flexible, bent TM2 structure.20 While the
SDS-solubilized state may be more disordered than the DDM-solubilized state, we observe
markedly different stability in the tetramer, with TM2 exhibiting almost no deuterium up-
take in our native-state HDX measurements in DDM. Since we know that the presence of
lipids greatly increases the stability of the KcsA tetramer, it is unclear whether the fast
folding of TM2 we observe in HDX pulse-labeling derives from rapid formation of an ex-
tremely stable tetrameric structure or simply from insertion into the lipid bilayer, which
confers additional stability. When the tetrameric bundle of TM2 helices is formed natively,
lipids must be displaced in the center of the tetramer to form a water-filled cavity. This is a
conserved feature of many helical membrane protein bundles stabilized by a glycine zipper. 20
It is unclear whether this happens concurrently with or following tetrameric transmembrane
helix bundle formation. However, future experiments may be able to take advantage of the
water-filled cavity and measure TM2 water exposure during tetramerization as a proxy for
transmembrane helix bundle formation. This can be done with synchrotron-based hydroxyl
radical footprinting or with fast photochemical oxidation of proteins (FPOP). Both of these
methods produce highly-reactive hydroxyl radicals, from water and hydrogen peroxide, re-

spectively. These hydroxyl radicals react with nearby species, including protein side chain
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groups. Similar to HDX-MS, the location of this labeling can be measured by proteoly-
sis and MS.63:64.185 A alternative version of FPOP optimized for membrane proteins and
coupled with titanium dioxide nanoparticles instead labels only lipid-exposed residues.163
Using either of these techniques to map changes in water or lipid-exposed area during KcsA
tetramerization would clarify the timescales of formation of a bundle of TM2s with a water-
filled pore. An alternative method to measure the timescales of water-cavity formation in
KcsA would be to incubate liposomes with a fluorescently-tagged potassium channel toxin,
such as quaternary ammonium (QA), that selectively binds the inner cavity of KesA. 7
Then the liposome-bound fluorescent toxin can be separated from unbound toxin with cen-
trifugation or size exclusion chromatography at different folding timepoints to measure the
percent decrease in toxin in bulk solution. This would be a measure of the relative pop-
ulation of folded water cavities at each folding timepoint. Since QA binds the interior of
the selectivity filter region, however, this may ultimately just be another measure of native
channel formation. Additionally, this folding reaction would have to be conducted at low
pH, ensuring that the intracellular gate of newly-formed tetramers is open and accessible to
fluorescent toxin entry. Lastly, kinetics of tetrameric bundle formation can be studied by
mutational perturbation of the two glycines in the fast-folding TM2 peptide. Replacing the
glycine hinge, G99, would likely reduce the flexibility of the monomer, bringing the stability
of TM2 in the monomer closer to its stability in the tetramer. Replacing the first glycine of
the glycine zipper, G104 may slow folding or prevent tetramer formation at all. This latter
variant may be difficult to study due to low expression levels.

There is also a third potential source of TM2 stability: the protein-dense phase. Since we
know that the protein-dense forms rapidly, within 10 seconds, from monomers inserted into
azolectin lipids from SDS micelles, it is possible that the fast folding of our TM2 peptide
could reflect the stabilization resulting from increased lateral pressure from a protein-dense

phase. 158 However, it is unknown how quickly the protein-dense phase forms when monomers
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are inserted from DDM rather than SDS. We know that folding from DDM eliminates the
fast-folding population observed when folding from SDS, so the timescales of protein-dense
phase formation may also be perturbed. To evaluate this, we must measure the kinetics
of protein-dense phase formation from DDM-solubilized monomers inserting into azolectin
SUVs using a FRET assay with fluorophore-tagged (L86C) KcsA monomers as previously
reported. 198

Aside from questions arising directly from difficulties in the interpretation of HDX pulse-
labeling, this study of KcsA folding and unfolding has opened up many new, intriguing
questions and avenues for further study. Here, I present a brief motivation for each, as well
as preliminary data where available.

It will be beneficial for future studies of KcsA folding from DDM-solubilized monomers
to confirm not just that the refolded tetramer has the same stability as the native species,
but also to confirm that the refolded protein is functional. This can be done by patch
clamping the refolded channel, which has been used to confirm the functional conductance
of refolded KvAP and KcsA in the past. 42174 Alternatively, a fluorescent ion flux assay can
be used to measure potassium currents in liposomes containing refolded KesA. 162 Tt would
be interesting to use either of these measures of potassium conductance to estimate rates
of folding to the native, conductive tetramer. Of course, this will be complicated by the
inherent inactivation rate of the channel, but in theory this effect should be negligible on
measured folding rates at steady state, and the total current should reflect only newly-formed
channels.?® Note that the low-pH state of KcsA with an open intracellular gate, required for
either patch clamping or an ion flux assay, was found to be much less stable than the closed
channel at neutral pH in Chapter 3.

Currently, the field of HDX-MS references all of their uptake curves to intrinsic exchange
rates of a solvent exposed amide proton in water.528:130 Since we know that the DSE of

membrane proteins is complex, it may be more useful to estimate the intrinsic exchange rates
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of peptides in and near membranes. This will likely be a very difficult task, given the diversity
of membranes and membrane-mimetics in which membrane-protein HDX is measured, and it
remains unclear whether fully unfolded peptides with unsatisfied backbone hydrogen bonds
can even exist in the hydrophobic core of lipid bilayers. However, calibrating this membrane-
dependent intrinsic exchange rate will be critical for more meaningful estimations of folding
free energies of membrane proteins by HDX in the future.

Additionally, an outstanding problem facing many groups studying very stable membrane
proteins like KesA and GlpG with native-state HDX is the requirement of very long labeling
times for full deuterium uptake in the most stable, detergent-embedded transmembrane
helices. In currently unpublished work, Abigail Schroeter of the Sosnick group found that
parts of GlpG require weeks of incubation in deuterium buffer to reach the saturated, “all-D”
uptake levels necessary to calculate EX2-limit folding free energies. However, we have found
that labeling KesA in DDM for longer than 24 hours at room temperature is impossible
because of its tendency to aggregate. In order to measure full uptake curves for tetrameric
KcsA, it may be necessary to use phosphate rather than Tris buffer, as we show the large
stabilization of the KcsA by Tris in Chapter 3, and destabilizing the tetramer should produce
greater uptake at shorter labeling times. Additionally, labeling may have to be carried out at
low temperature, possibly with added glycerol or urea, to increase the shelf life and facilitate
labeling timepoints on the scale of days or weeks. The KcsA tetramer may also be less stable
in other detergents, which may decrease the labeling time necessary to measure full uptake
curves.

While we reported here the site-resolved HDX pulse-labeling of KcsA folding in liposomes,
we could only measure around 11 peptides with high confidence from KcsA. This pales in
comparison to the number of peptides we measure in native-state HDX experiments, which
is smaller yet than the average number of peptides for a water-soluble protein of the same

length. Therefore, there is much work to be done to further optimize pulse-labeling in lipids
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to obtain more peptides. This would produce even higher-resolution measurements, ideally
providing single-residue-level resolution throughout the protein when fully optimized. As we
have discussed, there are many barriers to the proteolysis, lipid removal, and detection of
peptides required for site-resolved pulse-labeling in lipids, especially for smaller, extremely
stable helical membrane proteins like KcsA. Further optimization for higher peptide coverage
and overlap would likely require the study of new, acid-active proteases like nepenthesin II, as
well as optimization of the physical and chemical properties of trap/desalting and analytical
columns for more efficient separation of lipids and peptides as well as higher binding capacity
to the more hydrophobic peptides from membrane proteins. 189, Additionally, it would be
beneficial to standardize the lipid removal process that involves frothing with zirconium
oxide beads. Right now, physical agitation and aeration is conducted manually by pipetting
rapidly with the pipette tip pushed against the side of the sample container. To standardize
this process, it may be useful to machine a filtration device that simultaneously disturbs the
membrane structure by mechanical force and maximizes the air-surfactant-liquid interface
while mixing the quenched HDX solution with BSA-blocked zirconium oxide for maximum
lipid removal. Perhaps a structure with tiny pores like a pumice stone could be incorporated
into such a device. Lastly, the geometry and phospholipid-binding activity of the zirconium
oxide resin can be optimized. Currently, the process of blocking zirconium oxide beads with
BSA and then rinsing this resin multiple times with acidic isocratic buffer is time-consuming
and produces a resin that does not last very long (only a few hours) before the BSA falls
off. Better immobilization of BSA to the beads would improve the efficiency of this process,
as would using a version of zirconium oxide that is less reactive and does not require BSA
blocking for maximum peptide recovery. Ultimately, the higher the peptide recovery, the
more site-resolved information about the folding process we would gain.

Nonetheless, we have created a valuable tool for understanding membrane protein folding

in lipids at a peptide-level resolution. Therefore, future work should not only optimize this
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process for KesA, but also apply it to the folding of other membrane proteins. Of great in-
terest to the field is the folding and tetramerization of potassium channels containing voltage
sensors like KvAP. Pulse-labeling KvAP folding will come with added difficulties due to the
high temperature dependence of its folding, conditions which are not particularly amenable
to HDX. 114 Applying pulse-labeling to the folding of a domain-swapped voltage-gated chan-
nel like Kv1.2 may also be interesting, as it may suggest a mechanism for the formation of
domain-swapped voltage sensing and pore domains that are a hallmark of many mammalian
potassium channels. One particularly easy target for pulse-labeling would be the folding of
outer membrane beta barrels. The unfolded states of these proteins are often fully soluble in
urea and can be refolded simply by dilution into lipid bilayers.13:3%43 Outer membrane beta
barrel pulse labeling still requires lipid removal, but bypasses the need for detergents for pro-
tein stabilization (though detergents may still be necessary for full membrane solubilization
during lipid removal). Additionally, the natively-folded states of beta barrel proteins have
large water-soluble pores that may be more accessible to acidic proteases and may produce
many more peptide fragments, allowing for much higher resolution in HDX. The ability of
outer membrane beta barrels to become fully solubilized in urea suggests that the commonly
used water-based intrinsic exchange rates are physically-meaningful references states for this
class of protein.

While lipids are known to greatly affect the stability of KcsA, it is unknown how mem-
brane properties affect the folding rate of KcsA. All experiments presented in this disser-
tation have used a heterogeneous mixture of lipids extracted from soy membranes (called
“azolectin”) that contains approximately 46% PC, 22% PE, 18% PI, 7% PA, with about
7% of headgroup composition unknown. The tail composition is not reported as well. We
have conducted several folding experiments using purified lipids, and have found that KcsA
requires unsaturated lipids to insert and tetramerize. This is consistent with the finding

that no tetramers are formed in 100% DMPC, but 100% POPC is sufficient for tetramer
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formation. However, old samples of POPC and azolectin (older than 1 week and not stored
under inert argon gas) do not produce KcsA tetramers. This suggests that azolectin con-
tains unsaturated lipids, and exposure to atomspheric oxygen for longer than a week oxidizes
the unsaturated lipid tails, cleaving them, and leading to additional packing defects in the
membrane that are incompatible with KcsA tetramer formation. It is unclear whether this
affects the insertion or folding steps of in wvitro tetramerization, so there is room for fur-
ther work to investigate this. Additionally, membrane thickness is known to be a significant
driver of protein-protein association in the membrane through the effect of hydrophobic mis-
match.20:67:88,119 perturbing the association of KesA monomers by varying the mismatch
between the height of their hydrophobic core and the thickness of the membrane would
likely change the tetramerization rate of the channel. Therefore, it would be interesting
to measure changes in folding rates in liposomes of different bilayer thicknesses, holding
headgroup identity and degree of unsaturation constant. Additionally, studying the effect of
varying headgroup, membrane curvature (controlled by varying liposome size), lateral ten-
sion (controlled by incorporating lyso-lipids), and stiffness (from sterols) would inform our
understanding of the membrane-based forces that drive KcsA folding and assembly.

A large amount of work remains to characterize the protein-dense phase and determine its
effect on KcsA folding. We have previously observed a quickly-forming protein-dense phase
during folding from SDS into azolectin SUVs using FRET spectroscopy of fluorophore-tagged
KcsA undergoing insertion and folding. We find that this phase initially consists of monomers
immediately following membrane insertion, but remains as monomers within the phase fold
and tetramerize. 1°® We have also conducted total internal reflection fluorescence (TIRF)
microscopy to visualize these laterally-associated protein clusters (Figure 7.2A). However,
until this point, every time we had observed the formation of a protein-dense phase, either by
FRET or TIRF microscopy, there were fluorophores attached to KcsA. Because fluorophores

can be very sticky, we wanted to know if the dense phase could be formed by KcsA in
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the absence of fluorophores. To study this, we conducted fluid-cell AFM measurements in
which we assembled empty supported lipid bilayers (SLBs) from azolectin lipids, and then
added SDS-solubilized KesA monomers, as in our standard refolding protocol. We observed
the formation of tall features protruding from the SLB that likely correspond to clusters of
several hundred KesA monomers near the edges of the SLB patch (Figure 7.2B and C). We
believe these clusters in general to be a liquid-like phase since diffusion and rearrangement
of monomers must necessarily occur within the clusters to allow for folding and assembly of
tetramers. Therefore, to measure the diffusion of particles within and outside the phase, it
would be informative to use fluorescence recovery after photobleaching (FRAP). Additionally,
TIRF microscopy can be paired with FRET to distinguish proteins diffusing within the dense
phase from those floating freely in the bilayer. However, several key questions remain: Does
the protein-dense phase have a function in folding? Do membrane proteins fold within a
protein-dense phase in live cells?

We have observed that the rate of KcsA tetramerization is independent of the concen-
tration of detergent-solubilized monomer in bulk solution.®® However, KcsA folds within a
protein-dense phase in the membrane. If the density of protein in this phase is always con-
stant, which might be expected at a constant temperature and lipid composition, then we
really have no control over the concentration of KcsA in the bilayer and cannot measure the
effect of membrane-incorporated KcsA concentration on assembly rate. We hypothesize that
the protein-dense phase functions to concentrate KcsA monomers in the bilayer, increasing
the probability of productive collisions, and thus increasing the efficiency of tetramer assem-
bly. Therefore, it is necessary to find conditions to perturb or even eliminate the formation
of the protein-dense phase. Then we would be able to measure assembly rates in the absence
of a dense phase. If the rate of tetramerization decreases in the absence of the dense phase,
this would confirm our hypothesis that the dense phase increases the speed and efficiency of

KcsA folding.
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Figure 7.2: Potassium channel protein-dense phase. A. TIRFM of Alexa 594-labeled KcsA A125 clusters
in azolectin GUVs. B. AFM height trace of putative KcsA A125 clusters (red wedges) in an azolectin
supported lipid bilayer. C. Cross section along dotted line in B of protein-dense phase with overlaid monomer
structure, with protein height (not width) to scale. KcsA concentrations in 0.5% SDS: A. 100 uM, B. 0.7
uM.

So far, our efforts to perturb the protein-dense phase while maintaining membrane in-
tegrity have not been successful: It is resistant to temperatures up to 80°C, but it remains

unclear if lipid composition could drive dense phase dissociation. Therefore, additional

FRET experiments should be conducted to examine the presence of any protein-dense phase
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under membrane conditions of varying headgroup charge and tail length, as electrostatic
interactions and hydrophobic mismatch may be significant drivers of protein-dense phase
stability.

Another way to perturb the KcsA dense phase is to add a different protein into the same
membrane as KcsA. Independently, it would be interesting to characterize the generaliz-
ability of this phase, and to see if another potassium channel, like KvAP or a completely
different helical membrane protein like a proteolytically-dead variant of GIpG, can enter the
protein-dense phase clusters formed by KcsA. If it can, then we will be able to control the
concentration of KcsA in the dense phase by tuning the amount of secondary protein in the
phase.

To further probe the generalizability of a protein-dense phase in membrane protein fold-
ing, it is necessary to investigate whether this phase exists in live cells within membranes
where potassium channel folding occurs. In prokaryotes, this is the inner membrane, and in
eukaryotes, this membrane is the endoplasmic reticulum (ER). Notably, the ER membrane
is much thinner than the plasma membrane of a eukaryotic cell, and the membrane thick-
ness of each compartment of the secretory pathway increases in the direction of the plasma
membrane. 123 Therefore, we hypothesize that hydrophobic mismatch, potentially resulting
in the formation of a protein-dense phase, could be a significant driving force for oligomeric
protein folding and assembly in vivo. Measuring real concentrations of membrane proteins in
live cells is very difficult, and often requires cotranslationally expressing a fluorescent protein
attached to the protein of interest. For a protein like KcsA, with monomers that have a very
small cross-sectional footprint in the membrane, attaching a bulky, protein-based fluorophore
will be difficult and may even disrupt the in vivo assembly of KcsA by sterically trapping
the protein in an unfolded, monomeric state.

Understanding the role of the protein-dense phase in folding would be aided signifi-

cantly by molecular modeling. However, existing models are either poorly parametrized and
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over-stabilize protein-protein interactions like the Martini CG model, or are too coarsely
parametrized like Ising-based models for membrane protein association that lack the detail
necessary to evaluate the role of specfic protein-protein interactions on macroscopic phase
behavior. 2:92:105-107 Therefore, there is a need for a new CG force field to bridge length scales
between large material properties of the protein-dense phase and the specific intermolecular
interactions in the membrane that contribute to protein clustering. For example, CG Mar-
tini lipid interactions are well parametrized as are Upside protein interactions. Therefore,
Martini lipids could be added to our Upside force field. This would be an improvement from
the current implicit membrane potential in Upside for the simulation of any protein that has
lipid-specific behavior, but also could facilitate the simulation of large clusters of proteins in a
realistic lipid membrane. Alternatively, a CG model could be created from scratch to model
protein-dense phase behavior in the membrane. We have briefly studied a model in which
we represent KecsA monomers by circles undergoing simple rotational (but not translational)
diffusion. By defining an arc on the surface of the idealized circular monomer as the native,
inter-monomeric binding interface, we can calculate the mean first passage time for tetramer
formation under these conditions. For example, if the average time for a full rotation of one
monomer is 20 us and the folding window on each monomer is an arc spanning 10°, then
the mean first passage time of tetramer formation is approximately 1 s. This model can
be expanded to include translational diffusion as well as probabilistic treatment of multiple
folding-competent or non-competent states of each monomer. Formation of a protein-dense
phase can be modeled in 2 ways: (1) energetically, by defining an interaction energy term
between monomers, or (2) by enforcing different translational diffusion inside and outside
clusters, which can be parametrized by FRAP measurements of KcsA diffusion inside and
outside the protein-dense phase.

While there are undoubtedly many interesting new avenues for future studies on mem-

brane protein HDX and characterization of protein-dense phases during membrane protein
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assembly, this work represents a significant step forward in our understanding of membrane
protein folding, especially the folding of potassium channel pore domains, which are highly
conserved across all biology. We have developed new methods to purify refolding-competent
KcsA monomers in DDM, and adapted HDX pulse-labeling to study the folding of a mem-
brane protein in liposomes with peptide-level resolution for the first time. We learned many
factors that influence KcsA stability and the path-dependent nature of the DSE of KcsA.
While the precise sequence of events driving KcsA folding and assembly remain hidden, we
were able to measure the dynamics of hydrogen bond formation across many structural ele-
ments of KcsA, observing rapid folding of TM2 and the inner pore helix followed by slower
folding of more external structures. These external structures consist of the outer pore he-
lix, selectivity filter, and turret, which we observe to fold on the same timescales as native
tetramers are formed, suggesting that these structures act as an architectural “keystone” that

is added last to stabilize the tetramer into its native fold.
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