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Abstract

Membrane proteins (MPs) are vital therapeutic targets which play important roles in a
multitude of cellular functions. MPs interact intimately with the cellular membranes in which
they embed. Interactions between proteins and ligands such as membranous lipids and other
small molecules can affect MP structure and function. Ion mobility-mass spectrometry (IM-MS)
has recently emerged as a valuable tool for interrogating the interactions between proteins and
ligands, offering direct measurements of protein-complex stoichiometry, ligand binding
strengths, and stabilities. This dissertation seeks to extend IM-MS technologies to study the
relationships between MPs and their lipid environment, probing directly long-standing questions
surrounding the functional role of local lipid environments on MP structure and function.

In chapter 2 we develop a workflow for studying different MP classes using various
solubilization techniques and discuss the implications such membrane mimetics carry in the
context of the embedded protein structures. We utilize four different MPs that vary in both the
way that they span the membrane and in terms of their native oligomeric states. Specifically, we
utilize a small multidrug resistance transporter (GDX), a transmembrane protein that has a
unique antiparallel orientation, WT and the L16P disease-associated mutant form of peripheral
myelin protein (PMP22), a transmembrane protein which occupies both a monomeric and
dimeric state, and Cytochrome P450 (CYP), a monotopic membrane-bound enzyme. Each MP
system was studied within at least two different mimetics, including: detergent-based micelles,

lipid-bicelles, or lipid-nanodiscs (NDs). In general, we find evidence of differences in MP

XVi



structure, oligomeric state, and ligand binding that appears to depend strongly on the membrane
mimetic used.

In chapters 3, 4 and 5 we focus on CYP and deploy IM-MS and collision induced
unfolding (CIU) to study how this centrally important enzyme interacts with binding partners,
ligand and its membrane environment in order to carry out essential functions. In chapter 3, we
use NDs of carefully designed compositions to study the role of different lipid environments and
ND scaffolding proteins on CYP structure. We find that CYP CIU, and by extension its structure,
strongly depends on its local environment, and that more native membrane environments can
result in more compact and more destabilized CYP forms. In chapter 4 we focus on CYP ligand
binding and develop CIU classifiers capable of differentiating CYP binders based on their mode
of attachment to the protein and their hydrophilicities. The ability of our CIU assays to
differentiate CYP-ligand complexes to discern hydrophobic from hydrophilic binders relates
directly to the proximity of the CYP active site to the biological membrane and supports the
conclusion that lipids are significantly involved in structure of the CYP active site. In chapter 5
we study the interactions between full length CYP, cytochrome b5 (cytb5), and P450
oxioreductase (POR) within NDs. When we co-incubated these proteins with NDs we observed
no direct evidence of stable complexes, but significant alterations in CYP CIU, suggesting
changes in CYP structure when present within the same local membrane environment to cytb5 or
POR. We observe evidence of additional lipid binding events within POR when reduced by
NADPH, suggesting deeper membrane engagement when the protein is in its reduced state. We
conclude in Chapter 6 by discussing the future of MP structural biology and how this dissertation
works has emphasized the impact that a membrane environment has on the membrane protein

structure.
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Chapter 1 Introduction

The study of protein structure, function, and complex formation is of great importance for
advancing our understanding of cellular biochemistry. Proteins comprise the molecular machines
that are responsible for performing almost all cellular activity. Therefore, a comprehensive
understanding of protein function has the ability to lead to insights into human disease, as well as
the downstream development of groundbreaking therapeutics.! There are three main types of
proteins: fibrous, globular and membrane.? Of these main types, and the focus of this thesis are
membrane proteins, which are important for many cellular processes, including cell to cell
communication, energy production, signal transduction, facilitated/passive diffusion, markers for
cell identification, and enzymatic reactions.>* These proteins are unique because they are
embedded in the cellular membrane comprised of not only lipids, but sterols, carbohydrates, and
other proteins that regulate their function.’ The study of membrane proteins lags significantly
behind that of their soluble analogs, given their hydrophobic nature, making them challenging
analytes to work with in standard aqueous solutions.®’ In order to enable the study of structurally
and functionally sound membrane proteins, a variety of membrane mimetics have been
developed to stabilize such proteins outside of cell membranes.®'° This chapter will consist of a
review of the general properties, challenges, and methods for studying membrane proteins, with
an emphasis on development of methods for studying membrane protein structure and stability.
Special emphasis will be given to nanodisc (ND) based membrane mimetics and ion mobility-
mass spectrometry (IM-MS) technologies, which function as the methodological focus of this

thesis.



1.1 Membrane Proteins

Membrane proteins (MPs) are important therapeutic targets which play vital roles in

3,11

cellular function;™"" it is estimated that they represent up to 30% of the eukaryotic proteome,

however only 3% of the unique structures in the protein data bank (PDB) are MPs.!!"!3
Membrane proteins represent over 60% of therapeutic drug targets, and nearly 80% of drugs
approved by the FDA act on membrane proteins.®!*!> (Figure 1-1) As the structure of a protein
is closely linked to its function, the characterization of MPs is vital to elucidating their
involvement in disease and in assessing their potential druggability.'® Despite this, MPs are
underrepresented in structural databases due to challenges associated with their hydrophobicity

and with difficulties surrounding the Eukaryotic Therapeutic Drug

Proteome Targets
acquisition of high-purity samples. J

Current structural biology methods,
60%
such as cryo-electron microscopy (cryo-

EM) and X-ray crystallography have been Unique PDB FDA Approved
Structures Drugs
used to study the high-resolution structures 3%
of membrane proteins. However, capturing @
80%
such data on protein-ligand and protein-

17,18 O] Membrane Proteins

protein interactions remains a challenge.
[] Soluble Proteins

To circumvent these challenges, MPs are _
Figure 1-1 Membrane protein stats.Percentage of membrane

proteins in the eukaryotic proteome and percentage of

often artificially modified in order to membrane proteins in the PDB,

increase their stability.*%1°2! However,

these approaches can often alter the native structures or activities of the target proteins.**?



Another drawback of standard structural biology techniques is that information associated with
the flexibility of protein structures can difficult to acqauire.*?* Methods such as nuclear magnetic
resonance (NMR) have been employed to elucidate the dynamic nature of proteins, but NMR is
incompatible with high-throughput analysis, and typically requires large amounts of homogenous
samples, expensive isotope-labeling reagents, and is limited by the size of the protein being
studied. Thus, there is an urgent need in the structural biology space for a method which can
rapidly detect, identify, and structurally characterize protein-ligand interactions in a label-free

manner, all while using minimal amounts of sample.

1.2 Solubilization methods

To conserve the native structure of MPs outside of cellular membranes, multiple
solubilization techniques have been developed. From a historical perspective, detergent micelles
have been the most widely used technique for solubilizing purified membrane proteins, and they
remain widely used today.*** Detergents vary in terms of their structures and charges, but all
possess the ability to form micelles that can encapsulate membrane protein targets. The
hydrophobic membrane protein residues interact with the hydrophobic tails of the detergent, and
their polar head groups allow the complex to be solubilized in aqueous solutions.'***?> Among
the many newer approaches that seek to mimic the native lipid bilayer environment, bicelles and
NDs are most commonly used in conjunction with MS.?%2% In bicelles, detergents are used to
surround the edges of the bilayer to create a fluid, yet discrete, structure.?’*° Within NDs, the
lipid bilayer is embraced by an amiphatic scaffolding belt, which can be composed of either
protein, peptide or polymer.’! Other bilayer-based solubilization techniques include styrene

maleic acid lipid particles (SMALPs),*>3? amphipols,** and lipid vesicles or liposomes.>*



The three methods used in this thesis: detergent micelles, bicelles, and nanodiscs, are shown
schematically in Figure 1-2. The concentration at which detergents form micelles is called the
critical micelle concentration (CMC) in membrane protein purification and analysis protocols.
MP purification strategies typically involve the optimization of the detergent, its concentration,

and the general solution conditions in order to retain native MP structures.>*>

Micelle Bicelle Nanodisc

T Detergent $ Lipid w Lipid
O Protein T Detergent g Scaffold

Figure 1-2 Membrane Mimetics.Detergent micelle, bicelles and nanodiscs are all solubilization techniques for
membrane proteins employed in this work

In an effort to better mimic the native cellular membrane in which the MPs exist in vivo
there have been recent developments in methods able to create model lipid bilayers
encompassing a wide range of compositions. There are many approaches to create such a bilayer
mimic, each with advantages and disadvantages.?®2® As only bicelles and NDs are utilized in this
thesis, they will be the focus of the review provided in this chapter. In both bicelles and NDs,
MPs are encapsulated by an amphipathic lipid bilayer, which consists of one or more lipid type.
In bicelles, detergents are used to surround the edges of the bilayer to create a fluid, yet discrete,

bilayer structure.?’ In NDs, a scaffold protein or peptide is used in lieu of detergents.*® For both



3638 and the composition

methods, the thickness of the bilayer,*’ the overall sizes of the particles,
of lipids that make up the bilayer*>*’ can be optimized for protein incorporation. The

composition of the lipids must be carefully optimized as lipid head and tail properties can affect

the bilayer fluidity as well as its curvature.

1.2.1 Nanodiscs

One membrane protein mimetic that has recently gained traction for MS-associated
studies are NDs, which were first developed by the Sligar lab.*!*> As previously described, NDs
are a soluble lipid bilayer that is stabilized by a scaffolding belt, the Sligar NDs are composed of
two membrane scaffold proteins (MSPs). MSP was derived from Apolipoprotein Al (ApoAl),
the main protein component of human high-density lipoproteins (HDL).*® This scaffolding
protein allows for homogenous size distributions of the NDs.*! Due to the popularity and utility

of MSP based NDs, there have been extensive work done in order to expand the size and

B Key
Zz Membrane Protein Detergent Removal
o Scaffolding Bead Lipid
f
A oo e !
© Cholate
O ! Membrane (detergent)
! : Protein
[T 4F Peptide
wv Scaffolding s
= &S (detergent)
P
T
Q.
v
©
.Cli :
o —
T
=2
Q
o
a

Figure 1-3 Comparative illustration of the two main NDs preparations, MSP based NDs and peptide based NDs.
MSP based NDs, membrane protein, scaffolding belt, lipids, secondary detergent and cholate detergent are mixed
and incubated, the addition of detergent removal beads allows for self-assembly, the final step is to purify with
NiNTA and/or SEC. Peptide based NDs are a detergent free preparation, first mixing peptide scaffolding belt and
lipids to form lipid discs which are characterized using SEC and DLS, the appropriate sized disc is chosen and
protein is incorporated finishing with SEC purification and subsequent buffer exchange.



dynamics of MSP NDs. For example, the addition of up to three a- helices within the original
ApoAl sequence, allows for an increase in the ND diameter, from 9 nm to 13 nm*°. This larger
diameter allows for the incorporation of larger membrane proteins or protein complexes. In
addition, purification tags, such as a 6-histadine tag for Ni-NTA purification, allow for
downstream purification to clean up of ND samples>!. (Figure 1-3)

The Sligar protocol for preparing NDs is performed by mixing lipids and MSP, with or
without the MP of interest. This mixture is solubilized in detergent (typically a mixture of
cholate and the secondary detergent, which is specifically the detergent the target MP is
solubilized within), next the detergent is removed using detergent removal beads or dialysis,
which causes spontaneous ND assembly (Figure 1-3).3!*¢ The standard bulk bead-based process
can take between 2 and 18 hours.*®*' To expedite the ND formation process, a microfluidic
approach has been developed which dramatically decreases the amount of materials and time
required for ND assembly.** Using these microfluidic devices has been applied to wide range of
biological and chemical methods and successfully decreased both the time and the regents
used.** Using lower sample concentrations is important due to the difficulties associated with
obtaining samples containing high MP concentrations.

Other types of NDs have also recently gained traction for MP characterization, using
scaffolds other than MSP to stabilize the lipid bilayer. These scaffolds include styrene-maleic
acid (SMA) and peptide-based belts.**~>° One of the advantages of the SMA and peptide
scaffolds is that they are detergent free preparations.**>! One of the concerns with the MSP
preparations is that the use of detergents, which can act to destabilize some MPs and disrupt lipid
uniformity.’?>>° However, SMA NDs are challenging to construct using multi-lipid compositions,

and often require multiple freeze-thaw cycles to form stable NDs, which can also threaten MP



stability and structure. Additionally, SMA NDs are sensitive to changes in pH and divalent ion
concentrations, which can be a concern for the application of downstream activity assays that
often require buffers other than those used for initial ND formation.>® Efforts have been made to
create more robust SMA membrane mimetics and thus lessen the disadvantages discussed
above.”’

Peptide NDs, such as those based on 4F peptide scaffolds, are peptide mimics of ApoA-I,
these peptides have been extensively studied for their anti-inflammatory, antioxidant, and
antiatherogenic properties, as they are known to form peptide-lipid complexes that incorporate
cholesterol from peripheral tissues and interact with endogenous lipoproteins in the plasma.>®>°
The formation of ApoA-I NDs using MSP require the presence of MP-associated detergent and
cholate. Such detergents can be challenging to fully remove from samples following ND
assembly, resulting in residual surfactant and dose-limiting toxicity in clinical trials. ®*°! Because
peptide based NDs are detergent free they make an attractive platform for cardiovascular
therapeutics. Various peptide-based ND scaffolds designed to mimic the ApoA-I protein have
been synthesized. 22 A peptide NDs were the first ApoA-I mimetic peptide ND to reach clinical
development,®? whereas 4F was created by substituting leucine (Leu) residues for phenylalanines
(Phe), to improve ND flexibility and lipid binding affinity %% The principle drawback
associated with using peptide based NDs for MP analysis is that since the disks must be pre-
formed, the incorporation of MPs must occur through direct insertion into fully formed NDs
rather than through co-assembly (Figure 1-3). In addition, due to the detergent-free nature of this
method for ND preparation, diluting the sample volume so that there is less than 1% detergent in
solution is a necessary step, and this dilution step can lead to compromised MP structures,

especially for multi-pass transmembrane proteins, in some cases.



1.3 Membrane Protein Types

MPs can be classified broadly into two categories, integral and peripheral, this
classification is based on formats of their interacts with the cellular membrane.%>% Peripheral
MPs are attached to the membrane through interactions with the lipids, and are thus not fully

embedded into the membrane (pink in Figure 1-4).7-%® Whereas integral membrane proteins

Monotopic  peripheral

Integral

Figure 1-4 Membrane protein types. Peripheral (pink) proteins interact with the surface of the membrane only,
while integral (green) MPs are permanently embedded into the biological membrane, integral MPs can span the
entire membrane multiple times and monotopic MPS only penetrate part of the bilayer.

(green in Figure 1-4) are permanently attached to the biological membrane, and possess
one or more regions that are embedded into the membrane .%° Integral MPs are known to
comprise 33% of all small molecule drugs target.'* There are various degrees of how integral
MPs interact with biological membranes and can be further classfied into additional categories:

monotopic,’®’! bitopic,’*’* and polytopic.”*7¢ For example GPCRs, which possess seven



transmembrane domains, are widely-studied polytopic or multi-pass transmembrane proteins.”’

Monotopic MPs are only embedded into a single face of the membrane and are severely
underrepresented in the PDB , as of 2019 only 25 nonredundant structures had been deposited,
constituting ~0.06% of identified monotopic sequences.”®’! Bitopic, or single pass, membrane
proteins are those that only pass through the membrane once, and this MP category includes
some transmembrane receptor proteins.”® Additionally, some membrane-bound enzymes have
bitopic structures, these include many of the cytochrome P450 monooxygenases (CYPs) that are
responsible for metabolizing a wide array small molecules.’”*° Note that CYPs can also be
monotopic (e.g. CYP 3A4),%! meaning they possess a hydrophobic helix and active site that is

embedded into the cellular membrane.

1.3.1 Cytochrome P450

Cytochrome P450
Reductase

Endoplasmic
Reticulum

CYPs represent an important class of monotopic/bitopic MP monooxygenases involved

in drug metabolism. There are 57 human genes that code various CYP isoforms and about 13

Figure 1-5 Cytochrome P450 and redox partners. Cytochrome P450 (teal) Cytochrome b5 (green)and
cytochrome P450 reductase (purple) in a rendition of the endoplasmic reticulum bilayer



human isoforms are responsible for the metabolism of more than 80% of pharmaceutical drugs
and are housed in the endoplasmic reticulum (ER).#?®” The major CYP isoforms which are
involved in drug metabolism are mainly located in the liver whereas other CYP isoforms that are
in involved in steroid metabolism are located to mainly the adrenals and gonads with smaller
amounts expressed in the brain, placenta, and heart.3® CYPs carry out the first step of metabolism
for a variety of hydrophobic compounds. The most common reaction CYP catalyzes is the
insertion of a hydroxyl group into a hydrophobic substrate, breaking a C-C or C-H bond. For
CYP to fulfill a catalytic function, two electrons or reducing equivalents are required for this
catalytic cycle which originates from either NADPH or NADH, depending on which protein
redox partner reduces CYP. Either cytochrome P450 oxioreductase (POR) donates both
electrons, utilizing NADPH as the cofactor, or cytochrome b5 (cytb5) can provide the second
electron needed, also originating from NADH?®** (Figure 1-5). By increasing the hydrophilicity
of the substrates involved, CYP increases the speed at which some drugs are metabolized and
excreted. A better understanding of how CYP metabolizes drugs, specifically multiple drugs or
compounds at a time, is crucial to understanding and predicting potentially dangerous drug-drug
interactions.’®** In addition, CYPs are key targets in the development/treatment of several health

conditions including breast cancer, prostate cancer and heart disease.”*°

1.4 Mass Spectrometry of Membrane Proteins

MS has recently emerged as a method especially suited for the analysis of native MPs,
due in part to its ability to handle complex mixtures and lower sample concentrations.**°’~1%° For

the purposes of this work we will focus on ESI (and nESI) methodologies, which dominates the
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Lipid Bound

L O+
@® Dimer CD Mixed

Figure 1-6 Summary of various MS-related measurements associated with MP stability assessments. A)
Identification of endogenous lipid binding. (B) Thermodynamics of lipid binding to membrane protein. C)
Oligomeric state assignment. D) Evaluation of disease state mutations in the amino acid sequence. E) Site-selective
ligand binding events. F) Resolving multiple simultaneous ligand-bound states. G) Oxidative labeling.

native MS (nMS) analysis of MPs, which seeks technology and methods capable of retaining the
in vivo structures and non-covalent complexes for direct MS measurements and analysis.
Membrane protein ions generated through ESI or nESI for nMS analysis are most often still
encapsulated in one of the solubilization agents mentioned above, and therefore, collisional
activation must be applied to remove bound detergents or lipids from the target membrane
protein ion.'® Additionally, the independent solubilization agents themselves, e.g.
detergents/lipids, also ionize and can thus result in an abundance of noise signals in the resulting
native mass spectra. While time-of-flight (ToF) mass analyzers have shown great success in this
field, higher resolution technologies, such as Orbitrap mass analyzers,'!*® can be helpful for
resolving the intended membrane protein signal from noise. It is important to note that not all

solubilization agents are equally effective in this endeavor, and screening detergents and solution
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conditions as well as optimizing instrument parameters are necessities for striking the delicate
balance between the removal of solubilization agents and optimizing the stability of the native
MP structure.'® However, with successful optimization, nMS has been used to study discrete
lipid!®197-119 and ligand binding'!!' (Figure 1-6A and F) events, as well as to quantify the
thermodynamics associated with lipid binding'!'>!!> (Figure 1-6B) and specific protein—protein

40,116,117 and their functional

interactions associated with a wide range of membrane proteins
assemblies®®3> 118121 (Figyre 1-6C).
Deeper structural insights can be gained from MPs by deploying liquid chromatography-

mass spectrometry (LC-MS) techniques in combination with chemical labeling, where the

solvent- accessible sites of native MPs are labeled permanently or reversibly prior to digestion.

122-125 ) 126-128
2

Hydrogen deuterium exchange (HDX), chemical cross linking (CXL and fast
photochemical oxidation of proteins (FPOP)!?*-132 have all been used to probe MP tertiary
structures, as well as the interactions between MPs and both protein binding partners and
solubilization agents (Figure 1-6G). Much of the mechanics of MS-based footprinting tools
targeting MPs remain similar to those directed toward water-soluble protein systems and
typically provide a valuable readout capable of monitoring the conformational responses of MPs
upon stimulation, both temporally and spatially. Among the labeling techniques surveyed here,
FPOP has most often been applied to assess MP structure and stability. Favorable attributes of
FPOP for MP-associated applications include its fast labeling times, the irreversible nature of the

chemical modifications generated, the neutrality of pH maintained during the measurement, and

its ability to access nonpolar residues for labeling.

1.4.1 Ion Mobility-Mass Spectrometry
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In recent years, native ion mobility-mass spectrometry (IM-MS), has emerged as a robust
structural biology tool capable of handling complex mixtures in a high-throughput manner. With

the use of membrane mimetics such as NDs the native conformation of MPs is retained and
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Figure 1-7 IM-MS Instrumentation. After the nESI process, ions are generated in the source and enter the drift
cell filled with inert buffer gas where the ions are allowed to traverse the drift tube under the influence of a
weak electric field. lons are separated based on the ions shape, charge, and size, The more elongated (blue) ions
collide with buffer gas more frequently compared to the smaller compact (green) ions, the larger ions are
therefore slowed down by the inelastic collisions and have a longer arrival drift time. To extract m/z
information, ions are injected into an orthogonal acceleration time-of-flight mass analyzer. A 3-D data set is
achieved by plotting the drift time (ms) as a function of m/z ratio, and the third dimension being ion intensity
values displayed as colorimetric intensity.

studied using IM-MS3#133-136 M separates the ions based on their size, shape, and charge. In
native IM-MS experiments, we can seperate different protein ion conformations, as shown in
Figure 1-7.

The IM-MS data included in this thesis was collected using a Waters Synapt G2 Q-IM-
ToF system, utilizing a travelling wave (T-wave) ion mobility (TWIM) separator. Briefly, in our

IM-MS experiments nESI is used to ionize and desolvate intact protein complexes,'*’ the ions

then travel through a quadrupole filter and into a T-wave ion guide that functions as an ion trap,
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where collision induced unfolding (CIU) and collision induced dissociation (CID) experiments

can be performed.
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Figure 1-8 Collision Induced Unfolding. A) CIU is the stepwise activation of a protein or other macro-
biomolecule as the protein unfolds, arrival time distributions can capture the resulting shift in conformation)
using CIUSutie2 these can be converted in a CIU fingerprint with intensity as a heat plot C) feature detection D)
RSMD plots illustrating unfolding differences between ligand bound and apo E) Stability shift analysis (CIU50)
to illustrate stability shifts upon ligand binding and F) Classification

The addition of IM separation coupled to MS is beneficial for nMS of MPs. Additionally,
IM- MS platforms include supplemental trapping regions that can provide opportunities to
perform collisional activation aimed at both the liberation of MPs from their solubilization
agents as well as the dissociation of detergent or lipid clusters, which can greatly increase signal
quality. The energy experienced by ions in these trapping regions is a function of an accelerating

potential (collision voltage, CV), and ideally, optimized solubilization systems can be removed
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at relatively low CVs. At CVs higher than the threshold for removal of the solubilization agents,
the MP can experience CIU, and this unfolding can be tracked through the resulting IM arrival
time distribution.!*® These CIU experiments are valuable for assessing the relative gas-phase

stability of MP complexes''*!%

and have been used in the past to classify soluble protein
systems.'*’ The addition of IM to nMS allows for the elucidation of protein stability as a function
of lipid and or ligand binding”-!3%!4112 (Figure 1-6F), amino acid sequence in relationship to
disease pathologies'?!"'*3 (Figure 1-6D), and lipid and/or ligand binding locations'*' (Figure 1-
6E). The study of MPs represents an exciting, high- risk, high-reward area of research with the
potential for groundbreaking medical discoveries. Methods to study MP stability in native-like
environments are essential to understanding how they perform their cellular functions and, as
many MPs are implicated in human disease, how pharmaceuticals may be developed to correct
their dysfunction. Due to their relative insolubility in aqueous solutions and the complex

environments in which they exist natively, MPs are challenging analytes, and MS has emerged as

a frontier tool for determining their stabilities.

1.5 Summary

NDs are an appealing construct for MP characterization due to their ability to stabilize
native MP structure by mimicking a membrane bilayer environment. However, there are multiple
variables in ND construction that have the potential to impact the structure and function of MPs,
including lipid composition and scaffold material. While this is a promising technology for MP
solubilization, questions remain about the effects of these variables on MP dynamics and how
the ND composition might alter function, such as drug binding.

CYP enzymes play key roles in the synthesis of a broad range of bio-active molecules

and are primarily responsible for the metabolism of both pharmaceutical and cytotoxic
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compounds.3?!44-146 Degpite the pharmacological importance of this class of enzymes, many
unanswered questions persist regarding the relationship between the dynamic structure of CYP
and its myriad of functions. While atomic-resolution structures of many CYP isoforms are
available, all lack the hydrophobic a-helix region of the protein (Figure 1-5), which is critical for
the association of CYPs with biological membranes.'*’~'*° Much regarding the impact of lipid
binding and membrane composition on this CYP region is currently unknown, including the
presence of allosteric networks that may link the local membrane environment to ultimate
enzyme activity. To extract structural information from full length CYP isoforms, in the context
of chemical mixtures that include drugs and the constituents of biological membranes, this thesis
aims to develop approaches that utilize lipid NDs as constructs for gas-phase ion IM-MS
analysis.

We focus on IM-MS and CIU to study MPs in NDs, utilzing a state-of-the-art IM
separator in combination with an MS device optimized for the detection and measurement of
high molecular weight proteins. IM-MS thus produces a robust dataset that informs the dynamic
structure of proteins, as well as potential ligand binding, or drug binding events. Chapter 2
focuses on the effects of the following solubilization techniques: detergent micelles, bicelles, and
nanodiscs has on the gas phase unfolding on membrane protein structure. We were able to detect
significant differences in protein oligomeric state, charge state distribution and unfolding
trajectories for each mimetic chosen. Chapters 3, 4, and 5 are focused primarly on CYP. In
chapter 3 we illustrate, using NDs, how the local lipid environment in which the CYP is housed
can significantly impact the stabilities and structures of the embedded proteins. In this chapter
we use a mixed lipid ND that reflects the composition of the endoplasmic reticulum, as well as

compare other various ND design aspects such as belt types and disc size. Chapter 4 focuses on
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CYP ligand binding, using CIU methods to detect changes in ligand binding were not
straightforward, but when machine learning based classification was utilized, we were able to
detect changes in ligand binding differentiating type I substrates from type II inhibitors, as well
as based on ligand hydrophobicity. Chapter 5 brings together the CYP redox partners and
observed changes with NADPH. When redox partners POR and b5 are co-inserted into NDs with
CYP, the latter protein undergoes dramatic changes in stability and structure. Furthermore, POR
membrane engagement is observed to be dependent upon NADPH binding to the protein. In
Chapter 6, we conclude by summarizing our findings and discuss their impacts on the MP and
IM-MS communities. In this last chapter we will also propose future directions related to
membrane protein drug design, pushing boundaries on obtaining valuable structure information
by combining nMS with cryoEM, as well as pairing and expanding currently available

solubilization techniques.
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Chapter 2 An Evaluation of Membrane Mimetics for lon Mobility — Mass Spectrometry

Measurements of Membrane Protein Structure

2.1 Introduction

A cell is the most basic unit of life.! Membranes are a key component of cellular life, as
they provide a barrier between neighboring cells and their outside environment. These
boundaries are what define organelles all with a particular function.** The diversity of cells and
their membranes are defined, in part, by the large variety of chemically diverse lipid
compositions arrayed on their surface.>® These membranes are also replete with a large variety
of different membrane proteins (MPs) which act as receptors, channels, and enzymes that all
carryout critical cellular tasks. MP quantities in the average cell membrane varies considerably,
and highly specialized eukaryotic membranes are estimated to contain up to 70% MP and make
up 30% of the human proteome.” '

MPs are important biological and pharmacological analytes that play key roles in
maintaining cellular homeostasis and represent 60% of current therapeutic targets.!"!> MPs exist
in the context of a complex cellular environment where their function can be modulated by
interactions with other proteins and lipids.'*'* Due to their complex native environments and
intrinsic hydrophobicity, the purification of MPs requires the use of solubilization agents and
often results in low MP yields.!>"'® These factors make obtaining high resolution structural
information for MPs difficult, and as a result, they are currently underrepresented in structural
databases in comparison to their soluble counterparts.'®!® Furthermore, the function and structure

of MPs has been shown to be sensitive to the solubilization technique used,?* % resulting in the

28



increased use of more native-like lipid mimetics for MP solubilization. A substantial effort in the
last 15-20 years has been focused on the development and implementation of membrane
mimetics which can more accurately represent the cellular membrane environment in order to
study MPs in a more relevant context.

Recently, native mass spectrometry (nMS) has demonstrated powerful capabilities of
analyzing MP samples from a variety of solubilization methods to reveal structural and
functional information.?*** In nMS workflows, MPs are lifted into the gas phase using nano-
electrospray ionization (nESI). During this process, they are still protected by their solubilization
agents before collisional heating causes them to shed these protective molecules inside the
instrument. This process creates MP ions, as well as ions associated with the mimetics, they are
housed in. In the past, most nMS experiments have been performed by liberating gas-phase MPs
from detergent micelles;?* > however, MPs housed in other solubilization vehicles such as
amphipols,*** bicelles,****” nanodiscs (NDs),***? styrene maleic acid lipid particles
(SMALPs),* and biological membrane vesicles** have all been successfully utilized for MP
nMS. The use of these agents with nMS has enabled the study MPs, proving insights into annular
lipid binding,*® oligomerization pathways,*® and complex formation which span both the inner
and outer leaflet cellular membranes.*°

The addition of ion mobility (IM) separations to nMS allows for the measurement of the
orientationally averaged size of gas phase MPs,*’ and also enables collision induced unfolding
experiments (CIU). In CIU, the protein ions are collisionally activated through the stepwise
ramping of an accelerating potential, or collision voltage (CV), causing ion heating and
subsequent unfolding. The CIU pathway adopted protein ions can be tracked through IM

separation, and recent advancements have provided automated workflows for the analysis of CIU
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fingerprints to provide information on their relative stabilities.*® While multiple studies have
used IM-MS and CIU to elucidate the structural changes and relative stabilities of MP
complexes,?5324752 to our knowledge the use of CIU on MPs has been primarily limited to those
ejected from detergent micelles.

Here, we employ IM-MS and CIU to systematically study MPs housed within multiple
categories solubilization agents: detergent micelles, bicelles, and NDs. We first describe the use
of IM-MS to probe the ability of CIU to capture differences in the MP structure associated the
solubilization agents to encapsulate the MPs prior their analysis. We primarily accomplish this
by collecting CIU fingerprints for a range of model MP systems which have been solubilized
using at least three different methods, including detergent micelles, sphingomyelin and
cholesterol rich (SCOR) bicelles®” and POPC bicelles, and finally POPC lipid nanodiscs. Our
three model protein systems, chosen in order to represent a range of MP structures, include the
monotopic cytochrome P450 3A4 (CYP3A4) MP, the dimeric L16P variant of the integral
peripheral myelin protein (L16P PMP22), a form of WT PMP22 which contains a large, 11 kDa
soluble tag (WTtag PMP22), and the small multidrug resistance transporter (GDX). We find
evidence of significant differences across all CIU datasets collected for these MPs as a function
of the solubilization agents used in their preparation. Further, we find that these differences
emphasize the importance of carrying out a careful evaluation of solubilization agents and their
impact on MP structure as part of IM-MS workflow development. We conclude by discussing
the general role of local environment on MP structure and stability. We also propose further
experiments to elucidate the role of solubilization agents in defining structural MS data and MP

protein structures.
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2.2 Methods

2.2.1 Membrane Protein Sample Preparation

CYP3A4 was expressed in E. Coli and purified using protocols described elsewhere.’*™

PMP22 WTig and the L16P mutant variant were expressed in E. coli. using protocols adapted from
Schlebach et al.>® For WTwe PMP22, the protein did not undergo the final thrombin cleavage step.
GDX-Clo (Clostridiales bacterium oral taxon 876) was expressed in E. coli and purified using
protocols previously described.”’ (Octaethylene glycol monododecyl ether (C12ES8), n-Dodecyl-
B-D-Melibioside (DDMB), and n-dodecyl-f-D-maltoside (DDM) were purchased from Anatrace,
Octyl B-D-glucopyranoside (OG), membrane scaffold protein 1D1(-), ammonium acetate, sodium
chloride, tris(hydroxymethyl)aminomethane (tris), sodium azide, and ethylenediaminetetraacetic
acid (EDTA) were purchased from Sigma Aldrich (St. Louis, MO). The lipids 1-palmitoyl-2-
oleoyl-glycero-3-phosphocholine [POPC], dimyristoylphosphatidylcholine [DMPC], egg
sphingomyelin [eSM] and cholesterol, were purchased from Avanti Polar Lipids (Alabaster, AL).
All membrane proteins were screened for appropriate detergent conditions.>®

Samples housed in detergent micelles were simultaneously detergent and buffer exchanged
using 10 kDa Amicon Ultra-0.5 centrifugal filter units (MilliporeSigma, Burlington, MA). Starting
and ending buffers and detergents conditions prior to native MS are as follows: 50 uM PMP22
was exchanged from 50 mM Tris, 0.15% DM, 15 mM imidazole, and 1 mM TCEP, and 0.1%
DDM, pH 8.0, into 0.02% CI12E8 (~4 x CMC), 200 mM ammonium acetate, pH 8.0, 36 uM
CYP3A4 was exchanged from 40 mM potassium phosphate, 20% glycerol, pH 7.4 into 40 mM
OG, 200 mM ammonium acetate, pH 7.4. 50 uM GDX was exchanged from 100 mM NacCl, 10
mM HEPES, pH 8.0 buffer with 4 mM DM, into 0.3mM DDM, 200 mM Ammonium acetate, pH

8.0. Samples housed in SCOR bicelles were prepared as described in the supplemental methods
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and were then buffer exchanged using 10 kDa Amicon Ultra-0.5 centrifugal filter units. Bicelle
samples were not detergent exchanged and the DDMB concentration was held at 1 x CMC to
preserve the bicelles q ratio (0.33) Specifically, 40 uM PMP22-wt, PMP-22 L16P or GDX in 10
mM acetate buffer (pH 5.0) containing 100 mM NaCl, 0.2 % SCOR bicelle or (PMP22-wt only)
0.2% POPC bicelles (q =0.33), 1 mM EDTA, 5 mM TCEP, and 0.3 mM DDMB was exchanged
into 200 mM ammonium acetate, 0.3 mM DDMB, pH 8.0 using 10 kDa Amicon Ultra-0.5
centrifugal filter units. PMP22-wt and GDX were incorporated in MSP1D1 NDs and CYP3A4
were incorporated into MSPE3D1 nanodiscs as described by the Sligar 1ab>%® with the final

purification SEC step buffer exchanging into 200 mM Ammonium acetate.

2.2.2 Native-MS and CIU Experiments

All IM-MS and CIU data were collected using a Synapt G2 HDMS IM-Q-ToF mass
spectrometer (Waters, Milford, MA), with a direct infusion nESI source set to positive ion mode.
Our instrument settings were tuned for each protein system and mimetic to generate intact protein
ions while completely dissociating detergents, lipids and scaffold protein prior to the IM separator,
including appropriately tuned settings for the source temperature (30-40° C), source gas flow (50
mL/min), and the sampling cone (120 V). The traveling wave height and wave velocities in the
trap, IM, and transfer region, as well as the helium cell flow rate, were identical for each protein
system across mimetics. For PMP, GDX and CYP, trapping cell wave velocity and height were
115 m/s and 0.1 V, IMS wave velocity and height were 250 m/s and 15 V, transfer cell wave
velocity and height were 300 m/s and 10 V. An accelerating potential of 70 V in the transfer region
was used to dissociate empty solubilization agents for all systems except CYP in nanodiscs, which
only required 10 V. Experimental collision cross section analysis was performed by using IMSCal-

19v4, a program written in C, and, where possible, theoretical cross sections were calculated from
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crystal structures®! and homology models®? using IMPACT.%*%* All CIU analyses were performed
by increasing the trap collision voltage in 5 V increments across ranges tuned for each system.
CIU data from selected charge states were extracted into a text-based format using
TWIMExtract,® then processed and analyzed using CIUSuite 2.%¢” Data processing included two
or three rounds of 2D Savitzky-Golay smoothing with a window of five bins and interpolation of

the collision voltage axis by a factor of four.
2.3 Results and Discussion

2.3.1 Comparing CIU of transmembrane protein complexes liberated from bicelles and

detergent micelles

Appendix Figure I-1 contains example nMS and IM-MS data sets acquired for GDX
liberated from DDM micelles and POPC-DDMB bicelles. In both spectra, signals corresponding
to monomeric and dimeric GDX are detected. For GDX liberated from the POPC-DDMB bicelles,
signals for lower charge states dominate (8+ to 4+) versus those detected for GDX contained within
DDM micelles, which adopt higher charge states (10+ to 5+). We selected GDX 6+ and 7+ monomer
ions for CIU analysis due to their intensity and minimal overlap with chemical noise signals. A CCS
analysis of 6+ GDX monomers indicates that the protein liberated from POPC-DDMB bicelles to
1,404.1 =5 A>, versus a value of 1,350.2 £ 5 A>recorded from the same ions prepared in DDM

micelles (N = 3). This CCS comparison suggests that GDX-Clo monomers adopt a different
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conformation when liberated from POPC-DDMB bicelles when compared to those liberated from

DDM micelles.

CIU data collected for 6+ GDX monomers exhibits three features, while CIU data extracted

from the same ions released from bicelles reveals four features, further illustrating that the GDX
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Figure 2-1 GDX CIU micelle vs bicelles. A) the 6+ and 7+ charge state CIU of GDX liberated from DDM
detergent micelle N=3 (on top) shows features for the 6+ 16.6 + 0.2, 19.2 £ 2.2, and 25.3 = 0.1 ms and for the 7+
charge state features at 16.4 = 0.1, 20.6 + 0.2, 23.4 £0.1, and 26.9 = 0.1 ms and POPC-DDMB bicelles N= 3 (on
bottom) shows features 17.8 + 0.3, 19.6 £0.5,24.9 + 1.7, and 27.2 = 0.1 ms and the 7+ charge state 18.0 = 0.1,
20.8£0.2,23.9+ 0.2, and 27.7 £0.2 ms, B) 6+ median drift time analysis comparing micelles vs bicelles
unfolding and C) CIU50 values for the 7+ charge state illustrating that bicelles (purple) exhibit a stabilizing
effect on GDX with micelles CIU50 transitions of 14.1 £0.5, 16.9 £ 0.1, and 25.6 = 0.1 V and the bicellular
CIUSO transitions of 13.5 +0.5, 20.4 + 0.5, and 27.8 £ 0.6 V.

adopts different conformations when released differently constructed mimetic environments. Given
the dramatic differences between these two GDX CIU fingerprints, granular quantitative
comparisons are challenging; however, we note that the final CIU50 for GDX ions ejected from
bicelles is larger than that recorded for the same ions produced from micelles, 24.0 + 1.3 and 19.3 +

0.1 respectively, suggesting a relative stabilization of GDX in the bicelle environment. CIU data

recorded for 7+ GDX ions produced from micelle and bicelle samples each contain four features.
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CIUS50 values produced for GDX liberated from bicelles (CIU50-1 13.5 + 0.5 V, CIU50-2 20.4 + 0.5
V, and CIU50-3 27.8 + 0.6 V) are consistently higher than those from extracted from equivalent ions
measured from micelle containing samples (CIU50-1 14.1 £ 0.5 V, CIU50-2 16.9 £ 0.01 V, and
CIUS50-3 25.6 £ 0.1 V) again confirming the stabilizing effect of bicelles on GDX.

To further evaluate the ability of bicelles to produce stabilized MP structures when compared
to those produced from micelles, we elected to perform CIU analysis on 13+ dimeric L16P PMP22
ions due to the intensity and minimal noise overlap of the signals detected (Appendix Figure I-2).
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Figure 2-2 CIU of L16P PMP22 dimeric complexes liberated from detergent micelles and SCOR bicelles. All
fingerprints shown are for the 13+ dimeric charge state. A). Feature detection analysis of L16P PMP22 dimers
liberated from C12E8 micelles, N = 3, shows two features of 15.0 £ 0.3 ms and 23.5 + 0.7 ms. CIU 50 transitions fit
to these features occur at 28.9 = 0.8 V. B). Feature detection analysis of L16P PMP22 dimers liberated from SCOR
bicelles, N = 3, show three features of 17.3 + 0.4 ms, 21.4 £ 0.2 ms, and 25.5 £ 0.2 ms. CIU50 transitions fit to these
features occur at 18.3 + 0.9V and 38.6 £ 0.8 V. C). RMSD plot of the averaged bicellar replicate subtracted from the
averaged micellar fingerprint for L16P PMP22 dimers shows an RMSD of 24.6%, which is almost 2x the replicate
baseline RMSDs of 13.2% for L16P PMP22 dimers liberated from micelles and 4.5% for bicelles.

CIU data shown in Figure 2-2 for L16P PMP22 dimers reveals significantly different features and
CIUS0 transitions for samples prepared in micelles and bicelles (N=3). The micellar L16P PMP22
dimer fingerprint contains two features, at 15.0 £ 0.3 ms and 23.5 + 0.7 ms, and the bicellar L16P
PMP22 fingerprint includes three features, at 17.3 = 0.4 ms, 21.4 + 0.2 ms, and 25.5 £ 0.2 ms. A

CCS analysis of 13+ micellular L16P PMP22 was 2,953 1 + 9 versus the same ion liberated from
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bicelles of 2,654 1 + 13 Azbicellar L16P PMP22 dimers are more compact that micellar L16P
PMP22 dimers. A comparison of CIU50 values reveals that L16P PMP22 dimers produced from
micelles are stabilized when compared to their bicelle encapsulated analogs, with CIU501 shifting
from 28.9V to 18.3V respectively, a result that contrasts our GDX data discussed above. Overall, our
L16P PMP22 CCS and CIU data indicates that bicelle and micelle environments promote
significantly different dimer structures, with the former producing more compact structures and the

latter generating a more stabilized conformational state.

2.3.2 Tracking the Influence of Membrane Memetic on the Monotopic Membrane Protein

CYP3A44

While prior reports of MP nMS experiments have largely focused on multi-pass integral
proteins, such as GDX, recent efforts have explored how these techniques can be extended to
peripheral proteins.”’ These proteins possess large aqueous domains in addition to regions which
interact with, but do not span, the lipid bilayer and their dual nature can complicate their
biophysical characterization.”® For this reason, single pass and monotopic membrane proteins,
which are embedded in the membrane with a single alpha helix, are commonly studied in truncated
forms excluding the membrane-associated alpha helix.”® However, to study the more biologically-
relevant sequence, solubilization agents are needed that replicate the lipid bilayer found in cellular
membranes in order to preserve the overall structure of monotopic MPs.

The CYP family of proteins are enzymes important for the process of drug metabolism.™
They bind a wide variety of drugs and have been noted in the past to also bind detergent
molecules.” We therefore screened CYP samples by nMS in order to identify detergent conditions
that avoided the formation of CYP-detergent complexes, leading us to select the detergent OG for

IM-MS analysis of CYP3A4. The data shown in Appendix Figure I-3 includes signals
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corresponding to the 13-17+ charge states for monomeric CYP3A4 liberated from OG micelles,
and while the peaks are broad relative to soluble systems of comparable size,*” no distinct detergent
binding is observed. A mass analysis of these peaks reveals that they correspond to the mass of
CYP3A4 plus its heme cofactor, indicating we mainly detect the holo protein state under these
conditions. CYP3A4 has been previously studied in NDs, and multiple incorporation protocols
have been published previously.?!:8? In Figure S-2, we show CYP3A4 incorporated into POPC
NDs assembled using the MSP3ED1 scaffold protein by means of a microfluidic device.>® Signals
associated with CYP3A4 liberated from NDs appear significantly more resolved than those
recorded under micellar conditions, and allow for the identification of apo and holo CYP3A4, as
well as its retained lipid bound states. We assigned these signals to monomeric CYP3A4 charge
states identical to those observed for the protein ions produced under micellar data, 13-17+, and
both IM-MS data sets show compact signals indicating native-like CYP ions. We detect small
differences in holo CYP 16+ CCS values, with micellar CYP3A4 producing 3,451.5 = 18 A?and
those from NDs having a value of 3,318.4 = 17 A2, Calculated CCS estimates for CYP CCS range
from (PA) 3,383.8 = 8 A%o (TIM) 4,325.4 + 11 A? indicating that both conditions produced

compacted CYP ions when compared to X-ray data, with NDs producing a more collapsed state.
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Figure 2-3 CIU of CYP3A4 liberated from detergent micelles, bicelles and nanodiscs. All fingerprints shown are
for the 16+ holo state. A). Feature detection analysis of CYP liberated from OG micelles, N = 3, shows features
of 16.7+0.2,20.8 £0.2,24.6 £ 0.1, 28.6 + 0.1 ms. CIU50 transitions fit to these features occur at 26.0 = 0.5,
75.4+ 1.8, and 83.5 £ 0.6 V. B). CYP liberated from SCOR bicelles, N=3, shows features of 16.7 0.1, 20.6 +
0.1,25.0£ 0.3, and 27.3 = 0.1 ms. CIU 50 transitions fit to these features occur at 25.7 + 0.6, 37.1 £ 1.6, and 63.1
+ 0.1V C). Feature detection analysis of CYP liberated from POPC nanodiscs with the MSPE3D1 scaffold, N =
3, show features of 16.5+0.3,19.2+0.2,20.8+0.2,24.1 £0.5, and 27.2 = 0.3 ms. CIU 50 transitions fit to these
features occur at 24.1 + 1.5,31.6 £ 1.5,38.5+ 0.7, and 47.7 = 0.7 V. D) comparison of feature drift time medians,
E) comparison of CUI50 values from CYP3A4 liberated out of various mimetics

To further investigate the differences between CYP3A4 solubilized in micelles, bicelles
and NDs, we next performed CIU experiments on 16+ holo ions (Figure 2-3, N = 3). CIU data
shown in Figure 2-3A includes five features and four transitions observed for the CYP3 A4 micellar
replicates, with features beginning at 16.7 ms and a first transition from the most native-like state
occurring at 26.0 V. In Figure 2-3B, CIU fingerprint data collected for CYP3A4 liberated from a
SCOR bicelles, N=3, contains 4 features of 16.7 + 0.1, 20.6 £ 0.1, 25.0 £ 0.3, and 27.3 + 0.1 ms.
CIU 50 values fit to these features are 25.7 £ 0.6, 37.1 = 1.6, and 63.1 £ 0.1V. Figure 2-3C shows
the average fingerprint for CYP3A4 generated from the three POPC nanodisc replicates, where we
detect five features and four transitions. These data show that CYP3A4 adopts different structures
when solubilized in OG micelles, SCOR bicelles, or POPC NDs. Such differences can also be

observed in our CIU data through comprehensive difference analyses, as shown in Figure S-3. We
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observe different levels of adduction throughout the MS data recorded for ions generated under
these conditions, and such adduct population differences have been previously reported to alter

CIU data.?*

2.3.3 CIU Data Indicates Structural Changes in PMP22 Liberated from Micelles, Bicelles,

and NDs

Noting the marked differences between PMP22-L16P dimers and GDX monomers
liberated from micelles and bicelles, we next aimed to compare additional mimetics and continue
to expand our MP survey. We next incorporated a POPC-DDMB bicelles into our comparative
workflows. We wanted to continue studying monomeric protein ions to facilitate comparisons
across all three solubilization techniques and avoid challenges we encountered in generating
sufficient signal intensities for CIU. For these reasons we chose to study a version of WT PMP22
which includes an 11 kDa soluble tag, denoted throughout as WTw.g PMP22. The WTe PMP22
also proved more amenable to ND sample preparation for nMS, as the penta-histidine tag included
in the sequence allowed us to use a nickel affinity resin to purify the ND-associated protein. Note
that for this reason, the histag free construct of MSP1D1(-) was utilized in these experiments.

As shown in Appendix Figure [-4, WT,g PMP22 can be successfully liberated and
detected from C12E8 micelles, SCOR bicelles, POPC-DDMB bicelles, and POPC MSP1DI(-)
NDs. We observe signals corresponding to 7-15+ ions of monomeric WTe PMP22 when the
protein is solubilized in both micelles and bicelles, but WTe PMP22 housed within NDs, IM-
MS data indicates significant overlap with MSP1D1(-) signals, reducing the observable charge
states to 7-12+ (Figure S5). Ultimately, we determined that the 9+ charge state of WT.g, PMP22
was the most suitable for CIU analysis due to its lack of overlap with MSP1D1(-) signals. A CCS

analysis of 9+ WTwg PMP22 ions produced from samples containing all mimetics discussed
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above were found to yield similar values. Specifically, CCS values recorded for WT., PMP22
for samples containing micelles: 1,932.1 £ 9 A2, SCOR bicelles: 1,918.8 + 9 A2, POPC-DDMB
bicelles: 1,905.4 + 9 A2, and POPC NDs: 1,996.5 + 9 A. While we observe that POPC-DDMB
bicellar WT.; PMP22 monomers to possess the most compact CCS values, there is no available
high-resolution structure for the WTg PMP22 construct to which we can compare our CCS
values in order to assess their proximity to its native fold.

CIU fingerprints recorded for 9+ WTg PMP22 monomers solubilized in micelles,
bicelles, and NDs were generated in triplicate and their averages with detected features and
CIUS0 transitions are shown in Figure 2-4. The WTwg PMP22 fingerprints produced from
samples containing micelles and SCOR bicelles possess three similar features at approximately
17.0 ms, 19.9 ms, and 21.7 ms (Figure 2-4 A, B). However, the most unfolded feature which
occurs at 26.4 ms in the bicelle fingerprints is not detected in the micelle fingerprint, as it does
not reach the necessary relative intensity within the bounds of the collision voltage range probed.
This information can be combined with the CIU50-1 and CIU50-2 values to illustrate that the
WTg PMP22 liberated from detergent micelles is more stabilized relative to SCOR bicelles.
Interestingly, there are no apparent differences in the level of adduction of the ions probed in
these data as there were for the CYP3A4 data (discussed above) in Figure 2-3. To further explore
the solubilization agent dependent changes in the CIU fingerprints collected for monomeric
WTwg PMP22, comprehensive difference analysis was performed across all four CIU datasets as
shown in Appendix Figure I-5. The micellar and bicellar WT.g PMP22 monomer fingerprints
were found to be the most similar between the three solubilization techniques, with an RMSD of
16.0%. On the other hand, RMSD is remains three times higher than our greatest baseline

replicate RMSD of 5.8%.
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Figure 2-4 . CIU of WTg PMP22 monomers liberated from detergent micelles, SCOR bicelles, POPC bicelles,
and POPC nanodiscs. All fingerprints shown are for the 9+ monomeric charge state. A). Feature detection
analysis of WTi,; PMP22 monomers liberated from C12E8 micelles, N = 3, shows three features of 17.0 + 0.2,
19.9+£ 0.1, and 21.7 £ 0.2 ms. CIUS50 transitions fit to these features occur at 27.8 = 1.5 and 41.2 £ 0.5 V B).
Feature detection analysis of WTig PMP22 monomers liberated from SCOR bicelles, N = 3, shows four features
of 16.8 +£0.2,19.8 +0.3,21.7 £ 0.2, and 26.4 £ 0.2 ms. CIU50 transitions fit to these features occur at 22.4 + 1.3
V,29.2+2.0V,and 62.8 + 0.7 V.C) Feature detection analysis of WTi,; PMP22 monomers liberated from
POPC-DDMB bicelles, N = 3, shows four features of 16.5 £0.4,21.0 £0.2,23.0 £ 0.2, and 27.0 = 0.3 ms.
CIUS0 transitions fit to these features occur at 22.7 + 0.6, 32.4 = 1.6, and 51.9 = 0.1 V D). Feature detection
analysis of WT, PMP22 monomers liberated from POPC nanodiscs, N = 3, shows three features of 20.0 = 0.5,
22.0+ 0.3, and 27.2 = 0.2 ms. CIU 50 transitions fit to these features occur at 27.8 + 1.1 and 44.7+3.3 V

The features detected in the WTwg PMP22 ND CIU fingerprints are significantly different
than those detected for ions generated from micellar and bicellar samples, with features at 20.0 +
0.5 ms, 22.0 £ 0.3 ms, and 27.2 + 0.2 ms (Figure 5-3D). The differences in low-energy CCSs
recorded for WTig PMP22 monomers liberated from POPC NDs adopt a more extended state
following ejection from the membrane mimetic relative to those generated from micelles and
SCOR bicelles. A comprehensive difference analysis for this CIU data indicates that W T PMP22

ND fingerprints are significantly different from those generated from micellar and bicellar
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samples, with RMSDs of 25.4% and 34.8% (Appendix Figure 1-5), which are at least two times
greater than the ND baseline for replicate analyses (RMSD of 16.0%). Next, to further probe the
role that solubilization techniques play in promoting the adoption of specific MP structures, we
liberated WTwg PMP22 from a POPC-DDMB bicelles and compared these data directly to WTig
PMP22 data produced from NDs, as they both provide a POPC bilayer environment. As above,
we see marked differences in the CIU data collected. CIU feature detection analysis of WTiag
PMP22 monomers liberated from POPC-DDMB bicelles (N = 3), reveals four features of 16.5 +
0.4 ms, 21.0 £ 0.2 ms, 23.0 £ 0.2 ms, and 27.0 £ 0.3 ms. CIU50 values fit to these features occur
at 22.7 £0.6,32.4 £ 1.6, and 51.9 £ 0.1 V. The significant differences detected in our CIU data
indicate that PMP22 can adopt different conformations within these differently produced POPC
bilayers. It is possible that detergents act to orient lipids to form a bilayer differently than MSP,

causing PMP22 to adopt different conformations.

2.4 Conclusions

MS methods have been extended to directly analyze MPs solubilized using many
techniques, and here we have demonstrated how IM-MS and CIU methods can also be broadly
extended from detergent micelles to more complex membrane mimetics. We report CIU
fingerprints from SCOR bicelles and NDs for multiple proteins which are readily analyzed by
existing software workflows. In the case of CYP3A4, we observe excess detergent, salt, and
glycerol adduction, which may cause increases in stability as observed by CIU for CYP3A4
samples analysed from of micellar samples relative to ND samples. In the case of L16P PMP22
dimers, our evidence indicates that SCOR bicelles may support more compact gas phase structures
than C12E8 micelles. Similarly, we observe that GDX produces different CIU data when liberated

from environments containing detergent when compared to ions liberated from a lipid-based
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environment. Indeed, this data suggests not only compaction of the MP but also stabilization.
Additionally, we find that for WTwg PMP22, CIU fingerprints collected across four different
solubilization vehicles exhibit differences which are most directly explained through differences
in PMP22 conformation promoted in each of the four environments.

Overall, we find extensive CIU and IM-MS evidence suggesting that MP structure strongly
depends upon the solubilization method used to house the protein prior to liberation in the gas-
phase. Our data also reveals that solubilization techniques can strongly influence MP S/N and the
robustness of the IM-MS data collected (Figure S2). In order to further advance the analysis of MP
structure using IM-MS and CIU, studies must be conducted in an effort to parse the contributions
of lipid composition, the structures of the mimetics used, and the various methods employed for
their preparation on the ultimate MP structure and stability differences observed in our data.
Additionally, extending the data shown here to a broader array of protein systems, such as GPCRs,
could be vital for defining the role of nMS in the assessment of solubilization agents for

applications such as MP cryo-EM or pharmaceutical screens.
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Chapter 3 Local lipid environment plays a critical role in Cytochrome P450 structure and

stability

3.1 Introduction

Membrane proteins (MPs) are responsible for a variety of biological functions and critical
physiological responses!-? and currently represent >60% of all drug targets'*~. Despite the
importance of these proteins, our knowledge of MP structure and dynamics lags significantly
behind that of cytosolic proteins, as evidenced by the fact that MPs currently represent less than
3% of the structures in the protein data bank*®. The difficulty in characterizing MPs stems partly
from their low levels of expression and insolubility in aqueous solutions’. Recent advancements
in cyro-electron microscopy (cryoEM), X-ray crystallography, and nuclear magnetic resonance
(NMR) have served to dramatically advance our understanding of MPs and their complexes, yet
many challenges still remain.’’

The development of novel membrane mimetics such as nanodiscs (NDs) present a
promising opportunity for the analysis of MPs!®!*. NDs are discoidal membrane bilayer mimics
which encircle the MP with phospholipids and are held together by an amphipathic helical
scaffold composed of protein, peptide or polymer.!>~!” They are an appealing construct for MP
characterization due to their ability to stabilize native MP structure by mimicking a membrane
bilayer environment. However, there are multiple variables in ND construction that have the
potential to impact the structure and function of MPs, including lipid composition and scaffold
material.2>?? As such, while NDs represent a promising technology for MP solubilization,
questions remain about the effects of these variables on MP dynamics and how ND composition

might alter MP function, such as drug binding.
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Cytochrome P450 (CYP) enzymes play key roles in the synthesis of a broad range of bio-
active molecules and are primarily responsible for the metabolism of both pharmaceutical and
cytotoxic compounds.?*?® Despite the pharmacological importance of this class of enzymes,
many unanswered questions persist regarding the relationship between the dynamic structure of
CYP and its myriad of functions. While atomic-resolution structures of many CYP isoforms are
available, all lack the hydrophobic a-helix region of the protein, which is critical for the
association of CYPs with biological membranes.?*! Much regarding the impact of lipid binding
and membrane composition on this CYP region is currently unknown, including the presence of
allosteric networks that may link the local membrane environment to ultimate enzyme activity.
Advancements in native mass spectrometry (nMS) present a unique opportunity to elucidate
long-standing questions surrounding CYP structures when engaged with cellular membranes.
Part of a broader revolution in structural MS technologies, nMS seeks to preserve protein
structures and complexes for direct measurements in the gas-phase using MS and has provided
valuable information regarding MP structure and function.**3¢ Recent developments in nMS
allow for the study of large protein assemblies using nanomoles of sample.**37-*8 In recent years,
native ion mobility-mass spectrometry (IM-MS), has emerged as a robust structural biology tool
capable of handling complex mixtures in a high-throughput manner.>* Membrane mimetics such
as NDs promote the retention of native MP conformations'®'34%4! thus enabling subsequent IM-
MS measurements. IM separates ions based on their size, shape, and charge.**** In native IM-
MS experiments, different protein ion conformations can be separated and analyzed compared
directly with their solution-phase counterparts.>®*>* Once inside the instrument, intact ND-MP
complexes can be subjected to collisions with inert gas molecules which act to remove lipids and

ND scaffolding material, leaving only a native-like MP for further analysis.!! Following
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liberation from the ND, MPs can be subjected to collision induced unfolding (CIU), which
deploys stepwise ion heating to track detailed gas-phase unfolding pathways, revealing the
starting structures and stabilities of MP complexes.*’

Most of the nMS studies targeting MPs are limited to transmembrane proteins housed
within detergent micelles or NDs of uniform composition.’*>¢ As such, questions remain as to
the biophysical consequences to MPs upon altering the ND lipid environment, and the general
ability of NDs in combination with nMS to access structural data for monotopic membrane
proteins. In this study we employ IM-MS and CIU in order to ascertain the details on how local
lipid environments and ND design parameters influence CYP structure and stability, using two
CYP isoforms, CYP2B4 and CYP3A4 liberated from various ND-lipid environments, including
one designed to mimic the composition of the endoplasmic reticulum (ER).%” Our results indicate
significant shifts in MP structure and stability when CYP is liberated from differently

constructed ND environments, illustrating the significant impact that the local lipid environment

has on MP structure.

3.2 Methods

3.2.1 Membrane Protein Sample Preparation

Full length CYP2B4 and CYP3A4 were expressed in E. Coli using the pLWO01-P450 and
pCWori vectors respectively, using protocols adapted from established protocols for CYP2B4°8
and CYP3A4.%° Membrane Scaffold Protein 1D1(-), Membrane Scaffold Protein 1E3D1,
Amberlite XAD-2 beads, Ammonium acetate were purchased from Sigma Aldrich (St. Louis,
MO). Potassium phosphate monobasic and potassium phosphate dibasic were purchased from
Fisher Scientific (Hampton, NH). The 4F peptide scaffolding belt

(DWFKAFYDKVAEKFKEAF N-terminal modification: acetylation, C-terminal modification:
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amidation®) was purchased from GenScript (Piscataway, NJ). All lipids (1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine [POPE], -palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
[POPS], 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine [POPC], L-a-phosphatidylinositol
(Soy) [PI], Sphingomyelin (egg, chicken) [eSM] and1,2-dimyristoyl-sn-glycero-3-
phosphocholine [DMPC]) were purchased from Avanti Polar Lipids (Alabaster, AL). Cholesterol
Hemisuccinate Tris Salt (CHEMS) was purchased from Anatrace (Maumee, OH).

CYP homologs were incorporated into the MSP NDs using the established Sligar protocol!®!7:6!
or on a microfluidic device® as previously described. Briefly, for either method, the bulk Sligar
method or the microfluidic method, dried lipid films were resuspended in 100 mM sodium
cholate. Lipids, MSP, CYP and 20 mM sodium cholate were mixed in a standard disc buffer
(SDB) buffer containing 20 mM Tris HCI pH 7.4, 100 mM sodium cholate, 0.5 mM EDTA and
0.01% NaN3. The components were incubated at appropriate phase temperatures for the lipids
being used for 6 hours (bulk) or 20 minutes (microfluidics). For the bulk preparation, Amberlite
XAD-2 Detergent Removal beads were added and left rotating overnight, then beads were
removed using a 0.22 um filter. For microfluidic preparation, the component mixture was flowed
through the microfluidic device, a process which takes only 5 minutes, then simultaneously
purified and buffer exchanged via size exclusion chromatography (SEC) using Superdex S200
increase 3.2/300 GL column. The peptide 4F NDs were pre-formed by rehydrating 11.25 mg of
lipids (dry lipid films) in 40 mM potassium phosphate pH 7.4 buffer and mixing with 7.5 mg of
4F peptide suspended in 40 mM potassium phosphate pH 7.4 buffer. Depending on the phase
temperature of the lipids, the mixture was allowed to shake at either 37°C or 45°C until the
cloudy mixture turned transparent. Empty NDs were purified using SEC on a Superdex S200

increase 10/300 GL column and DLS measurements were obtained using Wyatt DynaPro
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NanoStar and fractions with uniform size distribution were chosen for protein incorporation and
measured for concentration using a Thermo Scientific NanoDrop 2000 spectrophotometer, using
the extinction coefficient for 4F € = 6.99 mM™! cm! taking into account 16 peptides per disc.
CYP was incubated with empty ND at ratios of 1:1.1 and 1:3 for CYP2B4 and CYP3A4
respectively and incubated for 6-10 hours at room temperature with constant gentle shaking. The
increase in empty ND ratio for CYP3 A4 helped eliminate protein crash out during incubation.
CYP incorporated NDs were simultaneously purified and buffer exchanged into 200 mM
ammonium acetate pH 7.4 via SEC on Superdex S200 increase 10/300 or 3.2/300 GL column.
CYP-ND only fractions were pooled and concentrated using 100 kDa Amicon Ultra-0.5

centrifugal filter units (MilliporeSigma, Burlington, MA).

3.2.2 Native lon Mobility — Mass Spectrometry and CIU Experiments.

All IM-MS data was collected using a Synapt G2 HDMS IM-Q-ToF mass spectrometer
(Waters, Milford, MA), with a direct infusion nano electrospray ionization (nESI) source set to
positive ion mode. Instrument settings were tuned to dissociate solubilization agents with
minimal perturbation to protein structure prior to the IM separator, including appropriately tuned
settings for the source temperature (30° C), source gas flow (50 mL/min), and the sampling cone
(10 V). Trapping cell wave velocity and height were 116 m/s and 0.1 V. IMS wave velocity and
height were 250 m/s and 15 V. Transfer cell wave velocity and height were 300 m/s and 10 V,
with an accelerating potential of 10 V used to dissociate empty NDs. Collision cross section
analysis was performed by IMSCal-19v4, a program written in C. Theoretical collision cross
sections (CCSs) of monomeric CYP3A4 were calculated using a previously published homology
model and IMPACT. All CIU analyses were performed by increasing the trap collision voltage

in a stepwise manner from 20 —90 V in 5 V increments. CIU data from the 14+ and 15+ charge
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states of CYP2B4 and CYP3A4, respectively, were extracted using TWIMExtract®®, then
processed and analyzed using CIUSuite2.*’ Data processing included three rounds of 2D
Savitzky-Golay smoothing with a window of five bins and interpolation of the collision voltage

axis by a factor of four.

3.2.3 Molecular Dynamics

CYP2B4 amino acid sequence was homology modeled with alignment from a previously
MD simulated CYP3A4 model® using I-TASSER®’, the resulting structure was used for
subsequent MD simulations in various lipid nanodisc environments. NDs were build using
CHARMM-GUI®® Nanodisc Maker® and performed coarse grained MD relaxation using
GROMACS.™ The resulting structures were converted to all atom using Martini All Atom

converter.”"”’? The final structures were viewed in PyMol.”
3.3 Results and Discussion

3.3.1 CIU of Ligand Bound States Liberated from NDs

Previous reports have detected ligand and lipid binding to MPs, including the identification of
endogenous lipid biding,*>’*"® lipid binding thermodynamics,**”~*! lipid binding stability based

82-84 and stability based measurements to identify regioselective bound ligands.®

measurements,
The primary foci of these prior reports are multi-pass transmembrane domain proteins, leaving
much unknown regarding the structures and binding activities of monotopic, bitopic and
peripherally bound MPs. Among monotopic MPs, CYP is a centrally important hemeprotein, that
performs enzymatic activity on a large number of small molecules.?*3> CYP catalytic activity is

mediated by the transfer of two electrons that are donated from its redox partners, cytochrome b5

(cytb5) and cytochrome oxioreductase (POR). A heme lies at the center of the CYP active site
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and 1s spectroscopically active, providing a methodological tool for a wide range of
investigations that have revealed many aspects of CYP structure and function.®* The model

CYP system CYP2B4 (Oryctolagus cuniculus) shares 78% sequence identity with CYP2B6
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Figure 3-1 Native ion mobility mass spectrometry of CYP2B4 liberated from POPC 4F-peptide NDs A)
Mass spectra of CYP2B4 liberated from POPC 4F-pepide ND reveals native like charge state
distribution of 12-15+ at 80 V as well as various bound states including the heme cofactor and lipid
binding B) Collision induced unfolding for the 14+ apo species C) Collision induced unfolding for 14+
holo (heme intact) species D) Collision induced unfolding fingerprint for 14+ holo + 1 POPC bound
species E) RMSD values determined by total difference analysis of each bound state. The mixed colored
bars indicate which species were compared and the baseline RMSD is indicated by the dashed line
reporting the day to day error (Apo 11.4%, holo 9.8%, and 1 POPC 8.9%) F) CIUS50 transition of each

bound state N=3 indicating the loss of the heme results in destabilization and 1 POPC bound does not
significantly stabilize the CYP2B4

(homo sapiens) which is responsible for the metabolism of approximately 3-12% of current small

molecule drugs.”®*! Due to its high homology with CY2B6, and its higher degree of solubility
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and stability compared to the human isoform, it is often used as a replacement for CYP2B6 in

studies aiming to evaluate CYP structure and function.’’

We began our experiments by inserting
CYP2B4 into POPC 4F NDs, which we then and
liberated mimetic and released into the gas phase,
yielding IM-MS spectra indicative of native-like
CYP monomers (Figure 3-1A). Using IM-MS,
chemical noise generated by the peptide and free
lipids were separated from the CYP-related
signals to aide in detection. We observe discrete
ligand bound states including CYP2B4 lacking
heme (apo), with heme bound (holo), and
attached to both heme and 1 POPC. CIU
analysis of these ions was performed to access
the relative stability of each CYP state observed.

Our results indicate discrete shifts in CYP stability

upon both heme and lipid binding. An RMSD based

analysis of the CIU data collected (Figure 3-1B-D)
reveals significant global differences in the CIU
fingerprints collected between apo CYP and both

heme and POPC bound protein, producing RMSD

values of 17.1 and 18.0 respectively, while detecting
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Figure 3-2 CIU comparison of CYP
homologs, CYP2B4 and CYP3A4. A)
Collision induced unfolding of 15+ CYP2B4
(rabbit homolog) liberated from POPC 4F-
peptide nanodisc. B) Collision induced
unfolding of 15+ CYP3A4 (human homolog)
liberated from POPC 4F-peptide NDs. C)
Root mean squared difference plot comparing
the two CYP homologs that possess a 28.32%
percent identity matrix score. Red and blue
traces indicate where CIU data recorded for
CYP2B4 or CYP3A4 is more intense in our
difference analysis.

strong similarities in the fingerprint data recorded for holo and lipid-bound forms of CYP,
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producing an RMSD comparison value similar to baseline (Figure 3-1E). Additionally, when
comparing CIU50 values recorded for each bound species (Figure 3-1F) we observe evidence of
consistent destabilization of apo CYP when compared to either holo or POPC bound CYP states.
Taken together, our CYP2B4 IM-MS and CIU data reveals significant structural changes and
stabilization CYP upon heme binding, but minimal impacts to protein stability and structure

upon lipid attachment.

3.3.2 CIU Comparisons of CYP Homologues

One of the most important members of the human CYP3A subfamily is CYP3A4, which
accounts for nearly 30-60% of the total adult population of human CYP.?*%? In order to evaluate
the ability of CIU to differentiate CYP variants, and move our analyses towards a more
pharmaceutically relevant human CYP homolog, we collected CIU data for both CYP2B4 and
CYP3A4 housed within identically structured ND environments. The sequence identity between
CYP2B4 and CYP3A4 is 28.3% (Expasy ProtParam) and thus CIU is expected to produce
unique fingerprint data that allows for their rapid differentiation.

Our IM-MS data collected for CYP3A4 liberated from POPC 4F NDs is indicative of
native-like CYP monomers, and we selected the 15+ holo charge state for comparison against the
same charge state observed for holo CYP2B4 ions prepared through identical means. CIU data
collected for both analogues contain a similar number of features, but also display clear
differences in the centroid drift times, and by extension the collision cross sections (CCSs)
adopted, by the initial and unfolded states observed, the format observed for the initial CIU
features detected between 30-40 V, and in the overall appearance voltages associated with all the
CIU features observed. A global RMSD comparison of our CYP2B4 and CYP3A4 data produces

a value of 42.2, a figure over four times the baseline RMSD value established through an
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analysis of technical replicates (9.8, Figure 3-1). This data indicates significant structure and

stability differences in the two CYP homologues studied here, with CYP3A4 generating a larger

initial CCSs and CIU transitions characterized by both greater stabilities as well as larger CCS,

when compared to CYP2B4 (Figure 3-2).

3.3.3 CIU comparisons of ND scaffolding belts

Over the past decade, the

use of NDs as membrane mimetics

have increased significantly in a
manner strongly correlated with
increases in our overall
understanding of MP-driven
biochemistry. NDs are embraced
by a scaffolding belt, with the
earliest discs constructed using

ApoAl protein.”® Since then,

ApoAl has been modified to create

the membrane scaffolding protein
(MSP) belt typically used in ND

construction have allowed for the
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Figure 3-3 Collision induced unfolding of CYP3A4 liberated from
various ND belt types A) CIU of holo CYP3A4 liberated from a nanodisc
containing POPC lipids embraced using the 4F peptide scaffolding belt
(11 nm diameter). B) CIU of holo 14+ CYP3A4 liberated from a
nanodisc containing POPC lipids embraced using the MSPE3D1(+)
scaffolding belt (12 nm diameter). C). CIU of holo 14+ CYP3A4
liberated from a nanodisc containing POPC lipids embraced using the
MSP1DI(-) scaffolding belt (10 nm diameter) D). CIU50 transition of
each scaffolding type N=3, illustrating the similarities in feature

transitions

size of assembled NDs to be controlled, further alterations to this belt protein construct,

including the design of 4F peptides optimized to increased disc flexibility.®*** The process for

incorporating a protein into an MSP ND typically involves a co-assembly process that occurs

spontaneously upon detergent removal, while peptide NDs are assembled using a detergent free
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procedure.!” While this process is time consuming and laborious, microfluidic approaches are
capable of rapidly assembling NDs in a semi-automated fashion.®> While NDs represent a
promising technology for MP solubilization, many questions remain regarding the influence of
ND design variables on MP structure and stability.

In order to evaluate the structural consequences associated with ND design elements for
CYP3A4, we incorporated the protein into a variety of POPC NDs consisting of three different
belt types, 4F peptide, MSPE3D1(+), and MSP1D1(-), resulting in disc diameters 9 nm, 13 nm,
and 10 nm respectively. This approach allows us to simultaneously evaluate NDs in terms of
their scaffolding materials and but the resulting disc diameter. CIU fingerprints recorded for
CYP3A4 recorded across all three ND designs studied here (Figure 3-3A-C) indicate remarkably
similar ion CCS, CIU features, and stabilities associated with the liberated CYP ions detected. A
further analysis of CIU50 values extracted from our CYP3A4 data reveals quantitatively
identical stabilities across all CIU transitions observed in our survey (Figure 3-3D). Overall, our
data strongly indicate that the structure and stability of CYPs are not significantly influenced

through ND design choices associated protein or peptide belt types (Figure 3-3E).

3.3.4 Local Lipid Environment Influences the Stability and Structure of CYP

Recent work has indicated that full-length CYP2B4 embedded within NDs demonstrates
an increased capacity for drug binding and exhibits heme-related spin shift perturbations when
compared truncated CYP removed from cellular membrane environments.>”64%3% Sych
measurements remain challenging, as CYP occupies a wide range of bound states alongside the
extreme polydispersity of the lipid bilayer making it difficult for most structural biology
technologies to track changes in protein conformation in a manner connected to lipid

interactions. IM-MS is well positioned to probe membrane-CYP interactions and their role in
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protein structure, stability, and ligand binding. In general, our CIU discussed below strongly
indicates that both CYP2B4 and CYP3 A4 undergo profound changes in stability and structure in
a manner that depends strongly upon the lipid components present within their ND

environments.
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Figure 3-4 Native ion mobility-mass spectrometry of CYP3A4 liberated from various lipid compositions A) Mass
spectra of CYP3A4 liberated from DMPC MSPE3D1(+) nanodisc revealing charge states 14-17+ and multiple
bound states. B) Mass spectra of CYP3A4 liberated from POPC 4F-peptide nanodisc revealing charge states 14-17+
and multiple bound states. C) Mass spectra of CYP3A4 liberated from ER Mixture 4F-peptide nanodisc revealing
charge states 16-15+ and multiple bound states. D) CIU of 15+ holo CYP3A4 liberated from DMPC MSPE3D1(+)
nanodisc E) CIU of 15+ holo CYP3A4 liberated from POPC 4F-peptide nanodisc F) CIU of 15+ holo CYP3A4
liberated from ER Mixture 4F-peptide nanodisc G) CIU50 analysis comparing stabilization between lipid
compositions H) Drift time analysis comparing collision cross section between lipid composition I) RMSD values
determined by total difference analysis of each lipid composition. The mixed colored bars indicate which lipid type
was compared and the baseline RMSD is indicated by the dashed line reporting the day to day error.

In order to evaluate the lipid environment dependency of CYP3A4 structure, we
incorporated the protein into DMPC MSP1D1(-) NDs, POPC 4F NDs, and Mix ER 4F NDs, the

latter of which containing 6 components (POPC, POPE, POPS, POPI, eSM, and cholesterol) and
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designed to mimic the cellular ER membrane, the native CYP environment. The nMS data
collected for CYP3A4 liberated from the different lipid environments described above reveals
evidence of CYP-lipid complexes in both 1:1 and 1:2 stoichiometries, alongside apo and holo
CYP forms (Figure 3-4 AC). Evaluated in isolation, this nMS data does not provide clear
evidence of any structural differences in CYP ions liberated from the ND environments probed
here; however, CIU data reveals significant differences in feature CCS and stabilities in the CYP
ions detected in our experiments (Figure 3-4D-F). It is important to note that CIU data shown in
Figure 3-4 are extracted from CYP species that lack any bound lipid, thus the differences
observed result primarily from a memory effect associated with the differing CYP structures
housed within lipid environments installed within the NDs used to prepare the samples analyzed.
A quantitative analysis of the CIU501 values recorded from these samples reveals that CYP ions
ejected from NDs containing lipids designed to replicate the ER membrane are the least stable of
those screened in our studies, while higher-energy CIU transitions retain similar stabilities
throughout all the CYP ions evaluated (Figure 3-4G). An examination of CIU feature CCS
values further highlight CYPs housed within NDs mimicking the ER as being the most compact
ions detected in our survey (Figure 3-4H). Finally, an RMSD analysis of the complete CIU
fingerprints for CYP generated from each ND environment indicates the strongest degree of
similarity for ions produced from POPC and ER NDs, while CYP ions produced from DMPC
NDs produce significantly different CYP CIU data relative to our other two ND-associated
conditions. Since ER NDs contain 60% POPC, the most abundant component of the six used in
the construction of the ND lipid bilayer, the similarity observed between CYP ions liberated

from ER and POPC NDs. Overall, our CIU data provides strong evidence that the local lipid
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environment confers specific structures upon embedded CYPs, and more native lipid

environments promote more compact and less stable CYP conformers.
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Figure 3-5 Lipid binding to CYP3A4 liberated from POPC and ER Mix 4F-peptide nanodiscs. A) feature
detection analysis of 14+ holo CYP3A4 liberated from POPC 4F-peptide based nanodisc B) feature detection
analysis of 14+ 1 POPC lipid bound CYP3A4 liberated from POPC 4F-peptide based nanodisc C. feature
detection analysis of 14+ 2 POPC lipids bound CYP3A4 liberated from POPC 4F-peptide based nanodisc D)
feature detection analysis of 14+ holo CYP3A4 liberated from ER lipid Mix 4F-peptide based nanodisc E)
feature detection analysis of 14+ 1 lipid bound CYP3A4 liberated from ER lipid Mix 4F-peptide based nanodisc
F) feature detection analysis of 14+ 2 lipids bound CYP3A4 liberated from ER lipid Mix 4F-peptide based
nanodisc H & K. RMSD values determined by total difference analysis of each bound state resulting from H)
POPC containing ND and K) Mix lipid ER ND. The mixed colored bars indicate which bound state was
compared and the baseline RMSD is indicated by the dashed line reporting the day to day error. (holo 13.2%, 1B
lipid 15.1%, and 2B lipids 11.6%) I & L) Drift time analysis comparing collision cross section between lipid
compositions respectively for I) POPC ND and L) ER lipid Mix. J & M) CIU50 analysis comparing
stabilization between lipid bound states for J) POPC ND and K) ER lipid Mix

3.3.5 Quantifying lipid bound stability shifts in CYP liberated from Mix ER 4F NDs

Lipid binding is known to influence the structure and function for MPs in a manner

linked to stabilizing native structures or supporting native functions. Recent work has illustrated
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that CYP3A4 will recruit lipids from its surroundings in a manner associated with the relative
fluidity lipid bilayer environment and the noted preference of CYP for sphingomyelin.”” Next we
decided to focus on the bound lipids observed when CYP3A4 was liberated from the mix ER ND
(Figure 3-4C), due to the poor resolving power on the Synapt G2, we were unable to identify
lipid binding based off of mass alone. Recent work from our group has shown that lipid
attachment can impact protein structure and by extensions the CIU fingerprints allowed for
classification of lipid ID when screened through a CIU lipid binding experiments.®* In Figure 1-5
we compare the binding of two lipid binding events, both from the pure POPC NDs and the mix
ER NDs, since we do not have lipid IDs, they are labeled as 1 ER lipid and 2 ER Lipids. We see
evidence that 1 bound ER lipid appears similar in CIU as that of the 1 POPC bound data, which
likely suggests this first bound state could be POPC, the majority of the mix ER % is POPC at
54%. Next, the second bound ER lipid CIU does not seem to match that from the POPC NDs,
which may indicate that this second bound lipid is one of the other lipids in the mixture. Further
work on higher resolution mass spectrometer will be needed in order to confidently assign these
lipid IDs. Interestingly, the second ER lipid appears to also impart structural shifts consistent
with that discussed in this manuscript, with the evidence of a fourth feature and overall decreased

median drift times throughout the CIU fingerprint.

3.4 Conclusions

CYP enzymes are responsible for the metabolism of a broad range of bio-active
molecules, including both pharmaceutical and cytotoxic compounds. Many unanswered
questions persist regarding the relationship between the dynamic structure of CYP and its myriad
of functions. While atomic-resolution structures of many CYP isoforms are available, all lack the

hydrophobic a-helix region of the protein, which is critically important for the association of
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CYPs with biological membranes. Information regarding the impact of lipid binding and
membrane composition on this CYP region is currently unknown, including the presence of
allosteric networks that link the local membrane environment to ultimate enzyme activity. To
extract structural information from full length CYP isoforms, in the context of chemical mixtures

that include the constituents of biological membranes, in this work we developed IM-MS

Starting structure

After MD with Lipids

Figure 3-6 CYP2B4 structure overlay. The starting structure, teal, was rendered without lipid environment,
orange structure was performed with POPC MD and overlaid in PyMol with an RMSD value of 4.96

methods to study the structure and stability of full length CYPs in NDs.

Most often, when NDs are used as a mimetic they are constructed using homogeneous
lipid compositions, and thus do not reflect the complexity of real cellular membranes. The goal
of this work was to optimize ND compositions so that they better emulate biologically relevant
lipid compositions, including efforts to add molecules that modulate bilayer structure, such as
cholesterol. To fully optimize the NDs, a range of scaffolding materials, which can influence the

shape, size, and dynamics of the ND was also evaluated using IM-MS and CIU measurements.

65



In conclusions, we used NDs of carefully designed compositions to study the role of
different lipid environments and ND scaffolding proteins on CYP structure. We found that CYP
CIU data, and by extension its structure, strongly depends on its local environment, and that
more native membrane environments can result in more compact and more destabilized CYP
forms additionally, we observed that the choice of membrane scaffolding belt does not perturb
the protein structure. We observed that lipid binding from the ER mix imposes a structural shift
on the CYP protein suggesting that these lipids do indeed, play a role on the protein overall
topology. Figure 3-5 illustrates our efforts to gain insights on these structural shifts, MD
workflows were implemented with and without a membrane environment to further test our
hypothesis, with the teal structure being the CYP2B4 full length structure as determined by
homology modeling and the orange structure having different overall shape when calculated out
of a membrane environment consisting of POPC lipids. This work provides a framework for
using IM-MS and CIU as a method to robustly view full length CYP structural changes in
response to differing membrane environments, previous work has only been able to focus on
spectroscopically probing the heme active site. By extension this workflow could be
implemented for other membrane proteins in which gaining crystal structures for and would do
so in a more native-like environment, one in which that directly reflects the complex biological

bilayer
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Chapter 4 Collision Induced Unfolding Identifies Ligand Binding Modes within Membrane-

associated Cytochrome P450 Complexes

4.1 Introduction

Cytochrome P450s (CYPs) represent an important class of monotopic membrane protein
(MP) monooxygenases involved in drug metabolism, including >70% of commercially available
drugs.!? CYPs are most often studied in a truncated form, resulting in a CYP version separated
from critical interactions with its native membrane environment. The first CYP structures solved
were all bacterial origin, *° with the first mammalian CYPs solved only after major
modifications including removal of the transmembrane (TM) domain, many decades after the
initial CYP structures were revealed.’” The level of structural alignment between the CYP
families is high. For example, the CYP2 subfamily share 73% structural identity amongst all
available structures, a value which is higher (85%) when only those structures captured in the
closed state are considered.® Another characteristic of CYP is the heme coordinating cysteine,
which acts as a thiolate ligand that is buried deeply inside the globular domain of the protein.
The proximal side of CYP, which acts as a binding surface for protein redox partners, is also
highly conserved.’!?

The distal CYP surface, where the enzyme active site is located, is more dynamic and
exhibits less sequence homology amongst different CYP isoforms, providing a structural basis
for ligand specificity.® Binding specificity in CYP has also been linked to the proximity of its
active site to the biological membrane. The structural elements of CYP that have been

implicated in binding to the membrane are the F’, G’, and A helices, as well as other features
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close to these helices like the BC loop and the B1 strand.!*!> While the F/G-loop has been
identified as potentially inserting into the membrane, the B/C-loop and several -strands also
make extensive contacts with the membrane.!®"!” Recent work has observed evidence of
increased membrane engagement when CYP3A4 was incorporated in lipid nanodiscs (NDs)
containing larger amounts of anionic phospholipids, which the authors of that work attributed to
changes in the redox potential of both CYP3A4 and cytochrome P450 oxioreductase (POR).%° It
is also believed that the TM domain of CYPs serves as an “anchor” to the membrane, playing a
pivotal role in establishing overall protein orientation within the lipid bilayer.?!~2*

After the discovery that CYP interacts with the membrane beyond just being anchored to
the bilayer, efforts have been made to reconstitute CYP catalytic activity in membrane mimetics,
from using simple binary** or ternary®® lipid mixtures, to employing more sophisticated NDs,?%?’
which consist of a lipid bilayer embraced by a protein, peptide, or polymer scaffold. More
recently, CYP activity has been reconstituted in a biomimetic with a lipid composition that
closely matches that of the endoplasmic reticulum (ER) to study protein-lipid interactions at a
single-molecule level.?8

Through previous molecular dynamics (MD) studies, the membrane has been highlighted
as the main access pathway to CYP for hydrophobic substrates, which amplifies the need to
study full length CYP in a lipid environment. Indeed, it has been shown that the membrane can
impede the access of water, as well substrate, to the active site.?’ Also, lipophilic compounds that
are poorly soluble are predominantly partitioned in the membrane, allowing for CYP to directly
recruit hydrophobic substrates directly from the lipid phase.’*? Differences in the binding

affinities and spin equilibrium in soluble vs. membrane-anchored CYP have already been

reported,'®-3%3334 and their significance is relevant if considering how crucial such affinity
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parameters are for pharmacokinetic models.*® In this regard, recent work has demonstrated the
presence of an allosteric site at the membrane interface of CYP3 A4, emphasizing of the critical
role of the membrane in evaluating drug-drug interactions in pharmacological studies.’* MD
simulations and H/D exchange studies on CYP3A4 have shown that the interaction with the

15,19

membrane occurs through specific lipid interactions, and is able to affect the opening/closing

1,3 confirming experimental evidence obtained two decades before.** MD

of the access tunne
studies have also elucidated how phospholipids can induce an opening of the membrane-facing
tunnels within CYPs.>” The proposed mechanism relies on the ability of the upper part of the TM
helix to interact with a proline rich segment of the catalytic domain that, along with the FG loop,
are immersed in the membrane.?’ This gave rise to several access channels from both the solvent
and membrane facing channels. Similar studies conducted on CYPs have revealed that additional
CYP access tunnels can be opened in the presence of cellular membrane.”>®

Here, we use lipid nanodiscs (ND) to mimic the native membrane CYP environment. Our
ion mobility-mass spectrometry (IM-MS) and collision induced unfolding (CIU) data, reveals
that the lipid compositions of NDs can dramatically influence the stabilities of CYP-drug
complexes. We tested four drug ligands to CYP2B4 and 11 drug ligands to CYP3A4 differing in
their binding types and hydrophobicity, in all scenarios CIU and CIUSuite2 classification

algorithm classified each binding according to the mode of binding as well as based on

hydrophobic interactions.
4.2 Methods

4.2.1 Membrane Protein Preparation

Full length CYP2B4 and CYP3A4 were expressed in E. Coli using the pLWO01-P450 and

pCWori vectors respectively, using protocols adapted from established protocols for CYP2B41
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and CYP3A42. Membrane Scaffold Protein 1D1(-), Membrane Scaffold Protein 1E3D1,
Amberlite XAD-2 beads, Ammonium acetate were purchased from Sigma Aldrich (St. Louis,
MO). Potassium phosphate monobasic and potassium phosphate dibasic were purchased from
Fisher Scientific (Hampton, NH). The 4F peptide scaffolding belt
(DWFKAFYDKVAEKFKEAF N-terminal modification: acetylation, C-terminal modification:
amidation3) was purchased from GenScript (Piscataway, NJ). All lipids (1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine [POPE], -palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
[POPS], 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine [POPC], L-a-phosphatidylinositol
(Soy) [PI], Sphingomyelin (egg, chicken) [eSM] and1,2-dimyristoyl-sn-glycero-3-
phosphocholine [DMPC] ) were purchased from Avanti Polar Lipids (Alabaster, AL).
Cholesterol Hemisuccinate Tris Salt (CHEMS) was purchased from Anatrace (Maumee, OH).
The peptide 4F NDs were pre-formed by rehydrating 11.25 mg of lipids (dry lipid films) in 40
mM potassium phosphate pH 7.4 buffer and mixing with 7.5 mg of 4F peptide suspended in 40
mM potassium phosphate pH 7.4 buffer. Depending on the phase temperature of the lipids, the
mixture was allowed to shake at either 370C (POPC) or 450C (Mix ER) until the cloudy mixture
turned transparent. Empty NDs were purified using SEC on a Superdex S200 increase 10/300
GL column and DLS measurements were obtained using Wyatt DynaPro NanoStar and fractions
with uniform size distribution were chosen for protein incorporation and measured for
concentration using a Thermo Scientific NanoDrop 2000 spectrophotometer, using the extinction
coefficient for 4F € = 6.99 mM-1 cm-1 taking into account 16 peptides per disc. CYP was
incubated with empty ND at ratios of 1:1.1 and 1:3 for CYP2B4 and CYP3A4 respectively and
incubated for 6-10 hours at room temperature with constant gentle shaking. The increase in

empty ND ratio for CYP3A4 helped eliminate protein crash out during incubation. CYP
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incorporated NDs were simultaneously purified and buffer exchanged into 200 mM ammonium
acetate pH 7.4 via SEC on Superdex S200 increase 10/300 or 3.2/300 GL column. CYP-ND
only fractions were pooled and concentrated using 100 kDa Amicon Ultra-0.5 centrifugal filter

units (MilliporeSigma, Burlington, MA).

4.2.2 Drug Binding

All drugs: 7-ethoxycoumarin, butylated hydroxytoluene (BHT), 1-(p,0-
Diphenylbenzyl)imidazole (bifonazole), 4-(4-chlorophenyl) imidazole (4-CPI), a-[4-(1,1-
Dimethylethyl)phenyl]-4-(hydroxydiphenylmethyl)-1-piperidinebutanol (terfenadine), 2-butan-2-
yl-4-[4-[4-[4-[[(2R,4S)-2-(2,4-dichlorophenyl)-2-(1,2,4-triazol-1-ylmethyl)-1,3-dioxolan-4-
yl]methoxy]phenyl]piperazin-1-yl]phenyl]-1,2,4-triazol-3-one (itraconazole),
(1S,3R,78S,88S,8aR)-8-[2-[(2R 4R )-4-hydroxy-6-oxooxan-2-yl]ethyl]-3,7-dimethyl-1,2,3,7,8,8a-
hexahydronaphthalen-1-yl] (25)-2-methylbutanoate (lovastatin), 1,4-Dihydro-2,6-dimethyl-4-(2-
nitrophenyl)-3,5-pyridinedicarboxylic acid dimethyl ester,(nifedipine), 2-[(2,6-
Dichlorophenyl)amino]benzeneacetic acid sodium salt (diclofenac), (£)-cis-1-Acetyl-4-(4-[(2-
[2,4-dichlorophenyl]-2-[ 1H-imidazol-1-ylmethyl]-1,3-dioxolan-4-yl)-methoxy]phenyl)piperazine
(ketoconazole), 11B,17a,21-Trihydroxypregn-4-ene-3,20-dione (hydrocortisone), and, 3-(4-
Methylpiperazinyliminomethyl)rifamycin (Rifampin), and amlodipine were purchased from
MilliporeSigma (Burlington, MA), imatinib and dasatinib were purchased from LC Laboratories
(Woburn, MA) and were prepared at a 100 mM concentration in DMSO then diluted to 10 mM
into ammonium acetate pH 7.4 buffer, these working stocks were used to add 1 mM of drug per
10 uM CYP protein incorporated into ND. These serial dilutions allowed for the solubility of

hydrophobic compounds in DMSO and then subsequently keeping the final DMSO
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concentration less than 1% (0.7%) in solution with protein. All samples were left to incubate for

at least 30 minutes on ice prior to analysis.

4.2.3 Native lon Mobility — Mass Spectrometry and CIU Experiments.

All IM-MS data was collected using a Synapt G2 HDMS IM-Q-ToF mass spectrometer
(Waters, Milford, MA), with a direct infusion nESI source set to positive ion mode. Instrument
settings were tuned to dissociate solubilization agents with minimal perturbation to protein
structure prior to the IM separator, including appropriately tuned settings for the source
temperature (30° C), source gas flow (50 mL/min), and the sampling cone (10 V). Trapping cell
wave velocity and height were 116 m/s and 0.1 V. IMS wave velocity and height were 250 m/s
and 15 V. Transfer cell wave velocity and height were 300 m/s and 10 V, with an accelerating
potential of 10 V used to dissociate empty NDs. All CIU analyses were performed by increasing
the trap collision voltage in a stepwise manner from 20 —90 V in 5 V increments. CIU data from
the 13+ charge states of CYP2B4 and CYP3A4 drug bound peaks were extracted using
TWIMExtract®, then processed and analyzed using CIUSuite2*’. Data processing included three
rounds of 2D Savitzky-Golay smoothing with a window of five bins and interpolation of the
collision voltage axis by a factor of four. CIU fingerprints were cropped: 10-40 ms.
Classification was performed using CIUSuite2. For CYP2B4 ligand classification, first
performing Gaussian fittings then building an appropriate classifier using Gaussian Feature

mode, for the CYP3A4 data, classifiers were built in All Data mode
4.3 Results and Discussion

4.3.1 Classification of CIU fingerprints based on lipid environment effects on CYP2B4
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Previously, we have discussed the influence of the lipid environment and the way it can

impact MP structure, as observed through CIU data. Here, we expand these observations and use
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Figure 4-1 CIUSuite2 Classification workflow for CYP CIUs. A) training CIU data CYP2B4 liberated from POPC
4F NDs (orange) and CYP2B4 liberated from DMPC NDs (teal) B) univariant feature selection plot C) leave one
out cross validation analysis D) training data results plotted in linear discriminant space E) unknown CIUs not used
in training (CYP2B4 liberated from POPC 4F ND on top and DMPC on bottom) F) UFS plot G) linear discriminate
plot with unknowns plotted H) probability scores for each unknown

an automated classification algorithm to detect differences in CYP CIU in an effort to evaluate
CYP ligand binding modes in a manner that includes the role of an ND membrane mimetic in the
assay performed.

Our classification algorithm approach uses a set of training data to build classifiers
capable of confidently assigning unknown data into the classes previously defined during the
above-referenced training period. We began (Figure 4-1) generating a deep training data set
(Figure 4-1a) to build a two-state classifier system that tracks the impact of POPC (orange) and
DMPC (teal) NDs on CYP2B4 CIU data and, by extension, its structure. Voltage steps where
CIU fingerprints exhibit the most distinct differences between classes, are identified by the

machine learning classification algorithm within CIUSuite2, as illustrated in the univariate
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feature selection (UFS) plots shown in Figure 4-1B. A “leave-one-out” cross validation analysis,
where each of the replicates is individually held out of the training data and used as an unknown
to quantify the ability of the classification scheme to assign the target replicate as an unknown
(Figure 4-1C), is then used to evaluate the accuracy of the classification scheme created. For our
CYP2B4 classifier for differentiating ions ejected from POPC and DMPC NDs, we compute a
cross-validation accuracy of 1.0 using 6 collision voltages, the highest achievable score for such
an analysis. Finally, when plotted in linear discriminant space, the separation achieved between

CYP2B4 CIU data acquired from POPC and DMPC samples can be visualized (Figure 4-1D).

Mock unknowns

Training Data f Unknown Data \ Results:
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Figure 4-2 Classification of CYP2B4 liberated from POPC/SM mixed NDs. Training data
used for classification scheme was CYP2B4 liberated from POPC or DMPC 4F ND,
unknown to be classified was CYP2B4 liberated from a ND containing 20% SM and 80%
in correct POPC, the hypothesis that the classification outcome would align with POPC ND CIU, and
results with high probability classifying with the POPC ND CIU.

that were not

used in classifier

training, resulted

exhibiting a high
probability score of 0.95 (Figure 4-1G and Figure 4-1H).

Once verifying the strength of our CYP2B4 classification scheme, we moved to use it to
analyze true unknowns, specifically CIU fingerprint data acquired from CYP2B4 liberated from

a NDs containing 80% POPC and 20% SM. These data can be confidently assigned to the
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CYP2B4 POPC ND class with a probability score of 0.77 +/- 0.02, a result which aligns with the
fact that these unknowns are generated from ions liberated from NDs primarily comprised of

POPC lipids (Figure 4-2).

4.3.2 Classification of CIU fingerprints based on drug binding modes to CYP2B4

Cytochrome P450s bind to Type | Substrate
various ligand classes. Type I CYP
substates displace heme-bound water

and bind to the substrate binding site,

. . . . Substrate
leaving a heme coordination position

free (Figure 4-3). In contrast, type II
inhibitors contain imidazole, acting to
Substrate binding site

also displace water and binding directly

to the sixth heme coordination position,

Imidizole containing
compound

blocking other molecules from entering Type Il Inhibitor

Figure 4-3 P450 active site and binding modes. CYP P450

the active site. Current assays capable can bind to various ligand types and has two binding modes
open free conformation (tan) can bind to substrates (type I

teal) or imidazole containing compounds (type II orange)

of differentiating these CYP binding
modes involve spectroscopically probing spin-shift perturbations in the CYP heme*!, but
typically require large amounts of purified protein and lack the ability to study the full length
CYP associated with a lipid bilayer. The membrane mimetic chosen to study CYP ligand binding
also is known to play a significant role in functional states accessed by the protein during
experiments, as prior reports have indicated that including CYP within a lipid bilayer enables its
metabolism of hydrophobic compounds and avoids known detergent interactions with the CYP

active site.?!
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To build a CIU based assay that overcomes many of the limitations described above for
standard spectroscopic CYP ligand binding assays, we began by analyzing CIU collected for 13+
ions detected for drug bound CYP2B4 liberated from POPC 4F peptide NDs. In order to build a
CYP2B4- ligand classification scheme, we included the known type I molecules 7-
ethoxycoumarin (ethoxy) and butylated hydroxytoluene (BHT) and the known type II inhibitors
are bifonazole (BFZ) and 4-4-chlorophenyl imidazole (4-CPI) individually bound to CYP in our
CIU analysis. For example, a two-way classification scheme was constructed using CYP-ethoxy
and CYP-4CPI complexes and used to evaluate the CYP binding mode accessed by BHT. A UFS
analysis of this classifier indicates a cross-validation accuracy of 0.94 utilizing 1 voltage slice
(Appendix Figure I1I-1). As expected, we can correctly assign BHT as a type I CYP binder,
producing a confidence score of 0.80, a value indicative of a high-confidence assignment. This
approach can be expanded to confidently assign type II CYP inhibitors (Appendix Figure I11-2)
and our approach appears to be insensitive to the various permutations of training data and
unknowns tested in our studies (Appendix Figure I1I-3).

Full length CYP binds hydrophobic ligands through access tunnels positioned such that
the substrate enters through the cellular membrane and the product is then released through a
separate egress. MD simulations have predicted a variety of such tunneling pathways based
primarily upon the ligand hydrophobicity. To evaluate the ability of CIU to differentiate CYP-
ligand complexes based on ligand hydrophobicity, we constructed a classifier where the binding
types discussed above are kept constant, and only the hydrophobicity of the ligands probed vary.
Specifically, our training data consisted of CIU data collected for BFZ and 4CPI CYP complexes
where the former compound is hydrophobic, and the latter is hydrophilic but both act as type II

binders. The UFS plot obtained for this classifier indicates a cross validation score of 0.91
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(Appendix Figure I1I-4). When CIU data collected for CYP complexes with the hydrophobic
type I substrate BHT are evaluated using this classifier, the result is clustered in linear
discriminant space with the data CYP complexes bound to the hydrophobic training compound
BFZ, exhibiting a probability score of 0.86.

To illustrate the robustness of CYP CIU classification workflow, Figure 4-4 contains

results for all possible classifier/unknown combinations. The outcomes shown align with
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Figure 4-4 CYP2B4 classification Summary.A) structures for all molecules used: orange — type II inhibitors, 4-CPI
and BFZ and teal type I substrates BHT and 7-ethoxy B) CIU fingerprints for respective CYP2B4 13+ ligand bound
species — grey boxes illustrating that 45-50V were used in all classification outcomes C) summary of all possible
classifiers built with unknown and prediction indicated as well as outcome and whether the outcome was based on
interaction (hydrophobicity) or type (I or IT) D) probability score summary with hydrophobic molecules indicated
with shaded bars

expectations with high probabilities. In all cases, our CYP CIU classification method appears to
be most sensitive to CYP binding type. When type is not a factor in the comparison made, CIU
classification detects differences in compound hydrophobicity. For all the CYP2B4-ligand bound
CIU results shown, collision voltages 45-50 V are used to construct the classifiers. Classification

of CIU fingerprints based on drug binding modes to CYP3A4
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Recently discussed was CYP2B4, originating from Oryctolagus cuniculus (rabbit), in
order to move towards a more clinical relevant CYP homolog, we turn our attention to CYP3A4,
which is involved in the metabolism of more drugs in clinical use than any other foreign
compound-metabolizing enzyme in humans. CYP3A4 is responsible for the metabolism of ~30%
of all drugs'?, making it a very attractive target to study.

While rabbit CYP2B4 is a widely utilized model system to study the structure and
function of CYP enzymes in general, the human CYP3A4 variant is a centrally important
enzyme associated with drug metabolism. Similar to CYP2B4, CYP3A4 possesses a similar
range of binding modes in the context of inhibitors, substrates and inducers. To evaluate the
ability of our CYP CIU ligand classification assays to extend to CYP3A4, we comprehensively

studied a range of ligand types bound to CYP3A4 including, type I substrates, type Il substrates,

097 089 080 09 072 099 098 097 098 099 0.99

Probability

. Type | Substrate . Type Il Substrate . Type Il Inhibitor

Hydrophobic Hydrophillic

Figure 4-5 Classification summary for CYP3A4 ligand binding out of POPC 4F NDs.Above scores in
red and blue indicates scores based on hydrophobicity (red = hydrophobic and blue = hydrophilic) as
well as the probability scores for all molecules classification within a three part classifier classifying
as either a type I substrate (purple), type II substrate (teal) or type II inhibitor (orange)

type II inhibitors, inducers as well as hydrophobic and hydrophilic compounds. As above,
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CYP3A4 13+ ligand bound species were chosen for CIU analysis (Appendix Figure III-5) for the
following ligands: (type I substrates) hydrocortisone, nifedipine, lovastatin, (type II substrates)
amlodipine, dasatinib, diclofenac, terfenadine, (type II inhibitors) imatinib, ketoconazole,
itraconazole, and (inducer) rifampin. Of these molecules, amlodipine, dasatinib, and imatinib
were more polar and the rest hydrophobic.

Two separate classification schemes were built, one for determining compound
hydrophobicity (Appendix Figure I11-6) and a second for determining CYP binding type
(Appendix Figure I1I-7). In addition, the classification scheme built for the determination of CYP
binding type was a three-part classifier, able to identify type 1 substates, type Il substrates, and
type II inhibitors. The output of this analysis is shown in Figure 4-5 where hydrocortisone,
lovastatin and nifedipine are all correctly classified as type I CYP substrates (purple) with high
probability scores of 0.92 £ 0.01, 0.92 £ 0.03, and 0.92 £ 0.05 respectively. Above each bar is the
score describing the confidence with which these same compounds were classified as
hydrophobic CYP binders (red) resulting in values of 0.97 £ 0.02, 0.89 £ 0.13 and 0.80 = 0.14
respectively. For the type II CYP substrates: amlodipine, dasatinib, terfenadine, and diclofenac
we observe correct classification with high probability scores of 0.79 + 0.11. 0.95 £ 0.03, 0.93 +
0.09, and 0.93 £ 0.11respectively. Correct hydrophobicity scores were obtained for amlodipine
and dasatinib, producing scores of 0.96 + 0.5 and 0.72 £ 0.15 respectively as hydrophilic
interactors (blue) and terfenadine and diclofenac with 0.99 +0.1 and 0.98 + 0.11 were scored
respectively as hydrophobic interactors (red). The type II CYP inhibitors imatinib, itraconazole,
and ketoconazole were classified with high probability scores of 0.88 + 0.06, 0.93 + 0.07, 0.92 +
0.5 respectively (orange). These same compounds classified correctly according to their

expected hydrophobicity, with imatinib scoring 0.97 & 0.02 as a hydrophilic (blue) binder and
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itraconazole and ketoconazole scoring 0.99 + 0.02 and 0.99 + 0.05 respectively as hydrophobic
binders. Finally, the inducer molecule scored with high confidence as a hydrophobic (0.99 + 0.7)

type I substrate (0.83 + 0.16).

4.4 Conclusions

In this report, we successfully constructed CIU based assays capable of differentiating
CYP binders based on their mode of attachment to the protein and their hydrophilicities. The
ability of our CIU assays to sort CYP-ligand complexes according to hydrophilicities relates
directly to the proximity of the CYP active site to the biological membrane and supports the
conclusion that lipids are significantly involved in structure of the CYP active site, as indicated
in prior MD simulation results.”!° Prior to the CIU measurements discussed here, CYP-ligand
binding studies were limited to spectroscopic spin shift perturbations targeting the CYP heme,
and typically involved removal of the TM alpha helix. As such, our work provides an exciting
framework for further advance our knowledge of drug metabolism, protein engineering, CYP
biochemistry, and MP-associated drug discovery in general. This assay can be extended towards
other MPs such as GPCRs extracted from cells using sonicated lipid vesicles or over expressed,
purified proteins incorporated into NDs of various lipid compositions.

More generally, our CIU results for CYP-ligand complexes highlight the ability of gas-
phase ions to retain a memory of their native structures when housed within ND-based
membrane mimetics. The technology described in this report is amenable to high-throughput
data acquisition modes, as the classifier-based data analysis strategy deployed can be automated
after the construction of appropriate classifiers. In addition, since our approach is constructed
around IM-MS technology, such assays can be performed without the need for large amounts of

purified protein and in the context of mixtures. Future work in our laboratory will include
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expanding the assays described in this report to include larger libraries of potential CYP binders

in a high-throughput mode.
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Chapter 5 Co-factor Binding and Protein-Protein Interactions Drive Structural Transitions

in Cytochrome P450 and its Redox Partners

5.1 Introduction

Fifty-seven genes have been identified in humans as coding for various cytochrome P450
(CYP) enzymes. Of these, approximately 13 CYP isoforms are responsible for the metabolism of
more than 80% of clinically used drugs.! Human CYPs that typically mediate the metabolic
clearance of drugs are targeted to the smooth endoplasmic reticulum (ER) by an N-terminal
transmembrane domain with the catalytic domain residing in the cytosol.>* The key CYP
isoforms that are involved in drug metabolism are primarily located in the liver whereas the other
CYP isoforms, which are primarily involved in steroid metabolism, are localized mainly to the
adrenal glands and gonads with smaller amounts expressed in the brain, placenta, and heart.**

CYPs carry out the first metabolic step for an exceptional variety of compounds. The
most common reaction CYP catalyzes is the insertion of a hydroxyl group into a hydrophobic
substrate, breaking a C-C or C-H bond in the process. Two reducing equivalents are required for
this catalytic cycle which originates from electrons donated from protein redox partners. These
redox partners are Cytochrome P450 oxidoreductase (POR) or cytochrome b5 (cytb5), and CYP
reduction is carried out either entirely by POR, where both electrons originate from its bound
NADPH cofactor, or by both cytb5 and POR, where both proteins act to donate electrons to

CYP, the first of which always originating from POR® (Figure 5-1).
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Figure 5-1 Cytochrome P450 catalytic cycle. Blue circles represent the P450
as well as the charge state of the iron centered in the active site, redox
partners POR shown in purple and cytochrome b5 as a green triangle are
responsible for the donation of electrons from NADPH

better understanding of
how CYP interacts with
the redox partners in a native membrane environment, and specifically how such interactions can
influence the CYP enzyme activity, multi-compound metabolism, and inform predictions of
potentially dangerous drug-drug interactions.®'° In addition, CYPs are also key targets
associated with the treatment of several health conditions including breast cancer, prostate cancer
and heart disease, and as such, evaluating structures and protein-protein interactions in the
context of native membrane environments is of great importance.!! !>

POR acts as the obligate redox partner of CYP, and many studies have characterize the
binding of POR to CYP, interacting through the POR flavin mononucleotide binding domain (FBD)

domain.'® Details surrounding potential competition between cytb5 over POR for electron donation

to CYP remains unclear and is a current area of active research. Additionally, the influences of the
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lipid bilayer in combination with protein redox partner proximity and binding on full-length CYP
structure are currently unknown.

In recent years, native ion mobility-mass spectrometry (IM-MS), has emerged as a robust
structural biology tool capable of handling complex mixtures in a high-throughput manner. With the
use of membrane mimetics such as nanodiscs the native conformation of membrane proteins is
retained and allowed to be studied using a gas phase technique such as IM-MS.!72122-27 IM
separates the ions based on their size, shape, and charge. In native IM-MS experiments, we can
observe different conformations of protein ions and perform experiments like collision induced
unfolding (CIU) to get a global picture of protein conformation when exposed to various variables.**
In this work we use full length CYP3A4, POR, and cytb5 constructs in the presence of a lipid bilayer
using nanodiscs and employ IM-MS and CIU to get insights on protein: protein interactions as well
as how POR structure responds to reduction of NADPH. In doing so, our results indicated that when
redox partners are co-incubated in NDs we observe no direct evidence of stable protein:protein
complexes, but do observe significant alterations in each of the three protein structure, suggesting
protein:protein interactions are inducing conformational shifts. Additionally, we observe evidence of
increased lipid binding for POR when reduced by NADPH, which suggests a deeper membrane

engagement as well as stabilization and retention of the FMN and FAD cofactors.
5.2 Methods

5.2.1 Membrane protein sample preparation

Full length CYP3A4 were expressed in E. coli using the pCWori vectors using protocols
adapted from established protocols for CYP3A4?*. Full length wild-type rabbit cytb5 was
expressed and purified as described previously,?*2° briefly, E. coli C41 cells were transformed

with a pLWO1 plasmid containing the cytb5 gene. Full length POR ¢cDNA in pSC-POR plasmids
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were expressed in E. coli C41 cells and purified as described previously.?>?®* Ammonium acetate
and dihydronicotinamide adenine dinucleotide phosphate tetrasodium salt (NADPH) were
purchased from Sigma Aldrich (St. Louis, MO). Potassium phosphate monobasic and potassium
phosphate dibasic were purchased from Fisher Scientific (Hampton, NH). The 4F peptide
scaffolding belt (DWFKAFYDKVAEKFKEAF N-terminal modification: acetylation, C-terminal
modification: amidation?’) was purchased from GenScript (Piscataway, NJ). All lipids (1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine [POPE], -palmitoyl-2-oleoyl-sn-glycero-
3-phospho-L-serine [POPS], 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine [POPC], L-o-
phosphatidylinositol (Soy) [PI], and Sphingomyelin (egg, chicken) [eSM] were purchased from
Avanti Polar Lipids (Alabaster, AL). Cholesterol Hemisuccinate Tris Salt (CHEMS) was
purchased from Anatrace (Maumee, OH). CYP, POR and cytb5 were incorporated into the
peptide 4F NDs which were pre-formed by rehydrating 11.25 mg of lipids (dry lipid films) in 40
mM potassium phosphate pH 7.4 buffer and mixing with 7.5 mg of 4F peptide suspended in 40
mM potassium phosphate pH 7.4 buffer. Depending on the phase temperature of the lipids, the
mixture was allowed to shake at either 37°C or 45°C until the cloudy mixture turned transparent.
Mix ER lipid mixture: 54% POPC, 6% POPS, 8% POPE, 8% PI, 17% eSM, and 7% CHEMS.*
Empty NDs were purified using SEC on a Superdex S200 increase 10/300 GL column and DLS
measurements were obtained using Wyatt DynaPro NanoStar and fractions with uniform size
distribution were chosen for protein incorporation and measured for concentration using a
Thermo Scientific NanoDrop 2000 spectrophotometer, using the extinction coefficient for 4F € =
6.99 mM! cm™! taking into account 16 peptides per disc. POR and cytb5 were incubated with
empty ND at ratios of 1:1.1 and 1:3 for CYP3A4 and incubated for 6-10 hours at room

temperature with constant gentle shaking. The increase in empty ND ratio for CYP3A4 helped
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eliminate protein crash out during incubation. Co-incubation NDs were prepared by first
incorporating and purifying CYP3A4 NDs then incubating 1:1.1 of CYP:redox partner for 6
hours. For the POR NADPH NDs, NADPH was added to the mixture to incubate. CYP and
CYP-POR, CYP-cytb5 incorporated NDs were simultaneously purified and buffer exchanged
into 200 mM ammonium acetate pH 7.4 via SEC on Superdex S200 increase 10/300 or 3.2/300
GL column, any POR NDs were purified with 1 mM NADPH in the running buffer, since the
NADPH is a tetrasodium salt and not compatible with MS, the added NADPH was first prepared
as a 100 mM stock and then buffer exchanged using Micro Bio-Spin P-6 gel resin columns (Bio-
Rad, Hercules, CA) into water pH adjusted to 8.0, all buffers containing NADPH were kept
refrigerated and made fresh every 6 hours. Protein incorporated into ND only fractions were
pooled and concentrated using 100 kDa Amicon Ultra-0.5 centrifugal filter units

(MilliporeSigma, Burlington, MA).

5.2.2 Native lon-Mobility-Mass Spectrometry and CIU Experiments

All IM-MS data was collected using a Synapt G2 HDMS IM-Q-ToF mass spectrometer
(Waters, Milford, MA), with a direct infusion nano electrospray ionization (nESI) source set to
positive ion mode. Instrument settings were tuned to dissociate solubilization agents with minimal
perturbation to protein structure prior to the IM separator, including appropriately tuned settings for
the source temperature (30° C), source gas flow (50 mL/min), and the sampling cone (10 V).
Trapping cell wave velocity and height were 116 m/s and 0.1 V. IMS wave velocity and height were
250 m/s and 15 V. Transfer cell wave velocity and height were 300 m/s and 10 V, with an
accelerating potential of 10 V used to dissociate empty NDs. Collision cross section analysis was
performed by IMSCal-19v4, a program written in C. Theoretical collision cross sections (CCSs) of

monomeric CYP3A4 were calculated using a previously published homology model and IMPACT.
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All CIU analyses were performed by increasing the trap collision voltage in a stepwise manner from
20-90 V in 5 V increments. CIU data from the 14+ and 15+ charge states of CYP2B4 and CYP3A4,
respectively, were extracted using TWIMExtract63, then processed and analyzed using CIUSuite2.
Data processing included three rounds of 2D Savitzky-Golay smoothing with a window of five bins

and interpolation of the collision voltage axis by a factor of four.

5.2.3 High Resolution Mass Spectrometry Experiment QF UHMR

All high-resolution MS data was collected on a Thermo Fisher Q-Exactive Ultra High
Mass Range (UHMR) Oribtrap platform using the nano ESI source. instrumental parameters
include capillary temperature of 250 C, resolution of 6,250, capillary voltage 0.9 kV, C-trap
pressure of 10, C-trap RF voltage of 1,800 , ion transfer m/z optimization set to high m/z, in-
source trapping set to on, desolvation voltage of =150 V, detector m/z optimization set to low
m/z, extended trapping of 50 eV, and, in-source CID of 10 eV and averaging of 200. Data were

collected over a broad m/z range (500-8,000 m/z). Data was deconvoluted using UniDec.?
5.3 Results and Discussion

5.3.1 CIU of full length cytb5 liberated from NDs

The cytb5 sequence contains three domains: a heme containing globular domain, a 15-amino
acid flexible linker crucial to activity, and a C-terminal transmembrane domain.?® The globular
domain consists of 5 a-helices, five B-strands, and one 3-10 helix that is bound to a heme B that is
coordinated through two histidines: His 44 and His68.%>° The 15 amino acid random coil domain is
crucial for complex formation.’' Shortening of the linker to less than seven residues abolishes CYP

binding whereas an increase in the linker length has minimal effects on CYP binding. Studying full-
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length cytb5 is critical due to reports that truncated cytbS5 is incapable of donating electrons to

mammalian membrane-bound CYPs.’>3*

Cytb5 has unique properties which influence CYP metabolism in a manner depending upon the

CYP isoform, its A O 35
. 100 6+ 20 -
concentration, or the @ —
5+ g
v gls
substrate involved 3! Inall o, v £
=
cases, the second electron v £20
0 it °
delivered to CYP from B;5°° 3000 4300 45

: 3 mn 10 30 60 90
either POR or cytb5 is the f Collision Voliage (V)
C 3 D)
rate limiting step of the E _ 90 [ AP0
g M Holo
=
&

CYP reaction.

Collision Voltage (V]
N
o

We have

0
- 1U50- 1U50- -
1500 3000 4500 ClU50-1 ClU50-2 ClU50-3  ClUs0-4

m/z

successfully incorporated Figure 5-2 full length cytochrome b5 liberated from PC:PS 4F Nanodiscs.
A) native MS data with native like charge states ranging from 4+ to 6+ B)

and analyzed full length driftscope snapshot of cytb5 and various bound states, apo, holo, and lipid
binding C) CIU fingerprints for 5+ apo (top) and holo (bottom) D) CIU50
cytbs into a 80:20 analysis comparing apo to holo

POPC:POPE 4F peptide ND and collected both IM-MS and CIU data (Figure 5-2). Our IM-MS data
contains signals for 4+-6+ native-like cytb5 ions, including signals for apo, holo, and lipid bound
states. An analysis of CIU data reveals evidence of cytb5 destabilization when attached to the heme,
as well as global changes to the CIU features observed indicating significant heme-dependent

structure changes within the protein.

5.3.2 POR and NADPH liberated from mixed lipid NDs

POR is an essential redox partner for CYP metabolic activity, as it is capable of donating

both electrons to CYP during its catalytic cycle. Indeed, much CYP activity can be reconstituted just
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through the addition of POR. !¢ 3336 37 Ultimately, electrons from NADPH are transferred from the
flavin adenine dinucleotide (FAD) domain, to the Flavin mononucleotide (FMN) domain on POR
then finally to CYP.?” Overall, POR contains four distinct domains that make up the roughly 80
kDa protein: a FAD binding domain where NADPH reduces the protein, a linker domain, an
FMN binding domain (FBD) that interacts with and reduces CYP, as well as a N-terminal

transmembrane domain.

A 535 B) 535
'g ©
S 30 § 30
3 @
225 £
T §25
g2 z2
;'_..: 15 E 15
S, S0
20 30 40 50 60 70 80 90100 30 40 50 60 70 80 90 100 20 30_40 50 60 70 80 90100 30 40 50 60 70 80 90100
Collision Voltage (V) / Collision Voltage (V)
100 1 100 ] 17+
16+ oess v
f\ CONTROL +NADPH @
OM‘M OMM
4000 5000 6000 4000 5000 6000
C) m/z m/z
65 CONTROL + NADPH 357
< [ APO O] HOLO [@ POPC ﬁ
< [JHOLO [ POPC [l POPS S 30
g I 3
T 225 v \
£ B " E
>
§ 50 o £
2 ] £1s
= a
V] 10
0 ﬂﬁﬂﬂli 20 30 40 50 60 70 80 90100 30 40 50 60 70 80 90 100
CIU50-1 ClU50-2 CIU50-3  CIU50-4 Collision Voltage (V)

Figure 5-3 Effects of NADPH on POR. A) mass spectrum for POR liberated from mix ER 4F ND with charge states
ranging 16+ to 19+ and the CIU fingerprints for the two main peaks observed. Features 1-4 are labeled I-IV
(*denotes control no NADPH B) mass spectrum for POR liberated from mix ER 4F ND with NADPH with charge
states ranging 16+ to 19+ and the CIU fingerprints for the four main peaks observed (holo (green, features 1-4 are
labeled I-1V) including the three new lipid binding peaks (purple, features 1-5 are labeled I-V) C) CIUSO0 stability
shift values for all bound states, control and with NADPH

Here, we explore the full length POR structures when housed within NDs constructed
from 5 different lipids and cholesterol mixture, designed to reflect the ER,*® both with and

without NADPH. Using native IM-MS, we observe a native like charge state distribution (19+-
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15+) for the ~80 kDa POR protein with and without NADPH (Figure 5-3). Interestingly, when
POR-NDs are incubated with NADPH we observe significant mass shifts (Figure 5-3AB)
corresponding to additional NADPH-dependent bound states (Appendix Figure IV-1). In our
control data (without NADPH) we observe two main peaks which correspond to masses of
78,510 Da and 79,750 Da respectively (Appendix Figure IV-2B). High resolution native MS data
was obtained in order to assign the features observed in our IM-MS data with confidence. When
NAPDH is added, we observe a shift in POR bound populations with masses of 79,790 Da,
80,550 Da, 81,315 Da, and 82,095 Da respectively (Appendix Figure IV-2 D, Figure 5-3, Figure
5-4) We detect a mass difference between the two main signals found in our control data of
1240 Da, which we assign to the loss of both the FAD and FMN cofactors which have masses of
785.5 Da (FAD) and 456.3 Da (FMN) which sums to a total mass of 1,241.8 Da.

Critically, we observed the appearance of three additional POR bound states when the
protein is also attached to NADPH (purple Figure 5-3B), and CIU fingerprint data suggests that
these POR bound states occupy conformationally-distinct states, as indicated by the additional
CIU features (III & 1V) detected between 20 and 25 ms in the bound state fingerprints. Using
high resolution nMS, we measured the mass shifts associated with these bound features to 760
Da, 760 Da, and 780 Da for the first, second and third additional POR bound state respectively.
Based on our high-resolution nMS data, we assign the first two additional POR bound
compounds to POPC lipids and the third to a POPS lipid (nominal masses of POPC and POPS
are 760 Da 783 Da respectively, Appendix Figure IV-2). We note that the ER mimic ND
composition used in these studies includes 54% POPC and 6% POPS, strongly indicating that the
protein preferentially recruits POPS during its apparently deeper mode of membrane engagement

promoted by NADPH.? In addition to the POPS/POPC bound states observed above, we also
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detect CIU evidence of POR structural shifts in the presence of NADPH (light green, dark green
Figure 5-3A,B) (For example, when comparing the CIU50 values extracted form POR ions
liberated from NDs under these conditions (Figure 5-3C) it is clear NADPH binding results in a
destabilized POR state. Previous work has indicated that POR adopts a peripheral membrane
protein architecture when oxidized, and when reduced with NADPH the POR penetrates the
bilayer and is converted to a fully transmembrane protein®’. Taken together, in the shifts in CIU
fingerprints in the POR holo state, the observed retention of FAD and FMN within the POR
architecture, as well as the POPC/POPS lipid binding observed, all point towards evidence of

POR more deeply interacting within the cellular membrane when bound to NADPH.

5.3.3 Redox partner interactions when housed in the same nanodisc

Next, we inserted CYP redox partners housed CYP-containing NDs in order to capture
the structural consequences of the protein interactions produced under such conditions. Important
residues on CYP for POR binding have been identified through site-directed mutagenesis,
stopped-flow spectrometry, and other methods.*’ Both electrostatic and hydrophobic interactions
have been identified as contributing to complex formation in between CYP and the FBD domain
within POR. Cationic localized charge on the proximal surface of CYP, and anionic residues
surrounding the FMN of FBD domains of POR, initially drive the protein-protein interaction.>!*
Several cationic and neutral residues on CYP have been identified as being critical for binding to
POR which are on the C or C’ helix: R122, R126, R133, F135, M137, K139, K433, R422,
R443.%6 CYP has been shown to have a greater binding affinity for POR over cytb5.26-3!

Similarly, the interactions between CYP and cytb5 have been extensively investigated in past
reports.**1* Through site directed mutagenesis, important residues within the CYP binding surface

were located in the C-helix on the proximal side of the protein (R122, R126, R133, F135, M137,
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K 139) with K433 on the B-bulge above the axial cysteine.?** Within cytb5, D65 and V66 have been
identified as key residues for CYP binding.”> Based on NMR data and prior site directed
mutagenesis work, a model for the complex formed between full length cytb5 and CYP 2B4 has been
predicted.?

Our data does not include direct evidence of CYP-redox partner complex formation. This
result is not surprising given the reality weak binding constants associated with CYP
complexes.*® Despite this, we observe evidence of shifts in CYP structure when housed within
NDs with redox partner proteins. Since POR and cytb5 have overlapping but unique binding

sites on the surface of CYP, the two proteins sterically compete for CYP access. As such, we
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focused our experiments on inserting CYP in NDs with each of the redox binding protein

separately, specifically creating NDs containing CYP3A4 with POR and CYP3A4 with cytb5.
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Figure 5-4 NAPDH increases lipid binding to POR. A) MS of POR liberated from mix ER 4F ND without any
NADPH added, two peaks observed B) MS of POR liberated from mix ER 4F ND containing CYP3A4 without any
NADPH added, two peaks observed C) POR liberated from mix ER 4F ND with NADPH added, four main peaks
observed, three of them not observed in control D) MS of POR liberated from mix ER 4F ND containing CYP3A4
with NADPH added, four main peaks observed, three of them not observed in control

When CYP3A4 and POR are housed in the same mix ER peptide ND, we observe the
same trends discussed previously regarding the deeper insertion of POR into the lipid bilayer, as
evident through the detected stabilization of POR through attachment of FAD and FMN
cofactors, as well as POPC/POPS binding (Figure 5-4). As discussed above, these shifts in POR

structure and lipid engagement are detected in the presence of NADPH, and the data shown in
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Figure 5-4 indicates that the presence of CYP within the ND does not significantly influence

these changes in POR.
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Figure 5-5 CIU fingerprints for all species housed in co-incubated redox partner ND. A) CYP3A4 solo vs CYP3A4
liberated co-incubated with cytb5 B) cytb5 solo vs cytb5 co-incubated with CYP3A4 C) POR solo vs POR co-
incubated with CYP3A4 no NADPH added D) POR solo vs POR co-incubated with CYP3A4 with NADPH added
E) CYP3A4 solo vs co-incubated with POR with and without NADPH F) RMSD comparison for CYP3A4 and POR
conditions, all other RMSD indicated on CIUs

In Figure 5-5, CIU fingerprints collected across all CYP, cytb5, and POR species are
comprehensively compared. These results illustrate how housing POR or cytb5 housed within
NDs with CYP3A4 can affect the structure of both the proteins contained in the ND. RMSD
values were computed for each cross comparison shown, and baseline RMSD values were
computed for replicate CIU data, in order evaluate only the significant global differences
detected in the CYP, cytb5, and POR fingerprint data.

Our analysis reveals that CYP3A4 undergoes the most significant changes in structure of

the three proteins probed here when housed in NDs containing either cytbS or POR. This
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observation holds for NADPHPOR complexes that promote its membrane-engaged form (Figure
5-5F). In addition, cytb5 exhibits significant changes in structure as revealed through CIU data
analysis. In contrast, POR seems somewhat structurally invariant in the presence of CYP, and
primarily responds to the addition of NADPH, as discussed above. Taken together, our CIU data
suggest that CYP, and to a lesser extent cytb5, is exquisitely sensitive to the local ND
environment, including the presence of local redox proteins present locally within the cellular

membrane.

5.4 Conclusions

For the first time, IM-MS and CIU has revealed that the structures of full length
CYP3A4, cytb5, and POR change substantially upon co-factor binding and when housed
together within the same lipid bilayer mimetic. We able to detect the structural impact of heme
loss in cytb5. CIU data indicates that NADPH can dramatically change the structure of POR,
inducing increased lipid binding a deeper level of engagement in the lipid bilayer. Prior reports

49-51 and

have noted that P450 system components are not present in equimolar concentrations,
while the reason for this remains unknown, our data may pose one explanation by invoking the
possibility of POR dynamically switching between a peripheral and transmembrane mode in
order service several CYPs through membrane hopping.

In addition to our POR results, our CIU data collected for NDs containing CYP and redox
binding partner proteins provides evidence of the extreme environmental sensitivity of CYP
structure. The smaller co-factor protein, cytb5, also responds to the presence of CYP within
NDs. In contrast, POR does not respond structurally to the presence of CYP but does respond

significantly to the presence of NADPH. Future work in this area will focus on probing the role

of redox protein proximity in CYP small drug compound binding. IM-MS and CIU will take a
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leading role in these experiments, as they are uniquely positioned to separate and individually
probe the structures, stabilities, and bound states accessed within such complex ND-protein

systems.
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Chapter 6 Conclusions and Future Directions

6.1 Conclusions

As the gate keepers of the cell, membrane proteins (MPs) represent prime targets for drug
discovery due to their vital roles in a multitude of cellular functions.' Anfinsen’s
thermodynamic hypothesis* states ‘that the native conformation [of a protein] is determined by
the totality of inter-atomic interactions and hence by the amino acid sequence, in a given
environment.” Too often, the last four words are overlooked. The influence of the environment
on the structures of membrane proteins is especially noteworthy. MPs interact intimately with the
cellular membranes in which they are embedded.’ Interactions between such proteins and ligands
such as membranous lipids and other small molecules can affect MP structure and function.
Despite their functional importance, the structural biology of membrane proteins has been
particularly challenging, as evidenced by the small number of membrane protein structures that
have been determined.””® Ion mobility-mass spectrometry (IM-MS) has recently emerged as a
valuable tool for interrogating the interactions between protein and individual ligands, offering
direct measurements of protein complex stoichiometry, ligand binding strengths, and
stabilities.!*18

In this thesis we extended IM-MS technologies to study the relationships between MPs
and their lipid environment, probing directly some long-standing questions surrounding the
functional role of local lipid environments on MP structure and function. We introduced the

instrumentation and methods, as well as provided a background on MP types, membrane

mimetics with an emphasis on nanodiscs (NDs) in the first chapter. In chapter 2 we developed a
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workflow for studying different MP classes using various solubilization techniques and
discussed the implications such membrane mimetics carry in the context of the embedded protein
structures they stabilized. We utilized four different MPs that vary in both the way that they span
the membrane and in terms of their native oligomeric states. Specifically, we utilized a small
multidrug resistance transporter (GDX), a transmembrane protein that has a unique antiparallel
orientation, WT and the L16P disease-associated mutant form of peripheral myelin protein
(PMP22), a transmembrane protein which occupies both a monomeric and dimeric state, and
Cytochrome P450 (CYP), a monotopic membrane-bound enzyme. Each MP system was studied
within at least two different mimetics, including: detergent based micelles, lipid bicelles, or NDs.
In general, we discovered substantial evidence of differences in MP structure, oligomeric state,
and ligand binding that appeared to depend strongly on the membrane mimetic used.

In chapters 3, 4 and 5 we focused on CYP and the deployment of IM-MS and collision
induced unfolding (CIU) to study how this centrally important enzyme interacts with binding
partners, ligand and its membrane environment in order to carry out essential functions. In
chapter 3, we used NDs of carefully designed compositions to study the role of different lipid
environments and ND scaffolding proteins on CYP structure. We discovered that CYP CIU data,
and by extension its structure, strongly depends on its local environment, and that more native
membrane environments can result in more compact and more destabilized CYP forms. In
chapter 4 we focused on CYP ligand binding and developed CIU classifiers capable of
differentiating CYP binders based on their binding types to the protein and their hydrophilicities.
The ability of our CIU assays to differentiate CYP-ligand complexes to differentiate hydrophobic
from hydrophilic binders relates directly to the proximity of the CYP active site to the biological

membrane and supports the conclusion that lipids are significantly involved in structure of the
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CYP active site. Finally, in chapter 5 we studied the interactions between full length CYP,
cytochrome b5 (cytb5), and P450 oxioreductase (POR) within NDs. When we co-incubated these
proteins with NDs we observed no direct evidence of stable complexes, but significant
alterations in protein CIU data, suggesting alterations in CYP, cytb5 and POR structure when
present within the same local membrane environment to the other redox partner. We also
observed evidence of additional lipid binding events within POR when reduced by NADPH,
suggesting deeper membrane engagement when the protein bound to its essential cofactor. We

now conclude in Chapter 6 by discussing the future of membrane protein structural biology.

6.2 Future Directions

6.2.1 Application of native IM-MS to other membrane protein systems and amyloids

There is no denying that MPs structure is dependent on the environment in which
surrounds it. These high risk, high reward protein class presents many challenges in determining
protein structure especially in response to a ligand, whether that be an endogenous lipid
modulator or an exogenous compound use for a therapeutic purpose. The simple reality is that
our knowledge basis of MPs is far lacking than that of soluble proteins, despite the majority of
drugs on the market targeting MPs. In order to safely improve and create new therapeutics we
must put forth efforts into understanding these complicated proteins in a membrane environment
as well as how they respond to their various ligand targets. These efforts are the future of
groundbreaking medical therapies.

More than 10 million people worldwide are living with Parkinson’s disease (PD).
Synaptic protein Alpha-synuclein (a-syn), the main component of Lewy Bodies (LB), has been

identified as a hallmark of PD.!%?° In solution, a-syn exists in an intrinsically disordered state,
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and adopts a more ordered conformation upon membrane association. Misfolded oligomers that

interact with the lipid membranes are
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data of a-syn incorporated with POPC 4F nanodiscs.
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calculated through intensity values. C) CIU50 values
of monomers and dimers of a-syn either free in
number of peaks that relate to ND solution or in a membrane environment.

states of native-like a-syn, as well as a

composition (e.g. signals associated with 4F peptides and lipids). The signals associated with a-
syn reveal evidence of oligomeric states, including dimers and trimers. The relative amounts of
these states are quantitatively enhanced relative to control data collected for a-syn in aqueous
solution, indicating that membrane association facilitates the formation of such oligomeric states.
Furthermore, the observations of a-syn signals that correspond to lipid bound states, strongly

suggests successful incorporation of a-syn into NDs. Previous work by Yilin has investigated the
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effect of peptidomimetic compounds on a-syn in aqueous solution, and reported they were able
to promote a-syn aggregation through non-covalent binding. IM-MS analysis revealed a-syn-
peptidomimetic complexes to be conformationally extended, indicating a unique mode of action
for this class of compounds with respect to amyloidogenic targets. Interestingly, when a-syn was
incorporated with NDs, we observed lessen small molecule binding and compaction. This mode
of action is significantly different from our previous observations of free a-syn bound to this
compound class, as it suggests a different conformational response for ND-associated a-syn in
the context of NDs. Additional efforts are underway to further characterize peptidomimetic
binding affinities, a-syn oligomer state distribution, and conformational preferences associated
with ligand-attached states. System such as amyloids and other intrinsically disordered proteins,
which are challenging to study with conventional methods show great promise for IM-MS
workflows.

In order to make this amendable to high resolution techniques such as NMR,
crystallography and cryo-EM we need ways to do this in a higher throughput manner. These
high-resolution techniques are very expensive in terms of equipment and methodology. It can
take multiple years just to get a structure for some proteins, and bottleneck is optimizing sample
conditions. With native MS, the opportunities to screen sample conditions ensuring that the
protein is compacted can provide a large advantage as the sample conditions that disrupt the
protein structure can be eliminated, thus saving time and resources on these high-resolution
instrumentations. Native MS can illuminate insights on a protein and its native conformation by

22,23

looking at charge state distribution,???* oligomeric state,?* as well as binding events.?’

Incorporating IM-MS into these workflows will provide CCS information which will provide a

more direct insight on protein compactness and thus its overall native-like conformations.?%8
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Work with the Baily lab and their microfluidic device® will further increase high
throughput endeavors as this device has the capabilities of adding additional lipid mixing
channels allowing for fine tuning of complex lipid compositions. This device also dramatically
reduces the time and materials needed to create ND incorporated into ND. One could also
envision this device with modifications in order to screen other mimetics such as micelles or
bicelles. Coupling this device with buffer exchange and direct infusion onto a mass spectrometer
could be the future for screen MP in complicated membrane mimetics.

New improvements for high resolution protein determination is ongoing, of interest is the
soft landing concept that couples electron microscopy (EM) with MS.3%? Currently the use of
the mass spectrometer is being used to first ionize a protein then deposit them onto a grid and
then imaged with either negative stain or other high power electron microscopes. The utility of
this technology is further being developed into creating a single instrument that is able to ionize,
land, and image. This technology is very exciting for the structural biology community as the
utility of the mass spectrometry adds a very powerful tool to cryoEM. Future outlook for the
technology includes quadrupole selection of discrete ion populations and imaging, for example:
one could select a specific charge state and compare it to a different charge state giving us
information on how charge deposited on the protein structure affect protein topology, as well as
being able to select only ligand bound populations. Being able to select out specific populations
of ions deposited would increase class averaging and allow for higher resolved structures.

Current efforts are being implemented into discovering appropriate landing materials for
proteins as well as making this amendable to being under vacuum. Additionally, work is being
conducted to create a vitreous ice like setup to allow for successful cryo-EM imaging as apart of

the soft landing workflow. This technology will no doubt be of high value for soluble proteins,
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but one can image this workflow being extended to MPs in the future. As a MP can be
encapsulated into a mimetic then ionized and liberated from the mimetic in the gas phase then
deposited. Many challenges present itself here, briefly, the landing conditions would need to
optimize for MPs that may not survive the soluble protein protocol and an instrument that has a
quadrupole or mass selection tool after protein liberation would also provide mass selection and
eliminate background noise associated from the membrane mimetic.

Finally, the implantation of IM-MS to a soft-landing workflow would further enhance the
utility of this technique. IM-MS has the capabilities of measuring size, shape and charge, so this
can further increase the ability of depositing of a uniform species onto grids as well as comparing
gas phase CCS values directly those imaged on the grid.>*** Both of these experimental values
can be compared to PBD CCS values and the possibilities for increasing MD workflows can also

greatly be enhanced by these technologies.
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6.3 Applications of native IM-MS for drug screening

In chapter 4 we illustrated a robust way of classifying ligands bound to CYP which is a

Protein/ND Prep Build classifier with known binders

monotopic enzyme capable of

interacting with over 80% of the

pharmaceutical drug targets on

the market.>>*° Recent work

from the Ruotolo lab has also

implemented this workflow into

looking kinase binders and

classifying ligand binding based

[l

on how they interact with the

active site.*!"*? This workflow

based on Hydrophobicity New Therapies!

presents for a very exciting Figure 6-2. Classification drug discovery workflow. Possible expansion
and future outlooks for utilizing CIU and CIUSuite2 Classification
opportunity for expansion in the algorithm to discover new therapeutics, membrane targeted or otherwise

drug discovery realm. If a protein target has multiple binding modes, this workflow could allow
for screening of new ligands binding in the same modes that mimetic the binding types sought
after. One could also envision new types of binders being discovered in the manner as well.
Using the classification algorithm on CIUSuite2 coupled with native IM-MS and CIU
also has the possibilities of being another upstream process for the high-resolution techniques
discussed earlier. The possibilities to get atomic resolution snap shots of how these molecules
alter the protein conformation can first be screened using CIU-classification then later imaged.

The ability to not only verify drug binging and buffer conditions, but also the enhanced ability to
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discover new drug targets prior to time consuming and expensive atomic resolution imaging

could allow for CIU and IM-MS as routine analysis in both research and industrial settings.

6.3.1 Applications of native IM-MS for studying full length CYP redox trio

Overall, the work in this dissertation has emphasized the that a membrane environment
has on the membrane protein structure and in chapter 5 we extended this to looking at protein-
protein interactions. In addition to add redox partners to CYP, this work further illustrated the
utility of using NDs to study MP complexes as these biological membrane bilayers are very
intricate and exist in a dynamic environment of not only lipids, but also other proteins.

Many questions remain regarding how cytb5 and POR compete for the second electron
donation to CYP. In addition, there are many outstanding questions surrounding how cytb5
interacts with CYP, as it can increase, decrease, inhibit or do at all to the metabolism of a
compound. Our work illustrated that POR undergoes a structural shift when reduced with
NADPH, future work could include looking at the reduction of cytb5 with NADP. Depending on
the concentration of cytb5 vs POR in the presences of CYP can stimulate or decrease activity of
catalytic turnover at low ligand concentrations.** Future work would include keeping CYP
concentration static and altering the POR and cytb5 concentrations in the presence with and
without ligand and being able to look at conformation dynamics occurring in these scenarios.

Other CYP homologs have been implicated in various disease states, of these CYPs,
CYPI17A1 is implicated in prostate cancer, and current therapies inhibit full function of the
enzyme rather than selectively inhibiting the specific activity responsible for cell proliferation.
CYP17A1 support two distinct steroidogenic reactions, hydroxylation of pregnenolone or
progesterone at the carbon 17 position and a 17,20-lyase reaction in which 17-

hydroxypregnenolone is converted into dehydroepiandrosterone.** Since CYP17A1 is
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responsible for all androgen production, it is a main target for the treatment of castration-
resistant prostate cancer. Compounds are being tested to inhibit the 17,20-lyase reaction which
ultimately reduces the circulated testosterone and prolongs survival in relapsed patients in
conjunction with androgen deprivation therapy. Blocking all CYP17A1 activity causes
hypertension and potassium loss due to upstream processes, so current efforts are being set forth
for selective 17,20-lyase activity inhibition to improve the safety profile for new therapeutics.
Cytb5 is known to selectively stimulate the 17,20-lyase activity.* Recent work has shown that
cytb5 interaction with CYP17A1 alters the dynamics of residues distant from those residues near
the active site.** Obtaining more information on how cytb5 is interacting with CYP17A1 could

lead to groundbreaking medical discoveries to improve prostate cancer patient survival rates.
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Appendix Figure I-1 GDX MS and drift scope out of DDM and POPC-DDMB bicelles
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Appendix Figure I-2 Mass spectra and IM-MS datasets of L16P PMP22 liberated from micelles and
SCOR bicelles.A, B. When released from C12E8 micelles or SCOR bicelles, monomeric (green),
dimeric (blue), and overlapping monomeric and dimeric (gray) charge states of L16P PMP22 can be
detected. The 13+ dimeric charge state was chosen for CIU analysis.
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Appendix Figure I-4 Mass spectra and IM-MS datasets of CYP3A4 liberated from micelles, bicelles, and
nanodiscs.A). CYP 3A4 can be observed with the charge state distribution of 13-17+ when liberated from OG
micelles. These peaks are broad enough that apo and holo protein forms cannot be resolved, however the
centroid of the peak aligns well with weight for the holo CYP 3A4. The peak broadness could be caused by
detergent adduction. S/N ~10 B) CYP3A4 liberated from SCOR bicelles, charge states 14-18+ observed as well
as lipid binding resulting a lower resolution between peaks, S/N~5 C). When liberated from nanodiscs, the apo,
holo, and lipid bound peaks of CYP 3A4 can be resolved for the charge states 13-17+ S/N~5,000
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Appendix Figure I-3 Mass spectra and IM-MS datasets of WTtag PMP22 liberated from micelles, SCOR
bicelles, and POPC nanodiscs. A. When released from C12E8 micelles monomeric WTtag PMP22 can be
observed from 7-15+, along with detergent related noise and a smaller contaminant protein. This contaminant
could be related to degraded forms of the 11 kDa soluble tag, but we do not observe it to interact with the protein
and the signals do not interfere with the 9+ charge state CIU. ted. The 9+ monomeric charge state was chosen for
CIU analysis. B. When released from SCOR bicelles monomeric WTtag PMP22 can be observed from 7-15+,
along with detergent and lipid related noise signals. C. When released from POPC nanodiscs, monomeric WTtag
PMP22 can be observed from 7-12+, however any higher charge state overlaps significantly with MSP1D1
signals and cannot be distinguished. Some charge states can be separated in IM space from MSP1D1 although
they possess significant mass to charge overlap. The 9+ charge state is the most distant in mass to charge space
from MSP1D1 signals and was chosen for CIU analysis
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Appendix Figure III-1 Classification scheme for 7-ethoxycoumarin vs 4CPI, unknown
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Appendix Figure III-2 Classification Scheme for BHT vs 4-CPI, unknown BFZ
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Appendix Figure I11-3 Classification scheme for Type II inhibitors vs BHT (TI),
unknown 7-ethoxycoumarin
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Appendix Figure I'V-1 POR liberated from mix ER 4F ND with and without NADPH Mass spectrum with native
like charge state distribution of 15-19+ on top and drift scope on bottom A) without NADPH, two main peaks
present and B) with NADPH increased binding effects are observed
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Appendix Figure IV-2 High resolution mass spectrometry data of POR.A) POR liberated from mix ER 4F ND
without NADPH B) deconvoluted mass spectrum indicated masses of the two main observed species C) POR
liberated from mix ER 4F ND with NADPH D) deconvoluted mass spectrum indicated masses of bound peaks and
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