NEW STRATEGIES IN THE EXPRESSION, PURIFICATION, AND
RECONSTITUTION OF THE CYSTIC FIBROSIS TRANSMEMBRANE
CONDUCTANCE REGULATOR FOR BIOCHEMICAL AND BIOPHYSIC AL

CHARACTERIZATION IN DIFFERENT LIPID ENVIRONMENTS

A Dissertation
Presented to
The Academic Faculty

By

Kerry M. Strickland

In Partial Fulfillment
Of the Requirements for the Degree
Doctor of Philosophy in the
School of Chemistry and Biochemistry

Georgia Institute of Technology

May 2020

COPYRIGHT © KERRY STRICKLAND 2020



NEW STRATEGIES IN THE EXPRESSION, PURIFICATION, AND
RECONSTITUTION OF THE CYSTIC FIBROSIS TRANSMEMBRANE
CONDUCTANCE REGULATOR FOR BIOCHEMICAL AND BIOPHYSIC AL

CHARACTERIZATION IN DIFFERENT LIPID ENVIRONMENTS

Approved by:

Dr. Ingeborg Schmidt-Krey, Advisor
School of Chemistry and Biochemistry
School of Biological Sciences
Georgia Institute of Technology

Dr. Bridgette Barry
School of Chemistry and Biochemistry
Georgia Institute of Technology

Dr. Raquel Lieberman
School of Chemistry and Biochemistry
Georgia Institute of Technolo

Dr. Nael A. McCarty
Marcus Professor of Cystic Fibrosis
Emory University School of Medicine

Dr. Loren Williams

School of Chemistry and Biochemistry
Georgia Institute of Technology

Date Approved: [December 11, 2019]



To my friends and family.
Thank you for all of your support and love in tfosrney.



ACKNOWLEDGMENTS

Thank you to my advisor, Dr. Inga Schmidt-Krey, anyg collaboration advisors, Dr.
Nael McCarty and Dr. JC Gumbart, for the constaassurance, cheer, criticisms, and
love in my growth as a scientist. The work presgmteuld not be possible without your
guidance and support.

Thank you to the many former and current lab mesim@rinvaluable discussions,
comradery, favors, and support. | would like tonthd1s. Maureen Metcalfe, Dr. Yusuf
Uddin, and Mr. Kasahun Neselu of the Schmidt-Krelp f@ guidance in transmission
electron microscopy and image processing. | walgkeltb thank Dr. Guiying Cui, Dr.
Brandon Stauffer, Mr. Barry Imhoff, and Mrs. Kirst€ottrill of the McCarty Lab for
training me in a plethora of biochemical and biogibgl techniques. Thank you all for

accepting into the lab and treating me as your dwmuld like to thank Mr. Gorman
Stock and Dr. Curtis Balusek of the Gumbart Labafsgistance in computational
simulations and modeling. | would like to thank@lthe following undergraduate,
master’s, and rotation students from all labs wieoennstrumental in fueling my love of
science: Mr. Justin Dehorty, Ms. Carolann Epsy, 3&ss Hoffman, Ms. Isabela Povkov,
and Mr. Cam Hedden.

Thank you to my husband, Andy Strickland, for yanderstanding, encouragement,
praise, and love through this journey and many miéer better, for worse, in sickness
and in health, and through a Ph.D.”

Thank you to my friends and family that have preddmple support, laughter, and love
throughout this challenging journey. | want to tkamy dad for reminding me that no
matter where you go, there you are. | want to thagkmom for encouraging me with
everything happens for a reason. | want to thanisioyngs, Katy, K.C., and Keleigh,
for reminding me to laugh. And | want to thank mighds, many already listed, and too
many to count.

And finally, thank you to the bands whose musipired me always to move forward,

live to the fullest, and stay strong.



TABLE OF CONTENTS

Page
ACKNOWLEDGMENTS \Y
TABLE OF CONTENTS %
LIST OF TABLES Xiv
LIST OF FIGURES XV
LIST OF SYMBOLS AND ABBREVIATIONS XXX
SUMMARY xliii
CHAPTER 1. INTRODUCTION
1.1. INTRODUCTION. 1
1.1.1. Publications resulting from this chapter. 1
1.2. MEMBRANE PROTEINS. 1
1.2.1. Adenosine triphosphate (ATP) binding cassette (ABC)
transporters. 1
1.3. CYSTIC FIBROSIS TRANSMEMBRANE CONDUCTANCE
REGULATOR (CFTR). 6
1.3.1. CFTR architecture. 6
1.3.2. CFTR biogenesis and trafficking. 7
1.3.2.1. CFTR CO-TRANSLATIONAL FOLDING. 10
1.3.2.2. CFTR FOLDING AND MATURATION. 11

1.3.2.3. CFTR TRAFFICKING TO THE PLASMA

MEMBRANE (PM).



1.3.3. Biochemical and biophysical studies of CFTR.

1.3.3.1. R-DOMAIN PHOSPHORYLATION
1.3.3.2. ATPase ACTIVITY.
1.3.3.3. CHLORIDE ION PORE.

1.3.4. Disease-relevance of CFTR.

1.4. CFTR STRUCTURES.
1.4.1. Initial full-length CFTR structures.
1.4.2. CFTR homology models.
1.4.3. Recent CFTR structures.
1.4.4. The need for more CFTR structures.

1.5. MEMBRANE PROTEINS AND LIPIDS.

1.5.1. Advancements in studying membrane proteins in lipid
bilayers.
15.2. “Standard” nanodiscs.
1.5.3. Native nanodiscs.
1.5.3.1. STYRENE-MALEIC ACID LIPID PARTICLES
(SMALPS).
1.5.3.2. OTHER COPOLYMER VARIANTS.
1.5.4. Downstream studies of membrane proteins in nanodisc

1.6. CONCLUSIONS

Vi

14

15

15

17

20

23

25

25

26

28

31

31

31

32

37

38

41



CHAPTER 2. ATP SIGNALING IN A REVISED HOMOLOGY MODE L OF

CYSTIC FIBROSIS TRANSMEMBRANE CONDUCTANCE REGULATOR

(CFTR)

2.1. INTRODUCTION.

2.1.1.

2.1.2.

2.1.3.

Individual contributions to the work.
Publications resulting from this chapter.

Introduction.

2.2. METHODS.

2.2.1.

2.2.2.

2.2.3.

2.2.4.

2.2.5.

2.2.6.

2.2.7.

Flexible fitting.

MD simulations and analysis.
Pore analysis.

Preparation of oocytes and cRNA.
Electrophysiology.

Source of reagents.

Statistical analysis.

2.3. RESULTS.

2.3.1.

2.3.2.

2.3.3.

MDFF fitting of the homology model to the cryo-EM map of
crystallized CFTR.

ATP-stabilized dimerization of NBDs is improved infitted
models as compared to the original homology model.
Analysis of simulations shows the development ofgartial

pore in the crystallographic-fit model.

Vil

43

43

43

43

46

47

48

49

50

50

51

51

51

52

56

58



2.3.4. Extended simulations of the crystallographic-fit malel
display a complete pore in the ATP-bound state.

2.3.5. Comparison of the crystallographic-fit model with arecent
3.2 A resolution outward-facing human CFTR structure.

2.3.6. Identification and experimental validation of a sat bridge
between ICL3 and NBD1.

2.4. DISCUSSION.

CHAPTER 3. THREE DIFFERENT CFTR EXPRESSION SYSTEMS
3.1. INTRODUCTION.
3.1.1. Individual contributions.
3.1.1.1. SF9 EXPRESSION SYSTEM.
3.1.1.2. BHK EXPRESSION SYSTEM.
3.1.1.3. CHO EXPRESSION SYSTEM.
3.1.2. Publications resulting from this chapter.

3.2. METHODS.

3.2.1. Sf9 expression system.
3.2.1.1. MOLECULAR CLONING FOR hCFTR EXPRESSION
IN SF9 CELLS.
3.2.1.2. MAINTENANCE OF SF9 CELLS.
3.2.1.3. BACLULOVIRUS PRODUCTION.

3.2.1.4. INFECTION OF SF9 SUSPENSION CULTURE.

viii

65

68

12

80

83

83

83

84

84

84

85

85

85

86

86

89



3.2.1.5. PROTEIN EXPRESSION SCREENING VIA WESTERN

BLOT ANALYSIS. 89
3.2.1.6. HIS-TAG ACCESSIBILITY DETERMINATION. 90
3.2.2. BHK-CFTR-10xHis Expression System. 90
3.2.2.1. MAINTENANCE OF BHK-CFTR-10xHIS CELLS. 90
3.2.2.2. HIS-TAG ACCESSIBILITY DETERMINATION. 91
3.2.2.3. TRANSITION OF ADHERENT BHK-CFTR-10xHIS
CELLS TO SUSPENSION CULTURE. 91
3.2.2.4. CFTR PURIFICATION FROM BHK-CFTR-10xHIS
CELLS. 92
3.2.2.5. ANALYSIS OF CFTR PURIFICATION. 94
3.2.3. T-Rex™ CHO expression system. 95
3.2.3.1. MOLECULAR CLONING. 95
3.2.3.2. MAINTENANCE OF T-REX™ CHO CELLS. 98
3.2.3.3. GENERATION OF STABLY TRANSFECTED T-
REX™ CHO-CFTR EXPRESSION SYSTEM. 98
3.2.3.4. ANALYSIS OF CFTR EXPRESSION AND
PURIFICATION. 101
3.2.3.5. CFTR PURIFICATION FROM STABLY
TRANSFECTED T-REX CHO CELLS. 102
3.3. RESULTS. 103

3.3.1. Expression of CFTR by baculoviral infection of Sf&cells. 103



3.3.1.1. PRODUCTION OF MUTANT AND WT-hCFTR

CONTAINING BACMID. 103
3.3.1.2. TRANSFECTION OF SF9 CELLS WITH BACMID TO

PRODUCE BACYLOVIRUS. 105
3.3.1.3. HIS-TAG IS NOT ACCESSIBLE IN CFTR PRODUCED

BY SF9 CELLS. 108

3.3.2. CFTR purification from the BHK-CFTR-10xHis expression

system. 109
3.3.2.1. HIS-TAG OF RECOMBINANT CFTR IS ACCESSIBLE
IN THE BHK-CFTR-10xHIS CELL LINE. 109
3.3.2.2. TRANSITION OF ADHERENT BHK-CFTR-10xHIS

CELLS TO SUSPENSION CULTURE DOES NOT

AFFECT CFTR EXPRESSION. 110

3.3.2.3. IMPROVEMENTS TO DETERGENT-SOLUBILIZED

CFTR PURIFICATION TO INCREASE OVERALL

YIELD. 111
3.3.3. CHO-CFTR-3xFlag expression system. 114
3.3.3.1. PRODUCTION OF A STABLY TRANSFECTED CHO-
CFTR-3XFLAG CELL LINE. 114
3.3.3.2. PURIFICATION OF DETERGENT-SOLUBILIZED
CFTR FROM CHO-CFTR-3XFLAG CELL LINE. 115

3.4. DISCUSSION. 116



CHAPTER 4. CFTR RECONSTITUTION AND FUNCTION

4.1. INTRODUCTION.

4.1.1.

4.1.2.

Individual contributions.

Publications resulting from this chapter.

4.2. METHODS.

4.2.1.

4.2.2.

4.2.3.

4.2.4.

4.2.5.

4.2.6.

4.2.7.

4.2.8.

Preparation of BioBeadsV.

MSP1D1 expression and purification.

Formation of empty nanodisc controls.

Reconstitution of CFTR into nanodiscs.

ATPase Activity Assay.

Reconstitution of CFTR into proteoliposomes.

Planar lipid bilayer measurements of CFTR channel etivity.
Transmission Electron Microscopy (TEM) of CFTR-

nanodiscs.

4.3. RESULTS.

4.3.1.

4.3.2.

4.3.3.

4.3.4.

The process of cleaning and storing BioBea¥$ affects the
efficiency of nanodisc formation.

Empty nanodiscs were formed using two different typs of
lipids.

CFTR was incorporated into POPC-based nanodiscs.
ATPase activity of CFTR is improved in a lipid envionment

over a detergent environment.

Xi

118

119

119

119

119

120

124

125

126

127

129

130

130

130

132

135

138



4.3.5. Purified CFTR has the same channel function as BHK

cellular membranes. 139
4.3.6. Preliminary class averaging for CFTR-nanodiscs disiays

expected characteristics of successful reconstitoti of CFTR

into nanodisc. 143

4.4. DISCUSSION. 144

CHAPTER 5. DETERMINATION OF THE LIPID ENVIRONMENT O F CFTR

5.1. INTRODUCTION. 146
5.1.1. Individual contributions. 147
5.1.2. Publications resulting from this chapter. 147

5.2. METHODS. 147
5.2.1. BHK-CFTR-10xHis expression system. 147

5.2.1.1. CFTR PURIFICATION FROM BHK-CFTR-10xHIS
CELLS. 147
5.2.1.2. SMALP-SOLUBILIZATION AND PURIFICATION OF
CFTR. 147
5.2.2. Untargeted lipidomics. 148
5.2.2.1. PREPARATION OF DETERGENT-SOLUBILIZED

SAMPLES FOR LIPIDOMICS MASS

SPECTROMETRY. 148

5.2.2.2. PREPARATION OF SMALP-CFTR SAMPLES FOR

LIPIDOMICS MASS SPECTROMETRY. 149

Xil



5.2.2.3. ULTRA-PERFORMANCE LIQUID
CHROMATOGRAPHY-MASS SPECTROMETRY
(UPLC-MS).
5.2.2.4. DATA ANALYSIS FOR DETERGENT-SOLUBILIZED
CFTR SAMPLES.
5.2.2.5. DATA ANALYSIS FOR SMALP-CFTR SAMPLES
5.3. RESULTS.
5.3.1. SMALP-CFTR purification requires further optimizati on.
5.3.2. Lipidomics Mass Spectrometry (MS) of detergent-solbilized
CFTR.
5.3.3. Lipidomics Mass Spectrometry (MS) SMALP-CFTR.

5.4. DISCUSSION.

CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS.
6.1. INTRODUCTION.
6.2. REVIEW OF WORK.
6.2.1. CFTR homology models and understanding transition taites.
6.2.2. CFTR expression and purification.
6.2.3. CFTR reconstitution and functional studies.
6.2.4. Determination of the lipid environment of CFTR.
6.3. FINAL REMARKS.
APPENDIX A

REFERENCES

Xiii

149

150

150

152

152

153

154

155

157

157

157

159

160

162

164

165

260



LIST OF TABLES

Table 1.1: Table of Human ABC transporter subclasses—ABCA thragh
ABCG. For each subclass a common alias, the number afsgearrently
identified, a general functional, and an examplenimer is listed.

Table 1.2: Current released CFTR structures and theconditions of
protein.

Table 1.3:Structures of SMA derivatives and current characteization.
The use of polymers to solubilize membrane protamd package lipids
into nanodiscs is a relatively new technology, each polymer provides a
unique set of advantages.

Table 2.1: Experimentally validated interactions in the original
homology model and fitted structures. Numbers in brackets are
references for the listed interactions.

Table 5.1: Schymanski level of confidence for MS &htification.

Table 5.2: Lipidomics results of detergent-solubikled CFTR and
analysis results.The abbreviation FC is the fold change, and Cthes
coefficient of variation.

Table A.1: Lipidomics results of detergent-solubized CFTR and
analysis results. The abbreviation FC is the fold change. The diste
features were identified by the mass list develdpethembers of systems
MS lipidomics core, giving a confidence level of 4.

Table A.2: Lipidomics results of detergent-solubized CFTR and
analysis results.The abbreviation FC is the fold change. As orfigrenula
can be determined for these features, this givegeh 4 confidence.

Table A.3: Lipidomics results of detergent-solubized CFTR and
analysis results.The abbreviation FC is the fold change. For tHissed
features, only molecular weight and retention t{R€) can be determined,
and thus determined at a level 5 confidence.

Table A.4: Lipidomics results of CFTR-SMALPs and aralysis results.
The abbreviation FC is the fold change. These featdetermined at a
confidence level of 4 with the identification oktfiormulas only.

Table A.5: Lipidomics results of CFTR-SMALPs and aralysis results.

The abbreviation FC is the fold change. Theseufeatdetermined at a
confidence level of 5 witlidentification of thi retentiontime (RT, only.

Xiv

30

40

54

151

155

165

167

174

177

237



LIST OF FIGURES

Figure 1.1: Model of an ABC transporter in a lipid bilayer and ATP- 4
binding at the NBD interface. (A) The general architecture of most human
ABC transporters is shown. The Transmembrane D@an@NDs), boxed in
forest green, exist in the lipid bilayer and are #ite of substrate binding. The
intracellular loops (ICLs), boxed in orange, tratslconformation changes by
ATP binding and hydrolysis at the nucleotide birgddomains (NBDs), boxed

in purple. TMD1 is gray, TMD2 is green, NBDL1 is pjrand NBD2 is blue.
Some ABC transporters contain a unique motif knasihe lasso motif (red).

(B) The interface of NBDs bound with ATP (green)dacoordinated Mg
(cyan)is shown. Both images were developed using PDEBNISM.

Figure 1.2: The currently proposed ATP hydrolysis eaction path of ABC 4
transporters. While the mechanism of ATP hydrolysis in ABC traogprs has

been elusive, recent computational studies of théicaresidue just after the
Walker B motif predict the above hydrolysis meclsami For hCFTR, this
acidic residue is glutamic acid.

Figure 1.3: Scheme of the proposed mechanistic mddeof ABC 8
transporters. There are three commonly accepted mechanismsufistrate
transport in ABC transporters—alternating accesslehoswitch model, and
constant contact model. In the alternating accessein ATP binding induces
conformational changes that allow for substratedibig. Substrate binding
induces conformational changes in the transmembdangins (TMDs) that
open the substrate pocket to the opposite sideeahiembrane. ATP hydrolysis
and release cause conformational changes to rdleaseibstrate and prepare
the protein for a new transport cycle. In the skitaodel, substrate binding
induces conformational changes and allows for ATiRlihg. ATP binding
induces conformational changes to release the ratbsand ATP hydrolysis
and release prepares the protein for a new transypde. In the constant contact
model, ATP binding at only one site can open thessate binding pocket and
ATP hydrolysis and release at only one binding jsiegoares the protein for the
next transport cycle.

Figure 1.4: Two different representations (schemati and cartoon) of 9
CFTR architecture. Structural domains depicted in both styles (schientap

and cartoon-bottom): the lasso motif (red), TMDfagg, NBD1 (pink), TMD2
(green), and NBD2 (blue). (A) In the schematic eseintation, several more
features of CFTR are displayed. The R-domain (yéllis phosphorylated at
several sites (orange circles), extracellular ld¢gCL4) is glycosylated at two
sites (cyan hexagons), and the C-terminus conthm$’DZ binding domain
(purple box). (B) The cartoon representation watt bging PDB ID: 6MSM

and is one of the recently released structured=GiRC

XV



Figure 1.5: Simplified depiction of the four CFTR flding checkpoints.In 13
the ER, CFTR will proceed through four processifgeakpoints. These
checkpoints occur both co-translationally and pstslationally and ensure
properly folded CFTR can exit the ER and procedati¢dGolgi. At one of these
checkpoints, CFTR is glycosylated, known as Bandrigl, can be distinguished
from CFTR that is glycosylated further in the Gqlgand C).

Figure 1.6: Sequence of the R-domain highlighting he positions of 16
phosphorylation. There are nine phosphorylation sites (bolded and
underlined), all with varying levels of functionansequences to CFTR.

Figure 1.7: Diagram of ATP (magenta) binding sitest the interface of the 18
nucleotide binding domain 1 (NBD1, pink) and nucletide binding domain
(NBD2, blue).As discussed in Figure 1.1, there are two ATP Iigdiites in
ABC transporters formed from the Walker A, Walkerdhd ABC Signature
motifs in the nucleotide binding domains. (A) Tleggences of these maotifs for
hCFTR are tableted. (B) The consensus site (ATBitgnsite 2, marked by the
black circle) is discussed further. Highlightedts figure is the Walker A of
NBD 2 (yellow) and ABC Signature of NBD 1 (orangeyhich form the ATP
binding site stabilized by several residues of NB®¥2219 in A-loop (dark
green), H1402 in H-loop (light green), Q1292 of@@ (purple), and D1320 of
Walker B in NBD2 (cyan). A coordinated NIgs gray.

Figure 1.8: Scheme of CFTR gating and opening cycl€FTR is a chloride 19
ion channel regulated by phosphorylation of the dridin. After
phosphorylation of the R-domain, the fully open eas regulated by two
different gating stages. The NBD-mediated gatingglbackground) occurs
with the binding of one ATP molecule (yellow) at@nsensus site and one ATP
molecule (yellow) at a degenerate site in the raide binding domains
(NBDs; NBD1 is pink, and NBD2 is blue). Then thagds regulated by pore
gating (pink background) in which CFTR has sevsuhiconductance states (s1
and s2, thin red arrow) but will process to a fudgnducting pore (f, thick red
arrow). Hydrolysis of ATP (yellow) at the consensiie and the release of ADP
(orange) and inorganic phosphate causes the chamngbse by inducing
conformational changes in the Transmembrane Dom@iMDs, TMD1 is
gray, and TMD2 is green).

Figure 1.9: Depiction of residues believed to be iportant in pore 22
formation of CFTR. A full structure of CFTR (right) highlights the genal
architecture of CFTR with TMD1 in gray, NBD1 in gnTMD?2 in green, and
NBD?2 in blue. The black circle highlights four teanembrane helices, TM1 as
pale orange, TM6 as orange, TM12 as forest grednTaill as yellow, and

the residues on those helices that are importapbne formation. Residues
accessible from the extracellular side are bluemfthe intracellular side are
purple, or bth are rec
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Figure 1.10: Diagram of classes for CFTR mutationsThe 346 currently 24
identified disease-causing mutations are classifieol one of the five above
described classes. Each mutation class housesiomstéat affect one of the
following: protein production (class 1), proteinopessing (class 2), protein
gating (class 3), protein conduction (class 4)nsufficient protein on the cell
surface (class 5). However, many mutations canribaté to multiple classes

of disfunction. The most common mutatior508, is classified as a class 2
mutation.

Figure 1.11: Diagram of the current CF modulators ad the tableted list of 25
FDA-approved mutations. Currently, four different modulator therapies have
been approved in single, double, or triple comlamatherapies and treat 39 of

the 346 disease-causing mutations. These modulatergither potentiators,

like ivacaftor (VX-770), or correctors, like lumdta (VX-809), tezacaftor
(VX-661), and elexacaftor (VX-445).

Figure 1.12: Electrostatic salt bridge triad identfied in homology models 27
of CFTR and molecular dynamics and confirmed by elerophysiological
techniques.This catalytic triad has been investigated intthaslation of ATP
binding at the nucleotide binding domains (NBDs,INBs pink, and NBD2 is

blue) to the Transmembrane Domains (TMDs, TMD1rsygand TMD2 is
green). This triad is investigated further in deapl of this dissertation.

Figure 1.13: Depiction of the Lasso motif in CFTRThe lasso motif (red) is 29
a motif found in several members of the ABC tramsgosuperfamily of
proteins, in which the N-terminus tucks into thadibilayer.For orientation,
Transmembrane Domain 1 (TMD1) is gray, nucleotigeding domain 1
(NBD1) is pink, TMD2 is green, and NBD2 is blueDP ID: 6MSM used to
generate the figure.

Figure 1.14: A structure of nanodisc formed by Membane Scaffold 34
Protein (MSP). An individual MSP (orange) wraps around an indistleaflet

of the lipid bilayer (gray). Thus, two MSP moleculimrm a single nanodisc
composed of a lipid bilayer. From the top-down vi@y, the nanodisc in this
image is of MSP1D1 and has a diameter of 9.7 nnthdrside-on view (B), a
nanodisc has a height of approximately 5 nm. Imagese built in Visual
Molecular Dynamics (VMD) software from PDB ID: 6CMd show a top-down

view (left) and side-on view (right) of a nanodisc.

Figure 1.15: Depiction of the lipids first and comnonly used to generate 35
nanodiscsAll three lipids have the same head group (phosgylaholine) but

differ in tail composition. The abbreviations ane following:1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC), 1,2-dipalmiteylglycero-3-
phosphocholine (DPPC), or 1-palmitoyl-2-oleoyl-dpegro-3-phosphocholine
(POPC).
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Figure 1.16 Schematic of nanodisc formation.The incubation of the
membrane protein (MP) of interest, membrane sdahffobtein (MSP) and
lipids (DMPC, DPPC, POPC, etc.) in a particulaiaatith the removal of
detergent, either via BioBedds or dialysis, will form membrane protein-
loaded nanodiscs (full nanodiscs) or lipid-only odiscs (empty nanodiscs).

Figure 1.17: Schematic of native nanodiscs formatio Cell membranes
containing several endogenous membrane protein<C&1dR incubated with
Styrene Maleic Acid (SMA) polymer. SMA will self-gert into the membrane
and form native nanodiscs. The membrane proteimembrane proteins of
interest can be separated from endogenous mempratens using affinity
chromatography. The following PDB IDs were usedyémerate this image:
5UAR, 5IRZ, 6F46, and 1HRK.

Figure 1.18: Reaction diagram of SMA formation. Styrene and maleic
anhydride monomers are mixed and polymerized, fiograipolymer of varying
uniformity. The final step in the formation of SM# the hydrolysis of maleic
anhydride to maleic acid under basic condition flilal SMA polymer is used
to solubilize membrane proteins and surroundingsipmbedded from the lipid
bilayer.

Figure 2.1: Cartoon depictions of our two MDFF-fitted structures
(“crystallographic” on the left and “averaged” on the right) and the
Rahman et al. homology model that served as the stiaag point for MDFF .
The domains are colored as follows: NBD1, pink; NBblue; TMD1, gray;
TMD2, green. A slight twist of the NBDs relative tbe original model is
indicated by the gray rectangles in the refined eedrhe additional curvature
of TMs 7 and 8, as compared to the homology madehighlighted by the
purple rectangles. The pink circle magnifies thexpnity of residue S341
(pink) on TM6 and L1135 (blue) and N1138 (yellow) DM12.

Figure 2.2: Plot of NBD-NBD distance for the threedifferent CFTR
homology models simulated with ATP boundThe separation was calculated
by taking the difference in centers of mass of twarbons in each NBD. Both
refined models, averaged and crystallographic, laysptighter NBDs
dimerization than the original Rahman et al. horgglmodel. The dashed line
and the solid line each represent a different.trial

Figure 2.3: Pore analysis of the three different CFR homology models
simulated in ATP-apo (black), ATP semibound (green)and ATP-bound
states (blue).The pore radius plotted for each model was evatuagar F337.
The dashed line indicates the radius of a chloiae (1.8 A). Only the
crystallographic-fit model shows widening in botiund and semibound states.
See Figure 2.4 for repeated runs of the bound padiates of each model.
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Figure 2.4: Pore analysis of the second runs of thtaree different CFTR 60
homology models in ATP-apo (black) and ATP-bound sittes (blue).The

pore radius plotted for each model was evaluated R837. The dashed line
indicates the radius of a chloride ion (1.8 A). ¥thle crystallographic-fit model
shows widening in both bound and semi-bound states.

Figure 2.5: Comparison of the averaged-fit (red) ad crystallographic-fit 61
(green) models for the first run of each(A,B) Comparison at 0 (A) and 100

ns (B) viewed from the membrane plane (the inttatalside is on the bottom).

TM9 is indicated. (C,D) Comparison at 0 (C) and H8Q(D) viewed from the
extracellular side. TM9 and TM12 are indicated.

Figure 2.6: Radius of gyration (Rs) analysis for the three CFTR homology 62
models simulated in ATP-apo, ATP-semibound, and ATHBound states.
(upper left) Cartoon representation of the TMDstlud crystallographic-fit
CFTR (extracellular side at the top). The TMDs hbgen divided on the basis

of their position along the pore axis into threetiems. R;for the upper section
(yellow) is plotted here for the indicated struetsirand the middle (gray) and
bottom (blue) sections are plotted in Figure 2.@ ar8. The crystallographic-

fit model shows significant widening for the upp@sh section in the ATP-
bound state.

Figure 2.7: Radius of gyration (Rs) vs. time for slice 1 from the second runs 63
of the Rahman et al. homology (A), averaged-fit mas (B), and
crystallographic-fit model (C).

Figure 2.8: Radius of gyration (Rs) vs. time for slices 2 and 3 from the first 64
runs of the Rahman et al. homology model (A,B) andveraged-fit model
(C,D).

Figure 2.9: Radius of gyration (Rs) vs. time for the first crystallographic- 64
fit run, extended to 300 ns.The graphs labeled Slice 1-3 correspond to the
colored sections of the figure in the top left.

Figure 2.10: Pore analysis of the crystallographiéit model in (A) ATP- 65
bound and (B) ATP-apo states after 280 ns of simuian each. TMDL1 is
shown in gray, transparent and TMDZ2 is in greenPNBre not shown. In parts

A and B, the pore in CFTR is shown according toftlewing color scheme:
radius >2.3 A is blue, 1.15 2.3 A is yellow, and 45 A is red. The dashed
lines indicate the position of the membrane. (©} Bf pore radius as a function

of position along the channel axis (normal to thembrane) for both bound
(blue) and apo (black) states at 280 ns. The shadedindicates the position

of the membrane, and the dashed line at 1.8 AeigaHius of a chloride ion.
Second runs of the bound and apo states are simokigure 2.11.
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Figure 2.11: Pore analysis of the second 300-ns rsinf the crystallographic-
fit model in (A) ATP-bound and (B) ATP-apo statesTMD1 is shown in grey,
transparent and TMD?2 is in green; NBDs are not shdw (A) and (B), the
pore in CFTR is shown according to the followindocscheme: radius > 2.3
A'is blue, 1.15-2.3 A is yellow, and < 1.15 A isir@he dashed lines indicate
the position of the membrane. (C) Plot of poreuwadis a function of position
along the channel axis (normal to the membrane)dtn bound (blue) and apo
(black) states at 300 ns. The shaded area indittegmsition of the membrane,
and the dashed line at 1.8 A is the radius of arithe ion.

Figure 2.12: Differences between ATP-bound (greenpnd ATP-apo
(orange) states of CFTR. Structures are taken afte280 ns of the first run
starting from the crystallographic-fit model (see &so Fig. 2.10).(A) NBDs
viewed from the cytoplasm. ATP molecules in thermbgtate are shown in
purple. (B) ICLs viewed from the cytoplasm in thee orientation as the
NBDs in (A). The bottom of TM9, connected to ICL8,also indicated. (C)
Side-view of ICLs (bottom) and TMDs with one of ttliscovered salt bridges
highlighted. (D) TMDs viewed from the extracelluRde. The red x marks the
position of the putative initial pore.

Figure 2.13: Structural comparison of the outward-Acing hCFTR
structure (PDB ID 6MSM) in orange and the hCFTR outvard-facing
crystallographic-fit model in blue. (A) Aligned structures. The root-mean-
square deviation between the structures is 5.8RThe alignments of TM6,
TM7, and TM8 are highlighted to show major diffeces.

Figure 2.14: Comparison between the Rahman et. ahomology model
(blue) and closed-state cryo-EM structure of humarCFTR (orange; PDB
5UAK). The full structures are shown in (A) and TMs &d 8 are highlighted
in (B).

Figure 2.15: Sequence alignment of CFTR and relategbroteins. The
sequence segments in the alignment correspond it@ (@p) and ICL4
(bottom). Residues E267 and K1060, which appeeomndribute to a salt bridge,
are highlighted in red.

Figure 2.16. Snapshot of the bound crystallographiiit trajectory after 200
ns (top), focusing on the interface betweeNBDs and ICLs (bottom). The
domains of CFTR are labeled accordingly, and ExEH8, and K1292 are
shown as sticks and colored by residue type (aoidied and basic in blue).

Figure 2.17: Salt-bridge distances over time for th crystallographic-fit
ATP-bound simulation. Three experimentally verified salt bridges arekeat
over timein (A) run 1 and (B) run 2. (C) Two dalidges newly discovered and
experimentally confirmed here for both runs.

XX

66

67

69

69

71

72

74



Figure 2.18: Mean activation time changed in mutarg compared to wt- 75
CFTR. Sample traces of inside-out macropatch curreftéAp WT-, (B)
E543K-, (C) K968A-, (D) EB543K/K968E-, (E) K1292E-and (F)
E543K/K1292E-CFTR recorded under the experimemadltions listed in the
panels. Control, 150 mM Clintracellular solution; INH172, 10 M
CFTRinh172. (G) Summary data for mean activatioretfor WT and mutants.
Statistical data are as follows: n = 30 for WT; ik for E543K; n = 7 for
K1292E; n = 18 for K968A; n = 11 for E543K/K968E; = 10 for
E543K/K1292E. ***, P < 0.001 compared to WT; **, £0.01 compared to
WT-CFTR.

Figure 2.19: 1 mM MgATP reactivated WT and mutant GFTR after 76
channels were fully activated by ATP + PKA.(A) WT-CFTR was fully
activated with 1 mM MgATP and 127.6 U/ml PKA, deaated by removal of

ATP and PKA using control solution, and then reatgd by 1 mM MgATP
alone. Representative current traces for E543K (B968A (C), and
E543K/K968A-CFTR (D) were recorded with the samepezdmental
conditions as WT-CFTR. Summary data are shown il Bxis indicate the

ratio of maximum current in ATP alonegaflr)) divided by maximum current in

ATP and PKA (late+pka)). Statistical data are follows: n=4 for WT; n=d f
E543K; n=8 for K968A; n=6 for E543K/K968E. **, PG01 compared to WT.

Figure 2.20: Representative fits of the ATP-inducedactivation of 78
phosphorylated CFTR and deactivation after washoutof ATP. All
activation and deactivation data were fit in Ig@ing a double exponential
(without an X-offset), as follows: (A) WT-CFTR aeétion, (B) WT-CFTR
deactivation, (C) K968A-CFTR activation, (D) K9682TR deactivation, (E)
E543K-CFTR activation, (F) E543K-CFTR deactivati¢6, E543K/K968E-
CFTR activation, and (H) E543K/K968E-CFTR deaciwat The differences
between the raw data and the double exponentiakfie calculated and plotted
above each fit. Goodness of fit was also analyae€hi-square value. The
activation traces for each single mutant (K968A-CREYRE543K-CFTR) were
impossible to fit using a double exponential fuoeti however, the double
mutant (E543K/K968E-CFTR) seems to partially restorWT-CFTR channel
behavior, although not completely, thus enablirgdhta to be fit.

Figure 2.21: K968A exhibited similar single-channelbehavior to WT- 79
CFTR. (A) Representative Single channel current traée&® and K968A-
CFTR were recorded using inside-out patch with i@ Cl intracellular
solution in the presence of 1 mM MgATP with 127 .8riUPKA at membrane
potential -100 mV. (B) Open probability of K968A sgynificantly lower than
WT-CFTR. (C) K968A exhibits similar mean burst diwa as WT-CFTR
(WT-CFTR data cited from previous publication C@E,, Rahman, K. S.,
Infield, D. T., Kuang, C., Prince, C. Z., and Mc@arN. A. (2014) Three
charged amino ads in extracellular loop 1 are involved in maintagithe oute!
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pore architecture of CFTR. The Journal of Genehgis®logy144, 159-179 .
N=5 for K968A-CFTR. *** P < 0.001 compared to WT.

Figure 3.1: Plasmid map of WT-hCFTR in pFastBacDualvector. This
plasmid was used for wt-hCFTR expression in Sf9scddut also for the
generation of mutant hCFTR constructs and expressi&f9 cells.

Figure 3.2: Depiction for the overall flow of bacubvirus production. The
purified donor plasmid is transformed into DH10B&c coli. Bacteria
containing the recombined CFTR-containing bacmidl aidirvive antibiotic
selection and can be further screened using BlugeAdtreening. CFTR-
containing bacmid is transfected into Sf9 cellgénmerate Baculovirus (within
media). Baculovirus can be used to infect Sf9 del€FTR protein production
and purification.

Figure 3.3. Size Exclusion Chromatography (SEC) Stadards on
Superdex™ 200 10/300 GL columnMolecular Weight standards for SEC
were loaded onto Superdex™ 200 10/300 GL columnrandt a flow rate of
0.25 mg/mL. Based on these standards and the niateeeight of CFTR (~170
kDa), CFTR and is anticipated to elute at 11 mLTRFanodiscs would be
much larger, eluting at <11 mL but >9 mL.

Figure 3.4: Plasmid map of WT-hCFTR with a 3x-FLAG+ag in ECL4 for
stable transfection of T-Rex™ CHO cells. WT-hCFTR with a 3x FLAG-tag
in extracellular loop 4 (ECL4) cloned from this stmict and inserted into
pcDNA5/TO containing an internal ribosomal entryes{(IRES) and cyan
fluorescent protein (CFP) for transfection and @irofporoduction reporting in
T-Rex™ CHO cells.

Figure 3.5: Restriction digestion of pCF595 (McCany Lab). Results of
restriction digestion, usindgPvul, of pCF595 purified from three different
bacterial colonies (c1, c2, ¢3) on a 1% agarosesghed with 0.5 pg/mL
ethidium bromideTheoretical gel (left) was produced for ease ddriptetation
of experimental gel (right). Proper insertion andedtion will display two
bands, one at just under 10 kbp and one betwedyp3akd 2 kbp. All three
colonies (c1, c2, and c3) show expected digestzmus.

Figure 3.6: Microscopy of a T-Rex CHO cell kill cuve at 450 pg/mL
hygromycin. The concentration of selection agent that will shemme cell
death at 4 days and complete cell death after 8 daist be determined before
the generation of a stable cell line by selectigard. A range of hygromycin
concentrations was tested (0 pg/mL to 1.5 mg/mld) aconcentration of 450
png/mL hygromycin fits this profile. Depicted in ghiigure is the concentration
of 450 pg/mL, which displays cell death on Day 4, thetmost on Day 8.
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Figure 3.7: Generation of stably transfected T-Re®' CHO cells with 100
inducible CFTR-3xFLAG. The pcDNA5/TO containing an inducible WT-
hCFTR cloned with a 3x-FLAG-tag in ECL4 and a CEPparting system was
transiently transfected into T-Rex™ CHO cells. (A’lRex CHO cells were
induced and were single-cell sorted by flow cytayasing the CFP reporting-
system. The first plot of untransfected cells ameldecond of transfected cells
show increased cell debris and death reported éyatye side-scatter signal
(SSC-A). The third plot shows the fluorescent cleuseparation of transfected
cells from untransfected cells. (B) Representaitivividual colonies several
days after sorting shows growth. (C) Images oftalonies that express CFTR,
as well as the CFP-reporting system. (D) Westashdilows CFTR expression
in colony B2, but not in several other coloniesestred (D12 and F4). The first
negative control is parental T-Rex™ CHO cells, Hredsecond negative control
is uninduced B2 colony. Immunoblotting for CFTRirRary — mouse anti-
CFTR 596 antibody, 1:1,500 and Secondary — IRDB&RD goat anti-mouse
antibody, 1:10,000 (LI-COR).

Figure 3.8: Images of representative agar plates ilizing Blue/White 104
screening to confirm successful bacmid productionfter transformation.

(A) Initial transformants plated on LB-agar plateish 50 pg/mL kanamycin, 7
png/mL gentamicin, 10 pg/mL tetracycline, and 100nplg Bluo-gal and 40
ng/mL IPTG. Colonies that have been transformed witasmid and have
correctly produced recombinant bacmid are whitg¢.§Blected colonies from

the first plate were restreaked on new LB-agaregldtontaining previously
mentioned additives) to confirm the homogeneitgath selected colony.

Figure 3.9: PCR amplification of a section of CFTRfrom purified WT- 105
CFTR and mutant CFTR bacmid. Primers, designed in house, were used to
amplify a specific region of CFTR from purified aicl to confirm CFTR gene
insertion into bacmid. The positive control is iINF-CFTR plasmid (pCF340,
McCarty Lab) and the negative control is ABCC4 ®EMHE constructBoth

mutant and WT Bacmid show similar size bands tatpescontrol suggesting

the proper insertion of CFTR into the bacmid.

Figure 3.10: Images of transfected Sf9 cells to ctirm viral infection and 106
baculovirus production. (A) Images are comparing Sf9 cells that were
transfected with bacmid (WT) to produce baculovidfer 7 days, transfected
Sf9 cells will appear larger in size when compatiedntransfected cells and
will contain many intracellular vesicles. Infect8td cells will eventually leave

a region of no cell growth or a plaque under plaagsay conditions. Individual
plaques are collected and can be used to infea gmpious amounts of cells.
(B) Visualization of Sf9 cells infected with plagperified p1 virus for WT-
CFTR (Wt 8 and Wt 3) or mutant CFTR (mutant 2 otamti3, D110C/K892C).
Again, cells infected by baculovirus are identifledswelling and the presence
of small vacuoles.
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Figure 3.11: Western blot analysis to determine higexpressing WT- 107
CFTR p1 viral stock. High-expressing CFTR plaque purified p1l viral &mc

single 1 and single 2, or mixed plaques, mixed ixeth2, mixed 3, and mixed

4, were determined by western blot analysis usmgrdi-CFTR antibody (A),
butwere not detected by anti-His-tag antibody (B).iRascontrols are CFTR
expressed in BHK cells (A) and His-tagged sphingelmgse, purified (B).
Immunoblotting for CFTR: Primary — mouse anti-CF386 antibody, 1:1,500

and Secondary — goat anti-mouse antibody conjugaietiRP, 1:1,000
Immunoblotting for His-tag: Primary — rabbit antig-Tag antibody, 1:1,000

and Secondary — goat anti-rabbit antibody conjuyaaeHRP, 1:1,000.

Figure 3.12: Western blot analysis of crude CFTR pufication from 108
infected Sf9 cells expressing WT-hCFTRST9 cells were infected with a high
CFTR expressing p1l virus (WT, mixed 3) at an MOROf Infected cells were

lysed in Roche A buffer and 0.1% DDM. CFTR could be separated from the
lysate using His-tag affinity resin, confirming tih@accessibility of His-tag.
Immunoblotting for CFTR: Primary — mouse anti-CFB8% mouse antibody,
1:1,500 and Secondary — goat anti-mouse antibodjygated to HRP, 1:1,000

Figure 3.13: Western blot analysis of crude CFTR pufication from BHK 109
cells stably transfected to express WT-hCFTRStably transfected BHK cells
expressing WT-hCFTR were lysed in Roche A buffat @ri% DDM. CFTR

was separated from the endogenous protein in sadyusing His-tag affinity

resin. The ability to separate CFTR confirms theeasibility of the His-tag in

this cell expression system. Immunoblotting for & Primary — mouse anti-
CFTR 596 antibody, 1:1,500 and Secondary — goatnamiise antibody
conjugated to HRP, 1:1,000

Figure 3.14: CFTR expression is unchanged under spension cell culture 110
conditions.CFTR expressed in the stably transfected BHK ol ICells were
transitioned to suspension culture, growing as figédor purification. (A)
BHK-CFTR-10xHis pearls after a few days under saospm culture
conditions. (B) Western blot comparing CFTR expi@ssnder suspension and
adherent cell culture conditions. Immunoblotting @TR: Primary — mouse
anti-CFTR 596 antibody, 1:1,500 and Secondary —yd¥0680RD goat anti-
mouse antibody, 1:10,000. Immunoblotting for Actifrimary — mouse anti-

actin antibody, 1:5,000 and Secondary — IRDWOOCW goat anti-mouse
antibody, 1:10,000.

Figure 3.15: Microscopic confirmation of at least >90% lysed cellsBHK 111
cells are lysed using a Dounce Homogenizer. Calégyed before (A) and after
(B) lysis.

Figure 3.16: CFTR solubilization is improved by slav-dropwise addition of 112

detergent. The method of solubilization for CFTR not only ieases the
amount of CFTR from the membrane fraction but dmproves the overall
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yield. Immunoblotting for CFTR: Primary — 596 moumsati-CFTR antibody,
1:1,500 and Secondary — LI-COR goat anti-mousdadyi, 1:10,000

Figure 3.17: CFTR purity improved by changing the Hs-tag affinity resin 113
used in purification. Silver stained Mini-PROTEAR TGX™ pre-cast 4-15%
acrylamide: bisacrylamide gradient SDS-PAGE gelshg the improvement

in purity by changing the resin type. The elutioacfion between the Roche
His-resin (A) and the HisPur™ Ni-NTA resin (B), st® a dramatic
improvement to the number of protein bands in tbgan lane in the HisPur™
Ni-NTA resin.

Figure 3.18: SDS-PAGE analysis of CFTR purificationEach lane, and lane 113
label, represents the sample at each stage otiiifecation process described.
Silver stain of 8% acrylamide: bisacrylamide haadtc SDS-PAGE gel
showing the overall purification, especially impioy the purity of CFTR. An
unknown copurified protein was mostly eluted in w8sand wash 4. However,

this protein can still be seen in the final elutiane of CFTR ([Elution]).

Figure 3.19: Size Exclusion Chromatography (SEC) offFTR purified 114
from BHK cells. (A) Full UV-spectra chromatogram from SEC with a
Superdex™ 200 10/300 GL Column after injection witincentrated CFTR
elution fractions. Void volume is marked by a blackow and the monomeric
CFTR peak is marked by a blue arrow. Several pgaksent in the SEC
chromatogram shows the presence of multiple prei€B) Silver stained 8%
acrylamide: bisacrylamide hand-cast SDS-PAGE gelparing the purity of
CFTR from pooled elution fractions [Elution] to jyrof CFTR after SEC
fraction [SEC].

Figure 3.20: Analysis of purification of CFTR from CHO cells using Size 115
Exclusion Chromatography (SEC) and Western blot.(A) Western blot
analysis shows some CFTR binding to and elutinghfresin, especially of

Band B. Immunoblotting for CFTR: Primary — mousé-&FTR antibody 596,
1:1500, and Secondary — IR[Y680RD goat anti-mouse antibody, 1:10,000.

(B) Full UV-spectra chromatogram from SEC with ap8&rdex™ 200 10/300

GL column after injection with concentrated CFTRiteln fractions. Void
volume is marked by a black arrow, monomeric CFERKkas marked by a blue
arrow, and the FLA® peptide is marked by a green arrow.

Figure 4.1: pMSP1D1 plasmid mapThe pMSP1D1 construct is purified from 121
DH5 E. coli and transformed into BL21 (DE3J. coli for production of
MSP1D1 protein, which can be purified using His-&dignity chromatography

and used in the formation of nanodiscs.

Figure 4.2: Restriction digestions of pMSP1D1.Results of restriction 121

digestions, usindg’vul (A) or Hincll andHindlll (B), of pMSP1D1 purified
from three different DH5E. colibacterial colonies (c1, c2, c3) on a 1% aga
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gel stained with 0.5 pg/mL ethidium bromideheoretical gel for restriction
digestion (left) was produced for ease of inteiqirenh of experimental gel
(right). Colony ¢3 was chosen as the source of pMEPecause the results of
both restriction digestion experiments displayeticgrated banding patterns.

Figure 4.3: Purification of MSP1D1 from BL21 (DE3)E. coli. (A) Hand-cast 123
12% acrylamide: bisacrylamide SDS-PAGE stained @itlomassie to analyze
MSP1D1 purity and efficiency of purification. Ealetme represents a sample at
each stage of the purification process. MSP1D1rsegjuting from the Rocle
cOmplete His-Tag resifresin packed in a gravity-flow column) at elution
fraction E1 and continues until fraction E3. Thestooncentrated MSP1D1
fraction is E3, which was further purified using z&i Exclusion
Chromatography. (B) Full SEC UV-spectra chromatograf affinity
chromatography purified His-tagged MSP1D1 usingipesdex™ 200 10/300
GL column. Void volume is marked by a black arravd MSP peak is marked
by an orange arrow.

Figure 4.4: Phosphorylation of CFTR in detergent or in nanodiss before 128
ATPase activity measurementsCFTR in detergent and in nanodiscs was
phosphorylated by Promey@KA -catalytic subunit at 100 U/mL in 1 mM
ATP for 2 hours at AC. PKA, excess ATP, and ADP separated from CFTR in
detergent or in nanodiscs using SEC. (A) Phosphbtioyl of CFTR in detergent
confirmed by Western blot and hand-cast 8% acrydanisacrylamide SDS-
PAGE gel stained with Pro-Q™ Diamond phosphorytaticstain.
Immunoblotting for phosphorylation: Primary — rabaénti-phospho-(Ser/Thr)
antibody (abcam17464), 1:1000 and Secondary — IRB@CW goat anti-
rabbit antibody, 1:10,000. (B) Phosphorylation 6fl® in nanodiscs confirmed
by hand-cast 8% acrylamide: bisacrylamide SDS-PA@Estained with Pro-
Q™ Diamond phosphorylation stain.

Figure 4.5: Comparison of old Bio-Beads™ to new Bi®eads™. Old 131
BioBeads™ (left), appeared to be clumped, yellownstolor, and had moisture
along all walls of the bottle. New Bio-Beads™ moveekly, appeared white,

and had no moisture in the bottle.

Figure 4.6: Confirmation of empty nanodiscs formedwith two different 133
lipids—DMPC and POPC. Empty nanodiscs formed under control buffer
conditions with DMPC (A) and POPC (B) were evaldaising SEC and SDS-
PAGE. Full UV-spectra chromatogram from SEC witlSaperdex™ 200
10/300 GL Column after injection with empty nanadin the left and key
fractions analyzed for the presence of MSP on 128@amide: bisacrylamide
hand-cast SDS-PAGE gel stained by Coomassie origihie

Figure 4.7: Transmission electron micrograph of lipsomes present in the 134

SEC void volume of POPdipids. Even at the recommended Lipid-to-Protein
(LPR) ratio for MSP and POF, a void volume can be se and contained wh:
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appears to be small liposomes. Samples were stairg¥d uranyl acetate. The
scale bar corresponds to 50 nm.

Figure 4.8: Micrograph of negatively stained (2% uanyl acetate) empty 134
POPC Nanodiscs. The POPC nanodiscs show a preferred “side-view”
orientation, providing critical information on swssful formation of nanodiscs

with a thickness and diameter of approximatelyn8loy 10 nm, respectively.
These nanodiscs devoid of CFTR also provide an itapb control for
reconstitution of CFTR into CFTR-nanodisc. The edahr corresponds to 20

nm.

Figure 4.9: CFTR-nanodiscs generated from CFTR pufied from BHK 136
cells screened SEC and western blofA) UV-spectra chromatogram from

SEC with a Superdex™ 200 10/300 GL Column afteeatipn with CFTR-
nanodiscs. Arrows indicate the following: void @ CFTR-nanodiscs
(purple), CFTR (blue), and empty nanodiscs (oran®) Western blot SEC
fractions identifying CFTR (168 kDa) and MSP (24&i0n the same fractions.
Immunoblotting for CFTR: Primary — mouse anti-CF386 antibody, 1:1,500

and Secondary — IRD§e 680RD goat anti-mouse antibody, 1:10,000.
Immunoblotting for MSP: Primary — rabbit anti-Hesgt antibody, 1:1,000 and
Secondary IRDy& 800CW goat anti-rabbit antibody, 1:10,000.

Figure 4.10: CFTR-nanodiscs generated from CFTR purified from BHK 137
cells screened by TEM.(A) Micrograph of negatively stained CFTR-
nanodiscs. A few examples of particles are boxedlie. The micrograph
shows a good distribution of particles and no ag@gfien. Scale bar represents

50 nm. (B) A CFTR-nanodiscs model was built of \CHPRB ID: 5SUAK) in

a nanodisc (PDB ID: 4V6M), in Visual Molecular Dynas (VMD). The lipids

in front of CFTR in a nanodisc have been cut aveashtow TMDs.

Figure 4.11: ATPase activity of CFTR-nanodiscs or ETR in detergent 138
(DDM) measured by Malachite Green AssayAfter phosphorylatiorfFigure

4.4), PKA, excess ATP, and ADP were separated frbosphorylated CFTR

using SEC. Inorganic phosphate produced by ATPeseta of CFTR was
measured by Malachite green complexation for thieviing range of ATP
concentrations in 100 pL volume&0 mM to 0.1 pM Michaelis-Menten
kinetics were determined in IgorPro and plotted“f@s. CFTR-nanodiscs
exhibit a higher ATPase activity than CFTR in dgést. Error bars are SEM

for three trials.

Figure 4.12: Micrograph of negatively stained (2% wanyl acetate) CFTR 140
proteoliposomes.Purified detergent-solubilized CFTR was reconstduinto
POPC-based proteoliposomes and screened by TEMcCHtebar corresponds

to 100 nm.
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Figure 4.13: Planar lipid bilayer (7:3 POPE:POPS r#io) single-channel 141
recordings of CFTR from BHK cellular membranes. Recordings of CFTR
under an applied driving force of -90 mV for (?KA and ATP (50 U/mL and
0.5 mM final) were added to the cis chamber. T@phs are of the planar lipid
bilayer recordings pre-treatment with INH172 (A)dapost-treatment with
INH172 (B). A histogram for both pre-INH172 (A) amubst-INH172 (B)
treatments were plotted for each state—3 open diganB open channels, 1
open channel or closed channels. Before the adddfolNH172 (A), three
CFTR channels can be seen in a single recordicy, wih a current amplitude
of -0.70 pA, -0.61 pA, -0.53 pA and an average augé of -0.61 pA. The open
probability for CFTR in this recording was 37%,egected for CFTR. After
the addition of INH172 (B), only a single CFTR chahcan be seen in a single
recording, a current amplitude of -0.52 pA. Theropeobability for CFTR in
this recording was 4%. This represents 94% inlbitof CFTR by 10 pM
INH172.

Figure 4.14: Planar lipid bilayer (7:3 POPE:POPS r#io) single-channel 142
recordings of CFTR from proteoliposomes.Recordings of CFTR under an
applied driving force of -90 mV for CIPKA and ATP (50 U/mL and 0.5 mM
final) were added to the cis chamber. Top grapbsathe planar lipid bilayer
recordings pre-treatment with INH172 (A) and peasatment with INH172 (B).
A histogram for both pre-INH172 (A) and post-INH1{R) treatments were
plotted for each state—1 open channel or closedraa. Before the addition
of INH172 (A), a single CFTR channel can be seeraisingle recording
displaying a current amplitude of -0.68 pA with@wen probability of 32% for
CFTR in this recording, as expected. After the adidiof INH172 (B), a single
CFTR channel can be seen in a single recordindayisyg a current amplitude
of -0.72 pA and an open probability of 24% for CFiFRhis recording. This
represents 25% inhibition of CFTR by 10 uM INH172.

Figure 4.15: Preliminary class averages of CFTR-nasdiscs. Initial 2D class 144
averages were generated with EMANZ2.3 from a tdt8ll8 particles.

Figure 5.1: Western blot analysis of SMALP-CFTR.CFTR is present in the 152
soluble fraction, but the majority of CFTR remam®stly in the insoluble
fraction. CFTR-SMALPs also were present in the iefutfraction, which
indicates minimal binding of SMALP-CFTR to the mesimmunoblotting for
CFTR: Primary — mouse anti-CFTR 596 antibody, 0Q,and Secondary —
IRDye® 680RD goat anti-mouse antibody, 1:10,000.

Figure 5.2: SDS-PAGE analysis of CFTR-SMALPs.Hand-cast 8% 153
acrylamide: bisacrylamide SDS-PAGE gel, silverrstdi CFTR-SMALPSs can
be seen in thelution fraction, along with several other copurifiproteins.

Figure 5.3: Structures of cholesterol, zymosterol,and cholesteryl 154
hemisuccinate (CHS).There areapparer structural differences between 1

XXVili



three sterol derivatives—cholesterol (A), zymost€¢B), and CHS (C). These
structural differences include the double bond leetwC-5 and C-6 of the B
ring in cholesterol and CHS, but only a single bondymosterol. Zymosterol
has a double bond present between C-8 and C-@d@ ting, which is a single
bond in cholesterol and CHS. Zymosterol also inetudnother double bond

present between C-24 and C-25, which is a singhel oo both cholesterol and
CHS.
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SUMMARY

Membrane proteins are difficult to study in solatidue to the use of detergent to protect
the hydrophobic portion of the protein that intésawith the fatty acid tails of the lipid
bilayer. However, a recent technology called nasexlprovides a packaged lipid bilayer
system in which membrane proteins can be studisglution in a lipid environment and
thus without the use of detergent. Nanodiscs havelutionized the study of membrane
proteins, even difficult and complex membrane pnste A particularly challenging
membrane protein, the Cystic Fibrosis Transmembcameluctance Regulator (CFTR),
has shown to be very sensitive to the detergentlipitlenvironment, especially during
purification and reconstitution. This dissertatiexplored new methods of expression,
purification, reconstitution, functional assaysgdatructurally important lipids for human
CFTR. The development of multiple expression systenproved detergent purification
methods and increased the yield of functional CFTRe utilization of nanodiscs
technology has provided a method of measuring admmg CFTR’s ATPase activity
dependent on the environment and may provide ametliod for determining structure-
induced changes to CFTR that are dependent onntieoement. The identification of
possibly key structural lipids in detergent-solidgili CFTR and some preliminary
investigation into the annular lipid environment@FTR was completed by lipidomics
mass spectrometry. This dissertation also utilibeth traditional and nontraditional
molecular modeling methods to refine a CFTR homplogdel and study a key interaction
in the translation of ATP binding in the nucleotidending domains (NBDs) to the

transmembrane domains (TMDs).
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CHAPTER |

INTRODUCTION

1.1. INTRODUCTION.
1.1.1. Publications resulting from this chapter.
Parts of this chapter will be published Methods in Molecular Biologyn the
reconstitution of membrane proteins. Other partshif chapter will be published in
downstream manuscripts.
1.2. MEMBRANE PROTEINS.
Membrane proteins are essential for maintainingspatggical processes and are the
main target of pharmaceutical drugs. Studying mamdrproteins can be challenging
due to the hydrophobic region of the protein thétracts with the fatty acid tails of the
lipid bilayer. Detergents can protect the hydropbabgion of membrane proteins from
the aqueous environment by housing those regioasion-physiological environment.
However, studying membrane proteins in a lipid emunent, the more physiologically
relevant environment, has traditionally been maffecdit. New technologies, discussed
below, have improved traditional challenges anceaéed the importance of the lipid
environment to membrane proteins (1). Understanthegole the lipidic environment
plays in maintaining or altering membrane protémicture and function can improve
our understanding of drug design (2).
1.2.1. Adenosine triphosphate (ATP) binding cassette (ABClransporters.
The adenosine triphosphate (ATP) binding cass&&C{ transporters represent a

superfamily of mainly membrane proteins, expressédth prokaryotes and eukaryotes.



Of the 49 known human ABC transporters, almost B0&anvolved in the regulation of

the lipid bilayer (3, 4). The human ABC transpostare organized into 7 subclasses—

ABCA, ABCB, ABCC, ABCD, ABCE, ABCF, and ABCG (Tabtk1) (5). While each

Table 1.1: Table of Human ABC transporter subclasses—ABCA thragh ABCG. For

each subclass a common alias, the number of gemesntly identified, a general functional,
and an example member is listed.

Subclasses| Alias Number | General Examples (alternate name,

of genes | function disease relevance)

ABCA ABCI 12 Mostly lipid | ABCA4 (ABCR, Stargardt
trafficking Disease)

ABCB MDR/TAP | 11 Mostly ABCB1 (P-glycoprotein, P-
multidrug gp, drug inefficacy)
resistance

ABCC MRP 13 Mostly toxin| ABCC1 (Multidrug
excretion resistance-associated prote

1, MRP1, drug inefficacy)
ABCC7 (Cystic Fibrosis
Transmembrane conductan
Regulator, CFTR, cystic
fibrosis)

ABCD ALD 4 Fatty acid | ABCD2 (X-linked
transport adrenoleukodystrophy, X-

ALD)

ABCE OABP 1 Organic ABCE1 (Organic anion
anion efflux | binding protein, OABP)

ABCF GGN20 3 Immune ABCF2 (drug-resistant
response cancer)

ABCG white 5 Sterol ABCG2 (Breast Cancer
transport Resistance Protein, BCRP,

chemotherapeutic resistanc

Adapted from Vasiliou, V., et al. (2008). "Human R'binding cassette (ABC) transporter family."
Human Genomic8(3): 281.




of the subclasses has a particular architecture, all hiagefollowing motifs in the
nucleotide binding domains (NBDs), or nucleotideding folds (NBFs): the Walker

A motif and the Walker B motif, and the ABC signaunotif, which is located upstream
of the Walker B motif in the primary sequence (dpst of these human subclasses, all
but ABCE and ABCF, contain two transmembrane dom@ivDs). The TMDs contain
anywhere from 6-12 membrane-spanning helices, allpvaccess to the substrate-
binding site from only one side of the membraneadime (3) (Figure 1.1A). The
movement of bound substrates across the membrapewsred by the cooperative
binding of ATP at two sites in the interface of tRBDs, forming a head-to-tail dimer,
and possibly the hydrolysis of ATP at either batessor only one site (7-15) (Figure
1.1B), although the notion that ATP hydrolysis posveubstrate movement has been
contested recently (16). An ATP binding site thah cwydrolyze ATP is known as a
consensus site, and an ATP binding site that cahpdtolyze ATP is known as a
degenerate site (14, 17) (Figure 1.1B). ATP binderyd possibly hydrolysis, initiates
conformational changes translated through thefaxterof NBDS and TMDs (8) (Figure
1.1A). For many ABC transporters this transmissioierface utilizes cross-matched
intracellular loops (ICLs) with the NBDs to tranglaconformational changes to the
corresponding TMDs (7, 9) (Figure 1.1A); howevere tmechanism of transport,
including how ABC transporters transition from grea state to a closed state and how
ATP is hydrolyzed, is still debated. First, theatsan path of ATP hydrolysis has been
elusive (6, 18, 19), until a recent study propoasdtree-step mechanism of hydrolysis
(16) (Figure 1.2). Second, whether ATP is hydrotiyzgmmetrically or even with every

transport cycle is still unknown (17). Third, thedel for ATP binding and release is



‘ ATP binding Site 1 ‘

TMDs

ICLs

NBDs

\ ATP binding Site 2 \

Figure 1.1: Model of an ABC transporter in a lipid bilayer and ATP-binding at the
NBD interface. (A) The general architecture of most human ABMgporters is
shown. The Transmembrane Domains (TMDs), boxednest green, exist in the lipid
bilayer and are the site of substrate binding. iRti@cellular loops (ICLs), boxed in
orange, translate conformation changes by ATP bmdnd hydrolysis at the nucleotide
binding domains (NBDs), boxed in purple. TMD1 isgr TMD2 is green, NBD1 is
pink, and NBD2 is blue. Some ABC transporters dongaunique motif known as the
lasso motif (red). (B) The interface of NBDs bouwmith ATP (green) and coordinated
Mg?* (cyan)is shown. Both images were developed using PDEBNSM.

Figure 1.2: The currently proposed ATP hydrolysis eaction path of ABC
transporters. While the mechanism of ATP hydrolysis in ABC traogprs has been
elusive, recent computational studies of the agiestdue just after the Walker B motif
predict the above hydrolysis mechanism. For hCRRI, acidic residue is glutamic
acid.

Adapted from Prief3, M., Gdddeke, H., Groenhof,dad Schafer, L. V. (2018) Molecular Mechanism
of ATP Hydrolysis in an ABC Transporter. ACS CehBaience.
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highly contested. While many models have been megat is becoming more accepted
that a “one model fits all ABC transporters” theomgy not be accurate (17). Initially,
the alternating access model, proposed in 1966abgeizky (20), was modified to
propose a transport mechanism of P-glycoproteigP21) and then for LmrA (22)
(Figure 1.3). This mechanism was the most accefitedry, with structural and
biophysical data from multiple ABC transporters goiting this mechanism (7, 8, 13,
21, 23-26). In the alternating access model, ATilibig in the NDBs forms a tight dimer,
which opens the high-affinity substrate bindingesiATP binding then induces a
conformational change in the TMDs, opening the sakes binding site to the other side
of the cell. ATP hydrolysis induces a structuraiote to release the substrate—possibly
inducing a lower affinity binding site—and disrupite NBD dimer, allowing the release
of adenosine diphosphate (ADP) and inorganic phatspk?) (7, 17, 21, 22). For
eukaryotic ABC transporters, this conformationahmge is typically from the inward-
facing conformation, where the substrate bindirtg & accessible intracellularly to
outward-facing, where the substrate binding sitecessible extracellularly (19, 21, 27,
28). There were two other mechanistic theoriesdhagrged later to accommodate other
structural and biochemical data. These models wWereswitch model, also called the
tweezers-like (12) or processive clamp (29) modsisl, the constant contact model (6).
In the switch model, substrate binding prepareNB®s for ATP binding. Once ATP
binds in the interface of the NBD dimer, the TMDxlargoes a conformational change,
exposing the substrate to the other side of the bnene. ATP hydrolysis allows for the
release of the NBD dimer and also ADP (30, 31) (Fegl.3). While this model has

structural, biochemical, and other biophysical datgsupport (32), there is mounting



evidence in support of the constant contact motig| 83-36). In the constant contact
model, the NBDS remain dimerized as ATP bindingm site can induce structural
changes to allow substrate binding and conformatiohanges in the TMDs to provide
the substrate access to the opposite side of theabrame (31, 33) (Figure 1.3).
Controversial new data suggest that ATP hydrolysiaot sufficient for “the power
stroke” of ABC transporters (16), and thus othechamisms are gaining support (37).
With the mounting evidence for each mechanistic ehadd the variety of substrates for
individual ABC transporters across the superfaniigth eukaryotic and prokaryotic
known proteins, the concept that one proposed nméminamight work for all ABC
transporters would be fallible (17). This is esp#gitrue for the Cystic Fibrosis
Transmembrane conductance Regulator (CFTR)—theamdyide ion channel ATP in
the ABC transporter superfamily, since substratexred conformational changes are
unlikely in this case.

1.3. CYSTIC FIBROSIS TRANSMEMBRANE CONDUCTANCE REGULATOR
(CFTR).
CFTR, also known as ABCC7 or MRP7 (multidrug resise protein 7), is a chloride
ion channel regulated by the phosphorylation @rgé intrinsically disordered domain
called the Regulatory-domain (R-domain) and ATRIbig in both a consensus ATP site
and a degenerate ATP site (38). Thus, CFTR isnheahloride ion channel in the ABC
transporter superfamily, and as the name sugdkestghannel protein is of great medical
importance.

1.3.1. CFTR architecture.

CFTR was first identified as an ABC transporterthg characteristic motifs when the



gene was discovered in 1989 (38). CFTR is a moniorpeotein of 1480 amino acids
composed of 5 domains. Four of the domains are istems with most ABC
transporters—TMD1, NBD1, TMD2, and NBD2; howeveF TR has a linking region
connecting NBD1 to TMD2, called the R-domain. Whitany ABC transporters have
linking regions (39, 40), CFTR has the largestoata 240 residues and is the only ABC
transporter known to be tightly regulated by phasplation of this linker (41, 42). Like
other ABC transporters, CFTR contains two ATP bigdsites. Unlike most ABC
transporters, which have a somewhat strict stormbtac ratio of ATP consumption to
substrate transported, CFTR forms a diffusive potée surface of the cell (43). CFTR
classically contains ICLs that cross-interact Wit NBDs, as well as extensive flexible
extracellular loops (ECLs). One of these loops, ECis glycosylated during CFTR
biogenesis and is used in tracking CFTR maturatiathe cell (44) (Figure 1.4). Both
termini of CFTR have key structural features foumdther ABC transporters. The first
is the PDZ-binding domain located at the C-termjnukich aids in trafficking and
anchoring CFTR to the cell surface (45-47). Theosdds the lasso motif (48), which
has been found in a few other ABC transporterdudiog multidrug resistance protein
1 (MRP1) and sulfonylurea receptors 1 and 2 (SURL3UR?2) (49-51) and might aid
in trafficking (52, 53).

1.3.2. CFTR biogenesis and trafficking.

During its biogenesis, CFTR undergoes several @ost-co-translational modifications.
These modifications play critical roles in the folgl of CFTR and, thus, its trafficking
through the endoplasmic reticulum (ER) and Golgi,dimally, insertion into the plasma

membrane (PM).
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Extracellular
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Figure 1.3: Scheme of the proposed mechanistic mddeof ABC transporters.
There are three commonly accepted mechanisms fostrale transport in ABC
transporters—alternating access model, switch mashel constant contact model. In
the alternating access model, ATP binding inducegarmational changes that allow
for substrate binding. Substrate binding inducesfarmnational changes in the
transmembrane domains (TMDs) that open the subgtatket to the opposite side of
the membrane. ATP hydrolysis and release causewcoational changes to release the
substrate and prepare the protein for a new trahspele. In the switch model,
substrate binding induces conformational changesadlows for ATP binding. ATP
binding induces conformational changes to relehsestibstrate, and ATP hydrolysis
and release prepares the protein for a new transpde. In the constant contact model,
ATP binding at only one site can open the subsbi#ing pocket and ATP hydrolysis
and release at only one binding site preparesribteip for the next transport cycle.



Figure 1.4: Two different representations (schemati and cartoon) of CFTR
architecture. Structural domains depicted in both styles (schert@p and cartoon-
bottom): the lasso motif (red), TMD1 (gray), NBDOdir(k), TMD2 (green), and NBD2
(blue). (A) In the schematic representation, sdvemare features of CFTR are
displayed. The R-domain (yellow) is phosphorylaté¢deveral sites (orange circles),
extracellular loop 4 (ECL4) is glycosylated at taites (cyan hexagons), and the C-
terminus contains the PDZ binding domain (purpbe)bB) The cartoon representation
was built using PDB ID: 6MSM and is one of the mabereleased structures of CFTR.



1.3.2.1. CFTR CO-TRANSLATIONAL FOLDING
During the synthesis of TMD1, the emergence ofsigaal sequence on transmembrane
helix 1 (TM1) from the ribosome is believed to befficient at being recognized by the
signal recognition particle (SRP) due to two chdrgesidues—E92 and K95 (54). The
inefficient recognition of this signal sequencevemrgs a Grans orientation of CFTR
but does possibly promote initial location to the &1d Sec61. The signal sequence on
transmembrane helix 2 (TM2) that interacts with SRRBs promote proper insertion of
the N-terminal flanking sequence into the ER thio8gc61, thus forming the ribosome-
Sec61 translocon complex (RTC) {Nnsorientation) (54). Proper insertion of TM1 is
then believed to be mediated by extracellular |dbp(ECL1) (54). Next, both
transmembrane helix 3/ transmembrane helix 4 (TMart transmembrane helix 5/
transmembrane helix 6 (TM5/6) are believed to Iserited into Sec61 as helical hairpins
due to the short extracellular loop 2 (ECL2) anttaellular loop 3 (ECL3) (54, 55).
NBD1 and the R-domain are believed to fold in tiisol co-translationally (55, 56).
While little is known about the “folding” of the BRemain due to its intrinsically
disordered nature, much has been done to undergtarfdlding mechanism of NBD1
because the most common disease-relevant mutaticursoin this domain (F508).
First, studies showed that NBD1 experiences cotiseciolding of each subdomain, the
first being the N-terminal ATP-binding subdomair5The next domains to be folded
are the -helical subdomain and théb-core subdomain, which most likely use the first
formed domain as a scaffold; however, the foldimdeo of these subdomains is still
debated (58). Other studies have shown that inrdadprevent steric clashing during

translation of NBD1 and the R-domain, the ribosamest transiently detach from the
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RTC (56, 59, 60). Whether the same or a differearidlocon is used for translation of
TMD2 is unknown. Transmembrane helix 7 (TM7) dissctembrane targeting and
translocation of extracellular loop 4 (ECL4), whil®8 terminates translocation causing
redirection of ICL3 into the cytosol. This mechanisnly occurs in conjunction with
TM7, which is a cooperative property specific toT& (55, 61, 62). The remaining
transmembrane helix 9/ transmembrane helix 10 (TBRANnd transmembrane helix 11/
transmembrane helix 12 (TM11/12) are believed toirtserted into the translocon
similarly to TM3/4 and TM5/6 as helical hairpins(%52). Finally, NBD2 is believed to
fold co-translationally, very similarly to NBD1 (h60nce each major domain has folded,
CFTR must also undergo significant domain reorgation to achieve the native
architecture of the mature protein through at leastdistinct folding events (63).

1.3.2.2. CFTR FOLDING AND MATURATION

Throughout the process of CFTR folding, both codtationally and post-
translationally, CFTR must pass through at least ftheckpoints of the ER quality
control machinery (ERQC) (Figure 1.5). The fireeckpoint precedes the first domain
reorganization event, which requires CFTR to beastd from the RTC and the related
chaperones (64, 65). At this first checkpoint, befihe release of RTC, CFTR emerges
from the ribosome as a nascent polypeptide andaicttewith cytosolic chaperones such
as heat shock protein 70 (Hsp70) and heat shodkipré0 (Hsp90) and several co-
chaperones (58, 63). These chaperones play critizd in both folding and partitioning
between wildtype (WT-CFTR) and mutant, misfoldedil®{64, 66-71). Any misfolded
mutant CFTR is trapped by these chaperones andls@yifor degradation through the

E3 ubiquitin ligase CHIP ((carboxyl) c-terminal ldsp70 Interacting Protein) pathway
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(72). Once successfully passing this checkpoint, CFTRIsased from the RTC and
related chaperones and allowed to move to the sedtwetkpoint. The second checkpoint
involves the proper folding of CFTR through N-limkglycosylation and processing in
the ER. Before the release of CFTR from the ribasamascent CFTR receives core N-
glycosylation (14-unit oligosaccharide—two N-acgtycosamine, nine mannose, and
three glucose residues) in the lumen of the ER 8y (@ligosaccharyltransferase) at two
residues N894 and N900 of ECL4, each containinly@gylation consensus sequence
DXS/T (62, 73). The release of CFTR from the RT@&eracheckpoint 1, initiates
glycosylation processing in which the partially gbgylated structure is recognized by
chaperone lectins calnexin (CNX) and the calreiticER lumenal chaperones that assist
in CFTR folding (74-76). At this step, misfolded TOF is targeted to UDP (Uridine
diphosphate)-glycoprotein glucosyltransferase (UGGWhich induces the re-
glycosylation process (77). Lengthy processingetian this stage indicates improper
folding, and CFTR could be trafficked to the glyooiein ER-associated degradation
(GERAD) pathway (66). However, proper folding of THleads to the third checkpoint,
which involves the arginine-framed tripeptides (Affpathway. CFTR’s ability to be
exported from the ER to the Golgi is confirmed bg following four retention/retrieval
(RXR) motifs: R29/Q30/R31, R516/Y517/R518, R553/AB%555, and
R764/R765/R766 (78). Failing this checkpoint, doghe exposure or accessibility of
these motifs, causes the imprisonment of CFTR énER (79). The fourth and final
checkpoint is critical for exiting the ER and relien the specific export diacidic motif
D565/A566/D567), allowing CFTR packaging into cgatotein (COP) Ill-coated

vesicles, specifically with Sec24, at the ER ek $80). Mutation of this motif almost
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completely prevents CFTR processing to the Golgpeeially in the absence of low

temperature correction (80-82).

Checkpoint #4: Checkpoint #3:
G "e;-:& Diacidic exit motif Arginine-framed shift

mediated ER exit (AFTs)-meditated check

ER Lumen

Passes d
Checkpoint 1
N

i
LRI T L I"I"III'I'ITIIHHHI[IITIIITII\ ITII’T‘III'I'IHIIHHIIIIIIIIIIIIl||||\\\
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Proteasomal i g
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Calnexin chaperone
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Ribosome

Figure 1.5: Simplified depiction of the four CFTR folding checkpoints.In the ER,
CFTR will proceed through four processing checkfwimhese checkpoints occur both
co-translationally and post-translationally andugasproperly folded CFTR can exit
the ER and proceed to the Golgi. At one of theselghoints, CFTR is glycosylated,
known as Band B, and can be distinguished from CH#iBRis glycosylated further in
the Golgi (Band C).

Adapted from Farinha, C. M., and Canato, S. (2@rgm the endoplasmic reticulum to the plasma
membrane: mechanisms of CFTR folding and traffigki@ellular and Molecular Life Sciences 74, 39-
55
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1.3.2.3.CFTR TRAFFICKING TO THE PLASMA MEMBRANE (PM).

Once it passes these checkpoints, CFTR is traffitheéhe plasma membrane, either by
traditional or non-traditional processes. First,T&Hs transported in COPI vesicles to
the trans-Golgi either through typical traffickelike Arfl, Rabla/Rab2, or Golgi
SNARE. As CFTR moves through the Golgi, the corgegsylation (high-mannose
oligosaccharide structures sensitive to endoglygless H, known as Band B in reference
to its apparent molecular weight by SDS-PAGE) iglified with the removal of some
glycan units and the addition of more complex yrike fucose, neuraminic acid, or
sialic acid. After this glycosylation event, CFTRsmatured (now appearing as Band C)
(83). Another well-accepted theory, however, ist tG& TR experiences a mode of
anterograde trafficking between the ER and Gofgsdme cell types, CFTR is dependent
on the late-endosomal target-SNARE syntaxin 13vayh(84, 85). Finally, CFTR is
delivered to the plasma membrane from the trangiGudtwork, experiencing three
distinct processes of balancing CFTR levels at dlesma membrane—anterograde
trafficking, endocytosis, and recycling. These psses are regulated by a variety of
interacting partners with CFTR. The incorporatidfC6 TR into clathrin-coated vesicles
is dependent on a small sequence motif on the r@htat tail. There are two types of
endocytic motifs—tyrosine-based (NPXY or YXXor dileucine-based (D/EXXXLL/I
and DXXLL). CFTR has two confirmed endocytic motifthe YDSI (at 1424) and the
LL motifs (at 1430); however, FVLI (at 1413) is notlieved to be an endocytic motif
but is needed for CFTR maturation (86-88). Thegeads are recognized by the assembly
polypeptide-2 system that forms a complex withhsiatto promote the internalization

of CFTR (89). Another route of CFTR recycling iguéated by small GTPases of the
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Rab family (88, 90). Furthermore, while these aexhanisms to balance CFTR levels
by recycling, there are also mechanisms to ancherRCto the plasma membrane,
including the PDZ domain proteins. The C-terminl€BTR contains a consensus PDZ
binding motif (DTRL), which binds to multiple N&1™ exchanger regulatory factor
proteins (NHERF-1, NHERF-2, and NHERF-3) and to ®Fassociated ligand protein
(CAL). Interactions with the proteins stabilize GEExpression at the cell surface (91-
98).
1.3.3. Biochemical and biophysical studies of CFTR.
Since thedentification of the CFTR gene, it has been thpehthat understanding the
function of CFTR will establish how each mutantsien is linked to the disease Cystic
Fibrosis (CF). One of the key features of CF isaheormally high sweat chloride levels
of patients; thus, it was suspected that CFTRIdaride ion channel or that CFTR might
regulate the expression of a chloride ion char8tl. (Some of the first functional studies
of CFTR identified it as a chloride ion channel ukeged by adenosine 3',5-
monophosphate (cyclic AMP, cAMP) signaling (43, B32). Later studies showed that
cAMP-mediated stimulation induced the phosphorgltatf CFTR in its R-domain (42,
102-108). Moreover, further studies identified tieed for ATP binding at the NBD
interface (107, 109-114) to allow for chloride ipore formation in the TMDs of CFTR.
1.3.3.1. R-DOMAIN PHOSPHORYLATION.

The R-domain contains nine consensus protein kifageKA) phosphorylation sites
(R-R/K-X-S*/T*, where the asterisk indicates theogphorylated residues) at resides
S660, S686, S700, S712, S737, S768, T788, S7T9%&M8 (Figure 1.6). Also, to note,

there is one phosphorylation site outside of theéoRain in NBD1 (S422) (105). If all
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10 of these sites are mutated, S753 was found topl@sphorylated (115).
Phosphorylation studies of purified R-domain peptghow that only five sites are
phosphorylated by PKA (S660, S700, S737, S795, 58h8 two sites (S686 and S700)
can be phosphorylated by protein kinase C (PKCEH,(1A6); however, whole-cell
experiments suggest that stimulation of PKC entamt®sphorylation of CFTR by
PKA (102, 117). While each of these sites can lmsphorylated, not all sites contribute
equally to the activation of CFTR. In fact, phospiation at S737 (in oocytes) or S768
shows an inhibitory effect on CFTR (118-120) in tipeesence of all other
phosphorylated residues; however, when all possddalues are mutated to alanine,
these residues show stimulatory effects (121). Resi S660, S737, S795, and S813
have been proposed to contribute the most to CFEEDRIation by showing the most
dramatic reduction in current when mutated to alan(il22). Only when all 11 sites
discussed earlier, as well as four other resid8é3@, T690, T787, S790) are mutated
to alanine, is CFTR no longer regulated by PKA (12@utation of these sites

individually, or multiple sites, reduced the ratecbannel opening without changing the

650 dqgfsaerr8 iltetlhrfs 670 legdap8wt etkkgsfkqgt 690 gefgekri®
700 ilnpinsirk  Bivgktplg 720 mngieedsde ple8ivp 740 dseqgeailp
750 risvistgpt lgarrr§vl 770 nimthsvnqg qgnihrRtas 790 trkvSlapga

800 nlteldiysr rBgetglei 820 seeineedlk ecffddmesi 840 pavitt

Figure 1.6: Sequence of the R-domain highlighting he positions of
phosphorylation. There are nine phosphorylation sites (bolded amderlined), all
with varying levels of functional consequences ©Ie.

Adapted from Sheppard, D. N., and Welsh, M. J. @@ ®ructure and Function of the CFTR Chloride
Channel. Physiological Reviews 79, S23-S45
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channel closing rate, but also reduced the affioityCFTR for binding ATP; thus,
phosphorylation of the R-domain regulates the adgon of ATP with the NBDs (108,
124). Complete deletion of the R-domain produce®m-functional CFTR channel
(103); however, partial deletion (residues 708-83®)duces a CFTR channelR7os-
83sCFTR) with similar biophysical properties, minugu&tion by PKA and reduced
(1/3) open probability (§ or the fraction of time a channel is open durngecording
(103, 108, 125). In these specifiR708-838F TR mutant channels, incubation with AMP-
PNP (adenylyl-imidodiphosphate) could not stabilt4€TR’s open state. The instability
of the open state in theR708.833CFTR mutant indicates the possibility that the Radn
also plays a role in stabilizing ATP binding in tiBDs. In this mutant phosphorylation
no longer regulates CFTR, only binding of MgATP ¢aR5).

1.3.3.2. ATPase ACTIVITY.
After phosphorylation, WT-CFTR channels are actadalby the binding of ATP to the
NBDs. Specific motifs in both NBDs not only indiedtATP binding and hydrolysis but
also that CFTR was a member of the ABC transpstperfamily. These motifs, which
exist is both NBDs, are the Walker A motif (G-X-XGG-K-s/t), the Walker B motif
(R-X-X-X-X-X-X-X-h-h-h-h-D) and the ABC signature atif (L-S-G-G-Q) and forms
two ATP binding sites. (38). ATP binding site 2cemposed of the Walker motifs of
NBD2 and the ABC signature motif of NBD1 and is Wwmas the consensus site in
CFTR. As mentioned before, the other ATP binding 6ATP binding site 1) is known
as the degenerate site with respect to ATP hydsobysd is composed of the Walker
motifs of NBD1 and the slightly altered ABC signa{L-S-H-G-H) of NBD2 (38, 48,

126-128) (Figure 1.7). Studies of CFTR’s single+uiel behavior reveal that after
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Walker A Walker B ABC signature
GSTGAGKT RAVYKDADLYLLD LSGGQ
GRTGSGKS RSVLSKAKILLLD LSHGH

Figure 1.7: Diagram of ATP (magenta) binding sitesat the interface of the
nucleotide binding domain 1 (NBD1, pink) and nucletide binding domain (NBD2,
blue). As discussed in Figure 1.1, there are two ATP hbigdiites in ABC transporters
formed from the Walker A, Walker B, and ABC Signatumotifs in the nucleotide
binding domains. (A) The sequences of these mfwifCFTR are tableted. (B) The
consensus site (ATP binding site 2, marked by thekbcircle) is discussed further.
Highlighted in this figure is the Walker A of NBD (ellow) and ABC Signature of
NBD 1 (orange) , which form the ATP binding sitalstized by several residues of
NBD2: Y1219 in A-loop (dark green), H1402 in H-lo@ght green), Q1292 of Q-loop
(purple), and D1320 of Walker B in NBD2 (cyan). #ocdinated M§'is gray.
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Figure 1.8: Scheme of CFTR gating and opening cycl€FTR is a chloride ion
channel regulated by phosphorylation of the R-dowmaiter phosphorylation of the R-
domain, the fully open pore is regulated by twdetdnt gating stages. The NBD-
mediated gating (blue background) occurs with thdihg of one ATP molecule
(yellow) at a consensus site and one ATP molegdko{v) at a degenerate site in the
nucleotide binding domains (NBDs; NBDL1 is pink, &BD2 is blue). Then the pore
is regulated by pore gating (pink background) iniokh CFTR has several
subconductance states (s1 and s2, thin red arnawyilh process to a fully conducting
pore (f, thick red arrow). Hydrolysis of ATP (yel9 at the consensus site and the
release of ADP (orange) and inorganic phosphatsesathe channel to close by
inducing conformational changes in the Transmendif@amains (TMDs, TMD1 is
gray, and TMD2 is green).
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phosphorylation, increasing the concentration ofAWIB leads to a decreased mean
closed time, but no change in mean open time. Thatsesuggest a minimal model of at
least two closed states and a single open stat€£(301) (124). Further characterization
of the single-channel behavior of CFTR shows anathert-lived subconductance state
(O2) and asymmetric transitions between these statéisei CFTR gating cycle (124).
These data, and more, reveal that CFTR has a wenplex gating cycle, transitioning
between multiple states (Figure 1.8) (124, 129)136veral studies have shown that the
presence of MgATP before phosphorylation cannavatet CFTR, but the addition of
only MgATP after the removal of PKA and ATP doesiaate CFTR channels (124).
Nevertheless, in the case of deleting part of theloRain, CFTR still retains ATPase
activity and some channel activity (125). In thaiah studies of purified recombinant
NBD1 and NBD2, both have ATPase activity withowd firesence of TMD1, TMD2, or
the R-domain (113, 131). While ATPase activity gssare used to demonstrate
functional CFTR, especially in the case of purifigebtein, the reconstitution of the
purified protein into planar lipid bilayers reveagbstantial details about the chloride
channel function of CFTR discussed below (48, 132}1
1.3.3.3. CHLORIDE ION PORE.

The earliest electrophysiological studies of CF&Realed its high anion selectivity over
cations (99, 132); however, there is much lesscteity between anions (99, 135).
Several experiments have shown thatn@ght not be the only physiologically relevant
anion that permeates through CFTR, including bioaabe (135, 136) and possibly
glutathione and thiocyanate (137, 138). Thus, geserally accepted that the minimum

pore diameter of CFTR is around 5 A (139). For CFTR demonstrates a linear 1-V
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relationship under symmetrical conditions, with ook the lowest single-channel
conductances of any channel ranging from 6 pS Sl @epending on buffer conditions,
CI" concentration, and temperature (104, 132, 140). \hen phosphorylated CFTR is
reconstituted into planar lipid bilayers and ishia presence of ATP, the open probability
(Po) of WT-CFTR is measured to be ~0.3 to ~0.5, depegndmbuffer conditions, with
the observation of the aforementioned subconduetatates (112, 132, 142, 143).
Further exploration of these subconductance statesls that mutations not only in the
TMDs (144-148) but also in the NDBs can affectftieguency of these states (143, 149).
As high-resolution structures of CFTR were unalddauntil recently, identifying key
residues that lined the pore of CFTR was accomgdighrough a combination of site-
directed mutagenesis, cysteine accessibility ssydied introduction of various pore
blockers, with the evaluation of changes to CFTRIegtrophysiology. Detailed reviews
of these studies identified several key residueshii, TM6, TM11, and TM12 (124,
150, 151), many of which were confirmed in the savaewly released structures of
CFTR (126, 128) (Figure 1.9). A narrow region ie fore of CFTR, first identified by
electrophysiology in combination with the technigumentioned above, most likely
composes the selectivity filter. In this region esidues S341 (TM6), T338 (TM6), and
F377 (TM6) (139, 152). Every study investigating tthloride pore, ATP binding, and
phosphorylation builds on our understanding of mowtations in each domain of CFTR

affect the function of this protein and its clirlicalevance.
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Figure 1.9: Depiction of residues believed to be iportant in pore formation of
CFTR. A full structure of CFTR (right) highlights the gemal architecture of CFTR
with TMD1 in gray, NBD1 in pink, TMD2 in green, atNBD2 in blue. The black circle
highlights four transmembrane helices, TM1 as padege, TM6 as orange, TM12 as
forest green and TM11 as yellow, and the residmethose helices that are important
in pore formation. Residues accessible from theaegtlular side are blue, from the
intracellular side are purple, or both are red.

Adapted from Linsdell, P. (2014) Functional arcbitee of the CFTR chloride channel. Mol Membr
Biol. 2014 Feb;31(1):1-16.
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1.3.4. Disease-relevance of CFTR.

More than 2000 mutations have been identified witltthe gene of CFTR
(http://'www.genet.sickkids.on.ca/), and 346 of #hanutations are identified as CF-
causing (cftr2.org/mutations_history). These motatiare categorized into five different
classes—production mutations (class 1), processingtions (class Il), gating mutations
(class IlI), conductance mutations (class V), antbunt/localization mutations (class
V)(153) (Figure 1.10). In recent years, four diffiet CFTR modulator therapies have
been released for many processing, gating, anducteitce mutations and some
production and amount/localization mutations. Th€$€TR modulators are single,
double, and triple combination therapies knownicéily as Kalydeco® (lvacaftor/VX-
770), Orkambi® (ivacaftor/VX-770 and lumacaftor/\809), Symdeko®
(ivacaftor/VX-770 and tezacaftor/VX-661), and Tiitee® (ivacaftor/VX-770;
tezacaftor/VX-661; and elexacaftor/VX-445) (Figuiell). These compounds are
classified as either correctors—molecules that kenpitoper folding or trafficking—or
potentiators—molecules that increase PKA regulatédride channel gating of CFTR
(154). Currently, many mutations are being treat#ti these modulators, but not all
mutants are impacted by these compounds, especiallyhe production and
amount/localization class of mutations. Single riates in CFTR can impart complex
molecular defects suggesting recategorization ofatimn classes to allow current
therapies to be tested on orphan mutations. Thitaggfication can also enable
connecting the functional consequences of thesatmos with the structure of CFTR

(155).
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Figure 1.10: Diagram of classes for CFTR mutationsThe 346 currently identified

disease-causing mutations are classified into drtheofive above described classes.

Each mutation class houses mutations that affeet @nthe following: protein

production (class 1), protein processing (classp2dtein gating (class 3), protein
conduction (class 4), or insufficient protein og ttell surface (class 5). However, many
mutations can contribute to multiple classes didistion. The most common mutation,

F508, is classified as a class 2 mutation.

Adapted from cftr2.org/mutations_history and hitpanvw.cff.org/Care/Clinician-Resources/Network-
News/August-2017/Know-Your-CFTR-Mutations.pdf.
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Kalydeco ® (VX-770) Symdeko® (VX-770+VX-661)

2789+5G=>A G551D G1069R D1270N AF508/6F508 L206W D110E D1270N
711+3AG A1067T 51255P D110H 2789 +5G3A AASSE R347H D110H
3849+10kbC—>T | S1251N D110E R352Q 3272-26A=>G S977F D579G R352Q
3272-26A=G R74W R347H 59451 711+3A=G D1152H R1070W | S945L
P67L L206W D579G R1070W 3849+10kbC—>T | F1074L F1052V | R117C
R117C AA55E R117H D1152H E56K E831X R74W
F1074L S977F F1052V S549N E193K E193K K1060T
E193K G551S R1070Q, G1349D P67L A1067T
E831X ES6K S549R G178R

G1244E K1060T
Orkambi® (VX-770+VX-809) Trikafta® (VX-770+VX-661+VX-445)

AF508/AF508 | AFS08/AF508 ‘ AF508/xx0x ‘

Figure 1.11: Diagram of the current CF modulators ad the tableted list of FDA-
approved mutations.Currently, four different modulator therapies haeen approved

in single, double, or triple combination therapaesl treat 39 of the 346 disease-causing
mutations. These modulators are either potentiatidte ivacaftor (VX-770), or
correctors, like lumacaftor (VX-809), tezacaftor{¥61), and elexacaftor (VX-445).

1.4. CFTR STRUCTURES.
Structural characterization of CFTR is of great amance as structures can aid in
understanding the complex molecular defects impasesingle mutations, elucidating
the complex transitions from different closed apémstates, and clarifying the chloride
channel function of CFTR as a member of the AB@dparter superfamily.

1.4.1. Initial full-length CFTR structures.

Two structures of hCFTR were solved by 2D (two-disienal) electron
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crystallography—one in 2004 at a resolution of 2@ntl one in 2011 at a resolution of
9A (156, 157). Both structures confirmed the geharehitecture of CFTR predicted in
an initial gene discovery study (38). The firstdstushowed two different global
conformations, and the second study revealed amapdifacing conformation of CFTR
without the presence of ATP or phosphorylation. Triaditional terms of outward- and
inward-facing for ABC transporters are used to dbsageneral conformations states of
CFTR, especially when a conformation lacks a faliywducting pore. In the interim of
waiting for more structures of CFTR, several homgglanodels of CFTR were

developed.
1.4.2. CFTR homology models.

Several structures of ABC transporters were retbgeeviding a variety of scaffolds for
homology models (9, 158). The first of these modelsstigated the molecular interface
of the most common mutation £508) and key interactions necessary to reestablish
channel function (159, 160). The next several hagwyl models investigated the
transitions of CFTR from the inward-facing confotmoa to the outward-facing
conformation and the formation of a fully condugtjmore (130, 161-165). These models
not only confirmed several key interactions buteited new interactions significant to
CFTR’s conformational transitions. One of thesernattions includes E543 in the X-
loop of NBD1 and K968 in ICL3, which our lab invigstted further (166) (Figure 1.12).
While these models were built keeping function&bimation in mind and rigorously
evaluated, the NBDs are anticipated to have simstlarctures across ABC transporters,
but the variety of substrates of ABC transportesspared to the chloride channel

function of CFTR results in skepticism for the détly of the models.
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Figure 1.12: Electrostatic salt bridge triad identfied in homology models of CFTR
and molecular dynamics and confirmed by electrophyelogical techniques.This
catalytic triad has been investigated in the ti@ish of ATP binding at the nucleotide
binding domains (NBDs, NBD1 is pink, and NBD2 isué) to the Transmembrane
Domains (TMDs, TMD1 is gray, and TMD2 is greenhidtriad is investigated further
in chapter Il of this dissertation.

Republished from Strickland, K. M., Stock, G., CGi,, Hwang, H., Infield, D. T., Schmidt-Krey, I.,
McCarty, N. A., and Gumbart, J. C. (2019) ATP-Degemt Signaling in Simulations of a Revised Model
of Cystic Fibrosis Transmembrane Conductance Regul@FTR). The Journal of Physical Chemistry
B 123, 3177-3188.
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1.4.3. Recent CFTR structures.

In three years, eight structures of 3 orthologsdefergent-solubilized CFTR were
released from two laboratories in a broad rangeesblutions—all solved by single
particle electron cryo-microscopy (cryo-EM, seeogl The first structures were of
ATP-free, dephosphorylated zebrafish CFTR (zfCF{iRyard-facing conformation) at
a resolution of 3.7 A and hCFTR under the same itiond at a resolution of 3.9 A. In
both structures, the NBDs were of significantly &wesolution, and thus, crystal
structures of the NBDs were used to constructitied models (48, 126). From the same
lab, the phosphorylated, ATP-bound structures (auwacing) of zfCFTR and hCFTR
were solved at resolutions of 3.4 A and 3.2 A (1228). All four of these structures
revealed that CFTR contains a structural motifechthe lasso motif. The lasso motif is
found in several other ABC transporters (SUR1, SU&®tl MRP1) in which the N-
terminus loops into the lipid bilayer (Figure 1.13)hese structures also exhibit a
rearrangement of TM7 and TM8 and a kink in TM8, ethis not seen in other similar
ABC transporters. The functional consequence of¢gherangement and the kink in TM8
is still highly unclear and continues to be debdtEl7-169). The release of two more
structures of hCFTR with different potentiators bdu Vertex potentiator VX-770
(resolution at 3.3 A) or Galapagos potentiator GILB& (resolution at 3.2 A), showed
both potentiators bound in the pocket created kykihk in TM8 (170) Whether this
identified binding pocket is the physiological bimgl pocket for either or both of these
potentiators or if these potentiators are correctidetergent-induced structural
deformations has yet to be investigated. From feraifit lab, two other structures of

recombinant thermostabilized chicken CFTR (chCFTdRg dephosphorylated, ATP-
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absent (inward-facing) structure (resolution at?}.&nd one phosphorylated, ATP-
bound (outward-facing) structure (resolution at A)6also have been released. These
structures show TM8 to be fully helical (171), ahds do not present the significant
rearrangement of TM 7 and TM8 nor the kink in TM8ere are other peculiar structural
characteristics in TM7 for these structures in Whid17 is almost orthogonal to the fatty
acid tails of the lipid bilayer. As more structueee released, the kink in TM8 has been

thought to be detergent-induced and not physio&dic72).

Figure 1.13: Depiction of the Lasso motif in CFTRThe lasso motif (red) is a motif
found in several members of the ABC transporteedamily of proteins, in which the
N-terminus tucks into the lipid bilayeEor orientation, Transmembrane Domain 1
(TMD1) is gray, nucleotide binding domain 1 (NBDi$)pink, TMD2 is green, and
NBD?2 is blue. PDB ID: 6MSM used to generate tigeife.
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Table 1.2: Current released CFTR structures and thenditions of protein.

Protein | Organism | Res | Environment | Modifi- | State Method Year | Expression
cation system
hCFTR | human 20 | Lipids - 2D electron 2004 | BHK cells,
A crystallography stables
hCFTR | human 11 | Lipids - Closed (?), 2D electron 2011 | BHK cells,
A outward-facing, | crystallographyi stables
dephosphorylated,
apo-ATP
ZfCFTR | zebrafish | 3.7 | Detergent - Closed, inward- | Single Particle | 2016| Sf9 virus,
A (LMNG, facing, HEK cells
digitonin, dephosphorylated,
CHS) apo-ATP
hCFTR | human 3.9 | Detergent - Closed, inward- | Single Particle | 2017| Sf9 virus,
A (LMNG, facing, HEK cells
digitonin, dephosphorylated,
CHS) apo-ATP
ZfCFTR | zebrafish | 3.4 | Detergent E1372Q| Closed, outward{ Single Particle | 2017 Sf9 virus,
A (LMNG, facing, HEK cells
digitonin, phosphorylated,
CHS) ATP-bound
chCFTR| chicken 4.3 | Detergent RI/ Closed, outward- | Single Particle | 2018 BHK cells
A (DMNG, 1404S/ | facing, stable
digitonin) 1441X | dephosphorylated,
ATP-present
chCFTR| chicken 6.6 | Detergent RI/ Closed, outward- | Single Particle | 2018 BHK cells
A (DMNG, 1404S/ | facing, stable
digitonin) 1441X | phosphorylated,
ATP-present
hCFTR | human 3.2 | Detergent E1371Q| Closed, outward{ Single Particle | 2018| Sf9 virus,
A (LMNG, facing, HEK cells
digitonin, Phosphorylated,
CHS) ATP-bound
hCFTR | human 3.3 | Detergent E1371Q| Closed, outward{ Single Particle | 2019| Sf9 virus,
A (LMNG, facing, HEK cells
digitonin, Phosphorylated,
CHS) ATP-bound, VX-
77C-bounc
hCFTR | human 3.2 | Detergent E1371Q| Closed, outward{ Single Particle | 2019| Sf9 virus,
A (LMNG, facing, HEK cells
digitonin, Phosphorylated,
CHS) ATP-bound,
GLPG1837-
bounc
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1.4.4. Need for more CFTR structures.

While these structures have provided invaluableormation, confirming many
interactions identified previously by functionalpeximents, there is still a need for
additional structures to understand the functionC&fTR fully. All high-resolution
structures published to date are of protein entiselubilized in detergent (Table 1.2).
Current studies have shown that the solubilizatletergent or stabilization detergent
dramatically alters CFTR ATPase activity, evenraféeonstitution into lipids (133); in
fact, the choice of reconstitution lipid affecte tATPase activity (134). Thus, it is likely
that structures of CFTR in a lipid environment abbk very different from those in
detergent. Additionally, all of the various trammit states of CFTR in opening and
closing and the disease-causing mutations havyeg explored in terms of a detailed
structural description. These data suggest the foe@dore structures and simulations of
these structures to connect CFTR structure andiamc

1.5. MEMBRANE PROTEINS AND LIPIDS.
The importance of the lipid environment in maintagnmembrane protein structure has
been recognized; however, studying purified memdbraroteins reconstituted into a
lipidic environment has been limited to relativédyge structural complexes—bicelles
and sheets—due to the nature of lipids (173). M&cgnt advancements in small lipid
bilayer complexes have been and are continuingetddyveloped, thus improving our
understanding of the importance of the lipid bilage membrane protein structure and
function by improving membrane protein stabilizatialuring purification and
reconstitution (174-177).

1.5.1. Advancements in purifying and studying membrane preeins in lipid bilayers.

31



Studying membrane proteins in a lipidic environmeas presented many challenges,
especially for functional assays, due to the stmast that lipid bilayers form—bicelles
and sheets (173). Thus, studying some individuambrane proteins in a lipid
environment was almost impossible until recentlige Tise of amphipathic polymers to
stabilize the hydrophobic portions of the membranateins or lipids in an aqueous
environment has dramatically improved studies dividual membrane proteins (178).
Nanodiscs use amphipathic polymers to protect yidedphobic tails of lipid molecules
while keeping the entire protein-lipid complex dakiin an aqueous environment (179,
180). Depending on the type of amphipathic polyared technique used, a membrane
protein can be solubilized and purified in detetgleefore reconstitution into a lipid
bilayer, or the membrane protein and the surroundmular lipid environment can be
solubilized and purified directly for biochemical structural analysis (1, 181).

1.5.2. “Standard” nanodiscs.

The first type of nanodisc, termed “standard nasws]i was developed in 1998 in Dr.
Steven Sligar's lab by modifying the human Apolipatpin-1 (hApol)—a naturally
occurring protein that packages lipid molecules inigh-density lipoprotein complex,
known as HDL (182). Replacing the large globularekminal domain of hApol with a
Histidine tag (His-tag) and cleavage site left ®6-2mino acid peptide polymer that
spontaneously folds into-helices referred to as the Membrane Scaffold Rr¢iSP)
(183). Incubation of MSP with detergent-solubilizigpids leads to the spontaneous
formation of the nanodisc (Figure 1.14) of regudeameter as the detergent is being
removed (183). The length of MSP determines thendtar of the nanodisc. The first

developed MSP constructs are still the most comynoséd and create nanodiscs with
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either 9.7 nm or 11.9 nm diameter (184). Althoulgé tiameter can be increased and
decreased by altering the length of MSP (185-18@anging the length of MSP will
ultimately change the number of lipids accommodaipdn insertion and thus will
require optimization of the Lipid-to-Protein rafipPR) in each experiment (183, 185).
Originally, nanodiscs were formed from one of threemmon lipid types—1,2-
dimyristoyl-sn-glycero-3-phosphocholine  (DMPC), -Hipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), or 1-palmitoyl-2-oleoyl-dpegro-3-phosphocholine (POPC)
(183, 184) (Figure 1.15); however, now nanodisestaing generated from different
types of lipids and lipid combinations with relaivease (188). There are a few
restrictions in forming these nanodiscs. The fgghat the LPR and temperature during
nanodisc formation are highly dependent on lipighetyand its phase transition
temperature (179, 187). Nanodiscs form most easity consistently when the mixture
is incubated at temperatures above the phasettamtamperature (179, 187). The most
likely explanation for this is that lipids behave a liquid above the phase transition
temperature and as gel-like below the phase tiangiémperature, thus preventing the
necessary interactions for forming nanodiscs (1I8%). It is also important that all
detergent from membrane protein solubilization dipidd solubilization must be
completely removed, either by absorption of theedgint using BioBeads™ or by
dialysis (Figure 1.16). The incomplete removal efellgent will also prevent nanodisc
formation, and thus the amount of BioBeads™ ortleindincubation must be optimized
(179). While at first MSP was limited to recondiiihg detergent purified membrane
proteins, methods have been identified to solubiimbrane proteins with their native

lipid environment (189, 190), albeit still usingteeent to disrupt the membrane. As
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newer amphipathic polymers are discovered, the rppity to solubilize the membrane
without detergent will be a major advantage to wiugl membrane proteins both

structurally and functionally (181).

Figure 1.14: A structure of nanodisc formed by Membane Scaffold Protein
(MSP). An individual MSP (orange) wraps around an indixtleaflet of the lipid
bilayer (gray). Thus, two MSP molecules form a Bnganodisc composed of a lipid
bilayer. From the top-down view (A), the nanodis¢his image is of MSP1D1 and has
a diameter of 9.7 nm. In the side-on view (B), agdisc has a height of approximately
5 nm. Images were built in Visual Molecular Dynas{¢’MD) software from PDB ID:
6CM1 to show a top-down view (left) and side-orwigight) of a nanodisc.
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Figure 1.15: Depiction of the lipids first and comnonly used to generate nanodiscs.
All three lipids have the same head group (phosgyiaholine) but differ in tail
composition. The abbreviations are the followinh2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC), 1,2-dipalmitoyl-sn-glycerg3osphocholine (DPPC), or 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (ROP

Figure 1.16 Schematic of nanodisc formation.The incubation of the membrane
protein (MP) of interest, membrane scaffold proi@tsP) and lipids (DMPC, DPPC,
POPC, etc.) in a particular ratio with the removktietergent, either via BioBedds
or dialysis, will form membrane protein-loaded ndisos (full nanodiscs) or lipid-only
nanodiscs (empty nanodiscs).
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1.5.3. Native nanodiscs.

The term “native nanodiscs” is used to describestiiebilization of a membrane protein
with its native lipid environment using a synthgimymer (191). While the term is used
in a more global capacity to describe any discdidaler system containing a membrane
protein and its native lipid environment, the finsttive nanodisc utilized the synthetic
styrene-maleic acid (SMA) polymer to solubilize #im@ortions of the native lipid
environment around the membrane protein of intergst uniformly sized discoidal
particles (191, 192) (Figure 1.17). Initially, tedgid-bound SMA particles were called
styrene-maleic acid lipid particles (SMALPs) (19ey also are called lipodisgs when

formed from the commercially available SMA calleigpadisc® (193).

Figure 1.17: Schematic of native nanodiscs formatio Cell membranes containing
several endogenous membrane proteins and CFTRateditvith Styrene Maleic Acid

(SMA) polymer. SMA will self-insert into the memlma and form native nanodiscs.
The membrane protein or membrane proteins of istecan be separated from
endogenous membrane proteins using affinity chrography. The following PDB IDs

were used to generate this image: 5UAR, 5IRZ, 6B46,1HRK.
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1.5.3.1.STYRENE-MALEIC ACID LIPID PARTICLES (SMALPS).

SMA is a synthetic copolymer formed by radical poérization of maleic anhydride and
styrene and then hydrolysis of the maleic anhydmaéety (Figure 1.18) (192). Several
different ratios of styrene to maleic acid copolysnare available, with 2:1 and 3:1 being
the most common and available commercially undemttand name Lipodi§gas well
as in ratios of 3:1, 2.3:1, and 1.2:1 under the $MArand name (194). Computational
simulations of SMA in the proximity of a lipid byyar show that styrene inserts into
hydrophobic tails of the lipids in about 20 ns (L9ter about 400 ns, the SMA polymer
is completely inserted into the membrane. UnlikeRVISMA solubilizes the membrane
by wrapping around the membrane without a cleagntation (195). SMA requires
particular buffer conditions for SMALP formation, hiech can introduce many
disadvantages for specific membrane proteins (1B43¥t, the presence of divalent
cations, like Mg* or C&", as well as low pH, inhibit the formation of SMA&R194,

196, 197). Several studies show SMA preferentiailhds lipids in a fluid phase over a

Figure 1.18: Reaction diagram of SMA formation.Styrene and maleic anhydride
monomers are mixed and polymerized, forming a pelyof varying uniformity. The
final step in the formation of SMA is the hydrolysif maleic anhydride to maleic acid
under basic conditions. The final SMA polymer is@di$o solubilize membrane proteins
and surrounding lipids embedded from the lipid y®la
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gel phase or an ordered phase (198). Several stindies show SMA solubilizes certain
types of lipids preferentially over others, inclagicholesterol (199, 200). Thus, SMA
might not be as efficient at solubilizing a chodzet-heavy lipid environment, causing
preferential SMALP formation of non-cholesterol-@sated membrane proteins.
However, several varieties of SMA have been dewslop combat some of these

disadvantages, especially those related to thebadinditions.
1.5.3.2.0THER COPOLYMER VARIANTS.

Since the first production of SMA, many copolymkeave been identified that can form
nanodiscs providing their uniqgue advantages andddantages; this discussion is
summarized in Table 1.3. The first of these newmpelrs, called zSMA, modified the
carboxyl groups of the SMA copolymer to phosphdtbdgline groups (201); thus, lipid
particles formed from this copolymer are referr@ds zZSMALPs. The zSMA copolymer
shows dramatically improved buffer compatibilittes a pH range of 4-10 and a divalent
cation concentration of up to 20 mM. The ability ZBMA to solubilize membrane
proteins fronE. colishows dramatic improvement over the first SMA dgp@r for two
membrane proteins (201). Further efforts to impribseefirst SMA copolymer led to the
development of the diisobutylene maleic acid copwy(DIBMA) (202). DIBMA forms
similarly shaped discoidal particles to SMA and M$Blled DIBMA lipid particles
(DIBMALPS), but with a slightly larger diameterabout 20 nm (202). DIBMALPSs have
one definite advantage to both SMALPs and standanddiscs. The DIBMA copolymer
lacks UV-absorbing rings, allowing for more accarapectrometry results of the
incorporated membrane protein (202). DIBMA hasthaoadvantage over SMA, as

DIBMA is not as sensitive to divalent cations. Hwee DIBMA is not as effective at
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solubilizing membrane proteins frof colimembranes as the commonly used detergent
DDM (n-dodecy! -d-maltoside) (202).

DIBMA and zSMA are not the only new variants dey&ld. Another new variant is the
styrene maleimide (SMI) copolymer, forming SMI tpparticles (SMILPs) (203).
Interestingly, SMILPs are slightly smaller in diamethan DIBMALPs at 11 nm, but
similar in size to the standard nanodisc diamelbe SMI copolymer is even more
tolerant of divalent cations than any predecesstuowing lipid solubilization at up to
100 mM for both C& and Md@*. SMI can solubilize membrane proteins fr@ncoli
membranes as well as detergent (DDM) at physioddgidow pH. SMI is much
improved over the SMA copolymer; however, SMI i ms efficient at solubilizing
membrane proteins frof. colimembranes at neutral pH as SMA and detergent (DDM)
(203). The copolymer showing the most dramatic ompment to the disadvantages of
the first SMA copolymer is styrene maleimide quadey ammonium (SMA-QA) (204).
Nanodiscs formed by this copolymer show no sensitie divalent cations (up to 200
mM) or too low, neutral or high pH, and this copulr shows the ability to control the
diameter of the nanodiscs by regulating the rdtobymer to lipid; however, the ability
of this copolymer to solubilize membrane protee®ains to be tested (204). One of the
most recent, yet attractive, copolymers developgdina modifies the first SMA
copolymer by forming an amide bond on the carbaxyloiety of the maleic acid through
the addition of cystamine. This new polymer, cal®dA-SH, does not improve the
buffer condition solubility of SMA, but it does all for membrane protein purification
strategies and a plethora of fluorescent studi6s,(206). These polymer variants and

advantages and disadvantages are summarized ia Tabl
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Table 1.3: Structures of SMA derivatives and current characterzation. The use of polymers to
solubilize membrane proteins and package lipids m&nodiscs is a relatively new technology, and
each polymer provides a unique set of advantages.

Polymer Structure Advantages Disadvantages
SMA (Styrene * Original polymer * Precipitates in
Maleic Acid) . the presence of
* Heavily . .
. divalent cations
characterized
. * pH sensiti
* Commercially pH Sensitive
available * Preferential lipid
binding
ZSMA e pHrange of 4-10 * Not
. . commercially
* Divalent cation .
: available
concentration
<20mM * UV-absorbing
moiety
DIBMA e Large particle * Lipid preference
(Diisobutylene diameter (20 nm)
Maleic Acid) _
* No UV-absorbing
moiety
SMI (Styrene » Divalent cation * Poor lipid
Maleimide) concentration <100 nM | solubilization at high pH
« Good lipid
solubilization at low pH
SMA-QA e Divalent cation * Has not been tested
(Styrfenfe concentration <200 mM | for membrane protein
Maleimide . solubilization
Ammonium) e Size is controllable
SMA-SH * Modified cystamine |+ No improvements on
allows for purification buffer conditions from
strategies and fluorescent SMA
studies.
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1.5.4. Downstream studies of membrane proteins in nanodisc

Usingtraditionalbiochemical and biophysical techniques to studwiddal membrane
proteins in a lipid bilayer has been difficult. Thge of nanodiscs, both the original and
native, has vastly increased the number of stugresiding both functional and
structural data for membrane proteins. This namaogishnology is especially crucial for
membrane proteins involved in lipid regulation @ydthesis (179).

1.6. CONCLUSIONS.
Theimproved technologies of nanodiscs have createehéirely new environment for
studying membrane proteins and allows for the ifigason of a multitude of new
questions about the importance of the lipid envimtent for membrane proteins. This
work describes the initial optimization strategies building the foundation to
investigate the importance of the environment fug very complex, but medically
relevant membrane protein CFTR. The following ckeptlescribe the optimization of
three different expression cell systems of CFTR amb different affinity
chromatography tagging systems. As CFTR has a aaigibgenesis, the determination
of an appropriate cell expression system and thmtilon of tag for affinity
chromatography is highly important for the purifica of properly folded, functional
CFTR. For our purified CFTR, both the channel fiotiand the ATPase activity were
evaluated. In other studies, the ATPase activit@leTR depended on the detergent used
for solubilization, even after reconstitution iradipid environment (133). Another study
reported that CFTR ATPase activity also dependbettipid environment as studied by
destabilized proteoliposomes, which are destabiliaethe presence of detergent (134).

We hypothesize that we will also see reduced ATRaseity of CFTR in detergent as
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compared to in a lipid environment. Because ofdifierences in ATPase activity, we
also hypothesize that the channel activity of CR¥iR vary depending on the lipid
environment. From one of the aforementioned detgrgelubilized structures of human
CFTR, several lipid tail-like densities and a clstdeol-shaped electron density can be
seen. This suggests that these lipids play an iapbstructural role for CFTR. We
determined the co-purified lipids in our detergsalubilized purified CFTR sample.
These newly released detergent-solubilized strastprovide new structural information
on CFTR, but before the release of these structenestural studies relied on homology
models. We hypothesized that a homology model cbaldefined by flexibly fitting in
low-resolution maps of the protein determined fr2lipid crystals. We analyzed these
new models with traditional and non-traditional emilar dynamics methods and

discussed more in the next chapter.
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CHAPTER I

ATP SIGNALING IN A REVISED HOMOLOGY MODEL OF CYSTIC
FIBROSIS TRANSMEMBRANE CONDUCTANCE REGULATOR (CFTR)

2.1. INTRODUCTION.

2.1.1. Publications resulting from this chapter.
Reprinted with permission from Kerry M. Stricklar@orman Stock, Guiying Cui, Hyea
Hwang, Daniel T. Infield, Ingeborg Schmidt-Krey, &laA. McCarty, and James C.
Gumbart (2019)ATP-Dependent Signaling in Simulations of a ReviseModel of
Cystic Fibrosis Transmembrane Conductance Regulato(CFTR). J Phys Chem
B. 123(15):3177-3188. Copyright (2019) American CleainSociety.

2.1.2. Individual contributions to the work.
Original concept proposed by Dr. JC Gumbart. Ihgienulations designed and prepared
by Gorman Stock with guidance from Dr. Gumbart.aFgimulations prepared and run
by Dr. Hyea “Sunny” Hwangl analyzed simulation data in preparation for the
manuscript in conjunction with Dr. Gumbart. Dr. @uag Cui initially designed and
performed the electrophysiological experiments, levhil further analyzed
electrophysiological data using a variety of sofeveools. | wrote the manuscript and
edited after reviewer recommendations and havetaddhae chapter here for inclusion
in the thesis.

2.1.3. Introduction.
Ever since the discovery of the cystic fibrosimsmembrane conductance regulator

(CFTR) gene in 1989 (38), the corresponding prot@FTR, has been studied intensely
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due to its role in the disease cystic fibrosis (CEF is a debilitating disease that
significantly diminishes the quality and lengtHité of affected individuals. With nearly
2000 mutations identified in the gene of human CFTR
(http://www.genet.sickkids.on.ca/app) and more tB@d currently identified as disease-
causing (207) understanding the structure functielationship of this protein is critical
for overcoming these defects of function. Studyi@§TR has been particularly
challenging, as it functions as a channel instéadt@ansporter, making it unigue among
the proteins in the ABC (ATP-binding cassette) sgorter superfamily (208). ABC
transporters represent a family of transmembraoteims with typically four domains:
two nucleotide-binding domains (NBDs) and two traesmbrane domains (TMDs)
(209). ABC transporters, either importers or exgt move a preferred substrate in a
single direction across the membrane with a stalztionship between the amount of
substrate transported and ATP consumed. The elé®yyP binding at (typically) two
distinct sites in the NBDs is used to enable can&dronal change in the TMDs;
hydrolysis of ATP leads to transport of the sulistecross the membrane (210). CFTR,
on the other hand, evolved to use ATP to form tusife pathway for chloride ions; it
is the only member of the ABC transporter superfalkmown to act as a channel with
no strict stoichiometry between ATP usage and satasttransport. CFTR uses a
modified “alternating access” transport mechani@dilf in which a pore opens in the
TMDs on the time scale of a second (114). In tierahting access model, the substrate
has access to the binding site from inside the(oeMlard-facing state) or from outside
the cell (outward-facing state) but not both atghme time (20). In contrast, in CFTR,

the outward-facing state is no longer closed toitis&gde, but instead, it can form a
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channel connecting both sides. One of CFTR’s NB&m$ a degenerate ATP-binding
site, a feature found in some ABC exporters (2a8Y thus, CFTR can only hydrolyze
ATP at one of the two binding sites. CFTR also pesss a unique 240-residue
regulatory domain (R-domain) between NBD1 and TMB®). Flexible linker domains
are found in some other ABC transporters (39, B0)yever, the R-domain of CFTR is
the largest found to date. Furthermore, it is thiy inker known to tightly regulate the
protein based on its phosphorylation state (41, #B¢ majority of what is presently
known about CFTR has been gained through a vaoielyophysical techniques. Most
prominent among these techniques, due to the chaiumetion of CFTR, is
electrophysiology, which was used to characterm @assify many clinically relevant
mutations as they were identified (43, 213, 214gciEbphysiology combined with
mutagenesis led to the identification of numeraugfionally important residues (124).
However, until recently, high resolution structuddta, necessary to confirm the
locations of these residues, lagged far behindtiomal data on CFTR, in spite of
considerable effort. In 2004 and in 2011, a 20 A an9 A structure of CFTR were
published, respectively (156, 157). In both cas€§TR was crystallized two-
dimensionally, and its structure was determinedgigiectron cryo-microscopy (cryo-
EM). Both structures confirmed the general topolo§€FTR but did not reveal specific
residue positions. Within the last several yearst 8 4 A resolution structures of CFTR
have been solved by single-particle cryo-EM: anardvfacing zebrafish CFTR (zCFTR)
(48), an outward-facing zCFTR (127), an inward+igchuman CFTR (hCFTR) (126),
and an outward-facing hCFTR (128), although nontdefn display an open pore. While

these structures and models provide informatiom dew conformations of CFTR, its
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complex gating cycle suggests there are numeraunsitory states (215). Molecular
dynamics simulations have the potential to revhaké otherwise “invisible” states,
simultaneously providing more information on thanitional interactions formed and
broken to translate structural information from dieenain to another. Prior to the release
of the 3 4 A resolution structures of CFTR, struis of several other ABC transporters
were solved (7, 14, 158, 216). These structures weed as templates for several CFTR
homology models (130, 159, 161-165). While the hlmgy of the NBDs across
transporters is relatively high due to their comedrfunctions of ATP binding and
hydrolysis, the TMDs are quite diverse due to trenifold substrates transported. To
address this variability, experimental data on CH¥d&e been incorporated as hard
constraints during homology-model building in effoto capture the unique pore
characteristics of CFTR (130, 164). Nonethelesacems about the validity of these
models remain, since they were based upon thetstescof distantly related paralogs.
In this study, we have further refined an existimynology model of CFTR, that from
Rahmaret al. (130), by applying molecular dynamics flexibldifity (MDFF) to fit it to

a cryo-EM map of CFTR (157, 217). Extended simatlsi of the best fit structure
displayed the formation of a complete pore, albe# that is not yet conductive. These
simulations also revealed a novel pair of saltgeglinvolving three residues in the NBDs
and intracellular loops (ICLs), which were transgigformed during the channel opening
process and thus would not be represented in #ie sryo-EM structures. Both salt
bridges were experimentally confirmed to be funwdidy relevant, pointing to a putative
allosteric mechanism for signaling the state of Aoteupancy in the NBDs to the pore.

2.2. METHODS.
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2.2.1. Flexible fitting.
The starting model of CFTR was taken from the 20d30logy-model study performed
by Rahmaret al. (130).Briefly, this outward-facing model was constructsdaligning
the human CFTR sequence with the Sav1866 crystaitste (PDB 2HYD) in Modeler
(7, 218) Additional experimental constraints, consistingodwn interactions lining the
pore of CFTR, e.g., salt bridges, were also usectfioe the model (130). Here, we
further refined the open-channel CFTR homology rhagéng molecular dynamics
flexible fitting (MDFF) (217, 219and a cryo-EM map of CFTR reported in 2011 (130,
157).This map contains 12 copies of the protein arrangedo tightly packed crystal
planes, which we refer to as the crystallographapnin addition to the full map, MDFF
was also performed on a second map created bygangridne 12 copies of the protein in
the crystallographic map, referred to as the aweragp. For each of the two maps, the
homology model was rigid-body docked using the Sipackage (220gnfter which
MDFF was performed using NAMD (22T)he fitting was carried out with secondary-
structure restraints. For the crystallographic nthp, homology model was replicated
and translated to match the 12 proteins apparetitinvthe EM map. To prevent
distortions at the edges of the map, symmetry aggsr were applied to all 12 copies
using the crystallographic symmetry parameters 22RFF simulations were set up as
recommended in the MDFF tutorial
(http://www.ks.uiuc.edu/Training/Tutorials/sciencefff/tutorial_mdff.pdf); alternative
simulation parameters were not attempted. Fittigg wun until the root-mean-square
deviation of the backbone stopped increasing, rpugh ns each. Fitting to the

crystallographic map increased the cross-correlataefficient (ccc) from 0.26 to 0.40;
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fitting to the averaged map increased it from O0d@®.56, comparable to the values
obtained in Simhaeet al. for a different model (0.50 0.53) (223kven a perfect fit is
not expected to yield a ccc of 1.0, as there isaeebus density due to, e.g., bound
detergent molecules. Although the crystallographap fit contains 12 copies, the
symmetry restraints are increased over the codrde@imulation to such a degree that,
by the end, the copies are in identical confornmtigGimulation System Construction).
Careful consideration went into the placement ofPAIh our refined model. The
degenerate binding site of CFTR was modeled diteshtman CFTR NBD1 homodimer
crystal structure (PDB: 2PZE) (224he crystal structure was aligned to NBD1 of the
model by comparing their ABC binding motifs, namealye ABC signature sequence,
Walker A, and Walker B motifs. The correspondingPAIh the crystal structure was
placed into the fits by this alignment. BecauseNiB®1 homodimer structure does not
contain a canonical binding site, we used the ahtucture of human ABCB6 (PDB:
3NH9) (225) to model the second ATP in a procedure similarto first. The three
models, namely, the original homology model alorithwhe two fitted models, were
each inserted into a POPC lipid membrane slab gettusing VMD (Visual Molecular
Dynamics) (226)This membrane slab was roughly 140 A by 75 A afigy aleleting
lipids that overlapped with the protein, contair3g@ lipid molecules. This system was
then solvated above and below the membrane wn®,000 water molecules. Nand
Cl ions were added at a concentration of 0.15 M toimbiological conditions and to
neutralize the system. The total atom count of egskem was roughly 280,000 atoms.
2.2.2. MD simulations and analysis.

All simulations were performed using the NAMD Moalgar Dynamics package (221).
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The CHARMMS36 force field (227-229as utilized along with TIP3P water (230).
Periodic boundary conditions were imposed. Congigggsure at 1 atm and temperature
at 300 K were maintained during the simulationsl2A cutoff with a force-based
switching function beginning at 10 A was employed ¥an der Waals interactions. A
time step of 2 fs was used for all simulationshwitng-range electrostatic interactions
calculated every other time step using the partiobsh Ewald method (2319ystems
were equilibrated in stages as follows (232jst, all atoms except those in the lipid tails
were restrained, allowing the tails to melt for @ Then, all of the atoms belonging to
the protein were restrained, allowing the reshefmembrane to relax for an additional
0.5 ns. Next, only the backbone of the protein ves$rained, allowing the side chain
positions to relax for 0.5 ns. Finally, the systemsre run at equilibrium fully
unrestrained. Both fits as well as the original latogy model were run for 100 ns in
each of the three ATP states described, namely, Qvibne, or two ATP bound at the
NBDs. In addition, the crystallographic-fit simutais were extended for 200 ns more,
giving a total of 300 ns.

2.2.3. Pore analysis.
Pore analysis was performed using the modifiedr&orcode HOLE (233and the
Python package MDanalysis (23%he analysis was run with default parameters,are.,
end-point radius of 22.0 A, a search direction loé z-axis perpendicular to the
membrane, a sample point distance of 0.2 A, andemter point of the pore specified.
The program uses the following van der Waals rddéi5s A for carbon atoms, 1.65 A for
oxygen atoms, 2.00 A for sulfur atoms, 1.75 A fitragen atoms, 1.00 A for hydrogen

atoms, and 2.10 A for phosphorus atoms. All trajees were divided into 1 ns snapshots
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that were then supplied to HOLE. The program outpatpore radius as a function of
position along the pore axis. To ensure fasterutation, only the TMDs and some of
the surrounding lipids were included in the analysiinally, we employed a modified
radius of gyration (B) method to analyze the splaying of the TMDs. Whibemally Rs
is a three dimensional quantity, here we only abergd the in-plane (x and vy)
distribution of the protein-backbone atoms. Thgetitories were aligned along the z-axis
prior to measuring the modifiedsR

2.2.4. Preparation of oocytes and cRNA.
Mutant constructs of human CFTR were generatedyusite-directed mutagenesis via
the Quikchange protocol (Agilent Technologies, ba] CA) of the original (wildtype)
WT-hCFTR gene in the pGEMHE vector (graciously jpded by Dr. D. Gadsby,
Rockefeller University). Mutations were confirmeg Bequencing the entire open
reading frame before cRNA generation. A 2 10 ngjabit of CFTR cRNAs was injected
into Xenopus laevisocytes, and incubation occurred at 17 °C in meditiebovitz's
L-15 media supplemented with HEPES (pH 7.5), p#imicand streptomycin. Oocytes
were typically incubated between 48 and 96 h afXA injections before recording.
Animal handling methods and oocyte collection aradcordance with National Institute
of Health (NIH) guidelines, as well as with prott&@pproved by the Institutional
Animal Care and Use Committee (IACUC) of Emory Uarsity.

2.2.5. Electrophysiology.
Oocytes were shrunk in hypertonic solution; thée,\titelline membrane was manually
removed. Pipettes used for inside-out macropatatordengs were pulled from

borosilicate glass (Sutter Instrument Co., Nov@#) and had resistances between 1 and
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2 M after being filled with chloride-containing pipgblution: 150 mM NMDG-CI, 5
mM MgClk, 10 mM TES (pH 7.5). To activate surface-expressadnnels, the
cytoplasmic side of excised patches was exposeadltdion containing the following:
150 mM NMDG-CI, 1.1 mM MgGl, 2 mM Tris EGTA, 10 mM TES, 1 mM MgATP
(adenosine &triphosphate magnesium), and W/mL (127.6 U/mL) of PKA (pH 7.5).
All macropatch recordings, at RT (22 23 °C), wererformed using an Axopatch 200B
amplifier operated by pClamp 8.2 software; dataewitered at 100 Hz with a four-pole
Bessel filter and acquired at 2 kHz. The followirgjtage protocol was applied every 5
s: hold at Vm = 0 mV, then step to +100 mV for 58 fimlowed by a ramp down to 100
mV over 300 ms prior to returning to 0 mV.

2.2.6. Source of reagents.
The medium L-15 was obtained from Gibco/BRL (Gaisheirg, MD), and the PKA
catalytic subunit was obtained from Promega (Madis&/l). Stock CFTRn172 was
initially prepared as 50 mM in Dimethyl SulfoxideN1SO). All chemicals were diluted
to the stated final concentration in recording soluimmediately before use.

2.2.7. Statistical analysis.
Unless noted in the figure legend or body of tetdtistical analysis values are the mean
+ SEM. For data, &test for unpaired or paired measurements in Si¢gphd|e.3 (San
Jose, CA) was used to evaluate statistical sigmfie; only values of P < 0.05 were
considered significantly different as denoted dio¥es: represented by * are values of P
< 0.05, represented by ** are values of P < 0.0d, mpresented by *** are values of P
< 0.001.

2.3. RESULTS.
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2.3.1. MDFF fitting of the homology model to the cryo-EM map of crystallized
CFTR.
Many groups have tried to circumvent the previcasklof structural knowledge by
making homology models of CFTR using structureslagely related ABC transporters
(159, 161-165, 235)ncluding one from our work (130J.0 refine the Rahmaat al.
homology model (130)molecular dynamics flexible fitting (218)mulations were run
on the outward-facing structure, which resultednra0 ns of targeted MD (130),
utilizing the 9 A resolution cryo-EM map of wildftg human CFTR from Rosenbeg
al. (157).The map may represent an artificially stabilizedtestof CFTR due to its
crystallization (223)which differs from the single-particle cryo-EM ustked the higher
resolution structures recently released (48, 1Z&:Inetheless, it is used here, as it
represents a physically possible conformation taat aid improvement of existing
homology models. Furthermore, all cryo-EM maps ébedhave been determined for
CFTR in detergent, which may also alter its act@ssionformations. MD simulations
of a cryo-EM determined or fitted CFTR in a natlile&@ membrane can allow it to relax
to a more physiologically relevant state. Two ajppfees were used in fitting the Rahman
et al. homology model to the map. In the first approagh,imposed crystallographic
conditions matching the dimensions of the cryo-Ellpmi.e., 12 copies of the protein
with crystallographic symmetry restraints betweleant (see Methods). In the second
approach, a single copy of CFTR was fit to a spgt@veraged map provided by R. Ford
(personal communicatign Thus, two fitting approaches produced two new
conformations of the homology model; we will referthe first as the “crystallographic-

fit model” and the second as the “averaged-fit nigdemed after the corresponding
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maps to which they were fit. As mentioned above,itbmology model was built with
constraints on experimentally supported interastispecific to the open state of CFTR
(130).The fitting of the model to either map lost onehee of these interactions (Table
2.1), although the map may represent a transiesed state of CFTR (223h the
crystallographic-fit model, S341, a pore-liningidege near the gate/selectivity filter of
CFTR (152),is in close proximity to TM12 residues L1135 and18&, which is
characteristic of the closed state (see Figure &.8hould be noted that the 2D protein
crystals used to determine the cryo-EM map wereposm®d of nonphosphorylated
CFTR in the absence of ATP (15ygt both phosphorylation and ATP binding are
necessary for the opening of the channel (106, 2BB;238).Therefore, it is not
surprising that fitting an open-state homology maofeCFTR to the cryo-EM map
effectively “closed” the channel in the absenceAdP. In this pose, the NBDs are
dimerized despite the lack of ATP, possibly a cgneace of the 2D crystal packing in
the cryo-EM experiments (157However, this pose of CFTR may represent a
physiological state of CFTR wherein the NBDs trandly interact, but the interaction of
the NBDs without ATP is not sufficiently stabledpen the CFTR pore (239, 24)is
state may be equivalent to the “strained transatibclosed conformation described by
Rahmanet al, which is permissive to opening but not yet opgBOj.The idea of an
intermediate closed state has also been recemhoped by Simhaest al. (223).In that
study, two homology models of CFTR, those from @dret al. (162)and from Dalton
et al. (164),were flexibly fitted into the Rosenberg al. cryo-EM map (157pnd
simulated in the apo-ATP state. Analysis of the BiBwlations of these new models

also demonstrated a lack of pore formation in theeace of ATP. This suggests that
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ATP binding to the NBDs stimulates significant comhational changes to enable pore

formation.

Table 2.1: Experimentally validated interactions the original homology model
and fitted structuresNumbers in brackets are references for the ligtéslactions.

[1] M. Mense, P. Vergani, D. M. White, G. Altbefg,C. Nairn, and D. C. Gadsby. In vivo
phosphorylation of CFTR promotes formation of aleotide-binding domain heterodimer. EMBO J.,
25:4728-4739, 2006.

[2] A. Billet, J. P. Mornon, M. Jollivet, P. Lehh,Callebaut, and F. Becq. CFTR: effect of ICL2lan
ICL4 amino acids in close spatial proximity on therent properties of the channel. J. Cyst. Fibyos.
12:737— 745, 2013.

[3] J. F. Cotten and M. J. Welsh. Cystic fibroaissociated mutations at arginine 347 alter the pore
architecture of CFTR: Evidence for disruption ddadt bridge. J. Biol. Chem., 274:5429-5435, 1999.

[4] G. Cui, Z.-R. Zhang, A. R. W. O'Brien, B. Soagd N. A. McCarty. Mutations at arginine 352 alter
the pore architecture of CFTR. J. Membr. Biol., 242106, 2008.

[5] E. Y. Chen, M. C. Bartlett, T. W. Loo, andNd. Clarke. The 508 mutation disrupts packing of the
transmembrane segments of the cystic fibrosis tnansbrane conductance regulator. J. Biol. Chem.,
279(38):39620-39627, 2004.
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Figure 2.1: Cartoon depictions of our two MDFF-fitted structures
(“crystallographic” on the left and “averaged” on the right) and the Rahman et al.
homology model that served as the starting point foMDFF. The domains are
colored as follows: NBD1, pink; NBD2, blue; TMDIray; TMD2, green. A slight twist
of the NBDs relative to the original model is inalied by the gray rectangles in the
refined models. The additional curvature of TMs1d &, as compared to the homology
model, is highlighted by the purple rectangles. pim circle magnifies the proximity
of residue S341 (pink) on TM6 and L1135 (blue) &lid 38 (yellow) on TM12.

Reference: K. S. Rahman, G. Cui, S. C. Harvey, ldnd\. McCarty. Modeling the conformational
changes underlying channel opening in CFTR. PLo8&, 8():1-13, 2013).
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2.3.2. ATP-stabilized dimerization of NBDs is improved in fitted models as
compared to the original homology model.
A wealth of evidence indicates that CFTR channehapy is preceded by ATP-stabilized
dimerization of the NBDs (241, 242). This was supga by targeted molecular
dynamics simulations of the Rahmanal. homology model (130)vhich described a
conformational wave starting with dimerizationloétNBDs and leading to pore dilation.
Our initial models generated from MDFF feature Egsdimerized NBDs, while the
TMDs present a closed channel. We reasoned thailatimg these models in the
presence or absence of ATP may allow us to obsemnwv®rmational changes relevant to
channel gating of CFTR. To identify novel fittingduced behavior, we simulated three
distinct initial models, namely, the original Rahm& al. homology model (13@&s well
as our two MDFF-derived models. For each of thesdals, we generated the following
three states: “bound” (two ATP docked between tBOBt see Methods), “semi” (one
ATP at the noncanonical binding site), and apo Ai®). Thus, a total of nine states
were each simulated for at least 100 ns. The dmagon of the NBDs has been
quantified as the distance between the centeras$es of the NBDs and has been plotted
for the bound simulations in Figure 2.2. Docking®diP at both sites led to tighter NBD
dimerization in both the averaged- and crystallppgrefit models when compared to the
original homology model. Simulations of P-glycommiot have led to the hypothesis that
the adenine moiety of each ATP forms stabilizingroeyphobic interactions with the X-
loop of an NBD (243)We see similar interactions between the X-loop BEN and the

ATP in the consensus site in the simulation ofdiystallographic-fit model but not the
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averaged-fit model; such an interaction is alsomseehe cryo-EM structure of ATP-
bound hCFTR (128)n neither case were interactions between the ¥-wldNBD2 and

the ATP in the degenerate site observed.

Figure 2.2: Plot of NBD-NBD distance for the threedifferent CFTR homology
models simulated with ATP bound.The separation was calculated by taking the
difference in centers of mass of thecarbons in each NBD. Both refined models,
averaged and crystallographic, display tighter NBId®serization than the original
Rahman et al. homology model. The dashed line hadsolid line each represent a
different trial.

Reference: K. S. Rahman, G. Cui, S. C. Harvey, [dnd\. McCarty. Modeling the conformational
changes underlying channel opening in CFTR. PL08, 8(9):1-13, 2013).
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2.3.3. Analysis of simulations shows the development of partial pore in the
crystallographic-fit model.
It is expected that ATP binding at both sites witluce the opening of a pore in CFTR
(244, 245)We searched for such a pore in the three models tivé program HOLE
applied every 1 ns to our simulation trajectoriz33).Even though a fully conducting
pore (radius larger than 1.8 A across the entirgtteof CFTR) could not be seen in any
of the nine systems within 100 ns, partial pore nopg was observed for the
crystallographic-fit model when compared to thgioal model but not for the averaged-
fit model. To facilitate observing possible diffaoes between the models, the pore
radius near the residue F337 at the extracelludstitvule, which is one helical turn
beyond S341 and noted as a bottleneck previoudly)(Wvas used for comparison
(Figure 2.3). Upon simulating the original Rahnedal. homology model (13@¥ith the
addition of ATP, the originally reported pore guickollapsed near F337 with a radius
below 2 A; however, a consistent increase in padéus in the ATP-bound state of the
crystallographic-fit model was observed during isaulation. This increase in pore
radius is due to a coupled motion of TMs 9 andid2he simulation of the averaged-fit
model, TM9 starts farther from the protein centghich allows TM12 to collapse
inward, preventing the formation of a pore (seauFe2.5). Repeated 100 ns runs of the
bound and apo states for each model produced siredalts (see Figure 2.4). The pore
analysis also revealed alternative pathways throluglextracellular region of CFTR. For
example, the pathway described in Rahraetal. (130)was between residue S341 and
T1134 on TMs 6 and 12, whereas, in our simulatibthe crystallographic-fit model, a

distinct pathway between TMs 1 and 12 is obserVhdse pathways are consistent with
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Figure 2.3: Pore analysis of the three different CFR homology models simulated

in ATP-apo (black), ATP semibound (green), and ATRsound states (blue).The
pore radius plotted for each model was evaluatad R&837. The dashed line indicates
the radius of a chloride ion (1.8 A). Only the ¢af®graphic-fit model shows widening
in both bound and semibound states. See Figur®@répeated runs of the bound and
apo states of each model.
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Figure 2.4: Pore analysis of the second runs of thieree different CFTR homology
models in ATP-apo (black) and ATP-bound states (bke). The pore radius plotted
for each model was evaluated near F337. The ddshedndicates the radius of a
chloride ion (1.8 A). Only the crystallographic4fitodel shows widening in both bound
and semi-bound states.
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Figure 2.5: Comparison of the averaged-fit (red) ad crystallographic-fit (green)
models for the first run of each (A,B) Comparison at O (A) and 100 ns (B) viewed
from the membrane plane (the intracellular sidenighe bottom). TM9 is indicated.
(C,D) Comparison at 0 (C) and 100 ns (D) viewednftbe extracellular side. TM9 and
TM12 are indicated.

the findings based upon both the Morredral. (165)and Corradet al. (162)homology
models. Additionally, the Corradi study reporteatiateral tunnel openings forming at
the NBD and ICL cytoplasmic clefts. Multiple wateceessible pathways are also
consistent with results of 0.1 1.2s-long simulations of both secondary and primary
active transporters, which are found to be generalaky for water (246)In the
simulation analysis described above, the raditiseopartial pore formed depends greatly
on the positions of side chains, and thus, theigimtof the pore reported may exceed
the accuracy of the CFTR homology model. Therefameglternate metric was developed
to focus on the outer radius of the channel. Thesrizy akin to a two-dimensional radius
of gyration, R; (see Methods), is plotted in Figure 2.6. A highevRlue is indicative of

more splayed TMDs, which may correlate with a mmpen pore in CFTR (247, 248).
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We patrtitioned the TMDs along the channel axis thtee slices, each including two to
three turns of the TM helices, and measuretbReach over all of the 100 ns simulations
(data points taken every 0.2 ns). We then askedhehany of the simulations exhibited
time-dependent changes i fRat would be consistent with channel opening agtre
domain of CFTR shifts from inward-facing to outwdetting. Only Rsfor the simulation

of the crystallographic-fit model showed substdrdgpendence on the ATP occupancy
state in two independent runs. This dependenceos pronounced for the slice most
distant from the membrane on the extracellular,stlewn in Figure 2.6 and Figure 2.7,

as may be expected {for the other two slices are given in Figure 2.8).

Figure 2.6: Radius of gyration (Rs) analysis for the three CFTR homology models
simulated in ATP-apo, ATP-semibound, and ATP-boundstates. (upper left)
Cartoon representation of the TMDs of the crystatiphic-fit CFTR (extracellular side
at the top). The TMDs have been divided on thesbaktheir position along the pore
axis into three sectionsgfor the upper section (yellow) is plotted heretfo indicated
structures, and the middle (gray) and bottom (b&exfions are plotted in Figure 2.7
and 2.8. The crystallographic-fit model shows digant widening for the uppermost
section in the ATP-bound state.
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Figure 2.7: Radius of gyration (Rs) vs. time for slice 1 from the second runs of the
Rahman et al. homology (A), averaged-fit model (B)and crystallographic-fit
model (C).
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Figure 2.8: Radius of gyration (Rs) vs. time for slices 2 and 3 from the first runs
of the Rahman et al. homology model (A,B) and aveged-fit model (C,D).

Reference: Rahman, K. S., Cui, G., Harvey, S. @d #cCarty, N. A. (2013) Modeling the
Conformational Changes Underlying Channel OpeninGkTR. 8, e74574.

Figure 2.9: Radius of gyration (Rs) vs. time for the first crystallographic-fit run,
extended to 300 nsThe graphs labeled Slice 1-3 correspond to theredlsections of

the figure in the top left.
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2.3.4. Extended simulations of the crystallographic-fit malel display a complete pore
in the ATP-bound state.
Given that only the crystallographic-fit model stvowany ATP dependence, both in
partial pore formation and in adopting a putativeward-facing conformation within
100 ns, simulations of all three ATP occupanciethisf model were extended to 300 ns
(second runs for the bound and apo states wereegatended to 300 ns). The difference
in Rg between the bound state and apo/semi states gramwously over the entire 300

ns simulation (see Figure 2.9). Examination of ploee evolution in CFTR over this

Figure 2.10: Pore analysis of the crystallographiéit model in (A) ATP-bound and

(B) ATP-apo states after 280 ns of simulation eachiiMD1 is shown in gray,
transparent and TMD2 is in green; NBDs are not shdw parts A and B, the pore in
CFTR is shown according to the following color suiee radius >2.3 A is blue,
1.15 2.3 Ais yellow, and <1.15 A is red. The dadHmes indicate the position of the
membrane. (C) Plot of pore radius as a functiopagition along the channel axis
(normal to the membrane) for both bound (blue) apadl (black) states at 280 ns. The
shaded area indicates the position of the membeamtethe dashed line at 1.8 A is the
radius of a chloride ion. Second runs of the boand apo states are shown in Figure
2.11.
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Figure 2.11: Pore analysis of the second 300-ns miof the crystallographic-fit
model in (A) ATP-bound and (B) ATP-apo states.TMD1 is shown in grey,
transparent and TMD2 is in green; NBDs are not shdw (A) and (B), the pore in
CFTR is shown according to the following color stiee radius > 2.3 A is blue, 1.15-
2.3 A'is yellow, and < 1.15 A is red. The dashemsi indicate the position of the
membrane. (C) Plot of pore radius as a functiopadition along the channel axis
(normal to the membrane) for both bound (blue) apd (black) states at 300 ns. The
shaded area indicates the position of the membeartethe dashed line at 1.8 A is the
radius of a chloride ion.

longer time scale reveals a complete pore in dmyfirst run of the bound-state model
at around 280 ns (Figure 2.11), albeit one thatiilswatertight on the intracellular side
at the level of the tetrahelix bundle (238).the same 280 ns time point, the apo state
shows a different, mostly closed pathway (radiusldf5 A; Figure 2.10), which
diverges laterally at the intracellular side of thembrane. The physiological relevance
of this lateral pathway for exiting ions, if ang,uncertain. The second run of the bound
state also displays an expanded pore in the tranbma@e region, although not a
complete one (see Figure 2.11). The pore is line@Ms 4 9 and 12 at various points
along its path through CFTR; structurally, it forthee to a radially outward shift of TMs

7 9 and 12 (Figure 2.12). The pore is continuoushyvated, but we never observe an ion
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Figure 2.12: Differences between ATP-bound (gree@nd ATP-apo (orange) states
of CFTR. Structures are taken after 280 ns of theifst run starting from the
crystallographic-fit model (see also Fig. 2.10JA) NBDs viewed from the cytoplasm.
ATP molecules in the bound state are shown in purfB) ICLs viewed from the
cytoplasm in the same orientation as the NBDs n TAe bottom of TM9, connected
to ICL3, is also indicated. (C) Side-view of ICLUsoftom) and TMDs with one of the
discovered salt bridges highlighted. (D) TMDs vieMiem the extracellular side. The
red x marks the position of the putative initiat@o

inside of it. Arginines, such as R303, R933, R3] R1128, are present in the pore,
which could provide a favorable electrostatic eoninent for chloride ions. However,
the radius is only slightly above the 1.8 A thrdghior a desolvated chloride ion for
much of its length, and therefore, we do not exidotbe conductive yet. On the basis
of a comparison of the ATP-apo and ATP bound statedypothesize a causal chain of
events leading to channel opening: (1) binding ®PAnduces a tighter association of
the NBDs (Figure 2.12), (2) the ATP-bound NBDs 8iabdthe ICLs (Figure 2.12), (3)

the close association of NBDs and ICLs permitstaaitil interactions, e.g., the observed
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salt bridge between E543 (NBD1) and K968 (ICL3)jahlshifts the position of TM9,
among others (Figure 2.12), and (4) this shift bfsTat the cytoplasmic side induces a

corresponding one at the extracellular side, ogeaipore (Figure 2.12).

2.3.5. Comparison of the Crystallographic-Fit Model with aRecent 3.2 A Resolution

Outward-Facing Human CFTR Structure.

The recent advancements in the field of singleigdartryo-EM have led to multiple
structures of CFTR in the resolution range 3 4 Alifferent conformations. We compare
our crystallographic-fit model to the phosphorythteATP-bound outward-facing
conformation of hCFTR, which surprisingly did naigsess an open pore as expected
(128).We found an overall root-mean-square deviationttier backbone of 5.8 A. In
equilibrium MD simulations, fluctuations of 2 4 Adm a crystal structure are regularly
observed, e.g., as seen for ABC transporters S&vasé MsbA (249, 250)vhile 5.8 A

is beyond these observations, it should be notatl kbth structures may represent
distinct physiological states. Many features of ATé°-bound outward-facing structure
of hCFTR (128) align with our crystallographic-fitodel of human CFTR, such as the
bending of TM6 at residue V350. While the positiasfsmost of the TMs in the
crystallographic-fit model match the 3.2 A resautistructure closely, TM 6 is
noticeably shifted in the crystallographic-fit mb@@MSD 6.5 A; see Figure 2.13). This
is most likely due to the arrangement of TMs 7 8nhdM8 in the hCFTR structure is
broken into three short helices, a feature only se¢he recently published structures of
CFTR (48, 126-12&nd not found in structures of related ABC transgsr The helical
portion of TM8 located at the extracellular sidewgies a more central position within

CFTR than in the crystallographic-fit model, disptegy TMs 6 and 7. The functional
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Figure 2.13: Structural comparison of the outward-bcing hCFTR structure (PDB

ID 6MSM) in orange and the hCFTR outward-facing crystallographic-fit model in
blue. (A) Aligned structures. The root-mean-square demiabetween the structures is
5.8 A. (B) The alignments of TM6, TM7, and TM8 drighlighted to show major
differences.

Figure 2.14: Comparison between the Rahman et. @domology model (blue) and
closed-state cryo-EM structure of human CFTR (orang; PDB 5UAK). The full
structures are shown in (A) and TMs 6, 7, and &agklighted in (B).

Reference: K. S. Rahman, G. Cui, S. C. Harvey, ldnd\. McCarty. Modeling the conformational
changes underlying channel opening in CFTR. PLo8&, 8():1-13, 2013).
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relevance of this broken TM8 is still being invgstied, especially through MD
simulations (167)Similar differences are seen in comparing the desate homology
model of Rahmaet al. (130)with the 3.9 A resolution structure of inward-faginCFTR

as well (Figure 2.14) (126). Despite these posdiodifferences in the TMDs, the
agreement between the ICLs and NBDs after alignmihie whole structure and model
is better, with the ICLs having an RMSD of 4.2 Adahe NBDs 3.7 A for the outward-
facing structures. To further validate the crysighphic-fit model, three key open-state
salt bridges were examined, namely, R347 D924 (1&352 D993 (146, 251)and
E267 K1060 (47).All three pairs form salt bridges in the outwardifey hCFTR
structure (128)n simulations of the bound state of the crystaigdic-fit model, a salt
bridge between R347 and D924 is only seen onc@0m3 in one run, one between R352
and D993 forms for the first 30 ns in one run andtable over 300 ns in the other, and,
finally, one between E267 and K1060 is present oearly the entire 300 ns of one run
and the first 110 ns in the other. In contrastSimhaevet al, all pairs of residues are
within 2.5 6 A over the course of 20 ns MDFF rur22@).These interactions, identified
in many CFTR homology models (130, 159-162, 162)2tave been validated through
rigorous electrophysiology studies (146-148pecifically, the first two interactions,
R347 D924 and R352 D993, have been characterizesheeially in our work (146,
148). Interestingly, the last of these interactions (E26Wl K1060) was found via
homology modeling and was subsequently verifiedegrmentally (161, 235Charge-
reversal mutation of either residue lowers the operate of CFTR in response to ATP
but not the stability of the open state, suggediirag the interaction plays an important

role in maintaining the architecture of the ATP dimg site in the apo state (23%5).
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addition, K1060 is the site of a disease-associatethtion (K1060T) (253Although
this interaction was initially discovered on thesisaof homologous residues in the
prokaryotic transporter MsbA, a multiple sequerlgmanent of these regions shows that

these residues are unique to CFTR among ABCC pio{see Figure 2.15).

Figure 2.15: Sequence alignment of CFTR and relateg@roteins. The sequence
segments in the alignment correspond to ICL2 (@) ICL4 (bottom). Residues E267
and K1060, which appear to contribute to a sattdej are highlighted in red.
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2.3.6. Identification and Experimental Validation of a Sak Bridge between ICL3 and
NBD1. ABC transporters use flexible loop motifs to coutbleir domains, two of which
are the Q- and X-loops. The Q-loop is adjacenh&ATP binding site and is known to
facilitate NBD NBD dimerization upon ATP binding asell as NBD ICL coupling
(254).1t has also been suggested that one byproduct eof BE508 mutation is a
conformation of the Q-loop that inhibits NBD dimeation (255).The X-loop is a
flexible motif present at the interface betweenNiBDs and the ICLs, the latter of which
are each composed of two long helices and one Bhlixtarranged in a horseshoe shape
(Figure 2.12) (256)I'he flexible Q- and X-loops are contact pointdi® ICLs and likely

play an important role in conferring motion fronetNBDs to the TMDs. In simulations

Figure 2.16. Snapshot of the bound crystallographiéit trajectory after 200 ns
(top), focusing on the interface betweeNBDs and ICLs (bottom). The domains of
CFTR are labeled accordingly, and E543, K968, at@¥ are shown as sticks and
colored by residue type (acidic in red and basiglire).
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of the crystallographic-fit model, E543 of NBD1 (¥ep) forms alternating salt bridges
with K968 (ICL3) and K1292 of NBD2 (Q-loop); allrke residues are shown in Figure
2.16. The former interaction has been observetherdvomology models (130, 163)t
not the latter. Over the 300 ns simulations oflibend state, E543 formed a salt bridge
with K968 36% of the time (73% in the second rundl avith K1292 26% of the time
(0% in the second run; Figure 2.17). In one of &EP-bound simulations, E543
appeared to alternate between interacting with K&68 K1292. The E543 K968 salt
bridge was also present in the semi-bound simulg®0%) and for part of one of the
apo simulations (37%), prior to the separatiorhefNiBDs. The E543 K1292 salt bridge
was only observed near the end of one of the apalations and was not observed at
all in the semi-bound simulation. To determine tumctional relevance of the
E543 K968 and E543 K1292 salt bridges, the behagiaf CFTR channels bearing
mutations at these sites were recorded in elecysiplogy experiments. The single
mutants E543Kand K968A-CFTR exhibited a signifibamdnger (E543K) or slightly
shorter (K968A) mean activation time—defined astitme required for currents to reach
a plateau in response to ATP + PKA—as compared TeCGNTR (Figure 2.18). The
mean activation time for the charge swapped dombiant (E543K/K968E-CFTR) was
similar to WT-CFTR channels, exhibiting rescue. ikwhough the single mutant

K1292E-CFTR had a mean activation time similar t0-GF TR, the K1292E mutation

in conjunction with the E543K mutation, as a cleasgvapped double mutant, partially
rescued the long mean activation time seen in tISBESFTR mutant (Figure 2.18).
While both charge-swapped double mutants E543K/9RE2 and E543K/K968E-

CFTR can at least partially rescue the mean aativdime of the E543K mutant, the
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Figure 2.17: Salt-bridge distances over time for tb crystallographic-fit ATP-
bound simulation. Three experimentally verified salt bridges arekegtover time in
(A) run 1 and (B) run 2. (C) Two salt bridges newligcovered and experimentally
confirmed here for both runs.
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latter has a greater effect (Figure 2.18). These siaggest that E543 interacts with both
K968 and K1292. It should be noted that, for CFoRransition from the closed to the
open state, the R-domain must be phosphorylatébdodgh the homology model in our
simulation does not contain the R-domain, theren@aay other steps necessary for the
transition that could be observed. To investigaee éffects of these residues on the
opening of CFTR after phosphorylation, we expldtesireactivation of CFTR channels

with ATP alone. For this experiment, we used thfang protocol: WT-CFTR and

Figure 2.18: Mean activation time changed in mutarg compared to wt-CFTR
Sample traces of inside-out macropatch curren(d¥WT-, (B) E543K-, (C) K968A-

, (D) E543K/K968E-, (E) K1292E-, and (F) E543K/KPIE3-CFTR recorded under the
experimental conditions listed in the panels. Ganit50 mM Cl intracellular solution;
INH172, 10 M CFTRIinh172. (G) Summary data for mean activatiore for WT and
mutants. Statistical data are as follows: n = 30M&; n = 11 for E543K; n = 7 for
K1292E; n = 18 for K968A; n = 11 for E543K/K968E+r0 for ES43K/K1292E. ***,
P <0.001 compared to WT; **, P < 0.01 comparetE-CFTR
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mutated channels the by 127.6 U/mL PKA and 1 mNMAWIg; channels were allowed
to close briefly by washout of ATP and PKA; charsngkre then reactivated by addition
of 1 mM MgATP alone; channels were then deactivagdin by washout of ATP
(Figure 2.19). We attempted to fit both the reatton and deactivation rates of the WT-
CFTR channel, the single E543K- mutant, the sit{€8A- mutant channel, and the
E543K/K968E-CFTR double mutant channel. Howevertation at these residues

caused the macroscopic opening and closing transitupon applying or washing out

Figure 2.19: 1 mM MgATP reactivated WT and mutant GFTR after channels were
fully activated by ATP + PKA. (A) WT-CFTR was fully activated with 1 mM MgATP
and 127.6 U/ml PKA, deactivated by removal of ATiél #KA using control solution,
and then reactivated by 1 mM MgATP alone. Repredmet current traces for E543K
(B), K968A (C), and E543K/K968A-CFTR (D) were reded with the same
experimental conditions as WT-CFTR. Summary datashown in E. Y axis indicate
the ratio of maximum current in ATP alone{b)) divided by maximum current in ATP
and PKA (latp+pka). Statistical data are follows: n=4 for WT; n=a8 £543K; n=8 for
K968A; n=6 for E543K/K968E. **, P < 0.01 comparedWT.
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ATP, to be quite irregular, compared to the behagfoWT-CFTR channels with the
same protocol, making quantitative fits imposs{Bligure 2.20). In spite of this inability
to quantify, it is nonetheless evident that disingthe interaction between E543 and
K968 greatly perturbs the macroscopic channel behauch that neither single nor
double exponentials efficiently fit the reactivatiodata, however, the double
E543K/K968E mutant began to restore WT macroscdy@bavior. The combined
electrophysiology data lead us to conclude thak®@8 E543 K1292 triad contributes

to the transition from the closed state to the ogtate. The charge-swapping double
mutations were unable to completely rescue WT-CIEMBnnel behavior, suggesting
that all three residues interact during gating. theo possibility is that, due to instability
of the loop, any mutation may alter its structlneis same phenomenon was previously
seen for electrostatic interactions in extraceildop 1 (251).The final remaining
guestion we addressed was whether these intera@lsa contribute to the steady-state
channel function after CFTR is fully activated. Quaring the steady-state behavior to
WT-CFTR channels, K968A-CFTR channels behaved \smyilarly, with regular
closed and open states, a very rare subconducttate and similar mean burst
durations (Figure 2.21). Moreover, K968A-CFTR extad a significantly lower open
probability as compared to WT-CFTR, which is suppadrby a previous study (235).
These data suggest that the above electrostaBcaaiions contribute very little in
modulating the steady-state behavior of CFTR chlarened may contribute mostly to

opening and/or closing transitions, but more experits are needed to confirm.
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Figure 2.20: Representative fits of the ATP-inducedctivation of phosphorylated
CFTR and deactivation after washout of ATP.All activation and deactivation data
were fit in Igor using a double exponential (witham X-offset), as follows: (A) WT-
CFTR activation, (B) WT-CFTR deactivation, (C) K¥EFTR activation, (D)
K96BA-CFTR deactivation, (E) E543K-CFTR activationfF) E543K-CFTR
deactivation, (G) E543K/K968E-CFTR activation, afid) E543K/K968E-CFTR
deactivation. The differences between the raw daththe double exponential fit were
calculated and plotted above each fit. Goodnesis whs also analyzed by Chi-square
value. The activation traces for each single mu(EkB68A-CFTR or E543K-CFTR)
were impossible to fit using a double exponentialction; however, the double mutant
(E543K/K968E-CFTR) seems to partially restore to WHTR channel behavior,
although not completely, thus enabling the dataetdit.
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Figure 2.21: K968A exhibited similar single-channebehavior to WT-CFTR. (A)
Representative Single channel current traces of 8t-K968A-CFTR were recorded
using inside-out patch with 150 mM CI intracellulaolution in the presence of 1 mM
MgATP with 127.6 U/ml PKA at membrane potential 1@V. (B) Open probability
of K968A is significantly lower than WT-CFTR. (C)368A exhibits similar mean burst
duration as WT-CFTR (WT-CFTR data cited from presopublication Cui, G.,
Rahman, K. S., Infield, D. T., Kuang, C., Prince,Z, and McCarty, N. A. (2014)
Three charged amino acids in extracellular loopelimvolved in maintaining the outer
pore architecture of CFTR. The Journal of Genehgis®logy144, 159-179 . N=5 for
K968A-CFTR. *** P < 0.001 compared to WT.
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2.4. DISCUSSION.

Recent advancements in the field of cryo-EM hadetéean influx of new structures at
higher resolutions than previously attainable witheelying on crystallization. Within
the last three years, four structures of CFTR Haeen published using single-particle
cryo-EM techniques (48, 126-128). These structhee® provided valuable information
on the closed state and the conformational chaingesed by phosphorylation and ATP
binding; however, none of them, including the outikacing structures, displays a
complete conducting pore. It is possible that tH€Aound zebrafish and human CFTR
structures both represent a state similar to thkeafentioned “strained transitional” state
of CFTR (130), and additional signals or stepsraqeiired before a pore will form on a
much longer time scale than simulated here. Sutdttipa transitional states of CFTR
can be explored with MD simulations, combined vegperimental confirmation of key
interactions observed. Before the release of the3a! A resolution cryo-EM structures
of CFTR, several homology models were built to aonate the dearth of structural
information. Here, we refined one of those modedsnfRahmaret al. (130) by flexibly
fitting it to two versions of a low-resolution ceM map (157), one with the full 12-
fold crystallographic symmetry of the map and oneraged to a single copy. We found
that fitting to the crystallographic map producenare functionally relevant model than
fitting to the averaged map, likely due to the nbairance of the crystal contacts, which
further restrict fluctuations at a resolution beldat of the map itself. Our study
complements that of Simhaeat al. (223), who used the same map to refine two
homology models of CFTR from Corragtial.(162) and from Daltoet al.(164). Fitting

was followed by simulations of each model for aaske100 ns in different ATP-
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occupancy states. Similar to Simhasval. (223), we observed that even without ATP
the NBDs collapse. When comparing the ATP-bountestaimulated here, we found
that the crystallographic-fit model exhibits incsed NBD dimerization when compared
to the original homology model as well as the opgrof a partial pore at F337. The
radius of gyration also shows a significant widgnof the extracellular side of the
protein in the crystallographic-fit model in the RIbound state compared to the apo
state. Upon extension of the simulations from 10@®0 ns, the crystallographic-fit
model revealed the formation of a complete por28atns of one run (Figure 2.10) and
an expanded patrtial pore in the other run (Figutd)2 similar to the pore identified in
other homology models (165). We note that, althotlyh existence of a pore is a
promising sign, the simulations are still far fraonverged, which would require a time
scale orders of magnitude larger to fully descrdETR’s gating cycle. We also
compared our crystallographic-fit model to the aativfacing hCFTR structure (128).
We found that some elements of CFTR aligned moeigraivell between our
crystallographic-fit model and the hCFTR structsh as the ICLs (RMSD 4.2 A) and
NBDs (RMSD 3.7 A). However, the structural diffeces in the TMDs are greater.
These differences most likely stem primarily frolkirak in TM8 seen only in the recently
published structures of CFTR but not represente@HiR structures resolved under
different conditions (171). However, as mentione@vmusly, the outward-facing
structure of hCFTR could represent a “strainedsiteomal” state and, thus, has possibly
not yet signaled for pore formation. These traosdl states can be further characterized
through MD simulations and confirmed through expemtation. In addition to the

transition from a strained state to one with a porer the 300 ns simulation of the
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crystallographic-fit model, salt bridges were obser between E543 in the X-loop of
NBD1 and K968 in ICL3 as well as between E543 ai@% in the Q-loop of NBD2.
These interactions, although previously suggesyeatter homology models (130, 163),
have not been experimentally tested until now. Igeteesis and electrophysiology show
that disrupting the E543 K968 K1292 electrostatiaidd significantly alters the
macroscopic rate of channel activation, with E54&King the largest effect (see Figure
2.18). Therefore, we suggest that this triad i$ pia structural relay from the NBDs to
the TMDs signaling ATP occupancy and leading tcepgiormation, as observed in the
simulations. Preliminary experiments suggest tbate signaling has occurred, the
steady-state behavior is not strictly dependenheririad. In the outward-facing hCFTR
structure, neither the E543 K968 nor the E543 K128&lt bridge is seen, although only
slight movements of a loop would be required fanthto form (side chain distances of
8.2 and 10.0 A, respectively). Future simulationd experiments will be used to further
elucidate the signaling mechanisms in CFTR, esfpeciader different phosphorylation

conditions.
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CHAPTER Il

CFTR EXPRESSION AND PURIFICATION

3.1. INTRODUCTION.
CFTR, only expressed in vertebrates, has a comipiegenesis requiring multiple
proteins that aid in folding, proper insertion intee membrane, and post-translational
processing of CFTR (58, 63, 257). Because of tmepbexity of CFTR biogenesis, the
cell type chosen for CFTR expression for purificatand location of the affinity tag is
critical for a high yield of highly homogenous CFTRurrently, several cell types are
being used for CFTR expression and can be depengentthe CFTR ortholog. Due to
the complexity and instability of human CFTR, orlykaryotic cells have been used
successfully in expression for purification. Pudfiion of membrane proteins, especially
ABC transporters, is highly dependent on the detatrgolubilization step, including the
choice of detergent and method of solubilizatid®B8260). CFTR is no different. CFTR
ATPase function appears to be highly dependentenlétergent used for solubilization
and stabilization, which cannot be rescued by rstittion into lipids (133). In this
chapter, we describe attempts and successes assipr and purification of human
CFTR in three different cells types—Sf9 (ovary sealf Spodoptera frugiperda BHK
(Baby Hamster Kidney cells), and CHO (Chinese HamBwary cells) — evaluating the
overall quality of protein expression and purifioat In the following chapters, CFTR
function, both ATPase activity and channel funci@oa evaluated.

3.1.1. Individual contributions.

3.1.1.1. Sf9 EXPRESSION SYSTEM.
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The initial CFTR construct for protein expressiarthe Sf9 cell system was designed by
Dr. Canhui Li and Dr. Mohabir Ramjeesingh of the Ohristine Bear Lab at the School
of Medicine, University of Toronto, Canada and gjiftto Dr. Brandon Stauffer of the
McCarty Lab at the School of Medicine at Emory Uarsity in Atlanta, GA. | was
initially taught cell culture and viral expressi@thniques for Sf9 cells by Dr. Youngman
Kwon in the Kang Lab at Georgia State UniversityAtlanta, GA, and Dr. Nidhi
Williams of Atlanta, GA. | performed the final baahtransfection, viral infection, and
CFTR protein expression from the Sf9 cells.

3.1.1.2. BHK EXPRESSION SYSTEM.

Stably transfected BHK-CFTR-10xHis cell line waftegl to McCarty Lab by Dr. John
Hanrahan of the Department of Physiology at McGiliversity in Montreal, Canada. |
maintained and designed cell culture protocolsriorsitioning to suspension culture and
preformed and optimized protein purification.
3.1.1.3. CHO EXPRESSION SYSTEM.

CFTR-3xFLAG-tag construct gifted to Dr. Guiying Cafi McCarty Lab by Dr. Hong
Joeng of the lab of Dr. Eric Sorscher in the Schaddledicine at Emory University.
Cloning of CFTR-3xFLAG insert into T-Rex™ pcDNAS5/T@us an IRES-CFP vector
performed by the Custom Cloning Division within amory Integrated Genomics Core.
| developed the stably transfected CHO-CFTR-3xFLBGE4 line, with help from the
Winship Flow Cytometry Core within the Pediatricegartment at Emory University
and from Mr. Brian Dobosh (Tirouvanziam lab). Ferthoptimization and protein

purification was completed by me.

3.1.2. Publications resulting from this chapter.
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Optimization of CFTR protein purification will baiplished in downstream publications,

as CFTR purification is a new technique to bothMe€arty and Schmidt-Krey labs.

3.2. METHODS.

3.2.1. Sf9 expression system.

3.2.1.1. MOLECULAR CLONING FOR hCFTR EXPRESSIONHBI CELLS.
Original plasmid (hCFTR with a c-terminal 10xHiggtan pFastBacDual) (Figure 3.1)
was provided by the Bear lab, as noted above. Aitgtion of plasmid was completed
by transformation into XL 10-Gol&. coli cells on 75 g/mL LB agar plates. Plasmid
(given number pCF340 in the McCarty lab) was pedfiby miniprep (ZymoPure
MiniPrep Kit) and CFTR sequence confirmed by feltgth sequencing of hCFTR

(Genewi?, https://www.genewiz.com/en). Two stabilizingutations, D110C and

Figure 3.1: Plasmid map of WT-hCFTR in pFastBacDualector. This plasmid was
used for wt-hCFTR expression in Sf9 cells, but &sdhe generation of mutant hCFTR
constructs and expression in Sf9 cells.

85



K892C, were introduced into WT-hCFTR (McCarty pCBp4using the Emory
Integrated Genomics Core (EIGC). Full-length sequenof hCFTR constructs were
completed before the generation of bacmid.

3.2.1.2. MAINTENANCE OF SF9 CELLS.
Gibcd® Sf9 cells from Invitrogen were thawed quickly in °87water bath and
resuspended in 5 mL of SF-900™ II SFM media. Toaexpand infect cells, DMSO
must be removed immediately upon resuspensioneove DMSO, cells were pelleted
at 800 g for 5 minutes at RT, and the supernatmbved. Cells were resuspended in 5
mL of new warmed SF-900™ |l SFM media and transféno 50 mL of media in a
sterile 250 mL Corning media bottle. Cells werevgnon a non-humidified, air-regulated
incubator at 27C with a loosened cap, shaking at 150 RPM. Celleweunted using a
hemocytometer every two days and split at a den$ityx 10 cells/ mL. To make frozen
cell stocks, cells were pelleted at 800 g for 5utes at RT and then resuspended in
freezing solution (30% FBS, 10% DMSO, and 60% S6™901 SFM media) and frozen

at a density of 3 x P&ells/mL to -80C. Frozen cells were stored in liquid nitrogen.

3.2.1.3. BACULOVIRUS PRODUCTION.
A general outline can be seen in Figure 3.2. lmatance with instructions for the Bac-
to-Bac Baculovirus Expression system (Invitrogenptyjfied plasmid was transformed
into DH10BacE.coli for bacmid production and colonies were screened.B-agar
plates with 50 g/mL kanamycin, 7 g/mL gentamicin, 10 g/mL tetracycline, and 100
g/mL Bluo-gal and 40 g/mL IPTG (Blue-white Screening). Colonies wereestd
based on positive blue/white screening, amplifeaaj purified in accordance with the

ZR BAC DNA™ Miniprep Kit protocol (Zym8). Purified bacmid was screened first by
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PCR amplification of inserted gene followed by fieihgth sequencing of the WT and
mutant hCFTR construct (Genewiz©, https://www.geizesom/en). Promising
constructs were used for baculovirus productionf9 &ells were plated at ~50%
confluency in Grace’s Insect Media, UnsupplemelitéetrmoFischer™), and incubated
for 1 hour before transfection. Sf9 cells were $fanted for 5 hours at 2€ in Grace’s
Insect Media, Unsupplemented, using a Bacmid:Caitigratio of 1 (ug) DNA: 8 (uL)
Cellfectir® 11, which was preincubated for 30 minutes at RTells were allowed to
recover and produce virus for 72 hours in Sf9D0 media. Virus-containing media
was removed, supplemented with 2% FBS (Fetal Bodamum), and stored af@
protected from light (for short-term storage). Vicalonies were selected and purified
via plaque assay, and then the viral titer wasrdeteed also using plaque assay. Briefly,
cells were plated at ~25% confluency in a 6-weltgpknd incubated overnight at°Z7
before treatment with virus for 1 hour at RT. Vietmntaining media was removed from
infected cells, and cells were covered in 1% aganos X Sf-900M Il media solution.
The plates were incubated at°’€7 humidified until the number of plaque colonied d
not change over 48 hours; then, viral colonies wetieer purified or titered. When
purifying a viral colony, a sterile glass pipett@svused to stab the agarose, and the
agarose plug was transferred to a sterile microifegé tube containing 0.5 mL of SF-
900™ |I SFM media supplemented with 2% FBS. This waxed by vortexing, before
0.1 mL of plaque purified virus was plated into leaeell of a 6-well plate containing
adherent Sf9 cells at 75-80% confluency and in@d&r 72 hours. The media was
collected, and the cell debris was pelleted byrdegation at 500 g for 5 minutes at RT.

The supernatant was transferred to a sterile 1xaomical tube supplemented with 2%
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FBS and was stored at@away from light. During titering, plague colonigsre stained

in 0.5 mL Neutral Red solution for 2 hours at RT aolution removed before counting
colonies. To calculate the titer, the number ofqpks per dilution was counted,
multiplied by the dilution factor and divided byethvolume of inoculation virus.
Amplification of a plaque-purified p1l viral colorstarted with cells in a 6-well plate (2
x 10° cells/mL) which were infected at an MOI (multipticof infection) of 0.1 before
being harvested at 48 hours. The cells were pdl&t®00 g for 5 minutes at RT and the
supernatant was collected (p2 viral stock). Thevpal stock was stored at°@
supplemented with 2% FBS. The titer of p2 viracktwas determined using the plaque

assay. For long term-storage, any viral stock i@®d at -80C protected from light.

Figure 3.2: Depiction for the overall flow of bacubvirus production. The purified
donor plasmid is transformed into DH10Haccoli. Bacteria containing the recombined
CFTR-containing bacmid will survive antibiotic sefi®n and can be further screened
using Blue-White screening. CFTR-containing bacmitransfected into Sf9 cells to
generate Baculovirus (within media). Baculovirus ¢ee used to infect Sf9 cells for
CFTR protein production and purification.
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3.2.1.4. INFECTION OF SF9 CELL SUSPENSION CULTURE.
Sf9 cells were plated in a 10 cm dish at 1.8 XciIs at RT for 30 minutes. The media
was removed and replaced with SF-900™ [I SFM medg@plemented with 1% FBS
before adherent cells were infected at a multigliof infection (MOI) of 20 for 48 hours.

3.2.1.5. PROTEIN EXPRESSION SCREENING VIA WESTERN BNALYSIS.
Infected Sf9 cells were pelleted at 1000 g for lifutes at 4C and the cell pellet was
resuspended in RIPA buffer containing 1x proteabkéitor cocktail (cOmplete EDTA-
free PIC Roch®). Infected cells were lysed on ice for 10 minwged’C, and the cellular
debris was pelleted at 1000 g for 10 minutes’@t 4 he total protein concentration was
measured using Pierce™ Bicinchoninic Acid (BCA) roate assay in accordance with
the manufacturer’s protocol. Equivalent total antsusf protein (50-150 pg) for each
sample were mixed with 1x Laemmli sample buffeefared in house) supplemented
with 50 mM DTT (Dithiothreitol) and then incubatati37C for 30 minutes. All samples
and the ladder (Precision Plus Protein™ Dual C8kandards Marker Bio-Rad) were
loaded into a Mini-PROTEAN® TGX™ precast 4-15% damyide: bisacrylamide SDS-
PAGE. The gel was run at 150V for 45 minutes armah tinansferred overnight at@ at
60 mA onto a nitrocellulose membrane. All blots evétocked in 5% milk in TBST
(Tris-buffered saline and Twe®r20) for 1 hour at RT, and then stained with 1:0,50
mouse anti-CFTR 596 antibody in TBST with 5% BSAeught at 4C, followed by
11,000 goat anti-mouse antibody conjugated to K&éma) in TBST with 5% BSA for
1 hour at RT with three 15 minute washing stepsragach antibody stain with TBST.
Western blotting detection was determined using isimem™ ECL™ Western Blotting

Detection reagents, and blots were imaged on &RBid-ChemiDoc™ XRS+ system.
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3.2.1.6. HIS-TAG ACCESSIBILITY DETERMINATION.

Infected Sf9 cells were collected by titration sedleted at 1000 g for 10 minutes a4
Cells were resuspended in 0.5 mL Roche Buffer Ar(B@ NaHPQ;, pH 8.0, 0.3 M
NaCl) and lysed using a Dounce Homogenizer. Laggjkilar debris was pelleted by
centrifugation at 1000 g for 10 minutes &€C4 The supernatant was prepared for resin-
binding by the addition of DDM and imidazole to neak final concentration of 0.1%
DDM and 0.5 mM imidazole in Roche A buffer solutidrhe prepared supernatant was
mixed with 50 L Roché& His-resin overnight at°€. The resin was “packed” in
Ultrafre® PVDF 0.5 m centrifuge filter (Millipore-Sigm®) at 100 g for 1 minute at
4°C and the flow-through was collected. The resin washed in 150 L Roche A
supplemented with 0.1% DDM and 0.5 mM imidazoleT®Rwvas eluted from the resin
with 50 L Roche B (50 mM NabkPQi, pH 8.0, 0.3 M NaCl, and 0.25 M imidazole) by
centrifugation at 100 g for 1 minute &Ct

3.2.2. BHK-CFTR-10xHis Expression System.

3.2.2.1. MAINTENANCE OF BHK-CFTR-10xHIS CELLS.
BHK cells were stably transfected with recombina@ETR containing a 10x His-tag on
the C-terminal end, as previously described (1BRK cells were maintained adherently
by splitting in the range of 1:5 to 1:20 at 100%nfteency into DMEM/F12 50:50
(Dulbecco's Modified Eagle Medium: Nutrient MixtuFel2) plus 10% FBS with 1%
Penicillin/Streptomycin and 0.5 mM Methotrexate (BEFTR complete media).
Frozen cell stocks were prepared in 10% DMSO, 3&8%,/and 60% DMEM/F12 50:50
at a density of 3 x focells/ mL and cooled to -8C, and then transferred to liquid

nitrogen for long term storage.
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3.2.2.2. HIS-TAG ACCESSIBILITY DETERMINATION.
Cells plated on 10 chplates were collected by trypsinization and petleie1000 g for
10 minutes at 4C. The cells were resuspended in 0.5 mL Roche Bu#{f¢50 mM
NaHPQ;, pH 8.0, 0.3 M NaCl) and lysed using a Dounce Hgemizer. Large cellular
debris was pelleted by centrifugation at 1000 g I0r minutes at 4C. Then the
supernatant was prepared for resin-binding by tiditian of DDM and imidazole to
make a final concentration of 0.1% DDM and 0.5 miidazole in Roche A buffer
solution. The prepared supernatant was mixed viithl5Roché& His-resin overnight at
4°C. The resin was packed in an Ultraffe®VDF 0.5 pum centrifuge filter
(MilliporeSigma™) at 100 g for 1 minute at@ and the flow-through was collected. The
resin was washed in 150 pL Roche A supplemented @it% DDM and 0.5 mM
imidazole. CFTR was eluted from the resin with 30Roche B (50 mM NabkPQ;, pH
8.0, 0.3 M NaCl, and 0.25 M imidazole) by centriitign at 100 g for 1 minute at@.

3.2.2.3. TRANSITION OF ADHERENT BHK-CFTR-10xHIS ICEODTO SUSPENSION

CULTURE.
Cells plated on two T75 flasks were grown to cosficy. Once confluent, cells were
washed in PBS and incubated in 0.25% trypsin-ED®A 90 seconds before being
removed. The cells were incubated for another @0rs#s before being resuspended in
12 mL of BHK-CFTR complete media in the same pta$5 flask. This method was
repeated over 4 days, or until cells began forndirdimensional (3D) structures. Once
the cells began forming 3D structures, the celleeviansitioned into suspension flasks.
The adherent cells were washed in the T75 flaskis RBS before incubation in 0.25%

trypsin for 30 seconds. The cells were washed agaBS and rested without solution
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for another 30 seconds before being resuspendBHitCFTR complete media. Cells
from two T75 flasks were transferred to a 1 L saspen culture flask filled with 500
mL of BHK-CFTR complete media supplemented withed.Rluroni® F68 (Gibc).
The suspended cells were fed within 24 hours ofsiteon with 550 mL of complete
media supplemented with 0.1% Plurdhie68 and spiked with 0.5 mM Methotrexate
(final concentration) 12 hours before purification.

3.2.2.4. CFTR PURIFICATION FROM BHK-CFTR-10xHIS CEL
BHK cells were pelleted either in 50 mL conicaleslat 1000 g for 5 minutes &Clor
in 750 mL bottles at 4000 g for 30 minutes withwslaraking at 4C. The cell pellet mass
was measured, and all volumes described are fortdtad) mass. The cell pellet was
resuspended in 10 mL of 8 mM HEPES-Na, pH 7.2pn@MBEDTA, 1 mM DTT and PIC
(2 mM PMSF, 20 uM Leupeptin, 3 uM Chymostatin, 3nBénzamidine, 0.2 mM
AEBSF, 10 uM E-65, 10 uM Bestatin, and 10 uM Pdpstarhe cells were lysed using
a Dounce Homogenizer with 20 strokes from the Iqosstle and then from the tight
pestle. The cell lysate was mixed with LA®lume of 2M sucrose in 8 MM HEPES-Na,
pH7.2, 0.8 mM EDTA, and 1 mM DTT and incubated oa for 10 minutes. Large
cellular debris was pelleted twice by centrifugatat 1000 g for 10 minutes;@. The
supernatant was ultracentrifuged at 100,000 g foodr at 4C with slow braking. The
membrane pellet was washed in 5 mL of 50 mM Trid;€ 7.5, 0.5 M NaCl, and 10%
glycerol by resuspension using a Dounce Homogerifenee strokes with the loose
pestle and then three strokes with the tight pesklee resuspended pellet was
ultracentrifuged again at 100,000 g for 1 hour°& with slow braking. The membrane

pellet was washed in 1 mL of 50 mM Tris-HCI, pH,80®2 M NaCl, and 10% glycerol
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and resuspended using a Dounce Homogenizer. Thispesded membranes were
moved to an ice-cold beaker in a cold room, andighd0 mM Tris-HCI, pH 8.0, 0.2
M NacCl, 2.5 mM MgC}, 10% glycerol, and 1 mM ATP was added dropwism#éke a
final volume of 10mL. CFTR was solubilized by adglih0% DDM/ 2% CHS (10% n-
dodecylb-D-maltoside/ 2% cholesterol hemisuccinate) to maki@al concentration of
0.1% DDM/ 0.02% CHS dropwise over 30 minutes wigntte mixing using a 5mm stir
bar, while still on ice. Solubilized CFTR was sead from insoluble material by
ultracentrifugation at 100,000 g for 30 minuteg}dT with slow braking. Only native,
solubilized CFTR was extracted from the supernasauat incubated with equilibrated
HisPure™ Ni-NTA (nitrilotriacetic acid) resin (OrBL) (Thermo Fischer Scientific) for
1 hour at 4C with rotating. The resin was packed in a grafldy column and washed
in increasing amounts of imidazole (10 mM, 25 mM,ri@M and 125 mM) in 50 mM
Tris-HCI, pH 7.5, 0.15 M NaCl, 2.5 mM Mgg&land 10% glycerol. CFTR was
phosphorylated on the column with 10 U/mL PronfeB&A in 10 mM ATP in the first
wash for 10 minutes af@. CFTR was eluted from the column using 0.45 Mdemble
in 5x resin volume in 1 mL fractions, and selecidation fractions were pooled and
concentrated using Amic8&r.00,000 MWCO (molecular weight cut-off) filters H100

g for 20 minutes at €. The concentrated elution fractions were injeatatb the
AKTA™ Purifier (GE Healthcare Life Sciences) withSuperdex™ 200 10/300 GL
column (GE Healthcare Life Sciences), and CFTRig@lated by size exclusion. CFTR
was expected to elute at approximately 11 mL, ire@gent with chromatography

standards (Figure 3.3), and did successfully.
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Figure 3.3: Size Exclusion Chromatography (SEC) Stadards on Superdex™ 200
10/300 GL columnMolecular Weight standards for SEC were loaded Suiperdex™
200 10/300 GL column and run at a flow rate of Oy mL. Based on these standards
and the molecular weight of CFTR (~170 kDa), CFTH mnanticipated to elute at 11
mL. CFTR-nanodiscs would be much larger, elutingZdt mL but >9 mL.

3.2.2.5. ANALYSIS OF CFTR PURIFICATION.
Each sample was mixed with 6x Laemmli Sample Bujfeepared in house) to a final
of 1x and 50 mM DTT and immediately loaded, witheated ladder, into either a MINI-
PROTEAN® TGX™ precast 4-15% acrylamide: bisacryldenSDS-PAGE or a hand-
cast 8% acrylamide: bisacrylamide discontinuous $B&E. The gel was run at 150V
for 45 minutes or 1 hour, depending on the gel typeecast SDS-PAGE gel was

transferred overnight at@ at 60 mA onto a nitrocellulose membrane. To imprthe
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CFTR signal on the nitrocellulose membrane, the brame was fixed in 50% methanol
at £C for 30 minutes and dried at®7for 30 minutes (261). The membrane was blocked
in LI-COR Intercept blocking buffer for 1 hour affRstained in 1:1,500 mouse anti-
CFTR 596 antibody in Intercept blocking buffer plasl% Tweefi 20 (Bio-Rad)
overnight at 4 and in 1:10,000 LI-COR IRD¥e680 IR goat anti-mouse antibody in
Intercept blocking buffer and 0.1% Twé&eR0 for 1 hour at RT with three 15 minute
washing steps with PBST after each antibody. Thenbnanes were imaged on a LI-
COR Odysse¥y 9120 Infrared Imaging system. For the hand-castatitinuous SDS-
PAGE, gels were silver stained in accordance widnce Silver Stain manufacturer’s
protocol. All protein concentrations were deterndinesing the Pierce™ BCA protein
concentration assay.

3.2.3. T-Rex™ CHO expression system.

3.2.3.1. MOLECULAR CLONING.
The insert (construct nucleotide 905 to 5461) wasex from the provided construct of
WT-hCFTR in pCDNA3 which contains a glycine linké@x) C-terminally and N-
terminally to the 3xFLAG-tag within the extracelulloop 4 (ECL4), between construct
nucleotides 3,598 and 3,712 (CFTR nucleotide 2&%8# 2,695 or CFTR amino acids
S898 and R899). The addition of the tag increasedrnolecular weight by an additional
114 nucleotides (38 amino acids), making the f@BITR construct 4,557 nucleotides,
or 1518 amino acids, in length. The vector was eibfrom the provided T-Rex™
pcDNAS5/TO construct containing WT-hCFTR plus an BRECFP reporter system
(construct nucleotide 1 to 1,040 and 5,484 to 10)4Phe final construct, McCarty lab

construct name pCF595, is 11,534 nucleotides amtiaces a CMV promoter with
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Tetracycline operator, the WT-hCFTR construct V@#LAG-tag in ECL4, an IRES-
eCFP reporter system, a hygromycin resistance gaaeBGH polyA tail, the SV40
promoter and origin, the pUC origin, and an amfiiciesistance gene (Figure 3.4). This
construct was transformed into XL 10-G®&ldltracompetent cells in accordance with
the manufacturer’s protocol. Several bacterial ci@s were selected and grown in 5 mL

of LB-Miller (Difco™) broth with 75 g/mL ampicillin. Bacteria were pelleted and

plasmid was purified using ZymoPURE™ Miniprep Kithe purified plasmids were

Figure 3.4: Plasmid map of WT-hCFTR with a 3x-FLAG+ag in ECL4 for stable
transfection of T-RexX'M CHO cells.WT-hCFTR with a 3x FLAG-tag in extracellular
loop 4 (ECL4) cloned from this construct and insérinto pcDNA5S/TO containing an
internal ribosomal entry site (IRES) and cyan fesment protein (CFP) for transfection
and protein production reporting in T-R¥CHO cells.
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screened via restriction digestion (Figure 3.5)ef3r, 5 g of pCF595 was digested
with 2 units ofPvul (New England BioLalds (NEB)) in NEB buffer 3.1 for 1 hour at
37°C. Restriction digests were analyzed on a 1% agages stained with 0.5 pg/mL
ethidium bromide (EtBr) and imaged on a Bio-Rad i@ixoc™ XRS+ system. Results
of the restriction digest informed the decisioradfingle bacterial colony for large-scale
amplification and plasmid purification using Maxgpr (ZymoPURE™). The CFTR
construct in the final purified plasmid was confadby full-length sequencing through

GeneWi?.

Figure 3.5: Restriction digestion of pCF595 (McCary Lab). Results of restriction
digestion, usindg®vul, of pCF595 purified from three different bacteralonies (c1,
c2, c3) on a 1% agarose gel stained with 0.5 pgéthldium bromideTheoretical gel
(left) was produced for ease of interpretation gpeximental gel (right). Proper
insertion and digestion will display two bands, ahgist under 10 kbp and one between
3 kbp and 2 kbp. All three colonies (c1, c2, angdst®w expected digestion bands.
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3.2.3.2. MAINTENANCE OF T-REX™ CHO CELLS.

T-Rex™ CHO cells (Thermo Fischer Scientific) wemawed and plated in a T25 flask
in Ham’s F12, 10% FBS, 2 mM L-glutamine, 1% P/S 40d g/mL blasticidin (CHO
complete media) and allowed to grow to confluedyconfluency, cells were split at a
range of 1:5 to 1:20 into a new T25 flask contagn@HO complete media. Frozen cells
were prepared in 10% DMSO, 45% conditioned CHO detepnedia (media exposed
to growing cells), and 45% new CHO complete metlia density of 3 x 10cells/ mL
and cooled to -8 and then transferred to liquid nitrogen for ldagn storage. Stably
transfected CHO-CFTR-3XFLAG cells were maintainsthg the same general methods
as T-Rex™ CHO cells, except CHO-CFTR-3xFLAG ceN&jch were grown in CHO
complete media plus 0.45 mg/mL hygromycin (CHO-CFKRplete media).

3.2.3.3. GENERATION OF STABLY TRANSFECTED T-REX® CHTR

EXPRESSION SYSTEM.
To confirm that a 3x-FLAG-tag in ECL4 would notentere with CFTR biogenesis, the
generated CFTR-pCDNA3 construct was transfectenl BK cells (data not shown).
Optimal conditions for transfection of T-Rex™ CH@lls with pCF595 were determined
to be 1:2 ratio with a 12-hour transfection in &Tsk. A hygromycin kill curve of T-

Rex™ CHO cells showed that after 4 days in 4§0mL hygromycin, approximately
50% of cells were dead (Figure 3.6). Transfectdts aeere induced with 1 g/mL

tetracycline, and flow cytometric parameters wepginsized using the Emory Flow
Cytometry Core (Figure 3.7). With optimized paraenget induced cells were separated,
singly, into two 96-well plates and allowed to gréov 3 days without selection. Once

growth was observed for most wells, the selectgeng hygromycin, was added at 450
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g/mL for 5 days (Figure 3.7). Over several weeksfluent wells were transferred to a
T25 flask and allowed to grow to confluency beftire evaluation of protein expression

and determination of induction conditions.

Figure 3.6: Microscopy of a T-Rex CHO cell kill cuve at 450 ug/mL hygromycin.
The concentration of selection agent that will sheeme cell death at 4 days and
complete cell death after 8 days must be determiedore the generation of a stable
cell line by selection agem. range of hygromycin concentrations was testgag/®nL

to 1.5 mg/mL) and a concentration of 450 pg/mL lygycin fits this profile. Depicted
in this figure is the concentration 460 pg/mL, which displays cell death on Day 4,
but the most on Day 8.
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Figure 3.7: Generation of stably transfected T-Re®' CHO cells with inducible
CFTR-3XFLAG. The pcDNA5/TO containing an inducible WT-hCFTR adnwith a
3x-FLAG-tag in ECL4 and a CFP-reporting system wassiently transfected into T-
Rex™ CHO cells. (A) T-Rex CHO cells were induced avere single-cell sorted by
flow cytometry using the CFP reporting-system. Tifst plot of untransfected cells and
the second of transfected cells show increasedieblis and death reported by the large
side-scatter signal (SSC-A). The third plot shomesftuorescent channel separation of
transfected cells from untransfected cells. (B) re@sgntative individual colonies
several days after sorting shows growth. (C) Imajéso colonies that express CFTR,
as well as the CFP-reporting system. (D) Westeat hows CFTR expression in
colony B2, but not in several other colonies sceeefip12 and F4). The first negative
control is parental T-Rex™ CHO cells, and the sdcoegative control is uninduced
B2 colony. Immunoblotting for CFTR: Primary — mouseti-CFTR 596 antibody,
1:1,500 and Secondary — IRY&80RD goat anti-mouse antibody, 1:10,000 (LI-
COR)
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3.2.3.4. ANALYSIS OF CFTR EXPRESSION AND PURIFIONTI
Induced stably transfected T-Rex™ CHO cells welkefsel at 1000 g for 10 minutes at
4°C and resuspended in RIPA buffer with protease nbibitor cocktail (cOmplete
EDTA-free PIC Roch®). Cells were incubated for 10 minutes &E4nd cellular debris
was pelleted at 1000 g for 10 minutes 4T 4Total protein was measured using Pierce™
BCA microplate assay in accordance with the manufacs protocol. Equivalent
amounts of protein (50-150y) were mixed with 1x Laemmli sample buffer (pregzhin
house) with 50 mM DTT and incubated at@#or 30 minutes. Samples and ladder, pre-
heated (Precision Plus Protein™ Dual Color Starsldtdrker, Bio-Rad), were loaded
into Mini-PROTEAN® TGX™ precast 4-15% acrylamide: bisacrylamide SX&E
gels. Alternatively, an equivalent volume of eaaeimple was mixed with 6x Laemmli
Sample Buffer (prepared in house) to a final cotregion of 1x and 50 mM DTT and
immediately loaded, along with a pre-heated ladiddng Mini-PROTEAN® TGX™
precast 4-15% acrylamide: bisacrylamide SDS-PAGEhamd-cast 8% acrylamide:
bisacrylamide discontinuous SDS-PAGE gels. Theaged run at 150V for 45 minutes
or 1 hour, respectively. Precast SDS-PAGE was fiearesl overnight at C at 60 mA
onto a nitrocellulose membrane. To improve the aV€FTR signal on a nitrocellulose
membrane, the membrane was fixed in 50% metharBCator 30 minutes and dried at
37°C for 30 minutes (261). The membrane was blockdd48OR Intercept blocking
buffer for 1 hour at RT, stained in 1:1,500 mousg8-@FTR 596 antibody in Intercept
blocking buffer plus 0.1% Twe&m20 overnight at #and in 1:10,000 IRDy&680RD
goat anti-mouse antibody in Intercept blocking butind 0.1% Tweé&h20 for 1 hour at

RT with three 15-minute washing steps with PBS€&raéiach antibody. The membranes
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were imaged on a LI-COR Odys§e9120 Infrared Imaging system. For the hand-cast
discontinuous SDS-PAGE, gels were silver stainextaordance with Pierce Silver Stain
manufacturer’s protocol. All protein concentratiomsre determined using the Pierce™
BCA protein concentration assay.

3.2.3.5.CFTR PURIFICATION FROM STABLY TRANSFECTHEX™ CHO CELLS.
Adherent stably transfected CHO-CFTR-3xFLAG celtsavseeded into 1 L suspension
culture flask at 0.5 x f@ells/mL in CHO-CFTR complete media plus 0.01%
F68. Cells were grown to 500 x%dells/mL and induced with 10 ug/mL tetracycline for
12 hours. CHO cells were pelleted in 50 mL coniabes at 1000 g for 5 minutes a4
The cell pellet mass was measured, and all voldistesl in reference to 1 g initial mass.
The cell pellet was resuspended in 10 mL of 8 mM B&Ma, pH 7.2, 0.8 mM EDTA,
and 1 mM DTT. The cells were lysed using a Dounaembigenizer with 20 strokes using
the loose pestle and then again with the tight@eEhe cell lysate was mixed with ¥/7
volume of 2M sucrose in 8 mM HEPES-Na, pH7.2, 0 BDTAand 1 mM DTT and
incubated on ice for 10 minutes. Large cellularrdelvas pelleted by centrifugation
twice at 1000 g for 10 minutes &Cl The supernatant was ultracentrifuged at 100,000
g for 1 hour at 4C with slow braking. The membrane pellet was washegsimL of 50
mM Tris-HCI, pH 7.5, 0.5 M NaCl, and 10% glycergl tesuspension using a Dounce
Homogenizer (3 strokes with the loose pestle andetrstrokes with tight). The
resuspended pellet was ultracentrifuged again @000 g for 1 hour at°€ with slow
braking. The membrane pellet was washed in 1 mhOainM Tris-HCI, pH 8.0, 0.2 M
NaCl, and 10% glycerol and resuspended using a @&@woudomogenizer. The

resuspended membranes were moved to an ice-cdtériaahe cold room, and enough
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50 mM Tris-HCI, pH 8.0, 0.2 M NacCl, 2.5 mM Mg£110% glycerol, and 1 mM ATP
was added dropwise to make a final volume of 10paL initial cell pellet gram. To
solubilize CFTR, 10% DDM/ 2% CHS solution was addegpwise over 30 minutes, to
make a final concentration of 0.1% DDM/ 0.02% CHighwgentle mixing using a 5 mm
stir bar. Solubilized CFTR was separated from inl& material by ultracentrifugation
at 100,000 g for 30 minutes atG with slow braking. Only native, solubilized CFTR
was extracted from the supernatant and incubatéu Aviti-FLAG® M2 Affinity Gel
(0.01 mL) for 1 hour at4C with rotating. The resin was packed in a grafldw column
and washed in 50 mM Tris-HCI, pH 7.5, 0.15 M N&C mM MgCb, and 10% glycerol.
CFTR was eluted from the column using 2 column nwa (CV) of 0.1 mg/mL 3x
FLAG® peptide and selected elution fractions were po@ed concentrated using
Amicon® 100,000 MWCO filters by centrifugation at 1000 ar 20 minutes at .
Concentrated elution fractions were injected i AKTA™™ Purifier and CFTR was
isolated by size exclusion on a Superdex™ 200 I0/3L column. CFTR was
anticipated to elute at about 12 mL, which alseagmwith chromatography standards.

3.3. RESULTS.

3.3.1. Expression of CFTR by baculoviral infection of SfScells.

3.3.1.1PRODUCTION OF MUTANT AND WT-hCFTR CONTAINING BACMID
Full length sequencing of hCFTR in pFastBacDual statt showed the correct
sequence for expression in Sf9 cells, albeit wittoa-standard single codon repeat for
the His-tag, instead of alternating codons. Bacmid#ied after plasmid transformation
into DH10BacE. coli(Blue/White Screening) (Figure 3.8), and PCR anygatfon of the

gene of interest region showed the correct siz&/df and mutant hCFTR sequence
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incorporation into Bacmid (Figure 3.9).

Figure 3.8: Images of representative agar plates ilizing Blue/White screening to
confirm successful bacmid production after transfomation. (A) Initial
transformants plated on LB-agar plates with 50 (g/kanamycin, 7 pg/mL
gentamicin, 10 pg/mL tetracycline, and 100 pg/mludgal and 40 pg/mL IPTG.
Colonies that have been transformed with plasmid have correctly produced
recombinant bacmid are white. (B) Selected colofm@s the first plate were restreaked
on new LB-agar plates (containing previously meamgid additives) to confirm the
homogeneity of each selected colony.
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Figure 3.9: PCR amplification of a section of CFTRrom purified WT-CFTR and
mutant CFTR bacmid. Primers, designed in house, were used to ampl#pexific
region of CFTR from purified bacmid to confirm CF§Rne insertion into bacmid. The
positive control is the WT-CFTR plasmid (pCF340, Géaty Lab) and the negative
control is ABCC4 in pGEMHE construdBoth mutant and WT Bacmid show similar
size bands to positive control suggesting the proysertion of CFTR into the bacmid.

3.3.1.2. TRANSFECTION OF SF9 CELLS WITH BACMID RDOBUCE

BACULOVIRUS.
Positive infection of Sf9 cells was observed viaramease in cell size and the generation
of many vesicles within the cells (Figure 3.10).eTiiter of both pl and p2 plaque-
purified viral colonies was determined via plagesay and neutral red staining. The
levels of CFTR expression per viral colony was deieed by Western blot using a
CFTR specific antibody; however, a His-tag antibadyld not detect the same CFTR
expressed protein on a Western Blot (Figure 3THg.lack of detection of a Hist-tag by
Western blot suggested difficulty in the purificatiof CFTR using His-tag affinity

chromatography.

105



Figure 3.10: Images of transfected Sf9 cells to ctim viral infection and
baculovirus production. (A) Images are comparing Sf9 cells that were fiesnied with
bacmid (WT) to produce baculovirus. After 7 dayansfected Sf9 cells will appear
larger in size when compared to untransfected eeltswill contain many intracellular
vesicles. Infected Sf9 cells will eventually leaveegion of no cell growth or a plaque
under plaque assay conditions. Individual plaquesallected and can be used to infect
more copious amounts of cells. (B) VisualizationS#® cells infected with plaque-
purified pl virus for WT-CFTR (Wt 8 and Wt 3) or tant CFTR (mutant 2 or mutant
3, D110C/K892C). Again, cells infected by baculosgirare identified by swelling and
the presence of sill vacuoles.
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Figure 3.11: Western blot analysis to determine higrexpressing WT-CFTR pl
viral stock. High-expressing CFTR plaque purified p1 viral &®csingle 1 and single
2, or mixed plagues, mixed 1, mixed 2, mixed 3, anded 4, were determined by
western blot analysis using an anti-CFTR antibdily but were not detected by anti-
His-tag antibody (B). Positive controls are CFTRmssed in BHK cells (A) and His-
tagged sphingomyelinase, purified (B). Immunobigtior CFTR: Primary — mouse
anti-CFTR 596 antibody, 1:1,500 and Secondary +gu&mouse antibody conjugated
to HRP, 1:1,000lmmunoblotting for His-tag: Primary — rabbit aktis-Tag antibody,
1:1,000 and Secondary — goat anti-rabbit antibashjugated to HRP, 1:1,000.
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3.3.1.3. HIS-TAG IS NOT ACCESSIBLE IN CFTR PRODUGKI5F9 CELLS.
A crude purification testing the accessibility dietHis-tag on baculoviral expressed
CFTR showed no binding to Ro¢heOmplete His-tag resin indicating the inability to
purify CFTR expressed in the Baculovirus systemthi@incorporated His-tag (Figure

3.12).

Figure 3.12: Western blot analysis of crude CFTR pufication from infected Sf9
cells expressing WT-hCFTR.Sf9 cells were infected with a high CFTR expreggif
virus (WT, mixed 3) at an MOI of 20. Infected ceNsre lysed in Roche A buffer and
0.1% DDM. CFTR could not be separated from theteyssing His-tag affinity resin,
confirming the inaccessibility of His-tag. Immunotiing for CFTR: Primary — mouse
anti-CFTR 596 mouse antibody, 1:1,500 and Secondaggat anti-mouse antibody
conjugated to HRP, 1:1,000
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3.3.2. CFTR purification from the BHK-CFTR-10xHis expression system.

3.3.2.1. HIS-TAG OF RECOMBINANT CFTR IS ACCESSIBLBHK-CFTR-10xHIS

CELL LINE.

Because CFTR expressed in Sf9 cells showed theliipalm use the His-tag for
separation of CFTR from endogenous proteins urmdelecpurification conditions, a new
cell expression system was tested. A crude putificaf CFTR using RoclfecOmplete
His-Tag Resin from the stably transfected BHK callowed that the His-tag was
accessible (Figure 3.13). The accessibility ofHietag on CFTR tested and confirmed
in this cell expression system means the possiofippurifying CFTR for downstream

applications.

Figure 3.13: Western blot analysis of crude CFTR puification from BHK cells
stably transfected to express WT-hCFTRStably transfected BHK cells expressing
WT-hCFTR were lysed in Roche A buffer and 0.1% DDBFTR was separated from
the endogenous protein in the lysate using Hisffigity resin. The ability to separate
CFTR confirms the accessibility of the His-tag inist cell expression system.
Immunoblotting for CFTR: Primary — mouse anti-CFBB6 antibody, 1:1,500 and
Secondary — goat anti-mouse antibody conjugatétRiB, 1:1,000
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3.3.2.2.TRANSITION OF ADHERENT BHK-CFTR-10xHIS CELLS TO

SUSPENSION CULTURE DOES NOT AFFECT CFTR EXPRESSION.

Suspension cultures allowed for increased yieldetis and thus are optimal for protein
purification. The stably transfected BHK-CFTR-10gHell line grows adherently, and
so to transition these BHK cells to suspensionuceltthe cells must grow in clumps
known as BHK pearls. It is imperative to confirmatlthe transition of the adherent BHK-
CFTR-10xHis cell line to suspension culture doessaffect CFTR expression. Western
blot analysis of the expression profile of CFTRwhmochange between adherent and

suspension cultures (Figure 3.14).

Figure 3.14: CFTR expression is unchanged under spension cell culture
conditions. CFTR expressed in the stably transfected BHK dek.|Cells were
transitioned to suspension culture, growing as figédor purification. (A) BHK-
CFTR-10xHis pearls after a few days under susparaitiure conditions. (B) Western
blot comparing CFTR expression under suspensiomadhdrent cell culture conditions.
Immunoblotting for CFTR: Primary — mouse anti-CF5B6 antibody, 1:1,500 and
Secondary — IRDY®680RD goat anti-mouse antibody, 1:10,000. Immuoitinlg for
Actin: Primary — mouse anti-actin antibody, 1:5,G0@ Secondary — IRD§e800CW
goat ant-mouse antibody, 1:10,0(
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3.3.2.3. IMPROVEMENTS TO DETERGENT-SOLUBILIZED CPURIFICATION

INCREASED OVERALL YIELD.

A typical 2.4 L BHK-CFTR-10xHis suspension cultyielded a total of 4-6 g wet cell
mass. Cell lysis via Dounce homogenizing showet>t88% of cells were lysed (Figure
3.15). A dramatic improvement in the CFTR vyield watsserved in changing the
solubilization technique. Previously, CFTR was bdiged by the direct addition of 1%
DDM followed by incubation over 30 minutes; howeviey changing to the dropwise
addition of 0.1% DDM/0.02% CHS over 30 minutes yiedd of solubilized CFTR was

dramatically improved (Figure 3.16). Overall, CFpRrity was dramatically improved
by changing from RocffecOmplete resin to Pierce HisPIfeNi-NTA resin and by

increasing the amount of imidazole in the washss{éjgure 3.17). Phosphorylation of

CFTR on the column during the first wash step atgaroved overall yield. The current

Figure 3.15: Microscopic confirmation of at least >0% lysed cellsBHK cells are
lysed using a Dounce Homogenizer. Cells imagedrbd®) and after (B) lysis.
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purification protocol yielded the mostly CFTR, ath&ith one strong copurified protein
(Figure 3.18). Even after size exclusion chromaiphy, this copurified protein
remained present (Figure 3.19). The final yieldad&l protein concentration varies but

was typically 50 - 200 pg with CFTR being approxiata 20%-50% analyzed by

densitometry.

Figure 3.16: CFTR solubilization is improved by slav-dropwise addition of
detergent. The method of solubilization for CFTR not only ieases the amount of
CFTR from the membrane fraction but also improwesaverall yield. Immunoblotting
for CFTR: Primary — 596 mouse anti-CFTR antibod$,300 and Secondary — LI-COR

goat anti-mouse antibody, 1:10,000

112



Figure 3.17: CFTR purity improved by changing the Hs-tag affinity resin used in
purification. Silver stained Mini-PROTEAR TGX™ pre-cast 4-15% acrylamide:
bisacrylamide gradient SDS-PAGE gel showing therowpment in purity by changing
the resin type. The elution fraction between thet® His-resin (A) and the HisPur™
Ni-NTA resin (B), shows a dramatic improvementtie umber of protein bands in the
elution lane in the HisPur™ Ni-NTA resin.

Figure 3.18: SDS-PAGE analysis of CFTR purification Each lane, and lane label,
represents the sample at each stage of the ptiofigarocess described. Silver stain of
8% acrylamide: bisacrylamide hand-cast SDS-PAGE gmbwing the overall
purification, especially improving the purity of TR. An unknown copurified protein
was mostly eluted in wash 3 and wash 4. Howeves,pifotein can still be seen in the
final elution lane of CFTR ([Elution]).
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Figure 3.19: Size Exclusion Chromatography (SEC) d€FTR purified from BHK
cells.(A) Full UV-spectra chromatogram from SEC withw@p8rdex™ 200 10/300 GL
Column after injection with concentrated CFTR @atifractions. Void volume is
marked by a black arrow and the monomeric CFTR peakarked by a blue arrow.
Several peaks present in the SEC chromatogram shimsvpresence of multiple
proteins. (B) Silver stained 8% acrylamide: bisémide hand-cast SDS-PAGE gel
comparing the purity of CFTR from pooled elutioadtions [Elution] to purity of CFTR
after SEC fraction [SEC].

3.3.3. CHO-CFTR-3xFLAG expression system.

3.3.3.1. PRODUCTION OF A STABLY TRANSFECTED CHOFGBAFLAG CELL

LINE.
The confirmed construct bearing CFTR-3XFLAG (ECL4) ircONA5S/TO was
transfected into the T-Rex™ CHO cell line with séattion monitored by the IRES-
CFP system. Individual cells were sorted by flowtoayetry allowing for the
development of uniform cell colonies during theeséibn of stably transfected cell lines.
From this method, 6 different cell lines were depeld, with varying levels of CFTR

expression and two, colony B2 and C1, are shoviigare 3.7.
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3.3.3.2. PURIFICATION OF DETERGENT-SOLUBILIZED CHROM CHO-CFTR-

3XFLAG CELL LINE.

Purification of CFTR from the CHO line showed aigty of dramatic improvements,
including in purity (Figure 3.20), shortening thesoall purification time, and shortening
the amount of time CFTR is in detergent, while rteiming yield; however, the yield

could be improved by the removal of some of thegsdylation signal.

Figure 3.20: Analysis of purification of CFTR from CHO cells using Size Exclusion
Chromatography (SEC) and Western blot.(A) Western blot analysis shows some
CFTR binding to and eluting from resin, especiafyBand B. Immunoblotting for
CFTR: Primary — mouse anti-CFTR antibody 596, 1015%thd Secondary — IRDYe
680RD goat anti-mouse antibody, 1:10,000. (B) E\Mtspectra chromatogram from
SEC with a Superdex™ 200 10/300 GL column aftecition with concentrated CFTR
elution fractions. Void volume is marked by a blaskow, monomeric CFTR peak is
marked by a blue arrow, and the FLA@eptide is marked by a green arrow.
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3.4. DISCUSSION.

The inaccessibility of the His-tag on CFTR produdéedhe Sf9 expression system
renders the purification of CFTR from this expresssystem impossible. As to why the
His-tag is inaccessible, it could be that CFTR waisfully translated in Sf9 cells. Since
the tag is on the C-terminus of CFTR, the lastiporof the protein to be translated, if
CFTR was trapped in the ribosome towards the ersymathesis, then the tag may not
have been synthesized. However, the protein banth@Western Blot is of correct
reported size for CFTR expressed in Sf9 cells, thedantigen for the CFTR-specific
antibody used is in a region (a.a. 1204 to 121INBD2, the C-terminus-containing
domain (132) (CFTR Antibodies Distribution Progra@ystic Fibrosis Foundation).
Thus, for this to be the reason, only a small pardf CFTR is not translated. If this is
the case, moving the His-tag to another sectiah®@fprotein could improve the use of
this cell expression system for CFTR purificatiddodifications and improvements in
the purification steps of CFTR from the BHK-CFTRxHis cell expression system
improved the overall protein yield (from 20 pg tonast 100 pg) and can be used to
inform CFTR purifications from any cell line. Oné these modifications was in the
detergent solubilization step of CFTR with the v$e cholesterol-derived detergent
known as cholesteryl hemisuccinate (CHS). The uséhis detergent has become
popular in the purification of ABC transporters 22@63), as well as shows improved
thermal stability of other tricky membrane prote{@64, 265). It's possible that CHS
has improved the thermal stability of CFTR in dgét, and thus provides a higher
overall yield than CFTR purified without CHS. THigpothesis can be tested by a series

of thermal melting curves of CFTR in different degents, especially in the presence or
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absence of CHS. The copurified proteins persistatiit CFTR from the BHK-CFTR-
10xHis system remained challenging to remove, efen increased resin washing steps
and SEC. This is not uncommon for His-tag affimbyomatography systems, whereas
FLAG-tag affinity chromatography systems are muuprioved in purity (266). Thus, to
improve CFTR purity, a system using FLAG-tag atfmichromatography was
developed. The CHO-CFTR-3xFLAG improved the pudatyCFTR as shown by SEC.
The use of this system, as opposed to the stadigfected BHK-CFTR-10His system,
will allow for the quick, ~3 weeks, production of tiple individual stable cell lines for

a single mutation or multiple mutations. The apitib generate stably transfected cell
lines, without the need for viral titering, meansedse-relevant or thermostabilizing
mutations can be introduced with relative ease. dlear separation of Band B CFTR
from Band C CFTR, unlike in the BHK cells, will alprovide a way to track the
production of Band C or Band B CFTR with the intnotion of each new mutation. The
ease of transition between adherent and suspeasitume conditions means CFTR can
be purified from this culture or recorded using ariety of electrophysiological
techniques. This allows for more comparative stwdieCFTR channel activity both pre-

and post- purification.
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CHAPTER IV

CFTR RECONSTITUTION AND FUNCTION

4.1. INTRODUCTION.
Studying membrane proteins in a lipid bilayer pd®a a more physiologically relevant
environment than detergent; however, the structimaslipid bilayer layers form have
always made studying individual membrane proteiffscdlt. The recent development
of individually packaged membrane proteins in lipithyers, meaning nanodiscs and
native nanodiscs or SMALPS (or their derivativegs revolutionized the study of
membrane proteins (1, 181). In fact, structural &mtctional studies of even well-
characterized membrane proteins have shown thdipideenvironment of membrane
proteins can dramatically alter the characteristichhe membrane protein—decreasing
ATPase activity, but improved transport efficiend267), rearrangement of
transmembrane helices (268), identification oficaitlipid binding positions (263), etc.
These studies are supporting the hypothesis tpadsliplay a significant role in
membrane protein function and structure. Recenicttral studies of detergent-
solubilized hCFTR have identified multiple electrdense regions around the TMDs—
possibly copurified lipids; however, the identitiek these lipids are unknown (128).
Other functional studies of CFTR demonstrate theartance of certain types of lipids
in the ATPase activity of CFTR (133). This chap#alt briefly discuss the expression
and purification of Membrane Scaffold Protein (M3 the formation of nanodiscs
using two different types of lipids. Also, this gher will focus on the function of CFTR

in detergent versus lipids, and between differgnd lenvironments by both an ATPase
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assay and planar lipid bilayer electrophysiologecénstitution of WT-hCFTR in
nanodiscs demonstrates different ATPase activitgggendent on the environment. The
channel function of detergent purified CFTR reciiustd into proteoliposomes
demonstrates comparable channel characteristicsCIBTR as seen in cellular
membranes; however, traditional inhibitors of CFa®w reduced efficacy which might
be dependent on the type of lipid environment.

4.1.1. Individual Contributions.

| performed the reconstitution of CFTR in nanodiansl proteoliposomes experiments
and the ATPase activity assays. | designed anampeeid the MSP1D1 expression and
purification experiments with the help of Ms. IskEbd?ovkov (a Georgia Tech
undergraduate student). The planar lipid bilayémB)Pexperiments were conducted by
Mrs. Kirsten Cottrill (an Emory graduate studeiit)e first model was built with the help
of Mr. Gorman Stock (a former student), which watel refined by Dr. Curtis Balusek,
both of Dr. JC Gumbart’s Lab.

4.1.2. Publications resulting from this chapter.
Parts of this chapter will be published as a chrapt®ethods in Molecular Biologgn
the use of BioBead¥ and the reconstitution of membrane proteins irgtoadiscs and
proteoliposomes. Other parts of this chapter wid published in downstream
manuscripts.

4.2. METHODS.

4.2.1. Preparation of BioBeads™.
Bio-Beads™ (SM-2 Adsorbents cat#1523920) were wezig*-3 g) to fill 1% of the

volume of a 50 mL conical tube. The BioBeads™ waeshed by filling the 50 mL
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conical tube with 100% methanol and rotated fdeast 24 hours at RT. The beads were
allowed to settle, so methanol could be removed thed washed in 50 mL double-
distilled or milli-Q® (Millipore Sigma) water for 24 hours at RT, agauith rotating.
Water washes were repeated for at least four defmd beads were stored in a new
volume of water at 4. The BioBeads™ were tested for quality by formergpty
nanodiscs under the most optimal conditions—with ofthe three lipids known to form
nanodiscs (See below) readily.

4.2.2. MSP1D1 expression and purification.
There are several commercially available MSP pldsmusing a model of the 9.7 nm
diameter nanodisc formed by the MSP1D1 protein stndctures of CFTR, it was
determined that CFTR could be incorporated intoodéasts of this diameter with little
hindrance. pMSP1D1 construct (plasmid #20061) waschased from Addgene,
originally gifted by Dr. Stephen Sligar, and shigpe DH5 E. colicells (184) (Figure
4.1). The cells were streaked on LB-agar platel 8@ pg/mL kanamycin and incubated
overnight at 37C. Several bacterial colonies were selected andmgio 5 mL of LB-
Miller (Difco™) broth with 50 pg/mL kanamycin. Baia were pelleted and the plasmid
was purified using ZymoPURE™ Miniprep Kit. The died plasmids were screened via
restriction digestions (Figure 4.2). Briefly, 1 phpMSP1D1 was digested with 1 U of
Pvul (New England BioLali$(NEB)) in NEB buffer 3.1 for 1 hour at 3Z and double
digested with 1 U oHindlll andHincll (New England BioLa8$NEB)) in NEB buffer
2.1 for 1 hour at 3. Restriction digests were analyzed on a 1% agages stained
with 0.5 pg/mL Ethidium Bromide (EtBr) and imaged @ Bio-Rad ChemiDoc™ XRS+

system. Results of restriction digest informeddélection of a single bacterial colony
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Figure 4.1: pMSP1D1 plasmid mapThe pMSP1D1 construct is purified from DH5
E. coli and transformed into BL21 (DE®. coli for production of MSP1D1 protein,
which can be purified using His-tag affinity chraimgraphy and used in the formation
of nanodiscs.

Figure 4.2: Restriction digestions of pMSP1D1Results of restriction digestions,
usingPvul (A) or Hincll andHindlll (B), of pMSP1D1 purified from three different
DH5 E. colibacterial colonies (c1, c2, ¢3) on a 1% agarokstgmed with 0.5 pg/mL
ethidium bromideTheoretical gel for restriction digestion (left) svaroduced for ease
of interpretation of experimental gel (right). Cojoc3 was chosen as the source of
pMSP1D1because the results of both restriction dliige experiments displayed
anticipated banding patterns.
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for large-scale amplification and plasmid purificatusing Maxiprep (ZymoPURE™).
The final purified plasmid was confirmed by sequegdhrough GeneWfz For protein
expression, pMSP1D1 was transformed into BL21 ((EE®olicells in accordance with
manufacturer’s protocol. For the transformatioBaR1 (DE3)E. coli cells, a range of
pMSP1D1 concentrations was used (0.5 to 100 ngprdadye range of volumes of the
transformed bacteria (10 to 250 uL) was plated onragBr plates with 50 g/mL
kanamycin. The best transformant was chosen for NI8Rexpression and purification.
Transformant starter culture, 5 mL of LB-broth &t@dug/mL kanamycin, was grown at
37°C at 250 RPM for several hours until cloudy. A 1 ndlume of the starter culture
was added to 150 mL of LB-broth with 50 pg/mL karyam and was grown at 3C
with shaking at 250 RPM until an Q@& of between 0.5 and 0.6 was reached. Protein
production was induced with 0.1 mM IPTG overnight&@C with shaking at 250 RPM.
Bacteria was pelleted at 4000 g for 20 minutes °& dnd resuspended in 15 mL
phosphate buffered saline (PBS) supplemented wattease inhibitor cocktail (PIC, Cell
Signaling®). The bacterial cells were lysed over 10 minutesdnication, by alternating
1 second sonication and 1 second resting period, 3% output and on ice. The
insoluble material was separated from the soluldeenal by centrifugation at 11,000 g
for 20 minutes at 4C. The soluble fraction was incubated with 10 pLegtilibrated
Roché& cOmplete His-Tag resin per each 1 mL of supertnatgarnight at 4C. The
insoluble fraction was screened for MSP1D1 by neension in PBS and loading onto
an SDS-PAGE. His-tag resin was packed in a grdlity column and the flow-through
was collected. The packed resin was washed seqgligiti 30 resin volumes of Roche

A buffer (50 mM NaHPQs, pH 8.0 and 0.3M NacCl) at least five times. MSP Ms
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eluted in 6 resin volumes of Roche B buffer (50 m&H.PQ4, pH 8.0, 0.3M NacCl, and
250 mM imidazole) at least three times, and eaatiogl fraction was collected in an
individual tube. MSP1D1 for nanodiscs was furtherified by SEC. The third elution
fraction was injected into the AKTA™ Purifier wiBuperdex™ 200 10/300 GL column
(GE Healthcare) using a flow rate of 0.5 mL/mirRache A buffer (Figure 4.3). Protein

purity and chromatography efficiency were deterdimy SDS-PAGE (Figure 4.3).

Figure 4.3: Purification of MSP1D1 from BL21 (DE3)E. coli. (A) Hand-cast 12%
acrylamide: bisacrylamide SDS-PAGE stained with iGassie to analyze MSP1D1
purity and efficiency of purification. Each langresents a sample at each stage of the
purification process. MSP1D1 begins eluting from Roch& cOmplete His-Tag resin
(resin packed in a gravity-flow column) at elutifnaction E1 and continues until
fraction E3. The most concentrated MSP1D1 fraasdg3, which was further purified
using Size Exclusion Chromatography. (B) Full SEE-$§pectra chromatogram of
affinity chromatography purified His-tagged MSP10¢ing a Superdex™ 200 10/300
GL column. Void volume is marked by a black arravd dMSP peak is marked by an
orange arrow.

123



Briefly, each sample was mixed with 6x Laemmli lmaddye (prepared in-house) to a
final concentration of 1x and loaded in proportioto a hand-cast 12% acrylamide:
bisacrylamide SDS-PAGE. The gel was run at 150 V1ftnour and stained in 0.1 %
Coomassie blue (R-250, in 10% acetic acid, 30%nethand 60% water) for 1 hour with
rocking and destained overnight in 10% acetic &8 ethanol, and 60% water with
rocking (Figure 4.3). Finally, the protein conceitvn was determined by Pierce™ BCA
assay and MSP1D1 was stored 4t 4

4.2.3. Formation of empty nanodisc controls.
To test the BioBeads™, the following control pratbior forming empty nanodiscs was
used.Membrane Scaffold Protein (MSP1D1; 1 mg/mL; pudfimm-house or Sigma
M7074-5MG) was thawed on ice and lipid stock, eith&PC or POPC (10 mg/mL in
3.5% NaDeoxycholate), was thawed at RT. MSP1DXksi@s gently mixed by flicking,
and lipid stock was gently vortexed. MSP1D1 andlifhid of choice, DMPC or POPC,
were added to nanodisc buffer (20 mM Tris pH 7.4, NaCl, 0.5 mM EDTA, 0.01%
NaNk) in a specific ratio of 80:1 or 65:1. Approximat8&-15 medium-sized Bio-Beads™
were added to the MSP-Lipid-Buffer volume and iretigiol for 2 hours at 2€ for
DMPC or incubated for 4 hours at@ for POPC. Empty nanodiscs were screened by
SEC on an AKTA™ Purifier using a Superdex™ 200 00/&L column, SDS-PAGE,
and by transmission electron microscopy (TEM) (sglew) To test for empty nanodisc
formation under conditions used for forming CFTRywodiscs, the following protocol
was used. BioBeads™ were weighed to a final wetsmafs0.35 g in a 2 mL
microcentrifuge tube. MSP1D1 and lipid stocks wiigved as previously describeq.

a final volume ofl mL, MSP1D1 was added to 0.7 mL Buffer G (50 mNsTH 7.5,
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0.15 M NacCl, and 2.5 mM Mge)l and POPC was added to 0.3 mL of Buffer H.2 (50
mM Tris pH 7.5, 0.15 M NacCl, 2.5 mM Mg&110% glycerol, and 0.1% DDM/0.02%
cholesteryl hemisuccinate (CHS)) to result in alfiMSP1D1:POPC ratio of 1:65. The
lipid-containing buffer was mixed with the MSP1Dantaining buffer by pipetting and
added to BioBeads™ in the 2 mL tube. MSP1D1-POP&BBad™ mixture was
incubated for 4 hours af@. Empty nanodiscs were screened by SEC on an AKTA™
Purifier using a Superdex™ 200 10/300 GL columrhvatflow rate of 0.5 mL/min
Empty nanodiscs also were screened using TEM dev&a1400 (JEOL) transmission
electron microscope at 120 kV. Empty nanodiscs ve#iged 10 to 20-fold before
incubating 2 L on carbon-coated copper grids for 60 secondsTatTRe sample was
blotted using Whatm&h#4 filter paper at the side of the grid and them sample was
stained in 2 L of 2% uranyl acetate for 30 seconds at RT belf@iag blotted. Empty
nanodiscs were screened at a magnification of D% 6020,000x, before imaging at a
higher magnification (30,000x -50,000x). Electroncrmgraphs were collected with
Gatan Ultrascan™ CCD camera and viewed with Digitarograpl? software.

4.2.4. Reconstitution of CFTR into nanodiscs.
To form CFTR-containing nanodiscs, total proteimaentration was determined by
Pierce™ BCA assay, in accordance with manufactsirprotocol.BioBeads™ were
weighed to a final wet mass of 0.35 g in a 2 mLrogentrifuge tube. MSP1D1 and lipid
stocks were thawed as previously descrilred.final volume ofl mL, POPC was added
to 0.3 mL of purified CFTR from BHK cells in Buffé#.2 (50 mM Tris pH 7.5, 0.15 M
NaCl, 2.5 mM MgC}, 10% glycerol, and 0.1% DDM/0.02% cholesteryl h&mgscinate

(CHS)) to make a final CFTR:Lipid ratio of 1:3308OPC. The CFTR-POPC mixture
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was incubated on ice for 10 minutes with gentlekiig. MSP1D1 was added to 0.7 mL
Buffer G (50 mM Tris pH 7.5, 0.15 M NaCl, and 2.5vigCl>) and to the CFTR-POPC
mixture to make a final CFTR:MSP1D1:POPC ratio af11330. The CFTR-POPC
containing buffer was mixed with the MSP1D1-conitagnbuffer by pipetting and was
added to BioBeads in a 2 mL tube. The CFTR-MSP1DRE-BioBead™ mixture was
incubated at 4C overnight. The formation of CFTR-nanodiscs wagaged by FPLC
on an AKTA™ Purifier using a Superdex™ 200 10/300dlumn with a flow rate of
0.25 mL/min The SEC fraction containing CFTR-nanodiscs wasentrated using 2
mL Amicor® centrifuge filters with a MWCO of 100,000 by cefugation at 1000 g for

10 minutes at 4C until the final volume was 1/¥0of original.

4.2.5. ATPase Activity Assay.

CFTR in detergent or in nanodiscs was phosphoylayehe PromeJaPKA -catalytic
subunit (100 U/mL) and 10 mM MgATP for 2 hours &C4PKA, excess MgATP, and
ADP were separated from CFTR-containing samplasgguSEC as previously described
(Section 4.2.4). Confirmation of phosphorylationsveechieved by SDS-PAGE and Pro-
Q™ Diamond phosphorylation stain (Thermo Fischdei@dic) and phosphorylation
immunostaining by Western blot analysis. Samplegr&tion and gel running conditions
were previously described for SDS-PAGE and Weskdots (Section 3.2.2.5). SDS-
PAGE, hand-cast 8% acrylamide: bisacrylamide hasd;avas stained with Pro-Q™
Diamond phosphorylation stain in accordance with manufacturer’'s protocol. The
SDS-PAGE gel was fixed in 50% methanol, 10% acatid two times for 30 minutes,
and was washed in deionized water three timesdonihutes. Then, the SDS-PAGE gel

was stained in Pro-Q™ stain for 90 minutes, desthin 20% acetonitrile in 50 mM
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sodium acetate pH 4 for 30 minutes three times,veaghed in water for 5 minutes two
times, all at RT. The SDS-PAGE gel was imaged anf@ad ChemiDoc™ XRS+ system
using UV transilluminator settings. Immunoblottifmy phosphorylation on Western
blots was performed as follows: blots were blocketll-COR Intercept (PBS) buffer
for 1 hour at RT before incubation in rabbit artiegpho-(Ser/Thr) antibody
(abcam17464) at 1:1000 in LI-COR Inter¢&(®BS) blocking buffer and 0.1% Tweéen
20 at £C overnight. Blots were washed for 15 minutes aiiRFBST three times before
and after incubation in IRD$e800CW goat anti-rabbit antibody, 1:10,000 in LI-RO
Intercept blocking buffer and 0.1% Twée20. Blots were imaged on a LI-COR
Odysse§ 9120Infrared Imaging system (Figure 4.4). ATPase aistiwas measured
using a Malachite Green ATPase assay kit from SigvirK30) using a range of ATP
concentrations from 10 mM to 0.1 pM in 100 reactions with CFTR in detergent or
nanodiscs, for 1 hour at RT. Michaelis-Menten kosetvere determined by fitting
ATPase assay data in IgorPro (Wavemetrics).

4.2.6. Reconstitution of CFTR into proteoliposomes.
The concentration of CFTR was determined by thecEBi® BCA assay in accordance
with the manufacturer's protocol. The dialysis niused was Spectra/Por2
(Spectrum™) and had a MWCO of 12-14 kD with aWadth of 25 mm. A 2-inch strip
was cut and prepared by washed with deionized vgkare incubation in Buffer H.2
(without detergent) for 10 minutes at RT. CFTR d&@PC were mixed at 1:100
Protein:POPC molar ratio, placed into dialysis mgpand sealed with dialysis clips. The
filled dialysis tubing was placed in 1 L of buffidr2 (without detergent) with stirring at

4°C. Buffer H.2 without detergent was exchanged el@r\ours for 4 days.
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Figure 4.4: Phosphorylation of CFTR in detergent or in nanodiss before ATPase
activity measurements.CFTR in detergent and in nanodiscs was phospherylay
Promeg& PKA -catalytic subunit at 100 U/mL in 1 mM ATP for 2urs at 4C. PKA,
excess ATP, and ADP separated from CFTR in detémeim nanodiscs using SEC.
(A) Phosphorylation of CFTR in detergent confirmwdWestern blot and hand-cast
8% acrylamide: bisacrylamide SDS-PAGE gel staineith wro-Q™ Diamond
phosphorylation stain. Immunoblotting for phosphatipn: Primary — rabbit anti-
phospho-(Ser/Thr) antibody (abcam17464), 1:1000%ewbndary — IRDY&800CW
goat anti-rabbit antibody, 1:10,000. (B) Phosphatipgh of CFTR in nanodiscs
confirmed by hand-cast 8% acrylamide: bisacrylan®i¥S-PAGE gel stained with
Pro-Q™ Diamond phosphorylation stain.
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Proteoliposomes were extracted from the dialysgsdrad stored at°€ until screening
by TEM. Proteoliposomes, 2 uL, were incubated aardon-coated 400 mesh copper
grid for 60 seconds at RT, and then were blottedyawith Whatmafi #4 filter paper.
Samples were stained with 2 pL of 2% uranyl acetate30 seconds at RT before
blotting. Proteoliposomes were screened on a JEOO-I4EOL) transmission electron
microscope at an accelerating voltage of 120 kV.

4.2.7. Planar lipid bilayer measurement of CFTR channel ativity.
Planar lipid bilayers were formed from a stockdigblution of 7:3 POPE:POPS. For the
preparation of the lipid stock, POPE and POPS laroform were mixed at a ratio of
7:3, and a final mass of 0.3 mg and the chlorofsoaent was evaporated under a steady
stream of nitrogen gas. The lipids were resuspeimd@@ pL of decane and painted onto
the aperture between thies andtrans wells which were filled with recording buffer (10
mM MOPS, pH 6.9, 1 mM MgGJ 2 mM CaCi, and 50 mM KCI). The formation of a
stable bilayer was confirmed by the emergencesojuare capacitive current wave under
a voltage ramp protocol. Membrane proteins in BHXlutar membranes or CFTR
proteoliposomes were phosphorylated by incubati@®quL of respective samples with
100 U/mL PKA (Promeda -subunit) and 5 mM MgATP for 15 minutes at RT. Sémp
were stored on ice until use. BHK cellular membgarfeuL with a protein concentration
of about 2 mg/mL, or CFTR proteoliposomes, 7 plhveitprotein concentration of about
1 mg/mL, were added to tlves chamber containing recording buffer along with gl
MgATP and 50 U/mL PKA (Prome@a -subunit). A gradient across tlees andtrans
chambers was created by adding enough KCI to mdikealaconcentration of 300 mM

in thecis chamber while leaving an approximate 50 mM KGhiatrans chamber. Single
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channel data were collected at 1 kHz and 0.1 kHarbdligital filtering to 50 Hz and
were recorded using Clampex 13'2Axon™). Single channel data were processed as
follows in Clampfit 10.2M (Axon™): when necessary, the baseline current was
manually adjusted to 0, single channel propertiesevevaluated using single channel

search, and histograms were generated and fitted.
4.2.8. Transmission Electron Microscopy (TEM) of CFTR-Nanaliscs.

A 2 pL volume of CFTR-nanodiscs was incubated awegtlischarged (15 seconds)
carbon-coated copper grids for 60 seconds befottrm with Whatmafi #4 filter paper.
Samples were stained in 2% uranyl acetate for 80n&ks at RT and again blotted. Grids
were screened at magnifications of 10,000x — 2600€fore imaging at magnifications
of 30,000x - 50,000x. Micrographs used for imagecpssing were collected at 50,000x
with a defocus range of 0.8 to 1.Bn. Electron micrographs were taken on 2k by 2k
Gatan Ultrascan™ charge-coupled detector (CCD) caraed were viewed with the
Digital Micrograpl® software before analysis with EMAN 2.3 (269). Rigs were
manually picked from 76 initial micrographs witlparticle size of 125 and a box size of
192 and extracted. After contrast transfer funct{@TF) correction, performed in
EMAN by CTFFIND (270), 990 extracted particles wered in initial class averaging
studies. Particles of poor quality were manuallgleded resulting in about 500 particles
for class averaging.

4.3. RESULTS

4.3.1. The process of cleaning and storing BioBeal$ affects the efficiency of

nanodisc formation.
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We found that the storage conditions of BioBé¥dgreatly affected the ability of the

resin to form nanodiscs. BioBeads™ stored on timel®p at room temperature after a
year developed a yellowish huge, clumped, and mn@swithin the storage bottle. This
is different in appearance to new BioBeads ™ (Fegub). However, BioBeads™ that
have been washed well in methanol and stored ienvet4C can be used a year after
washing without a significant decrease in theitigbio remove detergent. To improve
the length of use, BioBeads™ are either stored adsh stored in the original bottle

sealed with parafilm and stored in a desiccatoo@m temperature.

Figure 4.5: Comparison of old Bio-Beads™ to new BiBeads™.Old BioBeads™
(left), appeared to be clumped, yellowish in coborgd had moisture along all walls of
the bottle. New Bio-Beads™ moved freely, appearbdeyand had no moisture in the
bottle.
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4.3.2. Empty nanodiscs were formed using two different typs of lipids.

Nanodiscs devoid of membrane protein, called empgodiscs, formed with the

MSP1D1 protein of any single lipid composition, DBIr POPC, were confirmed by
SEC and SDS-PAGE. If empty nanodiscs have forntmeatetwill be the emergence of a
peak at 12 mL on Superdex™ 200 10/300 GL columntla@gresence of MSP in the 12
mL SEC fraction when analyzed on an SDS-PAGE. jufé 4.6, empty nanodiscs were
formed with both DMPC and POPC. Of note, evenattrrect MSP:POPC ratio, POPC
displayed a rather large void volume. When the wailihime fraction was screened by
TEM, there were small liposomes (Figure 4.7). Adtem of the MSP:POPC to prevent
the presence of these liposomes, prevented theafamm of the empty nanodiscs.
Screening the 12 mL SEC fraction in which showeaghesence of MSP on the SDS-
PAGE (Figure 4.6) Empty nanodiscs formed underrobebnditions and empty formed

under the same buffer conditions that would be tisédrm CFTR-nanodiscs were also
screened by transmission electron microscopy (Eigu8). Empty nanodiscs formed
under both conditions, the control buffer condii@md the buffer conditions for forming
CFTR-nanodiscs, displayed the anticipated dimessan5 nm by 10 nm for empty

nanodiscs formed with MSP1D1 when screened viativegatain TEM (Figure 4.8).

Under our TEM studies, empty nanodiscs seemed dtepa side orientation or an

orientation in which the nanodiscs are sitting dgee(Figure 4.8).
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Figure 4.6: Confirmation of empty nanodiscs formedwith two different lipids—
DMPC and POPC.Empty nanodiscs formed under control buffer caodg with
DMPC (A) and POPC (B) were evaluated using SECZD8-PAGE. Full UV-
spectra chromatogram from SEC with a Superdex™120800 GL Column after
injection with empty nanodiscs on the left and kagtions analyzed for the presence
of MSP on 12% acrylamide: bisacrylamide hand-c&$-$AGE gel stained by
Coomassie on the right.
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Figure 4.7: Transmission electron micrograph of limpsomes present in the SEC
void volume of POPClipids. Even at the recommended Lipid-to-Protein (LPRiprat
for MSP and POPC, a void volume can be seen artdioed what appears to be small
liposomes. Samples were stained in 2% uranyl ae€lae scale bar corresponds to 50
nm.

Figure 4.8: Micrograph of negatively stained (2% uanyl acetate) empty POPC
Nanodiscs.The POPC nanodiscs show a preferred “side-viewgnation, providing
critical information on successful formation of waiscs with a thickness and diameter
of approximately 8 nm by 10 nm, respectively. Eheanodiscs devoid of CFTR also
provide an important control for reconstitutionGFTR into CFTR-nanodisc. The scale
bar corresponds to 20 nm.
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4.3.3. CFTR was incorporated into POPC-based nanodiscs.

Initial attempts to form CFTR-nanodiscs used DMPCtee lipid of choice due to its
prevalence in membrane protein reconstitution. Harehe formation of nanodiscs was
inconsistent. By changing the choice of lipid toRRQ) a lipid with a much lower phase
transition temperature (DMPC is 22 and POPC is°€) improved the consistency of
nanodiscs formation. CFTR-nanodiscs were scredrschfy SEC, as CFTR-nanodiscs
being of much larger molecular weight will eluteles than both monomeric detergent-
solubilized CFTR and empty nanodiscs. SEC resulSFIR-nanodiscs revealed the
emergence of a peak shoulder at around 10 mL oer8ep™ 200 10/300 GL column,
while monomeric detergent-solubilized CFTR aloneted at 11 mL and empty
nanodiscs eluted at 12 mL (Figure 4.9). Westerhdialysis is one confirmation method
of nanodiscs formation by the presence of CFTR &P in the same SEC elution
fraction. We confirmed the presence of CFTR and M3Pin the same SEC elution
fraction using Western blot analysis (Figure 4 Ahother confirmation method of
nanodisc formation and membrane protein confirnmaisoTEM. Before screening by
TEM, a model of CFTR in a nanodisc was built fomgaring particles seen in the
proposed CFTR-nanodiscs SEC elution fraction to eho®FTR-nanodiscs are
anticipated to be about 10 nm by 15 nm in sizedamdonstrate “mushroom” like features
(described in more detail below). When the SECi@hufraction was screened by TEM,
particles identified in micrographs displayed saVeharacteristic features expected for
CFTR in a nanodisc. The particles identified wefe im by 15 nm in size and
demonstrated “mushroom” like features meaning angdted “stalk” below a “cap”, or

the nanodisc as well as, several particles appdaave two separate densities at the base
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of the “stalk,” which could be separated NBDs (Feg4d.10).

Figure 4.9: CFTR-nanodiscs generated from CFTR pufied from BHK cells
screened SEC and western blottA) UV-spectra chromatogram from SEC with a
Superdex™ 200 10/300 GL Column after injection WtRTR-nanodiscs. Arrows
indicate the following: void (black), CFTR-nanodgqpurple), CFTR (blue), and empty
nanodiscs (orange). (B) Western blot SEC fractidestifying CFTR (168 kDa) and
MSP (24 kDa) in the same fractions. ImmunoblotfmgCFTR: Primary — mouse anti-
CFTR 596 antibody, 1:1,500 and Secondary — IRD$80RD goat anti-mouse
antibody, 1:10,000. Immunobilotting for MSP: Primaryabbit anti-His-tag antibody,
1:1,000 and Secondary IRD® 800CW goat ar-rabbit antibody, 1:10,00
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Figure 4.10: CFTR-nanodiscs generated from CFTR purified from BHK cells
screened by TEM.(A) Micrograph of negatively stained CFTR-nanodis8sfew
examples of particles are boxed in blue. The miaply shows a good distribution of
particles and no aggregation. Scale bar repre5@ms. (B) A CFTR-nanodiscs model
was built of hCFTR (PDB ID: 5UAK) in a nanodisc (BOD: 4V6M), in Visual
Molecular Dynamics (VMD). The lipids in front of IR in a nanodisc have been cut
away to show TMDs
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4.3.4. ATPase activity of CFTR is improved in a lipid envionment over a detergent

environment.

CFTR phosphorylation, whether in nanodiscs or itedgent, was determined by SDS-
PAGE and phosphorylation stain (Figure 4.4). CFoRoentration, whether in nanodiscs
or detergent, was determined by densitometry (datashown). The production of
inorganic phosphate by the ATPase activity of CR¥& determined by the malachite
green assay using an ATP concentration rdfigeaM to 0.1 pMand each reaction was

run in 100 pL volumes (Figure 4.1TPase kinetic data showed that CFTR in a single

Figure 4.11: ATPase activity of CFTR-nanodiscs or ETR in detergent (DDM)
measured by Malachite Green AssayAfter phosphorylation(Figure 4.4), PKA,
excess ATP, and ADP were separated from phosphed/aFTR using SEC. Inorganic
phosphate produced by ATPase activity of CFTR wasasured by Malachite green
complexation for the following range of ATP conaatibns in 100 puL volumestO
mM to 0.1 pM Michaelis-Menten kinetics were determined in Byar and plotted as
“fit”. CFTR-nanodiscs exhibit a higher ATPase aityithan CFTR in detergent. Error
bars are SEM for three trie
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lipid, POPC, environment has an increased rateTd?ase activity rate of 63.5 = 9.75
nmol/min/ug as compared CFTR in detergent with aiPése activity rate of 7.9 + 0.36
nmol/min/ug (Figure 4.11). There is also an inceglalichaelis-Menten constant K
of CFTR in a POPC lipid environment (0.172 £+ 0.Xh®) compared to CFTR in
detergent (0.00692 + 0.00176 mM). An increasedukually signifies a reduction in the
binding affinity of the substrate to the enzymet the increased ¥ax is proportional to
the catalytic rate of the enzyme. These paramgtdisate that ATP binding to CFTR in
a lipid environment is reduced, but the enzymadie iof ATP to ADP conversion has
increased compared to that of CFTR in detergent.

4.3.5. Purified CFTR has the same channel function as CFTR in BHK alular

membranes.

CFTR was reconstituted into POPC-based proteolipesp and the membrane
formation was screened by TEM (Figure 4.12). CFURents were recorded for CFTR
from the BHK cellular membrane fraction, and fronFT®R that was detergent-
solubilized, purified, and reconstituted into paliposomes. Once fusion of either
cellular membranes of proteoliposomes to planad liplayer was observed, CFTR
currents were recorded over several seconds. CHirBnts recorded from BHK cellular
membrane fraction showed the expected -0.61 pAenti(average for each channel) with
an expected open probability, the percentage o time channel was open divided by
the entire recording time ¢J? of approximately 37% under a functional voltage90
mV (composed of an applied -45 mV and agadient voltage of -45 mV) (Figure 4.13).
To confirm this channel is CFTR, the CFTR speadifiaibitor INH172 was added to the

cis chamber and showed a 94 % inhibition of the CFTRent from BHK cellular
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membranes (Figure 4.13). Currents from CFTR prgiesbmes were measured to be -
0.68 pA with an open probability of approximatel298 (and up to 50% in some
recordings) (Figure 4.14). Again, to confirm thiganel was CFTR, the use of INH172
was used. Incubation with CFTR inhibitor only showapproximately 25% inhibition
(Figure 4.14). The difference in efficacy of INH162 CFTR from proteoliposomes
compared to CFTR from the cellular membranes cbaldiue to two possibilities. The
first could be the difference of lipid environmdrgtween the cellular membrane, which
provides a multitude of lipid types. The seconthet CFTR in POPC proteoliposomes
was detergent-solubilized, purified and reconstidutThe detergent solubilization step
could have introduced structural defects to thefipdr CFTR that are unable to be

rescued by the reconstitution lipid environment.

Figure 4.12: Micrograph of negatively stained (2% uwanyl acetate) CFTR
proteoliposomes.Purified detergent-solubilized CFTR was recontiuinto POPC-
based proteoliposomes and screened by TEM. The Baalcorresponds to 100 nm.
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Figure 4.13: Planar lipid bilayer (7:3 POPE:POPS raio) single-channel recordings

of CFTR from BHK cellular membranes. Recordings of CFTR under an applied
driving force of -90 mV for Cl PKA and ATP (50 U/mL and 0.5 mM final) were added
to the cis chamber. Top graphs are of the plapat bilayer recordings pre-treatment
with INH172 (A) and post-treatment with INH172 (BA. histogram for both pre-
INH172 (A) and post-INH172 (B) treatments were fadtfor each state—3 open
channels, 2 open channels, 1 open channel or ctdsathels. Before the addition of
INH172 (A), three CFTR channels can be seen inglesrecording, each with a current
amplitude of -0.70 pA, -0.61 pA, -0.53 pA and arm@age amplitude of -0.61 pA. The
open probability for CFTR in this recording was 378 expected for CFTR. After the
addition of INH172 (B), only a single CFTR channah be seen in a single recording,
a current amplitude of -0.52 pA. The open probgbflor CFTR in this recording was
4%. This represents 94% inhibition of CFTR by 10 [NMH172.
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Figure 4.14: Planar lipid bilayer (7:3 POPE:POPS raio) single-channel recordings

of CFTR from proteoliposomes.Recordings of CFTR under an applied driving force
of -90 mV for Cl. PKA and ATP (50 U/mL and 0.5 mM final) were addedhe cis
chamber. Top graphs are of the planar lipid bilagggordings pre-treatment with
INH172 (A) and post-treatment with INH172 (B). Astogram for both pre-INH172
(A) and post-INH172 (B) treatments were plotted dach state—1 open channel or
closed channels. Before the addition of INH172 @3jngle CFTR channel can be seen
in a single recording displaying a current amplgwd -0.68 pA with an open probability
of 32% for CFTR in this recording, as expected.eAthe addition of INH172 (B), a
single CFTR channel can be seen in a single rempmisplaying a current amplitude
of -0.72 pA and an open probability of 24% for CFiRRhis recording. This represents
25% inhibition of CFTR by 10 uM INH172.
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4.3.6. Preliminary class averages for CFTR-nanodiscs dispy expected

characteristics of successful reconstitution of CFR into nanodiscs.

Particles from images of negatively stained sampks® manually picked using EMAN
2.3 (269). Initial class averages used standard HMPA3 settings. Several classes
contained particles of smaller sizes than expeitte@FTR-nanodiscs, with dimensions
of ~5nm by 10nm (thickness and diameters, respagjivclosely corresponding to
nanodiscs devoid of CFTR. Approximately 80% oftigbes had dimensions of ~ 15nm
by 10nm corresponding to the expected dimensiorteemfht and diameter for CFTR-
nanodiscs. Following classification (Figure 4.15)tlese larger particles, structural
characteristics were observed that are consistéhttine expected overall size and a
density consistent with NBDs of CFTR protrudingnr@an elongated density expected
for a nanodisc in a “side view” orientation. Neat3D model will be calculated, which
will be followed by cryo-EM studies. The large pemtage of successfully reconstituted
CFTR into nanodiscs, the homogeneity of the sangpld,the good particle distribution
without aggregation, are important steps towargs-&M as well as biochemical studies

of CFTR.

Figure 4.15: Preliminary class averages of CFTR-naydiscs. Initial 2D class
averages were generated with EMAN2.3 from a tdtail® particles.
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4.4. DISCUSSION.

The nanodisc bilayer system has revolutionizedstney of membrane proteins both
structurally and functionally by providing a methém the individual packaging of
membrane proteins in a variety of lipid environnserdnd this includes the studies
presented here. In these studies, we report thegemee of a large void volume during
SEC of empty nanodiscs formed using POPC, but MPO. And screening the void
volume on a transmission electron microscope ifledtithe presence of small lipid
vesicles. The formation of these small vesiclasast likely a result of the lipid tails and
can be confirmed by forming nanodiscs with othegkd lipid combinations with the
same lipid tail, but different head groups, and T&iveening of the void volume. As for
the studies on CFTR ATPase activity and the coutidins of the lipid or detergent
environment, these are the first studies in whidthhbthe orientation of CFTR is
unrestricted to buffer conditions, unlike CFTR imfgoliposomes, and no detergent is
present, unlike destabilized proteoliposomes. Othiarilar studies measuring the
ATPase activity of CFTR in different lipids haveliaed destabilized proteoliposomes,
which still require the presence of detergent (138 determined Michaelis-Menten
constants of the ATPase activity for CFTR in detatgwas a lower |, 0.00692 *
0.00176 mM compared to CFTR-nanodiscs (0.172 +0mW), and a lower Max 7.9

+ 0.36 nmol/min/pug compared to CFTR-nanodiscs (83%75 nmol/min/ug). These
results make for difficult interpretations. Firas Kv is an indicator of substrate binding,
the lower the It the tighter the substrate binding to the enzyniés Suggests that ATP
binds tighter to CFTR in detergent than CFTR inatascs. In addition, the ATPase rate

of CFTR is much higher for CFTR in nanodiscs thamétergent but can be expected
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for the high K4 values of CFTR in nanodiscs. The increased ATaisefor CFTR-
nanodiscs does show a higher catalytic rate forRR¥hich could signify the ease of
CFTR transitioning through the NDB-gating cycle Wé&ver, the variation in the values
for the ATPase activity for CFTR-nanodiscs leavesm for improvement and
optimization. Currently, only a single lipid naneds system for CFTR has been tested.
More complex lipid environments in the nanodisogldeesult in dramatically improved
the kinetic parameters for the ATPase activity BTR. The theory that a more complex,
physiologically similar lipid environment affectse function of CFTR could be true for
the differences in the efficacy of a specific CFirRibitor. For the first time, the
difference in inhibition of CFTR by a common CFTifhibitor (INH172) based on the
lipid environment, or preparation state using aedgint for solubilization and
purification, was observed. And while it is stithknown if the difference in INH172
efficacy is due to the detergent solubilization tbe lipid environment, there are
experiments that can elucidate the answer. The dirshese experiments will be the
incorporation of more complex lipids in the fornuatiof the CFTR-proteoliposomes.
The efficacy of inhibition by INH172 on CFTR fronmdse complex lipid CFTR-
proteoliposomes can then be screened again usiagarmllipid bilayer channel
recordings. This work only further suggests theangnce of the lipid environment on

CFTR function—both as measured by ATPase activity @ channel activity.
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CHAPTER V

DETERMINATION OF THE LIPID ENVIRONMENT OF CFTR

5.1. INTRODUCTION.

Nanodisc technology, including SMALPs, has revealbat altering the lipid
environment of a membrane protein can dramaticdflyct the function of and also the
structure of the membrane protein (267, 271). dhithass spectrometry (MS) of
detergent-solubilized V-type ATPases revealeddkeetities of several copurified lipids
(272). Native MS has additionally revealed thagjomeric states of membrane proteins
are stabilized by the presence of specific endogermpids (273). This provides
substantial evidence that lipids can play a ciitrcde in the structure of membrane
proteins, including CFTR. The most recent detergehibilized structures of CFTR
reveal areas of electron density that could be raéwpurified lipids (128, 172);
however, the only investigations into the idensitigf these lipids or the native lipid
environment of CFTR are fluorescent microscopyistidrhese studies show that CFTR
localizes to cholesterol-enriched microdomainshi@a plasma membrane under certain
conditions, but CFTR does exist outside of theseradiomains (274). Determining the
identity of the copurified lipids of detergent-sbiized CFTR by lipidomics MS can
illuminate the importance of lipids structurally.e@rmination of the annular lipid
environment by SMALP-purified CFTR will reveal thgpes of lipids critical for
function and structure. Here, | show the first,tical steps towards SMALP-

solubilization of CFTR. In addition, | discuss thpidomics analysis of detergent-
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solubilized CFTR and of SMALP-purified CFTR.

5.1.1. Individual contributions.
SMA preparation and purification of SMALP-CFTR waerformed by myself.
Lipidomics experiments and analyses were performigdthe help of Georgia Institute
of Technology’s Parker Petit Institute for Bioenggning and Bioscience including the
Systems Mass Spectrometry Core Facility, which Ih&gen supported by the
CF@LANTA RDP Center with funding from the CystidoFasis Foundation. Dr. Josh
Chandler (Emory University) provided useful criteguand quality control parameters to
the lipidomics data processing.

5.1.2. Publications resulting from this work.
Parts of this chapter will be published as a manpison determining the lipids critical
for CFTR function.

5.2. METHODS

5.2.1. BHK-CFTR-10xHis expression system.

5.2.1.1. CFTR PURIFICATION FROM BHK-CFTR-10xHIS CHEINE.
See the previous section (3.2.2.4).

5.2.1.2. SMALP-SOLUBILIZATION AND PURIFICATION OFTR.

BHK cells were pelleted in 50 mL conical tubes @Q g for 5 mins at°€, and the cell
pellet mass was measured. All volumes listed ard @ cell pellet. The cell pellet was
resuspended in 10 mL of 8 mM HEPES-Na, pH 7.2,r0M EDTA and 1 mM DTT.
Cells were lysed using a Dounce Homogenizer fors0kes with the loose pestle
followed by 20 strokes with the tight pestle. Thdl tysate was then mixed with 177

volume of 2 M sucrose in 8 mM HEPES-Na, pH7.2, EDTAand 1 mM DTT and
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was incubated on ice for 10 minutes. Large celldkris was pelleted twice at 1000 g
for 10 minutes at 4C. The supernatant was ultracentrifuged at 100¢0@fr 1 hour at
4°C with slow braking. The pellet was washed in 5 afl50 mM Tris-HCI, pH 7.5, 0.5
M NaCl, and 10% glycerol by resuspension using arige Homogenizer (3 strokes with
the loose pestle and three strokes with the tigistle). The resuspended pellet was
ultracentrifuged again at 100,000 g for 1 hour°& with slow braking. The membrane
pellet was washed in 1 mL of 50 mM Tris-HCI, pH,80d 0.2 M NaCl and resuspended
using a Dounce Homogenizer. The resuspended megtoregre transferred to a 5 mL
tube. The total membrane mass (protein and lipitesd) was measured by Pierce™
BCA assay in accordance with the manufacturer'soea. To solubilize CFTR, enough
10% SMA was added to achieve a final concentratiod.5% per 40 mg/mL lipid and
protein mass. The SMA-membrane sample was inculbatedhour at RT. Solubilized
CFTR was separated from insoluble material by cén&rifugation at 100,000 g for 30
minutes at 4C with slow braking. The supernatant was colleaad incubated with
equilibrated HisPur™ Ni-NTA resin (50 uL) for 1 hoat £C with rotation. The resin
was packed in a gravity flow column and washed nareasing concentrations of
imidazole (10 mM, 25 mM, and 75 mM) in 50 mM TrisSHpH 7.5, and 0.15 M NaCl).
The purity and confirmation of CFTR was analyzedSiyS-PAGE and Western blot
(see section 3.2.2.5).

5.2.2. Untargeted Lipidomics.

5.2.2.1. PREPARATION OF DETERGENT-SOLUBILIZED SAE®L FOR

LIPIDOMICS MASS SPECTROMETRY.

The detergent-solubilized CFTR samples were vodexdath 0.6 mL of 2:1
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chloroform:methanol (CHGIMeOH) at 3000 RPM for 5 minutes (in pulse mode). A
additional 0.4 mL of water was added, and the saswkre vortexed again for 1 minute.
The samples were centrifuged at 21,100 g for 5 tagito enable phase separation. The
organic layer was removed, and lipids were driedvbguum. The lipids were further
extracted by incubation of the aqueous layer withriL 2:1 chloroform:methanol two
additional times and dried as previously descril#dddried extracts were resuspended
in 0.4 mL isopropyl alcohol (IPA) containing dewttd lipids as standards and controls
(3.3% vl/v of the sample), sonicated for 5 minutestexed for 5 minutes and centrifuged
at 21,100 g for 5 minutes. The supernatant wasiebed and stored at@ until injection
into the mass spectrometer.

5.2.2.2. PREPARATION OF SMALP-CFTR SAMPLES FOR DORIICS MASS

SPECTROMETRY.

The samples were vortexed in 1 mL IPA for 3 min@e3000 RPM. The samples were
then sonicated in an ice bath for 3 minutes be®ifeeeze-thaw cycles with liquid
nitrogen. The samples were centrifuged at 21,26f § minutes, and the supernatant

transferred and stored &Cluntil analysis.

5.2.2.3. ULTRA-PERFORMANCE LIQUID CHROMATOGRAPHYSH®A

SPECTROMETRY (UPLC-MS).

Samples (2 pL) were injected into a Thermo Vanquildtra Performance Liquid
Chromatography (UPLC) instrument equipped with acucore Go 2.6 um, 150 x 2.1
mm column. The mobile phase A (40 % water / 60c#t@nitrile, 10 mM ammonium
formate, 0.1 % formic acid) was exchanged to mobi@se B (90% IPA/ 10%

acetonitrile, 10 mM ammonium formate, and 0.1 %ficracid) at a flow rate of 0.4
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mL/minute using the following gradient protocol: 8060% in 1 minute, 60% to 70%
in 4 minutes, 70% to 85% in 0.5 minute, 85% to 98%.5 minutes, 90% to 100% in
0.2 minutes, and ran at 100% B for 2.3 minutesreefloopping to 20% in 0.2 minutes.
The flow rate and temperature were held constart.atmL/minute and 5@. The
fractionated sample was then injected into a The@rimtrap ID-X Mass Spectrometer
using a scan rangen( of 150-2000 with a resolution of 240,000 FWHM.eTHata-
dependent acquisition was collected under thevotig conditions using high-energy
collisional dissociation (HCD) at collision energief 15, 30, and 45 with an isolation
window of 0.8m/zand a resolution of 300,000.

5.2.2.4. DATA ANALYSIS FOR DETERGENT-SOLUBILIZEDREBAMPLES.
Lipidomics features were extracted from chromatogrdn/z and retention time) and
identified through Compound Discoverer 2.X. usihg following databases: mzVault,
compound discover, mzCloud, and in-house maskHdrsiry (determined byheoretical
masses of lipids of interestiror the detergent-solubilized samples, a totaB®0D88
features were detected (28,482 features in positiode and 6,607 features in negative
mode). After the removal of background features amgfeatures with a quality control
score of greater than 30%, 1859 features were iftEhin positive mode and 267
features in negative mode. Each biological repticgample was run in triplicate and
normalized peak area was averaged. Features ethiiichiee three biological replicates
as compared to the blank were determined by cdiogl#he log (fold change) of the
averaged peak areas for the sample blank to the ssature peak area in the sample.
Only features enriched by more than one [dgld change) in the sample over the blank

were analyzed further. The coefficient of variat{@V) was determined for each feature
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across the biological triplicates, and featuresless than 50% CV were analyzed
Confidence in the annotation of the final 383 lipléntities was determined based on
the five confidence levels described by Schymaaski. (275)/Jisted in Table 5.1.
5.2.2.5. DATA ANALYSIS FOR SMALP-CFTR SAMPLES.
Lipidomics features were detected in an unbiasskliéa, as described above. A total of
13,784 features were found across positive mode reagative mode acquisitions.
Features that were enriched in the three biologieplicates of the elution fraction
containing CFTR were analyzed by iodold change) as compared to the blanks and
with a CV score of less than 50%, as reported abgveotal of 1,520 lipids were

identified at a confidence level of 4 or 5, in acance with the Schymanski confidence

levels (275).

Table 5.1: Schymanski level of confidence for MS &htification.

Level Confidence Data Requirement

Level 1 Confirmed structure MS, MSetention time matching,
and reference standard me

Level 2 Probable structure MS, ¥ Sibrary of MS or
experimental data.

Level 3 Tentative candidate MS, MS

Level 4 Unequivocal molecular MS isotope

formula
Level 5 Exact mass MS
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5.3. RESULTS.

5.3.1. SMALP-CFTR purification requires further optimizati on.
Both SDS-PAGE and Western blot analysis showed @#&tR can be solubilized by
SMA but requires optimization to improve the solitpiof CFTR. Another option to
improve the overall solubility might be the useoofe of the other available polymers
(see section 1.4.3.2). There is CFTR present inethgon fractions, but the overall
purification needs to be optimized as the majaoitysolubilized CFTR remains in the
column FT fraction and is a result of weak bindofigCFTR-SMALPs to the resin
(Figure 5.1). There are many copurified proteinshia elution fraction, indicating the

need for optimization (Figure 5.2).

Figure 5.1: Western blot analysis of SMALP-CFTR.CFTR is present in the soluble
fraction, but the majority of CFTR remains mosthythe insoluble fraction. CFTR-
SMALPs also were present in the elution fractiohjoh indicates minimal binding of
SMALP-CFTR to the resin. Immunoblotting for CFTRirRary — mouse anti-CFTR
596 antibody, 1:1,500 and Secondary — IRDYSORD goat anti-mouse antibody,
1:10,000
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Figure 5.2: SDS-PAGE analysis of CFTR-SMALPsHand-cast 8% acrylamide:
bisacrylamide SDS-PAGE gel, silver stained. CFTRAR&MS can be seen in tiedution
fraction, along with several other copurified proge

5.3.2. Lipidomics Mass Spectrometry (MS) of detergent-solbilized CFTR.
Three biological replicates of detergent-solubdiZ&FTR samples were run in triplicate.
A partial match in the mzCloud software, with a ftd@nce level of 3, was 5cholesta-
8,24-dien-B-ol or zymosterol (276) (Table 5.2). Zymosterol & precursor
of cholesterol found in the plasma membrane anstriscturally different from both
cholesterol and cholesteryl hemisuccinate (a detgngsed to solubilize CFTR) (Figure
5.3). This match along with the structural ideaéfion of cholesterol, or a cholesterol
derivative, from a recently determined hCFTR dedatesolubilized structure, indicates
the possible structural importance of cholestenolGFTR (128). The cluster of other

lipid identities falls under level 4 identity codénce. For 382 lipid features, these were
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identified by their chemical formulas linked to asgible name through several
databases. Of these compounds with possible igentapproximately half (15 of 25)
are of odd chain lipids, which only compose a sipaition of cellular membranes (277);
however, these lipids were enriched in the detdrgelubilized CFTR samples (Table
A.1). The other 277 features can only be identibgdhe chemical formula (Table A.2),
and the last 80 features are at a confidence lgivél and can only be identified by

molecular weight (Table A.3).

Table 5.2: Lipidomics results of detergent-solubiied CFTR and analysis results.
The abbreviation FC is the fold change, and CWeésdoefficient of variation.

Name Formula | Molecular | RT RSD Average | Median | CV
Weight | [min] | QC FC FC of
Areas FC
[%]
Zymosterol| G7H440 | 384.33935 3.929 1 5.20 5.19|41.8

5.3.3. Lipidomics Mass Spectrometry of SMALP-CFTR.
Of the initial 2,097 lipid features identified, 2® lipids have linked chemical formulas,
making for a level 4 confidence (Table A.4), and &gids received a level 5 confidence
with only a molecular weight determined (Table AB)e copurified proteins taking up

the majority of the SMALPs, however, complicategHar interpretation of this data.
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Figure 5.3: Structures of cholesterol, zymosteroland cholesteryl hemisuccinate
(CHS). There are apparent structural differences betweethree sterol derivatives—
cholesterol (A), zymosterol (B), and CHS (C). Thesectural differences include the
double bond between C-5 and C-6 of the B ring iolesterol and CHS, but only a
single bond in zymosterol. Zymosterol has a dobbled present between C-8 and C-9
of the B ring, which is a single bond in cholestenod CHS. Zymosterol also includes
another double bond present between C-24 and @A2i6h is a single bond in both
cholesterol and CHS.
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5.4. DISCUSSION.
The current work shows a preliminary search inlibid identities of the annular lipid
environment of CFTR; however, this data, in conjiorc with the many copurified
SMALPs, complicates the confidence for an integtienh. Also, as the majority of
CFTR remained in an insoluble fraction, the liprdfge of the SMALP-CFTR in this
fraction most likely represents the non-majority @FTR. Work to investigate the
annular lipid profile for the majority of CFTR mighiequire a different strategy,
including using one of the aforementioned polynwerthe use of MSP (189). As for the
copurified lipids in the detergent-solubilized CKT&® precursor of cholesterol called
zymosterol was identified, which is also suppotigéeveral other studies. The first and
most crucial study shows electron density similarcholesterol, or a cholesterol
derivative, bound to detergent-solubilized hCFTR8)1 Studies of other ABC
transporters in nanodiscs show that cholestersteta around the TMDs (262). Further
analysis and replicates with reference standamh&lipidomics data of the detergent-
solubilized CFTR samples will increase the numbleard confidence in the lipids

identified.
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CHAPTER VI

CONCLUSIONS

6.1. INTRODUCTION.
Nanodisc technology has revolutionized membrandeproresearch, leading to the
ability to study individual membrane proteins irffelient lipid environments and to
determine how the changes in these environment$ teafunctional or structural
consequences. In order to utilize this technolagyhiese types of studies, first, the
membrane protein of interest must be purified irmetive form.

6.2. REVIEW OF WORK.

6.2.1. CFTR homology models and understanding transition tates.
In lieu of CFTR structures, homology models of CFTR weuét lio investigate the
complex transitions of conformations in this prot€i30, 160-165). This work compares
a homology model by Rahma al. (130), to two of the recently released structfes
CFTR (126, 128) and investigates the optimizatibra domology model by flexible
fitting into electron density maps of the initidfuctures of CFTR (157). Through this
work, the interaction of three residues (E543 K968292) between the ICLs and
NBDs that might play a role in translating the camsences of ATP binding at the NBDs
to the conformation of the TMDs was experimentailtyestigated by molecular
modeling and electrophysiology. Thus, this initaark shows this interaction is likely,
but not without complications. These simulationsdbdinclude the R-domain, and thus
details of its role or the role phosphorylationtibé R-domain on this region was not

explored; even though this region of CFTR does playmportant role in both (278).
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As more structures of CFTR orthologs are releasiedlllations of these structures can
provide valuable insight into the mechanism of CKIéonformational transitions as
well as the interactions of CFTR with the lipiddyier (167). As all of the structures of
CFTR released in the last three years have bedatefgent-solubilized CFTR, the use
of molecular dynamics (MD) will replace the detargamicelle with the more
physiologically relevant lipid bilayer environmehpwever, as these structures of CFTR
were solved in detergent, the likelihood of detatgaeduced artifacts is high. The
strategies we employed for the improvement of tradlogy models could be employed
to these newly released structures in detergemtifitial electron density maps of CFTR
were solved by 2D crystallography, meaning CFTR wathe more physiologically
relevant environment of a lipid bilayer, and notedgent. By allowing these new
structures to relax within the constraints of a-“@solution map through the use of
molecular dynamics flexible fitting (MDFF), it isopsible that detergent-induced
artifacts could be reduced. In fact, one studydwplored this idea through the MDFF
of two inward-facing structures of CFTR recentlieesed (223) into these released 2D
crystallography maps of CFTR. The states of atheke structures were closed, and so
an open, fully conducting pore was not expected,wes it seen (223). Thus, further
MDFF studies of the outward-facing structures offREFwhich is expected to be open
within these maps of CFTR in a lipid bilayer, couddeal key interactions of the CFTR
open state. Simulations of these modified strustuceuld unveil the necessary
interactions CFTR must undergo to transition frdme variety of closed states to a
conducting, fully open state for CFTR. The facttthane of the release structures or

refined structures has displayed a fully conducgiote of CFTR begs the need for more
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structures, especially structures of CFTR in allipiayer.

6.2.2. CFTR expression and purification.
The complexity of CFTR biogenesis results in overexpi@s difficulties and places a
high level of importance on the cell type, as igtfor many other membrane proteins
with complex biogenesis (279). We investigated ghdifferent cell types for the
overexpression of WT-hCFTR and two different taggisystems for affinity
chromatography to improve the yield of WT-hCFTRporntantly, we did not introduce
solubilizing or stability mutations into our pratet-a common strategy in the field. From
these studies, we developed a reproducible profocthe purification of decently pure
and functional WT-hCFTR from BHK cells. Many of tbhptimizations methods learned
in this system can be translated to other CFTR emging cell lines, especially the
optimization in the detergent solubilization stdpttee CFTR purification. The use of
cholesteryl hemisuccinate (CHS) and dodecyl-maltogDDM) to solubilize CFTR
improved the overall yield of CFTR from each pwdtfiion. The use of this detergent,
CHS, has shown to improve the thermal stabilitgtbEr membrane proteins in detergent
micelles (264, 265). Thus, the improvement in yiefdmonomeric CFTR could be
contributed to the improved thermal stability of TB¥in a detergent micelle containing
CHS. This hypothesis can be tested by measuringlaiftg in the melting temperature
of CFTR in different detergent micelles, includimgcelles containing CHS. And while
many attempts to improve the purity of CFTR frorhlia-tag affinity chromatography
system were somewhat successful, the complete @mbsgeveral co-purified proteins
proved to be problematic. His-tag systems are maisrfor having strict buffer

incompatibilities, reduced selectivity for proteiinem specific expression systems, and
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high amounts of leached metal content in purifiettggn samples (280). The
establishment of many other affinity chromatogragygtems, like the FLAGtag
system, have dramatically improved the buffer caibpaies, purification of proteins
from a variety of expression systems, and the diauaty (281). To improve the overall
purity of CFTR, a modified T-Rex™ CHO cell line liting the FLAG®-tag affinity
system was developed. This modified T-Rex™ CHOesystitilized a CFP-reporting
system and flow cytometry to single cell sort tfanted cells for the generation of a
homogeneous population of cells stably expressiAGRC This newly developed system
allows for the generation of new stably transfecieltllines in a few weeks, allowing for
the production of many cell lines expressing ddéfarmutant versions of CFTR quickly.
The purification of CFTR from this system still teges optimization, especially in the
yield. One theory to the low yield could be ocatusbf the tag by the glycosylation of
CFTR, especially as the majority of solubilized CFigRnained in the column FT or
unbound to the resin. There are a few options tprave the binding including:
increasing the amount of resin, using deglycosytagnzymes to remove some of the
glycosylation, or increasing the time of bindinftHese strategies do not improve the
overall yield, the FLAG-tag can be easily moved aederal new cell lines development
in a matter of weeks. The improvements and optitiwraof CFTR expression and
purification allow a host of new questions to besvaered, especially regarding the
preferred lipid environment of CFTR.

6.2.3. CFTR reconstitution and functional studies.
The ability to purify CFTR has set the stage fog thvestigation into the functional

consequences of changing the environment of CFTRvidus work has begun to
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investigate the consequences of the choice ofglateon ATPase activity and how the
reconstitution of CFTR into the lipids of destab#id proteoliposomes, destabilized by
detergent, may not be able to rescue the effeaieteigent (133). The work presented
here on CFTR-nanodiscs is the first study of CFTRPAse activity in a lipid bilayer
system without restricting access of the NBDs to Ail&, proteoliposomes) or in the
presence of detergent (i.e., destabilized protesbmes) and compares the activity to
that measured in detergent. While only one lipidtesyn (POPC) has been tested, the
results clearly demonstrated differences in the @sEPactivity of CFTR in POPC than
in detergent alone. Additional single-lipid systeamsl complex lipid systems, including
the presence of cholesterol, will provide furth&@iormation on the importance of lipids
and the critical type of lipids for the ATP funatiomf CFTR. Pairing these ATPase
functional studies of CFTR with the thermal stabilstudies of CFTR in different
detergent micelles can correlate the changes tontiestability with the changes to
enzyme kinetic parameters measured by the ATPaag.dsot only in detergent micelles
but these same studies, the thermal stability asaagl kinetic enzyme assays, can be
measured for CFTR in nanodiscs of varying lipid position. While ATPase activity is
commonly used to confirm functional purified proteATPase activity speaks indirectly
to the channel activity of CFTR. Thus, we begarestigating the effects of lipids on the
channel function of CFTR, although the initial tegs to confirm that our purified
protein retained channel activity. Here we haveashthat reconstitution of the purified
protein into single lipid proteoliposomes, POPCyordnd then measuring channel
function by fusion of proteoliposomes into planigid bilayers confirms the channel

function of purified CFTR. Not only does our pueti protein retain channel activity, but
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the effect of a common CFTR inhibitor, INH172,ésluced in studies of purified protein
versus protein from cellular membranes. The catifasdifference, whether due to the
presence of cholesterol or from detergent-indutediral changes unable to be rescued
by lipids, has yet to be determined. Experimentdet®rmine the cause of the reduced
inhibition by INH172, first, would be to reconstiéuthe purified CFTR protein into
increasingly more complex proteoliposomes and nreathe efficacy of INH172 on
CFTR from these different proteoliposomes. The mexgteriments would be to remove
cholesterol from the cellular membrane fractions togatment with methyb-
cyclodextrin (MoCD) and recording the efficacy of INH172. The diffieces of efficacy
for this specific CFTR inhibitor could ring truerfother CFTR-specific inhibitors or
even some of the approved modulators of CFTR. Thehanism of action for these
modulator therapies is still being investigated,the highly hydrophobic nature of these
compounds hints towards possible binding to the BMID fact, two recently released
structures of CFTR show two bound modulators, dinécally approved and one not, in
the TMDs (170). These results offer support forithportance of the lipid bilayer for
the channel function of CFTR.

6.2.4. Determination of the lipid environment of CFTR.
The recent advances in the utilization of masstsp@etry to identify lipids and changes
to the lipid environments of cells and membranetggns have been fueled by the
increased recognition that lipids are significamintcibutors to membrane protein
structure and cellular function (282). This worklinés the advancements of mass
spectrometry lipidomics to investigate the anndlpid environment of CFTR by

SMALPS and identify the copurified lipids of thetdyent-solubilized CFTR. The lipids
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identified from the SMALP-CFTR samples make for gbex interpretations due to the
many other copurified proteins in the samples. €nity, only one polymer, the
commercially available SMA polymer, has been attedgn the solubilization and
formation of native nanodiscs containing CFTR. Agrenpolymers are released with
various improvements, different polymers can benafited, the first being polymers that
have been shown to have similar capabilities cfrdeint (DDM) to solubilize membrane
proteins. Moreover, the yield and purity of CFTRht@ning native nanodiscs can be
improved by alteration of the affinity system uskd purification. As previously
discussed, His-tag affinity chromatography systamesnot always the best choice due
to buffer incompatibility, low purity, and challeag from a eukaryotic cell expression
system. The development of the FLAG-tag affinityarhatography system in the CHO
cells could provide increased purity of CFTR canitag) native nanodiscs. And while the
purification of SMALP-CFTR and lipidomics of theSMALPs requires considerable
improvement, the lipidomics results from the detetgsolubilized CFTR samples leads
to two interesting conclusions. First, a choledtprecursor known as zymosterol was
identified at a level 3 confidence. This resulbra with the identification of a cholesterol
shaped electron density observed in one of thentlgceelease CFTR structures (128),
begs many questions about the importance of clest@stor CFTR structure and
function; this is an area of great interest to Mh&Carty lab as functional studies to
investigate the importance of cholesterol has bmewch discussed in the previous
sections. The second significant result is thedgogpulation of odd chain lipids present,
which comprise a small portion of the lipid envinoant of cells. These results were both

identified by untargeted lipidomics mass spectroyeith a relatively low confidence
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level, level 3 and 4 respectively; however, coniicke levels can be improved with the
use of more targeted lipidomics studies. The intobidn of reference standards with the
detergent-solubilized CFTR samples can confirm thed identities currently
hypothesized, at the lower confidence levels, tbdiend to CFTR and will improve the
overall confidence in the lipid identities. Theitlp identified in the lipidomic results will
inform our understanding of the structurally impart lipids of CFTR and will inform
our functional experiments of CFTR in a lipid emmviment.

6.3. FINAL REMARKS.
This work highlights the importance of the cell eegsion system and affinity tagging
method for producing pure and active WT-hCFTR. Therk established the
development and use of new techniques for studyiadjpid environment of CFTR and
the need for more investigations into the functiarad structural consequences of the
environment of CFTR, as well as the need for mwecsires of CFTR, especially in a
lipid environment. This work also highlights theedefor computational simulations,
both structures already published and hopefullynaire structures within the lipid

bilayer, to investigate the complex transitions ®Hihdergoes.
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Table A.1: Lipidomics results of detergent-solubilzed CFTR and analysis results.
The abbreviation FC is the fold change. The liséadures were identified by the mass
list developed by members of systems MS lipidoroa®, giving a confidence level of
4.
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Table A.2: Lipidomics results of detergent-solubilzed CFTR and analysis results.
The abbreviation FC is the fold change. As onlgranula can be determined for these
features, this gives a level 4 confidence.
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Table A.3: Lipidomics results of detergent-solubilzed CFTR and analysis results.
The abbreviation FC is the fold change. For ttissed features, only molecular weight
and retention time (RT) can be determined, anddetesrmined at a level 5 confidence.
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Table A.4: Lipidomics results of CFTR-SMALPs and aralysis results. The abbreviation FC is the fold change. Theseufeat

determined at a confidence level of 4 with the tdmation of the formulas only.
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Table A.5: Lipidomics results of CFTR-SMALPs and aralysis results.The abbreviation FC is the fold change. Thes&ufea

determined at a confidence level of 5 with idea#fion of the retention time (RT) only.
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