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ABSTRACT OF THE DISSERTATION

Fluorescence and energy transfer studies of membrane protein folding

by

Guipeun Kang
Doctor of Philosophy in Chemistry
University of California, San Diego, 2015

Professor Judy E. Kim, Chair

Approximately 30 % of human genes encode for membrane proteins. Membrane
proteins play important roles in cells as ion pumps, ligand receptors, and ion channels,
and are targets for approximately 60 % of all therapeutic drugs. Despite their relevance
in biology and biochemistry, membrane proteins account for only 1 % of the total number

of reported protein structures (RCSB Protein Data Bank), and only 16 % of all protein
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folding literature is related to membrane protein folding (literature search from 1990 —
2015, Web of Science). This dissertation presents spectroscopic studies of the in vitro
folding mechanisms of outer membrane protein A (OmpA). Several optical tools are
utilized, including circular dichroism (CD), tryptophan fluorescence, Forster resonance
energy transfer (FRET), and ultraviolet resonance Raman (UVRR) spectroscopy. An
improved method to determine free energies of unfolding of OmpA based on spectral
decomposition is presented. Dynamics of OmpA folding in synthetic lipid bilayers of
small unilamellar vesicles (SUVs) are investigated through studies of secondary and
tertiary structures. CD and FRET data indicate that secondary and tertiary structures are
formed within the first hour of folding, and strand extension and equilibration continues
on a longer timescale. UVRR data complement the CD and FRET results, and reveal
evolution of molecular interactions during folding. In particular, a tryptophan residue in
the extra-vesicle portion of the pore (position 129) displays unusually intense Raman
activity in the hydrogen-out-of-plane (HOOP) region. The increase in HOOP intensity is
hypothesized to reflect perturbation of the indole ring electron density because of a
nearby charged residue or hydroxyl group on neighboring threonine residue. More likely,
hydrogen bonding of m electrons on tryptophan with hydroxyl group contributes to the
overall stability in addition to hydrophobic contacts by neighboring hydrophobic
residues. A relatively new folding environment of nanodiscs is also explored.
Preliminary FRET and UVRR data show that OmpA folds and inserts into nanodiscs.
Collectively, these measurements elucidate changes in secondary and tertiary structures
as well as molecular interactions of tryptophan residues during membrane protein

folding.
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Chapter 1. Introduction

1.1 Membrane Protein Folding: An important, but challenging, topic of study

Membrane proteins play essential roles in cell membranes as transporter, receptor,
channel, enzyme, and structural supporters of membranes. Hence, it is not surprising that
the membrane protein family makes up ~ 60 % of current drug-targetable proteins.'”
Since membrane protein function is determined by the correlation between structure,
dynamics, and environment, it is necessary to explore these fundamental aspects to
understand disease-related malfunction of membrane proteins.’

Despite the biological and pharmaceutical importance of membrane proteins,
there exists a gap between our knowledge of membrane proteins compared to soluble
proteins. Since the first high-resolution structure of a soluble protein, myoglobin, was
solved in 1960, it took 25 years to determine the first high-resolution structure of a
membrane protein from photosynthetic reaction center of Rhodopseudomonas viridis.*
While approximately 30 % of the human genes encode for membrane proteins,”° less
than 1 % of the 3-D structures of membrane proteins has been revealed over 100,000 of
the total accessible protein structures in RCSB Protein Data Bank.”*

Experimental difficulty is an obstacle to make faster progress in studies of
membrane protein folding.  First, membrane proteins are difficult to handle
experimentally: they are hydrophobic, which makes them susceptible to aggregation, and
the relatively low protein expression yields hamper progress. An additional challenge is
that heterogeneous lipids are essential for the folding reaction and stabilization of the

membrane protein. Membrane mimics, such as detergent micelles or liposomes, make in



vitro folding experiments for membrane proteins complicated. There are various factors
that affect the kinetics of the folding process and the thermodynamic stability of
membrane proteins. For example, the ratio of membrane protein to lipids is one of the
determinants of folding kinetics,” and the carbon chain length and saturation level of the
hydrocarbon tail impact the stability of membrane proteins.'® Despite these challenges,
membrane proteins are still vital and intriguing systems to explore as potential
therapeutic targets. Significant efforts have been devoted to achieve a big picture of
membrane protein folding for decades, but still there remain many unknown pieces. In
this chapter, I will focus on previous achievements on membrane protein folding and
theoretical backgrounds for application to climb “on the shoulders of Giants”.
1.2 Membrane protein structural motifs and its folding mechanism

A cell envelope of gram-negative bacteria such as E.coli consists of an inner
membrane and an outer membrane where the composition of lipids and the constituted
proteins are different. In contrast to the symmetric inner membrane composed of
phospholipids, the outer membrane contains phospholipids in the inner leaflet and
lipopolysaccharide (LPS) in the outer leaflet. In addition, embedded integral membrane
proteins have different structural motifs depending on where they are found: a-helix
bundles reside in the inner membrane, and B-barrel structures are found in the outer
membrane, as shown in Figure 1.1. Outer membrane proteins are less hydrophobic than
inner membrane proteins due to the smaller number of hydrophobic residues, and this
distribution enables outer membrane proteins secreted from the cytoplasm to cross the

- 11,12
cytoplasmic membrane and reach the outer membrane.



Figure 1.1 Structure of the Gram-negative bacterial cell envelope. Outer membrane
(OM) contains phospholipids in the inner leaflet and LPS in the outer leaflet of the
bilayer. (-barrel outer membrane proteins are located in OM. Inner membrane (IM) has
symmetric leaflets containing phospholipids and a-helical membrane proteins. The
peptidoglycan layer (PG) is located in the periplasmic region (PP). Figure is taken from
reference.'



Different folding models have been proposed for a-helical bundles and B-barrel
membrane proteins based on a two-stage model and a concerted mechanism, respectively.
Popot and Engelman initially proposed the two-stage model for o-helical membrane
proteins.”” The first stage is formation of independent helices driven by hydrophobic
interactions and backbone hydrogen bonds that form while inserting into the bilayer. The
second stage is formation of helix-helix interactions to form tertiary and quaternary
structures. A schematic of this two-stage model is depicted in Figure 1.2. The two-stage
model successfully explained the experimental data for folding of a-helical segments of
bacteriorhodopsin.'* Recently, a three-stage model was suggested for helical systems,
where the third state involved addition of internal polypeptide or a prosthetic group in a

partitioning step following the second stage."



Stage 1: insertion

Figure 1.2 Schematic diagram for two-stage model of a-helical membrane protein
folding. Figure is taken from reference.'®



As opposed to the two-stage or three-stage models of a-helical bundles, -barrels
are known to fold and insert into lipid bilayer following a concerted folding

mechanism.!”!®

While helices form internal backbone hydrogen bonds as a stable
structure in the lipids and then develop tertiary structure between helices, p-barrels
develop secondary and tertiary structures in a concerted manner through inter-strand
hydrogen bonding networks.” This folding mechanism coupled with the insertion process
was supported by extensive experiments of SDS-polyacrylamide gel electrophoresis
(PAGE) and fluorescence spectroscopy, and these experiments revealed kinetically

distinguished stages.'”"”

It has been proposed that OmpA assembles into preformed
vesicles from soluble unfolded state (U) to the native refolded state (N) through three
intermediate stages where OmpA first forms the misfolded configuration in water (Iw) by
collapse.  This misfolded intermediate may become an insoluble and irreversible
aggregate (A), or it may interact with the membrane as a membrane-bound state (In).
This membrane-bound state then becomes a partially inserted state (In2) as shown in

Figure 1.3. Throughout the dissertation, I will focus on utilizing spectroscopic

techniques to probe the folding mechanism.
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Figure 1.3 Schematic diagram for concerted mechanism of -barrel integral membrane
protein. Figure is taken from reference.l”



1.3 Model membrane protein: Quter membrane protein A (OmpA)
The p-barrel membrane proteins consisting of 8 to 22 f3-strands are found at the

. . . . 2021
outer membrane of Gram-negative bacteria, chloroplasts, and mitochondria.”™

Here,
the smallest outer membrane protein, Outer membrane protein A (OmpA) is chosen to
investigate the folding mechanism. As one of the most abundant outer membrane
proteins from Escherichia coli, OmpA serves as a bacteriophage receptor and a supporter
of cell stability through physical linkage between peripheral domain and
peptidoglycan.'**** OmpA not only provides these vital functions for the bacteria, but
the protein also serves as a good model to study folding dynamics for several reasons.
First, high resolution structures of OmpA have been revealed by X-ray

26 and nuclear magnetic resonance (NMR) spectroscopy.”’ These

crystallography
native-like structures are able to guide mutational studies and also help interpret
experimental results. The eight antiparallel stranded protein forms a f-barrel monomer
with 325 amino acids comprised of two domains: a transmembrane domain of ~ 171
residues incorporated in the bilayer, and a C-terminus peripheral domain of ~ 154
residues exposed to the periplasmic space. Second, OmpA spontaneously refolds and
inserts into preformed lipid bilayers without the aid of detergent.”® OmpA solubilized in
8 M urea solution refolds into detergent micelles or vesicles upon dilution of urea.'*>*>°
OmpA is also robust in terms of mutations in the N-terminal domain.”' A final, but very
important, benefit is that there are five tryptophan residues embedded in the interfacial
region as shown in Figure 1.4. Tryptophan residues provide valuable information about

the microenvironment near the indole side chain and structural changes during assembly,

and can be interrogated by spectroscopic techniques such as fluorescence spectroscopy.
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Figure 1.4 OmpA crystal structure (PDB: 1QJP) and experimental distribution of
functional groups of a fluid lipid bilayer. Lipid models are from the Avanti Lipids
website (www.avantilipids.com). OmpA refolds and inserts in an oriented manner in the
presence of lipid bilayer, and five native tryptophan residues on OmpA are located at the
lipid/water interface region. The figure on the right side shows the heterogeneous
composition of phospholipids from reference.*
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1.4 Photophysics of tryptophan in membrane proteins
The prevalence of tryptophan in membrane proteins is about twice what it is in

.. 33,34
soluble proteins™

, and this prevalence can be largely attributed to the co-existence of
the hydrophobic indole side chain, and the heteroatom that is able to form hydrogen

bonds.” The amphipathic characteristics enable tryptophan residues to play critical roles

36,37 38-40

in anchoring the protein on the membrane™™”’, in stabilizing membrane proteins™ , and

in minimizing hydrophobic mismatch.*"**

Additionally, the indole side chain is a
sensitive probe in biological systems to report conformational changes and molecular
interactions.” For example, tryptophan emission of OmpA is sensitive to the polarity of
the local environment near the indole group, and this property enables the emission
spectrum to reflect conformational changes of the protein as shown in Figure 1.5.

There are two nearly-degenerate excited states in tryptophan that exhibit different
sensitivities to polarity. These states are indicated 'L, or 'Ly, and the transition moments

are oriented perpendicular to each other (see Figure 1.5).*** The 'L, and 'L, states

absorb near 250-300 nm by m—m* transitions. The 'L, transition moment is aligned

through the nitrogen and hydrogen atoms on the pyrrole, which makes this state sensitive
to polarity and hydrogen bonding. In most cases, therefore, emission of tryptophan in
proteins results from this solvent-sensitive 'L, state. The sensitivity of tryptophan
fluorescence to the environment makes this non-abundant residue a valuable probe to

detect changes in structure and molecular interactions.
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Figure 1.5 Emission spectra of OmpA in different environments: unfolded OmpA at 8 M
urea solution (blue) and fully folded OmpA inserted in preformed, aqueous DMPC
vesicles (red). The inset indicates the electronic transitions, 'L, and 'L, state, of
tryptophan from reference.**



12

In p-barrel membrane proteins, tryptophan is localized at the water-bilayer
interface, and typically points towards the lipid.** In, OmpA, there are five tryptophan
residues, with four pointing towards the lipid at positions 7, 15, 57, and 143, and a single
tryptophan facing the interior of the pore at position 102. In this dissertation, these
tryptophan and other residues on OmpA were mutated to obtain site-selective information
of local environment. Before discussing our work on OmpA, I would like to briefly
mention a relevant experiment based on a fluorescence technique that was used to
support the concerted folding mechanism of OmpA.

As discussed in chapter 1.2, the concerted folding mechanism for (-barrel
membrane proteins is accepted as the primary path. Kleinschmidt et al. used time-
resolved distance determinations by fluorescence quenching (TDFQ) to monitor the
folding pathway of OmpA.'**’ The TDFQ method facilitated real time measurements for
translocation of tryptophan residues through the bilayer by utilizing brominated lipids as
the fluorescence quencher. This experiment enabled characterization of the intermediate
stages during OmpA folding and insertion into preformed lipid bilayer. To track site-
specific relocation of tryptophan residues, the TDFQ experiment focused on single
tryptophan OmpA residues at positions 15, 57, 102, and 143, located in the interior of the
vesicle, and at position 7, located in the extra-vesicle region. As reminder, OmpA folds
directionally, with positions 15, 57, 102, and 143 entering the lipid bilayer before
position 7. The data suggested a concerted folding mechanism of OmpA. In 2002,
Kleinschmidt et al. also proposed that the formation of secondary structure and tertiary
structure were coupled during refolding into the lipid bilayer, and took place after

tryptophan residues inserted into the lipid bilayer.’
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Although significant understanding has been achieved, there still remains a
fundamental question about how OmpA develops tertiary structure during folding. To
investigate the structural dynamics in real time, Forster resonance energy transfer (FRET)
technique is applied to OmpA during folding. As a first attempt to utilize FRET on
OmpA, these experimental results could contribute to answer questions for membrane
protein folding, and to supplement the applicable techniques for membrane proteins.

1.5 Forster resonance energy transfer (FRET) technique

In 1948, Forster proposed a theory that the probability of energy transfer depends
upon the inverse sixth power of the distance between donor and acceptor.*™*® This
energy transfer occurs from an electronically excited state of a donor to a ground state
acceptor through long-range dipole-dipole interactions. The energy transfer arises solely
from a non-radiative process, and not from reabsorption of a photon or a collisional

process (Figure 1.6).
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Figure 1.6 Schematic of energy transfer from the excited state of donor (D) to the ground
state of acceptor (A). Radiative transition (solid), non-radiative transitions (dotted),
energy transfer (dashed). Image adapted from reference.*
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The transfer rate from donor to acceptor is given by Equation 1.1,

kr = i(&)6 1.1

p\r
where tp is the donor excited state lifetime in the absence of acceptor, Ry is Forster
distance and r is the separation between donor and acceptor. This equation shows
explicitly that the energy transfer rate is inversely proportional to sixth power of the
distance. Forster distance, which is the distance at which the transfer efficiency is 50 %,
is calculated as follows:

R§ =8.79 x 1023 (k?n=*QpJ (1)) (in A®) 1.2
where «” is the orientation factor, n is the refractive index, Qp is the quantum yield of
donor in the absence of acceptor, and J(A) is the spectral overlap between emission of
donor and absorption of acceptor chromophore. When one assumes isotropic motion
within the excited-state lifetime, the orientation factor of 2/3 is conventionally used.”
The refractive index and the quantum yield are typically fixed at appropriate values
according to the system. The spectral properties of donor and acceptor are important to
determine the Forster distance, and a wide selection of FRET-pairs covers most
biological dynamics of interest.**

The rate of energy transfer can be interpreted in terms of a transfer efficiency (E),
which is dependent on the separation (r) between donor and acceptor where the sensitive
range of r lies between 0.5R¢ and 1.5Ry. The transfer efficiency can be calculated by
donor fluorescence intensity in the presence and absence of acceptor, Fp, and Fp,

respectively.”® The labeling efficiency of the acceptor molecule, /i, has to be taken into
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account in the calculation of transfer efficiency to avoid misleading interpretation as

shown in Equation 1.3.

B (1 feafeUfa)) _ (1 _foe)L 13

R§+ 16 Fpfa Fp/fa

In 1967, Stryer and Haugland performed an experimental study by adopting poly-
(L-proline), oligomers (n =5 - 12) in trans type II helix conformation as a “spectroscopic
ruler”.”! They observed that transfer efficiency was dependent on distance by inserting
proline spacers between donor and acceptor molecules that were covalently attached to
each end of the peptides. Since this initial study by Stryer and Haugland, FRET has been
widely used as a nanoscale “ruler” to shed light on the structural and dynamic
information of biomolecular systems. FRET technique is sensitive to changes in
conformation or environment by measurements of fluorescence intensity or lifetime. In
addition, the applicable range of FRET is 10 — 100 A, which corresponds to the range
biomolecular structural changes. Lastly, FRET technique is a versatile method to
combine with other spectroscopic instrumentation such as single molecule
measurements.””

Here, we use the FRET technique for the membrane protein, OmpA. This protein
is a good model system because it is well known that OmpA spontaneously folds and
inserts into synthetic lipid bilayer. Furthermore, five intrinsic fluorophores, tryptophan,
are naturally located at the water-bilayer interface region, which allows us to gain site-
specific information about the surrounding environment from these native residues. One

well studied FRET pair, tryptophan and 1,5-IAEDANS, has Forster distance of 24 A,

resulting in a useable FRET range between 12 A (0.5R) and 36 A (1.5R,). Significant
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advancements on optical instrumentation and on dye synthesis enable the FRET
technique to become even more promising especially for biological systems that only
limited approaches can access through in vitro and in vivo experiments.
1.6 Thesis overview

This dissertation focuses on two topics: 1) formation of secondary and tertiary
structures during membrane protein folding by electronic spectroscopy and 2) molecular
interactions during folding by vibrational spectroscopy. 1 describe our efforts to apply
the FRET technique to OmpA. Chapter 2 describes detailed experimental procedures
regarding the production of genetically engineered OmpA variants and membrane
mimicking system for in vitro folding studies. Chapter 2 also includes the description of
the spectroscopic tools utilized in experiments. Conformational dynamics of OmpA were
investigated at different in vitro folding conditions by utilizing FRET, and are discussed
in chapters 3 and 4. In chapter 5, practical applications in fluorescence are discussed for
characterization of membrane proteins, such as thermodynamic stability by monitoring
the spectroscopic parameters of tryptophan fluorescence. A new method was developed
to improve the calculations of thermodynamic stability for membrane protein. Lastly, a
future direction for experiments is suggested in chapter 6 to explore membrane protein
dynamics by utilizing a different membrane system.
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Chapter 2. Methods

2.1 Expression, isolation and purification of OmpA variants

The procedure for the expression, isolation, and purification of OmpA was
performed as described in previous reports;' this procedure was originally adapted and
modified from Surrey et al.>> The standard operating procedure for OmpA growth was
established by Dr. Katheryn Sanchez.* Figure 2.1 briefly describes a series of sequential
steps for the preparation of a pure OmpA sample. Herein, I focus on the protocol for

producing the transmembrane domain OmpA variants that were used for the experiments.

21
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Figure 2.1 Schematic diagram for the expression, isolation, and purification of OmpA.
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The E.coli JF733 strain lacking OmpA and OmpF (Genetic Stock Center, Yale
University) was used to overexpress OmpA mutants. Cell growth was initiated from the
frozen OmpA stock mixed with LB and glycerol. The growing cells in the log phase in a
culture tube were spread on an agar/ampicillin plate and kept in a 37 °C incubator. Once
colonies formed (approximately 12-15 hours), the plate was moved to a 4 °C fridge to
prevent overgrowth, and used within 1 week. From the plate, a single colony was
selected and used to inoculate 300 mL of sterile LB media containing 0.5 % glucose, 0.05
mg/mL ampicillin, and 0.17 M NaCl at 37 °C for overnight growth. An aluminum foil
cap was sufficiently loose to allow air circulation during shaking at 180 rpm. The next
morning, the absorbance at 600 nm was recorded, and the cells were transferred into two
250 mL sterilized centrifuge bottles and pelleted by centrifugation. The cell pellet was
washed twice with fresh LB/ampicillin media and resuspended in ~ 20 mL of
LB/ampicillin solution. The cell resuspension was evenly distributed into six 1 L flasks
of LB media followed by injection of 1 mL of 1 M isopropyl B-D-thiogalactoside (IPTG)
to each flask to overexpress the protein. The six flasks were placed in a shaker at 37 °C
and were shaken at 180 rpm until the ODgo9 was approximately 1 or slightly greater than
1. When reaching this point, the cells were harvested by centrifugation at 6000 rpm for
10 minutes repeatedly until the entire 6 L cell solution was pelleted. The pellet was
washed with 10 mM Tris-HCI buffer twice and weighed. The wet cell obtained from a 6
L batch was ~ 10-15 g depending on the mutant type and was stored in a —80 °C freezer
until it was ready for cell lysis.

The cells were lysed in order to collect the membrane proteins. For cell lysis, the

cells were defrosted in an ice bath with stirring for 2-3 hours. The muddy cells were
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dissolved by the addition of 55 mL of cold 0.75 M sucrose/10 mM Tris-HCI buffer and
55 mL of cold 20 mM EDTA/0.5 mg/mL lysozyme solution. Next, ] mL of 100 mM
PMSF in isopropanol was injected carefully and continuously stirred for 1 hour. (For
convenience, a 10 mL stock solution of 100 mM PMSF solution was stored in a 4 °C
fridge in a secondary container, and 1 mL was pulled from this stock solution as needed.)
The cells in the ice bath were completely lysed by sonication using a 2” horn tip for 5
minutes at a 50 % duty cycle with 70 % maximum amplitude. The tip should be dipped
in the solution, but the immersion depth should be carefully adjusted so that the tip does
not touch the centrifuge bottle. The sonicated solution was centrifuged at 5000 rpm for
15 minutes to remove residual unlysed cells. The supernatant was spun down at 17,000
rpm for 90 minutes, resulting in a brownish-red pellet and yellowish transparent
supernatant that contains soluble protein. The pellet contains membrane proteins,
including OmpA.

OmpA was further isolated from the other membrane proteins. In the pre-extraction
step, the brownish-red pellet of membrane proteins was fully dissolved in 3.5 M urea/20
mM Tris-HC1/0.05 % 2-mercaptoethanol (2-ME) solution (pH 9), and the color of the
solution became transparent light brown. Once dissolved, the solution was spun down at
17,000 rpm for 2 hours, and this process separated the solution into a supernatant
containing peripheral membrane proteins, and a pellet containing OmpA and membrane
fragments. Afterward, the pellet was suspended in 70 mL of a 1:1 mixture of an
extraction buffer (8§ M urea/20 mM Tris-HCI/0.1 % 2-ME, pH 8.5) and isopropanol.
Centrifugation of the solution at 17,000 rpm for 1.5 hours resulted in crude OmpA in the

supernatant.
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Anion exchange chromatography with a HiTrap Q Sepharose Fast Flow (GE
Healthcare) was used to purify the crude OmpA solution. The column was equilibrated
with buffer A (8 M urea/15 mM Tris-HC1/0.05 % 2-ME, pH 8.5) prior to injection of the
protein. After the crude OmpA solution was loaded, the NaCl concentration was linearly
increased from 0 to 200 mM by the addition of buffer B (8 M urea/15 mM Tris-HCI/0.05
% 2-ME/200 mM NaCl, pH 8.5). The eluted OmpA was collected in 2 mL glass test
tubes. The fractions containing OmpA were identified by measuring the absorption
spectra. Additionally, SDS-polyacrylamide gel electrophoresis (PAGE) was optionally
utilized to confirm the purity of OmpA. The fractions containing purified OmpA were
combined for desalting, and the solution was changed to the concentration buffer (§ M
urea/20 mM KPi, pH 7.3). The purified OmpA solution was concentrated using Amicon
ultrafiltration (PM-10 or YM-10 for full-length OmpA and YM-3 for truncated OmpA),
and the protein stock (200 — 300 uM) was stored at —80 °C for further experiments.

2.2 Site-directed mutagenesis and dye conjugation to OmpA

Site-directed mutagenesis was performed on the plasmid pET1102 to obtain the
following OmpA mutants using a QuickChange II site-directed mutagenesis kit (Agilent
technologies): (1) single tryptophan OmpA variants where tryptophan was placed at one
of the native tryptophan positions (7, 15, 57, 102, or 143), or at a non-native position
(Y129 and F170) for the full-length OmpA as well as its transmembrane (TM), truncated
domain where the periplasmic portion was removed. (To distinguish TM, truncated
OmpA mutants from full-length OmpA variants, the Greek symbol A is added to the end
of the mutant name for truncated variants), (2) single tryptophan and single cysteine

OmpA mutants where a tryptophan residue was located at one of the positions 15, 57,
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129, or 143, and a cysteine residue was placed at one of the positions 7 or 57 on the TM,
truncated domain OmpA, and (3) single cysteine OmpA variants where the cysteine
residue was encoded at one of the positions 7 or 57 on the TM, truncated domain OmpA.
The reason cysteine residues were placed on the TM domain of OmpA was because there
are no native cysteine residues in the TM portion, whereas there are two essential
cysteine residues in the soluble tail. Polymerase chain reaction (PCR) was used to
generate modified DNA from the original DNA template and the DNA primer, and the
PCR products were sequenced before transformation into the propagating cell strain
(XL1-Blue competent cells). After sequencing, DNA that was extracted using QIAprep
spin miniprep kit (Qiagen) was transformed into the JF733 cell strain to generate a cell
stock of OmpA mutants. The DNA sequence of wild-type OmpA is shown in Figure 2.2,
and shows the positions for the tryptophan and cysteine mutations, and the STOP codon
to truncate the protein to eliminate the soluble domain. The nomenclature of the OmpA

variants used in the experiments is tabulated in Tables 2.1 and 2.2.
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1:GCT CCG AAA GAT AAC ACCTGG TAC ACT GGT GCC AAA CTG GGC TGG TCT CAG TAC
Aty P K D NT W, Y T G A K L GWsS QY
19: CAT GAC ACT GGT TTC ATC AAC AAC AAT GGC CCG ACC CAT GAA AAC CAA CTG GGC
H DT G F I N N NGUPTHE N QL G
37: GCT GGT GCT TTT GGT GGT TAC CAG GTT AAC CCG TAT GTT GGC TTT GAA ATG GGT
A G A FG GY Q V N P Y V G F E Met G
55:TAC GAC TGG TTA GGT CGT ATG CCG TAC AAA GGC AGC GTT GAA AAC GGT GCA TAC
Y DWss5 L G RMetP Y K G S V E N G A Y
73: AAA GCT CAG GGC GTT CAA CTG ACC GCT AAA CTG GGT TAC CCA ATC ACT GAC GAC
K A Q G vV Q L T A K LGY P 1 T D D
91: CTG GAC ATC TAC ACT CGT CTG GGT GGC ATG GTA TGG CGT GCC GAC ACT AAA TCC
L DI Y T R LG G MetV WppR A D T K S
109:AAC GTA TAC GGT AAA AAC CAC GAC ACC GGC GTT TCT CCG GTC TTC GCT GGC GGT
NV Y G K NHDTAGY SP VF A GG
127:GTT GAG TAC GCG ATC ACT CCT GAA ATC GCT ACC CGT CTA GAA TAC CAG TGG ACC
V EYw A I T P E I A T R L E Y Q W3 T
145:AAC AAC ATC GGT GAC GCA CAC ACC ATC GGC ACT CGT CCG GAC AAC GGC ATG CTG
N N1 G D A HT I G TR P D N G Met L
163: AGC CTG GGT GTT TCC TAC CGT TTC GGT CAG GGC GAA GCA GCT CCA GTA GTT GCT
S L G VS YRVFHwG QG E A AP#»V V A
181: CCG GCT CCA GCT CCG GCA CCG GAA GTA CAG ACC AAG CACTTC ACT CTG AAGTCT
P A P A P A P E V Q T K HUPF T L K S
199:GAC GTT CTG TTC AAC TTC AAC AAA GCA ACC CTG AAA CCG GAA GGT CAG GCT GCT
D vV LF N F N K A T L KP E G Q A A
217:CTG GAT CAG CTG TAC AGC CAG CTG AGC AAC CTG GAT CCG AAA GAC GGT TCC GTA
L DQL Y S QL SNTILUDT PI KT DTG SV
235:GTT GTT CTG GGT TAC ACC GAC CGC ATC GGT TCT GAC GCT TAC AAC CAG GGT CTG
V VL G Y T D R 1ITIG S D A YN Q G L
253: TCC GAG CGC CGT GCT CAG TCT GTT GTT GAT TAC CTG ATC TCC AAA GGT ATC CCG
S E R R A Q SV VD YL I S K G 1 P
271:GCA GAC AAG ATC TCC GCA CGT GGT ATG GGC GAA TCC AAC CCG GTT ACT GGC AAC
A D K I S A RGMetG E S N P V T G N
289:ACC TGT GAC AAC GTG AAA CAG CGT GCT GCA CTG ATC GAC TGC CTG GCT CCG GAT
T C D NV K Q RA A L1 D CUL AP D
307:CGT CGC GTA GAG ATC GAA GTT AAA GGT ATC AAA GAC GTT GTA ACT CAG CCG CAG
R R VYV E I EV K G1 K D VYV T Q P Q
325: GCT TAA
A325 StOp

Figure 2.2 DNA and the amino acid sequence of wild-type (WT) OmpA. WT OmpA has
five native tryptophan residues (positions 7, 15, 57, 102, and 143) indicated in blue.
Positions of additional mutations sites where tryptophan was incorporated are shown in
green (positions 129 and 170). The positions of the cysteine for dye conjugation are
underlined (7 and 57). The STOP codon is introduced at position 177 and shown in red;
placement of this STOP codon results in TM OmpA (truncated) mutants where the
soluble domain has been removed.
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Table 2.1 Summary of the OmpA truncated variants for FRET experiments. The first
column lists the name of the mutant. Donor (D) and acceptor (A) locations are indicated
in the second and third columns, and the description of each mutant is included in the
fourth column. Molar absorptivities are listed in the last column. 1,5-TAEDANS is the
acceptor, and abbreviated as Dns. For all mutants that contain single-tryptophan residues
or no trp residues, unwanted trp residues were mutated to phe. LY = dye labeling yield.

OmpA mutant Donor Acceptor  Description Molar absorptivity,
(Trp) (Dns) €280 (M_lcm_l)
WI15A 15 none Donor-only 26,018
WS57A 57 none Donor-only 26,018
WI129A 129 none Donor-only 24,441
W143A 143 none Donor-only 26,018
WI15/F7CdnsA 15 7 D-A on same 26,018+LYx1,192
strand across
bilayer
W57/F7CdnsA 57 7 D-A across bilayer 26,018+LY*1,192
W143/F7CdnsA 143 7 D-A across bilayer 26,018+LY*1,192
W129/F57CdnsA 129 57 D-A across bilayer 24,441+LYx1,192
W129/F7CdnsA 129 7 D-A across pore 24,441+LY*1,192
W143/F57CdnsA 143 57 D-A across pore 26,018+LYx1,192
WO/F7CdnsA none 7 Acceptor-only 20,501+LYx1,192
WO/F57CdnsA none 57 Acceptor-only 20,501+LYx1,192
WOA none none No donor, No 20,501

acceptor
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Table 2.2 Summary of OmpA variants. The first column lists the name of the OmpA
mutant. Tryptophan locations are indicated in the second column, and the description of
each mutant is included in the third column. Molar absorptivities are listed in the last
column. FL = full length (325 residues), TM = transmembrane, truncated variant (176
residues). For all mutants that contain single-tryptophan residues or no trp residues,
unwanted trp residues were mutated to phe.

OmpA variant Trp locations Description £280 (M'lcm'l)
WT 7,15,57,102,143 Native FL OmpA 54,394
WO none FL OmpA with no trp 26,809
W7 7 FL OmpA with single trp 32,326
W15 15 FL OmpA with single trp 32,326
W57 57 FL OmpA with single trp 32,326
w102 102 FL OmpA with single trp 32,326
W129 129 FL OmpA with single trp 30,749
W143 143 FL OmpA with single trp 32,326
W170 170 FL OmpA with single trp 32,326
WTA 7,15,57,102,143 TM OmpA with five native trp 48,086
WOA none TM OmpA with no trp 20,501
W7A 7 TM OmpA with single trp 26,018
WI15A 15 TM OmpA with single trp 26,018
WS57A 57 TM OmpA with single trp 26,018
WI102A 102 TM OmpA with single trp 26,018
WI129A 129 TM OmpA with single trp 24,441
WI143A 143 TM OmpA with single trp 26,018
W170A 170 TM OmpA with single trp 26,018




30

For the cysteine-containing OmpA mutants, a dye molecule, 1,5-IAEDANS (5-
((((2-10doacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid, Molecular Probes), was
conjugated at the cysteine residue. A schematic diagram for the conjugation reaction of
1,5-IAEDANS to the cysteine residue is provided in Figure 2.3. Specific dye labeling is
enabled by selective reaction of 1,5-IAEDANS with the sulthydryl group of the cysteine
residue on TM OmpA mutants. Concentrated pure OmpA (50-100 pM in 8§ M urea/20
mM KPi solution, pH 7.3) was initially mixed with a tenfold excess of a reducing agent,
tris(2-carboxyethyl)phosphine (TCEP) (stock concentration of 10 mM), and stirred under
nitrogen gas for 1 h. Lyophilized 1,5-IAEDANS powder (Molecular Probes) initially
dissolved to 2-3 mM in dimethyl sulfoxide (DMSO) was then added to the protein
solution to react with the cysteine residue at position 7 or 57 for approximately 5 h under
nitrogen atmosphere in the dark. The reaction was quenched by the addition of tenfold
excess 2-mercaptoethanol (2-ME) to consume excess thiol-reactive dye. Unreacted dye
was separated from the protein by passing the sample down a desalting column (10-DG,
Bio-Rad). The labeled OmpA sample was washed several times with fresh buffer (8 M
urea/20 mM KPi, pH 7.3), concentrated by Amicon ultrafiltration, and finally stored at

—80 °C for the further usage.
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Figure 2.3 The reaction for conjugating the cysteine residue of OmpA with 1,5-

IAEDANS (Dns). For the reaction, the cysteine residue was reduced using TCEP
solution prior to the addition of the dye molecule.
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2.3 Polyproline peptide as a representative of a “spectroscopic ruler”

Since Stryer and Haugland verified Forster theory by varying the distance
between the naphthyl donor and the dansyl acceptor chromophore in polyproline
peptides,” the application of FRET to polyproline peptides as a “spectroscopic ruler” has
been investigated experimentally and theoretically.®” Here, polyproline peptides that are
known to be rigid were utilized to confirm that the energy transfer from the donor (Trp)
at the N-terminus to the acceptor (Dns) at the C-terminus of the peptide depended on the
number of proline spacers; these peptides were labelled with the same donor and acceptor
as the labeled OmpA. The following polyproline peptides were purchased from
American Peptide Company (> 95 % purity): Ac-Trp-(Pro)s-Cys-NH, (donor-only
peptide), Ac-Ala-(Pro)s-Cys-Dns-NH; (acceptor-only peptide), Ac-Trp-(Pro)s-Cys-Dns-
NH; (donor+acceptor peptide with six proline spacer), and Ac-Trp-(Pro)e-Cys-Dns-NH,
(donor+acceptor peptide with nine proline spacer). Table 2.3 summarizes the peptides,
and Figure 2.4 shows the fluorescence spectra of these polyproline peptides.

For the peptide with six and nine proline spacers, the experimental end-to-end
distances determined by FRET were 23.1 A and 29.2 A, respectively. The value of Ry
was calculated to be 23 A using equation 1.2 and the spectral overlap between the
emission spectra of the donor-only polypeptides and the absorption spectra of the
acceptor-only polypeptides, assuming a k” of 2/3, n of 1.33, and Qp of 0.13. The FRET
efficiency was calculated by comparing the tryptophan fluorescence intensity in the
presence of an acceptor with that in the absence of an acceptor, as shown in equation 1.3.

For the Cowan and McGavin coordinates, the end-to-end separations of the

peptides with six and nine proline residue were estimated to be 18.7 A and 27.9 A,
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respectively.® The calculated FRET distance of the polypeptide with six proline spacers
was inconsistent with the crystallographic configuration, yet the value was compatible
with a previously reported FRET distance distribution of 23.4 A.” Although the FRET
distance differed from the crystallographic distance of six-mer polyproline, the
experimental conditions were apparently different from each other, making it difficult to
compare the absolute values. Furthermore, the primary goal of this polyproline
experiment was to test the sensitivity of the FRET technique, which successfully detected
the dependence of the tryptophan fluorescence intensity on the acceptor and donor
locations. Thus, these data show that the FRET technique with this specific pair of
donor-acceptor molecules is a reasonable method for measuring internal distances of

OmpA during a folding reaction.
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Figure 2.4 Fluorescence spectra of four polyproline peptides in phosphate buffer.
Donor-only polyproline peptide is shown with a black solid curve. Donor+acceptor
peptides with a six-proline and nine-proline spacer are shown as red and blue curves,
respectively. The black-dotted spectrum is for the acceptor-only polyproline peptide.
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Table 2.3 Summary of the polyproline peptides for FRET experiments. The first column
lists the name of the peptide and the second column includes the description of the
peptide. The third and the fourth columns describe molar absorptivities at 280 and 337

nm for donor-only, donor-acceptor, and acceptor-only peptides.

Peptide name Description €280 €337
M'em™ M'em™)

Ac-Trp-(Pro)s-Cys-NH; donor-only peptide 5,517 0

Ac-Trp-(Pro)s-Cys-Dns-NH,  donor+acceptor peptide with 6,709 5,960
six proline spacer

Ac-Trp-(Pro)e-Cys-Dns-NH,  donor+acceptor peptide with 6,709 5,960
nine proline spacer

Ac-Trp-(Pro)e-Cys-Dns-NH, acceptor-only peptide 1,192 5,960
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2.4 Preparation of small unilamellar vesicles

Small unilamellar vesicles (SUVs) were prepared based on a published procedure.’
First, 25 mg/mL 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, transition
temperature of 24 °C) and 25 mg/mL 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC, transition temperature of 41 °C) dissolved in chloroform were purchased from
Avanti Polar Lipids. The solution was aliquoted into 1 mL portions in glass vials that
were cleaned with a base bath and oven-dried. The 1 mL aliquot of the lipids solution
was stored in a —20 °C freezer for further usage.

The 1 mL aliquot of DMPC or DPPC solution was dried under nitrogen gas for
several hours. Once completely dried, the white lipid powder was resuspended in 1 mL
of 20 mM KPi buffer (pH 7.3) using a water bath sonicator (Branson), and the solution
was transferred to a plastic Falcon tube; the process was repeated five times to obtain a
final lipids concentration of 5 mg/ml. Subsequently, the resuspended lipid solution was
sonicated using an ultrasonicator microtip for 30 minutes at a 50 % duty cycle with 30 %
maximum amplitude, resulting in a solution of ~ 50 nm diameter SUVs. During the
sonication process, the Falcon tube containing DMPC (or DPPC) solution was immersed
in a room temperature water bath (or a hot tap water bath). The sonicated solution was
filtered through a 0.22 pm filter to remove particulates, such as titanium dust. The
filtered lipid solution was stored in a 37 °C incubator overnight to equilibrate prior to the
experiment on the following day.

2.5 Spectroscopic techniques that were used

2.5.1 Absorption spectroscopy
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Steady-state absorption spectra were recorded on an Agilent 8453 UV-visible
spectrophotometer to determine the protein concentration and labeling efficiency. The
final protein concentration and labeling yields for each experiment were measured after
dilution of the stock solutions into the appropriate buffer solutions to obtain optical
densities in a useable range. The dilution step was necessary because of the instrumental
detection limit and light scattering from vesicles. The protein concentration and labeling
yields were estimated using the molar absorptivities listed in Tables 2.1, 2.2, and 2.3:
2.5.2 Steady-state fluorescence spectroscopy

Steady-state fluorescence spectra were obtained with a Jobin Yvon-SPEX Fluorolog
FL3-11 spectrofluorometer. Protein samples at ~ 5 uM were excited at 290 nm (4 nm
band-pass), and the OmpA emission was collected from 305 nm to 570 nm (4 nm band-
pass) in 2 nm intervals with an integration time of 0.8 seconds. The protein sample was
held in a 10 mm x 4 mm fused silica cuvette covered with a rubber septum, and stirred
with a micro stir bar at 33 °C. The spectra for the corresponding buffer solutions were
also obtained under the same experimental conditions to correct for background from
factors such as lipids scattering and the water Raman signal.

2.5.3 Circular dichroism spectroscopy

Circular dichroism (CD) measurements were performed on an AVIV CD-215 (Aviv
Associates, Lakewood, NJ). CD spectra were obtained from 190 nm to 260 nm at 1 nm
intervals with an average acquisition time of 5 seconds and a bandwidth of 1 nm. The ~
6 uM protein sample was held in a fused quartz cuvette with a 1 mm pathlength. The
sample was manually mixed before being placed in the CD sample chamber purged with

nitrogen gas, and the sample was held at 33 °C during the measurements. Corrected CD
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spectra were obtained by subtracting the corresponding blank spectra (same buffer
solution except for the presence of protein).
2.5.4 Ultraviolet resonance Raman spectroscopy

Ultraviolet resonance Raman (UVRR) spectra were obtained using a tunable

% To obtain

Ti:sapphire laser (Photonics industries) setup that was described elsewhere.'
the tryptophan vibrational spectra of OmpA, a ~ 20 uM OmpA sample was probed using
an excitation wavelength of 228 nm. The fundamental wavelength of 912 nm passed
through a lithium triborate (LBO) crystal for second harmonic generation, followed by a
B-barium borate (BBO) crystal for fourth harmonic generation. The protein sample was
flowed through a 100 um (i.d.) fused-silica capillary at a rate of 0.16 mL/min. UVRR
spectra of the OmpA mutants were collected for 5 or 10 minutes. Spectra of the buffer
solution were also obtained. The buffer spectrum was subtracted from the OmpA
spectrum, and residual background was removed by fitting an interpolated curve to the
remaining background. All data analysis was performed using Igor Pro 6 (WaveMetrics)
software.
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Chapter 3. Forster resonance energy transfer

as a probe of membrane protein folding

3.1 Introduction

In the energy landscape theory of protein folding,'™ favorable contacts bias a
nascent protein towards a three-dimensional structure that represents the global free
energy minimum. The non-covalent intramolecular forces that contribute to the stability
of the native structure have been characterized for soluble proteins.* In the case of
membrane proteins, additional intermolecular interactions between the protein and lipid
bilayer must be considered, but are not well understood.

Knowledge of the chemical and physical properties of the bilayer is essential for
understanding membrane protein structure and folding. A bilayer exhibits at least two
distinct chemical regions, the interfacial space and the hydrophobic core.” The interfacial
region, which spans ~15 A, is chemically heterogeneous and contains functional groups
that may participate in hydrogen bonds and ionic interactions.® This region is important
for backbone solvation and can induce secondary structure in a peptide that is otherwise
unfolded in aqueous solution.”* In the hydrophobic core, the low dielectric constant of
~2 may enhance some molecular interactions.”'® For example, the energies of backbone
hydrogen bonds in water and in the bilayer have been calculated to be ~1 kcal/mol and ~5
kcal/mol, respectively.'' This differential suggests that the energetic cost of desolvating

the backbone is overcome by enhanced stability upon formation of secondary structure in

40
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a bilayer. This principle underlies the requirement that membrane proteins must form
secondary structure in a membrane.'?

Other general themes for membrane protein structure have emerged. The
distribution of amino acids in transmembrane helices has evolved to foster favorable
interactions with the water-lipid interface and the hydrophobic core.”> There is an
asymmetric distribution of residues on the N- and C-terminus of membrane proteins, with
some polar residues, such as arginine and lysine, more abundant on the N-terminus on
account of “snorkeling” effects.’” The amphipathic residues tyrosine and tryptophan are
localized at the bilayer interface and form an aromatic belt region that may serve as the

14,15

protein anchor in the membrane. As expected, aliphatic amino acids are more

prevalent in the hydrophobic core of the lipid bilayer, resulting in membrane protein
surfaces that are more hydrophobic than their interior.'®"?

Our understanding of membrane protein folding is inferior to our knowledge of
membrane protein structure. For o-helical systems, a sequence of events has been
described:®'*'*?" (i) interfacial partitioning, (ii) interfacial folding, (iii) insertion into the
bilayer, and (iv) assembly of tertiary and quaternary structure in the bilayer. For f-barrel
membrane proteins, a concerted mechanism of insertion and folding has been discussed.”'
It should be noted that these and other models for membrane protein folding are derived
from a small set of proteins because of experimental difficulties. The challenge lies not
only in identification of membrane proteins that undergo reversible folding, but also in

successful application of a breadth of techniques to the membrane protein folding

problem.
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One system that has been utilized to elucidate folding mechanisms is the 325-
residue Outer Membrane Protein A (OmpA). OmpA is a major structural component of
the E. coli outer membrane, and also acts as a non-specific pore and phage receptor.”**
The N-terminus forms the transmembrane domain (171 residues) and the C-terminus
constitutes the periplasmic region (154 residues). The transmembrane domain folds into
a B-barrel pore that is comprised of eight antiparallel B-sheets; the structure of the
periplasmic domain has not been resolved. OmpA serves as an ideal model system to
study membrane protein folding because of the availability of high resolution NMR and
X-ray structures,”** ease of purification,”® and ability to reversibly and spontaneously
fold into lipid vesicles.”” Additionally, there is significant prior work by our group and
others on the photophysics, thermodynamics, and kinetics associated with the native
tryptophan residues that serve as chromophores in spectroscopic studies.'>>*>°

Utilization of techniques that report on global structural changes during a folding
reaction enhances our comprehension of folding mechanisms. Forster resonance energy
transfer (FRET) is a mechanism for energy transfer based on dipole-dipole interaction
between donor and acceptor molecules that are separated by distance ». The efficiency
for energy transfer scales as 1/7°, and this strong distance-dependence enables FRET to
be a sensitive spectroscopic ruler for measuring separations between 10 and 100 A.*'
Widespread availability of spectroscopic tools and the relative ease of site-specific
attachment of extrinsic or intrinsic chromophores have facilitated a large number of
FRET-based studies of proteins and oligonucleotides. For example, FRET has been used
to measure intra- and intermolecular distances in large protein complexes, detect

32-34

fluctuations in DNA, and probe the folding landscape of heme proteins. Recent
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experiments have focused on single-molecule FRET measurements of biomolecular

35-38

dynamics. FRET has also been applied to a limited number of membrane-bound

systems to determine structures of peptides in membranes,”*°

probe conformational
changes in ion channels,” and investigate helix-helix associations.*” These and other
examples of biological FRET exemplify the wealth of knowledge that may be gained
from this technique, and motivate our present study to elucidate the complex mechanisms
of membrane protein folding using this powerful tool.
3.2 Materials and methods
3.2.1 Expression and purification of OmpA mutants

The procedure for expression, isolation, and purification of OmpA mutants is
described elsewhere.”® The starting plasmid was one that encoded for a cysteine-free, all-
phe mutant of OmpA in which the five native tryptophan residues at positions 7, 15, 57,
102, and 143 were substituted with phenylalanine residues. Additionally, the C-terminal
periplasmic domain was cleaved by introduction of a stop codon at position 177. This
truncated, trp-free mutant consists of only the transmembrane domain, and is referred to
as WOA(177-325). For simplicity, we omit designation of the deleted residues and
abbreviate the notation as WOA, where A indicates A(177-325). Three types of truncated
OmpA systems were generated from this initial WOA mutant for the current study:
OmpA with a single tryptophan residue as the donor, OmpA with a single cysteine
residue on which the 1,5-IAEDANS (dns) acceptor moiety may be covalently linked, and
OmpA with both tryptophan and cysteine residues (donor + acceptor). Four donor-

acceptor pairs as well as appropriate control systems were generated: donor at position

15 with acceptor at position 7 (F1ISW/F7CdnsA); donor at position 57 with acceptor at
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position 7 (FS7W/F7CdnsA); donor at position 143 with acceptor at position 7
(F143W/F7CdnsA); donor at position 143 with acceptor at position 57
(F143W/F57CdnsA); donor-only at position 15 (FISWA); donor-only at position 57
(F57WA); donor-only at position 143 (F143WA); acceptor-only at position 7
(F7CdnsA); and acceptor-only at position 57 (F57CdnsA). These mutants are

summarized in Table 3.1, and distances between B-carbons from the X-ray structure are

illustrated in Figure 3.1.
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direction of insertion

Figure 3.1 Structure of OmpA transmembrane domain (PDB ID: 1QJP) highlighting
native residues in locations of tryptophan donor (positions 15, 57, and 143) or cysteine-
linked dns acceptor (positions 7 and 57). Distances between f-carbons are indicated.
Residues W7 and W15 are on the same strand. The unidirectional nature of insertion is
shown.
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Table 3.1 Summary of OmpA mutants. Residue positions of donor (D) and acceptor (A)

as well as description of D and A locations are indicated.

Mutant D A description
F15W/F7CdnsA 15 7 Ao si?;;/gf”a”d’
F57W/F7CdnsA 57 7 D-A across bilayer
F143W/F7CdnsA 143 7 D-A across bilayer
F143W/F57CdnsA 143 57 D-A across pore
F15WA 15 - Donor-only

F57WA 57 - Donor-only

F143WA 143 - Donor-only
F7CdnsA - 7 Acceptor-only
F57CdnsA - 57 Acceptor-only
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3.2.2 Labeling

Purified OmpA (~70 uM in 4-5 mL) was initially mixed with tenfold excess
reducing agent, tris(2-carboxyethyl)phosphine (TCEP) (stock concentration of 10 mM),
and stirred under nitrogen for 1 hour. Tenfold excess dns acceptor (1,5-IAEDANS is 5-
((((2-10doacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid, Molecular Probes)
initially dissolved to 2-3 mM in dimethyl sulfoxide (DMSO) was added to the solution
and allowed to react with the free cysteine residue at position 7 or 57 for approximately
five hours under nitrogen atmosphere. The reaction was quenched by addition of tenfold
excess 2-mercaptoethanol (2-ME). Unreacted dns was separated from the protein by
passing the sample down a desalting column (10-DG, Bio-Rad). The labeled OmpA
sample was washed several times with fresh 20 mM phosphate (KP;) buffer (pH 7.3) that
contained 8M urea, concentrated, and stored at -80 °C.  Labeling yields were 66%
(F143W/F57CdnsA), 100% (F57W/F7CdnsA), 100% (F15W/F7CdnsA), and 45%
(F143W/F7CdnsA). These yields were determined from the UV-vis spectra and
knowledge of the extinction coefficients: €(337 nm, dns) = 5700 cm™ M™; &(280 nm,
dns) = 4220 cm™ M™'; £(280 nm, transmembrane OmpA with single tryptophan) = 26,020
cm™ M'; and £(280 nm, transmembrane OmpA with no tryptophan) = 20,500 cm™ M.
3.2.3 Preparation of vesicles

Small unilamellar vesicles (SUVs) were prepared following a published
procedure **. Briefly, 20 mg of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC,
Avanti Polar Lipids) or 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Avanti

Polar Lipids) was dried under nitrogen gas. DMPC was utilized to probe the folding and
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insertion of OmpA while DPPC provided an opportunity to probe the adsorbed, but not
inserted, state of OmpA.>”** The lipid was resuspended in 20 mM KP; buffer to a final
concentration of 5 mg/mL. The aqueous solution of lipid was placed in a warm water
bath and sonicated with a probe ultrasonicator microtip for one hour at 50% duty cycle.
The SUV sample was then passed through a 0.22 um filter, and equilibrated overnight at
37 °C prior to experiments.
3.2.4 Fluorescence and anisotropy measurements during folding reaction

Steady-state fluorescence measurements were performed with a Jobin Yvon-
SPEX Fluorolo FL3-11 spectrofluorometer in a right-angle geometry using a 1 cm x 4
mm pathlength fused silica cuvette sealed with a rubber septum. The sample was excited
along the 4 mm path, and emission was collected along the 1 cm path. The excitation
wavelength for tryptophan was 290 nm, and that for the dns label was 330 nm. The
excitation and emission bandpass were set to 4 nm for all unpolarized fluorescence
spectra. The folding reaction was initiated by mixing a small volume of stock protein
into an equilibrated SUV solution with constant stirring. Fluorescence spectra were
acquired at specified time points following mixing: 2, 5, 10, 15, 20, 25, 30, 40, 50, 60,
120, 180, and 240 minutes. The final solution in these folding experiments contained ~6
uM OmpA, 0.5 M urea, 1 mg/mL DMPC in 20 mM KPi buffer at pH 7.3. The solution
was kept at 33 °C during folding experiments in order to maintain DMPC in the fluid
phase (T, =23 °C) or DPPC in the gel phase (Ty, =41°C). Spectra of SUV solutions that
lacked protein were acquired at the beginning and end of each experiment.

Two additional experiments were performed to probe the contribution of

aggregation and photobleaching to the observed signal. The extent of aggregation was



49

measured under the same conditions as the folding experiments, with the exception that
SUVs were excluded from the sample. Aggregation was monitored via a blue-shift in the
emission maximum; for example, F143WA exhibited a fluorescence maximum of 337 nm
after incubating for three hours in 0.2 M urea solution. Photobleaching experiments were
performed by injecting protein into a 20 mM KP;/8 M urea solution, and monitoring the
fluorescence spectra over a 240 minute window. These experiments confirmed that
aggregation and photobleaching do not significantly contribute to the fluorescence
spectra reported here.

Fluorescence anisotropy experiments were repeated twice under the same sample
geometry conditions as the unpolarized fluorescence experiments. The polarized
excitation wavelength was 290 nm, and polarized emission was obtained from 305 to 420
nm in 2 nm steps with excitation and emission bandpass set to 3 nm. Polarized spectra in
the form of VV, VH, HV, and HH, where the first and second letter correspond to
excitation and emission polarizations (V=vertical, H=horizontal), respectively, were
acquired. Spectra of vesicle solutions that do not contain OmpA were also acquired and
subtracted from corresponding OmpA spectra to remove contribution from scattering.
The instrument response (G-factor) was determined using the model compound N-acetyl-
L-tryptophanamide (NATA) and protein solutions; the G-factor was identical to within
5% when measured with these different samples.

3.3 Results
3.3.1 Folding yields for labeled protein
Donor-acceptor labeled OmpA was confirmed to fold and unfold via a gel-shift

assay.”> The labeled protein exhibited a folding yield of at least 70% after a 24-hour
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incubation period in lipid solution (Figure 3.2). The yield of unfolding was ~90% after a
24-hour incubation period in 5 M urea solution. These yields are comparable to those

observed for unlabeled transmembrane OmpA.**
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Figure 3.2 Gel-shift assay for F57W/F7CdnsA. Unfolded and folded OmpA have
apparent molecular weights of 21 and 19 kDa, respectively. Lane 1 is stock unfolded
OmpA, lane 2 is OmpA after 24 hour incubation in lipids, and lane 3 is OmpA after 24
hour incubation of folded protein in urea. Approximate urea concentrations are indicated.
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3.3.2 FRET calculations and data

Spectral overlap of the donor-acceptor (tryptophan-dns) pair was measured for
folded and unfolded OmpA. Figure 3.3 shows representative emission spectra of
tryptophan in OmpA in the folded (Amax = 330 nm) and unfolded (Amax = 350 nm) states
along with the absorption spectrum of model compound dns in aqueous solution. The
absorption peak of dns that is covalently linked to folded or unfolded OmpA differs by
less than 2 nm from the spectrum in aqueous solution (data not shown). The emission
maximum of OmpA adsorbed on DPPC bilayers is between 339 and 347 nm, and
depends on mutant (data not shown). Forster distances for the tryptophan-dns pair in
OmpA can be calculated via the equation R§ = (8.79%10%3)(k2n"*®,Jp,) where Ry is
the Forster distance (in A), k” is the orientation factor between the transition dipoles of
the donor and acceptor (ranges from 0 to 4), n is the refractive index of the solvent, @ is
the quantum yield of the donor in the absence of acceptor, and Jp, is the overlap integral

314445 For the unfolded state, we

of the donor emission and acceptor absorption spectra.
utilized the experimental absorption and emission spectra, and assumed values of % for
k%, 0.13 for ®p, and 1.33 for n to calculate a Forster distance of 20.9 A, which is
consistent with prior published values of R, for the trp-dns pair.*** The R, value for the
folded state is 20.8 A and was calculated using the appropriate overlap integral and the
same values of k>, @) and # as the unfolded state. When a range of ®p, values between
0.13 and 0.25 was utilized, the Ry value varied 11.5 % for the folded state. In contrast to

minor changes in Ry because of shifts in spectral profile and quantum yield, alterations in

«* can have a significant impact on the Forster distance (discussed below).
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Figure 3.3 Absorption spectrum of dns acceptor (solid, left axis). Normalized
fluorescence spectra of tryptophan donor in unfolded (dotted) and folded (dashed) OmpA
are also shown (right axis).
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FRET efficiencies were calculated for the four donor-acceptor labeled mutants

with the following equation:*

F=1— Fpa—Fp(1-fa) _ (1 . Fﬂ)i 31
Fpfa Fp/ fa

where E is the FRET efficiency, Fp4 and F)p are the fluorescence intensity of the donor
(tryptophan) in the presence and absence of dns acceptor, respectively, and f; is the
labeling yield for the specific mutant. Fp, and Fp were determined for each mutant as a
function of time after mixing. Representative fluorescence data for donor-acceptor
labeled OmpA, donor-only OmpA, and acceptor-only OmpA are shown in Figures 3.4
and 3.5; additional data are included in supporting information (Figure 3.6). FRET
efficiencies are shown in Figure 3.7. For all mutants except FISW/F7CdnsA, evolution
of the FRET efficiencies is consistent with donor and acceptor moving towards each
other another as the protein folds and inserts into the bilayer. For these mutants, the
FRET efficiencies evolve from as low as ~10% (unfolded in 8 M urea) to as high as 100%
during the folding reaction. The fourth mutant in which donor and acceptor are on the
same strand (F15W/F7CdnsA) displays the opposite trend in which donor and acceptor
are moving apart, evidenced by the change in FRET efficiency from ~60% to ~0% during
folding. FRET efficiencies for partially folded OmpA adsorbed on DPPC bilayers are
also indicated in Figure 3.7. The estimated error for calculated FRET efficiencies is 20%
for all mutants except F143W/F7CdnsA, and primarily reflects uncertainty in knowledge
of labeling yields and protein concentrations. The error for the fourth mutant,
F143W/F7CdnsA, is much larger (approximately 50%) because of the low labeling yield.

It should be noted that the indicated FRET efficiencies have not taken into account the
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minor population of protein that does not fold. The percentage of unfolded protein is
expected to be similar for all mutants at less than 30%, and this unfolded population
should exhibit no spectral shifts throughout the observation window. Therefore, this
systematic error would impact the absolute FRET efficiencies, but not the shapes, of the

FRET curves during a folding reaction.
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Figure 3.4 Fluorescence spectra during folding (gray and black, solid) and for the
unfolded state in 8 M urea (dashed). Spectrum of the folded state after 240 minutes is
indicated as the solid, bold, black curve. Spectra are of (A) donor-acceptor labeled
mutant FS7W/F7CdnsA; (B) donor-only (F57WA) mutant; and (C) acceptor-only
(F7CdnsA) mutant.
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Figure 3.5 Fluorescence spectra during folding (gray and black, solid) and for the
unfolded state in 8 M urea (dashed). Spectrum of the folded state after 240 minutes is
indicated as the solid, bold, black curve. Spectra are of donor-acceptor labeled mutants
(A) F143W/F57CdnsA; (B) F143W/F7CdnsA; and (C) FISW/F7CdnsA.
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Figure 3.6 Fluorescence spectra during folding (gray and black, solid) and for the
unfolded state in 8 M urea (dashed). Spectrum of the folded state after 240 minutes is
indicated as the solid, bold, black curve. Spectra are for donor-only mutants (A) F1ISWA
and (B) F143WA as well as for the acceptor-only mutant (C) F57CdnsA.
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Figure 3.7 FRET efficiency of unfolded state (“unf.”’) in 8 M urea, adsorbed species
(“ads.”) on DPPC, and during folding reaction into DMPC. Solid lines that connect the
data points are included to help guide the eye. The estimated error for calculated FRET
efficiencies is 20% for all mutants except F143W/F7CdnsA; the error for
F143W/F7CdnsA is approximately 50%. See text for details.
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3.3.3 Tryptophan fluorescence shift and anisotropy

The evolution of the tryptophan blue-shift as a function of folding time is shown
in supporting information (Figure 3.8). The kinetic traces for six of the seven OmpA
mutants studied here are similar and indicate that ~75% of the fluorescence shift is
completed within 60 minutes. The donor-acceptor labeled mutant F143W/F57CdnsA
exhibits a fluorescence shift that is about twofold slower. This result indicates that
traversal of the dns acceptor at position 57 through the bilayer may impede the folding

kinetics (discussed below).
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Figure 3.8 Relative tryptophan fluorescence blue-shift during folding of (A) donor-
acceptor labeled OmpA, and (B) donor-only OmpA. The relative tryptophan
fluorescence shift is calculated as (Aops(t) — Ayns)/ (Afo1a — Auny) Where 4,,5(8) is the

experimentally observed emission maximum at time ¢, Ay, ¢ is the emission maximum for
unfolded OmpA, and A2, is the emission maximum for folded OmpA.
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Steady-state anisotropy measurements were performed to investigate the
rotational flexibility of the tryptophan donor during the folding event (Figure 3.9). The
enhanced anisotropy values of folded OmpA indicate loss of rotational flexibility in
vesicles relative to unfolded OmpA in urea. In general, the anisotropy values are
enhanced within minutes of initiating the folding reaction, and continue to increase on a
timescale similar to those that characterize changes in FRET and tryptophan fluorescence.
This finding supports a picture in which OmpA interacts closely with the membrane
during folding, and this interaction gives rise to the measured anisotropy. The initial drop
in anisotropy at t = 2 min for unfolded protein is likely an artifact that arises from
injecting stock OmpA solution into the buffer solution; in this case, both solutions
contain 8 M urea and are thus viscous. The implications of rotational restriction on

FRET calculations are discussed below.
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Figure 3.9 Average values of tryptophan anisotropy in the range 330-360 nm for OmpA
donor-only mutants during folding reaction into DMPC bilayers: (<)F143WA;
(0)F15WA; and (o) FS7TWA. OmpA that is injected into a solution of 8 M urea is also
shown for (X) F143WA. An expanded view of the initial 65 minutes is shown as the
inset. The upper limit for error in anisotropy is estimated as +0.02.
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3.4 Discussion
3.4.1 Application of FRET to membrane protein folding

The application of FRET to membrane proteins is limited relative to analogous
studies of soluble proteins because of challenges associated with labeling and folding
membrane proteins. Here, we present FRET experiments on the 176-residue,
transmembrane domain of OmpA. The selection of OmpA offers several advantages.
First, B-barrel membrane proteins generally contain a greater fraction of polar residues
than a-helical membrane proteins. A consequence of this property is that OmpA, unlike
the a-helical protein bacteriorhodopsin, can be fully unfolded in denaturant, and refolded
in the presence of lipid bilayer in a reversible and spontaneous manner.”® Second, the
availability of high-resolution structures guides the design of appropriate FRET

24,25

mutants. Finally, OmpA is a well-characterized system for membrane protein

15,21,28-30,47-50

folding. The observation that the transmembrane domain spontaneously
inserts and folds into lipid bilayer in a unidirectional manner is especially advantageous
for these FRET measurements.”’

FRET mutants were selected for this initial study to probe the evolution of the
following intraprotein distances: across the bilayer on different strands (F143W/F7CdnsA
and F5S7W/F7CdnsA), across the bilayer on the same strand (F15W/F7CdnsA), and across
the protein pore (F143W/F57CdnsA). The donor-acceptor pairs provide additional
geometric constraints because three of the FRET pairs form the sides of a triangle, with

donor and acceptor at the vertices. This combination of mutants enables study of the

relative timescales for global structural changes, such as pore formation, bilayer traversal,
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and strand extension. The current experiments not only complement prior work that
probed intermolecular protein-lipid distances with the use of brominated lipids,’** but
may also enhance computational efforts in the expanding field of membrane protein
folding.

Significant effort was devoted to characterizing the effect of labeling on the
stability and kinetics of folding. The dns FRET acceptor has both hydrophobic (aromatic
rings and hydrocarbon linker) and hydrophilic (sulfonate and amide groups) components
and as a result, it is not straightforward to predict the effect of this extrinsic label on the
folded state of OmpA. To our knowledge, there are no prior reports of in vitro FRET
studies on membrane protein folding. Instead, a number of membrane proteins have been
labeled with dyes on solvent-exposed residues to probe conformational changes and
global interactions; nearly all of these examples utilized proteins in native membrane
environments or solubilized in detergent.**’'>* As shown by SDS-PAGE analysis,
OmpA that was labeled with dns inserts and folds into membranes with yields that are
comparable to unlabeled OmpA. Additionally, the characteristic blue-shift of tryptophan
fluorescence that accompanies folding®*? is preserved in the FRET mutants studied here.
These measurements indicate that the presence of a covalently linked dns label at position
7 or 57 does not drastically alter the folded structure.

In contrast to these equilibrium measurements, the kinetics of insertion appears to
be affected by the presence of a dns label at one of the positions. The single tryptophan
residue at positions 15, 57 and 143 in the donor-only mutants of OmpA undergoes 75%
of the fluorescence blue-shift within 60 minutes of folding. Attachment of a dns label at

position 7 does not affect the kinetics. However, the presence of a dns label at position
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57 impedes the kinetics such that the blue-shift occurs in ~100 rather than 60 minutes.
One rational explanation for this perturbation is the unidirectional nature of insertion:
residue 57 must traverse the bilayer whereas residue 7 is not required to cross the
membrane. While it is plausible that the presence of the label at position 57 hinders the
rate of insertion, we have not studied other OmpA mutants to confirm this hypothesis.
Other experiments are currently underway.
3.4.2 Mechanisms of folding

An important goal of the present work is to elucidate mechanisms of folding. We
acknowledge at the outset that the unfolded state in 8 M urea is not an adequate
representation of the starting unfolded state for folding reactions. However, we pursued
FRET measurements on OmpA in 8§ M urea to investigate the protein in a presumably
extended and unfolded conformation. The data in Figure 3.7 indicate that as expected,
the FRET efficiencies for donor and acceptor pairs that are distant in sequence are low in
8 M urea, typically less than ~45%. The exception is FISW/F7CdnsA, for which the
donor and acceptor are eight residues apart on the same strand. For this mutant, the
FRET efficiency in 8 M urea is high at ~60%, indicating that a dynamic loop is likely
formed between donor and acceptor in this denaturant. The presence of a loop is
consistent with theoretical predictions that the probability of loop formation is maximum
for a loop length of ten.>

Upon initiation of the folding event, the FRET results indicate that global changes
occur on three different timescales. The most rapid change in FRET efficiency was
observed for the mutant that reports on pore formation (F143W/F57CdnsA); this mutant

exhibited a sharp increase in FRET efficiency that reached its maximum value of ~100%
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in 15 minutes, followed by a slow decay in FRET signal over the remaining collection
period. Evolution of FRET signal occurred on an intermediate timescale for the two
mutants that probe bilayer traversal, F143W/F7CdnsA and F57W/F7CdnsA. The FRET
signal for both mutants began to level off in ~60 minutes, with no significant change
following this initial rise. The slowest change in FRET efficiency occurred for the
mutant that probes strand extension across the bilayer, F15W/F7CdnsA. This mutant
showed a large drop in FRET signal in the first 60 minutes, and continued to evolve until
the last data point was measured at 240 minutes during the folding reaction.

The FRET data may be assembled to yield the following picture of OmpA
insertion and folding into membranes (see Figure 3.10). Because the insertion process is
known to be directional, the pore is at least partially formed during insertion.
Specifically, the inserting portion of the protein is likely to assemble as a compact pore as
it inserts into the bilayer. This initial formation is consistent with the early FRET
response of the F143W/F57CdnsA mutant. It appears that the presence of the dns label at
position 57 (described above) does not impact the formation of the pore despite its
apparent effect on insertion kinetics. Bilayer traversal occurs on a slower timescale, on
the order of 60 minutes. Here, the term “bilayer traversal” is not intended to suggest that
the bilayer is a static medium in which the protein inserts. Rather, the dynamic nature of
the bilayer plays a critical role in the folding process and therefore, it is more appropriate
to consider “lipid-assisted protein folding” in which there are simultaneous changes in

29,55,56 :
=" However, since the current

both protein and bilayer structure during folding.
studies are limited to intraprotein FRET, we attribute the formation of a membrane-

spanning domain to bilayer traversal. Following this ~60-minute period of bilayer
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traversal, a long-time component that is attributed to strand extension and pore expansion

persists over the 240-minute measurement window.
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Figure 3:10 Schematic of OmpA folding into a membrane. Hydrophobic core and
interfacial space of lipid bilayer are indicated as dark and light gray shaded regions,
respectively. OmpA that is initially unfolded in 8 M urea forms at least a partial pore that
begins to insert into the bilayer within the first 15 minutes of initiating the folding
reaction. The protein continues to insert and traverse the bilayer for approximately 60
minutes following initiation. A long-time equilibration period lasts up to at least 240
minutes, during which period OmpA undergoes strand extension and pore expansion.
Timescales and structural changes are based on evolution of FRET signal of specific
donor (closed circle) and acceptor (open circle) pairs on the protein. See main text for
additional details.
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We also investigated the FRET signal for adsorbed intermediates that exhibit
secondary structure, but does not insert into bilayers that are in the gel phase of DPPC."’
For the three mutants in which donor and acceptor are distant in primary sequence, the
adsorbed intermediates exhibited FRET efficiencies that are consistent with a compressed
tertiary structure. This structure is more compact than the extended conformations in 8
M urea, but less compact than folded protein. The fourth mutant (FISW/F7CdnsA), in
which the donor and acceptor are eight residues apart, shows the opposite trend where the
adsorbed species is more extended than the unfolded state, but more compact than the
folded species. These results suggest that while the p-sheet secondary structure of the

adsorbed state resembles that of the folded state,””’

the tertiary structures of the
adsorbed and folded states are dissimilar.

Results from the present FRET experiments build upon prior studies of OmpA
that utilized tryptophan fluorescence, circular dichroism, and SDS-PAGE analyses.
21303759 n these earlier reports, three membrane-associated intermediates were
identified, and the kinetics of folding was found to depend on several factors, including
pH, temperature, and membrane properties. The emerging picture for the folding
mechanism includes initial formation of an adsorbed (collapsed) intermediate, followed
by folding and insertion into the membrane in a concerted manner.”' Our results support
this concerted picture, and provide additional insight into changes in tertiary structure.
One important conclusion from the FRET measurements is that the pore appears to form
early during the folding reaction, prior to completion of bilayer traversal and secondary

structure formation. This pore formation may be associated with adsorption. It should be

noted that we do not yet know the full extent of pore formation because the FRET pair is
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located on the inserting portion of the protein. We are currently pursuing FRET
measurements to monitor pore formation on the other end of the protein pore, near W7.
Additional insight from the current studies is that the kinetics of bilayer traversal is
coincident with the known blue-shift in fluorescence, and both occur on the order of ~60
minutes. This result suggests that the majority of the fluorescence blue-shift reported
here and in prior reports can be attributed to formation of the membrane-spanning
structure.  Finally, the long-time component (~60-240 minutes) of folding that is
observed as slow changes in the FRET signal and tryptophan fluorescence intensity (data
not shown) may be attributed to equilibration of the protein in the bilayer. The current
FRET results suggest that this equilibration may involve strand extension and pore
expansion. This relaxation may also reflect slow changes in local solvation, such as
expulsion of water from the protein/bilayer core. While this interpretation is consistent
with prior reports, the current FRET data do not exclude the possibility of parallel folding
pathways that exhibit different kinetics.
3.4.3 Interpretation of FRET distances

The conversion from FRET efficiency to intramolecular distance is, in principle, a
straightforward task. However, for membrane proteins, we face several challenges. Here,
we have shown that evolution of the absorption and emission profiles as well as the
emission quantum yield during folding do not significantly alter the Forster distance for a
given orientation factor; if orientational averaging of the donor and acceptor is assumed
(x* = %), Ry is calculated as 21 A for the folded and unfolded states. However, it is
possible that the use of % for «”is not valid for folded OmpA, as has been discussed for

dns-labeled bacteriorhodopsin.®® Some deviation from the average value of % is
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supported by steady-state and time-resolved fluorescence anisotropy measurements that
indicate that the donor is rotationally hindered when OmpA is inserted and folded in a
bilayer.*'

The experimental difficulties of measuring the orientational factor have not
precluded the wide use of FRET as a spectroscopic ruler. One reason for the quantitative
success of FRET is that for systems that contain a heterogeneous population of
conformations, the assumption of orientational averaging is valid.®> For the majority of
proteins in which donor and acceptor are covalently linked to solvent-exposed regions of
the protein via flexible linkers, this assumption likely holds true. For OmpA and other
membrane proteins, however, it is not known whether the folded protein exhibits
preferential orientations of donor and acceptor within the membrane. The structural
restrictions that complicate the interpretation of FRET data for membrane proteins can be
overcome by selection of appropriate donor-acceptor pairs. In the case of tryptophan and
dns, both molecules exhibit more than one transition dipole moment associated with

overlapping electronic transitions.”>"®

The presence of these near-degenerate transitions
significantly limits the range of possible > values such that errors in distances are likely
less than 10%.%° Therefore, the combination of structural heterogeneity and optimized
photophysical properties enable FRET to be a useful probe despite the challenges
associated with the orientation factor.

In the case where a protein structure is available, comparison of the apparent
FRET distances, ' (using k>=24), with those from the crystal/NMR structure may provide

insight into the extent of conformational heterogeneity.”! The use of k> =% for a

membrane protein is not unprecedented, and was justified in a previous study of helix-
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helix interactions of bacteriorhodopsin.*> The evolution in distances between donor and
acceptor for OmpA is summarized in the following form: » in 8 M urea — ' folded in
membrane (with crystal structure distances from Figure 3.1 in parentheses). The distance
changes are 31 A — 22 A (24 A) for donor and acceptor across the bilayer
(F57W/F7CdnsA), 27 A — 13 A (27 A) for donor and acceptor across the bilayer
(F143W/F7CdnsA), 22 A — 16 A (19 A) A for donor and acceptor across the pore
(F143W/F57CdnsA), and 20 A — 31 A (29 A) for donor and acceptor on the same strand
across the bilayer (FISW/F7CdnsA). Satisfactory agreement between FRET and crystal
structure distances for folded protein is achieved for three mutants, suggesting that 1
may not significantly deviate from the value of %. This finding is consistent with other
reports that indicate variation in k* do not result in significant error.**°*®” The fourth
mutant, F143W/F7CdnsA, exhibits a folded distance that is much smaller than expected
given that the donor and acceptor must span the bilayer. This discrepancy likely arises
because of the low labeling yield of 45% for this particular mutant, and this finding
emphasizes the importance of high yields to obtain reliable results. Despite the overall
agreement between crystallographic and FRET-based distances for the three mutants with
high labeling yields, a more rigorous treatment of k* would be necessary to confirm the

31.60.6869 Nonetheless, the qualitative trends reported

absolute distances during folding.
here are likely to be valid.
3.5 Conclusion

The results presented here illustrate the application of FRET to the study of

membrane protein folding. FRET experiments are advantageous because they provide
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insight on intraprotein distances during a folding event, and results from this technique
complement existing knowledge about secondary structure and local environment that is
gained from other tools. Relative timescales for global changes, such as protein pore
formation, bilayer traversal, and strand extension, help elucidate the mechanisms of
protein insertion and folding into a synthetic bilayer. Despite the relative success of these
initial FRET experiments, it is clear that several challenges persist. Low labeling yields
and lack of knowledge of the orientation factor hinder facile quantitative assessment of
distances. Nonetheless, qualitative insight is gained and motivates ongoing FRET
experiments on membrane protein folding.
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Chapter 4. Folding of a f-barrel membrane protein via Forster

resonance energy transfer (FRET) and circular dichroism (CD)

4.1 Introduction

It is estimated that approximately 30 % of genes of all open reading frames
encode as integral membrane proteins."” Integral membrane proteins fall into two classes
depending on the structural motifs — a-helical and -barrel membrane proteins. While a-
helices are found in inner membranes of cell envelopes, f-barrel membrane proteins are
found in the outer membrane of Gram-negative bacteria, chloroplast, and mitochondria of
eukaryotic cells.’” p-barrel integral membrane proteins are generally less hydrophobic
than o-helical proteins because of the distribution of hydrophobic and hydrophilic
residues.”  Therefore, while hydrophobic a-helical membrane proteins such as
bacteriorhodopsin are difficult to fully denature, P-barrel membrane proteins (e.g.
OmpA) can be solubilized in high concentration of denaturant.® This ability to be easily
denatured makes [-barrel membrane proteins convenient systems for studies of
membrane protein folding. Thus, here we focus on a B-barrel membrane protein to
investigate folding dynamics using spectroscopic methods.

B-barrel membrane proteins have been investigated in folding studies.”® To
reduce the energetic cost associated with exposed hydrogen bond donors and acceptors in
a hydrophobic membrane, OmpA forms secondary structure while it inserts into the lipid
bilayer, which in turn leads to formation of tertiary structure.” OmpA successfully

refolds into both lipid bilayer and detergent micelles,'™!" but it was suggested that there
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are different folding processes and final structures depending on the medium in which the

protein folds.”'*"

It is likely that different protein-environment interactions affect the
conformation of the folded state, permeability of water through barrel pore, and
flexibility of overall structure. Herein, we aim 1) to probe structural changes by tracking
internal distances during folding into lipid bilayer, and 2) to compare the folded states of
OmpA in a lipid bilayer and detergent micelle.

OmpA, which is a well-studied p-barrel membrane protein for in vitro folding
experiments, was selected in the current experiments for reasons outlined in Chapter 1.
Briefly, structures of OmpA are available through X-ray crystallographic and NMR

. 14-16
studies.

The eight antiparallel strands of OmpA form a B-barrel monomer with 325
amino acids that constitute two domains: a transmembrane domain of ~ 171 residues that
is incorporated into the hydrophobic membrane of phospholipids and a C-terminal
peripheral domain of ~ 154 residues that is exposed to the periplasmic space. OmpA
spontaneously refolds and inserts into preformed lipid bilayer without the aid of a
detergent.®® Lastly, five native tryptophan residues are embedded in the water-bilayer
interfacial region as shown in Figure 4.1, and these intrinsic fluorophores are sensitive to

the local environment. In combination with an appropriate energy acceptor, tryptophan

residues in OmpA can reveal changes in distance during the folding process.
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Top view

Figure 4.1 Structure of OmpA transmembrane domain (PDB code: 1QJP). Four native
tryptophan residues at positions 7,15,57, and 143 are shown. One non-native tryptophan
residue at position 129 has been modeled into the structure (Y129W). Distances
correspond to C-C, separation. Tryptophan donor is at position 15, 57, 129, or 143;
TAEDANS acceptor is at position 7 or 57. See text for details.
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Forster theory describes transfer of energy via dipole-dipole interactions between
a donor and acceptor, and the transfer efficiency is inversely proportional to the sixth

17,18

power of the distance. FRET has been widely used for the measurement of inter- or

1920 The range of distances that can

intra-molecular dynamics on biomolecular systems.
be accessed through FRET is generally accepted to be between 0.5R, and 1.5R,, where
Ryis Forster distance.?’ When one assumes randomization of the orientations of donor
and acceptor within the lifetime of the excited state, an orientation factor of 2/3 is
conventionally used. The usage of 2/3 for k” is a simplification, but one that is difficult
to avoid given the challenges associated with determining k>. The use of 2/3 results in an
error of + 20% for distance, but still provides valuable data on the folding mechanisms.*
Herein, FRET technique is utilized to probe the folding dynamics of OmpA in the
presence of lipid bilayer as well as the refolded conformation in detergent micelles.
4.2 Methods and materials
4.2.1 Expression, purification, and labeling of OmpA

The protocol for the expression, isolation, and purification of OmpA is described in
previous reports;> this procedure was originally adapted and modified from Surrey et al.’
Three types of transmembrane (TM, 1-176 residues) OmpA mutants were generated by
introducing a STOP codon at position 177 to remove the C-terminus (177-325 residues):
(1) single tryptophan OmpA variants where one tryptophan residue was maintained at
one of the native tryptophan positions (15, 57, or 143), or at a non-native position
(Y129), (2) single tryptophan and single cysteine OmpA mutants where a tryptophan
residue was located at one of the positions 15, 57, 129, or 143, and a cysteine residue was

placed at one of the positions 7 or 57, and (3) single cysteine OmpA variants where the
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cysteine residue was encoded at one of the positions 7 or 57. These families of mutants
lead to donor-only, donor-acceptor, or acceptor-only proteins, respectively. To indicate
that the mutants are truncated versions of OmpA that contain only the TM domain, the
symbol A is added to the end of the mutant name.

For the cysteine-containing OmpA mutants, a dye molecule, 1,5-IAEDANS (5-
((((2-i0doacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid, Molecular Probes;
abbreviated as Dns), was conjugated at the cysteine residue. The protocol for dye
conjugation reaction is described elsewhere and in Chapter 2.** Dye conjugated TM
OmpA variants are classified as donort+acceptor OmpA, or acceptor-only OmpA
depending on the presence or absence of a tryptophan donor, respectively.

A total of six unique donor+acceptor TM OmpA mutants were produced, along
with their donor-only and acceptor-only counterparts. The nomenclature and description
of the variants are tabulated in Table 4.1. For example, W15/F7CdnsA refers to a TM
OmpA mutant with tryptophan donor at position 15, and Dns acceptor conjugated at a
cysteine residue at position 7. The acceptor-only variant contains an acceptor conjugated
at a cysteine at position 57, with no tryptophan residues in the protein. This acceptor-
only variant is called WO/F57CdnsA. The donor-only variant is called W15A and the
tryptophan-free, acceptor-free variant is called WOA.

Labeling yield of the extrinsic dye on OmpA was experimentally determined by
UV/VIS absorption spectroscopy; the yield varied from 46 % to 95 % depending on the
batch and mutant. The labeling efficiency is taken into account when calculating the
overall energy transfer efficiency according to equation 1.3 (chapter 1), repeated as

equation 4.2.%
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Table 4.1 Summary of OmpA mutants. Donor (Trp) and Acceptor (Dns) locations as
well as description of each mutant are indicated.

OmpA Mutants ~ Donor Acceptor Description

location location
W15/F7CdnsA 15 7 D-A on same strand, across bilayer
WS57/F7CdnsA 57 7 D-A across bilayer
W143/F7CdnsA 143 7 D-A across bilayer
W129/F57CdnsA 129 57 D-A across bilayer
WI129/F7CdnsA 129 7 D-A across pore (outside of vesicle)
W143/F57CdnsA 143 57 D-A across pore (inside of vesicles)
WOA - - Neither Donor nor Acceptor
WI15A 15 - Donor-only
WS57A 57 - Donor-only
WI129A 129 - Donor-only
WI143A 143 - Donor-only
WO/F7CdnsA - 7 Acceptor-only

WO/F57CdnsA - 57 Acceptor-only




85

4.2.2 Refolding, adsorption, and unfolding of OmpA
OmpA was refolded and inserted into liquid-crystalline phase of small unilamellar

vesicles (SUVs) or detergent micelles. SUVs were prepared based on an established
protocol.”**  For reconstitution of OmpA into SUVs, OmpA stock was added to 1
mg/mL of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, Avanti Polar Lipids) at
a temperature above the phase transition temperature for DMPC, which is 24 °C. OmpA
was also refolded into detergent micelles by combining protein with 10 mg/mL of the
detergent n-octyl-b-D-glucopyranoside (OG) at room temperature. The adsorbed, but not
inserted, form of OmpA was generated by adding the protein to a 1 mg/mL solution of
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Avanti Polar Lipids) at a
temperature below the phase transition temperature of DPPC, which is 41 °C; at the
experimental temperature or 33 °C, DPPC is in the gel phase. Unfolded OmpA refers to
OmpA that was solubilized in 8 M urea phosphate buffer (pH 7.3). SDS-PAGE and
fluorescence spectroscopy were utilized to characterize the conformations of OmpA in a
given solution.' >
4.2.3 Steady-state absorption, circular dichroism, and fluorescence spectroscopy

Steady-state absorption spectra were recorded on an Agilent 8453 UV-visible
spectrophotometer to determine the protein concentration and labeling efficiency. OmpA
stock solutions were diluted immediately prior to collecting absorption spectra to remain
in the appropriate range for the spectrometer. The protein concentration and labeling

yields were estimated using the following extinction coefficients: €30 = 26,018 Mlem

(all donor-only TM OmpA with the exception of WI129A), 24,441 M'em™ (W129A
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OmpA), and €337 = 5960 M'em™ (all acceptor-only OmpA mutants). The acceptor (Dns
molecule) has an extinction coefficient at 280 nm of 1192 M'em™.

Circular dichroism (CD) measurements were performed on an AVIV CD-215 (Aviv
Associates, Lakewood, NJ). CD spectra were acquired from 190 nm to 260 nm at 1 nm
interval steps, with an averaging time of 5 seconds per step, and a bandwidth of 1 nm. A
~ 6 uM protein sample was generated by manually mixing the protein in appropriate
solution, and then placed in a fused quartz cuvette with a 1 mm pathlength that was
quickly placed in a sample chamber purged with nitrogen gas held at 33 °C during the
measurements. Corrected CD spectra were obtained by subtracting the corresponding
blank spectra (buffer solution without protein).

Steady-state fluorescence spectra were obtained with a Jobin Yvon-SPEX Fluorolog
FL3-11 spectrofluorometer. Protein samples of ~ 5 uM were excited at 290 nm (4 nm
band-pass), and OmpA emission was recorded from 305 nm to 570 nm (4 nm band-pass)
in 2 nm intervals and an integration time of 0.8 seconds. Spectra were collected in a 10
mm x 4 mm fused silica cuvette sealed with a rubber septum and stirred with a micro stir
bar at 33 °C. The spectra for the corresponding buffer solutions were also obtained under
the same experimental conditions to correct for background signal from lipid scattering
and water Raman.

4.2.4 Data analysis for tryptophan fluorescence spectra

The observed OmpA emission contains not only tryptophan fluorescence but also
scattering from lipids, water Raman, tyrosine fluorescence, and possibly dye
fluorescence. In order to isolate fluorescence signal from tryptophan, contributions from

lipids, buffer, tyrosine, and dye must be subtracted from the raw data. The data workup
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procedure is as follows: first, the fluorescence signal was normalized by the protein
concentration and lamp power. Lamp power was determined by comparing the water
Raman signal on a given day with a standard Raman signal. Then, residual background
from lipid scattering and tyrosine fluorescence was subtracted from spectra of
donor+acceptor OmpA and donor-only OmpA by the following method. Donor+acceptor
OmpA fluorescence spectra were corrected by subtracting spectra of the acceptor-only
(tryptophan-free OmpA, which is either F7CdnsA or F57CdnsA). Similarly, the donor-
only spectra were corrected by subtracting spectra of the tryptophan-free OmpA mutant
(WOA). The scalars for these subtractions were systematically varied, and the resulting
difference spectrum was compared to the known spectra of fully folded or unfolded
OmpA. The scaling factor was optimized by focusing on the slope of the corrected
fluorescence spectra in the rising portion of the spectrum (~ 305 nm to 355 nm). The
scalar was varied until the slope converged to a value between the known slopes for
OmpA of 0.025 (folded) and 0.030 (unfoleded). These slopes were previously
determined by analyzing high-concentration OmpA in fully folded or unfolded
conformations, and determining the slopes for these basis spectra that were normalized to
maximum intensity of 1.0. Results of the workup procedure for WISA and
W15/F7CdnsA are shown in Figure 4.2, and the results of other OmpA variants are
shown in Figure 4.3 — Figure 4.5.

In addition to intensity analysis, average wavelengths of emission were determined.
The average emission wavelength, < A > is calculated by < A > = X(Fi);) / Z(F;) where A;
and F; are the wavelength and fluorescence intensity between 310 and 370 nm.”” The

average emission wavelength was utilized to probe the change of local environments near
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tryptophan from hydrophilic to hydrophobic. All data analysis was performed using Igor

Pro 6 (WaveMetrics) software.
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Figure 4.2 Representative workup procedure for FRET data. Fluorescence spectra of
OmpA with donor-only at position 15 (W15A, panel A), no donor (WOA, panel B), and
difference (panel C = A — x*B, where x is a scalar). Fluorescence spectra of OmpA with
donor and acceptor (W15/F7CdnsA, panel D), acceptor-only (WO/F7CdnsA, panel E),
and difference (panel F = D — x*E). Spectra were collected 2, 5, 10, 15, 20, 25, 30, 40,
50, 60, 120, 180, and 240 minutes after initiation of folding reaction. Difference spectra
in panel C show signal from donor after tyrosine and scattering contributions have been
subtracted. Difference spectra in panel F show signal from donor and remaining acceptor
after tyrosine, acceptor-only, and vesicle scattering contributions have been subtracted.
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Figure 4.3 Fluorescence spectra of OmpA with donor-only at position 57 (W57A, panel
A), no donor (WOA, panel B), and difference (panel C = A — x*B, where x is a scalar).
Fluorescence spectra of OmpA with donor and acceptor (W57/F7CdnsA, panel D),
acceptor-only (W0/F7CdnsA, panel E), and difference (panel F = D — x*E). Spectra were
collected 2, 5, 10, 15, 20, 25, 30, 40, 50, 60, 120, 180, and 240 minutes after initiation of
folding reaction. Difference spectra in panel C show signal from donor after tyrosine and
scattering contributions have been subtracted. Difference spectra in panel F show signal

from donor and remaining acceptor after tyrosine, acceptor-only, and vesicle scattering
contributions have been subtracted.
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Figure 4.4 Fluorescence spectra of OmpA with donor-only at position 129 (W129A,
panel A), no donor (WOA, panel B), and difference (panel C = A — x*B, where x is a
scalar). Fluorescence spectra of OmpA with donor and acceptor (W129/F7CdnsA, panel
D;  W129/F57CdnsA, panel ~ G), acceptor-only  (WO/F7CdnsA, panel  E;
WO/F57CdnsA, panel H), and difference (panel F = D — x*E; panel [ = G - x*H). Spectra

were collected 2, 5, 10, 15, 20, 25, 30, 40, 50, 60, 120, 180, and 240 minutes after
initiation of folding reaction.



92

A: Donor-only D: Donor+acceptor
1.6 < (W1434) (W143/F7CdnsA)

G: Donor+acceptor A/

§ 2.0x10 B: No donor E: Acceptor-only H: Acceptor-only
E_ 1.6 — (Wo4) (WO/F7CdnsA) (WO/F57CdnsA)
5 J

> 1.2 - ‘

£ i

& 0.8

£ 04

g 7

3

(%2}

o

o

=

[I'R

L L L DL L | = I L L L
0 400 450 500 550 350 400 450 500 550 350 400 450 500 550
Wavelength (nm) Wavelength (nm) Wavelength (nm)

w
o —

Figure 4.5 Fluorescence spectra of OmpA with donor-only at position 143 (W143A,
panel A), no donor (WOA, panel B), and difference (panel C = A — x*B, where x is a
scalar). Fluorescence spectra of OmpA with donor and acceptor (W143/F7CdnsA, panel
D;  W143/F57CdnsA, panel ~ G), acceptor-only  (WO/F7CdnsA, panel  E;
WO/F57CdnsA, panel H), and difference (panel F = D — x*E; panel [ = G - x*H). Spectra

were collected 2, 5, 10, 15, 20, 25, 30, 40, 50, 60, 120, 180, and 240 minutes after
initiation of folding reaction.
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4.3 Results
4.3.1 Structures of OmpA in different environments

Representative CD spectra of TM OmpA mutants in different folding/unfolding
conditions are shown in Figure 4.6. In 0.5 M urea solution in the absence of SUVs or
detergent, CD spectra of OmpA did not show spectral characteristics of 3-sheet structure.
When OmpA was adsorbed on gel-phase DPPC SUVs, the CD spectra showed a
minimum at ~ 212 nm, which is consistent with at least partial p-sheet. The CD spectra
of OmpA refolded into liquid-crystalline phase DMPC SUVs and detergent micelle are
virtually identical, with a minimum at ~ 216, which indicates formation of significant f3-
sheet content. CD spectra were also acquired for a set of FRET mutants to ensure that the
folding process was not affected by attachment of the extrinsic acceptor label: donor-only
(WI5A, dotted line), acceptor-only (WO/F7CdnsA, dashed line), and donor+acceptor
(WI15/F7CdnsA, solid line) OmpA. The results indicate that the secondary structure was
preserved upon addition of the label for almost all the donor-acceptor mutants. One
donor+acceptor mutant, W57/F7CdnsA, failed to form native-like secondary structure; it
did not correctly form (-sheet structure like the other mutants. We will further discuss
this mutant below. All CD spectra of donor-only mutants were identical to those from a
previous study, indicating native-like P-sheet structure regardless of the location of

tryptophan residue."
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Figure 4.6 CD spectra of donor-only (W15A, blue), acceptor-only (WO/F7CdnsA, green),
donor+acceptor (W15/F7CdnsA, red) TM OmpA in various buffer solutions: (A) 0.5 M
urea solution, (B) DPPC SUVs, (C) DMPC SUVs, (D) OG detergent micelles.
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FRET efficiencies were determined for all mutants. Representative tryptophan
fluorescence spectra for W129/F7CdnsA (donor+acceptor TM OmpA) and W129A
(donor-only TM OmpA) are shown in Figure 4.7. The quenching of tryptophan
fluorescence in the presence of an acceptor directly reveals change in structure as a result
of conformational change. In 8 M urea, OmpA has no secondary and tertiary structure
and is considered random coil.*® The FRET data support that the donor and acceptor are
far apart in this random coil; the fluorescence intensity of W129/F7CdnsA decreased
about 6 % compared to that of W129A, indicating negligible energy transfer from donor
to acceptor in this unfolded state. As an adsorbed species, the fluorescence intensity of
OmpA decreased 12 % in the presence of an energy acceptor because the overall
structure of OmpA is more compact relative to the unfolded state. When W129/F7CdnsA
was completely reconstituted and folded in DMPC SUVs, the fluorescence intensity was
quenched 31 % compared to that of donor-only W129A. The quenching was similar
when the protein was folded in detergent micelles: For refolded W129/F7CdnsA in OG,
tryptophan fluorescence was attenuated about 28 %. Based on the steady-state
measurements, we calculated energy transfer efficiencies for all OmpA mutants in

various folding conditions.
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Figure 4.7 Representative fluorescence spectra of donor+acceptor (W129/F7CdnsA,
dashed) and donor-only (W129A, solid) OmpA in various solutions (conformation): (A) 8

M urea (unfolded), (B) DPPC SUVs (adsorbed), (C) DMPC SUVs (folded), and (D)
detergent micelle (folded).
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4.3.2 Kinetics for formation of secondary and tertiary structures

Figure 4.8 displays steady-state CD spectra for one set of donor-only (W15A),
acceptor-only (WO/F7CdnsA), and donor+acceptor (W15/F7CdnsA) OmpA mutants
during refolding into DMPC SUVs. CD spectra were acquired at: 0, 10, 20, 30, 40, 50,
60, 80, 100, 120, 150, and 180 minutes (spectra colored from red to purple). CD spectra
of OmpA in 0.5 M urea solution without DMPC SUVs are also shown as black solid line,
and this spectrum is similar to the early CD spectra during refolding of OmpA in DMPC
SUVs. It indicates that the initial state of refolding is close to the denatured state in the
absence of DMPC SUVs. Within 10 - 20 minutes (orange spectra), 3-sheet featured peak
where centered at 216 nm was started to develop for donor+acceptor, donor-only and
acceptor-only OmpA spectra, suggesting the early stage of secondary structure formation
and the completion of evolution within one hour. As noted in Figure 4.6, the kinetics of
formation of secondary structure were also not hindered regardless of the attachment of
dye chromophore at position 7 by comparison of donor-only and donor+acceptor OmpA

mutants.
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Figure 4.8 CD spectra (left panels) and kinetics of ellipticity at 206 nm (right panels) of
OmpA during refolding in DMPC SUVs for 180 minutes after initiation of folding
reaction.  The black solid curve is the unfolded state in 0.5 M urea solution. (A)
donor+acceptor (W15/F7CdnsA), (B) donor-only (W15A), and (C) acceptor-only
(WO0/F7CdnsA) TM OmpA. The colored curves (from red to purple) are 0, 10, 20, 30, 40,
50, 60, 80, 100, 120, 150, and 180 minutes after initiation the folding event.
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Forster distance, Ry, of the donor tryptophan and acceptor Dns was calculated

using the following Equation 4.1:
RS = (8.79 x 10%3) (k2n~*®pJp4) 4.1

in which Ry is the Forster distance, «”is the orientation factor, » is refractive index, ®pis
the quantum yield of donor in the absence of acceptor, and Jp, is the spectral overlap
between the emission spectra of donor-only and the absorption spectra of acceptor-only
TM OmpA. We applied the averaging value of 2/3 for «%, 1.33 for n, 0.13 — 0.25 for ®p,
and experimentally determined Jpa, obtaining average Ro of 24.1 A consistent with the
previously reported value for Trp-Dns pair.*

Equation 4.2 was used to calculate FRET efficiency to account for incomplete

labeling yield

E = (1—@‘)i 42

Fp/ fa

where E is the FRET efficiency, Fpa and Fp are tryptophan fluorescence intensity at 350
nm in the presence and absence of the acceptor, respectively, and f, is the experimentally
determined labeling yield of the acceptor. To calculate the energy transfer efficiency
depending for all FRET pairs, donor-only, donor-acceptor, acceptor-only, and no-
tryptophan OmpA mutants were exposed to various aqueous conditions: 8 M urea, 1
mg/mL DPPC SUVs, 1 mg/mL DMPC SUVs, and 10 mg/mL OG micelles. The
distances between donor and acceptor were calculated by the following equation: E =
Ro”/(Ro® + 1°) from the energy transfer efficiency, which are shown for six TM OmpA

variants in Figure 4.6.
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During four hours of observation for folding process into DMPC SUVs,
significant structural changes were completed within one hour except for two mutants,
W15/F7CdnsA and W143/F7CdnsA. Additionally, the donor and the acceptor moved
toward each other during folding for all variants except W15/F7CdnsA, which moved
apart during folding because they are located on the same strand. For W143/F7CdnsA,
two out of three experiments displayed the trends that donor and acceptor came close to
each other within the first hour, and then they moved apart during the last three hours.
This motion may be related to the equilibration of structure after major conformational
change was completed within the first hour. For refolded OmpA in detergent micelle, the
distances between the donor and the acceptor were larger compared to that in DMPC
SUVs, suggesting slight different structures of folded states depending on environment.
Two mutants were designed to investigate changes in pore size during folding:
W143/F57CdnsA places donor and acceptor at the inserting portion of OmpA (interior of
vesicle) and W129/F7CdnsA places donor-acceptor at the trailing portion of OmpA
(exterior of vesicle). Figure 4.9 (b) shows the average distances across the pore. In
DMPC SUVs, the diameters for the inserting portion (interior of vesicle,
W143/F57CdnsA) and trailing portion (W129/F7CdnsA) were 21.6 A and 24.8 A,
respectively. In contrast to the refolded state in DMPC SUVs, refolded state of
W143/F57CdnsA and W129/F7CdnsA in detergent micelles displayed almost identical

pore size of 25.8 A and 26.9 A, respectively.
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A. donor+acceptor across the bilayer
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Figure 4.9 FRET distances of OmpA in § M urea (‘Unf.’), adsorbed on DPPC SUVs
(‘Ads.’), during folding in DMPC SUVs at 2 to 240 minutes after initiation of the folding
reaction, and in detergent micelles (‘OG’). Data are for OmpA mutants with (A) donor +
acceptor across the bilayer: WI15/F7CdnsA  (red), WI129/F57CdnsA (black),
W143/F7CdnsA (green), and W57/F7CdnsA (blue); (B) donor + acceptor OmpA across
pore: W129/F7CdnsA (pink), W143/F57CdnsA (purple). All data were fit to single
exponential functions with the exception of W143/F7CdnsA (green), which was fit to a
double exponential function. Fits are shown as dashed curves, and parameters are in
Table 4.2.
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Figure 4.10 displays the average emission wavelength of tryptophan fluorescence
for donor-only OmpA. The average tryptophan emission wavelength of unfolded OmpA
in 8 M urea was ~ 347 nm regardless of the mutant. In gel phase DPPC SUVs, the
tryptophan residue was partially buried with average emission wavelengths of 341, 344,
and 345 nm. During folding and insertion into DMPC SUVs, the emission peaks blue-
shifted to ~ 340 nm. The W129A mutant had the most blue-shifted emission maximum.

We also measured the thermodynamics of W129 and WI129A mutants to augment

229 Free energies of unfolding were determined by plotting the fraction

previous reports.
unfolded as a function of urea concentration and fitting with two-state model.”® As

shown in Figure 4.11, the calculation gave rise to free energies of 7.0 kcal/mol and 5.9

kcal/mol, respectively.
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Figure 4.10 Average tryptophan emission for unfolded OmpA in 8§ M urea (Unf.),
adsorbed OmpA in DPPC SUVs, during folding in DMPC SUVs, and folded in detergent
micelles (OG). (Top) Four donor-only OmpA mutants: WI15A (red), W57A (blue),
WI129A (black), and W143A (green). (Middle) Four donort+acceptor OmpA mutants
where donor and acceptor are positioned across the bilayer: WI15/F7CdnsA (red),
WS57/F7CdnsA (blue), W129/F57CdnsA (black), and W143/F7CdnsA (green). (Bottom)
two donor+acceptor OmpA mutants where donor and acceptor are positions across the
pore: W129/F7CdnsA (pink), and W143/F57CdnsA (purple). Dashed curves are fits to
the data using a single exponential function. Fit parameters are listed in Table 4.2.
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Figure 4.11 Unfolding curves and Gibbs free energies of unfolding (kcal/mol) of W129

and W129A OmpA based on tryptophan fluorescence decomposition method. See text
for details.
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4.4 Discussion
4.4.1 Formation of secondary and tertiary structure during folding

We have probed the evolution of the distance between donor and acceptor during
folding of OmpA into lipid bilayer. Based on the FRET results, major conformational
change is completed within the first hour, followed by minor structural changes attributed
to strand extension and equilibration. Previous experiments with brominated lipids
determined that each tryptophan residue moves across the membrane at similar rates.'’
The current CD data and FRET results suggest that the evolution of secondary and
tertiary structures occur in similar time scales. As shown in Figure 4.8, the [-sheet
structure appears within 20 minutes, yet the CD spectra continue to evolve for 50
minutes. Therefore, both CD and FRET data show changes that continue for 50-60
minutes. A summary of the kinetics associated with CD and fluorescence spectra are

shown in Table 4.2.
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Table 4.2 Summary of kinetics for average tryptophan emission (from Figure 4.10),
FRET distance (from Figure 4.9), and ellipticity at 206 nm (from Figure 4.8). The curves
that describe the average tryptophan emission (three trials), FRET distance (three trials),
and ellipticity (one trial) were fitted to single exponential functions.
1:250-300. *FRET data for W143/F7CdnsA were fit to double exponential function.

Protein:lipids =

Trp FRET distance | [0]206am of CD | description

emission spectra

shift
mutants tau (min) £ | tau (min) + stdv | tau (min) £+

stdv (min) (min) stdv (min)
Wisa 179+£04 |NA | 3747 | Donoronly
W15/F7CdnsA 16.4+0.9 90 +£20 32+£5 Across pore,

Same strand D
e Jand A
WO/F7CdnsA 80+ 30 Acceptor-only
Ws7A 123£07 |NA | |Donoronly
WS57/F7CdnsA 27+ 1 8+1 Incomplete
folding

WI4sA 192+£06 |NA | |Donoronly
W143/F7CdnsAsx 19.2+£0.7 46 + 150 and Across bilayer
e L7300
W143/F57CdnsA 33+£1 21.6+1.4 Across pore
WI29A 180+£04 |NA | |Donoronly
W129/F7CdnsA 23.6+0.6 140+15 | | Across bilayer
W129/F57CdnsA 28.1+0.5 15+3 Across pore




107

Our FRET data show differences in structure of OmpA in lipid bilayer and in OG
micelles. The distances between donor and acceptor were overall larger for OmpA in
micelles than in SUVs. This observation suggests that the refolded conformation in
SUVs is more compact than in micelles. Furthermore, while the distance across the pore
was nearly identical in both sides of the pore, the distances were not symmetric for
OmpA in SUVs, with one end of the pore larger than the other end. Specifically, the
inserting end of the pore in SUVs is more compact than the trailing end, which might
reflect differences in pressure between the inner and external portions of the vesicle. In
contrast, detergent micelles may apply equal pressure on the entire B-barrel. The
compactness of the barrel may affect the penetration of water and overall flexibility of the
structure.'” The structural variation in DMPC SUVs vs. in OG detergent micelles was
also reported from previous experimental and theoretical studies.'>"?

4.4.2 Limitation and possible error in FRET calculation

Depending on the distance of interest, a specific donor and an acceptor are chosen
to measure the energy transfer efficiency. As discussed earlier, we utilized an intrinsic
fluorophore, tryptophan residue, as an energy donor and an extrinsic fluorophore, 1,5-
IAEDANS, as an energy acceptor. This FRET-pair is a commonly used donor-acceptor
pair and reveals relevant distances of ~0.5R, (12 A) to ~1.5R; (36 A). The FRET
technique is also suited for monitoring relative conformational changes (e.g. folding
process) as opposed to absolute distances in case some properties of the dyes are not
known, or if the size of the dye chromphore artificially gives rise to larger absolute
distance.”’ Generally, the introduction of dye molecule does not impede the development

of structure in biomolecular systems.”’ Yet, we observed that one of the labeled mutants
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did not form secondary structure properly; W57/F7CdnsA did not show the spectral
feature of B-sheet. Figure. 4.12 compares CD spectra of donor+acceptor, donor-only, and
acceptor-only OmpA variants, and shows that W57/F7CdnsA did not fold properly. In
addition to improper folding, incomplete labeling of an extrinsic dye is another potential
complication that results in misinterpretation of FRET efficiency. Thus, the calculation

of the energy transfer has to be carefully done by considering the labeling efficiency of

protein.
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Figure 4.12 CD spectra for refolded states of donor+acceptor mutants (blue), acceptor-
only mutants (red), and donor-only mutants (green) in DMPC SUVs. The single,
improperly folded mutant W57/F7CdnsA is shown as a solid black curve.
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4.5 Summary

FRET is useful to monitor the relative conformational change of membrane
protein during folding process. Incomplete labeling yield and effect of label on structure
should be considered before calculating FRET efficiencies. Our fluorescence data
illustrate the kinetics of formation of structure, and show that the tertiary structure is
formed within the first hour. CD and FRET data suggest that the formation of secondary
and tertiary structure occur on similar timescales. Furthermore, the folded structure of
OmpA in lipid bilayer may be different from that in detergent micelles. The compactness
of the barrel and asymmetric pore size affect the overall structure on OmpA and water
permeability of OmpA. As an ongoing project, FRET can be carried out to explore the
effects of Skp, one of the native perisplasmic chaperones of OmpA, on the folding
kinetics and structural modifications of OmpA during folding,** and this project is being
pursued in our group.
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Chapter 5. Probing membrane protein structure and dynamics

by fluorescence

Chapter 5, in part, is a reprint of the material as it appears

in Encyclopedia of Analytical Chemistry, 1-21, 2013.

5.1 Introduction

Fluorescence spectroscopy is a primary research tool for the study of
biomolecules. The inherent sensitivity of the fluorescence process to chromophore
structure and dynamics allows for the investigation of a wide range of microscopic
properties, such as local hydrophobicity and viscosity, excited-state proton and electron
transfer rates, conformational changes, as well as rotational flexibility of the
chromophore.'” Other properties can also be easily interrogated by utilizing a variety of
biologically-compatible fluorescent molecules; for example, macromolecular images of
complex systems as well as measurements of nanometer-scale distances on the single-
molecule level can be achieved.®” This breadth of information may be obtained for a
diverse set of biomolecules, including nucleic acids, peptides, ligands, proteins, and
complex higher-ordered systems. The fact that fluorescence spectroscopy is capable of
providing insights on families of proteins that are both very easy and extremely
challenging to handle makes this tool a significant one in the general study of protein
structure and dynamics.

Membrane proteins constitute a large family of biomolecules that continue to
challenge experimentalists and theorists. They comprise a significant fraction of proteins

in the genome and constitute the majority of drug targets."’ Additionally, membrane-
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bound proteins and peptides are associated with a broad range of diseases, such as type 2

diabetes and cystic fibrosis.'""'?

Despite their prevalent roles in biology as gates, pumps,
and receptors, there is a lack of knowledge on the structure and dynamics of membrane
proteins, especially in comparison to soluble proteins. This limitation is a direct
consequence of the inherent difficulties associated with handling these hydrophobic
biomolecules. Therefore, techniques that exhibit high sensitivity on low concentrations
of protein are preferred and ideal for the study of membrane proteins. In particular,
fluorescence spectroscopy is one of the most widely-utilized and successful tools for the
study of membrane-associated proteins. The goal of this review is to provide a brief
overview of fluorescence spectroscopy, and illustrate the insights that can be gained on
membrane proteins with this straightforward technique. Special focus will be placed on
the most widely-utilized native fluorophore, tryptophan, but some examples of extrinsic
fluorescence quenchers and dyes will be described.
5.2 Background
5.2.1 Molecular processes in excited states

Several events may occur immediately following photoexcitation of a
chromophore. Excess energy that has been absorbed by a non-reactive molecule is
released in the form of thermal and photon energy. (Here, we limit our discussion to
photophysical, not photochemical, processes associated with chromophores.) Thermal
relaxation occurs for all excited molecules, and may proceed with conservation of spin
angular momentum in a process termed internal conversion (e.g. singlet-to-singlet, S; —
So), or with change in angular momentum during intersystem crossing (e.g. triplet-to-

singlet, T — Sg)."”” The emission of a photon as a means to dissipate energy during
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relaxation from an excited to ground state is defined as luminescence. =~ When photon
emission occurs during internal conversion, the process is called fluorescence. Because
internal conversion is an allowed transition, fluorescence emission occurs rapidly; for
tryptophan in proteins, the fluorescence lifetime is typically less than 10 ns.* On the
other hand, phosphorescence refers to photon emission that accompanies intersystem
crossing. Because intersystem crossing is a formally forbidden process, the timescales
for phosphorescence are much longer than those of fluorescence; the phosphorescence
lifetime for tryptophan in proteins is on the order of milliseconds and even up to
seconds.'*

Fluorescence competes with other processes, including intersystem crossing and
non-radiative decay (e.g. thermal relaxation). The probability for fluorescence emission
for a photoexcited molecule is described quantitatively by the fluorescence quantum
yield. Alternatively, one may think of fluorescence quantum yield as the number of
photons emitted via fluorescence per photon absorbed; this number ranges from 0 to 1.
The fluorescence quantum yield (®g,,) compares the rate of radiative decay (k.q) to the
total rate of decay due to both radiative and non-radiative (k,onas) mechanisms, including
thermal deactivation via internal conversion, and intersystem crossing, shown in equation

5.1:

__ Number of fluorescence photons __ krad

Brryo = 5.1

Number of absorbed photons - KradtKnonrad

The fluorescence lifetime is defined as sy = (Krqa + Knonrea) ™" The absolute
and relative values of 75, and @, can be measured in a laboratory relatively easily,

and provide a wealth of information about the chromophore.”> For example, collision
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between a solvent-exposed chromophore (e.g. indole) and freely-diffusing fluorescence
quencher (e.g. acrylamide) may result in an electron transfer reaction that quickly
depopulates the indole excited state and thereby causes a reduction in ®y,,, also known as
quenching of fluorescence. Alternatively, collisions between indole and heavy atoms,
such as bromine, enhance intersystem crossing rates and subsequently also results in
quenched fluorescence. Another common mechanism for reduction of quantum yield is
dipole-dipole energy transfer, known as Forster resonance energy transfer (FRET).
These processes are discussed in greater detail in subsequent sections of this review.

The most fluorescent natural amino acid is tryptophan, and here we provide brief
background on the photophysical properties of this residue (Figure 5.1). The fluorescent
portion of tryptophan is the aromatic moiety indole. Indole possesses two nearly-
degenerate excited singlet states referred to as 'L, and 'L, whose transition dipole
moments are perpendicular to one another.'® The 'L, state is typically the fluorescent
state for indole in aqueous solution, with a fluorescence lifetime of 4.8 ns that becomes
multiexponential in tryptophan (0.5 and 3.1 ns lifetimes)."” This excited state exhibits a
large permanent dipole moment which gives rise to the high sensitivity of tryptophan
fluorescence to local environment and large Stokes shift. In contrast, emission from the
'Ly, state in proteins is rare, and has only been associated with a tryptophan residue in a
highly hydrophobic protein pocket.'® The emission properties of the 'L, and 'L, states
are different; for example, emission from the 'Ly, state is blue-shifted, or higher energy,
than emission from the 'L, state. Other excited states may also be populated.
Intersystem crossing results in population of the triplet L, state;'® in contrast to the 'L,

state, the triplet state exhibits a small excited-state dipole moment, but displays a large
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range of decay kinetics, on the order of microseconds to seconds depending on local
environment and temperature. Additionally, unlike the broad fluorescence spectrum, the
phosphorescence spectrum exhibits vibronic features. In this review, we primarily focus

on the steady-state fluorescence, not phosphorescence, properties of tryptophan.
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Figure 5.1 Photophysics of tryptophan. The indole moiety is the fluorescent component
of the amino acid tryptophan, which is shown as the inset. Energy from photon
absorption (purple arrow) is released as thermal energy (wavy arrows) or in the form of
fluorescence (green arrow) or phosphorescence (red arrow). Intersystem crossing is
denoted by the solid horizontal arrow.
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5.2.2 Steady-state fluorescence measurements

A spectrofluorometer is used to record steady-state fluorescence spectra. The
components, as shown in Figure 5.2, include a white light source, such as a high-pressure
xenon arc lamp (250-750 nm), scanning excitation and emission monochromators to
select excitation and emission wavelengths, respectively, sample holder, detector, and
optional polarizers. The most common geometry is one in which the fluorescence signal
is detected perpendicular to the excitation source; this geometry, in combination with
appropriate polarizers, minimizes interference from stray light, in particular elastically-
scattered light from the sample.” A photomultiplier tube (PMT) is the most common
single-channel detector for fluorescence experiments; these are sensitive devices capable
of counting single photons. For imaging experiments, multichannel detectors, such as a

charge-coupled device (CCD) may be utilized.
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Figure 5.2 Schematic of steady-state spectrofluorometer. Key components are shown.
A, lamp; B, excitation monochromator; C, polarizers; D, sample holder; E, emission
monochromator; F, detector: G, computer. The excitation wavelength, Ay, is determined
by the excitation monochromator, and the emission wavelength, A™", is selected by the
emission monochromator. The incident and emitted photons are collected in a right angle
geometry. Representative excitation (‘Exc’) and emission (‘Em’) spectra are shown.
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Two types of fluorescence spectra may be acquired. In a standard fluorescence
spectrum, the excitation wavelength is held constant and the emission monochromator is
scanned to reveal the intensity of fluorescence at different emission wavelengths. An
excitation spectrum complements a fluorescence spectrum and is obtained by scanning
the excitation monochromator throughout the absorption band of the chromophore while
keeping the emission monochromator fixed at an optimal fluorescence wavelength; the
selected fluorescence wavelength is typically in an intense region of the fluorescence
spectrum. As expected, an excitation spectrum often resembles an absorption spectrum.
An excitation spectrum is especially useful when impurities are suspected of affecting the
fluorescence spectrum because it allows for identification of the absorption transition that
gives rise to the observed emission peak.

Optical polarizers may be placed before and after the sample to determine the
rotational flexibility of the chromophore in anisotropy measurements. If the initially
populated excited state and fluorescent state of a static, non-rotating chromophore are
identical, the polarization of the emitted radiation is unchanged from that of the excitation
radiation, and is governed by the direction of the intrinsic transition dipole moment. If
the chromophore is allowed to rotate freely, the emitted polarization will no longer be
parallel to the excitation polarization; in other words, it will become depolarized or
isotropic. The extent of fluorescence anisotropy, or degree of rotational hindrance, is
determined by measuring the intensity of light that is emitted parallel (polarized) or
perpendicular (depolarized) to the excitation; this measurement reveals the extent of
rotational flexibility of the chromophore within the timescale of the fluorescence lifetime.

Anisotropy provides insight about the rigidity of the local environment; for example, a
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solvent-exposed tryptophan residue in an unfolded membrane protein exhibits low
anisotropy because it is able to tumble randomly during the window of fluorescence
whereas a residue in a buried region of a membrane-inserted, folded membrane protein
exhibits high anisotropy, shown below.
5.2.3 Selection of fluorophores

The spectral properties of fluorescent molecules, such as excitation and emission
maxima as well as quantum yields, are sensitive to environmental factors, including pH,
temperature, and hydrophobicity. As a result of this sensitivity, control experiments must
be carefully planned and executed. The particular chromophore that is selected for any
given fluorescence experiment depends strongly on the type of experiment. In the case of
proteins, tryptophan is the primary intrinsic chromophore whose fluorescence is utilized
to reveal insights into the structures and dynamics of the protein. As discussed above,
tryptophan has a large excited-state dipole moment that makes it a sensitive and
straightforward reporter of local environment; emission maxima for tryptophan in
proteins have been reported in the range 308-352 nm.”> Tryptophan also exhibits a
reasonable oscillator strength (extinction coefficient of 5517 M'ecm™) and a decent
quantum yield of 0.14.>°?' While tryptophan offers the advantage that the protein does
not require modification, there are some limitations associated with it. Tryptophan
requires UV-excitation and detection, has a low fluorescence quantum yield compared to
other dyes, and is susceptible to photodamage. Extrinsic dyes, discussed further below,
are generally more robust and fluorescent than tryptophan, but require labeling reactions

that are not easily achievable for systems such as membrane proteins. Nonetheless, a



123

great deal of molecular insight has been gained with the use of both intrinsic and extrinsic
dyes.

Tryptophan is not a prevalent amino acid in soluble proteins,” but becomes
more abundant in membrane proteins because this aromatic amino acid plays a key role
in the anchoring and positioning of membrane proteins. Tryptophan exhibits the greatest
driving force of all the amino acids for the interfacial region between the lipid bilayer and
bulk water and therefore, provides significant stability to the overall structure.”>>® There
are several reasons why tryptophan is believed to play such a critical role in membrane
protein stability, such as the fact that it is an amphiphilic molecule that can act as a
hydrogen-bond donor in a hydrophobic region. Insertion of tryptophan from bulk water
into a lipid bilayer results in a characteristic blue-shift of the emission maximum from
~350 nm (solvent-exposed) to ~330 nm (in bilayer) as well as ~1.5-fold increase in
fluorescence quantum yield. These and other dynamic properties make tryptophan
emission a good reporter of the structure and dynamics of membrane proteins.

Given the prevalent use of extrinsic fluorophores, we make some brief comments
on common dyes that are used with membrane proteins. Fluorescent probes can be
introduced into the protein, as is commonly achieved for soluble proteins (e.g. thiol-
reactive iodoacetamide and maleimide dyes linked to cysteine residues). One of the
challenges with extrinsic labels is that these typically hydrophobic and aromatic
molecules may affect the inherent structure and dynamics of a membrane protein. This
challenge has limited the number of types of extrinsic labels that can be successfully
incorporated into membrane proteins, and has also prohibited analogous extrinsic

fluorescence-based studies reported for soluble proteins. Despite these challenges,
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several membrane proteins have been successfully labeled for analysis.”’° One useful
label is the naphthalene derivative, IAEDANS, whose absorption spectrum overlaps with
the emission of tryptophan such that tryptophan and IAEDANS comprise a suitable
FRET pair."”’

Extrinsic labels in different regions of the lipid bilayer also provide valuable
insight.>' A fluorescent label on the phospholipid head group may provide information
on the dynamics of a fluid bilayer in the presence of a membrane protein, or whether a
membrane protein is bound to the bilayer via FRET. The phospholipid acyl chains can
also be modified to monitor the conformational changes of membrane proteins in the
lipid bilayer by embedding a heavy atom quencher such as bromine at different acyl
positions.*® These and other modifications can reveal the depth of insertion of a protein
in the lipid bilayer.”® The variety of intrinsic and extrinsic fluorescent probes is a valuable
aid to the challenging spectroscopic experiments that investigate the dynamics of
membrane proteins in lipid bilayer.

5.3 Membrane proteins and bilayers
5.3.1 Properties of lipid bilayers

It is beneficial to understand some of the general properties of natural and
synthetic bilayers prior to planning fluorescence experiments on membrane proteins.
Natural cellular membranes exist in a fluid (liquid-crystalline, L,) phase, containing a
complex and diverse milleu of lipids, fatty acids, peripheral and integral proteins, and
sugars. Studies of membrane protein structure and function are simplified by using
synthetic bilayers with well-defined lipid compositions. Model bilayers include planar

bilayers or closed bilayers, such as small or large unilamellar lipid vesicles (SUVs and
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LUVs, respectively). Because membrane proteins exist in equilibrium with the bilayer,
the structural and physical properties of the lipid bilayer, including the lipid chain phase
(gel versus fluid), curvature stress, and bilayer thickness are important to membrane
protein function.”® The energetics of aggregation of the pore-forming oligomer
alamethicin, for example, is sensitive to the curvature of the bilayer,35 and the
thermodynamic stability of the outer membrane protein A favors a bilayer thickness that
reduces hydrophobic mismatch with the lipid acyl chains.>

A  molecular dynamics (MD) simulation of a POPC (l-palmitoyl-2-
oleoylphosphatidylcholine,16:0/18:1-PC) bilayer (Figure 5.3) shows a synthetic bilayer in
the fluid phase.”” The electron density profile of the MD simulation depicts the
equilibrium distribution of water molecules and lipid components, e.g. phosphate,
choline, carbonyl, and methylene, in the bilayer. There are two distinct regions that arise
from this chemical heterogeneity, the interfacial region and the hydrophobic core. A well-
defined boundary between these regions does not exist, and a folding protein experiences
a steep dielectric gradient when partitioning from bulk water to the hydrophobic core.
Therefore, the amino acid composition and structure of membrane proteins must be well

suited for stability and function in the heterogeneous environment of the lipid bilayer.



126

Distance from hydrophobic center (A)

choline

Electron Density

Figure 5.3 Molecular dynamics simulation of a POPC bilayer. Left: A cut-away view of
an equilibrated bilayer with three regions indicated: blue, water molecules; red, head

group components choline, phosphate, and carbonyl; grey, acyl chains. Right: Thermal
distribution of electron density in the bilayer.
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The macroscopic properties of a bilayer are influenced by the properties of the
phospholipid molecules themselves, such as hydrocarbon chain length, head group charge
and size, and degree of chain unsaturation. An important consideration is the gel-to-fluid
phase transition temperature. Some membrane proteins, such as the one that is the focus
of this review, only insert into fluid phases of bilayers and remain adsorbed onto bilayers
in the gel phase.”® DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine, 14:0-PC) is a
convenient lipid for studies of membrane protein folding because the phase transition
temperature of DMPC bilayers is 23 °C. Therefore, it is relatively straightforward to
initiate folding reactions via temperature jumps. Vesicles of different sizes can be
generated in the lab using standard techniques, such as probe sonication or extrusion.” It
should be noted that the stability and size distribution of SUVs and LUVs depend on the
bilayer phase and aqueous properties (pH, temperature, ionic strength, etc), so for
experiments that utilize varying conditions, such as different concentrations of
denaturant, control studies of the properties of vesicles should be performed.

5.3.2 Membrane protein structures

As further background, we briefly discuss membrane protein structures. The two
known structural motifs of integral membrane proteins are the a-helical bundle and the -
barrel pore. The first atomic resolution structure of an integral membrane protein, the a-
helical model photosynthetic reaction center, was elucidated in 1985.* Since this initial
report, approximately 400 unique proteins have been resolved to relatively high
resolution.”’  Although membrane proteins comprise about one-third of the human
genome, only a few integral membrane proteins have been solved by X-ray

crystallography because of the technical challenges of obtaining high-purity samples
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combined with the inherent thermal disorder of lipid bilayers. Nonetheless, X-ray and
NMR structures on the limited number of membrane proteins have provided detailed
information on the membrane protein scaffold. We touch on the important elements of
structure, such as amino acid composition, and discuss a model scaffold. We refer readers
to comprehensive reviews for extended discussions of the composition and structure of a-
helical and p-barrel proteins.”>****

The pseudo-2D geometry of the bilayer reduces the conformational space
available to a membrane protein. Nonetheless, the structures of membrane proteins are
well adapted for stability and function in the bilayer. For example, transmembrane (TM)
a-helices are longer than those found in globular proteins, requiring about 20 residues, in
addition to long stretches of aliphatic amino acids, to span the vertical depth (~30 A) of a
bilayer.”> Moreover, about 60% of TM helices contain kinks and distortions introduced
by proline residues that act as hinges in TM channels and introduce diversity to TM

protein function,**

The hydrophobic nature of the bilayer also places constraints on the
hydrogen-bonding environment of membrane proteins. Because there is an energetic cost
of introducing an amide backbone into the low dielectric of the bilayer, the backbone
must participate in an extensive hydrogen-bonding network in the bilayer.’  This
thermodynamic consideration is consistent with the finding that TM protein segments
retain secondary structure in a membrane.

The prevalence of certain residues is influenced by the properties of the bilayer.
The interface region between bulk water and hydrocarbon core of the membrane is a

chemically diverse environment, and is typically enriched with polar-aromatic or charged

residues, such as tryptophan and lysine, that provide stabilization for TM protein



129

30" The side chains of these residues interact with lipid head groups through

segments.
non-covalent intermolecular interactions, such as dipole-dipole or hydrogen-bonding
interactions with head group carbonyls, phosphate, or water molecules.”®*'”* The
distribution of amino acids within the bilayer also follows some general trends. The
lipid-exposed residues of membrane proteins are more hydrophobic than those buried in
the protein interior; a sequence analysis of X-ray structures reveals that the average
hydrophobicity of buried residues in a a-helical bundle is comparable to that of globular
proteins.”® Integral proteins that exhibit the p-barrel fold as porins are not unlike reverse-
micelles in which the interior of the pore through which solvents pass is more polar than
the protein surface that interacts with lipids.>*

In the present discussion of fluorescence, we focus on a model membrane protein,
outer membrane protein A (OmpA) of Escherichia coli. This is an abundant integral
membrane protein that is believed to serve primarily as an anchor between the outer
membrane and the cell wall peptidoglycan; other possible functions are as a phage
receptor, channel, and transporter.”>° OmpA contains 325 residues and two distinct
domains: an N-terminal domain (1-171), which embeds into the membrane, and a
globular C-terminal domain (172-325), which binds to peptidoglycan. The
transmembrane domain forms a B-barrel containing eight antiparallel -strands. In planar
bilayers, OmpA has been observed to form two types of channels: one channel is
essentially impermeable to solutes, and the other is about 1nm in diameter.”>’

OmpA serves as a model membrane protein for optical spectroscopy because it is

naturally abundant in the bacterial outer membrane, can be purified to high purity, and

folds reversibly from a starting unfolded state in 8 M urea by rapid dilution of the
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denaturant in the presence of detergents or lipid bilayers. Additionally, there are five
native tryptophan residues at positions 7, 15, 57, 102, and 143, as shown in Figure 5.4.
We have added additional tryptophan positions at positions 129 and 170. The native and
non-native tryptophan residues serve as spectroscopic probes for the protein. For
example, the fluorescence spectrum of folded protein is blue-shifted relative to unfolded
protein (Figure 5.4). Wild-type and single tryptophan mutants exhibit reasonable
thermodynamic stabilities. This protein can also be labeled with extrinsic dyes that only
mildly perturb the stability. Finally, OmpA in which the periplasmic domain has been
deleted can be expressed relatively easily; this truncated mutant that contains only the
transmembrane portion (residues 1-171) serves as an ideal platform for focused studies of
B-barrel protein folding, and the significance of the physics of the lipid bilayer to

transmembrane stability.
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Figure 5.4 Inset: X-ray structure of transmembrane domain of OmpA (PDB: 1QJP);
periplasmic domain is shown as a cartoon. Native tryptophan residues are shown, and
non-native tryptophan residues that have been probed are indicated as red filled ovals.
The fluorescence spectra of the tryptophan residues are sensitive to environment; the
emission maximum is 355 nm when OmpA is unfolded in 8.0 M urea, shown in blue, and
shifts to 335 nm when folded in a lipid bilayer, indicated in red.
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5.4 Characterization of membrane protein stability

Membrane protein folding is an expanding area of research that is relevant for
diverse scientific disciplines, including biology, chemistry, health, disease, and
pathogenesis. A simple, yet experimentally challenging, goal in this field is to
characterize the thermodynamics associated with a natively folded protein in a bilayer.
The stability of a membrane protein is quantified by measurements of changes in Gibbs
free energy, AG , where the reaction may be from folded to unfolded, or unfolded to
folded, conformations. Non-covalent interactions that contribute to the change in Gibbs
free energy include hydrogen-bond networks, hydrophobic contacts, and electrostatic
interactions. Hydrogen bonding along the peptide backbone is especially important
because these intramolecular interactions become significant as the protein is dehydrated,
and hence drive the formation of secondary structure in a bilayer.”” Hydrophobic
contacts and specific amino acids also stabilize membrane proteins in the hydrophobic

48,58

bilayer. For example, aromatic amino acids typically reside in the water-lipid

26,52

interface to help anchor the protein within the lipid bilayer, and charged amino acids

can form stabilizing through-space electrostatic interactions, such as those between

232630 Quantitative determination of AG is

negative lysine and positive arginine residues.
the first step towards discerning the relative contributions of these and other non-covalent
interactions to the overall stability of a membrane protein.

As expected, laboratory-based measurements of AG  are sensitive to experimental
conditions, such as type of model membrane (e.g. micelle or vesicle, charged or neutral
36,39,59

lipid head group, acyl chain length), surface curvature of vesicle, and pH.

Therefore, careful systematic experiments must be performed. Denaturation, or
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unfolding, curves are one of the most straightforward and reliable methods to determine
AG" for folding and unfolding reactions. Common denaturants include chemical agents,
temperature, and pH. A typical experiment involves measuring the shift in relative
populations of folded and unfolded states upon exposing folded protein to varying
amounts of denaturant (e.g. different denaturant concentrations, temperatures, or pH);
results from this titration can be fit to models, the simplest being a two-state model in
which folded protein cooperatively converts to unfolded conformation.”® Analysis of
additional protein mutants or different lipid bilayers could yield insight into intra- and
intermolecular interactions that impact values of AG associated with unfolding
reactions.’®’

The most widely used chemical denaturants are urea and guanidinium. The
mechanisms by which denaturants unfold proteins are complex, and involve direct
solvation of hydrophobic regions as well as breaking of hydrogen-bond networks.®"%
Analysis of a chemical unfolding curve involves determination of AG" at each denaturant
concentration via experimental determination of populations of folded and unfolded
conformations.  Extrapolation to zero denaturant concentration reveals AG,;,,Which is
the desired change in Gibbs free energy in the absence of denaturant. The simplest model
for determining AG,;,, assumes a linear dependence of change in Gibbs free energy with
denaturant concentration.®

AG’ = AGp,o — mC 5.2
In equation 5.2, C is the independent variable (i.e. concentration of urea), and AG~

is the dependent variable (i.e. change in Gibbs free energy at specific C). A linear fit to
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this curve yields a slope, m, and intercept, AG,;,,. Under equilibrium conditions, there is
a denaturant concentration, C,,,, at which the population of folded and unfolded
conformations is equivalent and therefore, AG = 0. At this point in the denaturation
curve, AGy,, can be obtained because AGy,, = mC, ,,, and the parameters m and C, ,
are relatively easy to measure in a lab (discussed below). It should be pointed out that
unfolding curves are measured under equilibrium conditions such that AGj;,, values are
independent of whether the reaction proceeds in the direction of folded — unfolded, or
unfolded — folded. In other words, the folding reaction should be fully reversible.
However, given the high propensity for membrane proteins to aggregate, it is challenging
to find suitable conditions where the reaction is 100% reversible. We have found that it
is optimal to confirm the reversibility of the folding reaction as well as measure the
change in Gibbs free energy using complementary methods as opposed to relying on a
single technique.

The reversibility of OmpA unfolding in the presence of urea has been illustrated

using SDS-PAGE measurements.’***%*

The gels indicate that the urea concentration that
results in equal population of folded and unfolded protein is independent of whether the
reaction proceeds as a folding or unfolding reaction. This observation supports a
primarily reversible reaction for OmpA in this particular chemical denaturant.

The relative populations of equilibrium folded and unfolded conformations, and
hence Gibbs free energy for folding or for unfolding, can be directly measured using a
variety of tools, such as circular dichroism, gel electrophoresis, or fluorescence

spectroscopy, that provide clear markers for folded and unfolded states. Among these

techniques, fluorescence is the most sensitive method, and typically requires significantly
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less protein that the other methods. The drawback to fluorescence spectroscopy is that
this technique requires presence of a fluorescence chromophore whose emission
maximum and/or emission intensity differ for the folded and unfolded states.

Tryptophan residues in membrane proteins easily satisfy this requirement because
the emission maximum and quantum yield are highly sensitive to the polarity of the local
solvent. Specifically, tryptophan residues buried in a bilayer exhibits an emission
maximum of ~330 nm whereas a solvent-exposed indole emits at ~350 nm (see Figure
5.4). This 20-nm blue shift is also typically accompanied by a change in fluorescence
quantum yield. These shifts in emission maximum and intensity may be utilized to
determine the population of folded and unfolded protein. An important experimental
consideration is that the urea concentration should be determined by index of refraction
measurements because it is hygroscopic.®

It has been shown that the corrected fluorescence intensity at a given wavelength
shows a linear dependence on the faction of folded (or unfolded) conformations.” This
is the most straightforward method to analyze the fraction of folded protein, but can be
experimentally challenging because of the need to know absolute protein concentrations.
Given the highly scattering nature of membrane proteins, techniques that do not require
knowledge of protein concentrations for all samples are preferred.

Intensity-weighted emission maxima have also been utilized to determine fraction

36,66

of folded protein. The intensity-weighted emission maximum, < A >, over the

wavelength range 305-450 nm is defined as < A >= Mwhere i is the index for

4L

wavelength (e.g. i would range from 1 to 146 if data were available from 305 to 450 nm
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in increment of 1 nm), /; is the intensity at a given wavelength of index 7, and A, is the
wavelength at index i. It is important to note that the intensity-weighted emission
maximum, not simply the emission maximum, must be utilized for proper analysis
because of possible differences in the shapes, including intensities, of the spectra for
folded and unfolded conformations.®

A final technique that is preferred in our lab is the intensity-corrected
decomposition method in which an observed fluorescence spectrum is decomposed into
basis spectra corresponding to folded and unfolded populations. Our preference for this
method is based on a few considerations. Unlike the method that relies on absolute
intensities, protein concentrations at each denaturant concentration are not needed for
decompositions. Instead, only two absolute fluorescence spectra of the fully folded and
unfolded samples are essential. Additionally, the decomposition method is insensitive to
the selected range of wavelengths or shapes of the spectra for analysis since full Gaussian
curves over the entire window are generated.

The decomposition method proceeds as follows. Tryptophan fluorescence
spectra of fully folded (~0 M urea) and unfolded (~8 M urea) OmpA are measured, and
the spectra are corrected for background scattering as well as normalized for
concentration. These two corrected spectra are then fit to individual Gaussian curves,

corr

Gfola and Gy, that provide the essential Gaussian parameters of peak wavelength

(Afo1a and A7) and width (07414 and 0yy5) for the basis spectra. The ratio of the areas

Area of G;gfg

—— ;.  For
Area of Gﬁ%’}r

of Gfgiq to Gy provides a quantum yield correction term, Coy =
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OmpA mutants that contain single tryptophan residues, the average Cqy across all
mutants is 1.8.

With knowledge of the Gaussian parameters for folded and unfolded
conformations, an experimental fluorescence spectrum that contains a mixture of folded

and unfolded conformations is decomposed into two Gaussian basis spectra, G q and

max

Guny, that have peak wavelengths and widths that correspond to those of folded (17,4

and 0y,,4) and unfolded (47,7 and gy, ¢) populations. The best fit is obtained by holding

unf
the Gaussian wavelengths and widths constant, and allowing the amplitudes of the
Gaussian basis spectra to vary. The sum of the two decomposed basis spectra forms a
model spectrum which should closely reproduce the experimental result. This process is
repeated for each experimental fluorescence spectrum that is obtained with different urea
concentration. We utilize multipeak fitting packages in Igor Pro Software 6.22A, though
any fitting program will suffice.

Representative data for a truncated OmpA mutant with a single tryptophan
residue at position 143 are illustrated in Figure 5.5. These data show fluorescence spectra
of the protein in the presence of DMPC SUVs and five urea concentrations of 8,4 M
(fully unfolded), 3.3 M, 2.9 M (midpoint), 2.8 M, and 0.1 M (fully folded). Peak
wavelength and width parameters based on Gaussian functions that correspond to fully

folded, Gf,j4 , and fully unfolded, G5, protein are obtained from the 0.1 M and 8.4 M

unf
urea spectra, and are utilized to decompose spectra at urea concentrations where a

mixture of folded and unfolded populations are expected.
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Figure 5.5 Representative fluorescence spectra of truncated OmpA mutant with single
tryptophan residue at position 143. Spectra were acquired from 305-500 nm at different
urea concentrations, as indicated. The experimental spectra were decomposed into
Gaussian basis spectra that represent folded and unfolded populations shown as red solid
band and blue solid bands, respectively. The sum of the two Gaussian curves is shown as
dashed curves. See main text for details.
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The area of the Gaussian basis spectrum that corresponds to folded protein is
normalized by Cqy to finally reveal the fraction of unfolded OmpA, f..s, as determined by

this decomposition technique.

Area of Gynf

53

funf o Area of Gynf+ C,Q%(Area of Gfold)

The fraction unfolded is plotted as a function of urea concentration to generate an
unfolding curve. Finally, the free energy of folding is obtained by fitting the data in the

unfolding curve to a two-state model to reveal m and C,,, and therefore ultimately,

° 60
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! 1+exp[—m(/—)]

RT

54

AGj,0 = mCy, 5.5

Unfolding curves for full-length and truncated OmpA in which the periplasmic
domain is cleaved are shown in Figure 5.6. Full-length mutants with single tryptophan
residues at positions 7, 15, 57, 102, 143, or 170 are indicated W7, W15, W57, W102,
W143, or W170, respectively. These single-tryptophan mutants contain phenylalanine in
the remaining four or five native tryptophan positions. Wild-type OmpA is indicated as
WT, and a tryptophan-free mutant in which all native tryptophan residues have been
replaced with phenylalanine is called W0. Truncated OmpA in which the periplasmic
domain has been deleted starting at residue 177 is indicated with the symbol A following

the nomenclature for full-length OmpA.
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Figure 5.6 Unfolding curves and Gibbs free energies of unfolding (kcal/mol) of full-
length (top) and truncated (bottom) OmpA based on tryptophan fluorescence
decomposition method, or SDS-PAGE data for a mutant that lacks tryptophan. See text

for details.
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These data illustrate the range of Gibbs free energies for the various OmpA
mutants. In a prior report,” we analyzed unfolding curves by plotting emission maxima
(Amax) as a function of denaturant concentration and reported Gibbs free energies with
estimated errors of 15%. This method is appropriate if there is no difference in shapes
and integrated areas of the fully folded and fully unfolded spectra. However, given the
variations in spectral width and fluorescence quantum yield between folded and unfolded
states, the Amax method does not provide accurate results for OmpA. Here, we re-analyze
the data after improving our technique to obtain more precise and accurate protein
concentrations of fully folded and unfolded states, and utilize the decomposition method
to generate unfolding curves. The specific values for Gibbs free energies are
systematically decreased by an average of 16% using the decomposition method relative
to using Ama.x. However, the trends reported previously are reproduced with the
decomposition method. As expected, native OmpA with five tryptophan residues is
most stable (AG;,, of 9.3 kcal/mol), and mutants that contain single tryptophan residues
in native locations are destabilized relative to native OmpA, but by varying degrees. For
example, OmpA with a single tryptophan residue at position 7 is relatively stable,
whereas a mutant with a single tryptophan at position 143 exhibits a similar Gibbs free
energy as a tryptophan-free mutant. It is interesting to note that a tryptophan residue in
the non-native position of 170 is a particularly stable mutant, and that deletion of the
soluble periplasmic domain generally stabilizes the protein; this latter observation was
discussed in our previous report.”> These thermodynamic insights can be coupled to
structural studies to illustrate the relative contributions of intermolecular interactions to

the overall stability of a membrane protein.
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5.5 Rotational freedom and anisotropy

Anisotropy experiments elucidate changes in rotational flexibility associated with
structural changes, such as binding of proteins to membranes. The anisotropy value, 7,
reflects the rotational diffusion of a fluorophore during the lifetime of the excited state.
Anisotropy (equation 5.6) is determined by collecting the polarized vertical (Iyy) and
horizontal emission (Ivg) following vertical excitation, where the first and second
subscripts represent incident and emitted polarizations, respectively.”™” The G factor is
a corrective term that characterizes differential instrument sensitivity to vertically (Sy)
and horizontally (Sy) polarized light as a function of wavelength, and is determined by
collecting the vertically (Igy) and horizontally polarized (Igg) emission following
horizontal excitation (equation 5.7). Anisotropy of a membrane protein is sensitive to
changes in rotational diffusion, and thus can be used to report changes in molecular size,

viscosity, and binding events.

— lyw=Glvh 56
Ivv+ZG Iyy ’
Sy Inv
G= XX = Y 5.7
Sy Iy

The measured anisotropy value depends on the viscosity of solvent and the
mobility of the fluorophore of interest. Thus, anisotropy provides valuable information
about structural motion of membrane proteins affected by a viscous membrane as well as
inherent rigidity of native structures. As shown in the Perrin equation (equation 5-6),
anisotropy () is comprised of the fundamental anisotropy (7,) in the absence of any
depolarization process, fluorescence lifetime (1) of the fluorophore, and rotational

correlation time (0). The latter term depends on viscosity (1), volume of rotating protein
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(V), and temperature (T); R is the gas constant." A plot of (1/r) as a function of (T/n) for
a given protein at different temperatures and viscosities reveals the apparent volume of a

protein, V.

1 1 T 1 TRT
=4 —= = -
r 0 700 To ronV

5.8

For membrane proteins, the insertion and folding events can be monitored by
anisotropy measurements. Figure 5.7 shows the change in anisotropy of OmpA as it
inserts and folds into a lipid bilayer (DMPC). As expected, the extent of depolarization is
greater for the solvent-exposed tryptophan in unfolded protein (+=0.03) relative to the
folded state (+=0.1). The enhanced anisotropy of the folded state is consistent with the
fact that tryptophan is in a more viscous environment of the membrane and may also be
localized to a rigid pocket of the protein. As discussed here, anisotropy can be utilized to

obtain overall structural information during folding and to help to understand lipid-

protein interactions in viscous membrane.
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Figure 5.7 Polarized tryptophan fluorescence and anisotropy of folded and unfolded
truncated OmpA that contains a single tryptophan residue at position 143. The
periplasmic domain has been cleaved at position 177. Top: Polarized tryptophan
fluorescence spectra indicating Iyv (red solid) and Iy (red dashed) of folded protein, as
well as Iyy (blue solid) and Iyy of unfolded (blue dashed) OmpA. The first and second
subscripts refer to the polarization of the incident and emitted radiation, respectively.
Bottom: Resulting anisotropy of folded (filled circles) and unfolded (open circles)
OmpA.
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5.6 Tertiary structure: distance measurement via FRET
Forster resonance energy transfer (FRET) is a mechanism by which electronic
energy is transferred from an excited donor (D) molecule to a nearby acceptor (A)

molecule without the emission or reabsorption of light.***?

The FRET process occurs
because of through-space dipole-dipole coupling between the electronic states of D and
A. The rate of energy transfer depends on several factors: (1) relative orientation of the
transition dipole moments between the D and A pair; (2) fluorescence quantum yield of
the donor; (3) index of refraction of the medium; (4) the extent of spectral overlap

between the donor emission and acceptor absorption; and (5) distance between D and A.

Of these variables, distance is the most critical parameter; the FRET efficiency scales as
%6, where r is the D-A distance. This strong distance dependence enables FRET to be

used as a spectroscopic ruler to measure molecular separations in the range 10-100 AR
For example, FRET has been used to map the distance between the subunits of
cytochrome ¢ oxidase,” the effect of the retinal cofactor on the thermodynamic stability
of bacteriorhodopsin (bR),’ and the conformational distribution of prion protein (PrP)
repeating peptides.”
5.6.1 Practical aspects of FRET

There are several practical considerations that must be addressed prior to
performing FRET measurements. The first questions that one must answer are, what D
and A pairs will be used, and where will they be located on the protein? These questions
are related in that the D-A pair that is selected depends on the distance that one seeks to
access. A given D-A pair exhibits a characteristic Forster radius, R, at which the

efficiency (E) for FRET is 50%:
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The variables are defined: &* is the orientation factor, n is the index of refraction of the
medium, ®Pp is the fluorescence quantum yield of the donor, Jpa is the overlap integral,
Fpa is the fluorescence intensity of the donor in the presence of acceptor, Fp is the
fluorescence intensity of the donor in the absence of acceptor, 7p4 is the lifetime of the
donor in the presence of acceptor, and 7j is the lifetime of the donor in the absence of
acceptor. The overlap integral is given in equation 6.3, and shown graphically in 5.11 for
a D-A pair.

_ JFp) g4 2* da

A= T 5.11

Fp(A) is the fluorescence intensity at wavelength A, and €a(A) is the extinction coefficient
at .. The denominator serves to normalize the value of Jpa to the integrated fluorescence
intensity, which simplifies the calculation by eliminating the need to know absolute
fluorescence intensities. As can be seen in equation 5.10, FRET efficiencies can be
measured in the form of steady-state emission intensities or fluorescence lifetimes.
Experiments with fluorescence intensities are straightforward. Fluorescence lifetime
measurements can be more complex in implementation and analysis, because decay
kinetics are fast (nanoseconds) and rarely mono-exponential, especially in biological
samples; however, lifetime measurements have the advantage that they are insensitive to

differences in sample concentrations and are more likely to reveal heterogeneous
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populations. In the case of multi-exponential kinetics, the average lifetime, which is
proportional to the steady-state integrated intensity, is typically utilized.

The range of distances that can be accessed depends on R,; a general rule of
thumb is that values within a factor of two of R, may be measured,' though in practice it
can be challenging to achieve this level of dynamic range. If emission intensities or
lifetimes can be accurately measured for 5% — 95% FRET efficiency, which is a
conservative range for most instruments, distances between 0.6R, and 1.6R, can be
determined fairly easily. For example,a FRET pair comprised of tryptophan as the donor
and a naphthalene-based dye as the acceptor exhibits a R, of 21 A, which allows distances
between ~13 to 34 A to be readily measured. Other FRET pairs have greater R, values,

such as pyrene (D) and coumarin (A) with R, of 39 AP
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Figure 5.8 Absorption spectrum of IAEDANS acceptor (left axis), and fluorescence
spectrum of NATA donor (right axis). The overlap region is shown by the hashed region.
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5.6.2 Challenges associated with FRET and membrane proteins

In the case of membrane proteins, the natural abundance of aromatic amino acids,
in particular tryptophan makes them excellent intrinsic donors. Nonetheless, there are
several challenges that must be overcome in order to perform successful FRET
measurements. One problem associated with biological FRET measurements is that the
D-A distance is typically not fixed and instead, varies because of the inherent fluctuations
of the protein and/or labels. Additionally, the finite volumes of the labels themselves are
not considered. Therefore it is sometimes preferred to utilize FRET measurements to
reveal relative structural changes rather than absolute distances between two atoms. This
inherent source of error that originates from the averaging of D-A positions and
assumption of point dipoles places limitations on the accuracy of the distances, but this
error is not as significant as others associated with the experiments themselves.**® An
ongoing challenge is low labeling yields of extrinsic donors. Not only is it a difficult task
to label membrane proteins, but it is a challenge to quantitatively determine the labeling
yield itself because it requires successful separation and analytical measurements. Once
the labeling efficiency is known, the method suggested by Lakowicz ef. al. can be
utilized to take into consideration the emission intensity and lifetime that reflects
incompletely labeled protein."*

Another challenge associated with FRET experiments for membrane proteins (as
well as soluble proteins) is determining the correct value for R,, including characterizing
the evolution of R, during a folding reaction. The Forster radius depends on orientation
factor, «*, as noted earlier. The value of «” is 2/3 when the D and A dipoles sample all

orientations within the timescale of the FRET process; in other words, the D-A dipoles
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are effectively oriented randomly relative to one another. However, the range of «” is
quite large, between 0-4, where O indicates the dipoles are perpendicular, 1 represents
parallel dipoles, and 4 results from collinear, parallel orientations. Additionally, this
value is likely to evolve when a protein inserts into the membrane because of the loss of
rotational flexibility.

Fluorescence polarized emission measurements, i.e. anisotropy experiments, can

be used to establish the upper and lower limits of the orientation factor.*”"®

However,
these experiments and analyses are not trivial, so a great deal of effort has been placed to
determine appropriate approximations. In practice, many FRET researchers simply
utilize k* = 2/3; some authors publish reports with little or no acknowledgement of this
assumption, while others devote large studies to this topic. Fortunately, the assumption
of orientational averaging implicit in k* = 2/3 is not always incorrect. When all angles are
considered, the uncertainty in distance is relatively small, on the order of 20 %.”** One
of the reasons why «* = 2/3 is not so erroneous is because in the case where there is
structural heterogeneity, such as for proteins, a distribution of static structures is
effectively equivalent to orientational averaging. Additionally, certain chromophores,
including tryptophan, possess multiple, nearly degenerate excited states. The presence of
these multiple levels means that there is more than one transition dipole moment for
absorption and therefore, supports some degree of orientational averaging. Despite the
fact that some systems are more prone to the difficulties associated with k*, many

systems have been studied successfully, and FRET results have been shown to compare

well with X-ray diffraction data, as reviewed in Dos Remedios ez al.”’
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In addition to determining the value of R,, the change in R, must be investigated
during a folding process. This analysis is essential because the photophysical properties
of the donor and acceptor are likely to evolve as the protein transfers from aqueous to
membrane environments. In the case of tryptophan as a donor, the emission spectrum
blue-shifts and the quantum yield increases. Fortunately, these spectral shifts associated
with tryptophan do not significantly impact the overlap integral, as discussed below for
folded and unfolded states of labeled OmpA.

5.6.3 Application of FRET in OmpA

The dynamics of a handful of membrane-associated systems have been monitored
with FRET.”'™  Currently, our group is investigating tertiary structure changes
associated with the folding reaction of OmpA. An intrinsic donor, tryptophan, and an
extrinsic acceptor from IAEDANS (abbreviated dns), were introduced using a
combination of mutagenesis (to generate single tryptophan and cysteine residues) and
labeling reaction.” Figure 5.9 shows representative data for a mutant that is designed to
elucidate evolution of the pore structure during insertion and folding into DMPC bilayers
(up to four hours). In this mutant, the donor at position 129 and acceptor at position 7 are
on opposite sides of the pore, and located on the periplasmic side of the protein. OmpA
has the advantage that it exhibits directional folding in which the periplasmic end inserts
last, even when the periplasmic portion is removed.”® For simplicity, we refer to the
leading portion of the protein which contains large loops and positions 102, 57, 15, etc. as
the ‘front’ during the folding reaction, and the opposite, periplasmic portion with residues

7, 170, etc. as the ‘tail’ (see Figure 5.4 for clarification). In our FRET studies, the
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periplasmic domain has been removed and our FRET experiments have been performed
on truncated OmpA mutants.

Fluorescence spectra of donor-only, donort+acceptor, acceptor-only, and
tryptophan-free truncated OmpA are analyzed to reveal changes in distance during the
folding reaction. The tryptophan-free mutant provides isolated signal from the thirteen
tryrosine residues in the transmembrane portion of the protein. Fluorescence spectra of
these four OmpA mutants in which scattering from vesicle has been removed are shown
in the left panel of Figure 5.9. The spectral region of interest is ~305-400 nm, which is
the range of tryptophan fluorescence. Contributions from tyrosines and the acceptor are
subtracted from the spectra, and these corrected spectra are shown in the middle panel.
These corrected spectra are further analyzed to reveal the FRET efficiency (E) using
equation 5.10, which describes the extent of tryptophan fluorescence quenching in the
presence of acceptor. Finally, we utilize the experimentally determined Ry value of 21 A,
assuming constant orientation factor of k°=2/3, to construct the structural evolution of the
pore during the folding reaction (right panel in Figure 5.9). The FRET efficiency and

distance are shown for unfolded OmpA in 8 M urea for comparison.
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Figure 5.9 FRET data for truncated OmpA mutant with tryptophan donor at position 129,
and extrinsic acceptor at position 7. Left panel: Spectra for (A) donor, (B) tryptophan-
free mutant, (C) donor+acceptor, and (D) acceptor. Middle panel: Contribution from
tyrosine has been subtracted to reveal corrected spectra for donor (panel A minus panel
B) and corrected spectra for donor+acceptor (panel C minus panel D). Right panel:
Efficiencies are calculated from the data in the middle panel, and converted to distances
using the experimentally determined value for Ro, which assumes a constant k” value.
The crystal structure distance between donor and acceptor y-carbons of the native
residues is shown as the blue dashed line. Results for unfolded OmpA in 8 M urea are
indicated as “Unf.” See main text for additional details.
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Our FRET data indicate the relative timescale for pore formation of the tail end of
OmpA. Initially, upon dilution of urea in the presence of SUVs, there is a rapid collapse
of the protein, supported by the decrease in donor-acceptor distance immediately
following the mixing reaction (t=2 minutes). This collapse may indicate adsorption of
the protein onto the bilayer. As the protein begins to insert and fold, the distance between
donor and acceptor first increases, and after approximately 15 minutes, the distance
decreases and begins to stabilize at the 50-minute mark. These data support a picture in
which the collapsed, adsorbed structure undergoes structural changes as the front of the
protein inserts (first 15 minutes), followed by complete insertion and pore formation of
the tail retion. This pore continues to compress until a relatively stable structure with
pore size of ~26 A is reached within an hour, after which continued equilibration persists
for the duration of the interrogation time. The FRET-based pore distance of 26 A can be
compared to the static structural data from X-ray diffraction, which indicates a distance
of 21.3 A between the donor (position of native Y129 C,) and acceptor (position of native
W7C,).

Additional mutants provide other insights. For example, we are also investigating
a mutant that probes the evolution of the pore on the front, leading portion of OmpA
(donor+acceptor at positions 143+57). We have also generated several mutants that
interrogate distances across the bilayer, such as donor+acceptor at positions 57+7. Thus
far, our FRET data support a concerted folding mechanism in which pore formation and
bilayer transversal occur on similar timescales. These results, especially when coupled to
other tools such as circular dichroism, help reveal the in vitro folding behavior of

transmembrane proteins.74’94
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5.7 Summary

In this review, we summarize the applications of steady-state fluorescence
measurements as valuable aids for the study of membrane-associated biomolecules. The
excited states of molecules provide powerful insights into their local microenvironments.
Consequently, the simple technique of fluorescence reports on the structures and
dynamics of membrane proteins. Fluorescence quenching measurements can be used to
estimate the depth of insertion of a fluorophore into a bilayer, the hydration level of a
membrane protein, and evolution of tertiary structure. Anisotropy measurements can be
used to monitor the rotational freedom of fluorophores and indicate the binding of a
protein to a membrane. The Gibbs free energies of unfolding can also be determined by
titration of the folded state of a membrane protein with denaturants. Many challenges
persist in these experiments, such as correcting for light scattering from vesicles,
membrane protein aggregation, and in examples of FRET measurements, consideration of
the error in the orientation factor, k>. Despite these obstacles, fluorescence spectroscopy
is a simple and valuable tool to reveal fundamental properties of a large class of
experimentally challenging biomolecules, membrane proteins.
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Chapter 6. Future experiments: FRET studies for refolding OmpA

in a new membrane mimic, nanodiscs

6.1 Introduction

In 2002, nanodiscs were first synthesized in the Sligar lab; these nanodiscs have the
shape of a discoidal phospholipid bilayer surrounded by membrane scaffold proteins
(MSPs) or belt peptides, with an overall diameter of ~ 10 nm." Figure 6.1 provides a
surface image showing the constant size of nanodiscs composed of DPPC lipids and one
type of MSP, MSP1. To achieve a homogeneous distribution of nanodiscs, it is important
to use the correct stoichiometry of lipids to MSP/belt peptide; this stoichiometry was
established in previous work.”> Compared to liposomes or micelles, nanodiscs provide
more controllable environments and greater solubility than vesicles or micelles, which
opens up new doors for studying membrane proteins.”

Nanodiscs facilitate examinations of the relationship between membrane protein
activity and structure by supplying native-like environments for membrane proteins. For
example, the kinase activation of the receptor TAR embedded in nanodiscs was
successfully investigated and showed the effects on the order of dimerization when the
number of dimers per nanodisc was varied.” Furthermore, nanodiscs make the
reconstituted membrane proteins soluble, thus overcoming experimental problems such
as the aggregation of detergents and vesicles.® In some early experiments, OmpA was
reconstituted into preformed DMPC nanodiscs without the aid of a detergent. To our

knowledge, there are no studies of membrane protein folding in nanodiscs. Our goal is to
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probe the folding dynamics of membrane proteins and the driving forces of the folding

process using a combination of FRET and UVRR spectroscopy in nanodiscs.
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Figure 6.1 Surface images of nanodiscs obtained using scanning probe microscopy from
reference.! Nanodiscs of ~ 10 nm diameter were composed of DPPC and MSP1. The
cartoon of a single nanodisc on the top right corner was adapted from the website of
Heinrich-Heine-Universitit.
(https://www.uni-duesseldorf.de/MathNat/ipb/index.php?index=1501)
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6.2 Preparation of preformed nanodiscs

Nanodiscs of ~ 10 nm diameter were generated from DMPC phospholipids and a
belt peptide (Ac-DYLKAFYDKLKEAF-NH,). The belt peptide was kindly gifted by the
Opella group. The final concentrations of DMPC and the peptide solution were 1.475
mM and 0.875 mM, respectively, giving rise to a DMPC to belt peptide molar ratio of
1.67 for the formation of nanodiscs of ~ 10 nm diameter.”> The procedure for producing
nanodiscs is as follows. 25 mg of DMPC dissolved in chloroform was dried under
nitrogen gas for several hours, and then dried DMPC powder was resuspended in 5 mL of
phosphate buffer (20 mM KPi, pH 7.3). Subsequently, an aliquot of belt peptide from a
stock solution (10 mg/mL = 5.58 mM peptide) was added to the hydrated DMPC solution
to achieve a molar ratio of 1.67 to produce 10 nm diameter nanodiscs (final concentration
of 0.875 mM in 20 mM KPi, pH 7.3). When the belt peptide solution was added to the
DMPC solution, the cloudy DMPC solution became clear within 1 minute. The
preformed DMPC nanodisc solution was freshly prepared for fluorescence, gel-
electrophoresis, and UVRR experiments.
6.3 Preliminary data: SDS-polyacrylamide gel electrophoresis

SDS-polyacrylamide gel electrophoresis (PAGE) was carried out at constant
voltage of 200 V for one of the single tryptophan TM OmpA mutants (W15A) and one of
the dye-conjugated TM OmpA mutants (W15/F7CdnsA) to test the folding of OmpA in
the presence of preformed DMPC nanodiscs. OmpA stock in 8 M urea solution was
injected into preformed DMPC nanodiscs, and the dilution factor was such that the
residual urea concentration was ~ 0.4 M in the solution. The targeted ratio was 1:1 for

OmpA to nanodiscs, but the actual ratio values were 0.7 to 1.5, as indicated by the
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absorption spectra of W15A OmpA and WI15/F7CdnsA, respectively. Samples of
reconstituted OmpA in nanodiscs were incubated at 37 °C overnight. The next morning,
the samples were divided into two Eppendorf tubes; the solution in one tube was boiled,
and the other remained refolded. These OmpA samples and protein marker were loaded
into each well of a 12.5 % polyacrylamide gel; the resulting data are shown in Figure 6.2.
The apparent molecular weight for unfolded and refolded TM OmpA is 19 kDa and 21
kDa, respectively.” W15/F7CdnsA was completely denatured by boiling, appearing as
one band at 19 kDa (lane 1). For reconstituted W15/F7CdnsA, a folded band of 21 kDa
appeared, but another band coexisted at 19 kDa due to a residual unfolded or aggregated
population (lane 2). The folding yield of W15/F7CdnsA in nanodiscs was approximately
50 % or slightly higher. W15A was mostly denatured by heat, but a faint band at 21 kDa
appeared, in contrast to the boiled W15/F7CdnsA (lane 3). Without heat treatment to
keep OmpA refolded, nearly two equivalent populations were observed for the W15A in
nanodiscs, indicating a folding yield of approximately 50 %, similar to that of
W15/F7CdnsA in nanodiscs. Despite the failure of some population to integrate into
nanodiscs, the preliminary data are promising, showing that OmpA can successfully
refold into preformed nanodiscs directly. Nevertheless, it is necessary to find an optimal

folding condition for refolding in preformed nanodiscs to increase the folding yields.
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Figure 6.2 SDS-PAGE gel showing the refolded TM OmpA in preformed nanodiscs of ~
10 nm diameter and heat-denatured TM OmpA. Lane 1, boiling-denatured
W15/F7CdnsA in the presence of nanodiscs; lane 2, refolded W15/F7CdnsA in nanodiscs;
lane 3, boiling-denatured W15A in the presence of nanodiscs; lane 4, refolded W15A in
nanodiscs; lane 5, protein marker (green band: 23 kDa and blue band: 17 kDa)
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Digestion experiments were designed to confirm that OmpA is correctly
reconstituted in nanodiscs. Arg-C endoproteinase was selected over trypsin protease for
digestion experiments because Arg-C is predicted to cleave full-length OmpA without
affecting the belt peptide. The cleavage sites for Arg-C and trypsin are shown in Figure
6.3. The protease experiments were performed by adding Arg-C to the OmpA sample to
achieve a final Arg-C:OmpA ratio of 20:1. This sample was incubated at 37 °C for 3
hours, and then analyzed by SDS-PAGE. None of the samples were boiled.

Prior to the digestion experiments of OmpA in nanodiscs, Arg-C was tested with
refolded OmpA in DMPC SUVs. This digestion experiment is valuable because OmpA
spontaneously inserts in a directional manner, with the peripheral domain on the outside
of vesicles.® Therefore, the transmembrane domain of OmpA remains protected by the
lipid bilayer, and the soluble peripheral domain can be cleaved by Arg-C or trypsin
protease. As shown in Figure 6.4, the refolded and the unfolded bands of the full-length
OmpA appear at 30 kDa and 35 kDa, respectively. In the presence of Arg-C, refolded
and unfolded OmpA was cleaved into several fragments of lower apparent molecular
weight. A fragment of ~ 25 kDa in lane 2 (folded OmpA in SUV) is expected to be the
transmembrane domain protected by the lipid bilayer, but some residual undigested
population of folded OmpA still remains. The incomplete digestion reaction could be
resolved by a higher concentration of enzyme or longer incubation time. Compared to
lane 2, where refolded OmpA was digested with Arg-C, the mixture of unfolded OmpA
and Arg-C resulted in approximately twice the number of fragments, reflecting cleavage
of the transmembrane domain. This test shows that Arg-C is suitable for cleaving the

soluble domain, and will help determine whether OmpA folds into nanodiscs.
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GVSYRiwFGQGEAAP7VVAPAPAPAPEVQTK 0w HFTL
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Kyos QRygs AALIDCLAPDR;3p7R30s VEIEVK;14GIK;7, DVVTQP
QA

Figure 6.3 Comparison of the cleavage sites for wild-type OmpA in the presence of Arg-

C or trypsin protease. The cleavage sites for the activity of both enzymes are shown in
red color. Trypsin protease cleaves at the lysine residue (blue) as well.
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Figure 6.4 SDS-PAGE showing that Arg-C digested the reconstituted OmpA in DMPC
SUVs and the unfolded OmpA. Lane 1, refolded wild-type (WT) OmpA in DMPC
SUVs; lane 2, refolded WT OmpA in DMPC SUVs with Arg-C endoproteinase; lane 3,
unfolded WT OmpA in 0.5 M urea solution; lane 4, unfolded WT OmpA in 0.5 M urea
solution with Arg-C endoproteinase. =~ The experiment was performed by Ivan
Kozachenco.
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6.4 Preliminary data: UV resonance Raman spectroscopy
We further investigated whether OmpA folds into nanodiscs using vibrational

spectroscopy. UV resonance Raman spectra were obtained using the Ti:sapphire laser
setup described elsewhere.”'’ An excitation beam of 228 nm was used to irradiate the
OmpA samples in various aqueous solutions to probe the vibrational modes of the
tryptophan residue. OmpA samples at a protein concentration of ~ 20 uM were prepared
for three aqueous solutions: 0.8 M urea solution, 1 mg/mL DMPC SUVs with 0.8 M urea,
and 1 mg/mL DPPC SUVs with 0.8 M urea. For the nanodisc studies, the concentration
of OmpA was about half that in SUV solutions, with 0.8 M urea in the solution. A
sample of ~ 10 UM OmpA in the nanodisc solution provided a 1:1 ratio of OmpA to
nanodisc. We focused on W129 OmpA and WI129A OmpA for the nanodiscs
experiments because these mutants exhibit a unique vibrational mode at ~ 785 cm™ near
the W18 mode that we interpret as an enhanced hydrogen-out-of-plane (HOOP) mode.
This HOOP mode is only present for tryptophan residue at position 129, and only when
the protein is folded in preformed DMPC SUVs and OG detergent micelles. Thus, this
new vibrational mode can be utilized as a marker to detect whether OmpA folds properly
in preformed nanodiscs.

Figure 6.5 shows normalized and corrected UVRR spectra of W129 and W129A in
various solutions: 10 mg/mL OG detergent micelles, ] mg/mL. DMPC SUVs, 1 mg/mL
DPPC SUVs, 0.8 M urea, and 10 uM nanodiscs (only for Y129WA)). The proposed
HOOP mode at the shoulder of the W18 peak is evident only under refolding conditions
in the presence of detergent micelles, DMPC SUVs, and the DMPC nanodisc solution,

indicating that OmpA was successfully reconstituted into DMPC nanodiscs. Evolution of
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the HOOP intensity is evident in the UVRR spectra collected during a folding reaction of
WI129A in DMPC SUVs (Figure 6.6). We hypothesize that the HOOP mode gains
intensity because of perturbation of the indole m electrons because of interaction with a

nearby charge.'*"!

The perturbation is apparently induced by intramolecular interactions
rather than intermolecular interactions, such as protein-lipid interactions, because the
mode is intense when OmpA is folded in OG micelles, which have no charged groups,
and in DMPC bilayers, which have zwitterionic head groups. Possibly, a charged residue
of the protein interacts with the indole side chain and perturbs the n electrons to break the
symmetry. In further investigations, molecular interactions that drive the folding process
can be probed by UVRR spectroscopic studies due to the sensitivity of vibrational modes

to environmental changes, such as the formation of hydrogen bonds and hydrophobic

interactions.
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Figure 6.5 UVRR spectra for W129 and W129A OmpA in various aqueous conditions:
10 mg/mL OG detergent micelles, 1 mg/mL DMPC SUVs, 1 mg/mL DPPC SUVs, 0.8 M
urea solution (unfolded), and DMPC nanodisc (ND) solution (indicated by red solid line).
All spectra were collected for 10 minutes, but the acquisition time of the spectra for
OmpA in nanodiscs was 5 minutes. The region near 1000 cm™ (indicated with *) has
strong urea signal, resulting in a subtraction artifact.
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Figure 6.6 UVRR spectra of W129A OmpA under various conditions: Unfolded in 0.8
M urea (“Unf.”); adsorbed in 1 mg/mL DPPC SUVs (“Ads”); during folding at the
indicated time points of 0, 20, 40, 60, and 180 min following addition of OmpA to
DMPC SUVs; and folded in 10 mg/mL OG detergent micelles (“OG.”). All spectra were
collected for 5 minutes. Red curves are experimental data. The bands at 763 (W18) and
784 (HOOP) cm™ were decomposed to two Gaussian bands (solid gray and black bands),
and the sum of the bands is indicated as the blue dashed curves. The W17 mode at 880
cm’” was fit to a single Gaussian, shown as the solid gray band.
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6.5 Preliminary data: Forster resonance energy transfer

Steady-state fluorescence spectroscopy was performed for WI15/F7CdnsA and
W15A to measure the energy transfer efficiency in the refolded state in DMPC nanodiscs.
Figure 6.7 shows fluorescence spectra ~ 2 minutes after injection of the protein sample
into the preformed DMPC nanodisc solutions, as well as after 12 hours of incubation at
37 °C. For WI15A in DMPC nanodiscs, the emission maximum shifted from 355 to 343
nm during folding, indicating that the environment of the indole side chain became more
hydrophobic. As comparison, the emission max of WI15A in DMPC SUVs shifted from
353 to 337 nm. These spectra are shown in Figure 6.7. The blue-shift for folding in
nanodiscs and in SUVs are qualitatively similar, but the magnitudes differ. This
difference in magnitude can be attributed to variation in folding yields for OmpA in
nanodisc vs SUV. A more appropriate comparison is intensity-weighted emission
maximum, which, as described in Chapter 5, properly takes into account differences in
shape of the spectra for folded and unfolded states. The intensity-weighted (from 310-
370 nm) emission wavelength for OmpA in nanodiscs blue-shifted from 345.1 nm (at 2
min) to 341.7 nm (at 12 hours). For reference, the analogous intensity-weighted blue-
shift of W15A in DMPC SUVs was from 344.8 nm (average of three trials at 2 minutes
after the initiation of folding) to 340.0 nm (average of three trials at 4 hours).

We performed a preliminary FRET analysis of OmpA in nanodiscs, and compared
the result to OmpA in SUVs. The distance between the donor and acceptor for
W15/F7CdnsA increased from 23.9 A to 26.0 A during folding into DMPC nanodiscs.

This evolution can be compared to the folding reaction in DMPC SUVs, where a shift in
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distance from 21.8 A to 26.5 A occurred within 4 hours. The increased distance for
W15/F7CdnsA originates from the fact that the donor and acceptor are placed on the
same strand that spans the bilayer, so it is expected that the donor and acceptor move
apart as the folded structure evolves in the bilayer. These preliminary data show that
FRET can used to monitor the structural evolution of OmpA as it folds in preformed

nanodiscs.
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Figure 6.7 Steady-state fluorescence spectra of donort+acceptor OmpA (W15/F7CdnsA, blue
solid line) and donor-only OmpA (W15A, black solid line) during folding reaction into DMPC
nanodiscs (left) or into DMPC vesicles (right). Top: Fluorescence spectra of OmpA
approximately 2 min after initiation of folding reaction. Bottom: Fluorescence spectra of OmpA
after 12 and 4 hours incubation at 37 °C.
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6.6 Summary and outlook

These initial efforts to integrate OmpA into preformed nanodiscs without the aid
of detergent, and to analyze the folding process by FRET, UVRR and SDS-PAGE have
yielded promising results. Based on the preliminary results, OmpA successfully refolds
into preformed nanodiscs from the denatured state. These results suggest that the
nanodiscs can be used to investigate the folding dynamics and molecular interactions of
membrane proteins while refolding into preforemed nanodiscs. There are several
advantages for using nanodiscs in membrane protein studies. They are homogeneous and
their sizes are controllable. Also, nanodiscs are membrane templates that stabilize
membrane proteins while providing better solubility than liposomes. Our long-terms
goals are to probe folding mechanisms and inter/intra molecular interactions associated
with membrane protein folding, and nanodiscs provide a valuable opportunity to
investigate membrane proteins in more controlled and homogeneous environments. This
new platform combined with spectroscopic tools, such as FRET and UVRR, may reveal

new insights into this complex biological problem.
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