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Abstract

Membrane proteins continue to represent a majdlecigge for most analytical techniques.
Using bacteriorhodopsin (BR) as model system, thiwk aims to develop mass
spectrometry (MS)-based approaches for exploriegstiucture, dynamics and folding of

membrane proteins.

As the first step, BR in its native lipid environmievas exposed to hydroxyl radicals,
which were produced by laser photolysis of hydrogenoxide. It was found that the
resulting methionine (Met) labeling pattern was sistent with the known BR structure.
This finding demonstrates that laser-induced oidatlet labeling can provide structural
information on membrane proteins. In subsequenemxe@nts, the effects of different
denaturing agents (heat, acid, and SDS) on thedfamation were investigated. It was
demonstrated that each of these non-native conditiesults in unique structural features
that give rise to characteristic Met labeling paitse These results highlight the ability of

laser-induced oxidative labeling to detect confdraral changes of membrane proteins.

Obtaining better insights into the structural pmies of SDS-denatured BR is particularly
important because this form of protein is widelgdigs starting point for folding studies.
Combining oxidative labeling with site-directed rmagénesis and fluorescence
measurements, this work yielded a detailed strattarodel of SDS-denatured BR.
Subsequently, pulsed oxidative labeling coupled watpid mixing and MS was used to
characterize short-lived intermediates that becpagulated during BR refolding. The

combination of pulsed oxidative labeling and gtgh-flow spectroscopy provided key



structural insights into the kinetic mechanism bychk the SDS-denatured protein inserts

and folds into the lipid bilayer.

Complementary to oxidative labeling, hydrogen/deute exchange (HDX) MS was
employed to examine the structure and dynamics RfuBder various physiochemical
conditions. Structural features of different deeengipid-bound BR samples were
characterized by their HDX kinetics. Comparative XiBxperiments of BR were carried
out in the dark (resting state) and under illumoratwhere the induced retinal
isomerization mediates proton transport (functigrstate). Isotope exchange was found to
be much faster during light exposure than in thek.d@his observation reveals that
structural dynamics of the protein scaffold arecéerated” by motions of the retinal,

reflecting a direct coupling between protein dynasrand function.

Keywords: membrane protein, bacteriorhodopsin, mass speetrgmoxidative

labeling, hydroxyl radical, hydrogen/deuterium exiehe, protein dynamics, membrane

protein folding.
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Chapter-1 Introduction

1.1 Membrane Proteins

1.1.1 General Background

Simply speaking, proteins do almost everythingiung cells. All functions of living
organisms, such as metabolism, energy conversimmnmunication, regulation,
reproduction and structural support, are relatgutoteins. Proteins are linear biopolymers
composed of 20 different amino acids, which arkdahto each other by peptide bonds.
Most proteins can perform their specific biologiftaictions only after folding into unique
three-dimensional structurésThe architecture of proteins can be divided inboirf
hierarchical levels: (1Primary structure: the amino acid sequence. DNA (or RNA in
some viruses) encodes the primary protein struc{@)eSecondary structure: the local
arrangement of the peptide backbone imoelices,p-sheets, turns, and coiled regions.
Different secondary structure elements can be ptesethe same protein molecule. (3)
Tertiary structure: the overall shape of a single polypeptide chaiertidry structure
completely defines the structure of a protein malkeq4)Quaternary structure: the shape
or structure that results from the interaction arenthan one polypeptide chain, usually
called subunits, which function as parts of a protemplex. Proteins can be divided into
three main classes: globular proteins, fibrousginst and membrane proteins. Almost all
globular proteins are water-soluble, and many apgrees. Fibrous proteins often provide
structural support. Membrane proteins often serserexeptors for cell signaling or
transporters to provide channels for polar or cbdrgolecules to pass through the cell

membrane.



2

Each living cell is surrounded by a biological mearte that is an organized assembly of
lipids and associated membrane proteins. The lipigs arranged as a bilayer. The
associated membrane proteins can be classifiedtwdogroups: integral (intrinsic) and
peripheral (extrinsic) membrane proteins basedhennature of the lipid bilayer-protein
interactions as shown in Figure 1-1. Most biologiwembranes contain both types of
membrane proteinsintegral membrane proteins are permanently attached to the
membrane and have one or more segments that areddetin the lipid bilayer. They

associate tightly with the membrane through hyladyic interactions and can be separated

Integral membrane proteins

liliiee
MR

’
D)

v .\

Peripheral membrane protein

Figure 1-1. Schematic of a lipid bilayer aisd@ciated membrane proteins.

Aa-helical membrane protein; B:barrel membrane protein.



from the membrane only by treatment with agentsdisaupt membranes. These proteins
are generally free to diffuse laterally in the dipmatrix. Mostperipheral membrane
proteins are loosely attached to protruding portions of grdsé membrane proteins, or

interact with lipid head groups.

The presence of a membrane is essential for lisyistems as it provides a physical barrier
between the cell and its environment. Many fundiohthe membrane are mediated by
integral membrane proteins. These proteins ar@ksers in a variety of important cellular
processes including ion and solute transport (ibeanoels and transporters), energy
conversion (respiration, ATP synthesis), and agihaling (G-protein coupled receptors
and growth factor receptors). Based on their semgndtructure, integral membrane

proteins are divided into two classesuvihelical and 2B-barrel membrane proteins.

1.1.2 a-Helical Membrane Proteins

The vast majority of integral membrane proteinscahelical. They represent an estimated
20%~25% of all open reading frames (ORFs) in fublgieenced genomé@sThis type of
protein possesses one or more transmembrane hiblatese connected by extramembrane
loops (Figure 1-1). A conspicuous characteristith@namino acid sequence is the presence
of hydrophobic stretches of approximately 20 noapoésidues, which are just enough to
span the hydrophobic core of a typical bilayer finughelical conformatiori.Loops that
protrude into the aqueous phase on both sidessaadly hydrophilic. A few polar groups
can be included in the helical sequence, provitied the helix remains hydrophobic on

average or that group polarity is diminished, sashin ion pairs or protonated state. Also,



the interior of transmembrane regions is oftendingth hydrophilic residues, giving rise to
amphipathic helices. The net hydrophobicity favibrs association of these helices into
membrane interior relative to the aqueous miliesiakesult, hydrophobic effects drive the

formation of transmembrane helices.

Statistical analyses of transmembrane helices shatvlarge hydrophobic amino acids
such as leucine, isoleucine, valine and phenyla&prefer the lipid-exposed surface to the
protein interior. It is remarkable that glycine gmuline are abundant in transmembrane
helices although they tend to be helix breakersouAl60% of transmembrane helices
contain significant bends or other distortidriEhese occurrences emphasize the important
contribution of the hydrophobic environment to ghabilization of hydrogen bonding and
helix formation. Aromatic side chains, particulgyptophan and tyrosine, are often located
near the termini of helices. Additionally, even tigb cysteine is abundant, no disulfides

have been found in transmembrane regfons.

Unlike soluble proteins whose structure is stabdimostly by the hydrophobic effect, the
importance of hydrophobic interactions is minimat fransmembrane helices that are
dominated by non-polar residues in a bilayer millater-helix side chain hydrogen bonds
have been identified in a number of membrane pisiebut their impacts on overall
stability and folding were found to be mode<t. In contrast, extensive van der Waals
interactions play a major role in stabilizing thelibal packing in the bilayér.> These
helices exhibit a narrow distribution of packingyis with a strong preference at <#tat

favors inter-helix side chain interdigitation. Sinadsidues such as glycine, alanine and



serine, preferably appear at the helix-helix irsteef where they are often involved in
specific interactions. Setting aside prostheticigsoand lipid interactions, helix packing is

the dominant factor to provide specific helix-hakecognition and stabilizatich?

1.1.3 B-Barrel Membrane Proteins

B-Barrel membrane proteins occur in the outer meneef Gram-negative bactefid.
The outer membrane protects the bacteria fromlbamtivironments, while these proteins
serve as channels to permit the entry of smallteslauch as nutrient8:Barrel proteins
also occur in eukaryotes in the outer membraneitfamondria and chloroplast$-Barrel
membrane proteins account for 2 ~ 3 % of all ORI these species share a common
architecture (Figure 1-1), composed of an antipelr@tbarrel, with loops protruding
outside the membrane. Transmembrfdmarrels of known structure consist of 8 to 22
B-strands that roll up, forming a solvent accessibli@nnel with a minimum diameter of 7
A. The number of strands must be even to permit4teeet to close up on itself. The N and
C termini are at the periplasmic barrel end. Athstls are antiparallel and tilted by 30 2 60
relative to the membrane normal. The side chaitiseasolvent-exposed surface are often
polar! In contrast, the outer surface of the barrel egga® the membrane consists of
hydrophobic side chains with two girdles of aromatsidues in the lipid head group
regions. Since the transmembrane segmentB-at@ands, every second residue is facing
the lipids and hence needs to be hydrophobic. Coedda helical membrane proteins, the
sequences ofi-barrel proteins tend to be relatively hydrophiligsually containing

alternating hydrophobic and hydrophilic resid(és.



1.2 Membrane Protein Structure and Dynamics

1.2.1 Non-Mass Spectrometry Techniques

Membrane proteins comprise ~30% of the human geridvtmre than half of all known
drug targets are membrane protéihBespite their biomedical importance, relativetldi

is known about the structure and function of trgseries, when compared to their globular
counterparts. For example, among the more thar®8@0Oordinate files currently available
in the protein data bank (PDB) (http://www.pdb.rtfiere are only ca. 200 unique

membrane protein structures (http://blanco.biontaledu/)™

X-ray crystallography and NMR are classical techew) for determining the structure of
soluble proteins. X-ray crystallography has longrbthe “gold standard” to obtain protein
structure at atomic resolution. Since the firseéhdimensional structure of myoglobin was

d** 3 over 39000 X-ray crystal structures of proteind ather biological molecules

solve
have been determined. Around 85% of the proteunctires available in the PDB were
determined by X-ray crystallography. X-ray crykigtaphy can solve the structures of
very large molecules. However, the target proteusinbe available in large amounts
(milligrams) and very high purity, in order to iite successful crystallization. Moreover,
this technique is limited to native proteins, besmagartially unfolded species do not
crystallize. NMR spectroscopy is another indispblesg&echnique for examining protein
structure and dynami¢$§.NMR investigations can yield three-dimensionalstures of

proteins with a high resolution, similar to whatashievable by X-ray crystallography.

Roughly 15% of the protein structures in the PDBrevebtained by NMR. NMR

spectroscopy is often the only way to obtain higbotution information on partially or



wholly unstructured proteins. However, NMR is tyglg limited to relatively small

proteins™®

As noted earlier, the native fold of globular progeis characterized by a hydrophobic core,
and an exterior that is dominated by polar andgddhside chains. This architecture results
in high water solubility and a low tendency to aggate. In contrast, membrane proteins
exhibit a large hydrophobic surface area that isdntact with alkyl chains of the lipid
bilayer. Hydrophilic regions are usually limited $egments that interact with polar lipid
head groups and/or that protrude out of the mengbnalane, e.g., cytoplasmic or
extracellular loops. A number of charged and poémidues may also be found in the
interior, particularly for systems that act as jgooe transporters, and that contain internal
water moleculed® Once removed from the lipid bilayer, membrane girst tend to
undergo rapid denaturation and/or aggregation chbgethe exposure of hydrophobic
surface elements to the aqueous solvent. The raoshon strategy for stabilizing isolated
membrane proteins is the solubilization in detergaicelles. However, the micellar
environment represents a less-than-perfect mimibeomembrane bilayer. As a result, the
occurrence of structural changes and aggregatiooftan not be completely eliminatéd.
The use of bicelles (bilayered micel®syr liposomes (lipid vesicle¥)can sometimes

represent a useful alternative.

Membrane proteins are amenable to the same steudéiermination methods as globular
proteins,albeit with a much lower success rate. The first X-raystal structures of

myoglobin appeared in 19585 but it took almost thirty additional years urttik first
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membrane protein structure was publisffedn many cases, a key prerequisite for
successful X-ray studies on membrane proteineiptbper choice of detergent molecules
that co-crystallize with the protein, while at tkeame time preventing precipitatioh.
Bicelle-mediated crystallization has been repor@si well®® Detergent-solubilized
membrane protein complexes tend to be quite laagd, the resulting slow rotational
diffusion causes peak broadening in solution NMRegxnents which complicates the
acquisition of high quality spectfa. Nonetheless, structural information on a few
membrane proteins has been obtained using thi®agp?® Although still in its infancy,
the application of solid-state NMR methods to lipoe-reconstituted systems represents
a promising novel stratedy. In addition, the use of magic-angle spinning NMR

spectroscopy to systems with very long rotationalrredation times has been

demonstrated*

As a result of the difficulties associated with #pplication of X-ray and NMR techniques
to membrane proteins, there is a considerablegsit@én low resolution methods capable of
providing at least some structural informatfdriProbably the simplest of these strategies
are Kyte-Doolittle hydropathy analyses which yiskecondary structure predictions (e.g.
transmembrane helices vs. loops) on the basiseofithino acid sequené&While the
reliability of these prediction schemes is limitdtky allow hypotheses regarding structure
and topology to be developed which can then bedesxperimentally, e.g., by protease
protection assays.Cysteine (Cys) scanning mutagenesis representseinformative but
very labor intensive approaéh.This method requires the availability of a geradtic

engineered Cys free background construct. Indivi@ya residues are then incorporated in



specific locations. Subsequently the protein isosegl to a thiol specific coupling reagent,
and the extent of reaction is monitored using ar#ecence-based readout or other
detection methods. Only those Cys residues thad@ressible to the labeling reagent will
react readily. In this way it is possible to obt&nly accurate information on the locations
of loops and transmembrane regions, as well as sosights into packing interactions.
Additional topological information can be obtaineg using a combination of membrane
permeable and impermeable reagéhts. a Herculean effort, Kaback and coworkars
subjected over 400 positions of the 417 amino awidise protein lac permease to this Cys
substitution technique, resulting in a three-dinemsl model that was later found to be

largely consistent with a X-ray crystal structcite.

Low resolution spectroscopic methods have also bédely used to probe the global
conformation of membrane proteins. For instancethi far-UV region (190-250nm),
different forms of secondary structure result irarecteristics CD patterns. Hence, CD
spectroscopy is commonly used to estimate the slcpnstructure of membrane
proteins®® The fluorescence of tryptophans is sensitiverigirenment. Most membrane
proteins contain tryptophan residues. Fluorescepeetroscopy is thus often employed for
detecting global or local structural changes inpoese to alterations in the solvent
environment. For membrane proteins that containitiaddl chromophores, UV-Vis

spectroscopy can be used to monitor the structhaaiges.

A well defined protein structure usually represeatgrerequisite for function, but it has

been widely accepted that protein structure isstatic. Proteins are in constant motion,
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sampling different conformational substates arotiedaverage structufé>* The relative

probabilities of these conformational substategaxerned by the Boltzmann distribution.
The kinetics of inter-conversion among these stibstare defined by free energy barriers.
These structural fluctuations are thought to beerssal for protein functions such as
enzyme catalysis, ligand binding, signaling, areh$port. Native proteins represent a
fine-tuned balance between a highly ordered ant@llestaonformation that ensures
specificity, and a state that remains dynamic ehoug maintain functionality.

Characterizing protein dynamics is thus importamt dinderstanding the function and

stability 32

Several experimental and computational methodsa@adable for probing the dynamic
properties of proteingClassical crystallography can provide limited imf@tion about
protein dynamics by theoretical estimates of umdety in atomic positions using
B-factors. Recent developments such as time-redofreay techniques have permitted
more detailed dynamic information to be gaif@dNMR spectroscopy is a powerful
technique for providing insights into protein dyniesat different time scales. Relaxation
measurements yield time-dependent correlation fomgtthat can be interpreted in terms
of internal dynamicé® Molecular dynamics simulations have emerged asobtiee most
important tools for examining protein conformatibdgnamics over the past decade®
The main advantage of such computer simulatiorthas they can provide unbeatable
details about individual molecular motions as acfign of time. To validate the simulation

methodology, however, experimental data are reduire
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1.2.2 Mass Spectrometry-Based Approaches

With the advent of electrospray ionization (E$Bnd matrix-assisted laser desorption/
ionization (MALDI),*® mass spectrometry (MS) has become an indispenisaieot only
for studying protein sequences and post-translatianodifications!’ but also for
examining their conformation, folding and dynaniitExperiments on membrane proteins
mostly employ liquid chromatography (LC)/ESI-MS,tlibe application of MALDI-MS
has been demonstrated as WelBimilar to other analytical techniques, howevée t
application of MS to membrane proteins continuesbéochallenging” Nonetheless,
following pioneering work in the late 19963 this area is now experiencing continuous

H*®>* and even large-scale projects in membrane protohaive become feasible.

growt
°254 Other interesting applications include the useasfoESI-MS for the analysis of intact
membrane protein assemblies. This approach provimkdésrmation on subunit

stoichiometries and lipid-protein interactiofis>® The applicability of cross-linking to

membrane proteins has been demonstrated as'well.

MS is an analytical technique that measures thes+ttasharge ratio of ions in the gas
phase. For non-experts it may not be straightfah@see how these measurements can be
used for probing the structure and dynamics ofgmnstin solution. Key to MS-based
structural methods is the use of labeling stragtji€hese approaches rely on the principle
that factors such as polypeptide conformation, estthvexposure and structural dynamics
modulate the labeling behavior of specific sitestba protein. Labeling causes mass
changes that leads to peak shifts in the spect®tamctural information can be obtained by

analyzing the mass changes of protein fragmerdssipatially-resolved manner.
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1.2.2.1 Hydrogen/Deuterium Exchange Mass Spectrometry

Amide hydrogen/deuterium exchange (HDX) is onehefrnost popular labeling methods
for studying the structure and dynamics of solyibtgeins, and the technique has also been
applied to a few membrane protefn 3 HDX experiments rely on the fact that exposure
of a protein to RO induces N-H-> N-D conversion at backbone amide linkages.
Solvent-exposed protein regions that are not ire@iv hydrogen bonding undergo rapid
exchange, with rate constants approaching the "@amHDX rate constankg, of
completely unprotected amid®sk, is primarily dependent on the nature of amino scid
and neighboring residues at given pH and temperaBecause both acid and base can
catalyze HDX, there is a minimum value kf, at ~ pH 2.5. Importantly, HDX at
hydrogen-bonded N-H groups can be slowed down bynash as eight orders of
magnitude. Exchange at these protected sites isateddy protein structural fluctuations
that involve the transient disruption of H-bondsl anovide temporary solvent acc83<°
These fluctuations may be interpreted as openiogjfty events that are associated with

rate constantk,, andky, respectively. The HDX mechanism can be descrésetbllows:

Kop Keh
Helose z=— Hoppen —— D
kcl Dzo

The overall exchange rate constlggy is given by

kop kch

HDX =
kcI + kch + kop

(1-1)
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The assumption of the exchangeable site being prigdmtly in its closed state implies

thatky, <<kgy, such that equation (1-1) becomes:

k — kopk(:h
HDX kcl +kch (1-2)

This expression leads to the two distinct EX2 an¥ll Eegimes. In the commonly
encountered EX2 limit, characterizedlyy>> k., the overall exchange-rate constiamx

is given by

_ kop kch

Kk
HDX K

cl

=K_k (1-3)

whereKy, is the equilibrium constant of the unfolding reastof a proteinK,, depends on
the structure and dynamics of proteins. Under tloesmlitions the probability of HDX
occurring during a single opening event is verylsmsach that numerous opening/closing
cycles are required before isotope exchange takes.pEX2 measurements offer an
avenue toward the thermodynamic characterizatioprofeins, because the free energy

difference AG®) of the open event is given by

AG° =-RTIn Ko =—RT Ink'*i (1-4)
ch
where the value dfs,are known from the literatufé.Spreadsheets for calculatikg at
individual side chains can be downloaded from Dralééf Englander's web site

(http://hx2.med.upenn.edu/).
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In the EX1 limit kn >> Kky) multiple amide hydrogens in an open region become
simultaneously deuterated during a single unfoldingnt®® ¢’ In this case, equation (1-2)

becomes

Kipx =K (1-5)

op
such that the HDX behavior of the protein refldgbts kinetics of the opening event. HDX
of native proteins usually occurs in the EX2 regi®emi-denaturing conditions sometimes
favor the EX1 regime. EX1 behavior can also be mimoh by using basic pH which

increaseq,.*

HDX events affect two fundamental parameters, rardpin and mass. The former can be
detected by NMR. The later can be identified by MiSaddition, the change in mass also
leads to alterations of vibrational frequenciesjchitenable the use of FTIR-based HDX
measurements. Traditionally, two-dimensional NMR&mscopy has been the primary
detection method of choice for HDX experimefit§®but in recent years LC/ESI-MS has
taken over as the more popular technique. AdvastageMS include its superior

sensitivity, tolerance to paramagnetic ligands offactors, no strict limitations to

molecular weight, and the possibility to readilgtiguish between EX1 and EX2 modes
of exchang&® "°The EX2 regime is characterized by a unimodal fthak progressively

shifts to higher mass over time. In the case of F&dimodal mass distribution is observed,
in which the low mass peak represents the protdotddd conformer and the high mass
peak represents the globally unfolded conformerl EXeasurement provides a unique

opportunity to detect and characterize the trangjkally unfolded conformer.
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For globular proteins, the degree of solvent exposu the native state it a primary
determinant of HDX rates. In other words, even N-BEC groups that are located at the
protein surface can be highly resilient to exchamagdong as the fraction of time spent in
the dissociated (N-HD=C) form is small! Hence, HDX experiments on globular proteins
do not necessarily provide structural informatpmen se, but rather insights into protein
conformational dynamics. In the case of membrar@eprs the situation might be
somewhat different, because solvent@pP access to membrane-embedded or micelle-
protected regions could well become a limiting dador the HDX rate. At present, there

does not appear to be an adequate knowledge bessotee this interesting issue.

The standard or bottom-up HDX/MS protocol startthvexposure of a native unlabeled
protein to DO-based buffef? Aliquots are removed from the reaction mixturselected
labeling times. These samples are then exposdd Bo5pwhere the intrinsic HDX rates are
at a minimum, and the protein is digested by pepsirother acidic proteasés.LC
separation followed by ESI-MS allows the mass shaftindividual protein fragments to be
measured, such that a spatially-resolved pictutbetieuterium incorporation is obtained
for each time point. The occurrence of isotope baathange necessitates that all of the
steps following acid quenching have to be carriatlio a very short amount of time,
typically 10 to 20 minutes, and at a temperatumselto 0 °C. Several groups have
subjected isotopically labeled peptides or proteémgas-phase fragmentation methods
with the goal of enhancing spatial resolution arel/pnting back-exchange. This approach

is called top-down HDX/MS>7®
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While there have been a few MS-based HDX studieshmmt transmembrane peptidés
and membrane-associated protéinghe application of the bottom-up HDX/MS protocol
to integral membrane proteins remains challenghkhgng with solubility issues, a general
problem is the difficulty of generating peptic fragnts in sufficiently high yield during the
short time interval available, and under low terapere conditioné® Despite these
challenges, Busenlehner et al. succeeded in gengepatially-resolved HDX profiles for
two detergent solubilized membrane proteins, mimm glutathione transferasé’ and
cytochromec oxidase®® Pepsinolysis of these two proteins may be favbsetthe presence
of relatively large extra-membrane regions. Reyakt revealed the conformational
dynamics of the bovine mitochondrial ADP/ATP carbg developing a separation method
for detergent remov&f "° The application of bottom-up HDX/MS to SDS-denatlr
bacteriorhodopsin andy-glutamyl carboxylase vyielded spatially-resolvedustural
information with ~50% protein sequenté® In recent work, Griffin et d° were able to
study the conformational dynamics of {ieadrenergic G-protein coupled receptor by the
HDX/MS. Pepsin efficiency in that study was prontbbs conducting the digestion step at
22 °C instead of using the customary 0 °C. It veg®rted that this elevated temperature did
not significantly enhance back exchange, whichuigprgsing considering the results of
earlier studie$” > A possible alternative to the bottom-up HDX/MS toal for
membrane proteins could be the use of top-downrerpats employing ECD or ETD.

Thus far top-down HDX MS have only been reportedafater-soluble speci€s.®

1.2.2.2 Covalent Labeling Versus Hydrogen/Deuterium Exchange

In addition to HDX, a large number of MS-based rodthfor probing protein structures
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rely on the use of hydrophilic covalent probes fih@versibly modify solvent-accessible
side chains. The data obtained in this way retleetdominant protein structure(s) present
in solution. This is quite different from HDX, wheethe overall isotope exchange behavior
can be governed by weakly populated non-native aramérs®™ Compared to a “labile”
modification technique such as HDX, the stable manf most covalent modifications
facilitates certain aspects of the analysis. F@nge, in addition to digestion and LC
separation it is possible to incorporate purificatand concentration steps. Scrambling of
covalently attached moieties during MS/MS is gelhead no concern. Peptide mapping in
covalent labeling experiments typically involvegptic digestion which leads to specific
peptide bond cleavage on the C-terminal side aharg and lysine, unless these residues
are followed by prolin&? In contrast, pepsin and other acidic proteased fmeHDX

approaches provide cleavage patterns that ardylamgpredictable?

It is a convenient feature of the HDX approach #matisotopically labeled peptide will
show almost the same elution behavior as the ulddipeptide under given LC conditions.
In contrast, covalent labeling will alter retentibmes on a reverse-phase (RP) column,
such that differentially modified peptides of a @ivsequence will not co-elute. For
example, the introduction of hydrophilic modifiaats (such as oxidation events) will
shorten retention times under RPLC conditions. Regpe use of a specific protease the
resulting chromatograms can be quite complicatadaly take some efforts to ensure that
all possible modifications for a given peptide hdneen accounted for. In addition, the
introduction of covalent modifications may altepfide ionization efficiencie® such that

a gquantitative determination of the labeling legahot always straightforward.
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Another point to consider is the possible occureeat structural changes following the
labeling event. HDX is generally considered to beriign in this regard, meaning that
changes in protein structure and stability as altre$ deuterium incorporation are not very
dramatic” ® In contrast, the introduction of covalent modifions can result in marked
structural changes. Thus, it has to be ensuredthieaéxperiments are conducted under
carefully controlled conditions where the measuwedalent labeling pattern reflects the
protein conformation of interest, and not an avidfily altered structure. Approaches that
have been used to monitor the extent of these pateartifacts include optical
measurements, as well as first-ordéf® and second-ord®r kinetic analyses. Some
covalent probes react with the protein so quickigttthe labeling process goes to
completion before major structural changes can roadhen used under single-exposure
conditions, these techniques are therefore beliewgudovide an artifact-free reflection of
the protein structure. An example of such approsdkethe laser-induced oxidative

labeling®® which will be discussed in the following Chapters

1.2.2.3 Site-Specific Covalent Labeling

A host of hydrophilic reagents have been develdpezbvalently label proteins. Some of
those compounds react only with a specific typsidé chains, whereas others are more
non-specific. The acetylation of Lys representsxample of a specific labeling strateiy,
but numerous reagents targeting other residags Cys, Met, Arg, Glu, Asp, His, Trp and
Tyr) have been developed as w8ll.Many of these specific labeling agents have been
applied to the structural studies of membrane prsieThe general workflow of these

experiments starts with labeling membrane protéoimwed by limited proteolysis of the
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protein and analyzing the resulting peptides by NIE/ Tandem mass spectrometry
(MS/MS) is then used to identify the labeling si(Egure 1-2). As an alternative to this

"hottom-up" approach, the experiments may be caedtio a "top-down" fashioff: *

The hydrophilic oxidizing agent chloramine T hastvemployed for mapping methionine
accessibility of human erythrocyte membrane diinproteir®? For the native protein,

Met oxidation was found to occur at solvent-acd#sssites, but not in membrane
protected regions. Enhanced oxidation was founddéweral Met residues after detergent

exposure, indicating the occurrence of structunahges in a transmembrane segment.

Tetra-nitromethane can specifically induce nitratigh at tyrosine residues and was used
to probe the topology of vesicle-reconstituted ijigcreceptor® Several modifications
were identified by proteolysis of the SDS solul@tizprotein followed by LC-MS/MS.
Interestingly, two of these sites (Tyr223 and T@P®ere found to be located in a putative
transmembrane helix, but based on the labeling datavas concluded that the

corresponding segment likely forms an extramemblaog.

A variety of hydrophobic photoreactive probes wesed for monitoring conformational
switching events of the nicotinic acetylcholine eptor in response to changes in
transmembrane potenti#l.Oocytes expressing the protein were manipulatédgua
voltage-clamp setup in the presence of the labeligent. Voltage changes and labeling
on/off conditions were coordinated by a shuttet dwatrolled exposure of the protein to a

UV light source. Differences in the labeling patteneasured under different voltage
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Figure 1-2. General workflow for covalent labelmignembrane proteins with subsequent
MS analysis.
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conditions provided insights into the voltage-ineldconformational changes.

Acetylation of lysine residues was employed to rtmminteractions between rhodopsin
and a transducin-derived short pepfiddt was demonstrated that light exposure of
membrane samples alters the solvent accessibiliseweeral acetylation sites, and that
binding of the light-activated protein to the péptmodifies the solvent exposure of some
cytoplasmic loops. Protein-protein interactions evafso explored by Wen et Alwho
applied 1-ethyl-3-(3-dimethylaminopropyl) carbodidi@ hydrochloride for labeling Asp
and Glu in the membrane-associated FMO protein gficosynthetic bacterium. In this
way information was obtained about the way thidgirointeracts with the transmembrane
reaction center complex. Those studie®> as well as related experimentgiemonstrate
that covalent modification techniques not only pdevinformation regarding membrane
protein structures and conformational switchingnesgbut also about noncovalent binding
to other molecules. The term "footprinting” is oftesed in this context, referring to
experiments where access of a labeling agenttotaip surface is blocked by the presence
of a binding partner. Note, however, that someaeders employ this term in a somewhat

broader context, more or less synonymous with “emtdabeling"®’

1.2.2.4 Hydroxyl Radical Labeling

Of the numerous covalent labeling agents, hydroagical (DH) represents the most
widely used non-specific covalent probe becausesamall size and high reactivit{.®
8.9 This species can be generated in a number of weays,by using electrochemicl,

photochemicaf® % radiolytic®® and corona discharfé methods, as well as Fenton
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chemistry'®® [OH has been shown to generate oxidative modifinatfor at least 14 out
of the 20 amino acid side chains, whereas backle&vage is uncommon if the
conditions are chosen propeffyOxidative labeling of proteins with known strusr
generally results in spatial oxidation patterng #ira consistent with the solvent exposure

of individual residues.

The overall degree to which any given target sitdemgoes labeling is determined by a
combination of solvent accessibility and intrinseactivity®® 1° The sulfur-containing
residues Cys and Met are the most reactive, follblayethe aromatic side chains Trp, Tyr,
and Phe. Also His, Leu, lle, Arg, Lys, Val, Pro,nGland Glu represent potential
modification sites®® The remaining 4 residues Gly, Ala, Asp and Asn ot useful as
probes because of their very low reactivity. Altgbwadical reactions can proceed through
complex mechanisms which is not always well undedt the most frequently observed

products are amino acids with an oxygen atom irmaied shown as follow8®

1) Oxidation of sulfur-containing residues the reactions ofOH radical with Met and
Cys residues take place at the sulfur atom. For etformation of methionene sulfoxide

results in +16 Da mass shift.

CHs CHs
: .
CH, = = CH,
&y -
. k
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2) Oxidation of aromatic unsaturated residues[OH usually attacks aromatic rings by
addition reactions. Subsequently, the resultingceddpecies react with Qyielding +16

Da or higher integer multiple increase in mass.

)
T

H>

X X
oIy

= _~0OH

3) Oxidation of aliphatic residues carbon-centered radicals that form by hydrogen
abstraction often react with,Qo generate unstable peroxide radical, which exsiyt

convert to hydroxyl or ketone groups, resulting-ir6 Da or +14 Da mass shifts.

CH CH CH
3 | 3 | 3
H2 |:> |:> HO-C|:H $=O
| or
(|3H2 (|3H2 (|3H2
R R

Overall, despite the highly complex reaction mec$ras, exposure of a protein [@H
typically culminates in the incorporation of oxygatoms into amino acid side chains,
resulting in easily recognizable +16 Da or multiptefts in the mass spectrdthLess

abundant products associated with other mass shifysbe formed as well: %

For interpreting the combined effects of conformadl and chemical factors on the

reactivity of a given side chain it has been proposed that the second order ragtad'®
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k; for the reaction withDH can be modeled as
—_ int
wherek™ represents the "intrinsic" rate constant that aspln case of a completely

unprotected side chain. Each of the 20 residuebdsacterized by a specific™ value®

The dimensionless parametefsiepend on the protein conformation. Complete ptimte

corresponds ta; = 0 (no labeling), whereas for a fully solventessible side chaig; = 1.

Oxidative labeling has been used for structuradisgion water soluble proteins since that
late 19904 Surprisingly, it was not until quite recently ththis approach has been
adopted for experiments on membrane proteins. kKample, Fenton chemistry was
applied for oxidative labeling of membrane protam vivo using a large scale
proteomics-type approach’. In this way it was possible to monitor structurahnsitions

of the outer membrane protein OmpF in liviagcherichia coli cells. Oxidation was found
at Met and aromatic residues, but also for Asp,, Mal, and Ser side chains. Oxidation
sites were mapped predominantly to regions of tlitep that are known to be solvent
accessible on the basis of X-ray structural dataeRtension of this approach ito vivo
studies on mammalian membrane proteins could pea@gearchers with new avenues for

deciphering the mechanisms of membrane-coupledhbmal processes.

Irradiation of water withy-rays generate®H and other radiolytic species that induce
protein oxidatiorf> Such a radiolysis method was applied to studyptiepore to pore

transition of theBacillus anthracis protective antigei®® LC/MS/MS revealed that
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oxidation occurred at various types of residueduing Met, Tyr, Trp, and lle/Val. The
differential labeling patterns seen in the two shiihg states were in partial agreement with
a computational model of the pore, for which noay-structure is available. The data

obtained provide valuable input for future refinenseof the proposed pore structure.

Radiolytic oxidative labeling can also be perforndexposure of a protein solution to
pulsed X-ray radiation from a synchrotron. This Inoet was applied to monitor
photo-induced structural transitions of rhodopsimjch is a member of the G-protein
coupled receptor familf® Surprisingly, considerable oxidative labeling veéiserved not
only in solvent-exposed regions, but also in tramsitorane segments that would be
expected to be protected based on existing X-rtgy dde authors of that study attributed
this behavior to the presence of functionally imtaot ordered water molecules which are

known to be present in the protein cerfér.

As noted in previously, covalent modifications nrayuce structural changes that can lead
to experimental artifact.[MH labeling is no exception in that oxidative mamdifions
may induce altered protein conformatidhs.However, structural changes causedyl
labeling are often quite smaf® *** One contributing factor for the lack of drastic
structural changes after oxidation is the smak ©f the attached oxygen atoms, when
compared to other labeling and/or crosslinking &g¥A Moreover, oxidative
modifications predominantly affect residues on pinetein surface, which usually have a
considerable degree of conformational freedom. Desipe relatively small magnitude of

oxidation-induced conformational changes, the fbssiccurrence of structural damage is
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an aspect that has to be carefully considered \@hatyzinglOH labeling experiments.

Hambly and Gross were the first to point out tln éxtent of possible artifacts due to
oxidation-induced conformational changes is reldatethe time scale ofDH exposure.
Conformational changes in response to covalent fiwations can occur within fractions
of a millisecond:™ Labeling times for the techniques discussed sgrddiolysis or Fenton
chemistry induced radical labeling) are considgraloinger, ranging from tens of
milliseconds to several minuté¥: *'*Radical attacks during such a relatively extended
labeling period may lead to the exposure of presiyphuried side chains, af@H labeling

of these newly exposed sites would then resulixidation events that do not reflect the

original protein structur&?

Artifacts of this type can be avoided by usingrateggy where the protein experiences a
single[OH labeling pulse that is shorter than the fagtessible conformational changes.
Such an approach was realized by using a nanosgroseld KrF excimer laser (248 nm)
for the photolysis of KD,. Quasi-single exposure conditions can be impleatkry
directing a train of laser pulses at an opticaldein in a protein flow tub&: 1% 1 wjith

the addition of an appropriate radical scavender duration of the resultingH labeling
pulses can be reduced down to the microsecondéinge. This rapid laser-induced radical
labeling may be preferable over other radical lmgelapproaches, but thus far this

technique has been applied only to some solubleip



27
1.3 Membrane Protein Folding

1.3.1 Protein Folding Mechanism

Most proteins adopt highly ordered structures umdsssiological conditions. The native
conformation represents the biologically activeestaf a protein. Protein foldinign vivo
often starts when the nascent polypeptide chainrgesefrom the ribosome® The
conformational space accessible to a polypepti@ncis astronomically large. How can
proteins fold into a specific structure on a biatadly relevant timescale? This puzzle,
called “Levinthal’s paradox”, has attracted immerssgentific interest!’ The area of
protein folding is, however, more than just an lietdual challenge. Insight into protein
folding mechanisms is critical for understandingide range of diseases that are linked to
misfolding and aggregates, such as Alzheimer'skiRson’s, mad cow disease and
others'*® In the long term, the knowledge of protein folgliwill help us predict structure
from sequence, and finally guide us to design nestens or biomolecules for desired

applications-°

Exposure of a native protein to chemical denatsrantextremes of pH and temperature
can induce the transition to a largely disordetates In 1960s Anfinsen discovered that
unfolded soluble proteins can spontaneously refoltheir native conformation once the
denaturant is removed® This discovery implies that, at least for globuteoteins, the
unique three-dimensional structure of a proteintndesencoded by its linear amino acid
sequence. The native state of a protein correspnttee conformation with the lowest
overall free energy. Spontaneous refoldimgvitro often goes to completion within

milliseconds to seconds.How do proteins find the native states so quigkolding
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through a random research can not occur, becauwsault take infinite time. It was thus
assumed that there must be defined pathways toliintipe choices in folding. Two
models prevailed in the 1980s. One is the “framé&wmiodel’, which postulates that
proteins fold through a stable secondary strudtumeforms before the tertiary structure is
locked in placé?* In contrast, the “hydrophobic collapse model” gests that a protein
would rapidly collapse around its hydrophobic sitiains such that folding can take place
in a confined volumé* The secondary structure would be directed by adike tertiary

interactions.

Conventionally, stopped-flow spectroscopy (CD, fescence, or UV-Vis) has been the
primary tool for exploring folding kinetick> However, structural information obtained
from spectroscopic probes is typically limited folzpl structure features. The search for
folding mechanism has driven significant advancesekperimental techniques for
monitoring folding events. For example, FRET (Férstsonance energy transfer) and
EPR (electron paramagnetic resonance) were developddtést site-specific contacts.
®-value analysis can characterize transition s@teisg protein foldind? HDX coupled
with  NMR is able to provide residue-specific stwred information on folding
intermediate§>*?® Mass spectrometry in conjunction with pulsed HDK apvalent
labeling was also demonstrated to be an attraapypeoach to explore folding kinetics and

folding intermediate$?” 1%

These new experimental techniques uncovered mughniermation on folding kinetics.

Important findings include that chymotrypsin inhdsi Il was shown to fold in a
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cooperative two-state model without detectable tidriatermediated? ®-value analysis

of the transition state showed that secondary entidity structure are formed in parallel as
chymotrypsin inhibitor Il undergoes a general qudier*° These studies challenged both
the framework and hydrophobic collapse model. A n&w involving “folding funnels”
has recently emergéd™ **?In this view, protein folding is seen as biasedfommational
diffusion on a funnel-like energy landscape. Theadered state of a protein populates a
large ensemble of structures. Folding is the il consequence of the requirement to
lower the free energy. Folding processes are nuogbsally heterogeneous and may
proceed by numerous pathways instead of a singlevag. In general, folding energy
landscapes are rugged that are suboptimal fomiglthirough which the polypeptide chain
has to navigate to the native state. Local miniaragive rise to the formation of folding
intermediates. The overall folding kinetics areedetined by the shape of the energy
landscape. The energy landscape picture providesoraceptual framework for
understanding both two-state and multi-state fgiJdimetics. Folding funnels can explain
many experimental observations that are otherwasadoxical, and thus this model has

now been generally accepted.

1.3.2 Membrane Protein Folding Mechanism

The investigation of membrane protein folding hasaty lagged, compared to the
considerable progress with soluble proteilsvivo, a-helical membrane proteins are
folded and inserted co-translationally into bioksdi membranes with the assistance of
translocong. In 1980, Khorana et al. demonstrated that funafibacteriorhodopsin (BR)

could be regenerated from a fully denatured st4té** The regeneration of BR vitro
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provides the first evidence that Anfinsen’s hypsikéholds true for integral membrane
proteins: membrane proteins exist at a free enenigymum. The amino acid sequence
contains all information needed to define the aeytstructure of membrane proteins. This
pioneering work initiatedn vitro folding studies of membrane proteins. However, the
folding experiments ai-helical membrane proteins were found to be notstyodifficult.
After considerable efforts, five additionathelical membrane proteins (LHCII, DGK,
DsbB, KcsA, 5-HT receptor) have so far been deedtand then refolded into model

membraneg® 16

The“Two-stage model”was first proposed by Popot and Engelman to expitesiriolding
mechanism ofi-helical membrane proteifis.It divides the folding processes into two
stages: (1) insertion and (2) helix associatione Tinst stage comprises spontaneous
insertion of a polypeptide chain into a lipid biémyand simultaneous secondary structure
formation. For an integral membrane protein, thedrbghobic effect drives the
spontaneous membrane insertion. However, even tst nydrophobic polypeptides can
not insert into the lipid bilayer without conconritesecondary structure formation. Huge
free-energy increases would incur with the lodsyofrogen bonds between the polypeptide
backbone and water molecules. The energetic peaattyrring upon desolvation of the
polypeptide backbone forces it to assume reguleorskary structure as long as it is
embedded in a hydrophobic environm&Ht. In this model, individual transmembrane
helices are considered to be independently stabletsres. Experimental studies on
different membrane proteins show that many hebcesndependently stable, but some are

stabilized by tertiary contact® During stage 2, transmembrane helices interatt ovie
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another to give rise to the final native tertiamyisture.

Membrane protein folding is intimately linked teetinteractions between the protein and
the bilayer. A lipid bilayer has two chemically tiit regions. The hydrophobic core in the
center is roughly 30 A thick and dominated by hgdrbon chains. Each interface region is
ca. 15 A thick, and consists of lipid head groupsaell as layers of water molecules.
Considering that partitioning an exposed peptidkbane to the hydrophobic core entails
very large energetic penalties, and that the tlasknof the interfaces is sufficient to
accommodate a helix lying parallel to the membialaae, Jacobs and White expanded the
two-stage model into“Four-stage model: partitioning, folding, insertion and
associatiort>° Hydrophobic peptide segments are thought tolfirsd to the interface, then
partition into the interface and simultaneous h&pmation occurs, finally the individual
helices insert the lipid bilayer followed by helissociatiort*® Recent simulation studies

on a model transmembrane peptide support this nt&d&t?

The biogenesis op-barrel membrane proteins is very different for@t thf helical proteins.
In vivo, outer membrane proteins are secreted into thplagem. Periplasmic chaperones
bind these proteins to prevent their aggregatiah farry them to the outer membrahe.
Most outer membrane proteins are though to ingeftfald spontaneously into the outer
membranen vivo. In 1990, functional porin was refolded vitro from a random coill
conformation for the first tim&? Since then, 1B-barrel proteins have been refolded
vitro. Because of the modest hydrophobicity of individ@astrands, many3-barrel

membrane proteins can be extracted from the merahraa fully unfolded form when
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treated with urea or guanidinium chloride. Unlikelividual helices, individugs-strands
are not stable in the hydrocarbon core of the bilayhe simplest way to satisfy all the
hydrogen bonding requirements in a sheet is to wragp into a barrel. Therefore, the
folding of B-barrel proteins can not follow the two-stage modelhelical membrane
proteins do. In contrast, the insertion and foldsigpuld be highly coupled process.
Extensive folding studies on OmpA and recent fadtudies on PagP ldy-value analysis

support such a concerted insertion-folding mectmanté *+°

1.3.3 Folding Kinetics of Membrane Proteins

Experimental protein folding studies can be dividied two categories. In equilibrium
experiments, the conformation of the protein isd&s as a function of denaturant
concentration. Measurements are taken only afteemnodynamic equilibrium has been
established. In kinetic studies, conformationaingjes are monitored as a function of time,
following rapid alteration of solvent conditionsqulibrium studies sometimes yield
structural information of partially folded specigbat may resemble short-lived
intermediated?® Kinetic experiments remain the most direct appndac gaining insights
into time-dependent structural chand¥sTo study the folding kinetics of a membrane
protein, suitable folding conditions have to beniifeed, under which the unfolded protein

can refold efficiently into model membranes.

Temperature, pH and chemical denaturants have umshto unfold membrane proteins.
Both extreme pH (acid or base) and temperatureramapable of reversibly unfolding

a-helical membrane proteins for folding studi®Urea and guanidine hydrochloride
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(GdnHCI) are unable to denature mesdtelical membrane proteins. For example, neither
8 M urea or 6 M GdnHCI perturbed the tertiary stmne of BR**® However, mang-barrel
proteins such as OmpA, OmpF, OmpG and OmpT, camfmded by 8 M urea or 6 M
GdnHCI, and then refolded® An efficient and widely used denaturant for memiera
proteins is SDS. SDS exposure can often lead tal¢naturation oé-helical membrane
proteins. It thus plays an essential role in stoglyihelical membrane protein folding. BR,
LHCII, DAGK and DsbB have been denatured by SDSrafalded successfuliy vitro.**°
Although SDS has shown a strong ability to disrtig tertiary structure od-helical
membrane proteins, SDS denatured states oftem netsidual structures. These species
seem more like membrane-bound intermediates wighfggmed core structures. SDS is
not an excellent denaturant in the view of undeditag the folding from an entirely
unfolded polypeptide chain to a folded native dnee. However, SDS denaturation is so
far the most successful approach to provide a epter state for exploring-helical
membrane protein folding. Interesting, SDS does aygpear to be very effective in

denaturing3-barrel membrane protein&

Once denatured membrane proteins are availablesegbhend challenge is to identify
optimal refolding conditions. In sharp contrasttihe folding of soluble proteins that is
entirely defined within the sequence, membraneepnofolding is defined by both the
polypeptide sequence and the model membrane (tiypicacelles or lipid bilayers).

Lipid/detergent composition, organization, anddipirotein interactions can be important
for shaping the folding energy landscape of membamoteins. According to refolding

conditions identified®® there is a bias against anionic detergents flirfg. Small
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sonicated vesicles and thinner bilayers providengtic advantage for the folding of
B-barrel proteins®® Besides specific protein-lipid interactions, thesnimportant bilayer
properties include curvature elastic energy anddplibbic match.In addition, buffering
pH, ionic strength and temperature can be imporactors. For example, pH 6 is the
optimal condition for BR folding. The folding effency decreases notably at pH*8.In
short, favorable refolding conditions involve irethight combination of lipid/detergent

composition, lipid vesicle size, buffer, pH and parature.

Kinetic folding experiments involve the availabjliof a trigger as well as techniques for
measuring folding events in a time-resolved andialharesolved manner. The methods
employed for membrane protein folding are similar those for soluble proteins.
Stopped-flow mixing is the predominant method igger a membrane protein folding on
the time scale of milliseconds to minutes. Claggiptical spectroscopy (CD, Fluorescence,
and UV-Vis) plays the predominant role in detectsigictural changes in these folding
experiments?****Recently some new methods have been developedmytioved spatial
resolutions. Site-specific fluorescence was usetetect the membrane insertion events of
individual helices of BR*> EPR was applied to monitor the solvent accessihilid the
position of particular residues during LHCII folgif® ®-value analysis has been used to
characterize the transition state during PagP @rddiling’** *** NMR and MS which
have proven to be powerful tools for probing folglikinetics of soluble proteirt§®*?3

however, remain untapped for studying the foldimgkics of membrane proteins.

There are only few kinetic folding studies on meant& proteins, because it is hard to find
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appropriate refolding conditions. So far, the stgdf folding kineticsn vitro have focused
on threeu-helical membrane proteins, BfE; 10 14153 HCII,**° DGK,**" and ap-barrel
protein OmpA!* BR, as the first integral membrane protein to éfeldedin vitro, has
been a paradigm for membrane protein folding. BiRfions as a light-driven proton pump
in archaebacteriutdal obacteriumsalinarum. Each BR monomer consists of bacterioopsin
(BO) and a retinal. The BO polypeptide chain fold® seven transmembrane helices
(A-G) which are connected by short extra-membrao@s'*® **°The retinal is bound to
the protein (helix G) via a protonated Schiff bd3R. represents an excellent system for
folding studies. It is stable, easy to be expresswtipurified, folds reversibly in micelles
or lipid bilayers, contains trypophan residues andound retinal chromophore that can

serve as optical probes.

Thein vitro BR refolding is typically conducted by diluting SBdenatured proteins into
bicelles or lipid vesicles in the presence of @tiThe folding kinetics of BR have been
extensively investigated using stopped-flow speciopy™***>* *>* |t was proposed that
the folding process involves at least one partifdigled apoprotein, followed by the
noncovalent binding of retinal to the apoprotemy &nally covalent Schiff base formation
that represents the acquisition of native structBmeme studies indicated that the folding
kinetics of BR are both sequence-dependent ardttippendent?®**°***These pioneering
studies had a major impact on the general undetisiguof a-helical membrane protein
folding. However, structural information on foldingtermediates and even the starting
point SDS-denatured state is quite limited. A coshensive characterization of these

important conformers is required for deciphering BR folding mechanism.
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1.4 Electrospray lonization Mass Spectrometry (ESI-MS)

1.4.1 The ESI Process

The principle of all mass spectrometric technigise® analyze the mass-to-charge ratio
(m/z) of ions in the gas phadens can be produced in many ways. Electrosprayabion
(ES)) is a soft ionization technique. The advenESI-MS in the 1980s provided a means
to observe spectra of intact proteffis, discovery honored with the Chemistry Nobel Prize
(to John Fenn in 2002). Matrix-assisted laser getm/ionization (MALDI)*®?is another
soft ionization technique for protein studies. Yibie direct coupling of solution phase
chemistry and gas phase detection tends to mak&BSd more natural choice for many

protein experiments.

The ESI source has undergone continued developroenthe general arrangement has
remained the same (Figure 1-3). The analyte isdoiced to the source in solution either
from a syringe pump or as the eluent flow from igbjghromatography. The analyte
solution flow passes through the electrospray taagito which a high potential is applied
(typically 2.5 to 5 kV). Under the influence of shpotential, the analyte solution exiting
from the capillary tip forms a mist of small drogseA carrier gas such as nitrogen is often
used to help nebulize the liquid and help evapdhtaesolvent. As the droplets traverse the
space between the needle tip and the cone, savapbration occurs. Then, each droplet
shrinks until it reaches the point at which thefawe tension can no longer sustain the
charge (the Rayleigh limit), and the droplets brepkThis produces smaller droplets that
can repeat the same process until the analyteforamsd into a full gas phase ion. The

analyte can be singly or multiply charged. Noi@tdis pick up the same number of charges,
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therefore a number of peaks (charge state disimibpuare commonly observed in the ESI

mass spectrum of a protéefii.

Spray Taylor Droplet shrinkage
capillary cone
b
+ -'""- ¢
— o F+ | MS
¢ &
Electronsl
s
anode | cathode

Figure 1-3. Schematic representation of the meshanif ion formation in ESI.

1.4.2 Mass Analyzers

Mass analysis of the analyte ions is undertakemags analyzer. There are various types
of mass analyzer, including quadrupole, time-ajHti (TOF), ion trap, and Fourier
transform ion cyclotron resonance (FT-ICR) masdyaeas. Many mass spectrometers use

two or more mass analyzers for tandem mass speetrprMS/MS), such as triple
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guadrupoles and quadrupole-TOF (Q-TOF) instrumerfitse latter type of mass
spectrometer was used in this thesis. The prinaptuadrupole and TOF analyzers will

be briefly discussed.

1.4.2.1 Quadrupole Mass Analyzer

A quadrupole mass analyzer is composed of fourllparads. Each opposing rod pair is
connected together electrically, and a radio fraqu€RF) voltage is applied between one
pair of rods and the other. A direct current vadtégthen superimposed on the RF voltage.
lons produced in the source of the instrument bem tfocused and travel down the
guadrupole between the rods. Their motion will sepen the oscillating electric fields and
their mass-to-charge ratio. Only ions with a certaiz will reach the detector for a given
ratio of voltages. Other ions have unstable trajges and will collide with the rods. This
permits selection of ions with a particuta#z or allows the operator to scan for a range of

m/z values by continuously varying the applied voltage

Quadrupole mass spectrometers usually have lowuteso (<4000), low mass range

(<4000) and slow scan rates. But this mass anagpamis at applications where particular
ions of interest are studied because they cantategd on a selected ion for extended
periods of time. Quadrupoles are thus generallygulan tandem to enable them to perform
fragmentation studies in modern mass spectrométaesmost common type is the triple

guadrupole mass spectrometer that has three caivg&eguadrupoles arranged in series to
incoming ions. The first quadrupole (Q1) acts asaas filter to select ions of interest. The

second quadrupole (Q2) serves as a collision dedir&vonly RF are applied (non-mass
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filtering) and selected ions from the Q1 are fragted. The resulting fragment ions are
analyzed by the third quadrupole (Q3). Replacirg@3 with a TOF mass analyzer results

in another popular hybrid Q-TOF mass spectrometer.

1.4.2.2 Time of Flight (TOF) Mass Analyzer

TOF mass analyzers use an electric field to acateleons. When an ion with charges
accelerated into the flight tube by the voltabeats potential energy is converted to kinetic
energy. The resulting velocity)(of the ion after acceleration is determined hyatipn 1-7.
The velocity of ions flying along the field-freemte-of-flight tube will not change.

Therefore the timet) required for the ion to reach the detector iawisd by equation 1-8:
V= |2zU
m (1-7)

L m 1
t=—=L->~ (1-8)
% z U
wheremis the mass of the ion ahds the length of the flight tube. lons with diféeitm/z
have different drift times and hence are separiaték flight tube. Lighter ions will reach

the detector first. From this time and the knowstrimment parameters a mass spectrum can

be obtained after converting the measured tine (/z

If ions with samen/z entering the flight tube have energy dispersibe,resolution of TOF

will be decreased dramatically. One efficient metho correct the kinetic energy
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dispersion in the direction of ion flight is usiageflectron. The reflectron uses a constant
electrostatic field to reverse the ion beam towte detector. The more energetic ions
penetrate deeper into the reflectron, and takeghtkl longer path to the detector. Less
energetic ions of the same charge-to-mass rati@tpde a shorter distance into the
reflectron and, correspondingly, take a shorteln pathe detector. lons with same m/z but
slightly different in kinetic energy can reach ttetector at the same time after the
reflection. Without a reflectron, the TOF resolatias no more than 4000. A
reflectron-TOF can achieve much higher resolutior2@,000 in some models) and high
accuracy (< 5 ppm). The other advantages of TOFsrepsctrometers are fast analyzing

ions simultaneously and extremely high mass raager(10,000).

1.5 Scope of this Thesis

Using bacteriorhodopsin (BR) as model system, Winigk aims at developing novel
MS-based approaches for exploring the structureamiycs and folding of integral

membrane proteins.

Compared to other covalent labeling strategiessriamiuced hydroxyl radicall@H)
labeling has obvious advantages: the microse@hdlifetime implies that this technique
can be free of oxidation-induced structural artsamder controlled conditions. Even more
important is that the technique is potentially abié for detecting temporal structural
changes of proteins during folding/unfolding pre=ss However, so far, the method has
not been applied to membrane proteins. In the §itsp, native BR in its natural lipid

environment was exposed to laser-induced hydradiceals with the aim to validate the
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method.The resulting labeling patterns agree well with Xzeay structure of native BR
(Chapter-2). In subsequent studies, the labelipgageh was applied to probe the structure
of semi-denatured BR samples induced by heat,a&dDS. Mapping the structure of SDS
denatured BR is particularly important because toisn of protein is widely used as
starting point for folding studies. Combining siteected mutagenesis with oxidative
labeling and spectroscopic studies, a detailecttstre model of SDS-denatured BR was
developed (Chapter-3). Taking advantage of the kegmd radical bursts induced by laser
photolysis, the pulsed radical labeling in conjimeiwith rapid mixing and MS was used
for characterizing short-lived BR folding intermatiis. For the first time, the MS-based
oxidative labeling approach provided key structimaights into the folding mechanism of

a membrane protein (Chapter-4).

Complementary to covalent labeling, hydrogen/deuterexchange (HDX) with MS is
another powerful tool for protein studies. HDX expeents were carried out for
charactering the structural features of various ®Riples (Chapter-5). To explore and
correlate membrane protein dynamics and functiomparative HDX experiments of BR
were carried out in the dark (resting state) angdeuarlumination where the light-induced
retinal isomerization mediates the vectorial prdtansport (functioning state). Our results
suggest that structural fluctuations/dynamics ef pinotein scaffold are "accelerated” by
motions of the retinal, reflecting a direct couglinetween protein dynamics and function

(Chapter-6).
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Chapter-2 Structural Characterization of Bacteriorhodopsin in
Its Natural Lipid Environment by Oxidative Methionine

Labeling and Mass Spectrometry

2.1 Introduction

Mass spectrometry (MS) has become an indispensadiléor studying protein structure,
dynamics, interactions, and functibrf. Due to its high sensitivity and high-throughput
capabilities, MS provides structural biologists twian arsenal of methods that are
complementary to traditional techniques such as NMpectroscopy and X-ray
crystallography. Many MS-based approaches emploglieg steps in bulk solution,
making use of the fact that target site reactisiti@re modulated by the protein
conformation. Tightly folded regions can providgrsficant protection, whereas amino
acids located in partially unfolded or highly dynamareas are modified more readily.
Spatially-resolved information can be obtained tigio the analysis of protein fragments
after labeling. This can be achieved using tradalo"bottom-up” approaches, where
proteolytic peptides are analyzed by LC-MS/MS, pt'top-down" strategies that involve
the dissociation of intact proteins in the gas pfiasHDX is one of the most popular
labeling method3? In addition, there is a host of covalent modiiiza approaches, many

of which target specific reactive side chains sashys or Cys:**

Hydroxyl radicals [OH) represent a probe that is being widely usedtlier oxidative
labeling of proteind?™® In contrast to many other covalent labeling aggfH normally

exhibits a low specificity that allows it to reagith a wide range of target sites. A number
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of different methods are available for hydroxylicad production, all of which have their
unique advantages and limitations (see Yefs: 'J. Despite the highly complex reaction
mechanisms, exposure of a protein[@H usually culminates in the incorporation of
oxygen atoms into amino acid side chains, resultirgasily recognizable +16 Da shifts in
the mass spectrufi.The overall degree to which any given target sitdergoes labeling

is determined by a combination of solvent accefitsitiind intrinsic reactivity® % The
presence of sulfur atoms in Met and Cys makes thweseesidues most reactive, followed
by the aromatic side chains of Trp, Tyr, and PHsoAlis, Leu, lle, Arg, Lys, Val, Pro, Gin,
and Glu represent possible modification sfte&’ [OH labeling of proteins with known
structures generally results in spatial oxidatiattgrns that are highly consistent with the
solvent exposure of individual residues. Met sidaics, however, represent a special case
because formation of the corresponding sulfoxidet®) * can take place even for
residues that are deeply burf@d’ The basis of this unusual behavior has not been
uncovered yet. Proposals have been made that feet ehight be due to processes
involving solvated electrofi%or intramolecular radical transfétrather than direct contact
with [DH. Based on the results of those previous refofts?® 2°the validity of using Met
oxidation levels as a structural probe remains aarclInterestingly, protein stability

measurements based on MetO levels have been slobe feasiblé! highlighting that

much remains to be learned about the behavior ¢fudéer oxidative labeling conditions.

Every living cell is surrounded by a lipid bilaytat contains integral membrane proteins.
The overall character of these proteins is amphipati.e., they possess a large

hydrophobic surface area that interacts with thenbrane alkyl chains, whereas loops
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extending into the aqueous phase on both sides@sty hydrophilic. Membrane proteins
are involved in essential processes such as eneogyersion, transport, signal
transduction, and cell-cell interactions. Up to 36%all proteins encoded by the human
genome are estimated to be membrane prdfeiasd many of them represent potential
drug targets® Unfortunately, the fact that membrane proteinsveaer insoluble makes
them notoriously difficult to work with. Their hydphobic exterior tends to result in
aggregation and precipitation; it also interfereshwhe growth of crystals that are
amenable to X-ray structure determination. Becansdu studies are often not feasible,
experimentalists commonly resort to surfactantisitiked species. However, removal of
the lipid bilayer often interferes with the stru@lintegrity of the protein, and does not
offer long-term protection against aggregatioAs a result of these difficulties, membrane
proteins are vastly underrepresented in databaspsgsenting only 1% of all known

protein structure®

Similar to other analytical techniques, the appiwma of MS to membrane proteins
continues to be much less common than studies ein water soluble counterparts.

Nonetheless, following pioneering work in the 141890s3*3°

this area is experiencing
continuous growth, and even large-scale proteomrcgects are gradually becoming
practicable’” *® Experiments on membrane proteins mostly employEISGMS, but the

application of MALDI-MS has been demonstrated aBl.WeNotable progress is also being
made in MS-basedtructural studies on membrane proteins, e.g., by using asete

protection assays for the determination of top@alfieature$’ The successful application

of HDX/MS to surfactant-solubilized species hasrbdemonstratetf **and it was even
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shown that HDX patterns of short transmembraneigeptcan be analyzed by direct
infusion of liposome solutior.In addition, various covalent labeling techniqlrese
been used, e.g., for structural mappihgonitoring protein-ligand interactior{3,*® and

for detecting conformational chang@és

For reasons unknowriDH labeling has been largely overlooked as an ambrdor
structural studies on membrane proteins. This lipr&ing, considering the popularity of
this technique for investigations on water-solufppecies. One potential issue is the fact
that many membrane proteins are methionine*ficfikeeping in mind that the reactivity
of this amino acid has been found to be problemiatig@revious oxidative labeling

experiments (see above).

Using bacteriorhodopsin (BR) as a model systers,ghidy reports the first application of
laser-inducedDH labeling® for the structural characterization of a membramgein in its
natural lipid bilayer environment. BR is the maiomponent of theHalobacterium
salinarum purple membrane, and it probably represents tbedi@racterized membrane
protein®°3 The purple color is due to the presence of a aktthromophore which is
bound to Lys216 via a protonated Schiff base. Tasomerization of this chromophore
allows the protein to act as a light-driven projoump>* The BR polypeptide chain
comprises 248 amino acids that fold into severstrambrane helices which are connected
by short extra-membrane loops. The helices arentageroughly perpendicular to the

membrane plane (Figure 2-%F)>°
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Figure 2-1. X-ray structure of bacteriorhodopsirdipcode: 1XJI) with its seven
transmembrane helices. The nine methionines aravrshio red, and the retinal
chromophore is depicted in green. Also shown isapproximate location of the lipid

bilayer relative to the protein.
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Figure 2-2. Amino acid sequence of BR (pdb codellX¥ansmembrane helices (A-G)

are represented as black boxes. Tryptic peptidesTd, ...) used in this study are indicated
as double-headed lines. T3-4, T6-7 and T10-11 septepeptides resulting from missed
cleavages. Methionines are highlighted. The N-teairlX" represents pyroglutamate.
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BR contains nine methionines, six of which are tedan transmembrane helices, and three
in connecting loops (Figures 2-1, 2-2). In the peipembrane BR molecules are packed in
clusters of three, forming a two-dimensional hexegdattice’” *® The protein accounts
for 75% (by weight) of the membrane, the remairmarsists of a variety of neutral and
acidic diether lipids® ® These lipids fill the space between BR trimers] &mey also

occupy the center of the trimeric rings.

Peptide mapping and tandem MS experiments in thdyseveal an unexpected oxidative
labeling behavior for BR, with methionine oxidati@s the only observable covalent
modification. It is demonstrated that the extentietO formation is highly correlated with

the protein structure, allowing the differentiatibetween buried and solvent exposed
regions. Based on these findings we propose thatoxidation studies could become a

valuable tool for monitoring the structure, foldjra;nd dynamics of membrane proteins.

2.2 Experimental

2.2.1 Materials

Purple membranes were isolated frbfa obacterium salinarum, strain L33, transformed
with a plasmid encoding the protein (bop) and tesise to novobiocifit Cell growth,
harvesting, disruption, and purple membrane puaiiden by sucrose gradient
centrifugation were performed according to stangeededure§® The final aqueous stock
solutions obtained by this method had a proteircentration of ca. 17QlM, contained

40% sucrose, and were stored at -80 °C prior tdysisa Protein concentrations were
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determined by UV-Vis spectroscopy using a Cary HXpectrophotometer (Varian,
Mississauga, ON, Canada) based on a molar absomiefficient of &g = 65,000 M*

cm® for purple membrane/SDS solutiotffsSequencing-grade modified trypsin was
purchased from Promega (Madison, WI). RapiGest S5 wbtained from Waters
Corporation (Milford, MA). SDS, ammonium bicarboeatand formic acid were from

Sigma (St. Louis, MO). All chemicals were used withfurther purification.

2.2.2 Laser-Induced Oxidative Labeling

Covalent labeling of the protein was performeddwihg a procedure similar to that
previously described by Hambly and Grd$§> A KrF excimer laser (GAM EX 100/125,
Orlando, FL) producing 18 ns pulses at 248 nm, 2@&htd 62.5 mJ per pulse was used to
generate hydroxyl radicals through photolysis eDkHwithin a 100um i.d. flow capillary
made of fused silica (TSP100170 Polymicro Technekd?hoenix, AZ). The laser beam
was focused onto this capillary by a 500 mm len#) & capillary-lens distance of 26 cm.
A UV transparent window was created by removing plodyimide coating from the
capillary using a butane torch. The width of treelaspot at the capillary was determined to
beca. 2 mm, corresponding to a volume of about 16 nihdperadiated during each laser
pulse. 20QuL of purple membrane suspension (protein conceotrdtOpyM with 15uM
glutamine, 3% sucrose), and different concentratminH,0, (up to 0.2%, corresponding
to ca. 60 mM, at pH 6.8) were loaded into a glasmge and flushed through the flow
capillary at 40puL min™® using a syringe pump (Harvard Apparatus, Bostom).M

Glutamine and other organic species in the solytimembrane lipids and the protein itself)
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act as radical scavengers and limit the duratiotheflabeling pulse toa. 1 pus® Under
these conditions every protein molecule is expasdy to a single labeling pulse. This
characteristic, along with the extremely short pulduration eliminates possible
oxidation-induced structural artifat¥s®® which are of potential concern for covalent
labeling strategies involving longer exposure tirfe€ontrol experiments (not shown)
carried out on purple membranes in the absenceauabse resulted in data virtually
identical to those discussed below. The capillamytflov was collected in a
microcentrifuge tube that contained 401 uM catalase at pH 6.8 for removal of residual
H,0,, thereby avoiding secondary oxidation reactidrBrevious work has demonstrated
that the mere presence o0f®3 in the concentration range used here does nattdfie

structure and stability of proteins, as long a®xidation reactions take plate.

2.2.3 Intact Protein Analysis.

A phase extraction method was used to recover txelg labeled BR from the purple
membrane suspensibh.Following oxidative labeling, 10QL of purple membrane
suspension was mixed on a vortex for 10 s with glD0chloroform /methanol/water
(22:56:22 v/viv). The mixture was centrifuged a0@@ g for 5 minutes which resulted in
a layer of precipitated protein at the interfacéeAcarefully removing the upper aqueous

and the lower chloroform phase, the precipitate @vssolved in 10QuL formic acid.

2.2.4 Peptide Mapping and HPLC/MS analysis

200pL aliguots of the oxidatively labeled sample atgB were lyophilized. Subsequently,
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the dry powder was dissolved in Ak of 50 mM agueous ammonium bicarbonate buffer
(pH 8) containing 0.1% (w/v) RapiGest SF. Protegtubilization by this acid-labile
surfactant enhances the susceptibility to enzymatieavage without inhibiting
endopeptidase activity, and without interferinghvitC-MS analyse&® ®® The resulting
sample solution was boiled at 180 for 3 min and then cooled to room temperature,
followed by digestion with sequencing-grade trypsiernight at 37 °C using a 1:20 (w/w)

enzyme: protein ratio. The digests were flash-fnardiquid nitrogen and stored at -80.

All experiments were performed on a Q-TOF Ultimal ARass spectrometer (Waters,
Milford, MA) equipped with a Z-spray electrospraization (ESI) source. Spectra were
acquired in positive ion mode at a sprayer vol@ggkV and a desolvation temperature of
200 °C. For intact protein analysis, the formigasolution was infused directly into the
ion source at a flow rate of 3L min™. Experimental spectra were converted to mass
distributions using the MaxEnt 1 routine providegthe instrument manufacturer. For
peptide analysis, the mass spectrometer was cowpledWaters 1536 HPLC system
employinga C18 2.1 mm x 100 mm (Symmetry 30Q)roa (Waters). For each injection
25uL of digested sample were loaded onto the LC colwamtimout prior RapiGest removal.
Solvent A was 0.1% aqueous formic acid, and sol@ntonsisted of 50:50 (v/v)
acetonitrile/isopropanol with 0.065% formic aciduton was carried out at a flow rate of
50 uL min™. A linear gradient was run from 0 to 45% B in 4Bipthen from 45% to 58%
B in 5 min, from 58% to 80% B in 45 min, finallyoim 80% to 100% B in 5 min. Most
peptides eluted in a range between 15 and 80 nuinfiGation of peptide identities and

localization of oxidation sites was performed bydem MS in data-dependent acquisition
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mode, employing collision-induced dissociation mAa-filled hexapole cell.

Oxidation levels are reported by plotting the fraictof unmodified peptidek-,, vs. the
hydrogen peroxide percentagg.is defined as\/Aw, WhereA, is the integrated area under
the isotope distribution of the unmodified speciasd A is the total area of the
unmodified peptide plus that of the oxidatively riiwdl form(s). This procedure is widely
used in théDH labeling literaturé? 6 20: 256658t has heen argued tHatvalues measured
in this way should only be interpreted in a senmautfitative way, because unmodified and
labeled peptides may exhibit different ionizatidficeencies®” ®*However, the first-order
kinetics commonly observed during peptide and mmdf®H labeling suggest that these
differences are not very pronouncédalso, it will be seen that most tryptic peptides
studied here are large, such that slight modificesti(MetO formation, in particular) will
not affect their ionization efficiencies too mudto evidence for differences in ionization
efficiency were found upon carbodiimide labelingpaptides, which represents a much

more severe modification than MetO formatfan’°

2.3 Results and Discussion

2.3.1 Intact Protein Analysis

Aqueous purple membrane suspensions containingenBiR were oxidatively labeled,
employing the photochemical cleavage efklby a nanosecond laser pulsé® source.

ESI-MS analysis of the unlabeled protein revealmass of (2678% 1) Da, in close
agreement with the value expected from the amifserjuence (26783.6 DX).Control

experiments carried out in the absence gbHand laser exposure reveal a small +16 Da
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satellite peak, indicating a low level of backgrdwxidation (Figure 2-3A). This finding is
not surprising, given that BR contains nine Meidess which are prone to spontaneous
oxidation during protein isolation and/or stordg@R does not contain any cysteines.
Other small peaks in the mass distribution of Fegeik are attributed to trace contaminants
such as metal cations. Oxidative labeling of thetgdn by laser exposure in 0.05%04
results in major peaks shifted by +16, +32, and B48(Figure 2-3C). Higher oxidation
states are likely present, but obscured by noiskerdata. Experiments carried out in the
presence of bD,, but without laser irradiation (Figure 2-3B), ried in a mass
distribution very similar to that in Figure 2-3AhiB control experiment confirms that
covalent labeling in our experiments is indeed eduby photochemically produced

radicals, and that the extent of undesired secgrmadation processes is insignificafit.

2.3.2 Peptide Mapping

Several different methods have been reported ®mntapping of BR® 3% 8 "?Here, the
covalently labeled protein was solubilized using agid-labile surfactafit prior to
digestion and LC/ESI-MS analysis, as describedha Experimental section. The data
analysis in this work was based on the 11 moshsg#dryptic peptides, yielding a protein
sequence coverage of 97% (Figure 2-2). The spegquiaity for these fragments (Figure
2-4) is considerably higher than for the intacttenmo (Figure 2-3). Oxidative labeling of
intact purple membrane suspensions was carriedrosblutions containing 0% (control),
0.02%, 0.1%. The resulting tryptic peptides reveahstically different oxidation
characteristics. For example, T8 represents theipreegment that is most readily labeled.

In 0.02% HO, both the unmodified form and a +16 Da specie®hserved at comparable
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signal intensities (Figure 2-4B). After labelingdrii% HO, (Figure 2-4C) the signal of the
unmodified peptide is close to 0.2. A totally difat behavior is seen for T7, where the

unmodified form remains dominant under all condis@Figure 2-4E-G).

The labeling data can be visualized by plottingftaetion of unmodified peptidé;,, vs.
the hydrogen peroxide percentage (Figure 2-5).téhgeptides can be grouped into three
categories based on their oxidation behavior. ¢)abeling is detectable for T11 and T13,
corresponding té, = 1. (ii) T1, T5, T6-7, T7, and T10 exhibit moder&beling, withF,
values that remain in the range of 0.8 even fohtgkest peroxide concentration used. (iii)
T2, T8, and T3-4 represent protein regions thanawst susceptible to oxidation wikhy,

values as low as 0.2.

2.3.3 Tandem Mass Spectrometry

MS/MS experiments confirm that all observed covateadifications are due to sulfoxide
(MetO) formation. Labeling at non-methionyl residugas not detectable, although very
small amounts of other products cannot be ruledAsiin example, Figure 2-6 compares
MS/MS data of unlabeled and singly oxidized T8adfnentation yields unmodified y"9
ions in both cases. In contrast, the signals fa0yand y"11) are shifted by 16 Da, thus
confirming that the oxygen atom is located on M8t{ligure 2-6). Analogous data (not
shown) were obtained for the other single-Met migsti Of particular interest is T3-4 with
its three Met residues. Fragmentation of the sitadigled peptide (Figure 2-7) reveals that
oxidation is restricted to Met68, as seen fromttié Da shifts for y"15 - y"17 (Figure

2-7B-D, F-H), along with unmodified y"14 fragmeimsboth cases (Figure 2-7A, E).
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Figure 2-3. Deconvoluted ESI mass distributionsntédct BR under different oxidative
labeling conditions. (A) no laser irradiation, n@gQd] (control); (B) no laser irradiation,
0.1% HO, (control); (C) after laser irradiation, 0.05%,®3 Note that the retinal
chromophore is lost during sample preparation,vibag present during labeling. Peaks
designated as +16, +32, and +48 represent thepaion of one, two, and three oxygen

atoms, respectively
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Figure 2-4. ESI mass spectra of selected trypiitiges obtained under different oxidative
labeling conditions: T8 (A-C, doubly charged,), [E-G, triply charged), and T3-4 (I-K,
quadruply charged). First row of panels (A, Eublabeled controls; second row (B, F, J),
0.02% HOy; third row (C, G, K), 0.1% bD..
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Figure 2-6. Partial MS/MS product ion spectra afediafter fragmentation of [T8 + 2]
(unlabeled peptide, panels A-C), and of the singigized species [T8 + 2H* (panels
D-F). Shown at the top of the Figure is the seqaeicT8.
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Figure 2-7. Partial MS/MS product ion spectra aledi after fragmentation of [T3-4 +
4H]* (unlabeled peptide, panels A-D), and of the simgliglized species [T3%4 + 4H]**

(panels E-H). For further explanations, see théi@awf Figure 2-6.

No modifications were found for the other two methnes (see e.g. the b16 signals in
Figure 2-7, B and F), confirming that Met56 and 8temain unlabeled. The observation
of exclusive Met oxidation reveals a remarkablentical selectivity. This finding contrasts
earlier studies on various water-soluble proteipdaser-induced oxidatidh 2 ®3(and
other [OH labeling strategies), which always found a hafsadditional oxidation sites,

besides methionine.
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2.3.4 Structural Interpretation

The peptide data of Figure 2-5, along with the MS/&halyses discussed in the preceding
section reveal that the Met residues 20, 56, 68, 145, and 209 are labeled to a much
lesser extent than Met32, Met68, and Met163. Ttasatic difference is most pronounced
in 0.2% HO, where the two groups exhibk, values around 0.8 and below 0.2,
respectively. Comparison with the crystal structafeBR (Figure 2-1) reveals that the
former group of methionines is part of the tighibcked protein core that is embedded in
the lipid membrane. In contrast, the easily oxidimsidues Met32, Met68, and Met163 are
located in surface loops that are exposed to thea@e environment. Thus, spatially
resolved MS measurements of Met oxidation provitectural information that is fully

consistent with the known BR structire’®

2.4 Conclusions

Many previous oxidative labeling studies have takdmantage of the fact that hydroxyl
radicals can react with a wide variety of aminaagde chains, leading to modifications at
multiple different sites. The extent of oxidativabkling is generally found to be well
correlated with the solvent exposure of the cowadng residues. However, inclusion of
Met oxidation levels in these data sets has beeblgmatic due to extensive MetO
formation even at deeply buried methionyl side o8&2° As a result, Met oxidation could
not thus far be used as a reliable probe of prat&incture. We note, however, that the
unusual reactivity of methionyl side chains onlgds to difficulties with data interpretation
when considering Met oxidation within the contextlabeling levels seen for other

residues. The results of this work demonstrateuthatbiguous structural information can
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be obtained by comparing the oxidation levels ofotess methionines among each other. In
this way it is possible to differentiate residuesdted in solvent exposed loops from those

that are shielded within the protein core.

The oxidative labeling data presented in this staidyunusual in that MetO formation is
the only detectable type of covalent modification occurringthe entire protein. This
behavior is quite different from that observedi@ater-soluble proteins in previous studies,
where oxidative labeling of at least 14 out of &tk naturally occurring amino acids is
normally observed? Without doubt, one contributing factor for the mmkable chemical
selectivity seen here is the presence of nine meities in BR, which is a much higher
number than for previously studied proteins. Cortipet of these extremely rapidly
reacting sites (having rate constants close tadiffiesion limit)"* with less reactive side
chains will automatically result in significant peation against oxidation for other residues.
An additional factor could be the presence of l@talypids. Just like virtually all other
bio-organic compounds, these species are expeoteitttas radical scavengéfs’*
Extensive radical absorption by scavengers wiltdtemprotect the protein from covalent

labeling, except for Met residues which represkatrhost reactive "oxidation hot spots".

It might be argued that the specific oxidation c#tNé not as structurally informative as the
largely non-selective labeling observed in previol®H footprinting studies on

water-soluble proteins. However, non-selective liaggends to result in overwhelmingly
complex spectra, unpredictable MS/MS fragmentatjpaiterns, and considerable

difficulties in quantifying oxidation data in a g@ly-resolved manner. Selective labeling
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of only one type of residue, on the other handatlyeacilitates the data analysis and
interpretation. This has been demonstrated in tinesict work, where six Met residues in
the protein core could be readily distinguishedrfrthree that are located in solvent
exposed loops. The fact that many membrane progmsethionine ricl *° makes the
application of Met labeling all the more useful fors type of system. Membrane protein
function, folding, and dynamics continue to be nasillenging research topitsand the
application of Met oxidative labeling could become&aluable experimental tool in these
areas. Protein engineering methGdsan be used for inserting further methionines in
various positions of interest. Based on the mediza and mildly hydrophobic character
of Met (Kyte-Doolittle score 1.9§ many of these substitutions would be expecteddud
the structure and dynamics of membrane proteinftared, thereby providing valuable

additional probes folDH labeling.

Overall, the proof-of-principle experiments in thigork demonstrate that oxidative
labeling with MS detection allows structural infation to be gained for membrane
proteins in their natural lipid bilayer environmefte use of artificial surfactant micelle
systems that can interfere with the native pros&incture is not required for this approach.
The technique will be most valuable for the manynbeane proteins that so far have not

been amenable to X-ray crystallography or electliffraction.
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Chapter-3 Mapping the Structure of Bacteriorhodopsin under
Semi-Denaturing Conditions by Laser-Induced Oxidative

Labeling and Mass Spectrometry

3.1 Introduction

Experimental studies on the structure and foldifigmembrane proteins represent
considerable challenges. X-ray crystallography, NBffRectroscopy and other techniques
have provided a wealth of information on water-bt#duspecies, whereas the general
understanding of membrane proteins continues tdégnd. This situation represents a
critical bottleneck because of the central rolet im@mbrane proteins play in cellular
transport, energy conversion, signaling, and ag dangets. Fortunately, the past few
years have witnessed encouraging progress in thehysical characterization of
membrane proteirfs’ For example, novel insights into the moleculaetattions that

stabilize membrane protein structures have recentigrged: °

Most structural studies on both water-soluble amaniorane proteins focus on the native
conformation. Yet, partially disordered conformeas play biologically important roles as
well, for example as folding intermediat®d? during amyloidogenesis, for
ligand-binding** **and for membrane translocatitfiiThe native state of every protein is
in equilibrium with various semi-unfolded spectédn a physiological environment the
concentrations of these excited states are usuatlylow (as dictated by the Boltzmann
distribution). However, their formation can be paed in a mildly denaturing solvent

environment® *”Non-native proteins usually do not crystallizet BMR spin relaxation
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measurement$ and hydrogen/deuterium exchange (HDX) approdéhbave been
successfully applied in a number of cases. Oncénadmwever, the overwhelming

majority of these studies have been conducted dervgaluble proteins.

Electrospray ionization mass spectrometry (ESI-M$) becoming an increasingly
important tool for the characterization of membragmeteins, e.g., for determining
molecular weight$® for probing covalent modificatiorfs,and for large-scale proteomics
projects® Intact multiprotein/surfactant complexes have bseccessfully analyzed by
ESI-MS, a development that might pave the way tdeaneasurements on the subunit
composition of membrane protein assemiifelembrane protein conformations and
dynamics have been explored in HDX experiments &Bi+-MS detectiof: 2 2 Another
particularly promising approach is the use of ES-bhsed covalent labeling techniques
for structural studies. Numerous labeling reageiritis different specificities are available
that induce covalent modifications on amino acidesthain€® The utility of these
compounds is based on the principle that solvepbsed sites exhibit a higher reactivity
than those in inaccessible locations. The exadtipos of covalently labeled sites can be
determined by peptide mapping and MS/MS. Solvepbsdre data generated in this way

provide insights into protein tertiary structufés

Hydroxyl radical (OH) represents a particularly interesting covalabeling probe. This
species can be generated by electrochemical, gheracal, radiolytic or redox-based
methods, and it can react with at least 14 out@f0 amino acid side chaiffs**Most of

the oxidative modifications generated in this wag aasily recognizable as +16 Da
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modifications in the resulting mass distributiobst less abundant products associated
with other mass shifts may also be forni&tf Oxidative labeling has been used for the

%’3, 35, 37-39
k)

structural mapping of numerous water-soluble bi@oolar system as well as a

few membrane proteirf§. **

In Chapter-2, we applie@DH labeling to native purple membranes. It was tbtmat
oxidative modifications on BR exclusively occurradMet residues under the conditions
used. BR contains a total of nine methionines (f@d+1a), whereas cysteines are absent.
MetO formation is known to be a preferred oxidatprecess? but the complete lack of
oxidation at other residues in BR is nonethelessesehat surprising. Most importantly,
however, it was demonstrated that Met labeling jiew structural information. Extensive
MetO formation occurred at M32, M68, and M163 whete solvent exposed in loop
regions. The labeling levels at the remaining si&t Vesidues were several fold lower,
consistent with their locations in solvent-inacdelgsregions of the purple membrane.
Many membrane proteins are rich in methionine, lzenice the mapping of Met oxidation
represents a promising approach for obtaining stratinformation on these specias
situ, i.e., in their natural lipid environment. Thisrgle method could become a useful
complement to the current practice of generatingenous cysteine mutants for tagging

experiments aimed at exploring membrane proteircstres and topologié$.*?

The aim of the present work is to characterizestingcture of a membrane protein under
semi-denaturing conditions, using bacteriorhodoBiR) as a model system. This work

employs a combination of optical spectroscopy axidadive labeling for characterizing
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the structure of BR under partially denaturing dbods. Data obtained for the native
protein are compared to measurements carried dueipresence of acid, SDS, and after
exposing the protein to heat. Previous studies Bagen that all three conditions modify
the properties of BR to a certain extent. The exatture of these changes, however,
remains a matter of debate. Much of the ongoindrowarsy regarding the structure of BR
in the presence of denaturants stems from comgitatwith the interpretation of CD
spectra for proteins within membrane shé&ts Additionally, in the case of
SDS-containing solutions detergent binding to mptarbonyl groups affects differences
in the absorption of left and right circular pokai light*® The oxidative labeling
technique used here represents an alternativestaiapproach. We demonstrate that each
of the tested conditions results in structural dezd that give rise to characteristic Met
oxidation patterns and spectroscopic signaturesddfixe labeling experiments on BR
variants that contain additional Met residues mékeossible to probe the solvent
accessibility of the protein with an even bettevazage. This work demonstrates how the
combination of oxidative labeling with protein engering and optic measurements can

provide insights into structural aspects of meménaroteins.

3.2 Experimental

3.2.1 Sample Preparation
Purple membranes fromd. salinarum were harvested and purified by sucrose gradient
centrifugation as described in Chapter-2. Cell dimxpressing the L93M and V179M

variants were a generous gift from Janos K. Labjiiyersity of California at Irvine).
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Purification of these mutant proteins was performrethe same way as for wt BR. The
expected masses of intact wt BR, L93M BR, and V17BRI based on the amino acid
sequences (including retinal) were calculated &5@MDa}’ 27068 Da, and 27082 Da,
respectively. Intact mass measurement of all tBResamples confirmed these theoretical
mass values to withist 1 Da. The amino acid substitutions of the two redgroteins
were further verified by tryptic peptide mappingdagSI-MS/MS (data not shown). All
protein samples were stored at -80 °C prior toyamal Sequencing-grade modified trypsin
was purchased from Promega (Madison, WI). The kdide surfactant RapiGest SF was
obtained from Waters (Milford, MA). SDS, ammoniurncdrbonate, sodium phosphate,
potassium phosphate, formic acid and NATA were friSigma (St. Louis, MO). All

chemicals were used as received.

Structural studies on BR were carried out by exppgiurple membranes to four different
solvent conditions. For experiments on the natikagin, native purple membranes or
mutants were suspended in 10 mM sodium phosphéier lat pH 7. Acidic samples were
generated by addition of HCI to pH 2.5. Lower pHues induced excessive aggregation
and hence were not used in this work. SDS sampées exposed to 0.2% (w/v) (7 mM)
sodium dodecyl sulphate in 10 mM sodium phosphatieb(pH 7). The critical micelle
concentration of SDS under these conditions is 5.¥hBDS samples containing higher
detergent concentrations (up to 2%) yielded expamial results very similar to those
discussed above for 0.2% (data not shown). Heatsee@BR was obtained by incubating
samples containing 10 mM sodium phosphate bufidrfpin a water bath at 10C for 8

minutes, followed by cooling to room temperatur £21 °C). After these procedures all
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samples were sonicated in a water bath (Fishentftte FS60, Ottawa, Ontario, Canada)

for 15 minutes, followed by equilibration at rooemtperature for six hours.

3.2.2 Optical Spectroscopy and Oxidative Labeling

UV-Vis absorption data were recorded on a Variary@80 spectrophotometer (Varian,
Mississauga, Ontario, Canada). Fluorescence emisspectra were acquired on a
Fluorolog-3 instrument (Horiba Jobin Yvon, Edistld) with an excitation wavelength of
280 nm. All optical measurements were performed jatotein concentration of 1M at

room temperature. Protein-free solutions were asdolanks.

Covalent labeling of BR was performed as describedhapter-2. Briefly, solutions with
a total protein concentration of 1&1 were pumped through a 1@in i.d. flow capillary
made of fused silica (TSP100170 Polymicro TechriegPhoenix, AZ) at 4QL min™.
The sample solution also contained 0.05% (15 mMpPJH3% sucrose, and 15 mM
glutamine as radical scavend@i KrF excimer laser (GAM EX 100/125, Orlando, FL)
producing 18 ns pulses at 248 nm and 16 Hz was tasgdnerate hydroxyl radicals by
peroxide photolysis. Each laser pulse induces iladpelf a 16 nL portion of sample. The
resulting single-exposure flow segments are sepdday 24 nL portions of non-labeled
solution, estimated on the basis of a plug flowragjmation®® These conditions were
chosen in order to eliminate oxidation-induced cdtrcal artifacts, as discussed in detail
elsewheré? Capillary outflow aliquots of 10QL were collected in microcentrifuge tubes
containing 1QuL of 1 uM catalase (pH 7) for removal of residual®d. To ensure catalase

activity the collection tube also contained (0 of 200 mM phosphate buffer (pH 7) for
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acidic samples, and 3Q0. water in the case of SDS experiments. Controleerpents
carried out with and without 1@, revealed the occurrence of secondary oxidatiocticees
at a low levef® corresponding to an average difference in oxigiaiackground of less

than 2%.

3.2.3 Peptide Mapping and UPLC/MS Analysis

100 uL aliquots of unlabeled control samples or labdBil samples were lyophilized.
Subsequently, the dry powder was dissolved ipnd@f 50 mM ammonium bicarbonate
buffer (pH 8) containing 0.1% (w/v) RapiGest. Disgimn was achieved by extensive
vortex mixing followed by 15 minutes of sonicationa water bath. For native, heated, and
acidic BR the resulting solutions were digesteédatly with trypsin for 24 h at 37 °C using

a 1:20 (w/w) enzyme: protein ratio. SDS interfength digestion and had to be removed
by K" precipitation. For this purposei® 1.0 M potassium phosphate buffer (pH 8) was
added to the SDS sample solutions. The resultingcipitate was removed by
centrifugation at 13,000 g for 5 minutes. The soptant was digested as described above.

All digests were flash-frozen in liquid nitrogendastored at -80C.

Protein digests were analyzed on a Q-TOF Ultima ARIss spectrometer (Waters)
equipped with a Z-spray ESI source. Spectra weqgligad in positive ion mode at a
sprayer voltage of 3 kV and a desolvation tempeeadfi 250 °C. The mass spectrometer
was coupled to an Acquity UPLC system (Waters) eyipf a 1.7um C18 BEH 130
column (2.1 mm x 100 mm). For each injectiopl5of digested sample were loaded onto

the UPLC column without prior lipid or RapiGest reval. Solvent A was 0.1% aqueous
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formic acid, and solvent B consisted of 50:50 (\degtonitrile/isopropanol with 0.065%
formic acid. Chromatographic separations were edrout at 48C with a flow rate of 100
uL min™. A linear gradient was run from 3 to 5% B in 4 mties, then from 15% to 40%
B in 7 minutes, from 40% to 70% B in 2 minutesnir@0% to 85% B in 10 minutes, and
finally from 85% to 100% B in 6 minutes. Most pelas eluted in a range between 7 and
24 min. Peptide identities were confirmed by MS/M$lata-dependent acquisition mode,
employing collision-induced dissociation (CID) in @&r-filled hexapole cell. Oxidation
labeling sites were determined in offine MS/MS emments, by collecting the UPLC
eluent in a 96-well plate. These samples were thgated into the mass spectrometer

using a TriVersa NanoMate (Advion, Ithaca, NY) cbhigsed ion source.

3.2.4 Data Analysis
The degree of methionine oxidation for each pepiislereported as the "fraction

unmodified",F,, which is calculated from the ESI-MS data as

Fh i‘JA) (3-1)

whereA, andAy are the integrated peak areas of the unmodifiediep and its oxidation
product(s), respectively. Eq. 3-1 is based on thenrmonly made assumption that
differences in the ionization efficiency betweemmadified peptides and the oxidation
products are negligibf&: >* Some peptides and their oxidation products gase to the
formation of sodium adducts, which were also ineldidor calculatingA, and A,x. No
particular considerations are required for tryp@gptides that contain a single methionine,

but T3-4 with its three Met residues (M56, M60, &n@8) requires special treatment. The
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F, of M68 can be calculated from the T3-4 labelintadesing a modified version of Eq. 3-1

F,(M68) = A (3-2)
A + A, (+16) + A, (+32) + A, (+48)

and the combined oxidation levels of M56 and M&®raflected in the expression

F,(M56/M60) = A + A, (+16) (3-3)
A + A, (+16) + A, (+32) + A, (+49)
where +16, +32, and +48 refer to signals arisimgnfisingly, doubly, and triply oxidized

T3-4. The validity of Egs. 3-2 and 3-3 is basedl@MS/MS results of Figure 3-5.

Not all of the observed protein oxidation is atitdble to laser-induced labeling.
Significant oxidation can occur prior to,8/laser exposure during pre-treatment of the
samples (especially for heated BR, see ResultsDastlission). As noted above, a low
basal level of oxidation (< 2%) is also causedh®ypgresence of #, in the solution. To
take into account these background effects we Hhavalistinguish three different
parameters: (iF, " is the apparenE, obtained by applying Eq. 3-1 directly to data

obtained after labeling. (if,*

represents thE, of BR that has undergone oxidation as a
result of various background processes. The casreipg samples were treated in exactly
the same way as those in the oxidative labelingeexpents, except that the

“" reflects the

H,O,-containing solutions were not exposed to lasediation. (iii) F,
actual extent of laser-induced labeling, corredtedbackground oxidation. Ld®, be the

relative peak area of an unmodified peptide inntlzss spectrum, arl, the relative area
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of the corresponding oxidation product(s) wRh+ R = 1. Using the superscript notation

defined above, it can stated that

corr Ruapp
F = R™ +R ™ -R bar (3-4)

After considering that (1R, =R, =F,*", andR.*" = F,*" we obtain the relationship

app
E corr _ Fu

= (3-5)

which provides a simple tool for quantifying thewsd amount of laser-induced oxidative
labeling in the presence of background oxidatiot. A values calculated in this work
represent an average of at least three indepemdeasurements. Error bars reflect the

maximum deviation from each average value.

3.3 Results and Discussion

3.3.1 Optical Spectroscopy

BR in its native purple membrane environment digplan absorption band with a
maximum at 568 nm, attributable to the retinal chophore (Figure 3-2AF >3 Although
the protein contains eight tryptophans (Figure 3;itBs only weakly UV fluorescent in its
native state (Fig. 3-2B). The Trp fluorescence prips of BR may be modulated by
several factors! However, the low emission intensity observed lier¢he native protein
is largely due to the fact that most Trp residuaspérticular W86, W138, W182, and
W189, Figure 3-1B) are in close spatial proximibythe retinal chromophore, such that

their emission is quenched by FRET.
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Exposure of BR to pH 2.5 results in a shift of teénal absorption maximum to around
602 nm (Figure 3-2A). Protonation of D85 has bd@wsh to be chiefly responsible for this
spectroscopic chang@An elevated background in the absorption spectsuattributed to

light scattering, suggesting partial aggregafiofihe level of Trp fluorescence quenching
remains virtually unchanged under acidic conditiffigure 3-2B). Consistent with recent
X-ray data® these observations indicate that the retinal resnaftached to the protein at

low pH, and that its orientation relative to the Tesidues is similar as in the native state.

BR in SDS exhibits a prominent absorption pealkdati@n, whereas the 568 nm signal has
disappeared (Figure 3-2A). The 392 nm band is confyrattributed to free retinaf: °® >°
Indeed, control experiments carried out on theatsal chromophore in protein-free SDS
solution resulted in an absorption band very simddhat in Figure 3-2A, with a maximum
at 394 nm (data not shown). This finding confirattresidual interactions between the
retinal and the protein (and/or the membrane ljpmie absent or extremely weak. A
fourfold increase in the Trp fluorescence intengfygure 3-2B) is consistent with a
disruption of the Trp to retinal FRET, a result tttdso points to removal of the

chromophore from its binding pock®t.

Previous calorimetry studies have shown that BRbésha reversible premelting transition
at ~78 °C, which is followed by a main transition-®6 °C that is irreversibf&:
Irreversibly denatured protein was produced in skusly by heating to 100 °C, followed by
cooling to room temperature. The retinal absorpspectrum measured after this heat

treatment is weak, with faint bands around 57038@nm (Figure 3-2A). We attribute this
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W80
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W138 \y189 w182 W86

Figure 3-1. Side view (a) of BR (pdb code: 1XJIyaop view (b) from the extracellular.
Transmembrane helices (A-G) are shown in gray dglis; methionines are in red spheres.
Also shown are leucine 93 and valine 179 (blue sg#)ewhich were converted to
methionines for some experiments. Tryptophan sidens that are in close proximity to
the retinal (shown in green) are highlighted ingbeisticks. Other tryptophans are shown in

orange.
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Figure 3-2. (A) UV-Vis absorption spectra and {Bprescence emission spectra of BR
under different conditions. Dotted lines, pH 7 (matprotein); dashed line, pH 2.5; solid
line, pH 7 in 0.2% SDS; dash-dotted line, pH 7rditEating to 108C. Also shown in panel

B are fluorescence data for P01 NATA in 0.2% SDS, normalized to account for the

different concentration and the number of chromopd@er molecule.
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behavior to partial dissociation of the retinalnfrohe protein, followed by aggregation of
the chromophore in the solvent. Evidence for plartitnal release from its binding pocket
also comes from the fluorescence data in Figur®,3which show an almost threefold
increase in emission intensity as the result ofeduced Trp-retinal energy transfer
efficiency. In addition, thermal decomposition efinal could occur under these conditions

as well.

In summary, the data in Figure 3-2A report thenadtibinding state under the various
experimental conditions. The retinal remains atdcto the protein at acidic pH. Heat
treatment of the protein induces partial retinbldase, whereas a complete disruption of the
retinal-protein interactions occurs in SDS. Thesdihgs are in agreement with the results
of previous work® 3 %5 38 ®lp|ygrescence data of Figure 3-2B also provide some
information on the degree of protein unfolding @ponse to the three denaturing agents.
In particular, the fluorescence emission maximureces the degree of Trp solvent
exposure. Native and acidic BR in Figure 3-2B bwlhie their emission maxima at 333 nm.
A slight shift to 336 nm is observed for the heaadd SDS samples. Transferring a Trp
residue from a nonpolar environment to the aquebase generally results in a red shifted
emission®® ®*However, the 3 nm change observed here for SD$i@atddenaturation has
to be considered very minor. For comparison, Fi@4#8 also contains data for NATA in
SDS, which mimics the properties of an exposedsldp chain in a detergent-containing
solvent environment. The NATA emission maximumrisrdatically red shifted to 360 nm.
Taken together, these data imply that all the €gidues in BR remain almost completely

shielded from the aqueous environment under alflit@ms used. This conclusion will be
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complemented with the results of oxidative labelisge below).

3.3.2 Oxidative Methionine Labeling

Laser-induced oxidative labeling, tryptic peptidepping, and MS/MS were employed for
studying the solvent accessibility of individualgiens in native BR, as well as for
acidified, SDS containing, and heated samples. fEalting tryptic peptides of these
different BR samples are the same as shown in &@na, yielding a sequence coverage of
97%. As an example, Figure 3-3 illustrates the Wighgor fragment T7. The extent of
oxidative labeling for this peptide is minimal fali solvent conditions used. In contrast, T1
shows a low oxidation level only for native anddcBR, whereas labeling of the SDS and

heated samples results in pronounced +16 Da si@figisre 3-3, E-H).

MS/MS data of tryptic peptides were employed fantifying the location of oxidation
sites. Consistent with our earlier results on maB®R in Chapter-2, it was found that the
oxidation of Met residues to sulfoxide (MetO) ig thnly identifiable covalent modification,
regardless of the solvent conditions used. Expiptime basis of this remarkable Met
selectivity is beyond the scope of the current w@#lected MS/MS data are depicted in
Figure 3-4, where results for peptide T1 from uelad BR (panels A-C) are shown
together with those for oxidized T1 after laserticéd labeling (panels D-F). It is seen that
yn-ions with n > 10 are shifted by 16 Da, identityiM20 as the oxidative labeling site.
MS/MS data for oxidized T3-4 obtained under diffareonditions (data not shown)
confirm that the single oxidation of T3-4 refled#etO formation at M68 for all BR

samples studies here, as shown in Figure 2-4.
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Figure 3-3. ESI mass spectra of selected BR trytides T7 (A-D) and T1 (E-H) after
oxidative labeling under different conditions: Eirsw of panels (A, E), native BR; second
row (B, F), pH 2.5; third row (C, G), in 0.2% SDigsurth row (D, H), after heat exposure.
Both peptides shown in this figure are triply cleatg
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Figure 3-4. Partial MS/MS spectra of the tryptigpoppge T1 from unlabeled BR(z
1110.60, A-C), and for the peptide (T1 + 16) afdser-induced oxidative labeling of BR in
SDS Wz 1115.93, D-F). The precursor ion is triply charged
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Figure 3-5. Laser-induced oxidative labeling of matine residues in BR. Shown is the
fraction unmodifiedF,, obtained in three different ways: (A-D), uncotestvalued= *";
(E-H), background oxidation level§,"; (I-L), values obtained after background
correction F,“"). The first row of panels refers to native purpiembrane samples; row
2 is for acidified BR, row 3 is for SDS samplesgdaaw 4 is for heated BR. Hatched bars
represent data for M32, M68, and M163. Also sholengthe bottom are the locations of

individual Met residues in helices A, B, D, E, or G
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For discussing the oxidative labeling behaviomafividual methionines it is convenient to
consider "fraction unmodified"H) values, calculated as outlined in the Experinlenta
section. Met side chains that are completely shitlake characterized By, = 1, whereas
exposure to the solvent leads kg < 1. Application of Equation 3-1 directly to the
uncorrected oxidative labeling data yields th¢™ progressions depicted in Figure
3-5A-D. For assessing the level of background dioda experiments were carried out on
all four types of samples in the presence gbrbut without laser irradiation (Figure 3-5,
E-H). TheF,” patterns obtained in this way reveal that backggoaxidation is quite
predominant for M32 and M163. Both of these ressdaie positioned in solvent exposed
loops on the cytoplasmic side of native BR (FiggHE). Background oxidation of M32 and
M163 is most pronounced after heating (Figure 3;Sldhsistent with earlier studies on
other proteins that have demonstrated spontaneoetO Mormation at elevated
temperaturé” ®*As a side aspect, we note that these covalentfiratittns may contribute
to the irreversible nature of BR thermal denatoraf Equation 3-5 allows the calculation

" measurements. THg ™"

of background corrected,™" values from thdé=,** andF,
progressions obtained in this way exclusively eflexidation events that are caused by

laser-induced labeling (Figure 3-5, I-L).

Inspection of the corrected oxidation data (Figd+®, I-L) reveals that M32, M68, and
M163 exhibitF,*" values in the range of 0.6 to 0.7 for all solveanditions studied.
Because only ca. 40% of the solution is being lasadiated (see Experimental section),
F. ™" = 0.6 corresponds to the maximum possible degréabefing, reflecting complete

solvent exposure of the affected side chains. Tisemwation of nearly complete oxidative
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labeling for M32, M68, and M163 is consistent witle positioning of these residues in
solvent-exposed loops of native BR (Figure 3-1)e @ata (Figure 3-5, J-L) demonstrate
that this solvent exposure is retained under pirti@naturing conditions. This finding is
particularly noteworthy in the case of SDS (Fig8fBK), as one might suspect that steric
shielding by detergent binding to solvent exposethionines® ® *could lead to partial
protection from oxidation. Our results imply thalyasuch detergent-mediated shielding at

protruding loops is insignificant.

The results for native BR (Figure 3-5I) show aksétg difference in the labeling behavior
of the three solvent accessible methionines (M3B88Mand M163), and the six Met
residues that are buried within the purple membr&he latter are characterized By*"
values close to unity, which attests to their latksolvent exposure. This behavior is
consistent with our earlier oxidative labeling det&hapter-2, as well as with the results
of NMR spectroscop§. The dramatic labeling differences of solvent asités and
inaccessible methionines in Figure 3-5I reaffirims validity of using MetO formation as
a structural probe in our experiments. This is@amtmivial conclusion, considering that the
high reactivity of methionine can lead to oxidatiewen for non-exposed residues under
some conditions" ®*"*The data of Figure 3-5| demonstrate that suchrabebehavior

does not occur for the experimental settings usee. h

3.3.3 Structural Interpretation - Low pH

Of the three denaturants studied here, the eftddisv pH on the BR structure are best

understood. Recently it has even been possiblaystatlize the protein under acidic
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conditions, revealing that the overall structure tbé lipid/protein membranes only
undergoes relatively subtle conformational chanfeBhus, unlike for many soluble
proteins acid does not induce large-scale unfoldih@R. Consistent with those X-ray
data, the oxidative labeling pattern of acidifiel B-igure 3-5J) is almost indistinguishable
from that measured for the native protein (Figufsl)3demonstrating that M20 (helix A),
M56/M60 (helix B), M118 (helix D), M145 (helix E)and M209 (helix G) remain
completely shielded from the solvent at low pH. AAlshe optical data of Figure 3-2
confirm that all Trp residues maintain their hydmopic environment, and that the retinal

remains in its binding pocket under acidic condisio

3.3.4 Structural Interpretation - SDS Exposure

SDS disrupts the purple membrane and results innBRomers® ®* As noted earlier
(Figure 3-2), SDS exposure also leads to hydrolgs of the retinal chromophore.
Obtaining better insights into the protein struetunder these conditions is of particular
importance because of the widespread use of SDUbipéd state as the starting point for
refolding studies:® On the basis of CD measurements it has been seggest the helical
content of the protein in SDS is reduced from thive state value of 74% down to 42%.
However, this interpretation has been questionecaume of the unique challenges
associated with BR structural studies by € FRET measurements have shown that
SDS exposure leads only to a very small (2 A) iaseein the interhelix distance between
B and F** NMR spectroscopy reveals that BR fragments resairative-like helicity in
SDS?”® but the conformational propensities of these sewsnenay be different in the

context of the full-length protein. Hence, therents consensus regarding the degree of
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secondary structure loss and unfolding inducedb$$

Oxidative labeling of BR in SDS reveals that M2@l{k A) becomes almost completely
solvent accessible with,”" = 0.67 (Figure 3-5K). Significant deprotectioralso seen for
M118 (helix D,F,*" = 0.80). In contrast, M56/M60, M145, and M209 ieta,”" values
close to unity, which means that these residueaireshielded from the solvent. A lack of
water exposure is also evident for the eight Tgidees as seen from the fluorescence data
in Figure 3-2B. These observations imply that gdgprotein core is preserved upon BR
solubilization in SDS, where a substantial numideesidues remain inaccessible to water.
This behavior is different from structural modefsother SDS-denatured proteins, where
the detergent is believed to disrupt the majorigiltertiary interactions, as well as unravel
most secondary structure elemetit§> %

In native BR all of M20, M56, M60, M118, M145, aiMP09 are arranged in close spatial
proximity to the retinal (Figure 3-1). It is remaiNde that SDS selectively enhances the
solvent accessibility of M20 and M118, while theufoother methionines remain fully
protected. To account for this labeling patternwileconsider two possible scenarios) (

It could be envisioned that retinal loss createster-filled channel in the protein center,
while leaving the apo-protein structure largelagit Oxidative labeling of M20 and M118
could then occur aftéDH diffusion into this cavity. However, it is difult reconcile this
proposal with the observation of selective labeliogjust two residues. For example,
M118 and M145 are directly adjacent to each othethe native retinal binding pocket

(Figure 3-1), but only the former gets oxidizedSDS. Also, the fact that the Trp residues
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maintain a nonpolar environment (Figure 3-2B) asgagainst an SDS-denatured state that
bears an internal water-filled cavityii)(An alternative model for BR in SDS represents a
more likely scenario, where hydrolytic retinal Ideads to collapse of the binding pocket
such that water remains largely excluded from tioégin core. We propose that the solvent
exposure of M20 and M118 can be accounted for bygbareakdown of helices A and D,
concomitant with exposure of the unraveled regiorthie bulk (Figure 3-6). The possible
involvement of such "extrusion phenomena" for @édistidenatured membrane proteins has
been noted earliéf. Evidence for partial unfolding of helix D in SD%a comes from
earlier fluorescence tagging experimefitdhe outside faces of the remaining helical
elements will be surrounded by detergent moleciiea micellar fashion, such that a
hydrophobic environment is maintained. Completeruston of helix A is unlikely,
because this would imply solvent exposure for W®W12. In the fluorescence spectrum
of Figure 3-2B such a scenario would result inapunced red-shifted shoulder. The lack

of such a spectral feature implies that the N-teahiesidues of helix A remain protected.

Unfortunately, the absence of Met residues in beli€ and F does not allow direct
structural information on these helices to be aladiby oxidative labeling. For gaining a
better understanding of the structure of SDS-deaaBR, two BR variants (L93M and

V179M) were examined, which provide potential oxida sites in helix C or F (Figure

3-1a), respectively. In this way, each helix is @®@d by at least one potential oxidative
labeling site. Trypsinolysis of L93M BR and V179MRBesulted in similar peptides to
wild type BR. The newly introduced methionines BB8IM and V179M variants are located

in peptides T5 and T10-11 (Figure 2-2), respetyiv Similar to wt BR, after exposing
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membrane

Figure 3-6. Schematic representation of (A) naiiRein the purple membrane, and (B) the
proposed SDS-solubilized state where M20 (heliad M118 (helix D) becomes solvent
accessible, and W10 and W12 remain non-exposedildfmgetergent binding to the

unfolded segments in (B) is not shown.
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these BR variants to - OH labeling, MetO formaticor(esponding to a +16 Da mass shift)
was the only detectable type of covalent modifaratiLaser-induced oxidative labeling

was conducted for both native BR variants and SBi$tlred variants.

A comprehensive overview of the protein labelindgpdgor under native conditions and
SDS state is obtained by considering By€" values of individual Met residues (Figure
3-7). As expected, only the three loop-exposed oeites (M32, M68, and M163) were
extensively oxidized in native state. SDS denaiomatdid not affect the extensive
oxidation of the loop methionines. In contrast, thenatured protein showed obvious
oxidation on peptide T5 and T1 for both variantsS/MS data of the oxidized T5 from
SDS-denatured L93M BR (Figure 3-8), as well as $Ie8atured V179M BR (not shown),
confirm that M118 is the only oxidative labelindesin these two variants, whereas the
newly introduced M93 remains protected. In additibiigure 3-7d reveals that SDS

denaturation affects neither the protection of M2@® that of the substituted M179.

The labeling behavior of the two engineered resdv83 and M179 indicates that helices
C and F remain essentially solvent-inaccessiblaénSDS state. Based on these findings
that M56/M60 (helix B), M93 (helix C), M145 (helig), M179 (helix F) and M209 (G)

keep unlabeled, it is suggested that helices B, €, and G continue to be largely protected

in SDS micelles, as shown in the structural moBegjure 3-6B).
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Figure 3-7. F°"values of individual Met residues in native L93NR Ba), native V179M
BR (b), and of the two protein variants after Saaturation (c) and (d). Highlighted in
black are results for the L93M and V179M amino asidbstitutions. Data for naturally

occurring Mets are in gray
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Figure 3-8. Partial MS/MS product ion spectra aledi after fragmentation of unlabeled
T5 of L93M BR (the first row), and of the oxidizdd + 16 Da species (the second row).
Shown at the top of the Figure is the sequencesofAfrows indicate +16 Da mass shifts

due to oxidative labeling of M118.
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It is noted that the observed lack of solvent exp@$or M56/M60, M93, M145, M179 and
M209 in SDS state does not provide direct prooftha intactness of the corresponding
helices B, C, E, F and G. In principle, protectimmm solvent access at these residues could
not be ruled out if the micelle-embedded protegnsents in Figure 3-6B were to adopt a
more disordered, yet compact conformation. In vieW the strong evidence for
considerable helical structure in the SDS-stateBBf*> *® " however, the situation

depicted in Figure 3-6B represents a far moreyikeknario.

To test if the structure of BR in SDS is affectgdiie presence of the retinal in the solution,
oxidative labeling was also carried out on thenadtiree protein (bacterioopsin, BO) in
SDS. The resulting BO labeling pattern (not showa$ found to be indistinguishable from
that of SDS-solubilized BR in Figure 3-5K. In agrent with the optical data of Figure
3-2, this result supports the view that residuatgin/retinal interactions are very weak or

absent.

3.3.5 Structural Interpretation - BR after Heat Exposure

Earlier studies on the irreversible thermal deraton of BR found that cooling of purple
membranes to room temperature after heating tdCd@ads to limited breakdown of the
trimeric packing’® In addition, partial loss of retinal takes plagég(re 3-2). Alterations

of the protein's helical structure upon thermaladeration have been suggested based on
infrared spectroscopy and HDX measureméht€. Dynamic light scattering indicates

partial disruption of the purple membrane patcHes.
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Labeling of heated BR leads to significant oxidatod M20 (helix A) and M118 (helix D)
with F,®" = 0.8, whereas M56, M60, M145, and M209 remain fytptected (Figure
3-5L). This pattern is reminiscent of that obserire8DS (Figure 3-5K). We thus propose
that the structural model of Figure 3-6B with partinfolding of helices A and D similarly
applies to heated BR as well. The measurgd” values imply, however, that the
breakdown of helix A is less pronounced in theelatiase. Instead of being surrounded by
a detergent micelle, the heat-denatured proteiexjgected to be embedded within a

partially intact purple membrarié.

3.4 Conclusions

Characterizing the conformation of semi-denaturedmiorane proteins remains a
challenging task. The current work demonstratesagiication of oxidative methionine
labeling and mass spectrometry for experimentshisf kind, complemented by optical
spectroscopy and site-directed mutagenesis. Thiaatien between solvent accessible and
protected Met residues provides medium-resolutisights into protein structural changes.
The present work confirms the structural resilien€gurple-membrane embedded BR
against acidic pH. In contrast, both SDS exposndethermal denaturation induce marked
conformational changes. Selective solvent expostifd20 and M118 under these two

conditions reflects partial unfolding of helicesaAd D.

The introduction of two additional Met residues 318nd M179) makes it possible to

probe the solvent accessibility of this proteinhndt better coverage. Out of the eleven
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methionines, eight are located in transmembran®meg such that every BR helix is
covered by at least one potential labeling siteSSDlubilization makes M20 and M118
significantly more solvent accessible. But M56/MB®3, M145, M179 and M209 remain
solvent inaccessible. Based on those labeling @aich the results of spectrosopy
experiments, we proposed a structural model of 8B@tured BR: SDS induces
hydrolytic retinal loss and release of the chronmphinto the solvent, which is
accompanied by collapse of the retinal binding po@nd partial unfolding/extrusion of
helices A and D. In contrast, helices B, C, E, i & remain largely intact and form a
solvent-inaccessible residue core surrounded by ®i28lles, although the cytoplasmic

side is most likely to be disordered (indicatedHiyX studies in Chapter-4).

This work uses MetO formation as an easily idesiie covalent modification for
monitoring the solvent accessibility of individugiR segments. This strategy is particularly
suitable for membrane proteins, because many sktbpecies are methionine riéh’
Here we exploit the fact that ¥ M substitutions in membrane proteins tend to be
structurally benign due to the medium size and Iyildydrophobic character of
methionine®® In this way it is possible to engineer additioladleling sites into the protein,
thereby enhancing the level of structural detaiprinciple, it would be possible to conduct
studies on protein constructs that contain multgestituted methionines. This work
followed a more cautious strategy that minimizes gossibility of mutation-induced
structural artifacts by studying one substitutidnaatime. The combination of protein
engineering and oxidative labeling employed hekhalso be suitable for monitoring

the structure and conformational transitions oeotinembrane proteins.
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Chapter-4 Kinetic Folding Mechanism of Bateriorhodopsin
Examined by Pulsed Oxidative Labeling and Mass

Spectrometry

4.1 Introduction

Membrane proteins play a key role in numerous l@aabal processes. They constitute one
third of the human proteome, and many of them wsare important drug targets.
Membrane protein misfolding caused by genetic defean lead to various diseades.
Studying the folding mechanisms of membrane pretaessential for understanding how
altered structures lead to aberrant function. Despheir biological significance, the
general understanding of membrane protein foldirechmnisms is quite rudimentary,
compared to the staggering amount of informaticet thas been amassed for soluble
species:® This imbalance is caused largely by the extrendrdphobicity of membrane
proteins, and their tendency to aggregate once vedhdrom the natural bilayer

environmenf,

These difficulties notwithstanding, encouraging ergc progress in the general
understanding of membrane protein structure arttirfiglhas been mad&.in vitro folding
experiments commence by generating a solubilizectdeed state, e.g., in SDS or ufea.
Membrane proteins under these non-native conditaften retain significant secondary
and tertiary structur®!® These (semi)denatured species are then refoldedfmysure to
micelles, bicelled? or lipid vesicle¥ which serve as surrogate for the natural membrane.

The number of membrane proteins that have beemssittdly refolded increases steadily.
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1317 Methods originally developed for soluble proteinsych as thermodynamic
measurements and-value analyse¥ are now also being applied to membrane
proteins'®?? Despite these advances, however, a consensusdaigéchanism has not
emerged yet. Faxr-helix bundles a two-stage model has been propasedyding to which
insertion of independently stable helices intoliiayer is followed by helix associatigh.
However, it has now become clear that additionapstare usually required for the

formation of native membrane protein structuré$®

Deciphering the temporal sequence of events dufodding requires time-resolved
structural investigations. Similar to studies onubte proteins” ? the detection and
characterization of short-lived intermediates i&ey requirement for piecing together
kinetic folding pathways. An arsenal of technighes been developed for characterizing
transiently populated conformetsbut the applicability of these tools to membrane
proteins is limited. Stopped-flow spectroscopy remeéhe most common technique in this
area. Unfortunately, the data obtained in this weyide only global information, and
details of the structural changes remain hidderirig®ered fluorescence td§or spin
label$™*3 can offer additional insights. Nonetheless, themains a need to establish
robust techniques capable of monitoring the kisetstf membrane protein structural

changes in a spatially resolved fashion.

Covalent labeling of amino acid side chains in coration with mass spectrometry (MS)

provides an interesting approach for examining ggnotonformations and interactions.
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Exposure to a hydrophilic labeling agent induceslifications at solvent-accessible sites,
whereas buried residues are protected. MS-basediipepapping can then be used to
determine the locations and the extent of labelittigreby providing structural
information* ** Hydroxyl radical {OH) is a widely used covalent probe that can induce
oxidative modifications (typically +16 D)*® at accessible side chains. This oxidative
labeling strategy has been applied for monitoriegformational changes and ligand
binding of several membrane proteins under eqiilibrconditions’®*? Hydroxyl radical
may be formed in different way8,e.g., by using an excimer laser for the photolysis
H,0.. This approach makes it possible to generatehizf/(~1ps) "bursts” of OH.>" The
ensuing labeling pulses are suitable for charazteyishort-lived folding intermediates in
rapid-mixing or temperature-jump experimefitsThe feasibility of this approach has been
demonstrated for several water-soluble proté&iit6.Here we report the first application of
pulsed©OH labeling for millisecond time-resolved foldinyidies on the membrane protein

Bacteriorhodopsin (BR).

BR represents the main component of ltaobacterium salinarum purple membrane. A
considerable number of studies have focused orB&ehotocycle and its associated
proton transfer evenf&>® Even more important in the context of the curmeatk is the
role of BR as a model system for vitro folding experiment§. ** *>3 BR refolding
typically starts from the SDS-denatured state. SDI8bilizes the protein in monomeric
form, concomitant with hydrolysis of the Schiff lankage and retinal 10s8.>> The
retinal-free protein is referred to as Bacterion8iO). Mixing of SDS-denatured BO with

bicelles or vesicles in the presence of free retiegenerates native BR monomé&tghe
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kinetic mechanism of this process has been explyetiopped-flow fluorescencéCD >’
UV-Vis spectroscopy’ °® and by mutational analysesThose studies culminated in a

proposed kinetic folding mechanism that may be sarirad as*

Scheme 1>

retinal
BOINSDS — 4 I, — % |, 3 Ir —» nativeBR

where | and } denote retinal-free intermediates. Interactiorth wetinal start to take place
once } is formed, whereas the earlier conformational gearproceed independently of the
chromophore! **° s represents a noncovalent protein-retinal complex. ®®Formation

of the Schiff base linkage ultimately yields nat®@ > >

Developing a reaction scheme for the BR refoldiracpss has been a big step forward.
*559 Nonetheless, many aspects remain incompletelyrstutel. Most importantly, it has
not been possible yet to conduct an in-depth strattcharacterization of the various
intermediates. Even the structural feature of th&-8enatured state is not clear. Also, the
time scale of J formation (milliseconds vs. seconds) remains atenatf debat&® °* ©2
While <Scheme 1> includes only a single noncoviifetiound k species; the
involvement of two sequentiat forms has been proposed on the basis of biphasial

binding data> ** 2 More recently, it has been suggested that twotepseopically distinct

g intermediates become populated in parallel, rathem sequentiallyf

In the previous work (Chapter-3), combining covaldabeling with site-directed
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mutagenesis and spectroscopic measurements, wesgp detailed structural model of
SDS-denatured state (Figure 3-6B). SDS exposuracexl helices A and D largely
unfolded and most likely extruded from the residcae. Met residues in these helices
(M20 and M118) become solvent-accessible in SD&& stehereas they are protected in
native BR. Nonetheless, the SDS-denatured progtains significant structure, with a
central region that remains inaccessible to waied, with partially intact helices B, C, E,
F, and G. It is consistent with CD measurementsgbhggest a helical content of 42% for
BO in SDS, down from the native value of 74%&fter figuring out the structural feature
of the starting point of BR refolding, the aim difetcurrent study is to gain additional
insights into the structural changes that accompamBR folding. By exposing the protein
to [OH labeling pulses at selected time points durirgfolding reaction it is possible to
track which of its 9 Met residues undergo time-chejent changes in solvent accessibility.
Comparative measurements with and without retieaal which of the structural changes
are associated with cofactor binding. By complenmgntcovalent labeling with
stopped-flow measurements it becomes possibldablesh links between time-dependent

changes in Met accessibility, Trp fluorescence, ratidal UV-Vis absorption.

4.2 Experimental

4.2.1 Materials and Sample Preparation
Purple membranes frokial obacterium salinarum were harvested and purified by sucrose
gradient centrifugation as described in Chapte®etjuencing-grade modified trypsin was

purchased from Promega (Madison, WI). RapiGest &-abtained from Waters (Milford,
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MA). SDS, ammonium bicarbonate, sodium phosphat@&gsium phosphate, formic acid,
NATA and alltrans-retinal were from Sigma (St. Louis, MO). DMPC wdsaned from
Avanti (Alabaster, AL) and CHAPS was from Calbioghéan Diego, CA). All chemicals

were used as received, and all measurements wedeicted at room temperature.

Delipidated BO in SDS was prepared following esshi@dd procedures with minor
modifications®? ®3 Briefly, 20uL of purple membrane stock suspension were addé@iGo
ML chloroform/methanol/triethylamine (100:80:1 v/ii/followed by sonication and vortex
mixing for 30 minutes to facilitate Schiff base hgiysis and retinal dissociation. Addition
of buffer (50 mM sodium phosphate at pH 6, unleged otherwise) in a 1:1 volume ratio
followed by 10 seconds of vortex mixing resulteghirase separation. Delipidated BO was
recovered as a precipitate at the interface a#tatridugation at 13,000 g for 5 minutes.
Phase separation and protein recovery were repteitszl The delipidated BO precipitate
was dissolved in buffer containing 5% w/v SDS usiogex mixing and sonication for 30
minutes. The resulting solution was then dilute@.@2% SDS with buffer, followed by 30
minutes of vortexing and sonication. After subsedueentrifugation to remove any
insoluble material, the SDS-solubilized BO was ydiell twice against 3 L buffer
containing 0.2% SDS to remove residual organicesdlvUV absorption measurements
confirmed the absence of retinal after this procedlhe BO concentration in the resulting
samples was on the order of |20, determined based on a molar absorption coeffiaé
&80 = 65,000 M cm™.*2 Refolding buffer was prepared by sonicating 2% GVeéhd 2%

CHAPS (w/v) in phosphate buffer (pH 6) for 30 miesias described previousfy.



111

4.2.2 Stopped-flow Spectroscopy

Stopped-flow measurements were conducted on addo®FM 300 (Molecular Kinetics,
Indianapolis, IN) system employing 2-syringe miximga 1:1 volume ratio. Syringe 1
contained refolding buffer, and syringe 2 contaifgd SDS-denatured BO as well as 30
mM glutamine. The latter was added to maintain ist@scy with the oxidative labeling
conditions (see below). For experiments vyieldinfplded BR, 1.3 mole equivalents
all-trans-retinal in ethanol were added to syringe 2 praiomtixing with refolding buffer.
The final reaction mixture containedi® protein, 1% DMPC, 1% CHAPS, 0.1% SDS, 15
mM glutamine, and less than 0.2% (v/v) ethanol. R&TA control experiments, the
protein in syringe 2 was replaced by 8@ NATA. Stopped-flow absorption spectra were
collected using a photodiode array detector, withoale wavelength separation of 3 nm.
Water was used as baseline reference. Spectracaigeted every 60 ms for the first 6 s,
every 0.5 s from 6 s to 56 s, every 1 s from 56800 s. The integration time was 20 ms in
all cases, and the observation cell had a 1 cm leaidth. Stopped-flow fluorescence
measurements were performed using a Biologic MO®BR2&dule, using a 1 ms integration
time per data point for the first 10 ms of the temat Longer integration times were used
for later data points. Tryptophan excitation wa280 nm with 5 nm bandwidth, and

fluorescence was recorded at 340 nm with 20 nm izl

4.2.3 Continuous-Flow Mixing and Oxidative Labeling
Folding experiments with pulsed oxidative labelimgre performed using a custom built
two-syringe continuous-flow device described pregig** The contents of syringes 1 and

2 were the same as for the stopped-flow measuresnadtve, except that the protein
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concentration in syringe 2 was @M, while maintaining a retinal:protein molar ratbl.3.
Also, 0.24% (v/v) HO, was added to syringe 1. Both syringes were adwhaté&0ulL
min™ simultaneously by using a syringe pump (Harvarg@ptus, Boston, MA). Folding
was initiated at a custom-built miX&that was connected to a reaction capillary withén

of 100um. The average reaction time is proportional tadis&ance traveled by the solution
downstream of the mixer. A pulsed KrF excimer lg&&AM EX 100/125, Orlando, FL)
operated at 48 Hz and 62 mJ pillseas used to generaf®H by photolysis of k..
Approximately 35% of the total protein in the reantcapillary was irradiated, estimated
on the basis of a laminar flow approximatf§rGlutamine in the reaction mixture acts as
radical scavenger that reduces the duration ottlalent labeling pulse to ~is>’ The
condition was chosen to eliminate oxidation-indusedctural artifact&® Pulsed labeling
was performed at selected folding time points (20tan10 s) by irradiating the protein at
specific positions along the reaction capillary.eThixer performance was verified
optically?® Mixing efficiency were also confirmed by labelirfglly refolded BR at
different capillary positions. Experiments for ac#gon time of "zero", corresponding to
SDS-denatured protein prior to initiation of foldinwere conducted by omitting
DMPC/CHAPS and retinal from the mixing experimevieasurements corresponding to
a reaction time of one day were conducted usingualamixing; for this purpose refolded
BR and BO samples were equilibrated for one dayéndark. Two-syringe mixing was
employed for the latter samples similar to the pdare outlined above, ensuring that the

composition of the final mixture was identical tbaher time points.
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4.2.4 Peptide Mapping and Quantification of Oxidative Labeling

120ulL aliquots of capillary outflow were collected inarocentrifuge tubes containing 10
uL of 2 uM catalase and 10L of 200 mM methionine amide at pH 7 for deactigatof
residual HO,.°® Fort = 0 samples, the collection vials containedu®5f 2 uM catalase,
10 uL of 200 mM methionine amide and 3h0 water, to ensure catalase activity even in
the presence of elevated amounts of SDS. Labeleglea and unlabeled controls were
lyophilized. Subsequently, the dry powder was digsbin 50uL of 50 mM ammonium
bicarbonate buffer (pH 8) containing 0.2% (w/v}iué acid-labile surfactant RapiGest. The
resulting solutions were digested with trypsin2drh at 40 °C using a 1:10 (w/w) enzyme:
protein ratio. Only fot = 0 samples, 10L 1.0 M potassium phosphate buffer (pH 8) was
added and the resulting SDS precipitate was rembyetkntrifugation. The supernatant
was digested as for the other samples. Peptidgsasahnd oxidation level measurements
by electrospray MS were performed as describediqusly in Chapter-3, using a Q-TOF
Ultima API mass spectrometer (Waters, Milford, Majd an Acquity UPLC system
(Waters) with a C18 column. The identity of tryppeptides, as well as those of MetO

oxidation sites, was confirmed by MS/MS.

The oxidation behavior of Met residues in the th@rresponding tryptic peptides is
reported as "fraction unmodifiedF(). This value was calculated Bs = Ay/ (Aox + Ay),
whereA, andA. are the integrated peak areas of the unmodifiedfamn oxidized peptide,
respectively. Protonated as well as sodiated ioeie wonsidered for this procedure. A
background correction was performed for all datiagsoln Chapter 3, we used the notation

F, " to emphasize the fact that a backgrowedrection had been performed. The
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superscriptorr is omitted in this study to improve readabilitytbé text.

4.3 Results and Discussion

4.3.1 Stopped-Flow Spectroscopy

BR was refolded by mixing of SDS-denatured BO, fregnal, and DMPC/CHAPS
bicelles. The Trp fluorescence kinetics associatital regeneration of native BR exhibit a
rapid rise with an apparent rate constagtof 250 §". This is followed by a bi-exponential
decay withkap, values of 0.16 Sand 0.027 ' (Figure 4-1a). The decrease in emission
intensity can be attributed to retinal binding, ethcauses FRET quenchirig®’ Refolding

in the absence of retinal yields "native” BO (Figdr2b)>* Similar to the data of Figure
4-1a an initial rapid rise (175"5is seen under these conditions. The emissionsitiein
Figure 4-2b continues to grow in a bi-exponenthion (0.287§ 0.1 $Y), reflecting an

increasingly nonpolar environment for one or mdréhe eight Trp residues.

Based on observations very similar to those degioteFigure 4-1, the presence of two
apoprotein intermediatesdnd } on the BR folding pathway has previously been sstgd
(Scheme 13! It is well established tha Is generated on a time scale of a few secohds.
* In contrast, the kinetics of the initial step arere controversial. Early work suggested
that k forms within ca. 1 §°? In later studies it was implied that this firatérmediate
might be formed on a much faster (millisecond) tBoale>® which is more in line with the
behavior of many water-soluble protefis’® Notably, the rapid initial risekf,, = 200 ")

observed for both BR and BO cant be taken as direct evidence of a rapid conformatio
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Figure 4-1. Stopped-flow Trp fluorescence kinetiaxjuired during protein folding in
DMPC/CHAPS bicelles, wite = 280 nm,Aey = 340 nm. (@) Folding of BR in the
presence of retinal; (b) folding of BO in the albs®f retinal. Insets show data for the
initial 50 ms. Also included in (b) are data forxmnig of NATA in SDS with refolding
buffer. Exponential fitting of the protein foldirignetics yields apparent rate constants of
(@) 250 &, 0.16 &, 0.027 &; (b) 175 &; 0.28 &, 0.1 s'. For the NATA experiment an

apparent rate constant of 35Dis obtained.
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change, because a similar feature is seen upomgnbicelles with the Trp derivative
NATA (Figure 4-1b, insetj* Nonetheless, the fluorescence data of Figure 4-hat
exclude the possibility of millisecond conformataehanges during BR and BO refolding.

We will return to this point when discussif@@H labeling data (see below).

Additional insights into protein-retinal interaati® can be obtained by tracking the UV-Vis
absorption spectrum of the chromophore throughloetfolding reaction (Figure 4-2a).
Free retinal in DMPC/CHAPS exhibits an absorpticaximum around 385 nm. After 10
s the retinal peak has shifted to ~399 nm, refigctiormation of the noncovalent
protein-retinal complexzl The appearance of a strongly red-shifted bankl Ayifx around
560 nm commences on a much slower time scale @essconds to minutes), indicative

of Schiff base formation between retinal and K216.

UV-Vis kinetic traces for three selected wavelesg#iie depicted in Figure 4-2b. The
disappearance of free retinal is represented Bceedsing absorption at 382 nm. The rise
and subsequent fall at 439 nm reflects the formadind decay of at least one noncovalent
Ir intermediate, whereas the slow rise at 559 nnsse@ated with native BR formation.
The kinetics of these absorbance changes are asdtitbed by bi-exponential fits wilyy,
values on the order of 0.1 and 0.006 § (see caption of Figure 4-2 for details). A cloge-u
view of the spectroscopic traces confirms thairiteal ~0.5 s of BR folding occur without
retinal participation (Figure 4-3). Following thisitial lag phase,d formation is evident
from the absorption increase at 439 nm between €0.8nd 10 s (Figure 4-3b).

Simultaneously, noncovalent protein-retinal intémats lead to quenching of the Trp
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Figure 4-2. (a) Stopped-flow UV-Vis absorption sjpa, collected during protein refolding
in the presence of retinal. Also included is thectpum of free retinal in the same solvent
as the protein after mixing. (b) Kinetic absorptranges at three selected wavelengths.
Exponential fitting yields the following appareate constants: 382 nm, 0.09and 0.006

s, 439 nm, 0.115and 0.008°§ 559 nm, 0.1 $and 0.005S
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Figure 4-3. Close-up view of the initial 10 s dgriBR refolding, monitored by (a)
stopped-flow Trp fluorescence and (b) UV-Vis absiorp spectroscopy. Vertical dashed

lines highlight reaction times of 0.5 s and 4 sté\ihat the time axis is not linear.
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emission (Figure 4-3a), implying that the retinalvas relatively close to its native position

in the binding pocket.

The spectroscopic data depicted here, as well asntierpretations offered here are
consistent with previous repors.***° The primary purpose of including these optical
measurements is to allow a side-by-side compamgtnthe [OH labeling data discussed

in the following section.

4.3.2 Pulsed Oxidative Labeling

Earlier work (Chapter-2 and Chapter-3) has dematedrthat MetO formation at solvent
accessible methionine side chains represents thedat oxidation pathway for BR under
[OH labeling conditions. The nine methionines cawmliv&led into three groups according
to their oxidation behaviori)M32, M68, and M163 are located in solvent acd®ssi
loops. These residues undergo oxidative labelinly imonative and in SDS-denatured BR;
(i) M56/60 (helix B), M145 (E), and M209 (G) are alwaprotected, consistent with
residual structure in the SDS statéij) (M20 (A) and M118 (D) are solvent accessible in
SDS, but not in native BR. The locations of alledmethionines are highlighted in Figure
3-1. Wild-type BR does not possess Met residuelelices C and F, but site-directed
mutagenesis was employed to probe the behavidnesfet regions in Chapter-3. It was
found that methionines introduced into helices @ Brbehaved just as those of grayp
i.e., they are always protected. These engineemdip variants therefore do not offer any
additional perspective for the kinetic studies amtdd here, and wild-type protein was

chosen for the current work.
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Oxidative labeling was performed by exposing BRatelpus [OH pulse at various time
points during refolding, using a custom built cantus-flow mixing devic&® **The short
duration of the labeling event ensures that oxastainduced structural artifacts are
negligible3” ® The labeling behavior of individual Met residuasBR can be tracked by
monitoring proteolytic peptides that are generdgtrypsin digestion aftefDH exposure.
This procedure yields a total of thirteen trypteppides, referred to as T1 to T13 as shown
in Figure 2-2. Examples of unprocessed MS datadapécted in Figure 4-4. Peptide T1
reports on the labeling behavior of M20. A highdkef oxidation occurs in the SDS state
(t = 0 ms, Figure 4-4a), evident from the a strongIEL signal which reflects MetO
formation at M20. The intensity of T1+16 drops axkground levels within 20 ms (Figure
4-4Db). A very different behavior is seen for T5 (Mg), where pronounced MetO formation
persists for much longer reaction times (Figure ##). The intensity of the corresponding
T5+16 signal decreases to background levels otdy aéveral seconds (Figure 4-4i). The
MS signals of several peptides show sodium addug¢sach as T5+Na, Figure 4-4, f-)).
These adducts are a common occurrence in elecrod@s, and their inclusion for

guantitative data analyses is straightforward.

It is customary to report the extent of oxidatiadeling as "fraction unmodifiedF,.
Protected Met residues do not undergo oxidatioth hemce these sites are characterized by
Fu= 1. In contrast, solvent accessible methioninesvsignificantly lowerf, values. For
the conditions used heca. 35% of the protein molecules in the reaction omi&tundergo

.OH exposuré? This implies thaE, values around 0.65 are expected for Met resichas t
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M20 (helix A) M118 (helix D)
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Figure 4-4. ESI mass spectra of tryptic peptides(NM20, helix A, panels a-e) and T5

(M118, helix D, panels f-j) obtained after puls&H labeling at different time points

during BR folding. Labeling time points are denotddng the right hand side. Dotted
vertical lines were included to highlight the temgdochanges of the T1+16 and T5+16
oxidation products. All peptide ions are triply ofpad.
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are completely solvent accessible. Tempé&taprofiles were generated for all nine Met
residues. It turns out that the nine Met residaeste grouped into 3 categoriey:M56/60
(B), M145 (E), and M209 (G) (shown in blue in Figu#-51) are completely protected
throughout the entire reactionii.) the loop residues M32, M68, and M163 (showreih r
in Figure 4-51) remain exposed during the foldirfg, plots M145 and M163 are
exemplified (Figure 4-5Il, a). These data providdraportant control, confirming that the
[OH labeling conditions before and after mixing awmd affected by differential radical
scavenging. iii.) M20 and M118 (shown in orange in Figure 4-5Ipergo changes of
solvent accessibility during the folding reactidf20 of helix A is fully exposed only dt
=0, and complete protection is achieved withim&)(Figure 4-5I1, b). Helix D exhibits a
different behavior as evidenced by the behaviov@i8, which only becomes protected
after 4 s (Figure 4-5ll, ¢). The degree of solexosure at= 0 is slightly lower for M118
(Fy, = 0.73) than for M20K, = 0.62). This finding is consistent with earliesults obtained

under equilibrium conditions (Chapter-3).

Oxidative labeling experiments analogous to those glescribed were also conducted in
the absence of retinal. For the most part, theliegulBO folding data are very similar to
those for BR. The only notable difference is thibaweor of M118 in helix D (Figure 4-5II,

f)., which retains extensive solvent exposure tghmut the entire reaction.

4.3.3 Implications for the BR Folding Mechanisms

The [OH labeling data of this work provide evidence afapid conformational change

during BR folding that goes to completion with20 ms (Figure 4-5l1, b). This rapid
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(1)
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Figure 4-5. (I) Schematic of refolded BR in bicslléMethionines located in loops are
depicted in red; M56, M60, M145 and M209 are inehlM20, M118 and their locations

(helices A and D) are shown in orange. Retinahigurple sticks. (Il) Pulse®H labeling

behavior of selected Met residues for BR foldingB® folding (without retinal). The

extent of oxidation is expressed as "fraction unifiedl' (Fu). Each data point represents

the average of three independent experiments. Barmarindicate standard deviations.
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structural transition leads to complete protectibthe initially solvent-exposed M20. The
most likely explanation of this event is foldinglodlix A from its largely disordered SDS
conformation. This step is consistent with formatad an early intermediate in Scheme
1.5° Observation of virtually the same M20 labeling étins with and without retinal
(Figure 4-5lI, e) confirms that this initial step not affected by interactions with the
cofactor. The transition fromy Ito |, is not associated with changes in Met solvent
accessibility. However, the occurrence of this sepvident from a slow fluorescence
increase for BO (Figure 4-1b), reflecting alteraion the Trp surroundings towards a more

nonpolar environment-

In the presence of retinal, formation gid immediately followed by noncovalent binding
of the cofactor to yieldgl concomitant with emission quenching as well aslasorption
rise at 439 nm. It is evident from Figure 4-3 tttas process extends over at least 10 s.
Interaction of retinal with the protein also triggehe transition of M118 from a solvent
accessible to a protected orientation, an everitgbas to completion within only 4 s
(Figure 4-5ll, ¢). The transition is attributabdefolding of helix D. In the absence of retinal
(BO folding) this transition does not take placehil® this step is dependent on the
presence of retinal, it does not require formatibthe Schiff base which occurs on a much
slower time scale. NotablyDH labeling revealsomplete protection for M118 after 4 s,
whereas spectroscopic changessiteongoing att = 4 s (Figure 3-4). In other words, not
all the events associated with formationgpdtcur with the same kinetics, implying that an
additional kinetic intermediate must be invol&@hus, our data reveal the existence of an

"early" and a "late” form ofsl These two forms will be referred to &% (t = 4s) and g**
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(t = 10s), respectively. Similar proposals were puiverd earlier on the basis of UV-Vis

measurements: >* 62

It is interesting to speculate on the structuratdees of ¢*. In native BR the retinal ionone
ring interacts with. It has been suggested that ititeraction represents a key stabilizing
feature of helix D> "* along with contacts between D and C’>EM118 is no longer
solvent accessible iR, suggesting that interactions between this resiaind the ionone
ring have been established. At the same time, d@tieat orientation within the binding
pocket remains very much non-native (evident frooomplete Trp quenching, Figure 4-3,
t = 4 s). A scenario that might account for thesgeolations is that inst the ionone ring

is in close proximity to M118, while the hydropkilaldehyde group remains in contact
with solvent water. Such a situation is in linetwtihe expectation that retinal insertion into
the binding pocket should start with the most hptiabic part (the ionone ring), whereas
the least hydrophobic part (the aldehyde groupl) lvélburied last. Such an arrangement
should be possible if the retinal were placed ctogand roughly parallel to) helix D, with
its aldehyde group protruding into the aqueousrenment. The retinal entry point into the
binding pocket remains a matter of debdt&* Considering the linear dimensions of retinal
and its positioning in native BR (Figure 3-1), quoposedd* structure is compatible with
entry from the extracellular side. Clearly, furthevidence is needed to confirm the

suggestions made in the paragraph regarding timalretientation in thegl intermediate.

The transition fromgd* to Ig** is associated with a further drop in fluorescenotensity

during the 4 s> 10 s time interval (Figure 4-3a). This impliesttliae retinal moves
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towards its native position during this phase. WA88,38, W182, and W189 are in close
spatial contact with the retinal in native BR aswsh in Figure 3-1B, and hence quenching
of these four residues will be chiefly responsiblethe declining emission level during the
step from g* to Ig**. Ultimately, formation of the Schiff-base linkagon a time scale of

several minutes leads to native BR. As noted eatliés final step is associated with an

absorption increase at 559 nm (Figure 4-2).

4.4 Conclusions

This work used pulse®H labeling with MS detection, in combination witopped-flow
spectroscopy for probing structural changes duBRyfolding. The characterization of
short-lived conformers by oxidative labeling hasyiously been demonstrated for soluble
proteins?**’ whereas the extension of this approach to membpeoteins in this study is
new. The optical data presented here are in agrgenith previous investigatiorss; >’ >°

while time-resolved information on the solvent asikility of individual Met residues

provides additional perspectives.

<Scheme 1> remains a useful framework for desdagilthre overall structural changes
associated with BR folding and retinal binding. $amto earlier work:> ** ®?however, our
data present evidence of an "early” and a "latethfof Iz. A modified minimal reaction

scheme for the folding of BR can therefore be esged as follows:

<Scheme 2>

. rstinal _
BOInNSDS——» | —» | IrR* —» Ig* —>» native BR
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The transition from SDS-denatured BO to an initrdermediate 4 goes to completion
within 20 ms. This process involves formation ofibhed, while helix D remains
disordered. It is likely that formation ofdccurs simultaneously with BO insertion into the
bicelle, as envisioned by some membrane proteitirfglmodels: %> Formation of 4
occurs more slowly, on the order of several secohkiis transition involves consolidation
of the protein structure, leading to an increasiigdrophobic environment for several Trp
residues. Noncovalent binding of retinal takes @kaace 4 is formed, inducing the folding
of helix D. The intermediate generated in this weaydicated asgF in Scheme 2. The ~4
s time scale of helix D formation observed hereoissistent with a 0.33'phase that has
previously been observed for this step in fluoreseetagging experiment$.lz* may
represent a state where the retinal has entereuiniting pocket "head first" from the
extracellular side, such that the ionone ring extes with M118 while the aldehyde talil
remains in contact with the aqueous environmenthAsetinal then settles further into the
pocket (evident from ongoing UV-Vis spectral chamgad enhanced Trp quenching), the
final intermediate g** is generated. #* formation goes to completion within ~10 s.
Establishment of the covalent linkage between #tmal aldehyde group and Lys216

occurs on a time scale of minutes, resulting invedBR.

A sequential folding pathway as in <Scheme 2> issistent with earlier investigations,
9% and it is also supported by recent time-resolvpih dabeling experiments.
Nonetheless, the occurrence of parallel eventsiggested in some studies® cannot be

ruled out. The retinal binding mechanism observedehmay be different from the

processes occurring during BR reconstitution fremraembrané? While ourin vitro data
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provide some evidence for retinal entry from théraoellular side, such a scenario is

unlikely to occurin vivo considering that retinal is produced intracelliylar

It is emphasized that <Scheme 2> should still besiciered aninimal model. Structural
changes in addition to those discussed here aly lilequired to bring about the overall
transition from SDS-denatured BO to native BR. Alow (tens of minutes) changes may
occur after BR formation as the chromophore equiti#s into the dark-adapted state>
’® One point that remains somewhat unclear is whekigeearliest intermediate detected in
our experiments is entirely equivalent to the" "species proposed by Booth and

coworkers>® *°

Overall, this study demonstrates how pulsed covdkreling can provide mechanistic
insights into kinetic folding transitions of memheaproteins. The information obtained in
this way is complementary to data obtained by @asstopped-flow spectroscopy. It is
hoped that this multi-pronged strategy will alsoapplicable to other membrane protein

systems, thereby narrowing the existing knowledaeig this area.
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Chapter-5 H/D Exchange Mass Spectrometry and Optical
Spectroscopy as Complementary Tools for Studying the

Structure and Dynamics of Bacteriorhodopsin

5.1 Introduction

Membrane proteins are involved in many essentiacgsses, including oxidative
phosphorylation, photosynthesis, signaling, andspart. Moreover, membrane proteins
represent important drug targét®espite their tremendous importance, the general
understanding of membrane protein structure andtiimmis miniscule when compared to
the amount of information that is available foritheater-soluble counterparts. More than
99.6 % of all known protein structures are for wataluble specie$,although roughly one
third of the sequences encoded by the human geravméelieved to be membrane
proteins® This imbalance is due to the fact that most memégroteins are exceedingly
difficult to work with. Once removed from their @&l bilayer environment, they tend to
undergo rapid denaturation and aggregation beadubeir extreme hydrophobicity. Some
degree of stabilization can be achieved by embgddinlated membrane proteins in
detergent micelles, bicelles (bilayered micelles)ipid vesicles' However, precipitation
often still takes place in these surrogate envirems: The application of traditional high
resolution structure determination methods suchXaay crystallography and NMR
spectroscopy to membrane proteins has been demonstrated, dsutitess rate of these
strategies is low. Alternative techniques thatagable of providing low to medium level

structural information are therefore of considegdghterest.
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Following its inception in the early 1998s’ hydrogen/deuterium exchange (HDX) in
conjunction with electrospray ionization mass sgpeoetry (ESI-MS) has evolved into one
of the most commonly used tools for probing theigtire, dynamics, and folding of
water-soluble protein$:*® Prior to that, NMR-based HDX studies had alrebelgome a
well established techniqd&® HDX experiments rely on the fact that exposureaof
protein to DO induces N-H> N-D conversion at backbone amide linkages. Disedie
protein regions that are not involved in hydrogemding undergo rapid exchange, with
rate constants approaching those of isolated digept In contrast, HDX at
hydrogen-bonded N-H groups is slowed down by ashmasceight orders of magnitude.
Exchange at these protected sites is mediateddbgiprstructural fluctuations that involve
the transient disruption of H-bonds and provideperary solvent acce$$.®* HDX/MS is
typically conducted under exchange-in conditionserg an unlabeled protein is exposed
to D,0.2 8 Aliquots are taken at selected labeling timedpfoéd by acid quenching at pH
2.5. The protein is then digested by pepsin orrahilic proteases at 0 °€,and the mass
shifts of individual fragments are determined byMS. In this way the HDX pattern can

be uncovered in a spatially-resolved manner asetifin of time'®*3

Various HDX strategies have also been applied tmbmane proteins. Instead of using MS
detection, however, past studies in this area hangely relied on vibrational (FTIR)
spectroscopy”?*Upon N-H-> N-D conversion the amide Il band shifts from 1569" to
1450 cnt', such that global HDX information can be obtaibgdieconvolution of infrared
spectra® %* The use of ESI-MS for membrane protein HDX stad@mains rare, and only

a handful of studies have reported the succesghiication of the standard proteolytic
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digestion approacfr.?® Experiments of this kind are hampered not onlysbjubility
issues, but also by the difficulty of generatingtpolytic fragments from membrane

proteins in sufficiently high yield within a shditne at low temperature and 8.

In an attempt to enhance the general applicalafitdDX/ESI-MS to membrane proteins,
this work explores the isotope exchange behavioadteriorhodopsin (BR) from
Hal obacterium salinarum. Electron microscop§and X-ray crystallographyave revealed
that the 248 residue polypeptide chain of this girofolds into seven transmembrane
helices that are connected by six solvent-exposeps], similar to the G protein-coupled
receptors of higher organisits>> The seven BR helices surround a central retinal
chromophore that is bound to Lys216 via a protah&ehiff-base, giving the protein its
characteristic purple color. In its native envir@mhBR is packed in clusters of three that
form a two-dimensional hexagonal lattice referredas purple membrarie. Trans/cis

isomerization of the retinal allows the proteiratd as a light-driven proton pump.

While the structure of native BR is well known, theontinue to be uncertainties regarding
the properties of this protein in environments othan the purple membrane. In particular,
the structure of the SDS-denatured state contitiles a matter of debat®,although this
form frequently serves as starting point for BRifioy experimentd> Using a combination
of optical spectroscopy and HDX/MS, this work expkthe properties of five different
types of samples: BR in its native purple membraseyell as solubilized in two different
detergents (SDS and DM), refolded BR in bicelles] after cleavage of the Schiff-base

linkage. Owing to the experimental difficulties lo¢d above, we focus on the HDX
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behavior of the intact protein, but it is hopedtttiee experiments described here provide

the groundwork for future spatially-resolved stusdie®®

5.2 Experimental

5.2.1 Proteins and Reagents

Purple membranes frorfl. salinarum were harvested and purified as described in
Chapter-2, resulting in aqueous stock suspensidafisasBR concentration of ~17@M.
Samples were stored at -80 °C prior to analysisut€®aim oxide was obtained from
Cambridge Isotope Laboratories (Andover, MA). SI®/, sodium phosphate, formic
acid, hydroxylamine, and alfans-retinal were from Sigma (St. Louis, MO). DMPC was

procured from Avanti (Alabaster, AL) and CHAPS fr@albiochem (San Diego, CA).

To ensure consistency with previous wdtlkall protein solutions were adjusted to pH 6
using 50 mM sodium phosphate buffer (referred tapty as "buffer”, unless noted
otherwise). Five types of different protein samplese examined.i)For studies on native
BR, purple membrane stock suspensions were prepakedfer at a protein concentration
of 100 pM. (ii) DM-solubilized protein was obtained by exposingtive BR stock
suspensions to 0.1 % DM in buffer. These solutiese vortex-mixed for 30 seconds,
followed by sonication in a water bath (Fisher 8tfec, FS60, Ottawa, Ontario, Canada)
for 15 minutes, and equilibration at room tempe®atior six hours. i(i) Bleached
membraneé® 3" #were prepared by exposing i native BR suspensions in buffer to

0.5 M hydroxylamine at pH 7.7. Subsequently theamwere irradiated for 30 h by 546
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nm light from a Xe/Hg lamp, using the fiber optimsdpled output of a Biologic SFM 4S/Q
(Molecular Kinetics, Indianapolis, IN) spectromefBne resulting suspension was dialyzed
twice against 3 L buffer (5 mM, pH 6) to remove fgxylamine. The final bleached sample
was lyophilized and resuspended in water to a pratencentration of 10QM in buffer.
(iv) SDS-denatured protein was produced by exposinyenBR stock suspension to
1.25% (w/v) SDS, followed by vortex mixing, sonicet and equilibration as for the DM
samples. The CMC of SDS under the conditions tsesedund 0.1 %3 mM)3° A higher
concentration was used here to ensure the detergeoentration remained well above the
CMC even after dilution during HDX. v Refolded BR was prepared from SDS-denatured
bacterioopsin (BO) following established procediffe®Briefly, native BR purple
membranes were exposed to chloroform/methanohifi@tnine (100:100:1 v/v/v).
Addition of 0.1 M buffer in a 1:1 volume ratio folved by 10 seconds of vortex mixing
resulted in phase separation. Delipidated BO wemvered as a precipitate at the interface.
Phase separation and recovery of the protein inéesg were repeated twice. The final
pellet of delipidated BO was dissolved in an aqsesalution of 5% w/v SDS. The
SDS-solubilized BO was diluted to 0.2% SDS and ydid against 10 mM buffer
containing 0.2% SDS to remove residual organicestlvT o initiate refolding, the resulting
delipidated BO solution in 0.2 % SDS / 10 mM buffess vortex mixed with an equal
volume of buffer containing 2% DMPC / 2% CHAPS liiee at pH 6. Alltrans-retinal
(1:1 retinal:protein molar ratio) was added simuétausly from ethanol stock. The final
refolding buffer contained 1 % DMPC/1 % CHAPS/0.1SBS, and 0.1 % ethanol. The

solution was equilibrated for one day at room terapge in the dark.
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5.2.2 Optical Spectroscopy

UV-Vis absorption measurements were carried outao@ary 100 spectrophotometer
(Varian, Mississauga, Ontario, Canada). Trp fluogese emission spectra were acquired
on a Fluorolog-3 instrument (Horiba Jobin Yvon, $edi, NJ) with an excitation

wavelength of 280 nm. All optical measurements vperdormed at a protein concentration

of 7 UM at room temperature, using protein-free solutiamblanks.

5.2.3 Hydrogen/Deuterium Exchange

Isotope exchange was initiated by mixing 100 protein solutions, prepared as described
above, and BD-based buffer (with a pH meter reading of 6) ainmdemperature in a 1:4
volume ratio. After initiation of labeling, 3pL aliquots were removed at various time
points ranging from one to 120 minutes. These aluere quenched by mixing with
6 uL of 500 mM buffer (pH 2) for a final pH of 2.5, lfowed by flash freezing in liquid
nitrogen. Zero time point controlsnf) for the correction of artifactual in-exchange wer
performed by exposing protein solutions to a mitaf labeling and quenching buffer.
Maximally deuterated samplasugo) for the correction of back-exchange were prepayed
incubating 2QuM BR in 0.4% SDS containing 80%,0 at pHeag11.8 and 40 °C for 30 h.

Relative HDX levels were determined®as
deuteration level = (M - my) / (Myoo - Mo) (5-1)

In this expressiomm is the mass of the protein, ang and my are the values of the
corresponding control measurements. The procedsed tor determiningmo, induces

retinal loss, and hence the measured mass hadctrteeted by adding 284.4 Da (mass of
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free retinal) and subtracting 18 Da (loss of watker Schiff base formation) for those
sample that contained the chromophore. The kirtktia were fitted to the biexponential
expression:

deuteration level = Aj(1-exp[kit]) + Ax(1—-exp[K.t]) (5-2)

whereA; andA; are the hydrogen fractions that undergo labeliitty wpparenke, rate

constants ok; andk;, respectively.

5.2.4 Liquid Chromatography/Mass Spectrometry

LC/MS measurements were conducted by using a WAtgaity UPLC (Milford, MA)
with a Waters SEC column (BioSuitey#h UHR SEC, 4.6 mm x 300 mm), employing
isocratic chloroform/methanol/water/formic acid ¢44000/90/25/ viviviv) flow at 0.25 mL
min™® under quenching conditions (pH 2.5°@). The column and extensively coiled
solvent delivery lines were embedded in an ice .batin each injection 2QL of sample
were loaded onto the column. The protein eluteer @bout 10 minutes. The SEC column
was coupled to the Z-spray ESI source of a Q-TQHRradl API mass spectrometer (Waters).
Spectra were acquired in positive ion mode at aygprvoltage of 3 kV and desolvation
temperature of 250 °C. Experimental data were caeddo mass distributions using the
MaxEnt 1 routine provided by the instrument mantufeer for determination ah, my, and
Mo IN EQ. 5-1. Using maximally deuterated control pes, amide back exchange was

determined to be around 10 %.
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5.3 Results and Discussion

5.3.1 Optical Spectroscopy

Prior to exploring structural aspects of BR by HDIM, it is instructive to study the five
different types of samples highlighted in this wamktraditional spectroscopic tools. The
retinal absorption spectrum is sensitive to theginoconformation. Native light-adapted
BR in its purple membrane environment has its giignr maximum at 568 nm, indicative
of the covalently linked chromophore in a strudiyrantact environment! For the
SDS-solubilized protein a maximum at 392 nm is ol (Figure 5-1A). This dramatic
blue shift is caused by hydrolytic cleavage of 8whiff-base linkage. SDS denaturation
also affects the emission properties of the eighpt fBsidued? Native BR exhibits a
relatively low fluorescence intensity, mainly besawf FRET-based retinal quenching
(Figure 5-1B)*® SDS induces a five-fold increase in Trp fluoreseeintensity (Figure
5-1B). These spectroscopic changes reflect thaitran to a partially unfolded structure,
concomitant with Schiff-base hydrolysis and releas¢he detergent-solubilized retinal
into the solvent’ The lack of a major red shift in the emission msethat
SDS-denaturation does not cause significant wadeosure of Trp residues. The optical
spectra obtained here for native BR and the SD&tdesd form are consistent with earlier
observations in Chapter-3. The reason for includigge data in Figure 5-1 is to facilitate

a comparison with results obtained under the agRperimental conditions.

The structural changes that occur upon solubibradif the protein are highly dependent on

the detergent used. DM-solubilized BR exhilats absorption maximum at the same
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Figure 5-1. (A) UV-Vis absorption spectra and {Bprescence emission spectra of BR.

The five line styles represent different experinaénbnditions as noted in panel A.
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wavelength as the native protein (Figure 5-1A), #ral fluorescence intensity increases
only moderately, by a factor of less than two (Fégb+-1B). This behavior is consistent with
previous NMR work® and indicates that the DM-solubilized protein ireaa structure
similar to the native state, despite the breakdoivmembrane-bound BR trimers into
monomeric unit4® Our data reiterate the generally accepted vievDMf as a "mild"
detergent that tends to preserve membrane prdteictisre and (to some extent) function,

4™9\whereas SDS typically induces extensive strucpeeiurbationé?

Purple membrane bleaching by hydroxylamine entelésmvage of the retinal-protein
linkage and retinaloxime formatioh,a step that is accompanied by a major chandg.in

to 358 nm (Figure 5-1A). AFM studies have showrt th& process leaves the trimeric BR
structure inside the membrane largely intact, buduces loss of crystallinit.
Interestingly, the fluorescence emission propeiethe bleached protein in Figure 5-1B
are almost indistinguishable from those of native, Bmplying that FRET-based Trp
guenching by the chromophore still takes placecalt be concluded that the detached
retinaloxime remains trapped inside the chromoplibdneling pocket, thereby putting a

"2l yunder the conditions used

qualifier on earlier suggestions of chromophorereal
here. Extraction of the retinaloxime from the meanta can be achieved by bovine serum

albumin®®

Exposure of SDS-denatured BO to bicelles and feteal triggers refolding to a
monomeric staté™ °>* The 557 nm absorption maximum of the refoldedmasis close to

that of native BR, indicating that the Schiff-béis&age between retinal and K216 has been
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regenerated for the majority of the protein molesu{Figure 5-1A). Compared to the
SDS-denatured state, the Trp fluorescence intenditefolded BR is greatly reduced.
However, the emission remaiwa. two-fold higher than for the native protein (Figu

5-1B). The origin of this behavior is further intigated below.

5.3.2 Size Exclusion Chromatography/ESI-MS

With few exceptions® °* MS analyses of membrane proteins require the tnaybe
separated from surfactants and salts. One appaziprecipitate the protein, followed by
dissolution in organic solvent/acid mixtures. Aftatively, SEC or reverse-phase
chromatography can be us8dMS studies on intact proteins are an importaoit fior the
detection of covalently linked co-factors and pimanslational modification¥®
Unfortunately, the harsh solvent environment tylycamployed for membrane protein
analyses can induce the loss of some covalentlpledumoieties. For example, the MS
detection of intact BR with its chromophore attatli® problematic owing to the labile
nature of the Schiff-base linkage. Hence, althoggéntion of the chromophore has been
demonstrated in a few instanc&<’ most previous MS studies on BR involved complete

or partial BO formation in the course of the anisl§5®°

During the work leading up to the HDX measuremeigsussed below, we initially carried
out SEC/ESI-MS analyses on BR at room temperalurese conditions resulted in partial
degradation of the protein-retinal complex consistéth ref. (data not shown). It was then
noticed that the stability of the complex is draicelty enhanced by lowering the elution

temperature to 0 °C. Analysis of native BR undeséhconditions results in a major signal
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for the intact complex, whereas retinal-free BGalsost undetectable (Figure 5-2A).
Virtually the same spectrum was obtained for BRerafiolubilization in DM (data not
shown). In contrast, SDS-denatured protein, as agellleached membrane samples were
found to be largely devoid of the covalently linkelstomophore (illustrated for an SDS
sample in Figure 5-2B). These SEC/ESI-MS findings ia agreement with the optical
results of Figure 5-1, which indicated that thenadtLys216 bond remains intact in native
and DM-solubilized BR, whereas both membrane blieachnd SDS-denaturation induce

cleavage of the Schiff-base linkage.

From the data of Figure 5-2A, B it can be conclutted the low temperature SEC/ESI-MS
procedure used here provides an accurate refleofigdhe retinal binding state in bulk
solution. This technique can therefore be usedet@rchine the regeneration yield of
samples that had undergone SDS denaturation andegu#nt refolding. Typical
SEC/ESI-MS data for refolded BR are depicted iruFegh-2C, revealing the presence of
a dominant peak for the retinal-bound protein ateba intense signal for BO. On the basis
of the 8:1 peak intensity ratio the regeneratiogldyiis 8/9 = 89 %, which is in close
agreement with thAsgg ratio of the two samples in Figure 5-1A, as wslinath previously
reported value® The presence of 11% BO after refolding contributeshe elevated

fluorescence intensity in Figure 5-1B (dash-dotiee).

5.3.3 Hydrogen/Deuterium Exchange SEC/ESI-MS

HDX/ESI-MS protocols typically employ reverse-phasbromatograph§® For the

membrane protein experiments of this work we pushe SEC-based strategy outlined
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Figure 5-2. Deconvoluted mass distributions obthily SEC/ESI-MS of unlabeled
protein samples at 0 °C. (A) native BR, (B) SDSalared state, (C) refolded BR. Satellite
peaks are due to sodium adducts. Dashed vertiea indicate the masses expected for BO
(Meo = 26784 Daf® and BR (rgr = 27050 Da§?
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above, as it allows the covalently linked chromaeho be preserved during analysis, such
that co-existing BO and BR species in solution lsammonitored separately. High quality
intact protein HDX data were obtained for all fiegperimental conditions. Native BR
undergoes only a relatively small mass change duhia 120 min time window examined
here (Figure 5-3, A-D). In contrast, much more egiee HDX is observed for the
SDS-denatured state (Figure 5-3, E-H). All the dasygtudied in this work underwent
gradual mass shifts without peak splitting, indigatof HDX in the EX2 regimé®

Satellite peaks in Figure 5-3 are due to sodiunuetsg not to EX1 dynamics.

Amide deuteration levels were determined according&q. 5-1 (Figure 5-4). The HDX
kinetics were analyzed on the basis of a biphagicession (Eq. 5-2), resulting in fits that
are shown as solid lines in Figure 5-4 (parameteessummarized in Table 5-1). The
apparent rate constants determined by this apprar@cbn the order & = 1 min* andk,

=~ 0.1 min*. The kinetic amplitudes associated with these phases represent the
percentage of amide hydrogens that are weaklyand moderately protecteBo]. Anon-ex
=100 -A; - A; represents the percentage of amide hydrogenssthan-exchangeable on

the time scale of our experiments.

In the case of native BRy = 12 % of the amide hydrogens are weakly proteétged 11.7
% are moderately protected, afvdh.x = 76.3 % do not undergo exchange (Table 5-13. It i
interesting to compare these data with the H-bangattern in the 1.55 A X-ray structure
of the protein. Stable H-bonds were identified bglgzing pdb file 1C3W using Swiss

PDB Viewer default value¥,i.e., a donor-acceptor distance between 2.198&h4, and
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Figure 5-3. Deconvoluted ESI mass distributionsative BR (A-D) and SDS-denatured
protein (E-H), obtained after HDX for exchange tegét = 0 min, 2 min, 10 min, and 120
min. Dotted lines represent mass values fonthandmo controls. The mass range for the

SDS samples (panels on the right hand side) iteshid account for the loss of retinal.
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a minimum angle of 90°. According to this analyailsjost all of the amide N-H groups in
the transmembrane helices are H-bonded, with tbeption of a small number of residues
close to the helix termini. Most of the non-bondseH groups are located in the
extramembrane loops (Table 5-2). BR has a total4@ residues, corresponding to 247
backbone amide bonds. Taking into account the poesef 11 prolines, the number of
backbone N-H groups is 236. Table 2 shows 181 esthlbbonds, which means that an
amide fraction of 181/236 = 76.7 % is expecteddcstiongly protected. This value is in
very close agreement with the measured valuggptx = 76.3 %. A high resilience against
HDX in the seven transmembrane helices has preyidusen inferred from tritium
exchangé® ®®and infrared spectroscopic HDX studf€s? which found the total amide
protection to be in the range of 71 - 80 %. Our HE)xetics show that the remaining N-H
groups in native BR can be grouped in two categofig= 11.7 % are likely involved in
weak hydrogen bonds that do not appear in the Xsnaycture when applying the criteria
listed above. The remainindgy = 12 % experience an even lower degree of pratecti
although their apparent rate const&at{1.5 min') is below the value dé;, = 60 miri* that

would be expected for completely exposed amidesrandom coil environment.

Solubilization of BR in SDS results in dramaticathore extensive HDX. Almost half of
all amide hydrogens become rapidly exchangeable=(46.7 %), wherea, = 28.5 %
undergo isotope exchange with an apparent ratetamnsfk, = 0.028 mift. Only one
quarter Anon-ex = 24.8 %) of all amide hydrogens are non-exchablgea SDS. These HDX
kinetics suggest partial helix unraveling in theSS®ate but with retention of a protein core

that remains inaccessible to solvent water. Itdascstent with our oxidative labeling
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Figure 5-4. (A) HDX kinetics of BR under five diffent solvent conditionsnormalized
according to Eg. (5-1). Each data point represantaverage of two or three independent
measurements. The experimental error was foundetdéess than 2%. Solid lines are
biexponential fits, using the expression of eq2)5Fitting parameters are summarized in
Table 5-1. (B) Refolded BR data (open squares)ideatical to those in panel A.
Star-shaped symbols represent the HDX behavioheflti% BO sub-population in the
refolded BR sample (see Figure 5-2C).
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Table 5-1. Parameters obtained from fitting the Hiixetics of Figure 5-4A according to
the bi-exponential expression of Eq. 5-2. The paege of "non-exchangeable" hydrogens

(last column) has been calculated®g$.ex = 100 -A; - Ao.

AL (%) | ke (mint) | Ay (%) ko (Min™) | Anonex (%)
Native BR 12.0 15 11.7 0.074 76.3
BR in DM 16.6 1.5 9.7 0.074 73.7
Refolded BR 26.9 0.97 10.7 0.027 62.4
bleached 215 2.1 11.9 0.050 66.6
membrane
SDS-denatured 46.7 0.69 28.5 0.028 24.8
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Table 5-2. Amino acid sequence of BRResidues that act as amide N-H hydrogen bond
donor (to an amide carbonyl, or to a side chaiepimr) are underlined and bold. Hydrogen
bonds were determined from the X-ray structure afive BR° using the procedure
outlined in the text. Non-hydrogen bonded residnelside eleven prolines, as well as three
short disordered segments (italicized, not seetthén X-ray structurd. X represents

pyroglutamate.

Segment Sequence H-bon
ds
N-term. | XAQITGRP® 1
Helix A | EWIWLALGTALMGLGTLYFLVKG * 21
A-Bloop | “MGVS® 3
Helix B | "DPDAKKFYAITTLV PAIAFTMYLSML LG ® 24
B-Cloop | YGLIMYPEGGEQNPIYW® 9
Helixc | "ARYADWLFTTPLLLLDLALLY ™ 19
C-D loop DAY 5
HelixD | “DQGIILALVGADGIMIGTGLVGAL ¥ 1
D-E loop PTKVYS™® 1
HelixE | “°YRFVWWAISTAAMLYILYVLFFG ™ 3
E-Floop | FTSKAESM™ 0
Helix F | RPEVASTFKVLRNVTVVLWSAY PVVWLIG ** | o5
F-Gloop | ~SEGAGIV™ 5
Helix G | “°PLNIETLLFMVLDVSAKVGFGLILLR # 3
C-term. | °SRAIEGEAEAPEPSAGDGAAATS*® 3
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studies in Chapter-3, as well as other earlier work Our date indicate that this residual

core encompasses a total of 0.248 x 23® protected backbone amides.

In contrast to the behavior observed after SDS sx@) solubilization of BR in DM results
in HDX kinetics that is almost indistinguishablern those of the native state (Figure 5-4,
Table 5-1). Hence, the transition from the natnméric structure in the purple membrane
to a monomeric DM-solubilized stateinduces virtually no changes to the BR structure
and dynamics, as previously suggested on the baBIMR data’ Bleached membranes
exhibit a roughly two-fold increase in the ampliguaff rapidly exchanging hydrogens,
relative to native BR, whereas the valué&gfemains more or less unchanged. Comparison
with the HDX behavior of the SDS-denatured stataashthat the structural perturbations
induced by cleavage of the Schiff-base are relgtiveoderate. The percentage of
non-exchangeable amide hydrogens in the bleachetbraees i$6.6 %. Our findings are
consistent with previou$’C-NMR " ™ AFM,*® FRET/? and infrared studies, all of
which indicate that the protein structure in thedghed membrane remains similar to that
of native BR, despite the loss of membrane crystbiland the occurrence of greater
disorder in some local regions. Thus, major aspetthe native BR structure are not

dependent on the presence of an intact covalédmbetween protein and chromophore.

As noted in the Introduction, one intriguing feawf BR is the possibility to refold the
protein in a bicelle environmeafter SDS denaturatiofi.”® In contrast to the crystalline
trimeric assembly within the purple membrane, @éd BR is monomeri¢™ *? It remains

somewhat unclear in how far individual refoldedtpno chains differ from the native timer
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in terms of their structure and dynamics. Opticsiays of the type discussed above (Figure
5-1) are not necessarily suitable for exploring thieresting question, because the spectra
represent ensemble averages. In particular, iffisudt to decide whether the presence of
11 % BO in the refolded samples (Figure 5-2C) aanoant for the elevated fluorescence
intensity seen in Figure 5-1B, and whether the 88R/population is affected by structural
perturbations. The SEC/ESI-MS protocol employect lalows the HDX behavior of BO
and BR in the refolded samples to be monitoredra¢glg. We find that the HDX kinetics
of these two co-existing sub-population are vemilsir to each other (Figure 5-4B),
resembling the behavior seen for bleached membr@rigare 5-4A). Thus, it can be
concluded thaitn vitro refolding of the protein leads to a native-likenfayrmation, but that
structural perturbations persist for both the wdtimound (89 %) and the retinal-free (11 %)
forms. NMR data suggest that some of this disodattributable to loop elements that do

not fully recover during BR foldingn vitro.”* ™

Our findings suggest that the
chromophore plays a relatively minor role as fathesformation of secondary structure is
concerned? This assertion is in agreement with the oxidali@keling experiments, which

revealed that the retinal-free protein can fola iatconformation resembling the native

state, where only one of the seven helices (D) iesrzartially disordered in Chapter-4

5.4 Conclusions

This work employed a combination of optical spestapy and ESI-MS-based methods for
exploring the structure and dynamics of BR underiows experimental conditions.
UV-Vis absorption measurements report on the inesg of the Schiff-base linkage

between protein and retinal, whereas the fluoreseamtensity is sensitive to changes in
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retinal-tryptophan distance. Low temperature SEGMS was found to be an even more
direct tool for probing the intactness of the stwsiSchiff-base linkage. This procedure
will likely be applicable to other retinal-contamg membrane proteins as well.
SDS-denaturation and purple membrane bleachingcendass of the chromophore,
whereas solubilization in DM leaves the linkageaatt Bicelle-mediated refolding
predominantly results in the formation of BR, wheye smaller fraction of the protein
remains in the BO state. HDX measurements by SEEKVESwere shown to represent a
straightforward alternative to traditional infrarespectroscopy experimentS? for
monitoring global changes in BR structure and dyisanTo the best of our knowledge,
this study conducts the first side-by-side compmarief the HDX characteristics for this
important model system under different biochemicainditions. Backbone amide
hydrogens within the seven transmembrane heliceatdfe BR are highly protected. The
number of non-exchangeable hydrogens decreaseshenotder: native BR=
DM-solubilized BR > bleached membranes refolded BO = refolded BR >>
SDS-denatured state. However, even the SDS-dedgtuoéein retains a sizeable number

of protected backbone amides.

On the basis of CD measurements it has previowsy Isuggested that SDS denaturation
reduces the helical content of the protein fromrthve state value of 74 % down to 42
% . That interpretation has been challenged by notivay CD studies on BR are
associated with unique experimental difficultfést is interesting to compare those
previous CD data to the findings of the currentkv@¥hen judging the secondary structure

content of the SDS state on the basis of amidegtion, our data suggest t#gt,. = 24.8
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% of all amide hydrogens are involved in stabledaélelements (Table 5-2). In addition,
the A, = 28.5 % moderately protected hydrogens in SDSileely located in regions that
retain some helix propensity as well. A residuaiditg of 42 % in SDS as suggested in ref.
% is therefore not in disagreement with our findinlisis noted, however, that caution
should be exercised when estimating the seconttaitgre content of a membrane protein
solely on the basis of HDX data, because amideeption might involve significant

contributions from surrounding surfactant molecules

It is remarkable that - OH labeling reveals sigaifity enhanced solvent accessibility for
only two of the helices after SDS exposure in Chapt whereas changes in amide HDX
protection are much more dramatic in this work. sTHiehavior illustrates the
complementarity between the two methods. Covakargling strategies probe the solvent
accessibility of reactive sites, whereas HDX mamitstructural dynamics and the
intactness of the H-bonding netwdfiierom an analytical point of view, the stable natur
of protein covalent labels greatly facilitates thmteolytic mapping procedure. HDX
experiments are considerably more challenging ia thgard, because back-exchange
requires the digestion and LC separation stepe tooimpleted in as little as about fifteen
minutes™ The situation is particularly challenging for menaue proteins where digestion
efficiencies under quenching conditions tend tolde,?’ and where detergents often
interfere with the analysis. It is therefore notpsising that membrane protein covalent
labeling has become a fairly routine approach, ed&®ionly a handful of HDX studies in

this area have appeared over the past few y&4ts.
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Although this work provides interesting information the global structure and dynamics
of BR, the lack of a robust protocol for spatialgsolved membrane protein studies
represents a severe impediment for studies iratiea. In a recent study, Joh et al. applied
the standard HDX/MS approach to SDS-denatured BEBnd identified less than 50% of
the protein sequence. Spatially-resolved data fative BR could not be obtained.
Unfortunately, we were not successful in extendimng approach of that work further,
neither by using pepsinolysis in bulk solution, foyr employing a pepsin column. We
attribute these difficulties to the well known temdy of BR to precipitate under the acidic
conditions required for HDX quenchid§Rietschel et &° recently reported the successful
pepsinolysis of BR, but only under conditions tlee incompatible with the HDX
workflow, i.e., up to 16 hours of digestion at rodemperature. Nonetheless, results
obtained for a number of other systefig® 2suggest that spatially-resolved HDX/MS

studies on membrane proteins will soon cease tmbsidered a fringe area.
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Chapter-6 Hydrogen Exchange Mass Spectrometry Reveals
Light-Induced Changes in the Structural Dynamics of a

Biomolecular Machine

6.1 Introduction

Native proteins adopt unique structures that arkelil to specific biological functions.
However, these structures are not static. Numaragstigations have highlighted a close
association between protein function and dynaicalthough the exact nature of this
relationship remains a matter of deb4teAlso, the term "conformational dynamics" can
carry different connotation's. We propose the following classification:

(i) A switching motion (SM) represents an externally triggered conformational
change. SMs are singular events that may be cabgetigand binding, covalent
modifications, or an alteration in solvent envir@mh As a result of one of these factors,
the conformational equilibrium of the protein shiffrom one region of the energy
landscape to anothé&t.

(i) Many proteins act as molecular machines that rgadexternally drivercyclic
motions (CMs). In contrast to thermal fluctuations (see beld@ls require a non-thermal
energy source that drives structural changes atomgll-defined cyclic trajectory. For
example, a number of transporters in the cell mambrexploit energy stored in an ion
concentration gradient to translocate substrateeontds across lipid bilayers. This
pumping action involves protein motions that expaseibstrate binding site alternatively
to the cytoplasmic and the extracellular surf4¢8.In a related fashion, the CMs of

stator-rotor assemblies are energized by a prototiven force or by nucleotide-
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triphosphate hydrolysis: *® The salient feature that distinguishes SMs fromsdMthe
inherently repetitive nature of the latter.

(iii) All proteins undergo incessattitermal fluctuations (TFs) that are coupled to
random motions of the surrounding solvEhfTFs are stochastic events thgian a
multitude of time and length scales, from picosecomvements of individual side chains
to infrequent unfolding/refolding transitions ofetlentire proteii® % At equilibrium, all
states on the energy landscape are populated @mgacdtheir Boltzmann weights. TFs
lead to an ongoing interconversion between thegesstwith rates that are governed by free

energy barriers® 2% 22SMs and CMs will generally be superimposed by TFs.

In many cases the character of TFs is profoundiierdint before and after a SM has
occurred. This relationship allows changes in pnossvitching state to be monitored by
techniques that probe TES.2* In contrast, much less is known about the relatigm
between TFs and CM3.%°One possibility is that TFs are more pronouncedménprotein
undergoes CMs. On the other hand, CMs often mdnifemsmselves as rigid-body
movements! ?and it seems conceivable that these motions rhimbe only minor effects
on TFs. The current work explores this issue byitoong the dynamics of a molecular

machine under "engine-on" and "engine-off" condisio

TFs can be probed by a variety of techniques. Thesede computer simulatiorfs,
crystallographic temperature factdfssingle molecule fluorescence assiyguasielastic
neutron scatterintf, Méssbauer spectroscoffand NMR spin relaxation measuremetits.

In addition, amide hydrogen/deuterium exchange (HbBthods are being widely used.
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The readout of HDX experiments may be performedNMR,** infrared spectroscopy,
and mass spectrometi}?® The latter approach is particularly attractive die its
conceptual simplicity, high sensitivity, the poskip to distinguish co-existing protein

conformers, and the capability to study proteirsd Hre beyond the NMR size range.

In typical continuous-labeling HDX experiments fhretein is placed in a {»-containing
environment, and deuterium incorporation is moeitoas a function of tim&.Backbone
amide hydrogens can reside either in a closed aniropen stat¥. Closed sites are
protected from exchange, either by N-H- - - - O=C hygindonding or by solvent exclusion
(or a combination of both). Open sites are not Ive® in hydrogen bonding and they are
accessible to the solvefitHDX at these unprotected sites proceeds with anitfe rate
constantks.>* Most amide groups in natively folded proteins pmachantly reside in a
closed state. Slow HDX at these sites nonetheddes tplace due to short-lived excursions
to open conformations. As a result of these TFsh eanide group undergoes exchange
with a characteristic rate const&abx. Opening and closing rate constants are designated

askqyp andky, respectively, and the overall HDX mechanism camléscribed a 40

Kop Keh
Helose %ﬁ Hopen% D (6'1)
Kal D20

The EX1 regimeks >> k) is characterized blgipx = Kop. Under EX2 conditionskfy >>
ken) isotope exchange occurs whkiox = Kop X ken WhereKq, = (Kop / ko). The free energy

difference associated with opening of an amide giauhe EX2 regime is

AGF? = -RT In Kgp (6-2)
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Most HDX investigations in the literature have feed on the effects of SM$.3* 4247
Comparing "before" and "after" scenarios (suchrase ¥s. ligand-bound), those studies
exploit the fact that the stability of a proteinpeeds on its switching state, leading to
differences in the TFs that modulate the EX2 kiseticcording to equation 6*2In
contrast to the numerous HDX studies devoted to, $iMse appear to be no prior attempts
to explore whether the HDX behavior of molecularchiaes is sensitive to the occurrence

of CMs.

Bacteriorhodopsin (BR) is a molecular machine #tas as light-driven proton pump. In its
natural purple membrane environment BR is packedrasrs that form a two-dimensional
lattice. However, monomers represent the functianilof the proteirt’ *° Each monomer
consists of seven transmembrane helices that areected by short loops. In addition, the
protein contains a central retinal chromophore ih&bund to K216 via a Schiff base’ H
translocation is mediated by a photocycle thatstaith the light-adapted altans/15-anti
ground state and proceeds through a number of sggueintermediated ™
Photoisomerization of the retinal to the di/.5-anti configuration represents the primary
event. The resulting strained chromophore configumadrives all subsequent steps of the
cycle> Vectorial H translocation involves proton transfer from thdi§dase to D85,
and subsequent Schiff base reprotonation by D9BoRerization ultimately regenerates
the BR ground state. The photocycle is coupledattous protein conformational changes
*5 %8 that involve partial rotation, tilting, and bengdimotions of heliced”®° In the dark,

the retinal equilibrates between the ta#lns/15-anti and 13eis/15-syn forms®* Protein

structural differences between the light-adaptesligd state and dark-adapted BR are
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small when compared to the substantial motionsdbatr during the photocycf8.

BR represents a suitable test system for expl@ipgssible relationship between CMs and
TFs. Under continuous illumination the protein pemis an ongoing cycle of structural
transitions,” °® whereas many of these motions are absent in the®d&Ve probe the
extent of TFs in comparative HDX measurements it without illumination. Under
properly controlled conditions our investigatioreveal dramatically different isotope
exchange kinetics that reflect a light-induced aleiization of the protein. It appears that
this destabilization is caused by retinal-mediateethanical agitation, which acts in a
manner comparable to an internal heat source. @dinfs highlight the utility of HDX

techniques for studying the behavior of moleculachines.

6.2 Experimental

6.2.1 Reagents and Sample Preparation

Purple membranes frokial obacterium salinarum were harvested and purified by sucrose
gradient centrifugation as described in Chapte8£2S, sodium phosphate and formic acid
were from Sigma (St. Louis, MO). &-1,2-dimyristoylphosphatidylcholine (DMPC) was
obtained from Avanti (Alabaster, AL) and 3-[(3-chaolidopropyl) dimethylammonio]-1
-propanesulfonate (CHAPS) was from Calbiochem (Si&go, CA). All chemicals were

used as received.

Most experiments were conducted on monomeric’B&that was generated by refolding

of SDS-denatured bacterioopsin (BO, the retinad-fiem of the protein). SDS-denatured
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BO was prepared by delipidation as described inp@&had, and the absence of retinal was
confirmed by UV-Vis spectroscopy. Monomeric BR®® was prepared by mixing
SDS-denatured BO with aftans retinal from an ethanol stock solution in equimola
retinal:protein ratio. Subsequently, 10 mM phosphafolding buffer (pH 6) containing
2% DMPC/CHAPS bicelles was added to the mixturee Tégeneration yield of this
procedure is on the order of 90%as confirmed on the basis of BR:BO peak intensity
ratios in the mass spectra shown in Chapter-5. Mhamic BO was generated following the
same procedure, but without addition of retinal.samples were equilibrated overnight at
room temperature in the dark. The resulting sohgticontained 10 uM protein, 1% DMPC,
1% CHAPS, 0.1% SDS, and less than 0.2 % (v/v) ethdie protein was concentrated
tenfold by lyophylization and subsequent resusmensi phosphate buffer. In addition to
studies on monomeric BR, we also conducted HDX oreasents on intact purple
membranes. For these measurements purple memboakesaspension was diluted with
phosphate buffer to a protein concentration of B0 The final buffer concentration was

100 mM. All other steps were performed as descriimdw for the monomeric samples.

6.2.2 Hydrogen/Deuterium Exchange Under Light/Dark Conditions

All HDX experiments of this work were conductedcontinuous-labeling mode. In order
to promote extensive isotope exchange, HDX was wcted in mildly basic solution (pH
meter reading 8.5). Chemical exchange rate corsstgninder these conditions are in the
range of 1000°§ roughly three orders of magnitude higher thamentral solutior?® ®°
This difference in pH is the reason for the greatathange levels observed in the current

work, as compared to previous experiments that wenelucted at a pH meter reading of
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6 in Chapter-5. BR consists of 248 residues, Mhoth are prolines, such that the number
of backbone N-H groups is 236. Isotope labeling waisated by mixing the protein
solutions with RDO-based buffer (100 mM sodium phosphate) in a bldme ratio. The
resulting solution was transferred into two idealtinicrocentrifuge tubes (Eppendorf,
Hamburg, Germany) that had their lids fitted withnisparent windows made from glass
cover slips and fastened with epoxy glue. Each taim¢ained 35@L protein solution. One
tube was wrapped in aluminum foil and kept in thekd The other one was continuously
illuminated at 530 nm using a Thorlabs light-emijtdiode (model M530L1, Newton, NJ)
that was operated using a 275 mW power supply. ligie source was fitted with a
collimator, and the protein samples were irradidtech above through the transparent lid
with a distance of 3 cm between the collimator atgnd the surface of the solution. Both
tubes were thermostated at 26 °C in a circulatirajew bath; a digital resistance
thermometer was used to confirm that light and darkples were at the same temperature.
35 uL aliquots were removed at various time points nagdgrom 4 minutes to 48 hours.
These aliquots were quenched by mixing wii.3f 2 M hydrochloric acid for a final pH

of 2.4, followed by flash freezing in liquid nitreg.

6.2.3 Liquid Chromatography/Mass Spectrometry

LC/MS measurements were conducted using the sambecpi as described in Chapter-5.
The low-temperature SEC/MS analysis can presemueatebinding to BR, such that the
HDX properties of BR and BO sub-populations in buélution could be tracked
independently. Experimental spectra were converted mass distributions using

deconvolution software provided by the instrumeanofacturer. Relative HDX levels of
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the intact protein were determined from the decared mass distributions using the

relationship®

deuteration percentage = MM 1006 (6-3)
00~ My

In this expressiomis the measured mass (peak maximum) of the praanim, andmg

are the values of zero time point controls and maXy deuterated samples. Zero time
point control data were obtained by exposing tlaégan first to the OC quenching solution
and then to the labeling buffer. Maximally deutetaprotein samples were obtained by
exposing refolded BO to labeling buffer for 24 hngsthe same conditions as for the
light/dark samples. The uncorrected labeling l@fdhese samples was 97% (229 out of
236 amide hydrogens), indicating the occurrenc8%fback exchange during analysis.
Normalized HDX kinetics (equation 6-3) was analybgdsingle- or double-exponential
fitting using Sigmaplot. All data shown are basedtiaplicate independent experiments.
Error bars correspond to standard deviations. Botteolytic digestio’f and top-down
strategie¥ °’ were pursued in an effort to obtain spatially-fesd HDX information.
Unfortunately, the sequence coverage of those ewrpats was not adequate, such that the

considerations of this work must be restricted Xlata at the intact protein level.

6.2.3 Flash Absorption Spectroscopy

Photocycle kinetics were measured by time-resoldéi@grence spectroscopy, using a
custom-built flash photolysis apparafiis0.5 mL of BR solution (prepared as above for
HDX experiments) with an optical density of ~0.6rev@laced in a cuvette which allowed

the 532 nm second harmonic of a Nd:YAG Minilitddser to excite the sample at a 90°
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angle to the probe light beam from a Oriel QTH seuil he photocycle was triggered with
a 7 ns laser flash at room temperature. The reguétbsorbance changes were recorded
using a photomultiplier, amplifier, and Gage Congme AD converter. Up to 600

single-shot traces were averaged to produce aruatkegignal-to-noise ratio.

6.3 Results and Discussion

6.3.1 HDX Measurements on Purple Membranes

For comparing BR structural dynamics under illuntimm and in the dark by HDX mass
spectrometry, investigations were initially condaecton intact purple membranes.
Somewhat disappointingly, the isotope exchange \behabserved under light/dark
conditions for these samples is virtually indistirgiable (Figure 6-1). Consistent with
earlier report§? ° purple membranes exhibit a high degree of praiactEven after an
extended labeling period of 24 h the BR deuterafievel is only 43%. Although
spatially-resolved HDX studies on BR are difficlfitlabeling under the conditions of
Figure 6-1 is known to occur predominantly in pk&pal regions, i.e., loops and helix
termini > % "*Possible effects of light-induced CMs are expetbele most prevalent for
transmembrane segments in the vicinity of the akth > *® Previous work’ already
implied that opening/closing events (equation 6dt) these internal segments are
exceedingly rare and/or short-lived, such thatdbk of light-induced differences in Figure
6-1 is not completely surprising. Minor light-indectdifferences in exchange kinetics were
reported in an older tritum exchange stddiydowever, those earlier purple membrane
radiolabeling dat? exhibited considerable scatter, and no error Wware reported. Under

the conditions of our work we cannot confirm théeefs reported in réf We do not
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dispute that purple membranes undergo a certaiftetsng” upon illumination, as
suggested by neutron scattefihgnd hydroxylaminolysis investigatiofs’*Nonetheless,
light-induced changes in structure and dynamicshdiomanifest themselves in altered

HDX kinetics under the conditions of Figure 6-1.

% HDX (EX2)

0 5 10 15 20
Time (h)

Figure 6-1. HDX kinetics of native BR in purple migranes monitored by ESI-MS. Red
triangles and black circles represent data recoudeer green light illumination (530 nm)
and in the dark, respectively. The blue lines repné a bi-exponential fiD%(t) = yo +
a1(1-exp[+kat]) + ax(1-exp[k.t]), with yo=28.7,a; = 8.1,ky = 2.56 i, a, = 6.4,k, = 0.18
h™. Isotope exchange under the conditions of thierpent proceeds in the EX2 regime;

no EX1-related peak splitting was observed in tRerBass distributions (not shown).
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6.3.2 HDX Measurements on Monomeric BR

Packing effects inside the purple membrane caricesite extent of protein motiors.”
For the remainder of this study we therefore shift attention from purple membranes to
monomeric BR? ®3 The monomeric form is known to undergo more esxtensiDX as
described in Chapter-5, reflecting greater ovehatiamics with enhanced solvent access to
formerly protected amide sitéSFlash photolysis was used to verify that monomBRc
undergoes a photocycle (Figure 6-2, black soli@d)&® """ The protein remains active
even after extensive continuous illumination (Feg6¢2, green and blue lines), mimicking
the conditions used for subsequent HDX experiméfds.comparison, Figure 6-2 also
shows data for intact purple membranes (black brdkee) which reveal photocycle
kinetics that are somewhat faster than for the mmare protein. The data of Figure 6-2 are
consistent with earlier work on solubilized BR® where it was shown that reprotonation
of the Schiff base is slower in the absence ofpilnple membrane lattice. These altered
kinetics extend the lifetime of the M state, andstfead to a greater accumulation of this
photocycle intermediate (as seen from the sloweaylef the 420 nm signals in Figure 6-2).
Overall, the data of Figure 6-2 confirm that monomdR is a functional molecular
machine that continuously undergoes CMs upon ilhation, albeit at a lower rate than

purple membrane samples.

Monomeric BR exhibits HDX kinetics that are profailyndifferent in the dark (Figure 6-3,
a-d) and under illumination (Figure 6-3, e-h). Ioth cases the protein exhibits a
combination of EX2 and EX1 exchange. The former ifeats itself as a gradual shift of

the BR main peak to higher mass (highlighted iregré-igure 6-3). Superimposed on this
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Figure 6-2. BR photocycle kinetics monitored by dinesolved absorption difference
spectroscopy following a 532 nm excitation pulspHt8.5. The transients were recorded
at 560 nm (BR ground state), 420 nm (M intermegljaied 640 nm (O intermediate). Data
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are shown for monomeric BR without prior continudlusnination (black solid line), after

4 h of continuous illumination (green), and aftériour of continuous illumination (blue).

Also included are the kinetics of native purple rbeames (black broken line). The data

shown for each sample were normalized to the absogbof the 568 nm retinal peak.
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Figure 6-3. Mass distributions of monomeric BR @ested HDX time points. Panels (a)
-(d) represent the behavior of samples kept irddr&. Data in panels (e)-(f) were recorded
after continuous illumination of the protein. Blabkoken lines represent experimental
spectra. Dotted horizontal lines at 27100 Da sepamntributions attributable to BO and
BR, as highlighted in panels (b) and (f). Gaussianve fitting was employed to determine
the locations of peak areas and maxima of BR. Gré&®2 component, blue: EX1

component, black solid line: sum of EX1 and EX2 poments.
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EX2 process is the appearance of a highly deutkia¥l component that increases in
magnitude over time (Figure 6-3, blue). CombinedlEEX2 processes have previously
been observed for other proteffi€? #Figure 6-3 also reveals the occurrence ofBBO
conversion, leading to ca. 50% retinal loss afteth3of illumination (Figure 6-3h). This
hydrolysis reaction can also be traced by UV-Viecsmscopy (data not show)Retinal
loss is less extensive in the dark (Figure 6-3dje Dccurrence of retinal loss under
illumination has previously been reported for imntgurple membranes, where the
hydrolysis rate was shown to increase with pH. ldetite observation of this process under
the conditions of the current work (monomeric BRHLt8.5) is not unexpected. In Figure
6-2 this degradation is not apparent because tbgycle signals were normalized to the
absorption maximum of the active protein. We emzeathat the MS approach used here
allows the HDX kinetics of co-existing BR and BO® monitored separately. As a result,
the BR behavior can be probed without interferénoa BO signals (Figure 3). In other
words, the BR data discussed below exclusivelgcethe properties of the intact protein,

prior to retinal loss.

Least-square analyses of the measured kineticratgtthe considerable differences in
HDX behavior for the light/dark samples. lllumiratienhances the EX2 rate constant by
a factor of two (Figure 6-4a, see caption for rigtiparameters). A similar acceleration
factor is seen for the EX1 process (Figure 6-48) f8mation under illumination proceeds
with an apparent rate constant of 0.12 Im the dark this Schiff base hydrolysis is much
slower, and the reaction rate cannot be readilgrdenhed (Figure 6-4c). The maximum of

the EX1 component (blue peak envelopes in Figusg @rresponds to an HDX level of
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Fitting parameters:

light: yo = 49,a= 15,k = 0.31 i
dark:yo = 47,a=9,k=0.14 i

light: yo = 20,a= 79,k = 0.14 i
dark: yo=0,a=75,k=0.06 i

light: yo = 21,a= 26,k =0.12 i
dark: yo=20,a=4,k=0.04 i

Figure 6-4. Kinetic behavior of monomeric BR undiemination (red) or in dark (black).

(a) EX2 HDX kinetics, determined from the maximattoé "green” component in Figure
6-3. (b) EX1 HDX kinetics, reflecting the rise dfet "blue” component relative to the
"green” one in Figure 6-3. (c) Percentage of Béprotein samples as a function of time.
Blue lines are exponential fits witfit) = yo + a(1—exp[kt]), fitting parameters are shown

in the fugure. Panel (d) shows the results of ayr@xperiments, displaying a light/dark

comparison of the EX2 HDX kinetics for pure refald®@O samples.
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89% for all conditions studied. BO peak maxima iguFe 6-3 reveal somewhat higher

HDX levels, between 95% and 100%.

As noted in the Methods section, care was takeengure that comparative light/dark
experiments were conducted in an artifact-freeiashAs an additional control, HDX
studies were carried out on pure BO samples, menomeric protein that had been
refolded in the absence of retinal. Figure 6-4dficars that the HDX kinetics of these
chromophore-free samples are indistinguishable witidenination and in the dark. This
result reinforces the conclusion that the HDX difeces seen for monomeric BR (Figures

6-3, 4) are the result of light-induced proteirustural dynamics.

Some readers might be tempted to ascribe the &ippénomena (Figure 6-3, edijectly

to CMs that occur during the photocycle, possihtgiipreting the EX1 "blue” peak as an
accumulating photocycle intermediate. Unfortunatelych an interpretation is incorrect.
The link between illumination and HDX behavior i®m subtle, as can be seen from
several arguments. First, the EX1 amide openirgofitx 10° s* (Figure 6-4b) is many
orders of magnitude slower than the ~Jphotocycle turnover rate (Figure 6-2). Thus, the
EX1 peak cannot represent a photocycle intermedid$e, X-ray crystallographic studies
did not reveal any photocycle intermediates wikirge number of open amide hydrogéns
that would be required HDX via equation 6-1. Masportantly, the general nature of the
phenomena seen in Figure 6-3 (i.e., a combinati@X@ and EX1 with slow retinal l0ss)
is the same in the dark and under illuminationhLigxposure enhances the rates of these

processes, while their overall character remairchanged. It must be concluded that the
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protein motions that mediate HDX largely correspdodintrinsic TFs, rather than
photocycle-associated CMs. The extent of these i$Fdramatically enhanced in the
presence of light-induced CMs. Thus, TFs that nmiedldDX are closely coupled to

photon-driven CMs, but the two types of dynamicra@ distinct from each other.

6.3.3 Casting the HDX Kinetics in a Thermodynamic/Kinetic Model

The data presented here allow the developmentohenalist model that can account for
the HDX behavior of monomeric BR under light/dadnditions. Our considerations are
based on equation 6-1, according to which HDX igliated by TFs that result in amide
hydrogen opening/closing transitiotfsEor reasons of simplicity, we assume that these
fluctuations encompass distinct groups of amiderdyeins in a cooperative fashion. The
interpretation of protein structural dynamics imis of such cooperative units (foldons) is

well established> &

For any protein, the occurrence of parallel EX1 BX® kinetics implies the involvement
of at least four different conformational spedie$® 8 EX2 exchange reflects rapid
fluctuations between the natively folded stBfeand a native-like (but partially unfolded)
excited specieB*. EX1 exchange can be attributed to the occurrariceguent transitions
betweerF and a significantly unfolded conformiér Slow interconversion betweé&nand

U requires crossing of a major free energy barhat ts associated with a transition state
TS 83 87Eor clarity, we emphasize again that none of the Eonformerss, F*, TS, or

U corresponds to a BR photocycle intermediate. &mstéhe entire photocycle proceeds

largely within the confines of the native conforinatl ensemblé&. Thermally activated
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excursions td-* or U are not directly linked to vectorial proton transp

Figure 6-5 displays the number of open hydrogens§ f&*, TS andU, together with the
corresponding free energy values. Light and dagkacos are distinguished by subscripts.
The free energy dfl is arbitrarily normalized to zero. The number pén hydrogens it

is 89%, in accordance with the EX1 signals of FegbH3 (blue Gaussian curves). Based on
its HDX level, U is extensively unfolded while retaining some rasidprotection. We
make the simplifying assumption that the same itiansstate is encountered under
illumination and in the dark. The positioning of #ie species in the two-dimensional
diagram of Figure 6-5 is consistent with the meadwDX parameters (Table 6-1). Only
the location ofTS is somewhat arbitrary, since its properties car@tscertained with

certainty from the data of this work.

6.3.4 Mechanistic Origin of Differences in Light/Dark HDX Behavior

The findings of this work reveal that illuminatief monomeric BR causes sub-global as
well as global destabilization of the protein. Epi®cesses report on the former, whereas
EX1 events are related to the latter. At the sulbbal level, TFs involve a considerably
larger number of EX2 sites under illumination (15%gn in the dark (9%, Table 6-1). This
implies that transitions betweéhandF* entail more extensive structural changes when
the protein is exposed to ligfft.In other words,F*ign: represents a more unfolded
conformation tharnF* 4« (Figure 6-5). The occurrence of light-induced dbagization
becomes most obvious when relating t8? values to the number of hydrogens

involved. Accordingly, the average free energy nemlifor the opening of a single EX2 site
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Figure 6-5. Schematic diagram, depicting the progperof monomeric BR conformers
under illumination (red) and in the dark (blackpeSies highlighted in blue are common to
both scenarios. Theaxis displays the percentage of amide hydrogeatsatthopt an open
(unprotected) state. Theaxis represents free energy. The positioning bEpécies is
consistent with the data displayed in Table 1. pX&cesses are mediated by fluctuations
betweerF andF*, whereas EX1 exchange arises due to interconvebstweert andU.
Note that the scaling of the free energy axis is thagram is not linear, to emphasize

differences betweeRgak andFgy. Additional information is provided in the text.
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Table 6-1. Structural and thermodynamic parametsssciated with the HDX kinetics of

monomeric BR.

% open N-H | AGF® % additional open Free energy difference
sitesin | (kJ/mol)® | N-H sites in F® | Between U and F
(kJ/mol)
Light 49 40.5 15 3.4¢
Dark 47 42.4 9 5.5°¢
Notes:

& EX2 burst phase amplitude (fitting parameigrin Figure 6-4a.
b Determined from equation 6- 2, wikl, = 1000 &.3% %

¢ EX2 amplitude (fitting parameta) in Figure 6-4a.

4 Determined from the EX1 burst phase amplitude ctvhimplies a [UJ/[F] equilibrium

ratio of 0.25 under illumination.

® The ratio of the EX1 rates reflects an activatemergy difference according *fo
ratey/rate, = expdAG™/RT), where AG"| = 2.1 kJ mot. In combination with (d), this

implies an overall free energy difference of (3.2.1) kJ mof = 5.5 kJ mot.
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is 4.8 kJ mot in the dark, but only 2.7 kJ nmibHuring illumination. The EX1 behavior of
monomeric BR suggests that illumination reducesttig@modynamic stability (i.e., the
free energy difference betweBrandU) from 5.5 to 3.4 kJ mdl (Figure 6-5, Table 6-1).
This destabilization causésto be more highly populated in the light (~ 20%ar in the
dark (< 10%). In our view Schiff base hydrolysisely occurs fromJ. The Schiff base is
sensitive to attack by water and other nucleopfitéé U represents a highly unfolded
conformer that will not significantly protect thecl8ff base from solvent access. A
light-induced equilibrium shift fronk to U will therefore lead to accelerated retinal loss,

consistent with the behavior seen in Figure 6-4c.

6.4 Conclusions

HDX is mediated by opening/closing events of exgeale hydrogens that occur as the
result of TFs. In this work we examined the behawfca molecular machine, with the goal
of determining whether the extent of these TFs dép®n the occurrence of CMs. BR is
a molecular machine that is fuelled by light. laisimple matter to perform comparative
measurements for this system under CM-on and CMaoffiditions. Irrespective of the
illumination state, monomeric BR undergoes two $yp#f TFs. Small-scale EX2
fluctuations between the natively foldEdand a native-like excited speci€s only affect

a handful of N-H sites. In additiof, also undergoes rare EX1 transitions to a much more

unfolded statéJ.

Amide hydrogen opening/closing events that are guolby HDX do not directly

correspond to structural transitions between imfligl photocycle intermediatés>”>°
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Yet, our experiments reveal dramatically enhanc@&KXHkinetics when the monomeric
protein undergoes CMs in the presence of light. &ttebute this phenomenon to a
destabilizing effect of the light-drivetrans/cis retinal switching cycle on the overall
protein structure. The retinal is intimately coupléo the surrounding polypeptide
element£® Mechanical agitation of the chromophore is tramsfito the protein scaffold,
before the energy dissipates into the bulk solv&he conversion of photon energy to
mechanical motions is therefore comparable to thegmce of a heat source in the protein
interior. In other words, the enhanced TFs se@uirHDX experiments can be ascribed to
local heating that occurs as the result of thegimt CMs. The heat involved in this
phenomenon likely represents only a small fractibtine initially absorbed energy (226 kJ
mol™ for a 530 nm photon). Our interpretation of rettimmvements as a source of thermal
energy is consistent with earlier propo$4M/e reiterate that the light/dark comparisons of
this work were conducted at the sabutk temperature. On its way from the retinal "hot
spot” to the thermostated solvent, however, thentheenergy must pass through the
protein where it enhances TFs (opening/closing &y¢hat promote HDX. Investigations
on various different systems have suggested thatmthly activated conformational
dynamics can "lubricate” certain aspects of protefrction?®*|n this sense, it is to be
expected that the light-enhanced TFs seen herenfotomeric BR facilitate certain
structural events that are associated with pratorstocation. In any case, the current study
reveals that HDX-based TF measurements offer a awnohto the inner workings of
molecular machines. In future work, it will be irgsting to see if our findings can be

corroborated for other proteins that have theicfiom coupled to an external energy source.
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Chapter-7 Summary and Future Work

7.1 Summary

The fact that membrane proteins are water insolabteprone to aggregate makes them a
formidable challenge for most analytical techniquiechemists require new ways to look
at membrane proteins. This work resulted in thet &pplication of laser-induced oxidative
labeling coupled with MS for exploring the struawand folding of a membrane protein,

bacteriorhodopsin (BR).

In the first step (Chaper-2), native BR in its watiipid environment was exposed to
laser-induced oxidative labeling. It was found tthat resulting oxidative labeling occurred
exclusively at methionine (Met) residues. In cosiita® previous studies on water-soluble
proteins, the resulting Met oxidative labeling pattis in excellent agreement with the
known structure of native BRthe finding demonstrates that Met oxidative lalgplaan

provide structural information on membrane proteins

In subsequent studies (Chapter-3), the newly deeeldabeling strategy was applied to
probe the conformational changes of non-native &Rpes induced by heat, acid or SDS.
It was found that each of the tested denaturingditioms results in unique structural

features that give rise to characteristic labepatferns. The labeling data confirmed the
structural resilience of BR against acidic pH. émtrast, both SDS exposure and thermal
denaturation induce marked conformational chanddsese results demonstrate the

capability of laser-induced oxidative labeling asavel tool for characterizing structural
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changes of membrane proteins in response to grattn of physiochemical environment.
Oxidative labeling experiments on BR variants tteaty additional Met residues provided
even more detailed structural insights that wowadehbeen unavailable with the wild-type
protein. Combining oxidative labeling with site-elited mutagenesis and fluorescence
measurements, this work yielded a detailed strattapdel of SDS-denatured BR, which

has been unobtainable based on previously exisiipgrimental techniques.

In Chapter-4, the oxidative labeling approach weereded further to study the kintetic
folding mechanism of BR. A continuous-flow rapidxinig device was coupled with laser
labeling for this purpose. After the unfolded BR swaixed quickly with a solution
containing lipid/detergent micelles which mimic tietive lipid bilayer, short-lived folding
intermediates were labeled. In this way, structysebperties of membrane folding
intermediates were uncovered on the basis of Meirlabeling patterns. The combination
of pulsed oxidative labeling and stopped-flow spEsstopy revealed unprecedented
insights into the pathways by which the proteirents and folds into lipid bilayers. The
work conducted thus far highlights the usefulnelskager-induced oxidative labeling in
conjunction with rapid mixing and MS as a new apgtofor probing temporal structural

changes of membrane proteins under various physiical conditions.

In addition to covalent labeling, hydrogen/deuteriexchange (HDX) coupled with MS is
a potentially powerful approach for investigatihg structure and dynamics of membrane
proteins. In Chapter-5, in an attempt to enhaneegdmeral applicability of HDX/MS to

membrane proteins, low-temperature size exclugiworcatography (SEC) was developed
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to purify various lipid/detergent-bound BR sampiei®r to ESI-MS analysis. High quality
HDX profiles of BR under various conditions weretabed. Unlike other MS-based
approaches, the newly developed low-temperature /[EBEHEMS allows the labile
Schiff-base linkage between the protein and retictalomophore to be completely
preserved, such that HDX properties of co-existprgtein sub-populations can be
monitored individually. The distinct structural faees of native BR, detergent-solubilized

BR, and regenerated BR were revealed by their HDXtlcs.

In Chapter-6, comparative HDX experiments of BRavearried out in the dark (resting
state) and under steady illumination which indum@®inuous retinal isomerization that is
associated with the vectorial proton transport¢fioming state). The HDX kinetics of BR
are dramatically accelerated in the presence bf.lip contrast, control experiments on
retinal-free proteins produced no discernible défees. It was concluded that the extent
of thermal fluctuations in BR strongly depends doton-driven retinal isomerization. The
result highlights the potential of HDX/MS for prolgj the structural dynamics of molecular

machines under "engine on" and "engine off" condgi

7.2 Future Work

7.2.1 Application of Laser-induced Oxidative Labeling

Membrane proteins are key players in many importaiiular processes. Due to the
difficulties associated with the expression, puaafion and crytallization of membrane
proteins, resolving high-resolution structure ofgl species remains highly challenging.

Topological mapping is thus widely used to prowdeful information of the structure and
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function of membrane proteins. Using BR as modstesy, this work has proven that
laser-induced Met oxidative labeling is a straightfard method for mapping the surface
of membrane proteins. It is especially useful wbhensidering that many of these species
are methionine rich.? The introduction of additional Met residues as foomational
probes, as well as vivo structural investigations, represents excitingfeitextensions of

this methodology.

Currently, we are applying the laser-induced rddiedeling coupled with MS to
characterize the structure of Waal (frdin.coli.). Waal is a transmembrane enzyme
implicated in the biosynthesis of lipopolysacchasidn Gram-nagative bactefialhe
structure of Waal is unknown. The resulting Metelag pattern was found to be
consistent with the putative topology generatecctyputational modeling, such that it
provides a preliminary experimental validation te structural model. Oxidative labeling
experiments on Waal variants that are engineertdexira methionines are ongoing. The
resulting labeling data will provide more detailstductural information. Also these data
can serve as constrains for further refining thiacstiral model. It is expected that this
technique can serve as a valuable tool for guitpglogy prediction and computational

modeling of membrane proteifis.

In addition to providing structural information omative membrane proteins, the
laser-induced oxidative labeling has succeeded nivestigating the structure of
semi-denatured BR and even short-lived BR foldintermediates. The approaches

developed in this work should be applicable to bthembrane proteins as well.
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7.2.2 Application of HDX/MS for Membrane Proteins

HDX/MS is a powerful tool for studying the struatuand dynamics of proteins, but thus far
this technique has been applied mostly to soluyéeiss. In this work, HDX/MS coupled
with low-temperature SEC was developed and valtidée a straightforward strategy to
probe the global conformational changes of BR. tnofaately, the lack of a robust protocol
for spatially-resolved membrane protein studieseggnts a severe impediment for studies
in this area. Nonetheless, the ongoing improvemeintise HDX and digestion workflow
%9 suggest that membrane proteins will soon becomenahie to spatially-resolved
HDX/MS studies on a routine basis. The utilizatafnmore efficient Ultra Performance
Liquid Chromatography (UPLC) and prior detergepidiremoval can generally improve
the separatioi” **An alternative future development is the combimatf solution-phase

HDX with electron-based dissociation techniquestéprdown HDX/MS™4
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