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Introduction

Membrane proteins perform vital functions like impof nutrients, binding site for ligands
and export of harmful substances out of the cell.

ABC transporter is one of the largest families @mnbrane proteins and some ABC exporters
are known to be involved in efflux of antibiotiCBhe acquisition and transport mechanism of
these substrates by the exporters has been a aqudetiaddress. High resolution X-ray
structures of ABC exporters showed two extreme @onétions: inward facing and outward
facing conformations. In both structures the inteom between intracellular part of
transmembrane domain and nucleotide-binding-domaias conserved. X-ray structures
showed the conformation of exporters in a statiomea and using a dynamic technique could
provide information about the intrinsic flexibilityf exporters. This flexibility might be
essential in order to bind the drug substrates.

Hydrogen deuterium exchange in combination with sregsectrometry (HDX-MS) has been
used during last two decades to probe the dynawificgroteins. The technique is now
expanding its application to membrane proteins thioga and conformational changes. HDX-
MS requires less sample amount, is tolerant toptiesence of solubilizing agents as in the
case of membrane proteins. Recently it was shoafrthie technique can be used to probe the
dynamics of membrane proteins in near physiologioatition.

In the presented study HDX-MS is applied to prdiedynamics of three membrane proteins:
BmrA, BmrC/BmrD and GLIC, a pentameric channel.

BmrA is a homodimeric ABC exporter froBacillus subtilis Limited proteolysis show that
the exporter adopts two different conformationso &mrm less resistant to protease and an
ATP bound form which is much more resistant to @ase digestion. With limited proteolysis
but also using global HDX kinetics it was shownttimdetergent or in membrane the global
behavior of BmrA is similar. Using local HDX kine§ we show that ICDs of BmrA are
highly dynamic in apo conformation but not in thesed form.

The local HDX kinetics of BmrA Walker ‘A’ mutant, 380R, show that in presence of
ATP/Mg this mutant is unable to close but adoptoaformation in between apo state and

closed state.



BmrC/BmrD is a heterodimeric ABC exporter frddacillus subtilis For BmrC/BmrD again
HDX-MS kinetics are determined in apo and closedest The exporter is found dynamic in
apo state but closed form of the transporter isasdight as that found for BmrA homodimer.
GLIC is a ligand gated ion channel recently ideadiffrom Gloeobacter violaceushe effect
of change in pH on different regions of channedtigdied by HDX-MS. Local HDX kinetics
show five monomers of GLIC are arranged in symroatrmanner. The kinetics difference
between pH 4 and pH 7 clearly show that the chaadepts different conformation due to its
closure at physiological pH. The main difference DX kinetics is found on the

transmembrane and extracellular domain interacgggns.
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Chapter 1. Antibiotics:
The influence of bacteria and other microorganisnmmur daily life is at very large scale. It is

considered that bacteria are present everywhereum surroundings and a number of
biological processes are occurring due to theisgmee.The number of microbes found on
the body of a healthy adult is several times mbestthe total number of its own cells. But
disease is produced by some specific bacteria whiehcategorized as pathogenic. These
pathogenic bacteria normally do not inhabit in hostly except when the target is affected.
Antibiotics were introduced to counteract agaihsse bacteria.

Antibiotics are chemical compounds, administeredkitbpathogenic bacteria. The idea to
introduce the antibiotic and increase the life etgecy was highlighted in 1940s and
provided a sense of security which was proved fial$ke coming years.

The bacteria came out with unique strategies apdimese administered antibiotics and
minimize or in some cases nullify their effectivesewhat we call now antibiotic resistance.
The hallmark feature of the antibiotic resistareenultidrug resistance (MDR) means that a
cell resists to the drugs which are structurallg &mnctionally unrelated. Sometimes, this
resistance is based upon the experiences, cellalrestly learnt from previous drugs contact.
Before we go to further details of MDR, let’s rdcbout antibiotics and their mode of action.
Antibiotics can be classified into different groupssed on their functional group or mode of
action. Bacteria wherever they are present growdwide to continue producing more and
more colonies of their offspring. Hence, antibiaten be also divided into two types, those
which stop bacteria growth and those which cantkdl bacteria. The first one does not Kkill
the bacteria but has proven very effective as ttep the spreading of the infection and
provide enough ‘time’ to host immune system to tegainst infection.

Antibiotics can be further classified into diffetetypes based on their mode of action. In
addition to their mode of action antibiotics arsaatlassified based upon their diversity of

target.
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Table 1. Common examples of antibiotics and tarygteroorganisms

Target Diversity Targeted Bacterial Organisms Comma Examples
Narrow Spectrum Gram-positiveAdtinomycesCorynebacteria Macrolides (Erythromycin)
Bacillus Clostridium Pyogenic cocci, Polypeptides (Polymyxin)
Spirochetes)
Moderate Spectrum Gram-positives plus systemierenand urinary | Sulfonamides,Aminoglycosides
tract Gram-negatives (Streptomycin, Gentamycin,
Tobramycin)
Broad Spectrum All prokaryotes excéyycobacteriaand Chloramphenicol, Tetracycline
Pseudomonas
Anti-mycobacterial Mycobacteria Isoniazid,Ethambutol,Streptomycin
Rifampin

1.1. Antibiotics mode of action:
The antibiotics used to control bacterial growth af different types, targeting various sites

with versatile mode of actions (Figure 1).

1.1.1. Antibiotics altering cytoplasm membrane:

Cell membrane wraps around the cytoplasm is thinbhak feature of living organisms. It
keeps the cell protected and unaffected from tkamroundings. It is believed that this
membrane is a complex mixture of lipids carryingotpm molecule and these protein
molecules provide the passage for the substance$s the membrane. Furthermore there

are protein molecules covalently linked with canprates and lipids with diverse functions.

Inhibition of
mormmnmsvmhass m:iﬂ Figure 1. Antibiotics mode of actions:
_ — f The different strategies adopted against

ADOCOOE A bacterial growth in a nutshell
( (Clatworthy, Pierson et al. 2007).

LY
Llis aITe Bacterial cell

DHP==DkFy, ¥

Whs Inhibition of
Inhibition of call wall synthesis

folate synthesis \

Depolarization of
membrane potential

0 k-

Some antibiotics destabilize the lipid bilayer,tditng the regular cell structure of bacteria
leading to their death (Figure 2). The antibio&fecting the bacterial cytoplasm membrane
are toxic for mammalian organisms and apparen#y tan not be used to target the bacteria

inside the living organism. The action of these pounds are limited to Gram-negative
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bacteria only, these are high molecular weight tpasy charged molecules which displace

the negatively charged phospholipids on the surd@dmcteria (Dixon and Chopra 1986).

Polymyxin B

Hyl
\x
( okg
0 CH, WM
/ & o
Ykl HNe 5 “JCY*HJ
e H
F:L,Z — s} No o
_/)_,- WY DD - //( J8
Hali /—'{ /#—NH Iy (—\
s e HiN TH,

HN a

y
{ e o

HN— —
_)»—NH HN—
M2 o]

o

hH,

Figure 2. A. Colistin is one of the antibiotics exffing cell membrane. The drug is able to
cross the cell wall and destabilize the lipid bdayB. Polymyxin is able to cross the cell wall
and then destabilize cytoplasmic membrane (Web: limip://quizlet.com/6100231/chc-
micro-150-exam-5-final-redux-flash-cards/).

1.1.2. Antibiotics inhibit bacterial cell wall syntesis:

Bacterial cell wall provides the first line of defe to bacteria in severe conditions; it
maintains the shape of the cell and keeps theatbedl in case of water loss. The properties of
bacterial cell wall are mainly attributed to theopeoglycan. The peptidoglycans are made up
of carbohydrates chains and these chains are liblgepleptides comprising of unusual D-
amino acids (van Heijenoort 2001). Since peptidoghg are the most important components
of bacterial cell wall, some antibiotics target p@pglycan synthesis which eventually leads
to death of bacteria.

The synthesis of peptidoglycan takes place in tisteps and there are antibiotics targeting
these particular steps. The first and irreverssibdp is the transfer of phosphoenolpyruvate to
the hydroxyl moiety of UDP-N-acetyl glucosamineatgted by MurA enzyme (UDP-N-

actetylglucosamine-3-enolpyruvyltransferase) (EtiBy, Sanschagrin et al. 2003).

OH OH

phosphoenolpyruvate UDP-N-acetylglucosamine
(PEP)
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Fosfomycin halts first step of peptidoglycan systhdy inactivating MurA enzyme. It has a
broad spectrum of target and it is effective agabeth Gram-positive and Gram-negative
bacteria. Since mammalian cell enzymes are nottaffieby fosfomycin, it has been used as

potent antibacterial agent to treat infection (Mengit, Brown et al. 1994).

OH
T, L — OH
I
Fosfomycin

Once the precursor of peptidoglycan is synthesizednust be transported outside the
cytoplasm to the growing peptidoglycan. This transbf the precursor is catalyzed by
enzymes linked to the membrane. The enzymes mdigghyprecursor into GIcNAc-3-(1,4)-
MurNAc-(pentapeptide)-pyrophosphoryl-undecapremal &ransfer this hydrophilic molecule
across the hydrophobic membrane. It is also beli¢ivat this transfer is also accompanied by
flip flop of lipid molecules but no biochemical ee&nce ha been obtained so far (Scheffers
and Pinho 2005).

1.1.3. Protein synthesis and antibiotics:

Proteins are essential molecules found within gvimrganisms along with lipids,
carbohydrates and nucleic acids. Production of pewsteins transcribed by the mRNA is
essential for metabolism and growth of organisnboRomes are the machines of protein
production and shutting down these machines wolb girotein synthesis. In bacteria, protein
synthesis is carried out on 70S ribosome (30S &&Irbosomal subunit) with help of some
proteins. Hence, any compound that can bind torith@somes or protein can be used as
antibiotic. The protein synthesis is divided intbree steps initiation; elongation and

termination; some antibiotics target initiation aidngation steps (Figure 3).
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Figure 3. The steps of protein synthesis and aniids acting to halt the protein synthesis
(Web link: pathmicro.med.sc.edu/mayer/antibiot.htm)

1.1.3.1. Antibiotics action on 30S ribosomal subuni
The antibiotics affecting the 30S ribosomal subwah be divided into three classes of

compounds: Aminoglycosides , tetracyclines and tapgmycin.

Aminoglycosides:

The initiation of protein synthesis requires thes3Gbosomal subunit, MRNA and tRNA.
Amnioglycosides target the complex of protein sgsth initiation and bind to the 30S
ribosomal subunit and stop the initiation of proteiynthesis. The antibiotic is also affected
for the blockage of protein chain elongation. Sitiee binding is irreversible, the effect on
bacteria is bactericidal (Shakil, Khan et al. 20@8jrante-Mangoni, Grammatikos et al.
2009). Kanamycin, neomycin, streptomycin and toly@m are some examples of

aminoglycosides.

Y OH
e o 2 Ho;\ﬁ‘“
0
HO
HOJ . E 0 NH;
HoN NH
Streptomycin Kanamycin

Streptomycin and Kanamycin target protein synthesisacteria. These two antibiotics are
widely used in molecular biology for screening e$istant strain and for overproduction of
recombinant proteins.
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Spectinomycin :

Spectinomycin share structural similarity with apgtycosides but its binding to the 30S-
MRNA-tRNA complex is reversible and therefore dfesd as bacteriostatic. Like other
aminoglycosides, spectinomycin is also used in ¢oatlon with penicillin and proved useful
to overcome the resistance developed by bactedmsigthe drug (Boslego, Tramont et al.
1987).

Tetracyclines:
Tetracyclines are another class of compound binttirige 30S ribosomal subunit, they target

the mRNA and ribosomal unit complex and stop thetgin synthesis by inhibiting the
binding of tRNA. The binding to the 30S subunit resversible and therefore effect is
bacteriostatic. This class of antibiotics targetbraad range of target bacteria (Borderie,

Hernvann et al. 2001), doxycycline and minocyckne examples of tetracyclines.

Minocycline

1.1.3.2. Antibiotics Action on 50S ribosomal subuii
There are two groups of compounds acting on 508soimal subunit: Lincosamides and

Macrolides

Lincosamides:

The 50S ribosomal subunit performs enzymatic fmctoy catalyzing the peptide linkage
formation between amino acids. This aminoacyl fienase activity of the ribozyme is
inhibited by the binding of lincomycin or clindamgco the 50S ribosomal subunit (Spizek
and Rezanka 2004).

Lincomycin one of the example of Lincosamides
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Macrolides:

The 50S ribosomal subunit in addition to enzymadttvity receives tRNA carrying acylated
amino acid. tRNA binds on position A of the ribosoand after the peptide linkage between
newly made chain and amino acid, ‘free’ tRNA mowego position ‘P’ of 50S ribosomal
unit. Macrolides compounds bind to the ‘P’ posit@frb0S subunit and inhibits the transfer of
tRNA from ‘A’ to ‘P’ position. Clarithromycin and zathromycin are common examples of

macrolides acting on broad spectrum of bacteria.

H;C CHj

\/

CH;

CLM CHs

Clarithromycin

1.1.4. Antibiotics targeting nucleic acid synthesis

The antibiotics targeting nucleic acid synthesispnokaryotes are the most widely used
antibiotics in clinical practice. This is due toetliact that the RNA and DNA synthesis
enzymes in prokaryotes and eukaryotes are differedttherefore provide selectivity measure
for the drug action.

1.1.4.1. RNA synthesis inhibitors:

Tuberculosis is the leading cause of death duentdn&ectious disease worldwide and
rifampicin is widely used for the treatment of tubdosis (Dye 2006). Rifamapicin binds to
the B-subunit of RNA polymerase which is responsible ifotiation of RNA synthesis and
elongation. Earlier biochemical data showed tha thug inhibits the RNA synthesis
initiation and once synthesis is began, there isffext conferred by the drug (Neu and Gootz
1996). But recent advancement particularly crystalcture of RNA polymerase (RNAP) in
complex with rifamapicin proved that the agent kkelongation step of RNA (Campbell,
Korzheva et al. 2001). Rifamycin and rifampicin ateer antibiotics acting on RNAP. The
binding of the drug is tight and the effect is leaictidal (Yusibov and Streatfield 2010).
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Rifampicin

1.1.4.2. DNA synthesis inhibitors:

The double stranded structure of DNA is based erstiper-coiling of its anti-parallel strands.
The winding and unwinding of these strands arelyzgd by a group of enzymes called the
topoisomerases. Only unwound DNA can serve as twmpior both DNA and RNA
synthesis. For newly made DNA strand, super-coilsxgarried out by gyrase enzyme and
this enzyme is also the target of antibiotics (Reaad Maxwell 1991). Quinolones are
compounds acting on gyrase enzyme, they bind toAtrgubunit of the enzyme and halts the
super-coiling (Drlica and Zhao 1997).

Nalidixic acid is an example of quinolones.

Nalidixic acid

1.1.5. Inhibition of metabolic pathways:

The antibiotics used for targeting metabolic patysvare relatively less in number and in use.
Most effective antibiotics are those which altee tiolic acid synthesis pathway. The end
product of folic acid synthesis pathway is tetraiojolate which has key role in
peptidoglycan, DNA and RNA synthesis (Maden 2000)e synthesis of tetrahydrofolate
takes place in three steps catalyzed by differenymmes (Figure 4).
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Figure 4. The biosynthesis of folic acid within & can be inhibited by two different

antibiotics each affecting on a different stephaf synthesis.
Sulfonamides (sulfa drugs) and trimethoprim are ti@milies of compounds acting on
different steps of tetrahydrofolate synthesis. Ba#fa drugs share the structural similarity
with para-aminobenzoic acid (PABA), the natural gtdie of enzyme. There is competitive
inhibition observed between drug and substrate £Da@nd Moser). Trimethoprim binds to
the enzyme dihydrofolate reductase and inhibits twomversion of dihydrofolate to
tetrahydrofolate. Like sulphonamide, the inhibitioy trimethoprin is competitive against the
natural substrate and results in a dead enzymbtahicomplex (Parry 2003; Then 2004).
Trimethoprim is generally administered in combioatiwith sulfonamide both acting on
Gram-positive and Gram-negative bacteria (Antonamd Gough 2005). The enzymes
required for the synthesis of folic acid are nairfd in eukaryotes thus bacterial systems are
specifically targeted by mentioned drugs.

NH,
W ‘ OCH,
HNAN OCH,
HoN SO,NH,
OCH,
Sulfonamides Trimethoprim
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Chapter 2. Antibiotic resistance:

The wide use of antibiotic soon after their disagvand/or synthesis led to a problem which
was not anticipated by the scientists. Bacterigetiged some modification in their phenotype
and started preparing themselves ready to comb#t wadministered antibiotics. The
modification is not limited to phenotype but alsgarporated in the genotype of some species
making them prepared for long battle. The pacentibetic resistance emergence was almost
same as was of antibiotic introduction (Figure 5).

Focus of a great deal of biomedical and biochemieakarch has been to overcome this
resistance but problem emerges more. Because ih ahdise cases the mechanism of drug
resistance is not limited to one strategy, it hiaemity, but the result is the same nullifying

the action of drug.

Antibiotic deployment

letracycline

Chloramphanicol Vancomycin
Streptomycin | Amplcillin
Ulfanamides Eryihromyeir | Ceaphalosporing Daptomycin
/, J Mel /./’/E Linezalid
N | ,l/ |
1930 1935 1940 1845 1950 1855 1960 1985 1970 1975 1980 1985 1990 1995 2000 2005
LA I |
Sullonamides Chloramphenicol Ampicillin \.-'anclomyc in Linezofid
£
Streptomycin | Erythromycin |
I DCaptomycin

Antibiotic resistance observed

Figure 5. Time line of antibiotic administration camesistance emerged showing that the
resistance was found shortly after the use of eniitbagainst bacteria (Clatworthy, Pierson et
al. 2007).

Different sites are targeted by various antibiotgthin the bacteria using different mode of

actions, in response bacteria has also shown nmé#itsional strategies not limited to only

mean of survival. It is possible that many more svay resistance against antibiotic by

bacteria will be identified in future but threeategies are investigated in detail yet (Figure 6).
The resistance of the bacteria towards a drug orpooind can be either passive or active
(acquired). There are number of natural shieldsigeal by the nature to bacteria to survive
in extreme conditions. These factors are equalbtriduted among pathogenic or non-

pathogenic bacterial species. While introducingbastics these passive ways of resistance
were in consideration by the scientists and theeethis kind of resistance was overcome

easily.
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The second and major mean of resistance is ofedyipe in which bacteria acquire the
genetic elements and express them in responseilbaodin encounter.
Although all the means of active resistance aremiand effective, the most important one is
the active efflux of the drug by integral membrameteins called exporters. These exporters
are the main reason behind the multi-drug resistéecause of their ability to export diverse
arrays of compounds which are even unrelated in skr@icture.
Each type of active resistance will be discussetkiail:

* Enzymatic effect on the drug

» Modification of the drug target protein

* Reduced drug accumulation by active efflux and pessneability

a Impermeable barrier b Efflux pumps

Quter membrane

<< W

Peptidoglycan

Nature Reviews | Microbiology

Figure 6. Summary of mechanisms of antibiotic tasise conferred by Gram-negative
bacteria (Allen, Donato et al. 2010).

2.1. Enzymatic alteration of the drug

Penicillin is a group of antibiotics which are cheterized and widely used around the globe.
Penicillium is a fungus which serves as source@ricillin compound and many derivatives
of penicillin are being used as clinical drugssEproof of the effectiveness of the compound
against bacteria lies back in 1871 when Sir Johrd&uSanderson observed difference in
turbidity of bacteria media in presence or abserigeenicillium mold growth (Selwyn 1979).
The modification of the administered compound (Qiring the bacteria is one of the active
types of resistance against antibiotics. The r@se® is due to expression of broad spectrum
of enzymes under selective pressure of an antibaotgroup of antibiotics.

The following table provides the information abaliferent enzymes, their mode of action

and plausible targeted antibiotics (Wright 2005).
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Table 2. Enzymatic strategies of antibiotic inaation (Wright 2005)

Strategy Type Examples of antibiotics
effected
Hydrolytic B-lactamses B-Lactams
Esterases Macrolides
Antibiotic Epoxidases Fosfomycin
Destruction
Non hydrolytic Lyases Type B streptogramin
[ Group transfer Acyl Aminoglycoside
Chloramphenicol
Type A streptogramin
Phosphoryl Aminoglycoside
Macrolide
Rifamycin
Peptide
Antibiotic < Thiol Fosfomycin
Modification Nucleotidyl Aminoglycoside
Lincosamide
ADP-ribosyl Rifamycin
Glycosyl Macrolide
Rifamycin
Other Redox Tetracycline
\ Rifamycin
Type A streptogramin

The enzymatic action imposed by bacteria direatlyhee antibiotics are specific i.e.
expression of a particular enzyme in response éopamticular antibiotic or a class of

structural similar compounds. The enzymatic eféecantibiotics can be of two types:

Destruction of the antibiotic
Chemical modification of antibiotic

There are two types of enzymatic strategies emgtdygdrolytic and non-hydrolytic.

In the hydrolytic, enzyme requires no other cofaetacept water. Therefore, these hydrolytic

enzymes present first wall of defense and destreyantibiotic even outside the cytosol.

p-lactamase:

Penicillin and its derivatives are recognized by fresence di-lactam ring and hydrolysis

of the ring is the target ¢f-lactamase enzymeg:lactamases encoding genes are present on
both bacterial chromosomes and transferable DNAetdnplasmid. There is a wealth of

literature dedicated for the functional classificatof B-lactamases including (Bush 1989;
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Bush, Jacoby et al. 1995; Arakawa 1999; Bebrone72@ush and Jacoby) but recent
classification proposed provides an updated amaild#assification (Bush and Jacoby 2010).

The enzymes are classified into four groups froto &. Briefly there are two main mode of
action employed by the enzymes i.e. those mimickerine proteases (Group A, C & D) and
others like metallo proteases (Group B). With theaduction of new antibiotics the number

and even the mechanism of the enzymes are eval¥aogpby and Munoz-Price 2005).

2.2. Modification of the drug target protein:

In general bacteria lack the enzymes required ydrdlysis and /or modification of synthetic
(non-natural source) antibiotics therefore alterawf drug target is a way of conferring drug
resistance (Nikaido 2009). This alteration can heéation of the target protein or in some
cases bacteria adopts changes in usual metabttwaggs hence avoiding some intermediates
which were possible target of the antibiotics (Blawn and Courvalin 2000; Hooper 2002).
For example, the effect of fluoroquinolones is mmimed by mutation of one amino acid of

DNA replication enzyme however the activity of emmyis also retained (Hooper 2000).

2.3. Active efflux of the drugs:

The most active and efficient way adopted by thetdsea to show resistance against
antibiotics is the active efflux. This active eilof compounds is carried out by membrane
transporters. These membrane proteins The substeatebe caught from cytoplasm or

directly from inner leaflet of phospholipid bilay&he phenomenon of MDR is attributed to
these transporters as they are able to extrudetyasf compounds belonging to different

families with distinct structures. Since the actefux is energy dependent process it is not
surprising that there are energy sources for tmetifoning of these pumps. In fact basic
classification is based on the energy source used.

There are primary type of MDR transporters, soméhem belong to the ABC superfamily,

which use ATP as energy source and secondary fyppansporters those rely on other energy

sources like concentration gradient of proton aliwm ion (Figure 7).
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Figure 7. The transporters involved in efflux ofikiotics vary in their size and topological
arrangement within cell membrane (Higgins 2007)kRiorder is possible position of lipid
bilayer.

2.3.1. SMR Transporters:

Small multidrug resistance or SMR is the familyiofegral membrane protein conferring
resistance against particularly (but not exclusivelgainst positively charged ions such as
tetraphenylphosphonium  (TPP cetyltrimethylammonium bromide (CTAB), and
benzalkonium (Bz) (Bjorland, Sunde et al. 2001;h\is and Yamaguchi 2001; Ubarretxena-
Belandia, Baldwin et al. 2003). This is the smalM®R transporter family both in terms of

Table 3. Examples of the members of SMR Transpo(@ome are homo-dimer like
EmrE and some form hetero-dimer like EmrA/EmrB)

Name of Transporter Organism

EbrA Bacillus subtilis

EbrB Bacillus subtilis

EmrE Escherichia coli

Mmr Mycobacterium tuberculosis
QacE Gram-negative bacteria
Smr (Emrb/QacC/QacD) Staphylococcus aureus
YkkC Bacillus subtilis

YkkD Bacillus subtilis

protein size with 100-110 residues (12 kDa) and lmemof its family members (Chung and
Saier 2001; Sharoni, Steiner-Mordoch et al. 20@%onsists of only transmembrane domain
without any cytosolic or extracellular domain. Thembrane spanning region consists of four
a-helices which traverse the membrane and linkeddoy short intracellular and extracellular

loops. The transmembrane helices provide the patlovahe substrate translocation, this
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Figure 8. EmrE binds TPP as an antiparallel difStereo view of the EmrE transporter in
complex with TPP. The two monomers are colored bhetyellow, and the bound TPP is
pink (Chen, Pornillos et al. 2007).

pathway is achieved by the dimerisation of two mmas in antiparallel fashion (Figure 8)
(Yin, He et al. 2006).

Since both monomers are aligned in an antiparaikehner the accessibility of the substrate
towards the transporter is considered as uncharifdédth sides have equally affinity for
substrate then how is it translocated against curat#on gradient across membrane?

To answer the question, EmrE is used as a modet¢geptative of the SMR family. The
structure of EmrE was solved at reasonable resolChen, Pornillos et al. 2007) (Figure 8)
and it remains highly stable and functionally aetigven in detergent solubilized state
(Schuldiner 2009). Briefly, it is shown that Emréquires two protons as energy cross for the
translocation of one substrate molecule from cyepl to periplasmic space. The highly
conserved glutamate at position 14 is considereteggonsible for the binding and uphill
transport of the substrate (Grinius and Goldber§419erushalmi and Schuldiner 2000;
Sharoni, Steiner-Mordoch et al. 2005).

2.3.2. Resistance-nodulation-division transporters:

Resistance nodulation division transporters are ohehe key factors responsible for
multidrug resistance in Gram-negative bacteria. RiMD transporter such as AcrB (an
integral membrane protein) acts in combination WAtttA and TolC and extrude the drug
outer surface of the cell membrane (Figure 9). Timghanism of drug efflux outside the cell
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membrane explains the intrinsic resistance of Gnagative bacteria which was first thought
to be only due to less permeability of the outembne for the drug (Vaara 1993; Nikaido,
Basina et al. 1998; Murakami 2008). In additionrRND transporters, there are other RND
proteins responsible for diverse cellular functiolise regulation of cell cycle and
organization of cytoskeleton. The RND proteins egeally distributed within prokaryotes
and eukaryotes (Ko, Gordon et al. 2001; Ma, Erlate. 2002).

Cytoplasm

Current Opinion in Microbiology

Figure 9. RND transport complex consisting of RNBnsporter (AcrB) which works in
coordination with outer membrane pump (TolC). Thieimediate role of membrane fusion
protein (AcrA) in complex between AcrB and TolCsisown in schematic presentation (Blair
and Piddock 2009).

2.3.2.1. AcrB:

AcrB is the integral cytoplasmic membrane parthaf three member complex, responsible for
extrusion of the drugs from cytoplasm. AcrB isffinerboring point for drug export driven by
proton motive force. As other multidrug transpastefAcrB recognizes and binds to wide
array of substrates nevertheless showing priomty lipophilic compounds like ethidium
bromide,cephalosporindusidic acid and even different detergents (Nikasohal Takatsuka
2009).

AcrB is first member of secondary type multidrugnisporters whose structure became
available, the structure was solved for first timeyear 2002 (Murakami, Nakashima et al.

2002). In coming years release of more structuedsel to explain the mechanism of AcrB
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functioning (Yu, McDermott et al. 2003; Murakamiakishima et al. 2006; Seeger, Schiefner
et al. 2006; Das, Xu et al. 2007; Tornroth-Horddfi&ourdon et al. 2007; Drew, Klepsch et
al. 2008).

The obtained structural data shows that the Acniktions as a trimer consisting of three
similar subunits. Each subunit can be divided inwto parts periplasmic domain, which is
involved in interaction with TolC, and transmemleadomains. The transmembrane domain
consists of twelver-helices traversing the cytoplasmic membrane (Fidd). Each subunit
carries a drug binding site (lower part) to catod drug from cytoplasm, the captured drug is
then moved to upper part of AcrB and eventuallgaséd to TolC. On any given time, only
one site of the three monomers can bind with drod sites on other monomers are
potentially inaccessible. The energy required fog tonformational change to transport is

driven by the proton downhill concentration moveinen
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Figure 10. AcrB makes a homotrimer giving rise téuactional transporter in cytoplasmic
membrane. Each monomer can be divided into threeads: Transmembrane domain, porter
domain and TolC interacting domain (Murakami, Ndiwam et al. 2002).

2.3.2.2. TolC:

The substrate caught by AcrB either from cytoplasmfrom cytoplasm lipid bilayer is
transferred to a huge outer membrane protein cakedolC. TolC interacts with AcrB and
traverse the outer membrane and release the dgbsimathe outer surface of the Gram-
negative bacteria. In addition to the drugs capting AcrB, the drugs present in periplasmic
space are also effluxed to outer cell membrane OMCTThis activity of TolC has an
important role in drug efflux system because marggral membrane efflux pumps catch the
drugs from cytoplasm and release in periplasmice@nd target of many antibiotics also

exist in periplasmic space (Blair and Piddock 2dgher, Brandstatter et al. 2009).
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The structure of TolC was solved in 2000 followed dnother structure of its homologue
OprM (Koronakis, Sharff et al. 2000; Akama, Kanematkal. 2004). The structure shows a
trimeric arrangement of TolC which give rise toubd like shape providing the pathway for
the compounds to be exported. Each monomer of Tea@ be divided into two: parts
periplasmic and transmembrane. The periplasmicipddrmed by six coiled-coiled helices,
the arrangement of these helices give rise to alaulstructure. The transmembrane part
majorly consists off-barrels which are connected by extracellular lodpgyurell)
(Koronakis, Sharff et al. 2000).

Extracellular

Figure 11. The x-ray structure of
TolC consisting of long cyliserical

shape providing the passage for the
drugs to be extruded on the outer
surface of the cell membrane og
Gram-negative bacteria (Koronakis,
Sharff et al. 2000).

Periplasm

Entrance

Table 4: RND family multidrug efflux systems in @Grenegative bacteria (Poole 2001).

RND family multidrug efflux systems of Gram-negative bacteria [3,4*].

Organism Efflux components. Regulatory Expression* Substratest
MFP RMD OMF gene(s)
B. cepacia Ceoh CeoB OpcM ? wi/—: mutant/+ CM.CP. TP
B. pseudormallei Al AmrE Opr A amri wi/+ AG, ML
E. coli AcrA Acrb TalC acrf, marA, robA,  wiis; markl ++% AC,BL BS, CM, CV,
SaKS acrRi++ EE. ER. FA. FU,
NV PO, SDS, TC,
TR TX
AcrE AcrF TalC acrs wi/—; mutant/+ as for AcrAB-TolC
7 AcrD ? ? wit/ s Al
H. influenzae AcrA AcrB ? ? Wi+ AC,CV EB. ER. NV,
RF. SDS
N. gonerrhoeae  MuC MirD MirE mirk, mirA wi/ s mtrRY + 5 AZ CP CV, ML PN,
mirAl- RF TX
P. aeruginosa MexA MexB Opri mexR Wt/ nalB +++; AC, AH, BL, CL, CM,
nalCHf + 4 CV, EE. FQ. HL,
IR, NV, SM, 505,
TLTRTS
MexC MexD Ol ne Wt/ kBl v+ AC, AH, BL, CL, CM,

CV, EB, FQ. ML, NV,
S05. TC, TR TS

MexE MexF OprN mexT Wti= afxC ++ AH,CM, FQ.TR. TS
MexX MexY OprM mexs wif + AG.ER, FQ, TC
{AmrA) (AmrB) {amriR}
P putida Arph ArpE ArpC arpR Wi/ + CB, CM, ER, NV, ST,
TC

Mepa MepB MepC rmepR 7 AH,BL, ER, NV, TC
Srph SrpBE Sipl srpk. sipS wif+9 AH
TwgA T T tgR Wt/ + AP, CM, TC, TO
TrgD TtqE TigF 7 wi/+% AH
TigG TigH Tigl 7 wii+: nduced/++1% AH, AR, CB

S. typhimuritim  AcrA AcrB 7 ? Wi/ mutant/++ AC, BL, BS. CH, CM,

CV, DOC, ER, FA,
NAL, NOR, NV, RF,

s0s, TC
S. maltophilia Smed Smel Smel smeRS ? AG,BL FQ
SmeD SmeE SmeF ? WL/ 4+ murtant/+ + EB,ER, RQ, TC
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2.3.4. Major facilitator superfamily:

With more than 15000 protein sequences, majoritfattl superfamily (MFS) is one of the
largest families of membrane proteins characterszeéar in living organisms. The members
of MFS are equally distributed between prokaryotesl eukaryotes. Like many other
secondary transporter, MFS members function isedriyy the use of energy conserved in the
electrochemical gradient of ions generally protdtrasge number of MFS substrates that have
been identified (e.g. sugars, neurotransmittersgsiramino acids, peptides and positive ions
etc.) These transporters are of special interesause they exhibit three types of substrate
transport, based on electrochemical gradient ngaunt, symport and antiport (Law, Maloney
et al. 2008). (Uniport term is used for transferooe substrate downhill the concentration
gradient across the lipid bilayer. In symport antiport transfer system, the energy obtained
from downhill transfer of substrate is utilized toansfer of drug towards uphill concentration
gradient. In symport and antiport, proton and darg transferred in same or opposite
direction of the proton respectively) (Chang, Lih a&. 2004; Ren and Paulsen 2005;
Lewinson, Adler et al. 2006; Ren and Paulsen 208, Lee et al. 2011).

The number of residues within different memberdviéiS ranges from 400 to 600. Prior to
release of structures, the traditional structuredigtion tools depicted different number of
transmembrane helices from 6 TMHs to 24 TMHs (Sa@03; Law, Maloney et al. 2008).
Few high resolution structures of the MFS tranggerhave been solved providing a health of
knowledge towards our understanding of transporthaeisms (Figure 12) (Abramson,
Smirnova et al. 2003; Huang, Lemieux et al. 2008;, ¥e et al. 2006; Dang, Sun et al. 2010;
Newstead, Drew et al. 2011).

Cytoplasm

Figure 12. Top view (right) and side view (left) @afmajor facilitator super-family member,
EmrD is shown in ribbon presentation. The trangparbnsists of 12 transmembrane helices
each shown with different color. Number of transrbesne helices from 1 to 12 is also
indicated. The substrate translocation is caritedugh the hydrophobic central region (Yin,
He et al. 2006).
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2.3.5. Multidrug and toxic compound extrusion:
All secondary type multidrug resistance transpertetescribed so far rely on the

electrochemical gradient of the protons. But presesf a reasonable amount of ‘Nan in
cytoplasm prompted scientist to look for the trawgr which could use electrochemical
gradient of N ions concentration and this led to recent disopwar multidrug and toxic
compound extrusion family (Morita, Kodama et al989Brown, Paulsen et al. 1999; Chen,
Morita et al. 2002; Begum, Rahman et al. 2005).

Members of MATE family are distributed in all fornod life from bacteria to eukaryotes
including mammals and even in plants conferringtidulg resistance (Kaatz, McAleese et
al. 2005; Magalhaes, Liu et al. 2007; Tsuda, Teradal. 2009). Most of the identified
substrates of the MATEs are positively charged idike norfloxacin, ciprofloxacin,
ofloxacin. Like the substrates of other MDR trans@s, there is no structural similarity
found within substrate of MATEs (Kuroda and Tsueh009).

The x-ray structure of NorM was very recently detered in outward facing conformation.
The structure also confirms the previously predidtgology showing that NorM consists of

twelve transmembrane helices (Figure 13) (He, Szgkvet al. 2010).

Extracellular space

- Cytoplasm

Figure 13. Front view of outward facing three disienal structure of NorM o¥ibrio
choleraesolved at 3.6 A (He, Szewczyk et al. 2010).
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Chapter 3. ATP binding cassette transporter:

AT binding cassette (ABC) proteins are consideredha largest family of protein found in
both prokaryotes and eukaryotes. Genomic analydts ooli revealed that 5% of its genome
is constituted of genes potentially coding ABC pies. The amino acid sequence of ABC
proteins remains highly conserved among 13 differerganisms of kingdom Archea,
Eubacteria and Eukarya (Higgins 1992; Isenbargary €t al. 2008). The name ABC was
given due to presence of conserved Walker ‘A’, V@alkB’ and signature motif of this
family, a stretch of few conserved amino acids Ugusarting on LSGGQ. Based on the
functions, the ABC proteins can be classified itwm classes: DNA binding proteins and
ABC transporters. DNA binding proteins are soluldeynd within cell to perform DNA
repair functions. ABC transporters are then divideid exporters and importers both are
integral membrane proteins involved in efflux anflux of substrate from and into the cell,
respectively. The ABC transporters perform thegpesctive function driven by energy from
the hydrolysis of ATP. Whereas, the importers grecsHic to their respective substrates,

exporters can be poly specific.

3.1. Structural characterization:

The minimal topology of any ABC transporter corsist four domains: two transmembrane
domains and two nucleotide-binding domains. Thastmembrane domains dimerize and
provide the pathway for the translocation of sudistrthrough the inner membrane.
Nucleotide-binding domains bind and hydrolyze ATBlecules working as ‘power engine’
(Figure 14). In mammalian cells all four domainse asually expressed as one polypeptide
(Aller, Yu et al. 2009) whereas in prokaryotes faypeptides, (Ward, Reyes et al. 2007)to
four polypeptides are expressed separately and ftrem a functional transporter as in the
case of BtuCD (Hvorup, Goetz et al. 2007).

In addition to minimal subunits, additional domaare also found in ABC transporters such
as regulatory domain found in Cystic fibrosis traesmbrane conductance regulator (CFTR),
extra N-terminal domains in transporter associateih antigen processing (TAP)
TAP1/TAP2 and C- terminal domain in maltose impori@ importers substrate binding
proteins are required for import of substances gasd and Welsh 1999; van der Heide and
Poolman 2002; Biemans-Oldehinkel, Doeven et al62@ancea, O'Mara et al. 2009).
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Figure 14. Core structure of ABC transporters
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3.1.1. Transmembrane domains:

Since the TMDs show translocation specificity todgtheir respective substrates in case of
importers, they share less sequence similarityoagpare to NBDs within the superfamily of
ABC transporters. The structural features of TM domwere unknown until the availability
of first crystal structure of an ABC importer whialas solved at 3.2A resolution in year 2002
(Locher, Lee et al. 2002). The structure provideel key details characteristic which was not
possible with traditional sequence based topolagdiption tools (Dawson, Hollenstein et al.
2007). Later, on the basis of structural data werifolds of the membrane domain were

recognized (Rees, Johnson et al. 2009).

3.1.1.1. Exporter transmembrane domain fold:

The first structure of ABC exporter, Sav1866, whiahctions as a homodimer showed that
TMD of the exporter comprises of six transmembraekces (TMH). These helices traverse
the cytoplasmic membrane and are joined by exitdaeland intracellular loops (Dawson
and Locher 2006). Extracellular loops are shorthneesting the TMHs, whereas the
intracellular loops protrude deep into the cytopiaand make the transmission interface with
NBDs. The intracellular loops are more frequentiledd as intracellular domains (ICDs).
ICD1 provides linkage between transmembrane helitk8H2 and TMH3 making an
interaction with its respective nucleotide-bindidgmain. ICD2 provides a link between
TMH4 and TMH5. The key feature revealed by the Saucture was the interaction of
(ICD2) of cis- subunit with NBD oftrans subunit. Subsequently, the second intracellular
loop of trans unit was found interacting witltis- subunit (Figure 15). The cross over
interaction of the loops and NBDs was not anti@datind is not found in any ABC importer
yet.
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> Transmembrane domain (TMD)

> Nucleotide-binding domain (NBD)

/

Figure 15. Ribbon presentation of Sav1866 strucfime subunits of transporter are colored
yellow and turquoise. The numbering of transmembrhalices from 1 to 6 is shown on
turquoise colored subunit (Dawson and Locher 2006).

The Sav1866 structure was solved in the outwaradamonform showing that the transporter
is protected or closed from the cytoplasmic sidd eapened to the periplasmic space. The
transmembrane helices group themselves from TMHIM®&I3 and TMH4 to TMH6 giving
rise to two wings within the membrane (Figure ¥&)other structure of Savl1866 which was
crystallized in the presence AMP-PNP showed theesstnuctural arrangement (Dawson and
Locher 2007).

Soon after the release of Sav1866, the structurdsbA were corrected and released again
(Chang, Roth et al. 2006; Petsko 2007; Ward, Reteal. 2007). The transporter was
crystallized in three different conditions: in theesence of Eadenylyl$-y-imidodiphosphate
(AMP-PNP) or Adenosine diphosphate/vanadate (ADP-S&parately or without any
nucleotide (apo conformation). The solved strudwlowed three different conformations:
closed in presence of (AMP-PNP or ADP-Vi), apo oper apo closed (Figure 16). The
closed structure was in full accordance with Sa®18@ucture for both transmembrane
domain arrangement and nucleotide-biding domainseMas apo form yields two different
conformations, apo-closed and apo-open, in botlttres the NBDs are not interacting with
one another but in apo-open conformation the digtdretween the two NBDs is higher as

compared to the apo-closed. In both structurepofcanformation TMD are shown in inward
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facing conformation, open towards cytoplasmic saie closed on periplasmic side. A

possible conformation in which the substrate isugegl form cytoplasm.

Transmembrane domain

g (TMD) )

/

Nucleotide binding domain \’ :

(NED) S5

Figure 16. Two apo conformation of MsbA are showmilbbon presentation: apo open (left)
and apo closed (right). One of two subunits is @mowhite and other one rainbow. The
transmembrane helices are also numbered from 1Itol&th conformation there is opening
inside and extracellular side is closed. The ICd ECD2 (IH1 and IH2 here) are always in
contact with NBDs (Ward, Reyes et al. 2007).

Recently solved structure of eukaryotic ABC tranggroP-glycoprotein from mouse extended
the structural information of ABC exporters to the@mmals (Aller, Yu et al. 2009). In
human, P-glycoprotein in is the best characteriB@& exporter yet which has an important
role in multidrug resistance in chemotherapy (Higg2007). P-glycoprotein was crystallized
in the absence of any nucleotide or in the preseht®o stereo isomers of QZ59 (Figure 17).
The apo form vyielded the overall same conformatsnobserved in the case of apo-open
MsbA. With the virtue of P-glycoprotein structurgslved in presence of inhibitors, the drug-
binding sites were revealed showing that therarge cavity able to acquire the drug from
cytoplasm or plasma membrane (Figure 17) (AllergeYal. 2009).

All the ABC exporters structurally characterized fsam show a similar topology i.e. six

transmembrane helices connected by loops.
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Figure 17. Binding sites of QZ59-RRR (green sphesesd QZ59-SSS (blue and cyan)
inhibitors in the internal cavity of P-glycoproteiare shown in space filling model.

Transmembrane helices of P-glycoprotein are showwire presentation (Aller, Yu et al.

2009).

3.1.1.2. Importer transmembrane domains fold:

Unlike ABC exporters the number of ABC importerdi¢es is not constant. Based on the
fold and topology of TMDs, the importers are dinddato two types.

Type | importer fold and Type Il importer fold

The TMD fold name given to a family is based on thstorical characterization of their

respective members not on the basis of sequertbeiofstructural finding or characteristics.

3.1.1.3. Type | importer fold:

The number of transmembrane helices is not congtatype | importer fold family. The
numbers of transmembrane helices vary from fiveight. The fold classification is based on
the comparatively newly determined structure of IMétMet transporter (Kadaba, Kaiser et
al. 2008; Rees, Johnson et al. 2009). There aeetfansmembrane helices present in each
monomer traversing the lipid bilayer as in the caseABC exporters. The translocation
pathway is mainly provided by the TMH-2 to TMH-5 edich subunit. The other members of
type | TMD importer fold, ModB which imports molyhate possesses six transmembrane
helices. MalF and MalG subunits of maltose trantgpoposses eight and six helices
respectively (Hollenstein, Frei et al. 2007; Oldhatmare et al. 2007; Gerber, Comellas-
Bigler et al. 2008). The maltose transporter is ¢dhéy ABC transporter carrying different
number of helices in the two TMDs. The accessotficé® of Metl or MalF and MalG are
involved in the interaction between transmembran®isits (Figure 18) (Oldham, Davidson
et al. 2008).
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MalF

Figure 18. The arrangement of transmembrane hekiem Type | ABC importer fold, the
number of TMHSs in both monomers are not constahtrianslocation pathway is provided by
TMH2 to TMH5 (TMH 4 to TMH 7 for MalF subunit of nfimse transporter) (Oldham, Khare
et al. 2007).

3.1.1.4. Type Il importer fold:

There are two homolog ABC importers characterizegtauctural level showing Type I
importer fold for their TM domains: BtuC subunitStbe vitamin B12 importer BtuCDF and
HI1471 subunit of HI1470/1 transporter Bf coli and Haemophilus influenzagespectively
(Locher, Lee et al. 2002; Pinkett, Lee et al. 20@Hernatively these are also called big ABC
importers because each transmembrane subunit tooéien transmembrane helices giving
rise to a complete transporter of twenty TM helicdse TMH2 is oriented in such a way that
it is closer to other transmembrane helices obws subunit. TMH4 and TMH5 of each of
the subunits provide entrance, the translocatidhvgay and the exit for the substrate (Figure
19). The interaction between subunits is additignadaintained by the interaction between
TMH210 of both subunits (Dawson, Hollenstein e28l07; Hollenstein, Dawson et al. 2007).

Figure 19. The transmembrane fold present withipeTly ABC importers fold (Pinkett, Lee
et al. 2007).
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3.1.2. Nucleotide-binding-domains:

Nucleotide-binding-domains or ABC cassettes arecittesolic subunits of ABC transporter
providing the energy required for the translocatminthe substrate by ATP hydrolysis.
Whereas TMDs vary in their amino acid sequence; NlBDs share very high sequence
similarity within ABC superfamily (Holland and Bliy 1999; Geourjon, Orelle et al. 2001).
First high resolution structures of separate NB[@same available in year 1998, and in
coming years the structure of NBDs alone or witholghtransporter showed that NBDs are
highly conserved in the structural arrangement twhis probably due to a common
mechanism for ATP hydrolysis (Hung, Wang et al.&9®bnes, O'Mara et al. 2009). At larger
scale NBD is divided into two sub-domains: Rec-eldomain and helical domain. Within
each NBD there are specific fold and regions whaehk critical for ATP binding and
hydrolysis, interaction with intracellular loopsginating from TMD and dimerization of two
NBDs (see Figure 20).

Walker ‘A’
Identified by the presence of a highly conservecbtsh of few amino acids residues

GXXGXGK(S/T) is found in many of nucleotide-bindingoteins (Walker, Saraste et al.
1982). It is established that conserved lysinedtesiis critical for the interaction with
phosphate moiety of bound nucleotide, mutating tresidue leave the NBD in an
incompetent state (Chen, Lu et al. 2003; OrelleheHini et al. 2008).

Q loop:
Q-loop contains a conserved glutamate and foungliomMABC transporter. It comprises eight

residues, that makes the interaction face with IC&Id ICD2 of cis- and trans-
transmembrane domains respectively (Dalmas, Oeeldd. 2005; Zolnerciks, Wooding et al.
2007; Oancea, O'Mara et al. 2009). The Q-loop madkesconnection between the ATP
binding subdomain and helical subdomain of NBDhds a role in the hydrolysis of bound
nucleotide.

ABC signature:
Exclusively present in ABC transporters, the narhéhe superfamily is partly attributed to

presence of a conserved LSGGQ motif. In monomee stee role of signature motif is not
established, in dimeric state the signature maétihetrans-subunits comes in proximity with
nucleotide bound to thisis- subunit by stabilizing theg-phosphate of ATP with the help of
positively charges residues (Fetsch and Davids02;2lbnes, O'Mara et al. 2009).
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Walker ‘B’
Identified with a conserved sequence of XXXXD (wdhef=any aliphatic residue). Conserved

aspartate is considered as interacting witf Meguired for ATP hydrolysis. The interaction
between aspartate and fds also thought to stabilize the ATP hydrolysis pden. The
catalytic glutamate residue (XXXXDE) present juieathe Walker ‘B’ motif has a central
role in nucleophilic attack on the ATP. The mutataf conserved glutamate into alanine or
aspartate halts the ATP hydrolysis of transpo@eelle, Dalmas et al. 2003).

Walker A

A ™~

I.I/-"' C-loop g
¥ |

N
\ar 1 ‘(Q _D-loap

r-& 4 ‘] O-=loop

Pro-loop
Walker B

Walker B

Pro-loap

Q-loap-

H-loop

Deloop -

Figure 20. X-ray structure of nucleotide-bindingnaons of transpoter Hly. The highly
conserved motif present within nucleotide-bindirgnéins are labeled (Zaitseva, Jenewein et
al. 2005).

Mechanism of ATP hydrolysis:

The ATP hydrolysis mechanism adopted by nucledbideing domain of ABC transporters
is widely discussed and several models are proptsekplain it e.g. ATP switch model
(Higgins and Linton 2004; Linton 2007). Briefly, ig described that open conformation of
ABC exporter is in state of high affinity for ligdrwith less affinity for ATP. The binding of
ligand to exporter induces affinity of NBDs for ATRading to its binding. For ATP
hydrolysis, the NBDs of two subunits form a closieher and this conformational change is
large enough to close the transmembrane face riaciltular side and open on extracellular
surface and translocation of ligand takes placee AmP molecule(s) then hydrolyzed and
returning the transporter back to its open formsThodel also explains that in vivo the ABC
transporters are not in utilizing the ATP but ittee binding of ligand which triggers ATP
hydrolysis. The binding of ATP occurs on Walker ‘Aiotif which is stabilized by the
signature motif of NBD of other subunit. The hygs is then initiated by catalytic
glutamate adjacent to Walker ‘B’.
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3.2. Functional classification of ABC transporters:
The ABC transporters can be classified into twoan&ypes depending on their function in
vivo: ABC Importers and ABC Exporters.

3.2.1. ABC importers:

Nutrients are essential for the growth and maintagtabolic process of the cell and these
nutrients are acquired from the environment by spieed membrane proteins including

ABC importers.

The transporter acquires the substrate preseninvitie periplasmic space between inner and
outer cell membrane of Gram-negative bacteria. ltereacquisition is assisted by the special
periplasmic proteins ‘substrate binding proteirdgttbinds to the substrate and deliver it to
ABC importer which then transfer the substrate ytoglasm. In Gram-positive bacteria |,

substrate binding proteins are also found in direshtact with the outer surface of

cytoplasmic membrane or with ABC importer itselfvder Heide and Poolman 2002). In
large part the specificity towards the substraseprovided by substrate binding protein as
SBP first bind to their respective substrate anehtkransfer it to transporter (Figure 21)

(Wilkinson 2003; Doeven, Abele et al. 2004; DaviisbDassa et al. 2008).

B (o> &5
Maltos‘e i ﬂ periplasm

E cytoplasm

K O

./ L _J - « b --

= ATP® _ “ ADP + Pj
P-closed P-open P-closed

Figure 21. The mechanism of substrate capture ¥ (M&IE in this case) and then import by
the ABC importer (Mal FGK) is schematized (Davidson, Dassa et al. 2008).

Large number of substrates imported by these irpoibelonging to different classes of
compounds including sugars, metals, peptides andoaactids etc (Davidson, Dassa et al.
2008; Eitinger, Rodionov et al. 2011).
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3.2.2. ABC exporters:

The structural features of the ABC exporters acuBsed in previous section; here the
significance will be discussed. Exporters are foumdll forms of life from bacteria to human
performing their general prescribed natural functiof extruding the toxic and waste
substances out of the cell. In higher organisnr thuiction is also to provide the selectivity
filter against harmful substances. The cytotoximpounds are efflux out of the cells by the
virtue of presence of ABC exporters. Usually shaynapecificity towards their substrate, the
ABC exporters are also found exhibiting poly spettiy towards the different compound of

absolute irrelevant structural features (Higgin€20

3.2.3. ABC exporters and human:

The analysis of completed genome sequenckoaio sapiengevealed the existence of 7

families of ABC exporters with a total number of d@porters (Dean, Rzhetsky et al. 2001).
But importance of these exporters was realized Bgg when it was shown that resistance
towards different administered compounds is du¢heactive efflux by these transporters
(Juliano and Ling 1976).

3.2.3.1. P-glycoprotein:

P-glycoprotein also known as ABCB1 or MDR1 is ofi¢he best characterized proteins with
vital significance in the clinical practice. The portant role of P-glycoprotein in drug
resistance was realized some 35 years ago wheasitshhown that a glycosylated protein is
responsible for the drug resistance and thereforenghe name of P-glycoprotein (Juliano
and Ling 1976). It is a large membrane protein 0@ kDa, expressed as one polypeptide
which organizes into two transmembrane and twoeaie-binding domains, giving rise to
a ‘full transporter’ (Higgins, Callaghan et al. 799In human, P-glycoprotein is present at
various sites within body and perform extrusionnokious substances to protect the cells
from their toxicity effect. But during the developnt of cancer and then the treatment, P-
glycoprotein becomes curse and start extrudingcttetoxic drug administered to kill the
affected cells. The situation tends to worse maigysfas the transporter is able to efflux wide
range of structurally unrelated drugs. Owing to asype to drugs, the cells also start
overexpression of the transporter (Szakacs, Patessal. 2006; Hall, Handley et al. 2009).
Recently solved structure of the P-glycoprotein vehahat it share the structural and
mechanistic features to its bacterial homologuks $av1866 (Figure 22)(Aller, Yu et al.
2009; Gottesman, Ambudkar et al. 2009).
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Table 5. Clinically relevant and atypical ABC priot (Linton 2007).

ABC Protein  Psuedonym  Ligand(s)/Function Associated Disease(s)
ABC1 ABCA1 Cholesterol Tangier disease
ABCR ABCA4 Retinal Various eye diseases
TAP1/2 ABCB2/B3 Peptides Bare lymphocyte syndrome
ABC7 ABCB7 [ron Anemia and XLSA
MRP6 ABCC6 ? Pseudoxanthoma elasticum
ALD ABCD1 VIcFA Adrenoleukodystrophy
Sterolin1/2 ABCG5/G8 Sterols Sitosterolemia
PGY3/MDR3 ABCB4 Phosphatidylcholine Liver diseaB&IC3, OC
BSEP/SPGP ABCB11 Bile acids Liver disease: PFIC2
MRP2 ABCC2 Conjugated bilirubin Liver disease: Byhdrome
MDR1 ABCB1 Hydrophobic drugs Failure of chemothgrap
BCRP/MXR ABCG2 Hydrophobic drugs

MRP1 ABCC1 Conjugated drugs

MRP4 ABCC4 Conjugated nucleosides

Atypical ABC proteins

CFTR ABCC7 Chloride ion channel Cystic fibrosis
SUR ABCCS8 Regulation of K channel PHHI

SMC1-6 Chromosome maintenance

Rad50 DNA, telomere repair

Elflp MRNA trafficking

b Figure 22. The structure of P-
glycoprotein in apo conformation:
(A) Front and B) back stereo views
of PGP. TMs 1 to 12 are labeled.
The N- and C-terminal half of the
molecule is colored yellow and
blue, respectively. TMs 4 and 5 and
TMs 10 and 11 crossover to form
" intertwined interfaces that stabilize
the inward-facing conformation.
Horizontal bars represent the
approximate positioning of the lipid
bilayer. The N- and C-termini are
labeled in (A). TM domains and
NBDs are also labeled (Aller, Yu et
al. 2009).
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3.2.3.2. Breast cancer resistance protein:

BCRP or ABCG2 is another human ABC exporter coirigrithe resistance towards the
chemotherapeutic drugs in the case of breast caAltbough the transporter is also found on
other site like placenta, the name was given duts tesistance properties in cancer cell lines
of MCF-7 on administration of doxorubicin and vemapl (Doyle, Yang et al. 1998;
Maliepaard, Scheffer et al. 2001; Doyle and Ros8320Unlike P-glycoprotein, BCRP
consists of only one transmembrane domain and ockotide domain and two subunits
make a homo-dimer and eventually an active tramspdFigure 23). The transmembrane
domain is considered carrying six transmembraned®las in the case of all the ABC
exporters (Wang, Lee et al. 2008). BCRP is foundbéo active against mitoxantrone,

methotrexate and irinotecan.

ABCB-type
NH5
TMD, TMD,
NBD; NBD,
ABCG-type Out
A fatataty ARARARRARR
.* Homo/Heterodimer'
NH; COOH In
TMD
NBD

Figure 23. ABCB transporters are expressed as olypgptide whereas ABCG dimerize to
form a functional transporter (Sarkadi, Homolyale®006).

3.2.4. ABC exporters and bacteria:

Multidrug resistance found in bacteria is in paredo presence of the ABC exporters. They
are equally distributed in Gram-positive and Graggative a. There are various physiological
functions of the performed by these transporteckiting excretion of cytotoxic compounds

or rearrangement of the lipid in lipid bilayer syesis e.g. MsbA.
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3.2.5. Bacterial ABC exporter BmrA:

BmrA is a multidrug ABC exporter characterized fr@acillus subtiliscarrying out transport
of the various drugs. The genomic analysisBafcillus subtilisreveals the existence of
seventy eight genes coding for ABC transporters gee YvcC was identified as ABC
transporter. BmrA is expressed as half transpoofer66 kDa i.e. as one subunit of
transmembrane domain and nucleotide-binding doraathtwo subunits dimerize to form a
functional homo-dimer both when it is expresseafter solubilization in detergent (Dalmas,
Do Cao et al. 2005; Ravaud, Do Cao et al. 2006¢. fdf transporter shares high sequence
similarity with itslactococcushomologue, LmrA, and each halves of P-glycoprotein.

BmrA is one of the best characterized ABC expoftem bacterial origin andn vitro
analysis show the transport of 7-aminoactinomycin doxorubicin and Hoechst 33342
(Steinfels, Orelle et al. 2004). The transport\aigtiin vitro was recently confirmed when it
was found thaBacillus subtilisconfers resistance towards Cervimycin C due tsemee of
BmrA gene (Krugel, Licht et al. 2010). The vitale®f glutamate in ATP hydrolysis was first
realized when it was shown that mutation of thistayihate to other amino acid leaves the
transporter in an inactive form devoid of any AT@astivity. This glutamate is found just
after the conserved Walker ‘B’ motif in ABC domaih ABC transporters (Figure 24). The
position and residue is highly conserved throug®®IC super-family (Orelle, Dalmas et al.
2003) and recent structural evidence has undertimedole of this residue (Oldham and Chen
2011). The structure of BmrA is still undeterminédw resolution structure determined with
cryo-elcetron microscopy showed that the overgtiotogy of BmrA is similar to that of
Sav1866 or MsbA (Chami, Steinfels et al. 2002dis also shown that conserved lysine of
Walker ‘A’ motif essential for closure of two sulbitsito hydrolyze ATP in BmrA (Figure

§ 93 02

2 K380 Figure 24. The effect of two

mutants mutations (Wlaker ‘A’ motif,
K380R and catalytic glutamate)
in BmrA is summarized in the
schematic diagram (Orelle,
Gubellini et al. 2008).

+ H,0
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3.2.6. Bacterial ABC exporter BmrC/BmrD:

The further search for the new ABC exporters witBacillus subtilisresulted in finding of
another ABC exporter BmrC/BmrD. Both genes codmgthis hetero-dimer are found within
same opern anticipating two different ABC transetand later characterization showed that
both half transporters are capable of dimerizatind giving rise to hetero-dimeric exporter
(Figure 25). The over expression of both genes ymed high yield of targeted genes.
Overexpression of both gene showed high proteild yinen expressed together or separately
(Torres, Galian et al. 2009). The association bebwmsvo monomers remains active during
the purification and characterization steps. TherBraubunit is bigger in size than BmrC
with difference of eighty residues. Topological lgges of BmrC and BmrD based on the
conventional structure prediction methods showed #ach monomer can be divided into
transmembrane domain and nucleotide-binding domairboth subunits presence of six
transmembrane helices in TMD is also predicted exiia eighty residues of BmrD are
predicted to form a large extracellular loop betwgansmembrane helix 1 and 2.

The physiological function of this hetero-dimer @ns yet to be determined but in vitro it is
capable of transporting various antibiotics. Thasssved glutamate responsible for the ATP
hydrolysis is found only in the large subunit iBmrD and mutation of this residue into

aspartate inactivates the transporter (Carmen @gliaesis).

yhel (1755 bp) yheH (2019 bp)
g
)
s 2
GCAGGGGC...
2 A
3
%
B 100 200 300 400 500 585 aa
\ | | |
Yhel NBD
Walker A ABC signature Walker B
Yhel 371...GKTGSGKT... || 475..LSGGQKQR... || 495...ILILDD...
YheH | 463..GHTGSGKS... || 567...LSSGERQL... 586...ILILDE...
100 200 300 400 50 600 673 aa
| | |
YheH NBD

Figure 25. Gene organization of the Yhel/YheH (€errGalian et al. 2009).
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Question related to structure and function of AB@arters:

1. The most critical feature of the ABC exporters hgit poly-specificity towards the
different compounds with versatile structural feasu What makes ABC transporter
capable to acquire these compounds from the cytasiolsame transporter?

2. The mechanism of the ATP hydrolysis and transféehefsubstrate by the transporter.

3. Is the distance between the two nucleotide-bindiagains shown in the apo ABC
exporters real?

4. The dynamics of ICDs of ABC transporters irfefiént conformations.

We aimed to answer the third and fourth questioth wihe help of hydrogen/deuterium
exchange mass spectrometry.

59



Chapter 4: Mass spectrometry:

Mass spectrometers are instruments used to deterther molecular weight of molecules,
atoms or isotopes in their ionic form. Once analee ionized within ion source their mass-
to-charge ratio (m/z) is analyzed by the mass aealgnd then detected by the detector and,
based upon this m/z ratio, the molecular weighteduced (Figure 26). Mass spectrometry is
one of the most highly used analytical techniqueghe characterization of a broad array of
analytes. The applications of the technique ramgenfthe pharmaceutical industries to
petroleum analyses and from structural biology ¢pedtests. The effect of a drug can be
monitored by the metabolites which can be analyzitd a mass spectrometer. With a high
resolution mass spectrometer it has become postibldistinguish very closely related
compounds within crude oil sample (Rodgers, Whital €1998). Recent advancement in the
technique has made it useful for the structurallysis of biomacromolecules (proteins,
carbohydrates, etc) with prior sample preparatiorethods (Sharon and Robinson 2007,
Harvey 2009; Benesch and Ruotolo 2011; Konermaan,eR al. 2011).

o — I
_’_’ De“‘”
Data Analysis

Figure 26. Scheme of a basic mass spectrometer

The principle of MS is based on the m/z determamaind therefore the analyte must be
charged before the analysis. A neutral molecule lmanonized by different ways such as
addition of proton H or Na or removal of electron within the ion source. Theharged
species are then transferred through the masszamnadynd separated based upon their m/z
ratio.

4.1. lonization source:

There are two types of methods employed for theaion of organic molecules:

hard or soft ionization.

Hard ionization causes the ionization and the fraggation of the molecule, it is routinely
used for compounds of low molecular weight. Electnmpact (EI) belongs to this type of
ionization. In EI the electron beam bombards thgoviaed molecule, which causes the loss
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of electron and as well as the fragmentation of tdrget molecule. This fragmentation is
found to be useful to obtain structural informatarsmall organic compounds (Cooks, Howe
et al. 1969; Yinon and Hwang 1984).The analytesized by hard ionization methods are
volatile in nature and of low molecular weight. $prompted scientists to look for other
ways of ionization which could be used for bio-nmwolecules such as proteins, nucleic
acids or carbohydrates.

Other ionization techniques are called soft becdlisse techniques are generally not strong
enough to dissociate the covalent bonds withiny@@aholecule but non covalent interactions
are not preserved in general. Electrospray and Mikdr® examples of soft ionization sources
and are now widely used for the analysis of bialagmolecules. Both methods cause the
ionization of protein molecules in the gas phaseseoving their covalent linkage. In 2002 the
inventors of the techniques John B. Fenn and Kdiemaka were awarded with Nobel prize
in chemistry for the development of ESI and MALDdnization methods, respectively
(Tanaka, Waki et al. 1988; Fenn, Mann et al. 1%&9n 2003; Tanaka 2003).

4.1.1. Electrospray ionization:

Electrospray ionization is a soft ionization tecfue most widely used for the analysis of
biomolecules such as proteins, peptides, nuclastsaand carbohydrates. The mass of the
analytes which can be ionized by ESI ranges fromestens of Daltons to several mega
Daltons (Smith, Loo et al. 1991; Griffiths, Jonssenal. 2001). The mechanism of the
technique can be divided in few steps: Nebulizes (atrogen) is applied on flow of the
solvent in presence of high electric voltage betw2do 4 kV (Figure 27). The combination
of nitrogen gas and electric field causes the petdn of highly charged droplets from the
solution. The droplets are filled with the solvefithe solution and charged ions. The solvent
present within droplets is evaporated by heatirdf@rexposing them to dry gas. The release
of solvent causes the shrinkage of droplet (Kebarld Verkerk 2009; Raut, Akella et al.
2009). The shrinkage of the droplets and repulsiosimilar ions eventually leads to rupture
of droplets and release of the ions (Fenn, Maral.€1990; Kebarle and Tang 1993). These
ions are then guided towards mass analyzer. Asotigeare produced directly from solution
flow it is possible to couple electrospray withuid chromatography. Normal ESI can handle
the continuous flow up to 200 pl per minute withneentional capillary source (Tang, Bruce
et al. 2006). A modified version of ESI, is ableaork at nano-liter flow reducing the sample
amount and solvent required called nano-ESI (Wiievchenko et al. 1996; Frommberger,

Schmitt-Kopplin et al. 2004). Since the evaporatdrthe solvent is crucial to produce good
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ionization of the samples, mostly but not necelsarpanic evaporable solvents are used for
electrospray ionization. The removal of salts oy ather contamination within buffer is
necessary as it can cause poor ionization of biecuds (Garcia 2005; Cotte-Rodriguez,
Zhang et al.).

In ESI, during the ionization of the analyte molecihe phenomenon of multiple charging is

also observed.

Posiliva lons Reduction
e e
il l-::E‘_——T.\-nc-ﬂ, c
i
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" |
= ————
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High Voltage

Powear Supply
Figure 27. lon producing process from an elect@ggource (Kebarle and Verkerk 2009).

Multiple charging:

Basically, the concept of mass spectrometry iotize the molecule to obtain its molecular
mass. But due to the electrospray ionization it masle possible to produce multiple charges
on the molecule (Fenn, Mann et al. 1989). For exanipr proteins or peptides which are
generally positively charged at acidic pH, the nembf charges on one single molecule can
be from +1 to more than +100 depending on the ¢kgure 28). Since in a mass
spectrometer m/z is measured, the mass with higharged states will produce m/z far
smaller than the molecular weight of analyte. Thig can then be easily analyzed by a mass
spectrometer with even limited m/z range. The nunabeharges produced due to multiple
charging is varied; the determined m/z of thesegdthstates are then fed to computer-based
program which calculates the exact molecular wemfhthe analyte. The phenomenon is
called as multiple charging but the deduced massaiked as average mass determined
(McLuckey and Stephenson 1998). Robinson’s growuveld that electrospray is tolerant to
some kinds of detergents (like DDM) and can be @sed tool to study the protein complexes
while keeping their non-covalent interactions presd in gaseous phase (Barrera, Di Bartolo
et al. 2008).
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Figure 28. A typical ESI spectrum of a 19920 Datgiro(YDIB). The charge states from 11
to 29 are shown.

4.1.2. Matrix-assisted laser desorption ionization:

MALDI is another soft ionization technique commoniged for peptide and protein analysis.
It is a highly sensitive technique detecting fembten concentration and requires small
sample amount. Though not as accurate as compares|tit is a robust technique that can
be performed rather quickly.

In routine MALDI-ToF analysis, matrix solution 3¢bmethoxy-4-hydroxycinnamic acid
(sinapinic acid) and (a-cyano-4-hydroxycinnamicdacare used for protein and peptide
sample respectively in 1. 1 ratio (Beavis and Ch8R9a; Beavis and Chait 1989b). A quick
sample preparation method is used for the anabfsisolecules; 1-2 ul of analyte is mixed
with the matrices and spot is air dried. The spqirepared on a metal plate and this plate is
then inserted into the mass spectrometer inletcgour

A laser beam is fired on the spot which causesttigation of matrix and subsequently the
activated matrix ions transfer energy to analytdeude causing their ionization. These ions
are then analyzed in a time-of-flight analyzer (id®d later) and detected by the detector
(Figure 29). Nowadays the use of MALDI is increased the molecular imaging in
combination with high resolution analyzers suchFasICR (Koestler, Kirsch et al. 2008).
The coupling of MALDI with liquid chromatography $idoeen also made available. With the
direct coupling, the analysis of complex mixturetloé peptides from proteome has become
robust while using MALDI as ion source (Bodnar, &burn et al. 2003; Mueller, Voshol et
al. 2007).
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Figure 29. Mechanism of ionization of the analyithva MALDI source.

The above mentioned method is used for solubleep®tand peptides. The presence of
detergent or higher amount of salt leads frequentliailure of ionizations. Only dilution of

the sample can be useful for salts but generally foo detergent as it might cause
precipitation of membrane proteins. Nevertheless iftact membrane protein analysis,
modified methods have been developed, facilitathig ionization and analysis (Figure 30)

(Cadene and Chait 2000; Fenyo, Wang et al. 200Ba@and Cadene 2008).
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Figure 30. The difference between two MALDI-ToF sfpa of a membrane protein can be
appreciated after sample preparation with ultra yer method (Gabant and Cadene 2008).
Single, double, triple and quarterly charged statgsbe observed with this preparation.
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4.2. lon analyzers:

lon analyzer can be unarguably called as the loédhie mass spectrometer, the efficiency of
any mass determining machine depends on the strefigls mass analyzer. The selection of
the mass analyzer depends on the requirement® sfthple to be analyzed and experiments
to be performed. Since the generated ions carrytipy®r negative charge, magnetic or
electric field within analyzer exploits this charge ion and determine their m/z.

Three types of mass analyzers were used duringvibris and are discussed here briefly:

« 3D lon Trap
e ToF
* FT-ICR

4.2.1. 3D ion trap:

Trap works as a mass analyzer, the ions genergt&Sbare trapped under radio frequency
(rf) field on constant amplitude, and the constamiplitude keeps the ions in a confined
trajectory unless the amplitude is varied. The iarestrapped with the help of two electrodes
of parabolic shape with application of appropriadéential on these electrodes showed as ring
electrodes in Figure 31. The variation of radiajfrency causes the escape of the ions from
the trap and subsequently their detection by detethe amount of known varied frequency
from lower to higher range causes the escape ddrlomass ion earlier and higher ions later,
making their separation possible. For understantfiagrap instrument it can be resemble to a
bowl filled with solvents of different densities.nQhe tilting of the bowl the solvent with
lower density will flow earlier as compare to otlsmlvents with higher densities. The radio
frequency generated by electrodes of the trap \asrkolvent for the ions in the gas phase
keeping them “soluble” ( for review (March 1997; idla 2009)).

Trap is also used for MS/MS analysis for fragmaatadf trapped ions and then analyzing its
daughter ions varying the rf voltage again to agbstructure information on peptides.

Trap is advantageous by providing MS and MS/MS yamslof a peptide to identify. Better
signal-to-noise can be obtained by keeping the fontonger time in the space confined by

two electrodes and following their motion.
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Figure 31. Schematic presentation of a 3D ion (vépblink:
http://drugstestingbook.com/confirmation-via-conparary-and-latest-techniques/)

4.2.2. Time-of-Flight:

The idea of the time-of-flight (ToF) was presentedre than a half century ago (Wiley and
McLaren 1955). This method to analyze the ions assnspectrometry was highlighted in the
1960s but the development of the technique remagwed until the advancement of detecting
and recording techniques in millisecond time sc¢@eailhaus 1995). The principle of ToF
analyzer is based upon the measurement of time takeons to travel a known distance. If
ions carry identical kinetic energy, the measuragk twill be solely dependent on the m/z of
ions.

The ions are highly dynamic species and irreguldrbpersed therefore their movement and
extraction is controlled by electrostatic platedteA emission from ion source, ions are
focused within electrostatic plates. The functidriheese plates is more important in case of
electrospray because electrospray produce continflow of ion. The ions are then released
in packets to the ion analyzer.

Kinetics energy of any particle is described as:
1
KE = — my
2
here, m and v correspond to molecular weight ahakcitg of the ions after acceleration

for a charged particle:
KE = zeV
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Z is charge state, e is charge on an electron acordsponds to the amount of electric field

in volts, on combining both equations:

mv?
— = zeV
2
we know that velocity can be calculated by dividihg distance covered with time required:

v =/t
1

— m(Pt?) = zev
2

T = 1(m/2zeV)*?

distance covered by ions, charge on electron anouatmof electric potential are constant
values: t = (m/z) .%2 . constant

hence m/z = 2.t.1/constant

In linear mode ToF analyzers, ions are analyzethey time of flight as discussed above. An
advancement of the ToF analyzers is the additioiedfector” on end of time of flight tube
rather than a detector. The reflectors are thdrelgatic mirrors acting in dual way: ToF and
reflector (Figure 32).

Theoretically all ions present in the source woaldorb similar energy but practically this
does not happen and ions with varied kinetic eesrgause peak broadening, this peak leads
to decrease in resolution. The electrostatic nmsrpyovide different energy levels for the ions
of varied energies. The ions with high energy pilbtrude deep in the reflectron and after
focusing will be released back into the time oglili tube and lower energy ion will be
repelled from the surface, hence making the enkggl similar within all ions so that ions
reach at the same time on detector. Secondly, theepce of these electrostatic mirrors
provides the longer length for the ions to fly withime of flight and enhancing the resolution
of the instrument (Cornish and Cotter 1993; CotBardner et al. 2004). ToF provides good
resolution and in some cases more than 50,000 demeon the instrument specifications.
The difference in kinetic energy distribution ofrs&am/z ions leads to peak broadening and

decreasing the resolution (Brown and Lennon 1995).
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Figure 32. Main components of an ESI-ToF instrument

4.2.3. Fourier transform ion cyclotron resonance:

The FTICR mass analyzers are the highest masautiesphnalyzers these days. The use of
increasing magnetic field with a proportional effen the mass resolving power was realized
more than 60 years ago (Sommer, Thomas et al. 18&t)ng last two decades, there is big
progress in development of the instrument mainhtitouted by Alan G. Marshall. However,
high cost and difficult maintenance of instrumexylain its less frequent usage.

The mechanism of m/z determination within FTICRdiferent as compared to other mass
analyzers both for ions analysis and detection. drreyzer operates in very strong magnetic
field, generated by superconducting magnet. Thenetagfield is generated when the high
current is passed through the coiled electromagmwates. We know that ionization source
like ESI continuously generates the ions, these @ae gathered within an octapole ion trap in
presence of constant electro potential. The iorstlzen ejected by varying the potential on
the ends of the octapole. The ions emitted by fidhapole are then again passed through
another octapole ion trap to focus the ion beanorbetheir exit into the centre of the
magnetic field. After the emission from second pota ions enter into the cell, this is the
place surrounded by constant strong superconduatiagnetic field. Within the cell ions
perform circular motion perpendicular to strong metie field and presence of trapping
plates prevents escape of the ions. The force wtacises the circular movement of charged
particles/ions in presence of magnetic field islechlas Lorentz force. The frequency of
circular motion exhibited by ions depends on thespective m/z ratio. But this frequency is

not strong enough to be recorded or used for ngiganent. The ions are excited by the
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voltage pulse generated by excitation plates amuh tneir round movement within the
magnetic field generates the ICR frequencies wlaiah recorded by detector plates. The
frequencies generate the spectrum in time depemdamber which are then treated according
to Fourier transformation giving the m/z spectruag(re 33). There is no colliding of the
ions with the detector as in the case of other rapsstrometer rather the generation of varied
frequencies determines m/z of the ions (Marshahdiickson et al. 1998).

For mathematical understanding of the mechanismceresider that if Lorentz force is
denoted by F then it should be equal to:

F= zev*B ()
Here,eis the ion chargey is velocity of the ion and B is strength of magnéeld.
niv
F= (2)

r

comparing Equation 1 & 2:
mv

=zeB
r

After excitation of ions the frequencgo() adopted by ions can be donated as:
eB

m
The applied magnetic B is known and generated &eges by the ions are recorded, hence

(Dcz

m/z of ion can be determined:

eB
m/z =

¢

Since the principle of FTICR analyzer is based lmnmagnetic field, stronger the field will
have better mass resolution. The FTICR mass speeters are unique for providing MS/MS
analysis by an unusual fragmentation method for tipefprotein sequencing. The
fragmentation method is called as electron captlissociation (ECD). Though FT-ICR
analyzers provide high resolution and sensitivitye of their disadvantages is high cost and
maintenance of the instrument. In contrast, withitcap, high resolution and mass accuracy
can be achieved with comparatively lower expenBls.principle of orbitrap is to confine the

ions in presence of electrostatic field in absesfcany magnetic field (Hu, Noll et al. 2005).
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Figure 33. Schematic diagram of an FT-ICR ion arelyfrom Bristol University Website).

4.3. Protein/peptide sequencing by MS:

The sequencing of peptides or proteins in the nsmectrometer is achieved by their
fragmentation. Fragmentation methods used for MSAd&uencing can dissociate all three
types of bonds within protein/peptide backbone enteless fragmentation of amide/peptide
bond between carbon of carbonyl and nitrogen ofdans more commonly observed O=C
NH. For any sequence the fragmentation produces pgmducts, one charged ion and a
neutral specie. Decrease in m/z of charged fragaientdue to loss of ¥, NH; or CO is
called as neutral loss. The fragmentation of a igepproduces series of ions and the
nomenclature adopted for these daughter ions i&rsho the Figure 34. Depending on the
bond fragmentation, six type of ions are expectedy( z) if identified part of the peptide
belongs to C terminal or (a, b, c) if identifiedrfpaatches with N-terminal. With the help of
mass analyzer the molecular weight of the libergediuct ions is determined and possible
sequence is predicted (see Figure 34 and 35).

4
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Figure 34. Daughter ions (fragments) emerging fidnterminal and C terminal are given
name as X, Y, z ions and a, b, c ions respectividlg. fragmentation of a peptide produces
series of ions which are generated and the nomeneladopted for these daughter ions as
shown in the figure.
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For an accurate prediction, the fragmentation paitesearched or compared throughout the
sequence database to identify the protein. Foresemjug and peptide identification of a
peptide mixture, arising by the digestion of a protwith known sequence, the dissociation
pattern of residues is compared to theoreticalodiaton database with help of database
dedicated search engine like Mascot (Perkins, Pappal. 1999; Sadygov, Liu et al. 2004;
Paizs and Suhai 2005; Xu and Ma 2006).
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Figure 35. General scheme of MS/MS analysis

4.3.1. Fragmentation methods:

For the fragmentation of peptide different methadsin use. One possibility is the in-source
decay which is used with MALDI ion source. Whenelabeam is fired on the analyte for
ionization with extra energy, it causes the fragtagon of the analyte. The matrix used for
this purpose is of particular characteristic capabf absorbing high energy like 2,5-
dihydroxybenzoic acid (Reiber, Grover et al. 1998)e method is used for intact protein and
as well as mixture of peptides of proteolytic digesf a protein or mixture of proteins. If
peptide mixture of many proteins is under invesiayg it can generate complicated MS/MS
spectrum as the whole analyte will be ionized & time. To avoid this complication MALDI
is also being used in combination with liquid chedography (Poutanen, Salusjarvi et al.
2001; Hardouin 2007).

Within post-source fragmentation there are twotsgias in used depending on the time and
the space: MS/MS in space and MS/MS in time
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4.3.1.1. MS/MS in space:

As indicated in the name, the mass analysis amginfeatation takes place at physically
distinct places. For example in triple quadrupd@@) (Figure 36) or Q-ToF (QQToF)
instruments first quadrupole acts as a mass filtéch analyzes the m/z of the precursor ions,
in the next quadrupole which acts as a collisioll, ¢ke ions are fragmented and then
analyzed with the main analyzer like Time-of-flight another quadrupole. Conventionally
FTMS has been used as one of the time based MSAstBument but relatively recently
developed new generations FT-MS are hybrid withFQ&4S (quadrupole mass filter and
fragmentation cell and FT-MS ion analyzer)(Sykaridat al. 2004).

Q]: Precursor lon Mass Filter = Q2: Collision Cell = Q3: Product lon Mass Filter

— W
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————— W k| l

L

Retention Time —

Figure 36. Three sections of a typical triple quadie are shown. Peptide arising from
electrospray is analyzed in first quadrupole, fragted in second and then product ions are
analyzed in third quadrupole (Halquist and Thomasi€s 2010).

Intensity —

4.3.1.2. MS/MS in time:

Examples of time based MS/MS include FTMS or i@aptwhere at the same place first the
mass analysis of the peptides occurs followed by finagmentation and subsequently mass
analysis of the product ions. Since all the stdph® sequencing occur at the same physical
space but in different time, the method is called/ks/MS in time.

Apart from the strategies there are several waysaggment the peptides like:

Collision Induced Dissociation (CID)

Electron capture dissociation (ECD)

Electron transfer dissociation (ETD)
Infra red multi-photon dissociation (IRPMD)

4.3.2. Collision induced dissociation:

Employed for both MS/MS in space and MS/MS in tio@ision induced dissociation is the
most widely used method for the peptide fragmeoati he principle of the CID is based on
the fact that the internal energy of ions in tigaseous phase is induced by colliding them
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with an inert gas. The kinetic energy of the iomsnicreased by submitting them to electric
field. The increased kinetic energy cause fastsem@nt of ions and their collision with inert
gas. Due to continuous collision with gas, the #menergy tends to transform into internal
energy. At certain limit the internal energy causbe breakage of the precursor ions
generating daughter ions. The principle of the GfDused both for the linear triple
guadrupole and 3D ion trap in presence of argontaldim gas, respectively (Wells and
McLuckey 2005; Pittenauer and Allmaier 2009; Romanerkerk et al. 2009). Labile post
translational modifications are not conserved wéd fragmentation method is applied for

peptide sequencing or for determining exact sitmodification (Creese and Cooper 2007).

4.3.3. Electron capture dissociation:

Recently developed electron capture dissociatiohrigue is based on the use of low energy
electron to cleave the peptide bond. For electmmidardment, an electron gun is introduced
within MS instrument. The low energy electrons ¢editfrom the electron gun target the
peptide bond within protein or peptide generatihg fragments. The electron capture
dissociation is mostly used with FTMS analyzerse Tise of high resolution analyzers made
possible the MS/MS of the intact protein withoufoprdigestion by proteases. Another
advantage of the ECD is that the fragmentationepatonly dissociates the peptide bond
thereby conserving any post-translational modiftcaton the protein like phosphorylation,
glycosylation and the modified peptides are thesnidied indicating the exact site of the
modification (Kelleher, Lin et al. 1999; Medzihratty 2005; Peter-Katalinic 2005; Sweet
and Cooper 2007; Sweet and Cooper 2009).

In proteomics the FTMS instruments with ETD aredut® protein identification (Mikesh,
Ueberheide et al. 2006). The use is not limitedpimtein identification, for HDX-MS, these

tools are used for peptide mapping as for a typgifaK experiment protocol (HDX section).
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Table 6. A general comparison of mass analyzerd kisee modified from (Siuzdak 2006).

°Z

lon Trap Time-of-Flight FT ICR Orbitrap
Reflectron (Perry,
Cooks et al.
2008)
Accuracy 0.01% (100 ppm)|  0.001% (10 ppn) <0.00005% | ~ ¢ o ppm
(<0.5 ppm)
Resolution 4,000 15,000 500,000 500,000
m/zRange 4,000 100,000 >20,000 >150,000
Scan Speed | ~a second milliseconds ~a second | <1.8 sec
Tandem MS | M$ MS? MS" MS" generally
with LTQ
Tandem MS | Good accuracy Excellent Advantageou:
Comments | Good resolution accuracy and |asFT
Low-energy resolution of
collisions product ions
General Low cost Good accuracy | High resolution,| Low cost,
Comments | Ease of switching | Good resolution | MS" high easy
pos/neg ions vacuum, high | maintenance
Well-suited MS cost, difficult
expense
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Chapter 5. Hydrogen/deuterium exchange:

Like other biomoleculegproteins are mainly made up of carbon, nitrogemirdgen, sulphur
and oxygen atoms. These elements perform definégb re.g. hydrogen atoms remain
constantly engaged in the exchange of hydrogenigedvby the solvent keeping the
molecules soluble (Kwart, Kuiin et al. 1954). Iretbase of proteins the exchange of the
hydrogen with the solvent also depends on the gldtvae-dimensional structure, the local
spatial conformation of the protein and the proteteraction with other ligands or protein-
protein interactions themselves. In protein molesulsecondary structural features
polypeptide are dependent on hydrogen bonding. Aydrogens involved in hydrogen
bonding to form secondary structure are less stibbepo exchange the hydrogen with
solvent (Kabsch and Sander 1983; Richards and Kunt®88). Therefore, a technique
capable of measuring this hydrogen exchange carider@ignificant information regarding
the solvent accessibility or even the dynamics ha protein. To measure this hydrogen
exchange, the protein molecules are diluted indimeteration solutions and the deuterium
uptake is then monitored by nuclear magnetic rasosmar mass spectrometry.

The role of mass spectrometry to determine hydragrierium exchange (HDX) was first
time realized by Chait’s group (Katta and Chait )98nd fundamentals advancement in the
techniques was brought by David Smith’s group (ghand Smith 1993; Yang and Smith
1997). The role of different acid proteases wasldisethe HDX MS technique by our group
as well (Cravello, Lascoux et al. 2003; Marcouxi€efty et al. 2009; Rey, Man et al. 2009).

5.1. General mechanism:

For a protein or peptide, three types of hydrogema are found (Figure 37). First, those
hydrogens which are linked to carbon atoms of nshmin or side chain; these exchange very
slowly with solvent and can not be used for few sodeuteration exchange experiments.
Second, those hydrogens which are part of the cidéns of the residues linked through
functional group. Since the side chains of the anaicids are highly dynamic the exchange of
these hydrogen atoms occurs at relatively highdspeaking it difficult to monitor. Third type
of hydrogens called as amide hydrogens are comrsldes best candidates for HDX studies.
Their exchange rate is neither too slow nor tod tiade monitored. The amide hydrogens are
directly linked to the backbone of the protein #fere provide the exact information of the
protein backbone dynamics (see Figure 37)(RoséNwitenden 1993).
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Figure 37: Three kinds of hydrogens found in peggtidnd site of deuterium exchange in lieu
of hydrogen.

EX2 and EX1 kinetics:

In folded proteins, secondary structural elemergsv@ade due to hydrogen bonding of amide
hydrogens. The other amide hydrogens which arénwotved in secondary structure and are
more likely on protein surface mainly contributea fdeuterium exchange. The deuterium
exchange for these regions can be explained acgptdiequation 1.

kex
FH—/—— FD) (1)
D0
where folded state of protein is showrFasydrogen and deuterium are showrHaasndD.

The rate constant for this exchange is definekl,as

Within the proteins in a particular region or glépainfolding and folding occurs at different

rates in physiological conditions. The deuteriunth@nge for this condition is described
according to equation 2 which shows that deuteraxchange takes place only on unfolded

state of protein.

1 k K K1
FHe— UH—>UD)e—— FDO) (2
Ky D,0 k

where F and U show the folded and unfolded state of protein @nglrotein region
respectively. Hydrogen and deuterium are showHi andD, respectivelyk; is the rate of
exchange in unfolded state of proteka.andk,are rate constant of protein unfolding and
folding respectively.
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ki>>k>
Now, if rate constant of protein foldirlg, is higher than the rate constant of exchagg®ow
deuterium content can be observed for short ddigardimes. This model of deuterium
exchange kinetics is called as EX2. EX2 is the dasemost protein in physiological
conditions.

ki <<k>
But in some cases the unfolded states of proteist & comparatively longer duration. In
this case rate constant of exchange in unfoldei# ktas considered higher than the rate
constant of protein folding, , this condition is called as EX1 kinetics.
It is common to observe two species of isotopicedmpes after deuteration in EX1 kinetics,
Pure EX1 kinetics is identified by progressive @ase in intensity of lowered mass and
increase in intensity of higher mass envelope (©@@8)(Deng and Smith 1998; Weis, Wales
et al. 2006; Kerfoot and Gross 2011). In other wpiEX2 and EX1 can also be defined as
deuterium exchange uncorrelated and correlatedoteip unfolding.
The remaining traces of undeuterated peptides &dfte deuterated sample run on liquid
chromatography can sometimes also lead to a falsergation of EX1 kinetics as reported by
Fang et al(Fang, Rand et al. 2011). The determination ofetact rate of folding requires
precise information of the contribution of eachdas exhibiting the EX1 kinetics.

EX2 JL %
K.1>>k; JL 2
uncorrelated JL é
single Jkl
population
m/z
EX1 5
a
k—1(<k2 JL %
M?’ Figure 38. Exmaple of EX1 and EX2 kinetics
correlated Mg observed in hydrogen/deuterium exchange (Weis,
. l Wales et al. 2006).
multiple JL
populations
| I pa—
m/z
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5.2. H/D exchange is influenced by factors:
Apart from protein dynamics and conformation, théer major factors influence the
deuterium exchange: the temperature and the phea$dlution and amino acid composition.

5.2.1. Temperature:

It is well established that the movement of the enoles within water or any other matter
depends on the temperature of the matter itself @ed surroundings. On heating the
molecules absorb the energy which leads to increéastheir internal energy and fast
movement.

In the case of proteins we know that lowering arateasing temperature above a certain limit
leads to their cold denaturation and denaturatespectively. However, changes in certain
limits do not affect the protein native state i@ movement and their rate of amide hydrogen
exchange with solvent is affected. The rate of arge is found to be slowed down the by 3-
fold factor on lowering the temperature by 10 degré&hang and Smith 1993). Most of the
proteins remain soluble and functionally active rabm temperature, therefore HDX
experiments are performed at ambient temperatur@iitine. However, in some cases due the
very highly dynamic nature of the protein the exad®was carried out at 0°C and significant

difference in HDX was observed in presence or atxsenhligand (Brier, Lemaire et al. 2004).

5.2.2. pH:

The reaction of exchange is initiated by the exgleaof proton of the HOH or deuteron of
DOD in case of deuterated buffer, therefore theopHD of the solution plays a major role. In
nature mostly the protein molecules are found toabtve around physiological pH i.e.

between pH 7 to pH 8. Increase or decrease intkhaffects the stability and structure of the
protein and as well as rate of hydrogen deuterixoh@&nge. It was also reported that lowering
the pH by one unit slows down the exchange rata tactor of 10 (Figure 39). For example a
protein sample requiring 10 seconds to exchangeHal will require 1000 seconds at pH 5
and 10000 seconds at pH 4 respectively (Englanaerkallenbach 1983; Bai, Milne et al.

1993).
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I . pH2.7,25°C | oc:11:33 Figure 39. Effect of pH and temperature on
amide hydrogen exchange (Bai, Milne et al.
0.0001  =———t= pH27,0°C | 01:55:33 1993),

5.2.3. Peptide sequence:

Soon after introduction of the technique, the iefloe of amino acid composition in a
particular region of protein on HDX was first read and then monitored by the Englander
group (Bai, Milne et al. 1993). The HDX was monédron the group of dipeptide
considering dipeptide of alanine as reference. dfiect of side chain of different residues
and the absence of amide hydrogen of proline wes ebnsidered while calculating the
percent deuterium exchange. The presence of amidiasic amino acids has effect on rate of

exchange depending on pH of the solution but gdigerat considered.

xl

Figure 40. Steps of a typical HDX experiments drews1. The protein sample is diluted in
deuterated buffer for different time intervals. Timck-exchange of deuterium is avoided by
decreasing pH and temperature of sample. The @dgetesample is then either proteolysed by
acid proteases or directly sent to mass spectromete
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5.3. Hydrogen deuterium exchange experiment:

Different steps in a typical hydrogen/deuteriumemxpent are outlined in Figure 40.

5.3.1. Peptide mapping:

The protein mapping is initial step of any HDX espeent. To acquire the knowledge about
conformation change in different regions of a prgtéhe HDX difference is calculated after

digestion of protein by acid proteases. The acatgarses are generally not specific for their
cleavage site on protein and generate mixture cdemtified peptide. These peptides are

identified by MS/MS and mapped on the sequenceaém.

5.3.2. Protein labeling:

The hydrogen deuterium exchange experiment stgresxthange of protein amide hydrogen
with deuterium. This labeling is achieved by dimgfi5 to 20 fold the protein solution in

deuterated buffer. The pD of this deuterated smiuis already adjusted to physiological
value or varied unless required (Man, Montagneralet2007). For continuous labeling

experiments, the concentrated protein sample dilutedeuterated buffer and after different
time intervals, the aliquots are drawn, ‘quencheati frozen. Usually, the labeling is carried
out at room temperature and quench is performeldwgring the pH to 2.2 and temperature
to 0°C (Thevenon-Emeric, Kozlowski et al. 1992; @gand Smith 1993).

5.3.3. Global deuteration kinetics:

The deuterated sample of proteins can be directhlyaed by electrospray ionization or

MALDI mass spectrometry. The mass of undeuteratedem is also determined and the

difference of the determined mass between deutkratel undeuterated determines the
percent deuterium intake by the protein. The mdssinoleuterated protein can also be

calculated from the protein sequence but use ofsrspectrometer also ensures the target

protein is unvaried (Maw, Kennedy et al. 1997).

5.3.4. Local deuteration kinetics:

The local deuteration kinetics is determined tantdg the region of interest of the protein.
Deuterated samples are digested with help of samepaoteases like pepsin, rhizopuspepsin
and plasmepsin (Marcoux, Thierry et al. 2009; Régn et al. 2009). Since the acid proteases
are generally non specific to the cleavage sit¢herprotein sequence, therefore the peptides
are identified with the help of MS/MS. The uptake deuterium is then followed with

increasing time. The deuteration level of peptidgesletermined as function of deuteration
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time. The deuteration level at any time (t) for mypée can be calculated by following

expression:

. m(t)om
Deuteration level (t) =——
183-Mo

where my is the molecular weight of undeuterated peptide ) is the weight determined

after deuteration of protein for duration of tim#. (oo corresponds to the determined
molecular mass of the fully deuterated amides ef pleptide. Another frequent way to
determine the percentage of deuteration contertb isubtract the molecular weight of
undeuterated peptide from the determined moleautaght after of deuterated peptide after
deuteration time (t). The value obtained is thendaid with the number of amides present in
the peptide. This method does not require the fidiyterated peptide as reference.

Difference of molecular weight “py” = mg-mo

Percent deuteration = @n - X 100
Number of aesd

5.3.5. Data analysis:

After successful completion of series of experirsgttie next step is to analyze the obtained
MS data. Usually manual data processing of the ¢mgtide was in trend but nowadays
successful efforts are made to make a computeramognabled of automated data analysis
like Magtran, HD-Express, Hydra, Deuterator and BkKaminor etc. (Zhang and Marshall
1998; Weis, Engen et al. 2006; Pascal, Chalmeak 2007; Slysz, Baker et al. 2009).

5.3.6. Top-Down HDX:

Recently introduced “top down” approach in HDX M&ieh is based on the determination of
per residue deuterium exchange is carried out byabbove mentioned fragmentation method
and MS instrument. The ‘top down’ approach is ugitputhe conventional HDX experiments
because no prior digestion with acid proteasesrnged out (Figure 41). The intact protein is
exchanged with deuterium and subjected to fragnmientavith ECD (Hagman, Tsybin et al.
2006; Pan, Han et al. 2009; Pan, Han et al. 200t5.technique is used for smaller proteins
in general. There are few examples where CID fragat®n is also applied for Top-Down
HDX but due to scrambling effect, it is not beingphed extensively (Deng, Pan et al. 1999;
Ferguson, Pan et al. 2006).
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Figure 41. The conventional HDX MS experiment setalted ‘Bottom-Up HDX MS is
compared with recently advanced Top-Down HDX-MSI{&shov, Bobst et al. 2009).

5.4. HDX-MS applications:

The applications of HDX-MS are increasing with time the development of the technique.
For example, X-ray crystallography is no doubt th&n source about the knowledge of any
protein structure but the dynamics of the proteinsolution itself and after binding with
effectors is difficult to follow with the typical Xay crystallography generated structures.
Protein-ligand, protein-protein interactions and thtermediate states of the protein folding
pathway from its denatured to natured state isiplesso be monitored with the HDX-MS.
The focus of research has been towards the mempratesn characterization during last few
years by various biophysical methods. HDX-MS i®agpanding its role for characterization

of membrane proteins dynamics.

5.4.1. Protein folding:

The specific sequence of the amino acids and subsdy structure adopted by the proteins
dictates the function of protein molecules. In tiedl protein molecules are expressed as linear
chain and then they are folded with help of otrestdrs and special folding machineries
“chaperones”(Rose, Fleming et al. 2006). It is atgworted that misfolding of the protein can
cause severe dysfunction leading to disease condisuch as Alzheimer's and Parkinson's
diseases (Selkoe 2003). Therefore, it seems itigge® acquire the knowledge about the
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different folding stages and protein conformatiaming these steps. With the help of HDX-
MS it is possible to follow the folding of the pext (Konermann and Simmons 2003).
Whereas a protein has the capability to consewenative conformation in the favorable
conditions which is of course necessary for thection, on the change of pH or temperature
it tends to lose the structural arrangement andcaked this as denatured state. But
interestingly on providing the good conditions tenatured form adopts back the native one.
During this denatured to native state there arers¢ghort-lived protein conformations which
are explored by deuteration of the fractions of gamfor milliseconds (Figure 42).
Deuteration kinetics of these fractions carries itffermation about the intermediate of the
folding steps. The technique is called as pulse H{MXranker, Robinson et al. 1993;
Konermann and Simmons 2003; Pan, Han et al. 2010).

Denatured
protein
_ . Labeling
Mixing Reaction capillary  capillary
syringes — ESI_MS

Mative Labeling syringe
buffer | D20 : ;
ligand ;

Figure 42. The scheme of the strategy used foptitee labeling to probe the folding steps of
a denatured protein (Suchanova and Tuma 2008).

5.4.2. Protein-ligand, protein-protein interaction:

Within the biological systems the interaction ofogein molecules with other protein
molecules and/or varied molecular weight ligandsigd, metals, or hormones etc.) is often
observed. By interacting with the regulators theclnamisms of protein functioning are
regulated (Schneider, Prosser et al. 2009). Theifgnof DNA binding proteins to DNA is
also found to be essential for its replication anger-coiling (Weber, Ashkar et al. 1996; Saiz
and Vilar 2008; Tarassov, Messier et al. 2008; 8iter, Prosser et al. 2009). Therefore,
these interactions are of high significance and itodng them can provide the functional
basis of these complexes.

There are few examples of high resolution strustwkthese complexes but to crystallize
these assemblies has been challenging for the Xiagallographers and due to their large
size nuclear magnetic resonance has been alsdiaultliolution (Shi and Wu 2007; Janin,
Bahadur et al. 2008; Tang, Luo et al. 2010). Ndneiss, the interaction between the
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subunits of these complexes can be probed by HDXAMi& csisin and Engen 2010) (Figure
43.) For this purpose the HDX of intact protein mmonomeric form or in apo form is

monitored and compared with protein in multimerenh or after interaction with ligand

respectively.
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Figure 43. The strategy employed for targetingititeraction regions in case of protein-
protein or protein ligand interaction is illustrdtéMarcsisin and Engen 2010).

5.4.3. Membrane proteins and HDX-MS:

The importance of membrane protein in living orgams is very well established. They
provide a passage across the lipid bilayer forsypartation of hydrophilic substances inside
and outside of the cell. Many act as receptor, livedligand on extracellular surface and
trigger the response inside the cell. As a recemtahe cell membrane or on nuclear receptor,
membrane proteins are also target of the admieidtdrugs (Tsuchida, Yamauchi et al. 2005;
Taylor, Talley et al. 2007). Within the cell th@resence in the mitochondria makes sure the
availability of ATP which is energy coin for thellce.g. the mitochondrial membrane carries
high number of ADP/ATP carrier(Nury, Dahout-Gonzakt al. 2006). In eukaryotes small
peptides involved in immune response and the peptidsults of the protein degradation are
transported with the help of membrane proteins ABC transporters (Procko and Gaudet
2009).

Due to their presence in lipid bilayer the membrameteins are largely composed of
hydrophobic residues and in result their hydropbotaiture makes difficult dissolution in the
aqueous buffer. Therefore, several agents likerglemn¢s are used for the solubilization and
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extraction of these proteins; in contrast thesenagproduce hindrance in the analysis of
target protein molecules. With the development ipbysical techniques the number of
membrane proteins structures are increasing ory debsis but search within PDB with
keywords of membrane proteins retrieves only 441066669 structures making only 0.5%
of all the deposited entries. Even if structuresadved, it is possible that the protein is
crystallized in a conformation and in presence thieo ligand with other conformation the
structure is never solved. Another issue frequeetigountered with researchers in case of
membrane proteins is their expression level is @mat therefore less sample availability for
structure determination techniques.

After realizing the above mentioned problems angartance of membrane proteins, the
HDX-MS is now being frequently used for the confatianal analysis of membrane proteins.
Due to several advantages of HDX-MS it is possibleise the technique for exploration of
the mentioned class of proteins. As compared terotéchniques, it requires less sample
amount, more tolerant to presence of solubilizaigents like detergents. Several methods
have been invented for removals of the detergesftad mass spectrometry analysis (Wu and
Yates 2003; Everberg, Gustavasson et al. 2008; Reazek et al. 2010).

The structure of mitochondrial ADP/ATP carrier frorbovine in complex with
carboxyatractyloside was solved several years @e.structure of carrier in complex with
other inhibitors couldn't be obtained. However, lwihe use of HDX-MS it was made
possible to explore the dynamics of the carriecamplex with another inhibitor bongkrekic
acid. The dynamics obtained in complex with CATRavsimilar to those obtained with the
structure and validated the technique. Applicattonthe bongkrekic acid carrier complex
showed other possible adopted conformation (Rey) &taal. 2010).

Another important class of membrane protein G pmeteupled receptor (GPCR) has been
targeted by the scientists to obtain the infornmatout their functioning and mechanism
behind the activation of GPCR after binding theatigs (Yao, Velez Ruiz et al. 2009; Wu,
Chien et al. 2010). Very recently the dynamicshef teceptor was explored with the help of
HDX-MS and information about the conformations iregence of different agonists and
antagonists is obtained (West, Chien et al. 2011).

Furthermore, it is also recently shown that techaics suitable to probe the conformational
changes of membrane proteins embedded in phosghblipyer nanodiscs (Hebling, Morgan
et al. 2010).
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Materials and Methods






1. Purification of recombinant BmrA:
The plasmid pET-23b carrying the gene for BmrA wasisformed into competeld. coli
strain C41 (DE3).

1.1.E. coli StrainC41 (DE3):

C41 is an expression system used for the overesipresf recombinant proteins both from
prokaryotic and eukaryotic origin. It is a mutafiBb21(DE3) which is known for producing
the T7 RNA polymerase after receiving the genetformation from prophage (Miroux and
Walker 1996). The addition of IPTG induced the esggion of cloned gene of recombinant
protein by acting on lac UV5 promoter region (SangRosenberg et al. 1990).

1.2. Plasmid vector pET-23b:

pPET-23b is a circular DNA molecule which is tranmsh@d into the competent bacteria for
overexpression of targeted protein (Figure 44). plB&-23b has dual functions: first it carries
the DNA information which helps the bacteria toveug on exposure to ampicilline hence
providing the selectivity for the bacteria with th@nsformed vector. The gene of target
protein with extra His-tag of six histidine is im& into the plasmid immediately after the
region for expression by the T7 RNA polymeraseeAthe induction of IPTG, the bacteria
tend to overexpress the T7 RNA polymerase and aainthe recombinant protein.
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Figure 44. Map of the plasmid pET-23a(+)
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1.3. Preparation of competent cells:

E. coli bacteria were grown overnight in a small amountBf medium. In 50 ml of LB
medium, 1 ml of the preculture was added and kapincubation at 25°C. At optical density
between 0.6-0.8 the cells were taken and centrifugea sterile tube at 50009 at 4°C. The
pellet was slowly dissolved in PIPES buffer (buffeomposition, page. 93). After
solubilization the bacteria were kept on ice fa8 Bours followed by another centrifugation
step at 11009 at 4°C. The pallet was dissolve@mesbuffer with maximum volume of 2 ml.
The cells were fractionated in 100 ul volume, froreliquid nitrogen and stored at -80°C till

further use.

1.4. Plasmid vector transformation:

100 pul of the previously prepared competent beectgrain C41 (DE3) were left on ice for 10
minutes to thaw them. Then 1 ul of vector plasnadyng the gene for BmrA was added to
the competent cells and left on ice for 20 to 3@Gwutes. The competent bacteria with the
plasmid were submitted to a thermal shock at 42CLfminute. Immediately after the heat
shock the bacteria were again left on ice for amoll®-15 min. Then 600 pl of autoclaved LB
medium was added to the tube. The bacteria wereittoeibated at 37°C for one hour. This
phase helps the bacteria to become active anddtading. After one hour, 100 ul of the
transformed bacteria were spread over a Petri disé.Petri dish contained LB medium, 35
g/l of agar and 100pg/ml ampicilline. The Petridigas then incubated overnight at 37°C.

1.5. Culture Medias:
Two culture medias; LB and 2YT were used for tlamsformation and production of BmrA

respectively.

Composition:
LB Medium 2YT Medium
Bactotyptone 169 10g
Yeast Extract 10g 50
Sodium Chloride 59 10g
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1.6. BmrA Overexpression:

While avoiding any satellite colony, three to focwmlonies of transformed. coli were
randomly picked up from the Petri dish and addedrn® liter of 2YT medium in a flask. The
medium was autoclaved and then 75pg/ml ampicilivess added before the addition of
colonies. The flask was then kept at 25°C in a slgakncubator overnight. Next day the
absorbance of the growing culture was measured@tmén. As soon as the optical density
reached 0.8, 700 pl of IPTG (1 M) was added intbucet medium which makes the final
concentration of IPTG 0.7 mM. Again the flask wasubated in a shaking incubator at 25°C

for another four hours.

1.7. Preparation of inverted membrane with overexpessed BmrA:

After the induction of BmrA expression, the badewere centrifuged at 7500g for 20
minutes at 4°C. The pellet of bacteria was solmédi in 10 ml of buffer ‘A’ (see buffer
composition, page 93) making sure that the entleeppwas well dissolved without leaving
any solid mass. The cells were then broken withhibl@ of microfluidizer with a pressure
range between 15000 to 18000 psi.

After the breakage of the cells, EDTA was addedeiblysate at 10 mM final concentration.
Microfluidizer lysis is considered one of the ldtesd most efficient way to lyse cell.
Nevertheless, the lysate was centrifuged at 1500080 minutes in order to remove cell
debris (high molecular weight cytoplasmic contehthe cells) and bacteria which were not
broken. After centrifugation step, the solid resicat the bottom of tube was discarded and
supernatant was collected. The supernatant was shéjected to ultracentrifugation at
100,000 g for one hour. This ultracentrifugatiogpsivas performed in order to collect the cell
membranes. This pellet of cell membranes was disdoin buffer ‘A°" and subjected to
another ultracentrifugation step at 100,000 g foe diour. After second centrifugation step,
the pellet was dissolved in buffer ‘B’ keeping t@ume as low as possible. This dissolved
pellet contained inverted vesicles highly enricire®mrA (at almost 50% of the all protein
content). The protein concentration within vesicleas determined by modified Lowry’'s
method. The vesicles were frozen in liquid nitroger stored at -80°C. All the steps right
after the bacteria centrifugation until the preparaof vesicles were performed keeping the

temperature of the sample at 4°C.
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1.8. BmrA solubilization:

The inverted vesicles were thawed at 37°C and timenediately transferred onto ice. The
vesicles were then diluted in buffer ‘S’ in suckvay that final protein amount concentration
remained between 1-2 mg/ml. Detergent DDM (n-dot@elp-maltoside) was added to the
solution (final concentration of DDM at 1%). Thelig@mn was left for mixing at slow speed
for one hour to solubilize the proteins. In ordeiseparate the membrane after solubilization,
another ultracentrifugation step was added at 280¢ for one hour. The supernatant with

solubilized proteins was kept and the pellet wasatded.

1.9. Affinity chromatography:

As it is described earlier, BmrA was overexpressétl additional continuous six histidines
residues at the C-terminal of the protein. The psepof this His-tag is to facilitate the
purification of BmrA with the use of Ni affinity cbmatography. In Ni affinity
chromatography the nickel element is fixed on th&inr sepharose, and works as chelating
agent. On the addition of protein solution with {hg, electrostatic interaction is formed
between the protein and fixed nickel and hencespraholecules are trapped within the resin.
Once bound, the interaction can be then reduceaddition of another potential partner (in

our case imidazole) for nickel and thereby proteireleased from the nickel and collected.

Column preparation:

In an empty plastic column of 20 ml the filter walaced on one end to close it. 20% ethanol
was used to wash the column followed by anothehimgsstep with deionized water. Then 1

ml of Ni**-agarose resin was poured in the column as supbjigde manufacture. The resin

was washed with deionized water.

Equilibration of the column:
Into the column eighteen ml of buffer ‘E’ was addedl column was kept on the rotor wheel
at 4°C for ten minutes. This step is for the etudtion of the column before addition of

protein solution.

Loading protein solution on the column:
After the equilibration of the resin, excess buffer was removed. Then the solubilized
proteins solution was added into the column antddefrotor wheel for 30 min at 4°C. After

30 min of incubation this solution was allowed tmpthrough the column leaving the protein
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bound with the resin. 20 ml of buffer ‘L’ was adddo the column and left for incubation
for 45 minutes followed by overnight incubationcoiumn with buffer ‘L’. The long duration
washing with buffer ‘L’ is to get rid of any protecontamination.

Elution of BmrA:

After the washing step, bound protein was rele@seplassing 7 ml of buffer ‘E’. There was a
high concentration of immidazole within the bufiehich helped to dissociate the interaction
between protein and Ni and hence targeted prataieléased and collected in fraction of 1 ml
each. 1 ul of each fraction was mixed with 5 pBoddford and based on visual examination,

fractions with higher protein amount were poolegktber.

1.10. Dialysis:

The pooled protein fractions were dialyzed agalnistof buffer ‘D’ for two hour and then for
overnight. The protein concentration of the diatyzample was determined by Bradford
method. The protein concentration was concentrapetb 1.6 mg/ml with a vivaspin filter
with a cut off of 100 kDa.

1.11. Composition of buffers:

Buffer ‘A’ :

50 mM Tris-HCI pH 8
5 mM MgCI2
I1mMDTT

1 mM PMSF

Anti protease

Buffer ‘A’ :

50 mM Tris-HCI pH 8
1.5 mM EDTA

1 mMDTT

1 mM PMSF

Anti protease

Buffer ‘E’:

50 mM Tris-HCI pH 8

Glycerol 15 %

100 mM NacCl

10 mM Imidazole
DDM 0.05 %

Buffer ‘L’ :

50 mM Tris-HCI pH 8
Glycerol 15 %

100 mM NacCl

20 mM Imidazole
DDM 0.05 %
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Buffer ‘B’ : Buffer ‘E *':
50 mM Tris-HCI pH 8

20 mM Tris-HCI pH 8 Glycerol 15 %

300 mM Sucrose 100 mM NacCl

1 mM EDTA 250 mM Imidazole
DDM 0.05 %

Buffer 'S’ : Buffer ‘D’

50 mM Tris-HCI pH 8 50 mM Tris-HCI pH 8

Glycerol 15 % Glycerol 10 %

100 mM NacCl 50 mM NaCl

10 mM Imidazole DDM 0.05 %

1 mM PMSF

Buffer PIPES:
10 mM PIPES
60 mM CaCJ

15% Glycerol

2. Purification of recombinant BmrC/BmrD:
The plasmid pET21 carrying the double gene for BMBn@D was transformed into
competent. colicells BL21 DE34acrB (Ma, Cook et al. 1995).

2.1. Plasmid vector transformation:
The plasmid vector was transformed into competetitfollowing the same protocol as for
BmrA.

2.2. Overexpression of BmrC/BmrD:

To one liter autoclaved culture of TB medium amipie@ (75 pg/ml) was added. Then from

Petri dish around 8 to 9 colonies of BL21 (D&@rB) carrying the transformed plasmid of

BmrC/BmrD were added into culture. The culture wasibated at 37 °C for 13 hours in the
shaking incubator at a speed of 225 rpm. After mdol3 hours when optical density reached
between 1.8-2.0, IPTG was added at final conceatraif 0.7 mM and incubated again in

shaking incubator at 25°C for another16 hours.

Afterwards bacteria were collected, inverted-meméravesicles were prepared and

BmrC/BmrD were purified following the same protocsied for BmrA.
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3. Biochemical and analytical methods:

3.1. Protein concentration:

There are two steps in the protein purificationtpcol where the exact protein concentration
determination is required: for the inverted membgawesicles and at final stage of purified
protein in detergent. Therefore, two methods weseduLowry method for protein
concentration determination in inverted membransiclkes and Bradford method for the
purified protein solubilized in detergent. Due be fpresence of sugar in buffer ‘B’ the Lowry

method was modified and therefore will be refeteds modified Lowry method.

3.1.1. Modified Lowry method:

The Lowry method is a biochemical assay used fer dietermination of total protein
concentration in a solution. The method can beiegpb determine the concentration from 5
mg/ml to 100 mg/ml (Lowry, Rosebrough et al. 199mh)alkaline medium aromatic residues
of the protein i.e. tyrosine and tryptophan tendeact with cupric sulfate-tartrate making a
complex. This complex has tendency to reduce Folotalteu reagent. The reduction of
reagent results in apparent of blue color. Theawndf blue color could be visually noticed
and then exact amount is determined by reading®atrn against a standard curve using
BSA.

3.1.2. Bradford method:

Bradford protein concentration determination methedmost frequently used in protein
purification techniques to accurately determineghaein concentration. It is a short protocol
requiring only Coomassie Blue G250 dye and can dréopned within few minutes. Like
other spectroscopic technique, the principal issbamn the color change of the dye after its
binding to protein and then can be read at 595Bradford 1976).

A standard curve was determined with the help @fwkmconcentrations of BSA range of 0 to
30 pg protein concentration. To determine the jmot®ncentrations, the protein samples
after the final step of purification were dilutesia and five times in buffer ‘D’. 30 ul of both
sample protein solution and standard BSA soluti@menmixed with 900 pl of Coomassie
Plus reagent (provided by Pierce) separately. Aifterminutes incubation, the absorbance of
the solutions was read at 595 nm. To measure thet @oncentration, the protein samples

were performed in triplicate and mean protein cotregion value was determined.
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3.2. Protein characterization by polyacrylamide geklectrophoresis (SDS-PAGE):
SDS-PAGE (sodium dodecyl sulfate polyacrylamide gjelctrophoresis) was used for the
characterization and separation of protein molecbiased on their molecular weight. The
technique is also helpful for the profiling of peotytic fragments of a protein originating due
to the limited proteolysis.

PAGE principal is based on the movement of chargadicles under electric field.
Acrylamide provide the platform (in form of gel)rfthe migration of protein molecules and
addition of SDS causes denaturation and equal ehdigtribution on all the molecules.
Therefore, the migration of the proteins is soledged on the number of residues present and

eventually on molecular weight.

3.2.1. Gel composition:

The composition of an SDS-PAGE gel consists of laamde, Tris-HCI, SDS, ammonium

persulfate (APS) and N, N, N ', N'-tetramethyletémgdiamine (TEMED).

The acrylamide is provided in solution carrying lbaicrylamide and bisacrylamide, its
polymerization is initiated by ammonium persulfaiehe presence of TEMED. The tertiary
amines of the TEMED catalyze the free radical fdramafrom the ammonium persulfate
which then causes the polymerization of acrylamitee thickness of the gel is defined by
percent content of acrylamide in the final solutibmroutine analysis ~12% acrylamide gel
was used for the proteins below 40 kDa and 9-10%uwsad for the higher molecular weight.
For BmrA and BmrC/BmrD, the gel was polymerizeditwo parts, stacking and resolving.
The stacking gel acrylamide concentration was kap#d %, this part of the gel is to
concentrate the sample before migration on thdwiegpgel.

The composition of stacking gel:

Tris-HCI 100 mM pH 6.5

Acrylamide 4 % (w / v)

SDS 0.1 % (w/ V)

Ammonium persulfate 0.1 % (w / v)

and TEMED 0.001 % (v / v)

The resolving gel which made the larger part ofgekewas 10 % of acrylamide and Tris HCI
was used at pH 8.0.

For limited proteolytic samples analysis the com@ion of resolving gel was kept at 12 %.
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Sample Preparation: before loading onto the gelsdmaples were mixed with Laemmli 4X

buffer (also known as sample dilution buffer) id 3atio. The mixture was kept at 37°C for
five to ten minutes and immediately loaded aftex keating step. In addition to samples,
markers with known molecular weight and prestaingth dye were also loaded in the first

well of the stacking gel. The composition of Laemimiffer:

Tris-HCI 250 mM pH 6.8

Glycerol 40 % (v / v)

SDS 8% (w/ V)

B-mercaptoethanol 4 % (v / v)

bromophenol blue 0.001-0.04 % (w / v)

3.2.2. Coloration/decoloration:

After the samples were separated on the gel byrefdgwresis, the acrylamide gel was kept in
the solution of Coomassie Blue R250 , 0.25 % (vdigsolved in ethanol 40 % (v/v) and
acetic acid 10 % (v/v). This step was performeddlor the protein samples in the gel. The
unrequired staining of the gel which masked thegins samples was removed by keeping
the gel in ethanol 10 % (v/v) and acetic acid 5W%)(solution (Diezel, Kopperschlager et al.
1972).

3.3 Limited proteolysis of BmrA:

The limited proteolysis of wild-type BmrA was pemieed in apo and Vi inhibited form in
detergent solubilized state and BmrA enriched mamds. The protease to substrate ratio was
kept 1:1000 in both cases.

Briefly, 10 ul of freshly prepared trypsin at contration of 10 pg/ml was added to 100 pul of
concentration protein solution carrying BmrA at in§/ml protein concentration. Aliquots of
10 pl were withdrawn after 5, 15 and 30 min. 1 uTBA 0.01% was added in each aliquot
and quickly frozen in liquid nitrogen. To acquiteetinhibited form of BmrA with Vi, 5 ul of
Mg?* 100 mM, 5 pl of ATP 100 mM and 2pl of Vi 70 mM weeadded to the protein solution
prior to digestion by the protease. The aliquotsBmrA digestion in inverted membranes
vesicles were withdrawn after 5, 15, 30, 60, 120 B80 min.

The samples were then analyzed by electrophesssSIDS PAGE gel of 12.5%. The gel was
scanned after the completion of electrophoresis.
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3.4. ATPase activity:

To determine the ATPase activity of BmrA, a mulagme coupled system was used. In this
system the ADP produced by the hydrolysis of thePA3e (BmrA in this case) is
continuously regenerated back into ATP by the patekinase. The pyruvate kinase converts
phosphoenol pyruvate into pyruvate. Lactate dehyginase catalyze a reaction converting
pyruvate into lactate, this reaction requires NABS$icofactor and its oxidation results into
NAD™ formation. The NADH absorbs at 340 nm, as the tlydis of ATP is increased the
rate of conversion of NADH to NADis also accelerated which leads to decrease inuaimo
of NADH. The lower absorbance at 340 nm providesation of the ATP hydrolysis rate by
ATPase (Pullman, Penefsky et al. 1960).

ATPase (BmrA)

ADP ATP NADH NAD"
Phosphoenol pyruvate M Pyruvate K/ » Lactate
Pyruvate Lactate
kinase dehydrogenase

Preparation of ATP and ortho vanadate stock solutios:

100 mM ATP solution was made by dissolving the gshous ATP (supplied by Sigma) in
100 mM Tris solution. The pH was adjusted at 8 Wit@l. Tris solution protects the sharp
change in pH on the dissolution of ATP, as ATP teta hydrolyze quickly itself at acidic
pH.

To prepare the saturated solution of orthovanad&@,mg of NavO, was dissolved in 3 ml

of deionize water. Due to low solubility, the sadut was heated at 90°C and pH was adjusted
at 10 with HCI. As the solution turns colorlesss ttoncentration of vanadate is measured at
265 nm, optical density coefficient of vanadat@9@5M*cm™.

Both solutions of ATP and vanadate were divided 20 pl aliquots and frozen at -20°C till

further use.

Formula for rate of ATP hydrolysis:

How to calculate the activity: ODE&.l.c  thereforeAOD =E&.l.Ac

and ENADH 340nm= 6220 (I.mot-.cm)
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Rate of NADH disappearance (mol/minjAs (mol/l/min) x V(sample volume, in I)

Rate (mol/min) A0D x V = AOD (min?) x 500.1¢ (if 500 pl)

El 6220 x 1 (cm)

Rate (imol/min) =AOD x V = AOD (mir®) x 500

El 6220 x 1 (cm)

Rate (imol/min/mg) =AOD (min) x 500 x 1000= AOD (min™) x 5.1G
6220 x Protein (iry) 6.22 x Protein (ipg)

To measure the activity of proteins in detergehe buffer used was Tris-HClI 50 mM

pH 8, NaCl 50 mM, MgGI5 mM , glycerol 10 % (v / v)B-mercaptoethanol 5 mM, lactate
dehydrogenase 32 pg/ml (isolated from rabbit mudRleche), pyruvate kinase 60 pg/ml
(isolated from rabbit muscle, Roche), phosphoeyalyate 4 mM (Roche), NADH 0.4 mM

(Roche) and DDM 0.05 % (w / v) (Alexis). While magning the inhibitory effect of vanadate
on ATPase activity of BmrA, orthovanadate 0.2-0.51was added in the reaction buffer
before the addition of protein. In a quartz cuveitth a thickness of 1 cm and a volume of
500 pl, 10-20 mg of protein in detergent was intetban buffer at 30° or 37° C for 5

minutes. The reaction was triggered by adding 26f ATP 100 mM to a final concentration

of 4 mM and absorbance at 340 nm was followed @ominutes. The slopeAQD340nmAt)

was calculated from 2 to 4 minutes.

3.5. Deuterated sample preparation:

3.5.1. BmrA deuteration in detergent:

ABC exporter BmrA, both wild-type and mutant E504#¢re purified in dimeric state and
concentrated up to 1.6 mg/ml in hydrogenated buffdter concentrating the protein was
diluted ten times in deuterated buffer. The deteerduffer was composed of 50 mM NaCl
and 0.05 % DDM in 99.9% D (Sigma).

Hydrogen deuterium exchange (HDX) reaction wasatatl by adding 84 pl of concentrated
protein in 756 ul of deuterated buffer at 0 s. Ait8, 60, 300, 600, 1800 and 3600 s, aliquots
of 120 pl of deuterated samples were withdrawn mainced with 26 pl of quench solution.
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The quench solution was composed of 8 M guanidiyardchloride (GndCl), 500 mM
glycine HCI, pH 2.2. This solution was pre-cooladioe. After mixing with quench buffer
each aliquot was frozen in liquid nitrogen and Kepzen till further use.

For inhibited state of wild type BmrA, the concextéd protein solution was incubated with 5
ul of 100 mM ATP, 5 pl of 100 mM Mg and 2.5 pl of 70 mM Vi for few minutes prior to
dilution in deuteration buffer. To obtain inhibitestate of BmrA mutant E504A similar
amount of reagents were used as for the wild-type that Vi was not included.

The deuterated samples for protein deuterationtiksiand peptide deuteration kinetics were

prepared in similar way.

3.5.2. Deuteration of BmrA enriched inverted membrae vesicles:

To deuterate BmrA enriched membranes vesicles, BDTms HCI (pD 7.6) solution was
prepared in 99.9% J®. For both wild-type and mutant E504A, membranesewdiluted till
total protein concentration of 5 mg/ml. Then, as flee experiments in detergent 84 ul
solution of membranes were diluted in 756 pl oftdetion buffer to initiate the hydrogen
deuterium exchange and after specific time intsrafiuots were withdrawn and frozen.

The inhibited state of mutant of BmrA mutant E5SO04As prepared in a similar way as to the

detergent sample.

3.5.3. BmrC/BmrD deuteration in detergent:

BmrC/BmrD, in case of wild-type and mutants, wasifiad and concentrated up to 5 mg/ml
in detergent. For wild-type apo state 40 pl of @mrated protein was diluted in 560 ul of
deuterated buffer. For deuterated buffer of Bmr&/BpHCI 50mM pD 7.6, NaCl 300 mM
and DDM 0.05 % was dissolved in 99.9 %@ After 15s of dilution an aliquot of 105 pl
from dilution tube was withdrawn and transferredoiranother tube already containing
precooled 35 ul of quench solutio@ndCI7M in HCI 50 mM) and frozen in liquid nitrogen
till further use. Similarly, four more aliquots eft1, 10, 30 and 60 min were mixed with
guench solution and frozen.

For mutants, E592D (BmrD), E592D/D500E (BmrC/BmrDgnd E592A/D500A
(BmrC/BmrD), 2.5 ul of ATP 100 mM and 2.5 pl of K00 Mm were incubated with 45 pl
of protein sample for 10 minutes. From incubatelitean 40 pl of sample was diluted in
deuteration buffer, quench mixed and frozen ashfemwild type.
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4. Mass spectrometry:
Similar solvents and conditions were used for meptanalysis of BmrA and BmrC/BmrD
unless specified.

4.1. Liquid chromatography:

Two types of MS instruments were used: electrosprajzation (ESI) and Matrix-assisted
laser desorption ionization (MALDI). But most of ethanalyses were performed on
electrospray ionization coupled with high performaniquid chromatography (HPLC). For
HPLC two kinds of typical solvent systems were usedvent ‘A’ and solvent ‘B’.

The solvent ‘A’ was composed of mass spectrometadeg water 99.97 % (v/v) (LC-MS
Ultra Chromasov, Sigma Aldrich) and trifluoroaceticid 0.03% (v/v)(Acros Organics,
99.9%). The solvent ‘B’ consists of acetonitrile @5( v/v) (LC-MS Ultra Chromasov, Sigma
Aldrich), water 4.97 % (v/v) and trifluoroaceticid®.03% (v/v). For online desalting step of
protein and peptides, protein macrotrap (Proteincidlalrag™, Michrom) and peptide
microtrap (Peptide Micro Trdf§, Michrom) were used, respectively. The peptidesewe
separated exploiting hydrophobic interactions opitéu C18 (Phenomenex) column of 5 um
particle size.

The peptides either eluting from the immobilizeghgia column or from in solution digestion
were concentrated and desalted on the peptide tr@prat flow rate of 200 pl/min of solvent
‘A’. The sample loading, digestion (in case of gag®lumn), concentrating and desalting, all
four steps were performed in two minutes. The Qiddical column was pre-equilibrated at
15 % of solvent ‘B’, the peptides eluted from micap were separated on analytical with
help of gradient of solvent ‘B’ from 15% to 45% 26 minutes. The detergent liberated after
the elution of last peptide hence did not disture LC and MS analyses of peptides. The

monoisotopic mass of each peptide was confirmetain

4.2. Mass spectrometry calibration:

The ESI-ToF was calibrated with ESI Low Concentraff uning Mix (Agilent Technologies)
molecular weight range from 118 Da to 2722 Da isifpee ion mode. Similarly, ESI-TRAP
was calibrated with ESI Tuning Mix (Agilent Techngles) in positive ion mode but once a
month only. The MALDI-ToF instrument was calibratedth protein calibration standard
(Bruker Daltonics) mass range from 757 Da to 3180and from 22307 Da to 66000 Da for

peptides and protein analysis respectively. Therioest used for sample preparation in
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MALDI analyses were sinapinic acid (Sigma Aldridmd a-cyano for protein and peptide

analyses, respectively.

4.3. LC-MS/MS analyses:
The LC-MS/MS technique was used for the peptidegpima.

BmrA:

To identify the proteolytic fragments generatednfrahe pepsin digestion, the MS/MS
analysis of BmrA was performed on Trap Esquire 30(Bruker Daltonics). The instrument
was equipped with ESI source directly coupled vaittnanually operated HPLC (Shimadzu).
The data acquisition and analysis were done witptlograms Esquire Control v5.0 (Bruker)
and Data Analysis v3.2 (Bruker), respectively.

The peptides were loaded and concentrated ondeeypiicrotrap at flow rate of 200 pl/min of
solvent ‘A’ for three minutes. The gradient 15 %4% % solvent ‘B’ in 57 min was run on
pre-equilibrated C18 analytical column. The masgeawas kept between 100 Da to 1500
Da.

BmrC/D:
The LC-MS/MS experiments for the peptide mappindBairC/BmrD were carried out on

FT-ICR mass spectrometer (Bruker Daltonics). Tretriitment was also equipped with ESI

source and directly coupled with liquid chromatquima

4.4. LC-MS analyses:

Mass Spectrometer:

The LC-MS analysis of intact protein and peptidesevcarried out on ESI-ToF (Time-of-
Flight LC/MS 6210, Agilent Technologies). The E®usce was directly coupled with high
perfoemance liquid chromatography (HPLC). Both HRAr@ MS were administered through

the online program Data Acquisition (Agilent).

Protein analysis:

BmrA in both detergent solubilized state and in#@nmembrane vesicles was loaded on the
protein macrotrap and desalted at flow rate of 2@®in of solvent ‘A’. The protein was then
eluted from the trap with solvent ‘B’ gradient 40t%70 % in 15 minutes and an analytical

column was used to trap the detergent or lipichaed good signal-to-noise of protein could be
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achieved. To separate the detergent from protanatialytical column C4 was equilibrated
40% acetonitrile.
The mass range for data acquisition was kept betw88 to 1500 m/z. The average mass of

protein was deconvoluted with Windows based progaralitative Analysis (Agilent).

Peptide analysis:

For deuterated samples the average of each pepéidecalculated in three steps. First, the
raw data file of peptide was exported in CSV forrffral Quantitative Analysis (Agilent).
Then with the help of script the CSV files were wered into simple text format. This text
file was then opened in program Magtran 1.03 b2 gdminc.)(Zhang and Marshall 1998).
The average mass of the peptide was calculatedalpulating the centroid of isotopic

envelope based on Gaussian curve for deuterateddeuterated samples.

4.5. MALDI analysis:

The MALDI ToF analysis of intact protein BmrA waarded out by using a modified sample
preparation method called ultra thin layer methblkis method was shown to be useful to
analyze membrane proteins in the presence of date(Gabant and Cadene 2008).

Different steps of sample preparation are outlimeldigure 45.

Sample preparation steps:

A saturated solution of 4HCCA (a-cyano-4-hydroxy@mic acid) was prepared in FWI

matrix solvent (consisting of 3:1:2 formic acid:ter isopropyl alcohol (v/v).

A thin layer of matrix was spread over the plafégradrying remaining moisture was wiped

gently not disturbing the layer.

Protein sample was diluted in the same 4HCCA matatarated solution from 5 to 50 times
and 20 times was found the best condition. A spét®and 1.0 pl of the diluted sample was
made on layer. The spot was then washed by 0.1%a&rfedlaspirated by vacuum line.

After complete dryness, the spot was ready for MAkDalysis.
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Figure 45. Ultra thin layer sample preparation (&#land Cadene 2008).

The method is applicable from lower to high molecwieight membrane proteins.

For peptide analysis, the digested sample was mgd matrix 4HCCA (a-cyano-4-
hydroxycinnamic acid) in 1:1 ratio. 1 pl of digestd 1 ul of matrix was mixed on the plate
and left on the bench for drying. After the fornoatiof crystal the plate was manually inserted
in the MALDI ToF. The MS spectrum of MALDI-ToF wasbtained with program Autoflex
(Bruker Daltonics) and processed with Flex AnalyBisiker Daltonics), respectively.
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Results and Discussion






Chapter 1. H/D exchange kinetics of BmrA in
apo and closed form






The initial step of characterization of BmrA by HEMS was to obtain peptide mapping after
digestion with acid proteases pepsin and rhizoqspeln beginning the typical in solution
digestion of the transporter was employed and #pigees were identified on ESI-Trap mass
spectrometer. BmrA is a membrane protein and sefficamount of detergent DDM is
required to keep the transporter solubilized. Tihalfconcentration of the DDM was 0.05%
in the protein buffer as well as in the deuteratdation buffer.

Fortunately, the presence of detergent did notferte with the peptide separation or the mass
spectrometric analysis. This was due to the semhidphobic nature of the detergent that was
found to be eluted at about 40-45% of acetonitaléer the elution of most of the peptides
(Figure 46).

However, the peptide mapping obtained in solutiogestion was only 34% of the total
sequence, missing most of the significant regidrth® transporter. The prolonged digestion
time i.e. from two minutes to five minutes did mwiprove the sequence coverage. The use of
immobilized enzyme proved to be useful for digestmf the transporter and the use of
denaturants further improved the digestion and asaeable 78% sequence coverage was
obtained in the presence of 1.5 M guanidine hydorale (GnCl). As anticipated the
transmembrane region of the transporter was ndtoggkred as compared to the nucleotide-
binding domain. However, the peptides originatingnf the regions of interest like ICD1,
ICD2 and ABC motif were mapped. After careful idé@oation and assignment of all
peptides with the help of MS/MS data and Mascotesereach peptide was then identified on
ESI ToF mass spectrometer.

The global deuteration kinetics of BmrA was deterdi in a detergent solubilized state or
BmrA enriched membranes in order to define theceféé detergent on the transporter. The
overall kinetics showed that in two different comfations the relative deuterium exchange
of the transporter was found to be similar. Furii@ne, limited proteolysis analyses of the
protein showed that the closed conformation (vareadahibited or conserved glutamate
mutation) is more resistant towards the enzymatgesiion as compared to the open
conformation (in absence of any nucleotide), iredgnt solubilized state and as well as in
BmrA enriched membranes.

The influence of the conformation of BmrA on thersficant regions of the protein is
discussed in detail in the manuscript submittedianldided within chapter 1 starting at page
11. Please note that figures’ numbering within papén its own order different from global

numbering of thesis manuscript.
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Figure 46. Chromatogram showing total ion currdrithe eluted peptides of BmrA. In-sets
show the presence of peptides and elution of det¢rat the end of the run.
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SUMMARY

The study of membrane proteins remains a very ehgihg task and approaches to unravel the
dynamics of these proteins are scarce. Here, wigedpg/D exchange coupled to mass spectrometry
to probe the motions of a bacterial multidrug ATirding Cassette transporter, BmrA, in two
different conformations. The closed state, outwagihg conformation, was obtained using either the
wild-type BmrA trapped in a vanadate-inhibited cdexpor the ATP-bound E504A inactive mutant,
while in the resting state BmrA was expected topadm open inward-facing conformation. First,
trypsin digestion and global H/D exchange suppduwetdxistence of two very different conformations
of BmrA either in membrane or in detergent. Negtal H/D exchange rates obtained for different
peptides of BmrA agree with the overall 3D moddishe transporter derived from each state. This
shows that BmrA can cycle between an inward and/anat facing conformations. However, in the
resting state, peptides from the two intracellddamains, ICD1 and especially ICD2, show a much
higher rate of H/D exchange than in the closecsitis shows that these two sub-domains are much
more flexible in the resting state than expectedhfthe known 3D structures of related transporters,
MsbA or ABCB1. Congruent with this, molecular dyriaraimulations suggest a large fluctuation of
Ca position from ICD2 residues in the inward facirapformation of MsbA. These results highlight
the unexpected flexibility of a multidrug ABC trgotster in a resting state and underline the power o
H/D exchange coupled to mass spectrometry to exglonformational changes and dynamics of large
membrane proteins.
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INTRODUCTION

Transport across membranes to import nutrientsxporé signaling molecules or noxious
compounds, toxics or wastes, is an essential psanesl kingdom of life, and selectivity of trarsp
must therefore be ensured. This task is maintamedransporters, and the ATP-Binding Cassette
(ABC) is one of the largest families of proteinsaived in this ‘checkpoint’ [1, 2]. ABC transporser
are found in all living species and they are poadyg ATP hydrolysis to transport a wide variety of
substrates. In prokaryotes, they participate ihegithe uptake of food supplies or the extrusion of
many different compounds, some being harmful upmuulation (e.g. antibiotics) while others can
be incorporated as building block in the cell wid]. In man, the dysfunction of several ABC
transporters causes severe pathologies such asoreodystrophy, hyperinsulinemic hypoglycemia
or cystic fibrosis [4]. Other medically importantB& transporters are responsible for multidrug
resistance (MDR) phenotypes. As opposed to most ABGsporters that are usually specific to one
class of compounds (e.g. sugar, vitamin, or iomsjltidrug transporters are capable to recognize and
expel many unrelated organic compounds with guésimilar chemical scaffold. Thus, although their
original function is dedicated to a protective risiehealthy cells, the occurrence of these trarispor
in malignant tissues, pathogenic microorganismparasites confer a resistance towards the drugs
used to cure the related pathologies [5]. The aypleeof multidrug ABC transporters and first to be
discovered is the human P-glycoprotein (also knasrABCB1); it is responsible for the failure of
chemotherapeutic treatments in cancerous tissudmdteria, the identification of related transprt
is relatively recen{6], as compared to other families of multidrugnsporters that use the proton
gradient as the energy soull@@. However, growing bodies of evidence supposg timplication of
these multidrug ABC transporters in antibiotic sé&nce in many species [8], including recently in a
Streptococcus pneumoniagrain isolated from a clinical setting [9]. Thugyen the prevalence of
putative multidrug transporters in many bacterishgmnes [10], they are now considered as a major
threat jeopardizing a successful therapy.

All ABC transporters share a common architecturth ¥wo transmembrane domains (TMD)
responsible for substrate translocation and twdeatide-binding domains (NBD). In importers, these
four core domains are usually borne on differerygeptides, up to four, and an additional subunit
captures the substrate from the extracellular nmdand delivers it to the transporter. In most
exporters, these four domains are either linked atsingle polypeptide (e.g. for the majority of
eukaryotic transporters) or function as dimers vatte NBD fused to one TMD (homo- or hetero-
dimers). As opposed to the TMDs which are ratheemjent in sequence and topology, the NBDs are
highly conserved with several distinctive motifetably the Walker A and Walker B found in many
ATPases and the ABC signature specific to this fiafdil, 12]. Tremendous progresses have been
made in the past ten years to decipher the molemdahanisms of ABC transporters by solving high-
resolution 3-D structures of isolated NBDs or felhgth transporters in different conformations.
Hence, NBD structures have shown that during thelyd& cycle, the two NBDs interact together
transiently to form a sandwich dimer in a headaibfaishion thereby trapping two ATP molecules at
their interface [13-15]. In this closed conformatidhat can be stabilized either by ATPase-inactive
mutations [16] or by vanadate-induced ADP trapgitif, each composite ATP-binding site is made
of elements from one NBD (i.e. Walker A and B njtiivhile the ABC signature is providedtians
by the second NBD. For full-length ABC transportehe overall structure of importers appears more
compact than those of exporters with the presendhe latter of two large intracellular domains,
called ICD1 and ICD2, that protrude from the TMDiniteract with the NBD [18]. Importantly, while
ICD1 from one monomer interacts with its own NBIGD2 (or ICD4 for full-length exporters)
interacts with the NBD of the other monomer (orestimoiety for full-length exporters) [19-21], and
this has been validated by cross-linking experisg¢d®, 23]. Snapshots of 3-D structures and EPR
spectroscopy indicate that large motions occurngdutihe catalytic cycle of ABC exporters, with the
transporter oscillating between an apo open cordbam, with its two NBDs lying far apart, and an
ATP-bound closed conformation with the NBDs engadgeda tight interaction [19-21, 24].
Importantly, the contact between ICDs and NBDsaweays maintained in these structures, as these
two domains keep the same overall conformation iatetaction. Thus, this suggests that NBDs
closure operates by a rigid body motion [19, 21h the other hand, cross-linking experiments
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between ICDs and NBDs give support to alternatmgf@armations for these two domains in different
ABC exporters [22, 23, 25, 26].

To shed light on structural modifications that htigpccur during the mechanism of ABC
transporters, we used a hydrogen/deuterium exch@iigi) approach coupled to mass spectrometry.
It revealed how different domains and sub-domafnanoABC transporter are affected in the resting
versusthe closed states. HDX has been widely used arbkoproteins to probe the accessibility of
backbone amides, thus highlighting secondary siracamnodifications at the peptides level [27-29].
For membrane proteins, this approach is only béginto emerge [30-34], but given their importance
in the living world (i.e. one-third of proteins @ach organism and about two-thirds of current naédic
targets), our results strengthen the benefit ohgi$iDX to address fundamental issues about the
functioning of these proteins in general. Hergate us access to the dynamics of BmrA, a bacterial
multidrug ABC transporter strongly homologous tootwelated bacterial transporters, MsbA and
Sav1866, and to the murine P-glycoprotein [35-3fje results obtained extend our vision of the
functioning mechanism of ABC exporters and compleisighe snapshots of high-resolution 3D
structures. In particular, it showed for the fitghe that the two ICDs of BmrA behave quite
differently depending on the conformational stad@sidered. As opposed to the closed state, ICD2
and to a lower extent ICD1 become highly exchanigeabthe resting state (open conformation).
Therefore, this reveals a much greater flexibibfythese two sub-domains than what was foreseen
from the known 3-D structures of related ABC traorsgrs.
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Results

Comparison of the apo and closed conformations ofrBrA in membrane and detergent.

3-D structures of MsbA and murine MDR1 solved ie firesence of detergent have suggested
that large conformational changes might occur dutire ATPase cycle of these transporters [19, 21,
38]. To investigate this, we first checked if theegence of detergent affects the conformational
changes that take place during the catalytic cgEIBmrA. Thus, global HDXwvas performean the
protein either purified in detergent or in its membraneiemment. After overexpression . coli
[36], BmrA-enriched membranes were either frozeliguid nitrogen and kept at -80°C or solubilized
in DDM detergent and purified by Ni affinity chrotography as previously described [37]. In
agreement with our previous results [39], the ARPadtivity of BmrA was shown to be conserved in
a detergent solubilized state and sensitive to dateainhibition (Figure S1). Because lipids and
detergents either give strong signals in mass spuetry or disturb the protein ionization in the
electrospray source [40], they must be separated the protein before reaching the source. Previous
separations involved gel electrophoresis and @lekttion [41], protein precipitation and resuspensi
in concentrated acidic solutions [42], or size egmn chromatography after dissolution in a
chloroform/methanol/acid solution [43]. Yet, altlgbu efficient, all these methods were hardly
compatible with the requirement of a fast preparatf the samples to limit as much as possible the
back exchange reaction after deuterium incorpamatito BmrA. Thus, chromatographic parameters
were first optimized to separate membrane lipid®DM detergent from the protein using classical
reversed phase chromatography (see Materials atliolls). The electrospray mass spectra of BmrA
either embedded in membrane or in a DDM solubiligede are presented in Figure 1 (panels A and
B). First insets show the deconvoluted mass spéwith close-up views in the second insets), with
the mass of the major peak of 66341 + 2 Da in mamds. Due to the cloning strategy used [37],
purified BmrA was expected to contain three addaioresidues on itdN-terminus (sequence
MASMPT..., with the underlined residues corresponding ® lieginning of the native protein) and
15 additional residues on its C-terminus includinthe Histidine tag (sequence
...KAGVDKLAAALEHHHHHH, with the underlined residues cogponding to the end of the native
protein). Thus, the deconvoluted mass obtained i®iy good agreement with the calculated mass of
BmrA possessing only one extra Ser amino acid ®h-ierminus (66340 Da). Masses of a second
peak (66413 Da, in membranes) are also in very ggvdement with the calculated mass of BmrA
with two extra amino acids on iterminus, Ala plus Ser (66411 Da). Therefore fits methionine
and sometimes also the second amino acids (Al#)edfl-terminus of the proteins were very likely
cleaved off by proteolysis during the purificatiprocess. The other peaks of lower intensity were
likely due to unidentified non-covalent adducts lwoth forms of BmrA. The high quality of each
spectrum reflects the efficiency of the chromatpbia separation upstream the electrospray source
for either samples.

After incubation of each BmrA preparation in deated buffers for times varying from 15 s
to 1 h the mass of deuterated BmrA was measured. picentage of deuterated amides was
calculated taking into account the average totahlmer of amide hydrogens in BmrA (585 for the
native protein) and the mass increase. Deuterddiogtics are presented in Figure 1C with open
symbols for BmrA in its resting state in membrasesuares) or in DDM (circles). Both curves show
the same behavior, the exchange steadily increasitigtime. However BmrA in membranes was
about half less deuterated (13-25%) than in itsilsbted state (23-52%). This lower deuteration
exchange in membrane could possibly reflect a rnongpact conformation of BmrA dimer. However,
when the same experiment was performed after a prambation of BmrA with vanadate in the
presence of ATP-Mg (closed symbols), i.e. condginown to promote the formation of a closed
dimer [17], a lower deuteration was found for Bme#ther in membrane (squares) or in detergent
(circles). Thus, although HDX occurs about twicetéa in detergent as compared to the membrane
bound BmrA, vanadate inhibition induced a significdecrease in HDX to a similar extent for both
environments. Therefore, this shows that in eigtate, membrane bound or solubilized, BmrA can
switch between two different conformations: an ape where deuterium exchange readily occurs and
a closed one more resistant to deuterium exchange.

To bring further evidence that the conformatiorfsrmyes observed during the catalytic cycle
of BmrA are similar in detergent and membranes gt and closed conformations were subjected to
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limited proteolysis in both environments. A cledfatence of resistance against proteolysis bydityp
could be observed using SDS-PAGE (Figure 2). BrmrAhie apo conformation was rapidly digested
by trypsin in membranes (Figure 2A) as well as IDND (Figure 2C, lanes 3-5). In contrast, in the
closed conformation triggered by vanadate inhibiti@mrA exhibited a good resistance to this
protease in both environments (Figures 2B and 2@ed 6-8). These results give support that
regardless of its environment, DDM or membrane, Brcan adopt two different conformations: an
apo one quite sensitive to trypsin digestion amtbaed one rather resistant to this protease. Becau
(i) a similar behavior of BmrA was seen in detetgamd membrane environments (Figures 1C and 2)
and (i) a much higher deuteration level was fofwrdthe protein in detergent (Figure 1@e next
experiments involving HDX at the peptide level weggried out after purification of BmrA in the
presence of DDM. Indeed, it is suitable to stastrfra high deuteration level if one wants to achieve
sequence coverage of the protein as large as pmsalbo, the presence &. coli native proteins in
the membrane fraction would likely pollute the peptsignals coming from BmrA, hampering the
unambiguous identification or the determinatiomefiterium incorporation for some of them.

Peptide mapping of BmrA.

To localize the difference in deuterium incorparatibetween the two conformations of
BmrA, the protein digestion that must occur at Ipi and low temperature and the peptides
separation were optimized. This step is essermtiat@ch a sequence coverage of the protein as large
as possible with peptides as small as possible R@ever, the DDM used for BmrA purification
gave a very strong signal in MS. To enable obsemvaif the MS signals of the peptides, a protocol
previously developed in our group for another membrprotein and based on the washing off of non-
ionic detergents with dichloromethane was firgtdr[44], but without success here. Reversed phase
separation was then adjusted so that all peptilesdebefore the detergent, at low temperature to
limit deuterium back-exchange. For peptides sedugneising tandem mass spectrometry, the
chromatographic parameters were chosen for a gepakation to facilitate their identification, while
the detergent still eluted after the last peptidas. the analysis of deuterated peptides, theosiuti
times were also shortened as much as possiblentid deuterium back-exchange. Pepsin and
rhizopuspepsin were used independently to diges®AHADb]. The pepsin digestion in solution yielded
only 31 peptides covering 45% of the BmrA sequefi@ble 1). However the use of immobilized
pepsin significantly increased the number of p&#i{67) and thus the sequence coverage raised to
78%. These results were obtained in the presen@ebofl guanidinium hydrocholride, a denaturant
concentration which was optimized after differerals between 0.5 and 4 M. The sequence coverage
was lower in the TMD (60%), the majority of the miified peptides belonging to the hydrophilic intra
cellular domains, ICD1 and ICD2 (Figure 3). Thisvlooverage of the hydrophobic transmembrane
helices is presumably due to the presence of ttergint that presumably afforded some protection
against the protease digestion. We also noticetndas protection against proteolysis by lipidic
vesicles for hydrophobic helices in the diphthdogin translocation domain [46]. In contrast, the
NBD sequence was almost fully covered by the pegmsgjastion (98%). Immobilized rhizopuspepsin
was also used for on-line digestion of BmrA. Thealgwas to obtain complementary sequence
coverage to improve spatial resolution by the asmae of overlapping peptides. The number of
peptides and the sequence coverage were significlower in the TMD in comparison with
immobilized pepsin (Table 1 and Figure 3). In thBDN the coverage appeared quite complementary
from the one obtained by pepsin. However, aftetatation a significant number of peptides were lost
with each protease, a phenomenon that is frequediberved in HDX [47, 48]. This is due to a
heterogeneous deuteration that induces a broadafitige MS signal and thus a decrease in its
intensity. The loss was much higher in the casghizbpuspepsin which was also less efficient than
pepsin. Therefore, only pepsin was used in the irénga part of the study, giving 45% and 92%
coverage for TMD and NBD, respectively, with a péptaverage size of about 9 amino acids.
Although the sequence coverage was lower for th®TMis noteworthy that most of the two ICDs
were covered by the HDX because these two sub-dmmaie known to be essential for the
transmission of the conformational changes betwlee™NBD and the TMD [20, 49, 50].
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Comparison of the deuterium incorporation between e apo and closed forms of BmrA for
three selected peptides.

Besides the inhibition by vanadate, another wagramote the closed conformation in ABC
transporter is to use catalytic inactive mutantsl@, 15]. For BmrA, we previously showed that the
conserved glutamate residue E504 adjacent to tHkeWwB motif is very likely the catalytic base for
ATP hydrolysis, because mutation of this residué\$p, Ala, GiIn, Ser or Cys fully abrogated the
activity [51, 52]. Thus, BmrA mutants could be fpagd into a closed conformation in the presence of
ATP-Mg alone [51]. Therefore, these mutations canubed as a substitute for vanadate to reach a
stable closed conformation during the ATPase cybkeuterium incorporation was monitored as a
function of time and was compared for each pepgeererated from the three following forms of
BmrA: wild-type in the resting state (apo form),ldviype inhibited by vanadate (in the presence of
ATP-Mg) and E504A mutant in the presence of ATP-NIge mass spectra are presented for three
selected peptides in Figure 4 after two deuteratioas, 15 s and 1 h, and kinetics for all peptiaies
shown in Figure S2. In some cases, as exemplifie&figure 4, peptides mass spectra from the
vanadate inhibited form showed two envelopes abjsio peaks, thus giving two different kinetics,
with the minor envelope corresponding to that af thild-type. Because the inhibition of ATPase
activity by vanadate was not totat 80% see Figure S1, and see 4B®)), it is very likely that this
envelope originates from BmrA dimers not inhibi@tong the whole population; depending on the
peptide considered and on its initial intensitys tiny envelope could be detected, or not, onMi&
spectrum. In other cases, the two envelopes werecltmse to be deconvoluted with the Magtran
software and the kinetics could not be drawn (Fédgb2). In the apo conformation of wild-type BmrA,
each of these peptides belonging either to the ICID3-215 and 216-236) or to the NBD (372-383)
showed a very fast deuterium exchange with a lahgié of the isotopic envelope towards higher m/z
(Figure 4). This shift was already obtained aftBrslwith identical exchange after 1 h for peptides
203-215 and 216-236 while peptide 372-383 exhibitdittle further shift increase between 15 s and 1
h. After vanadate inhibition and 15 s deuteratidinst major envelope corresponded to a very lithite
deuteration whereas a second one, much smallertensity, corresponded to the highly deuterated
form observed also for the wild-type in the apofoomation. After 1 h the first envelope shifted
towards higher masses and the second one stillvedhbke that of the wild-type in the apo
conformation. In contrast, the E504A mutant showsattically only one isotopic envelope that was
always similar to the low isotopic envelope obsdrivethe vanadate inhibited sample.

An uncommon behavior was found for peptide 501-B@%uding the E504 amino acid and
most of the Walker B motif (Figure S3). Like sevesther peptides in the apo form of BmrA, it
quickly reached its maximum deuteration level (abwt 70%; see Figure S2). Again, the vanadate
inhibited form showed the same behavior as theetpreviously described peptides with two isotopic
envelopes. In the E504A mutant, however, the isotepvelope shifted much faster than the main one
in the vanadate inhibited form and evolved withaitn HDX values similar to that of the wild-type in
the apo conformation. This very specific differefmmween the mutant and the vanadate inhibited
form could be explained by a rather flexible andessible region in the mutant (although lower than
in the apo conformation of the wild-type proteilr).the case of the vanadate inhibited form and for
the main isotopic peaks, there might be some axtditi protection afforded by the presence of
vanadate (or the combination of ADP-Mg-Vi in the Bbinding site). This masking effect would
contribute to the low isotopic envelope that waspresent in the ES04A mutant.

Given the propensity of the E504A mutant to readilppt the closed conformation of BmrA
in the presence of ATP-Mg and the homogeneity oXHi its peptides, the remaining part of the
paper will focus only on differences between thistant in the closed conformation (ATP-bound
state) and the wild-type in the apo conformatitdis Important to note that addition of ATP-Mg het
wild-type BmrA, which triggered ATP hydrolysis, ga\HDX patterns for the different peptides
similar to that found in the apo conformation. Tisi€onsistent with many biochemical and structural
data showing that upon ATP hydrolysis, and thuanmDP-bound state, ABC transporters reset into
their resting state (i.e. an open conformation) . Conversely, local deuteration kinetics wealiso
determined for the E504A mutant in the absencengfraucleotide (apo conformation) and they were
found to be similar to those of the wild-type irethame conformation. Therefore, the comparison
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between the E504A mutant and the wild-type BmrAhhights the two different conformations, open
and closed, that occur during the catalytic cy€lhis ABC transporter.

Visualization of HDX between the open and closed fms on the predicted topology and
secondary structure of BmrA.

To pinpoint the local differences of HDX betweere thpen and closed conformations of
BmrA, the percentage of deuteration was plottecefmh peptide at two different times, 15 s and$600
(Figure 5). It is noteworthy that HDX is systematig higher in the wild-type apo conformation (open
form) than in the mutant (closed form), except fieva cases where it is similar. Very low HDX could
be observed in THM2 and THM4 for both forms showlikgly a strong protection by DDM against
HDX, similar to that observed against pepsin prigss. Interestingly, a high HDX level was quickly
obtained in theC-terminus part of ICD1 and in all peptides ideetififrom ICD2, for the wild-type in
the apo conformation. This indicates a high acbédgiand/or a low level of structuration of these
sub-domains. In the closed conformation of the B5Gdutant, the corresponding peptides from ICD1
were much less exchanged on a short time scale,ablatnger incubation period allowed to
substantially increase the exchange. For ICD2, eafter a prolonged exchange time, a huge
difference remained between the peptides from tid-type and the E504A mutant. The NBD
generally shows major differences between open dosked forms, particularly in the Walker A,
Walker B and the ABC signature regions which arevkm to be involved in nucleotide binding. In
contrast, some regions of the NBD notably betwéenWalker A and the ABC signature in the so-
calleda helical sub-domain [14] showed no HDX differengdis indicates that they are likely not
involved in the NBD/NBD interaction triggered by RIMg binding. The major differences in HDX
between both protein forms can be visualized oriltbat map” presented in Figure S4. The regions in
red or orange correspond to peptides with stillertbian 45% and 30% HDX difference, respectively,
after 1h deuteration. They clearly belong to ICBID2 and NBD, domains on which we will focus
below.

Influence of the BmrA conformation on HDX of the ICDs and NBDs.

To highlight the HDX data, two BmrA models previbusonstructed [35], andased on the
X-ray structures of homologous bacterial ABC tramgrs were used (Figure 6). For the apo
conformation of BmrA, the open form of EcMsbA wased as a template whereas the closed
conformation of BmrA (mimicked by the ATP-Mg bouritb04A mutant) was modeled upon the
Sav1866 structure [20, 21]. In agreement with theppsed closed model, the regions participating
either in NBD/NBD interaction triggered by ATP bind or in direct interaction with ATP/Mg show a
rather low level of HDX. This is the case, for arste, for the peptide 372-383 that entirely cotlees
Walker A motif and makes direct contact with ATPDX of 29%), or with the peptide 479-492
encompassing the ABC signature and involved in Airfeling intrans upon NBD/NBD dimerization
(26%). In contrast, the former peptide became mmore rapidly deuterated in the apo conformation
of the wild-type transporter with a high deuteratievel of the Walker A motif (82%), consistent kit
the presence of a large accessible loop, whilepgptide covering the ABC signature motif showed
also a substantial increase in its exchange rd&&o)6The lowest value of HDX obtained for this
second peptide suggests that in the open confamatilikely conserved an-helical structure less
prone to HDX than a loop. Thus, the exchange fatethese two peptides are in agreement with the
open model used to picture the apo conformatiogufléi 6, panel B). For other peptides of the NBDs
known to be involved in ATP/Mg binding or NBD/NBDirderization, similar trends were observed
with a faster exchange rate in the apo conformat®nompared to the ATP-bound conformation (e.g.
peptide 501-509 partially encompassing the Walkendsif). Other regions of the NBDs not involved
in either process (i.e. ATP binding or NBD/NBD difzation) gave similar HDX in both
conformations with, for instance, a high deuteratfievel consistent with a loop structure (84%) for
peptide 439-447.

A different picture emerges when one focuses onslCID contrast to the two models
suggesting that these domains have a similar cawfibon in the two states, open and closed, peptides
from both ICDs showed a large difference in the HIDXhese two conformations. Thus, ICD2 was
highly deuterated in the apo conformation, with 8a%@ 79% for peptides 203-215 and 216-236,
respectively, whereas in the closed conformatiom HDX rate significantly decreased for both
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regions to 33 % and 34 %, respectively. Likewisd,tb a lower extent, regions 104-114 and 115-132
from ICD1 were also fairly deuterated in the apafoomation, showing a rather high accessibility (66
and 81%, respectively) whereas this value droppédtie closed state to 27% for the former peptide,
while it remained highly deuterated for the lafteptide (69%).

This difference is not simply due to a greater asitility of the peptides from either ICDs in
the resting state versus the closed state becaassd lobn the two BmrA models used here, the
accessibility of these two domains is essentiafigfiected upon the tight dimerization of the two
NBDs (i.e. in the closed state, see Figure S5).ifgiance, peptides 104-114 from ICD1 and 203-215
from ICD2 are predicted to be equally accessibleither state, whereas their HDX is far greater,
especially for the ICD2 peptide, in the apo confation. Therefore, the conformation and/or
flexibility of both ICDs is somehow modified to ammt for the faster rate of deuterium exchange
observed in the resting state.

To further assess the flexibility of these two sldmrains in the 3D structures of the related
transporters used to model BmrA, molecular dynasmaulations were performed on EcMsbA and
Sav1866 along with that of StMsbA which was incldider comparison. After reaching a plateau for
the root mean square deviation of thef@r each conformation, the fluctuation of the piosi of these
atoms were calculated for the last 20 ns of theukitions and the results are shown in Figure 7.
Clearly, a minor fluctuation was observed in theseld conformations of either Sav1866 or StMsbA
whatever the & considered (always below 2.5 A). In contrast, sdmasal fluctuations occurred
throughout the sequence of EcMsbA and were mucte mposnounced (above 4 A) for four areas
including in particular ICD2. This suggests thasthatter sub-domain must be quite flexible in this
apo conformation.

Discussion

The goal of this study was to get some insights the dynamics of a multidrug ABC
transporter in two different conformations, i.ee tlesting state where the transporter might adopt a
open conformation and the closed state where tlheNBDs interact together in a transient, ATP-
bound, conformation. Overall, global H/D exchangad arypsin digestion show that either in
membrane or in detergent BmrA can switch betweem very different conformations during its
catalytic cycle: a closed conformation rather tasisto trypsin digestion and H/D exchange and
another one in the resting state quite sensitiveyfisin and more susceptible to H/D exchange. Thus
our results give support to the postulate that iauity ABC transporters can cycle between an open,
inward facing, conformation in the resting stated aa closed, outward facing, ATP-bound
conformation. Similar conclusions were drawn relyefdr the catalytic cycle of MsbA from cross-
linking experiments [55] or from EPR spectrosco@¥4,[56, 57]. Based on 3-D structures of ABC
exporters, the transition between these two oppasibformations was proposed to operate according
to a rigid body motion [21]. This entails that tekeme overall structure of the two monomers (or
moieties) of the transporter would be maintainedughout the catalytic cycle. However, local H/D
exchange obtained for BmrA clearly challenges #tsisumption. In fact, our results strongly suggest
that in the resting state, BmrA samples differemformations. Yet, these different conformations
appear to be restricted to both ICDs, mostly to 2aiit also to ICD1 although to a lower extent.
Indeed, apart for the peptides involved eitherhim interaction between the two NBDs or with ATP,
no major changes are observed for the other pepfiden either the NBD or the transmembrane
helices, although limited information is availalide this latter part. Therefore, the interactiotvieEen
the TMD and the NBD that is secured by the two I@Dthe closed state, must become loosen in the
resting state due to a greater flexibility of thé€®s. This would allow some reorientation of the
whole NBD as compared to the TMD and would explsdme unexpected cross-links previously
observed for BmrA. Indeed, it was found that disi@foonds were formed between ICD1 and the Q-
loop of the NBD in the resting state only [25]. Hower, in all structures of exporters, either closed
open, ICD2 appears firmly sandwiched between ICBd. the Q-loop thereby impeding the possible
interaction between these two protein segments2]19-Hence, some reorganization of BmrA
domains presumably occurred to allow the cross-biekween ICD1 and the Q-loop [25]. Other
unpredicted cross-links questioning the confornmatibserved in 3D structures were also reported for
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two other ABC transporters, TAP1/TAP2, and Yorl1p,[26]. These results lend support to additional
conformations of these transporters with differenéntations of the NBD relative to ICDs or of the
two ICDs with respect to each other. It is worthntm@ning that two other studies performed on
homodimeric ABC transporters, LmrA and MsbA, andngseither solid state NMR or EPR
spectroscopy reached similar conclusions of altemaconformations (or greater flexibility) of the
NBD in the resting state, as opposed to the TMD EH. In addition, to the NBD flexibility, EPR
experiments also support a large conformationabpgtof residues from ICD1 in the resting state of
MsbA as evidenced by the large distance distrilbbutibthe spin label probe tethered to residue 115
[56]. For CFTR, although cross-link patterns supgoiglobal architecture similar to that found in
Sav1866 or MDR1, Riordan and colleagues proposadaltonsiderable flexibility must exist at the
interface of NBDs and ICDs to account for the fotiora of the cross-link between these two domains
regardless of the length of the cross-linking reagéom 3.9 to 24.7 A) [23]. In addition, a recent
report using a genetic screen with the yeast AB@idnug transporter, PDRS5, support the idea of a
non-canonical coupling between the NBD and the Té#being mainly achieved through ICD1 and
not through ICD2 [59]. Whether this is a peculiaogerty of PDR5 or reflects an alternative
conformation of the ICDs in this transporter remsato be investigated. Related to the former
hypothesis, the ICDs of PDR5 are predicted to leetshthan those of Sav1866 or MDR [60], and this
might lead to a different interaction of these domawith the NBDs. Interestingly, a molecular
dynamic study of Sav1866 has revealed that in seda@onformation and among residues whase C
show the largest displacement between the ATP abB+®i bound states, some belong to ICD2
(residues 221-222) and to ICD1 (residues 110-18B) Here, molecular dynamic simulations suggest
that in the open-apo conformation of ECMsbA, andadntrast to the closed conformations of StMsbA
or Sav1866, a large fluctuation in the positiorCafresidues from ICD2 is likely to take place.

H/D exchange coupled to mass spectrometry is corffynased to probe the dynamics of
soluble proteins but this technique remains trickie the case of membrane proteins especially
because detergent often reduces the sequence gevéip to now, the only ABC transporter for
which this technique was employed was the solul®N of CFTR [62]. However, our results on
BmrA emphasize how useful this technique might gmeeially to study membrane proteins with large
extramembranous domains like the ABC family. Otireambrane proteins containing large soluble
domains include for instance the secondary tramspaf the Resistance-Nodulation-cell Division
(RND) family such as the multidrug AcrB transporf68]. Also, primary transporter of the P-type
family contains several extramembranous domains thedtransport mechanism are supposed to
required large conformational changes among thesehs as exemplified in different structures of
the archetype of this family, the €aATPase [64-66]. The use of H/D exchange coupleth&ss
spectrometry to unravel different conformationghafse membrane proteins should shed new light on
their transport mechanism.

Materials and Methods

Materials

Unless specified, chemicals and pepsin were puechdsom Sigma-Aldrich. n-Dodecy3-D-
maltoside (DDM) was purchased from Anatrace. Recdoarti protease rhizopuspepsin (Rp) was
purified as previously described [45].

Site-directed mutagenesis and purification of BmrA

The E504A BmrA mutant was constructed as previodebcribed [51]. The E504A mutant and wild-
type BmrA were overexpressed as described [36]BandA-enriched membranes were either frozen
in liquid nitrogen and kept at -80°C until usedsotubilized in 1% DDM. After solubilization of the
membranes, BmrA was purified by Ni affinity chromgitaphy as previously described [37]. Protein
concentrations were estimated by using a modifagry method [67] for BmrA-enriched membranes
or the Bradford method [68] after purification. Thecurate masses of the purified mutant and wild-
type proteins were checked using electrospray s@estrometry.

Limited proteolysis of BmrA
BmrA was proteolysed with trypsin at a proteaseggmabe ratio of 1:1000 (w/w). For BmrA
solubilized in detergent a reaction mixture of 100was prepared and aliquots of 10 ul were
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withdrawn after 5, 15 and 30 min. To reach the datexinhibited state 5 mM ATP, 5 mM MgGind

3 mM vanadate were added to the protein solutiah inoubated for 15 min at room temperature
before adding trypsin. For digestion of BmrA-enadnmembranes, a reaction mixture of 100 pl was
prepared and aliquots of 10 pl were withdrawn &tet5, 30 min, 1 h, 2 h and 3 h. Each aliquot was
acidified with 1 ul of 5% trifluoro acetic acid (Af and immediately frozen in liquid nitrogen. 12.5%
SDS PAGE were run followed by Coomassie blue stgini

Pepsin digestion

The vanadate-inhibited state was prepared in time sgay as for limited proteolysis experiments. The
E504A mutant was incubated with 5 mM ATP and 5 mMgQ¥. All protein digestions in solution
were performed in an ice bath at O °C. Proteasgtisnk were prepared in 500 mM glycine, pH 2.2,
and cooled to 0 °C. BmrA was digested in the saofebfor 2-5 min using a protease/substrate ratio
of 1:1 or 1:10 (w/w) for pepsin and recombinanteygVIll, respectively.Increase in digestion time
did not have any effect on the proteoly$is-line digestion#n the presence of 0.5-4 M guanidinium
chloride (GndCl)(final concentration) were also performed in ae-lath at 0 °C using columns
packed with Rp or pepsin immobilized on POROS-Asimg45].

H/D exchange of BmrA

The vanadate-inhibited state of wild-type BmrA waepared in the same way as for limited
proteolysis experiments. The E504A mutant was iimstibated for 10 min with 5 mM ATP and 5 mM
MgCl,. The HDX reaction was initiated by a 10 times tidn into deuterated buffer containing 50
mM NaCl and 0.05 % DDM. Time course of the HDX vwaklowed over a 1 h period of time by
sequential withdrawing of 120 pL deuterated samplagh were immediately added to 26 pL of
qguenching buffer (8 M guanidium chloride, 500 mMaghe HCI, pH 2.2), rapidly mixed and flash-
freezed in liquid nitrogen. Samples were storelibjimd nitrogen until they were analyzed.

HPLC peptide separation

Peptides obtained by in-solution or on-line digastivere loaded onto a peptide MicroT(dichrom
Bioresources Auburn, CA) column and desalted by washing with306 TFA in water (HPLC
solution A). The peptides were then separated mwversed phas€12 column(1 X 50 mm,Jupiter;
Phenomenexusing a linear gradient of 15-45% (v/v) solutiBn(CH;CN 95% and TFA 0.03%)
during 26 min, followed by 100 % (v/v) solutiondgiring 20 min at a flow rate of 50 pL/min. For
peptide mapping the gradient lasted 55 min instea@6 min to improve the separation of the
peptides. The column was connected to the elecapsgmurce of mass spectrometers until 30% (v/v)
B and then disconnected to avoid pollution of trectbspray source by the detergent. The column
was pre-equilibrated with 15% (v/v) solution B. Tvaves, trap cartridge and column were cooled to
0°C by immersion in an ice-bath.

Mass spectrometric analyses of peptides

The tandem mass spectrometry (mapping) analyses pegformed on an ion trap mass spectrometer
(Esquire 3000+, Bruker Daltonics). The HPLC sysigas connected directly through a splitting T-
piece to the electrospray ionization (ESI) sourcthe mass spectrometer. Data were processed using
DataAnalysis 3.0Tandem mass spectra were searched using Mascotthandssignments were
verified manually and by accurate mass measuremeatsirate mass measurements and the analysis
of the local kinetics of deuteration were done otinge-of-flight (TOF) mass spectrometer (6210,
Agilent Technologies, Santa Clara, CA) equippecveib electrospray source. Data were processed
with MassHunter Qualitative Analysis, and the de@bation and calculation of the average masses
were carried out in Magtran [69].

Electrospray mass spectrometry of the full-length pteins

The molecular mass of the intact protein was measwvith the same electrospray TOF mass
spectrometer coupled with HPL(Protein was loaded onto a protein MicroTréllichrom
Bioresources Auburn, CA) column and desalted by washing with306 TFA in water (HPLC
solution A). The protein and detergent were thegrasged on a reversed ph&E3 column(1l X 50
mm, Jupiter; Phenomengxising a linear gradient of 5-60% (v/v) solutio{®% CHCN and 0.03%
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TFA) during 3 min, followed by 100% (v/v) solutid®h during 12 min at a flow rate of 50 pL/min.
Protein eluted after 13 min and HPLC was quicklscdinnected from the source to avoid pollution
with the detergent. The deconvoluted mass was ledéoliwith the Agilent MassHunter Qualitative
Analysis software. To simplify the processing c# tflobal deuteration data, a non deuterated average
mass of 66 440 Da was calculated, taking into agcte different forms of BmrA and of its adducts.

ATPase activity

To measure the ATPase activity of BmrA in detergantenzymatic coupled assay system was used
[70], in the presence of 0.05% DDM and as descrfimestiously [71]. The activity was measured in
the presence of 10-20 pg of BmrA and followed &C3%r 10 min. When vanadate was present, it
was added at a final concentration of 3 mM fron®@ M stock solution (see [71]).

Calculation of accessibility areas of peptides

The accessibility area of BmrA peptides was catedlawith the help of naccess. This software
calculates the accessible area of a protein steigtua PDB format then, based on accessibility of
each atom, the total access area of a residugasmeed. The program is based on the calculation
method of Lee and Richardson [72]. In order to caraghe accessibility values with HDX MS data

the mean accessibility area of individual peptides determined. Taking into account that region
from residue 325 to residue 332 is the most addessi both models, the values of other peptides
were normalized considering the peptide 325-332 H30% accessible region.

Molecular Dynamics simulations

MD trajectories were simulated with the version 8f"fNAMD [73], using the CHARMM27 force
field with CMAP corrections [74], and the TIP3 (Tisderable Intermolecular 3-point)odel for water
molecules [75]. All the simulations were performad the NpT ensemble. The pressure was
maintained at 1 atm using a Nose-Hoover Langevabopi control [76], with period of 100 fs and
damping time constant of 50 fs. Temperature wastaimed at 300 K by coupling to a Langevin
thermostat, with damping coefficient of 5 p£lectrostatic interactions were treated by theifa
Mesh Ewald algorithm [77], with grid spacing lowtean 1 A. Smoothed cut-off (10-12 A) was used
for the van der Waals interactions. Equations ofiomowere integrated with a time step of 2 fs. The
SETTLE algorithm was used to restraint hydrogemat{/8].

Three systems were considered: (i) 8a/1866 multidrug transporter frof aureusat 3.0 A in an
outward-facing conformation reflecting the ATP-bdwstatef20], (ii) the MsbA lipid ‘flippase’ either
from E. coliin theopen apo-conformation at 5.3 A, or (iii) fra® typhimuriunin the outward-facing
conformation at 3.7 A [21]The structures were defined according to PDB fie&'D, 3B5W and
3B60 respectively together with the crystallograpivater molecules. Only theo@race structure is
available in 3B5W. Missing backbone and side-claoms were predicted using MAXSPROUT [79]
and SCWRL [80]. An acetyl group was attached toNhrminus residue to mimic the preceding
peptide bond and the C-terminal carboxylate wasopaied. Default ionization states at pH 7 were
set, except for buried residues whose ionizati@test were determined using WHATIF [81] and
visual inspection. The proteins were centred inxttyeplane with the permeation pathway aligned to
the z-axis, and embedded in a pre-equilibrategdilaf 569 DOPC molecules. The upper layer of the
lipid membrane was aligned to the centre of massgar of the aromatic residues of the extracellular
side (Phel58, Phel57, Tyr39, Tyr268 in Sav1866, Bmpd 65, Trp66, Tyrl62, Tyrl68, Phel57,
Phe265, Phe272 in MsbA). Lipid molecules closenth2 A to protein atoms were removed. Sodium
and chloride ions were added to neutralize theesygup to a final concentration of 150 mM). The
final systems contain ~195,000 atoms in the SavEa@alation (~41800 TIP3P water molecules, 360
DMPC lipids, 61Cl and 59N&), ~202,000 atoms in the simulation of MsbA PDB 8B642,800
TIP3P water molecules, 402 DMPC lipids, 55@hd 63N&), and ~244 atoms in the simulation of
MsbA PBD 3B5W (~53500 TIP3P water molecules, 472RMipids, 71Cland 79NJ).

In order to equilibrate the atoms around the trarteps, 2000 steps of energy minimization and 1 ns
of MD were performed with restraints applied to tieckbone atoms of the protein. Restraints were
initially set to 10 kcal*mot*A %, and gradually reduced to zero. Unrestrained Miukition followed

121



for ~82 ns (MsbA 3B5W), ~88 ns (MsbA 3B60), and +&3(Sav1866). The atomic systems used for
the analyses were from the last 20 ns of the uiestd MD. A significant drift that stabilizes at
6.7+0.2 A after 60 ns and remains constant urgilehd of the simulation is observed in the RMSD of
MsbA (3B5W). The RMSD values of the MsbA (3B60) &8av1866 simulations reached a plateau in
less than 3 ns with average values of 2.4+0.1 Ala8#0.1 respectively.
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Figure 1. Raw mass spectra and global H/D exchange of BemAched membranes or
BmrA purified in detergent. Raw mass spectrum ofrBnm membranesA) or BmrA
purified in DDM (B). Deconvoluted mass spectra are presented inirigsts with a close-up
view in the second insetLC) Global deuteration kinetics of apo BmrA in meni@a (open
square) or purified in DDM (open circle), or of \atate-inhibited BmrA in membrane (full
square) or purified in DDM (full circle). Standadéviations for two separate experiments are
shown by vertical bars.
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Figure 3. Peptide mapping of BmrA using immobilized pepgiblue) or
immobilized rhizopuspepsin (red). The predictedosdary structure (cylinders for
a-helices and arrows fd@#-strands) and topology of BmrA based on the SavIB66
D structure is shown above the sequence with teeifsp regions: Walker A (WA)
and B (WB) motifs and the ABC signature. The traembrane helices 1 to 6
(TMHL1 to 6) are shown in green colour and the parsiof the intracellular domains
1 and 2 (ICD1 and ICD2, respectively) are indicat€de extracellular parts of
BmrA are shown in grey colour. The boundary betwdenTMD and the NBD is
shown by a vertical dotted line.
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Figure 6. HDX of different peptides from the ICDs and thBM of BmrA depicted
on BmrA 3-D models. The inserts show BmrA modelled the open apo
conformation Q) or in the closed ATP-bound conformatidd) (and the close-up
views are restricted to the ICD1 and the NBD frone anonomer together with
ICD2 from the second monomer. One subunit was dramwmheat colour and the
other in light gray. In each conformation, specigions are drawn with rainbow
colours determined by their percentage of deuterexunhange after 600 s of
deuteration (scale of deuterium exchange shownsist). Selected regions are also
shown with arrows.
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accounting for the mass difference observed.
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BmrA TMD NBD

Pepsin | %Coverage 78 60 98
Column

Peptides 67 24 43

Average 7.0 8.0 6.4

Pepsin | %Coverage 45 11 82
Solution

Peptides 31 3 28

Average 8.7 12.6 8.3

XVIII %Coverage 50 10 84
Column

Peptides 52 8 44

Average 5.8 8.0 54

HDX %Coverage 67.5 45 92

Peptides 44 15 29

Average 9.3 9.0 9.3

Table 1. Sequence coverage, number of peptidesamadge size of the peptides for BmrA
and for its domains TMD and NBD obtained in differedigestion conditions and after

deuteration and digestion with immobilized pepsin.

137



References

1. Davidson, A.L., et alStructure, function, and evolution of bacterial Abiading
cassette systemiglicrobiol Mol Biol Rev, 200872(2): p. 317-64.

2. Rees, D.C., E. Johnson, and O. Lewin®®( transporters: the power to change.
Nat Rev Mol Cell Biol, 200910(3): p. 218-27.

3. Cuthbertson, L., V. Kos, and C. WhitfielBC transporters involved in export of cell
surface glycoconjugateMlicrobiol Mol Biol Rev, 201074(3): p. 341-62.

4, Borst, P. and R.O. Elferinkjammalian abc transporters in health and diseas®u
Rev Biochem, 2002/1: p. 537-92.

5. Ernst, R., et alMultidrug efflux pumps: substrate selection in AiRding cassette
multidrug efflux pumps--first come, first servdebs J, 201@773): p. 540-9.

6. van Veen, H.W., et aMultidrug resistance mediated by a bacterial hongabd the
human multidrug transporter MDRProc Natl Acad Sci U S A, 19983(20): p.
10668-72.

7. Oldham, M.L., et alCrystal structure of a catalytic intermediate o€ tihaltose

transporter.Nature, 2007450(7169): p. 515-21.

8. Lubelski, J., W.N. Konings, and A.J. DriessBistribution and Physiology of ABC-
Type Transporters Contributing to Multidrug Resrigta in BacteriaMicrobiol Mol
Biol Rev, 2007.71(3): p. 463-76.

9. Garvey, M.1., et alQverexpression of patA and patB, which encode ABC
transporters, is associated with fluoroquinolonsistance in clinical isolates of
Streptococcus pneumonia&ntimicrob Agents Chemother, 2013%1): p. 190-6.

10. Paulsen, 1. TMultidrug efflux pumps and resistance: regulatiordavolutionCurr
Opin Microbiol, 20036(5): p. 446-51.

11. Geourjon, C., et alA common mechanism for ATP hydrolysis in ABC trariepand
helicase superfamilieI.rends Biochem Sci, 20026(9): p. 539-44.

12. Seeger, M.A. and H.W. van Ved&glecular basis of multidrug transport by ABC
transporters.Biochim Biophys Acta, 20094.7945): p. 725-37.

13. Chen, J., et alp tweezers-like motion of the ATP-binding cass#ittesr in an ABC
transport cycleMol Cell, 2003.12(3): p. 651-61.

14. Smith, P.C., et alATP binding to the motor domain from an ABC tramgrodrives
formation of a nucleotide sandwich dimbfol Cell, 2002.10(1): p. 139-49.

15. Zaitseva, J., et aH662 is the linchpin of ATP hydrolysis in the natide-binding
domain of the ABC transporter HlyBmbo J, 200524(11): p. 1901-10.

16. Zaitseva, J., et akFunctional characterization and ATP-induced dimati@n of the
isolated ABC-domain of the haemolysin B transpoBe&chemistry, 200544(28): p.
9680-90.

17. Urbatsch, I.L., et alR-glycoprotein catalytic mechanism: studies of AP-
vanadate inhibited statd.Biol Chem, 20037825): p. 23171-9.

18. Parcej, D. and R. Tamp&BC proteins in antigen translocation and viral iiition.
Nat Chem Biol, 20106(8): p. 572-80.

19. Aller, S.G., et al$Structure of P-glycoprotein reveals a molecularibdsr poly-
specific drug bindingScience, 2008235922): p. 1718-22.

20. Dawson, R.J. and K.P. Loch&tructure of a bacterial multidrug ABC transporter.
Nature, 20064437108): p. 180-5.

21.  Ward, A, et alFlexibility in the ABC transporter MsbA: Alternagraccess with a
twist. Proc Natl Acad Sci U S A, 200704(48): p. 19005-19010.

22. Oancea, G., et abtructural arrangement of the transmission inteefat the antigen
ABC transport complex TAProc Natl Acad Sci U S A, 200206(14): p. 5551-6.

138



23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Serohijos, A.W., et aRhenylalanine-508 mediates a cytoplasmic-membrangath
contact in the CFTR 3D structure crucial to assgnmaid channel functioriProc Natl
Acad Sci U S A, 2008L059): p. 3256-61.

Borbat, P.P., et alConformational Motion of the ABC Transporter Msinéluced by
ATP HydrolysisPL0oS Biol, 20075(10): p. e271.

Dalmas, O., et allhe Q-loop Disengages from the First Intracellularop during
the Catalytic Cycle of the Multidrug ABC TranspormrA.J Biol Chem, 2005.
280(44): p. 36857-36864.

Pagant, S., et aMapping of interdomain interfaces required for faactional
architecture of Yorlp, a eukaryotic ATP-binding setse (ABC) transported. Biol
Chem, 200828339): p. 26444-51.

Zhang, Z. and D.L. Smitbetermination of amide hydrogen exchange by mass
spectrometry: a new tool for protein structure éflation. Protein Sci, 1992(4): p.
522-31.

Hoofnagle, A.N., K.A. Resing, and N.G. Alifrptein analysis by hydrogen exchange
mass spectrometrAnnu Rev Biophys Biomol Struct, 20032 p. 1-25.

Wales, T.E. and J.R. Engétydrogen exchange mass spectrometry for the asabysi
protein dynamicsMass Spectrom Rev, 20085(1): p. 158-70.

Hebling, C.M., et alConformational analysis of membrane proteins inggtwlipid
bilayer nanodiscs by hydrogen exchange mass speetrg.Anal Chem, 2010.
82(13): p. 5415-9.

Konermann, L., J. Pan, and Y.H. Liydrogen exchange mass spectrometry for
studying protein structure and dynami@hem Soc Rev, 20140(3): p. 1224-34.
Zhang, J., et alydrogen/deuterium exchange reveals distinct agfpagial agonist
receptor dynamics within vitamin D receptor/retidd{ receptor heterodimer.
Structure, 201018(10): p. 1332-41.

Zhang, X., et alDynamics of the beta2-adrenergic G-protein coupksmkptor
revealed by hydrogen-deuterium exchamgeal Chem, 201082(3): p. 1100-8.

Rey, M., et alConformational dynamics of the bovine mitochondABIP/ATP
carrier isoform 1 revealed by hydrogen/deuteriuroh@ange coupled to mass
spectrometryJ Biol Chem, 20128545): p. 34981-90.

Do Cao, M.A,, et alRrobing the conformation of the resting state biaaterial
multidrug ABC transporter, BmrA, by a site-directgan labeling approachHrotein
Sci, 200918(7): p. 1507-20.

Steinfels, E., et aHighly efficient over-production in E. coli of Yvc&multidrug-
like ATP-binding cassette transporter from Baciltwsbtilis. Biochim Biophys Acta,
2002.15651): p. 1-5.

Steinfels, E., et alGharacterization of YvcC (BmrA), a Multidrug ABCamsporter
Constitutively Expressed in Bacillus subtiBochemistry, 200443(23): p. 7491-
7502.

Gutmann, D.A., et alnderstanding polyspecificity of multidrug ABC tsporters:
closing in on the gaps in ABCBIrends Biochem Sci, 20185(1): p. 36-42.
Ravaud, S., et allhe ABC transporter BmrA from Bacillus subtiliifunctional
dimer when in a detergent-solubilized st&e&chem J, 20063952): p. 345-53.
Barnidge, D.R., et aExtraction method for analysis of detergent-solabil
bacteriorhodopsin and hydrophobic peptides by ebsgiray ionization mass
spectrometryAnal Biochem, 1992691): p. 1-9.

le Maire, M., et alElectrospray ionization mass spectrometry on hydodyc
peptides electroeluted from sodium dodecyl sulfaigacrylamide gel electrophoresis

139



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

application to the topology of the sarcoplasmicae@tum Ca2+ ATPaseAnal
Biochem, 1993214(1): p. 50-7.

Whitelegge, J.P., C.B. Gundersen, and K.F.|Haldctrospray-ionization mass
spectrometry of intact intrinsic membrane protefAsotein Sci, 19987(6): p. 1423-
30.

Whitelegge, J.P., et al.pward the bilayer proteome, electrospray ionizatinass
spectrometry of large, intact transmembrane pratgirtoc Natl Acad Sci U S A,
1999.96(19): p. 10695-8.

Rey, M., et al Effective removal of nonionic detergents in prot@i@ss spectrometry,
hydrogen/deuterium exchange, and proteonmicgl Chem, 201082(12): p. 5107-16.
Rey, M., et alRecombinant immobilized rhizopuspepsin as a nelfdoprotein
digestion in hydrogen/deuterium exchange mass igpeetry.Rapid Commun Mass
Spectrom, 20023(21): p. 3431-8.

Man, P., et alAccessibility changes within diphtheria toxin T domwhen in the
functional molten globule state, as determined gisiydrogen/deuterium exchange
measurementsebs J, 201R773): p. 653-62.

Marcoux, J., et alpd7phox molecular activation for assembly of thetrgghil
NADPH oxidase compled.Biol Chem, 201(8537): p. 28980-90.

Melnyk, R.A., et al.Structural determinants for the binding of anthtathal factor to
oligomeric protective antiged. Biol Chem, 200&281(3): p. 1630-5.

Hrycyna, C.A.Molecular genetic analysis and biochemical charaztgion of
mammalian P-glycoproteins involved in multidrugiséence.Semin Cell Dev Biol,
2001.12(3): p. 247-56.

Kwan, T. and P. GroButational analysis of the P-glycoprotein firstriatellular
loop and flanking transmembrane domaiBschemistry, 199837(10): p. 3337-50.
Orelle, C., et alThe Conserved Glutamate Residue Adjacent to thkei/BI Motif Is
the Catalytic Base for ATP Hydrolysis in the ATReliing Cassette Transporter
BmrA.J Biol Chem, 200327847): p. 47002-8.

Orelle, C., et alConformational change induced by ATP binding inrthdtidrug
ATP-binding cassette transporter Bmiiochemistry, 200847(8): p. 2404-12.

Lu, G., et al,ATP hydrolysis is required to reset the ATP-bindiagsette dimer into
the resting-state conformatioRroc Natl Acad Sci U S A, 200502(50): p. 17969-
74.

Zaitseva, J., et alA structural analysis of asymmetry required foradgic activity of
an ABC-ATPase domain dimé&mbo J, 200625(14): p. 3432-43.

Doshi, R., B. Woebking, and H.W. van VeBigsection of the conformational cycle
of the multidrug/lipidA ABC exporter MsbRroteins, 20107/8(14): p. 2867-72.

Zou, P., M. Bortolus, and H.S. McHaour@lonformational cycle of the ABC
transporter MsbA in liposomes: detailed analysismgslouble electron-electron
resonance spectroscopy Mol Biol, 2009.3933): p. 586-97.

Zou, P. and H.S. McHaouraliernating access of the putative substrate-bigdin
chamber in the ABC transporter MshAMol Biol, 2009.3933): p. 574-85.
Siarheyeva, A., et aProbing the molecular dynamics of the ABC multidrug
transporter LmrA by deuterium solid-state nucleagmetic resonancddiochemistry,
2007.46(11): p. 3075-83.

Ananthaswamy, N., et al.he signaling interface of the yeast multidrug sporter
Pdr5 adopts a cis conformation, and there are fiomztl overlap and equivalence of
the deviant and canonical Q-loop residuBgchemistry, 201049(21): p. 4440-9.

140



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

Rutledge, R.M., et alToward understanding the mechanism of action of/&aest
multidrug resistance transporter Pdr5p: a molecutandeling studyJd Struct Biol.
1732): p. 333-44.

Oliveira, A.S., A.M. Baptista, and C.M. Soar€snformational changes induced by
ATP-hydrolysis in an ABC transporter: A moleculgndmics study of the Sav1866
exporter.Proteins, 201179(6): p. 1977-90.

Lewis, H.A., et al.Structure and dynamics of NBD1 from CFTR charazgstiusing
crystallography and hydrogen/deuterium exchangesmspsctrometryd Mol Biol,
2010.396(2): p. 406-30.

Murakami, S., et alCrystal structures of a multidrug transporter revaa
functionally rotating mechanismlature, 20064437108): p. 173-9.

Sorensen, T.L., J.V. Moller, and P. Nisgengsphoryl transfer and calcium ion
occlusion in the calcium pumfcience, 20048045677): p. 1672-5.

Toyoshima, CHow Ca2+-ATPase pumps ions across the sarcoplasaticulum
membraneBiochim Biophys Acta, 2004.7936): p. 941-6.

Toyoshima, C. and T. Mizuta@@yystal structure of the calcium pump with a bound
ATP analogueNature, 2004430(6999): p. 529-35.

Bensadoun, A. and D. Weinsteitssay of proteins in the presence of interfering
materials.Anal Biochem, 197670(1): p. 241-50.

Bradford, M.M.A rapid and sensitive method for the quantitatibmacrogram
guantities of protein utilizing the principle ofgiein-dye bindingAnal Biochem,
1976.72 p. 248-54.

Zhang, Z. and A.G. Marshall,universal algorithm for fast and automated charge
state deconvolution of electrospray mass-to-chaagje spectraJ Am Soc Mass
Spectrom, 1998(3): p. 225-33.

Jault, J.M., et alAlteration of apparent negative cooperativity ofsiEe activity by
alpha-subunit glutamine 173 mutation in yeast nitowrial F1. Correlation with
impaired nucleotide interaction at a regulatoryesid Biol Chem, 1991266(13): p.
8073-8.

Galian, C., et alQptimized purification of a heterodimeric ABC traoster in a
highly stable form amenable to 2-D crystallizati®L.oS One, 201%6(5): p. e19677.
Lee, B. and F.M. RichardBhe interpretation of protein structures: estimatiof
static accessibilityJ Mol Biol, 197155(3): p. 379-400.

Phillips, J.C., et alScalable molecular dynamics with NAMDComput Chem, 2005.
26(16): p. 1781-802.

MacKerell, A.D., et alAll-atom empirical potential for molecular modeliagd
dynamics studies of protein¥ournal of Physical Chemistry B 19982 p. 3586-
3616.

Jorgensen, W.L., et aCpmparison of simple potential functions for sintinig liquid
water.J. Chem. Phys., 19839: p. 926-935.

Feller, S.E., et alConstant-pressure molecular dynamics simulatioa-lémgevin
piston methodJournal of Chemical Physics 19983 p. 4613-4621.

Essmann, U., et ah, smooth particle mesh Ewald methddChem. Phys. , 1995.
103 p. 8577-8593.

Miyamoto, S. and P.A. KolimaBettle - An analytical version of the Shake andI®at
algorithm for wigid water moleculedournal of Computational Chemistry 1993: p.
952-962.

Holm, L. and C. Sanddbatabase algorithm for generating protein backbane
side-chain co-ordinates from a C alpha trace apgiien to model building and
detection of co-ordinate errord.Mol Biol, 1991218§1): p. 183-94.

141



80. Canutescu, A.A., A.A. Shelenkov, and R.L. Dadiy Jr. A graph-theory algorithm
for rapid protein side-chain predictiofrotein Sci, 2003L2(9): p. 2001-14.

81.  Vriend, G.WHAT IF: a molecular modeling and drug design piogrJ Mol Graph,
1990.8(1): p. 52-6, 29.

142



Chapter 2. H/D exchange kinetics of BmrA
mutant K380R






Comparative HDX analysis between wild-type apo eloaded form of BmrA due to inactive
catalytic glutamate next to the Walker ‘B’ motifeakly highlighted the difference of the
conformation of transporter and as well as the dyosa of intracellular domains which was
not anticipated with static X-ray structures. Weteexled our investigations with the
mentioned technique to monitor the effect of thectivation of the Walker ‘A’ critical lysine
residue on the dynamics of the transporter. Thimdysesidue was shown to be required for
the hydrolysis of ATP in presence of KgThe significance of this residue in BmrA was
earlier realized showing that the mutation of Ilgsimto alanine or arginine makes the
transporter unable to hydrolyze ATP. However, tffece of these mutations was different
from conserved glutamate which is next to Walker ibtif. As described in introduction,
BmrA wild-type or mutants are able to form a reguiag shape structures. It was shown that
addition of ATP/M@" to wild-type BmrA leads to a large conformatiohlange distorting
regular ring shaped structure. In case of Walkérmtif mutant (K380R or K380A) the
addition of ATP/Md" did not affect the rings (Orelle, Gubellini et 2008).

The purpose of applying HDX kinetics to K380R mutavas primarily to monitor the
dynamics of ICD1 and ICD2 and compare it to wilgg¢yand/or with the closed state of

transporter.

2.1. Conformation of BmrA mutant K380R in 0.5 mM ATP/Mg**:

As it was discussed for wild-type apo or mutant £50the protein was deuterated at time
intervals from 15 s to 3600 s. The deuteration argle was performed after incubation of
transporter in 5 mM ATP and 5 mM Mgfor 5 min. The protein was diluted ten times in
deuterated buffer making final concentration of Al Mg+ 0.5 mM in deuterated buffer.
For apo conformation the peptides from ICDs e.@-205, got highly deuterated as it was
discussed earlier. In the case of K380R mutanthim piresence of ATP and Kfg two
populations of the peptide were observed at 15 wedation time: one undeuterated and
another highly deuterated exactly mimicking thesetb and apo form of BmrA deuteration,
respectively (Figure. 47). The undeuterated pomraof peptide tends to disappear with
increasing deuteration time and after 10 min th#tide was more than 80 % deuterated.

The deuteration kinetics of ICDs and particulaBDR led us to conclude that initial 5 mM
(0.5 mM in deuteration buffer) concentration of AWg*" was not enough to limit the
dynamics of the transporter. Therefore, the muk880R was incubated in the presence of
50 mM ATP/Md" for 5 min and then labeled by diluting ten folddeuterated buffer (5 mM
in deuteration buffer).
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The deuteration kinetics was followed from 15 s3@® s. To underline the effect of initial
high concentration of ATP/Mg, wild type of BmrA was also incubated with 50 mM
ATP/Mg?* and deuterated (5 mM in deuteration buffer). Hosve\peptides of wild-type
BmrA in presence of 5 mM ATP/Mgshowed similar kinetics as it was found for theseld
form BmrA mutant E504A. The closed form mimickinghavior of wild-type in presence of
5 mM ATP/Md¢* might be due to the fact that most of the wildetygmrA molecules were in
a closed state in the presence of high nucleotdeeantration. Since the mutant K380R lacks
ATPase activity therefore to compare the differedae to nucleotide, the wild-type BmrA
was incubated with 50 mM ADP/M§(5 mM in deuteration buffer).

The HDX kinetics of different regions of wild-tyd@mrA and mutant BmrA K380R in the
presence of 5 mM ADP/M§and 5 mM ATP/M@" respectively, are discussed.

2.2. Conformation of BmrA wild - type + 5 mM ADP/Mg®* and mutant K380R + 5 mM
ATP/Mg?*:

Figure 48 shows the deuterium exchange level érdiht regions of BmrA on its sequence in
mapped form for three conditions wild-type apo,dwiltype + 5 mM ADP/M§" and mutant
K380R + 5 mM ATP/M§". Figure 49 shows the raw kinetics data for aleéhmentioned
conditions. The results described in the followsegtions are based on these figures unless
otherwise specified.

2.2.1. Transmembrane region:

The peptides originating from transmembrane repaptides 70-74 and 73-80) showed low
deuterium exchange even after one hour of deubaras it was shown for WT apo or ES04A
due to the protection of the region by detergentnother peptide, 172-179 from
transmembrane helix 4 showed low deuterium exchasgewas found for peptide 70-74 or
73-80.
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Figure 47. The HDX kinetics of peptide 203-215 ofi\ is shown. Left panel shows the
wild-type apo, central panel shows the mutant K380Rcubation in 0.5 mM ATP/Mg and
right panel shows mutant E504A at 0.5 mM ATPffig
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plotted here.
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Figure 49. HDX plots of the all identified peptidesBmrA. Hydrogen/deuterium exchange
of WT-apo, WT + 5 mM ADPM§ and mutant K380R + 5 mM ATP/Mgkinetics are
plotted against time (Part 1V).

2.2.2. Intracellular domains:

To investigate the difference between the dynaroic#CD1 of wild-type/mutant apo and
K380R mutant in presence of ATP/Kfg peptides 104-114 and peptides 115-132 were
analyzed.In peptide 115-132, after 15 s of deuteration, I@éher exchange was found for
wild-type+5 mM ADP/Md* as compared to mutant K380R+5 mM ATPAVighe deuteration
difference was constant after one min and five ofirdeuteration. The second peptide of
ICD1 i.e. 104-114 showed lower deuteration exchandmth cases. The minimum exchange
was found 7 % and 6 % in wild-type+5 mM ADP/fMand K380R+5 mM ADP/Mg
respectively and after 5 min, the maximum deutenafound was 20 % and 15 %. Although
difference of deuteration level of both peptides@D1 in two conditions (wild-type + ADP 5
mM and K380R + 5mM ADP) was not large, in comparisath wild-type apo, both forms
were significantly less deuterated, showing thatashyics of ICD1 was decreased (Figure 50).
The significant and unusu#ldans- interaction of ICD2 was described in detail earliehe
domain was well covered with peptide 203-215 angtide 216-236 from N-terminal to C-
terminal end respectively. The peptide 203-215 feasd one to be of the most intense and

very nicely separated peptide eluting at almostethe of the chromatographic run. Peptide
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203-215 showed slight difference between two caoma the overall exchange rate and
difference in exchange rate was low at the begimhie 10% in WT+5 mM ADP/Mg and
11% in K380R+5 mM ATP/MY so the difference was not significant at 15 s. Hmvewith
the increasing time, the difference of exchange alss found to be increased reaching 7%
and 18% after 1 min and 5 min, respectively. Butwitid-type apo form, the level of
deuteration was very high more than 70% even aftes. This indicated that for the above
mentioned peptides the movement of ICD2 was réstti;n presence of nucleotide both for
mutant and wild-type. Whereas peptide 203-215 skos@me significant difference of the
deuteration levels in both conditions for two deatien times, the other peptide, 216-236,
showed large difference for first deuteration poamiy. But in comparison to wild-type,
kinetics of peptide 216-236, the deuteration levas much lower for all three time points in

two conditions.

2.2.3. Nucleotide-binding domain:

Three significant regions of nucleotide-binding dons which are directly involved in ATP
binding and hydrolysis were analyzed by HDX: Wallér Walker ‘B’ and signature motif.
Walker ‘A’

Walker ‘A’ consists of conserved GPSGGGKTT sequeante peptide 372-383 comprises on
IVGPSGGGKTTL sequence in BmrA. Therefore, it precisely shoWwanges taking place on
Walker ‘A’ motif. The HDX occurs at moderate pacelawith increase of time, the deuterium
exchange content and the difference between wjid-ty 5 mM ADP/M§* and K380R + 5
mM ATP/Mg** was also increased slightly.

The difference of deuterium exchange was very tbglween wild-type apo and mutant
K380R in presence of 5 mM ATP/Ng
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Figure 50. HDX kinetics of ICD1, ICD2 and x-loopeashown on BmrA 3D model based on
Sav1866. The interaction of ICD1 and ICD2 - subunit with NBD oftrans- subunit is
focused. Part of the ICDs a@fs- subunit are shown in green color and ribbon vipart of
ICDs oftrans-subunit are show as wire in cyan color. Part oDONB trans subunit is shown
as ribbon in carton. The NBD ofs- subunit is not shown.
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X-loop:

The interaction site of ICD1 and ICD2, on nucleetlsinding domain was identified for the
first time in Sav1866 and named as X-loop (Dawsmh laocher 2006). It is a short stretch of
few amino acids (TEVERG in Sav1866) with conserved glutamate (under)inddhis
conserved glutamate is found in nucleotide-bindinghains of ABC exporters only. Peptide
469-478 in BmrA spans the region of X-loop. In d&pon of wild-type BmrA, the deuteration
level was found 71 % and 77 % at 15 s and 300spewtively. The deuterium content of the
mutant K380R + 5 mM ATP/Mgand wild-type + 5 mM ADP/Mg was less compared to
wild-type form. This peptide is one of the feweragyples where the deuteration level of
mutant K380R + 5 mM ATP/Mg was found higher compared with WT+5 mM ADP/AVIg
(Figure 50).

Signature motif:

Highly conserved within nucleotide-binding domaihABC transporters, signature motif is
identified by the presence of LSGGQ residues. Hepti7r9-492 covers the entire motif. In
wild-type apo, the deuterium exchange of peptids ¥eaind moderate in comparison with
other peptides. In the K380R mutant and wild-typetiie presence of ATP/My and
ADP/Mg?* respectively, showed less exchange compared wilti-type apo form. No
difference was observed between mutant K380R+ATPB/Mgd wild-type/ADP+M§" at 15

s and 60 s. At 300 s, the mutant was found moreedstied.

Walker ‘B’ motif:

Peptide 501-509 covers part of Walker ‘B’ motif azadalytic glutamate. Again the difference
between mutant K380R+ATP/M{ and wild-type/ADP+M§" was not high but when
compared with wild-type apo form, both were sigrafitly less deuterated at 15 s, 60 s and
300 s. But this difference is smaller than the fmumd for Walker ‘A’ motif.
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2.3. Conclusion:

Our results on BmrA mutant K380R showed that therall dynamics of this transporter was
restricted in presence of moderate concentratiomuofeotide. It has been previously shown
that this mutant is unable to adopt a closed comdbion in presence of nucleotide. Therefore,
the hydrogen—deuterium exchange kinetics coupldati wiass spectrometry of this BmrA
mutant in presence of ATP/NIg shows the dynamics of BmrA in open conformatiah ot
freely moving state. The high deuteration of ICDIddCD2 in BmrA apo form was also
possibly due to disengagement from the nucleotiddibg as we found in closed form of
BmrA both ICDs and x-loop were less deuteratedsimilar kind of behavior of ICDs and x-
loop in mutant K380R +ATP/Mg indicated that due to the presence of nucleotitle, t
mentioned regions are much more folded than irafftdopen conformation.

Lower deuteration on Walker ‘A’ motif of mutant sked that mutant is still able to bind to
ATP. Higher deuteration level on Walker ‘A’ motiff avild-type in the presence of ADP
might be due to a lower affinity comparatively bat of the wild-type for ADP.

There are two possible reasons of lower deuterdéeel on signature motif: first the ATP
binding to Walker ‘A’ motif introduced local confarational rearrangement of signature
motif. Secondly, in the closed form of ABC trandpeos, signature motif provides the
complement site during ATP hydrolysis which indesathat it has some affinity for ATP and
therefore it was less deuterated in open form @sg@nce of ATP.

The mechanisms proposed for ATP hydrolysis by AB@oeters describe that binding of
ATP to Walker ‘A’ motif of NBD acts as a platforrmd then Walker ‘B’ and catalytic
glutamate mainly contributes to ATP hydrolysis. @esults on open state of BmrA mutant in
presence of ATP showed less deuterium exchangealkeWWB’ motif compared to apo state.
The difference of deuterium exchange in two coodgifor Walker ‘B’ motif was lower than
the difference found for Walker ‘A’ motif in samermditions. This is in accordance with the
proposed mechanism of ATP hydrolysis and that Walké has higher affinity for ATP
compared to Walker ‘B’ motif.
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Chapter 3. H/D exchange kinetics of ABC
hetero-dimer BmrC/BmrD






The results obtained on the dynamics of BmrA letbusontinue following the HDX kinetics
of another ABC transporter identified by our groufhe hetero-dimeric ABC exporter
BmrC/BmrD shares many features with BmrA. The satetergent DDM is required to
solubilize hetero-dimer and the concentration dédgent also remains similar i.e. 0.05 %. In
contrast being a hetero-dimer it contains two déifie subunits BmrC and BmrD with

molecular weight of 67 kDa and 77 kDa, respectively

3.1. Peptide mapping:

To optimize the peptide mapping of the BmrC/Bmrburf strategies were applied to digest
the hetero-dimer: immobilized pepsin, immobilizegppin in the presence of 1.5 M
guanidinium hydrochloride, immobilized rhizopuspepand pepsin in solution. In all cases
typical HDX digestion conditions were followed. ThdS/MS analyses of the peptides,
obtained with any digestion enzymes, were perforore&T-ICR mass spectrometer coupled
with LC. The high mass accuracy, due to high rdsmuof FT-MS, made possible quick
identification and assignment of the eluted peptidReptide mapping MS/MS experiments on
FT-MS were performed by Petr Man in Prague.

The immobilized pepsin digestion in the presencé&.6fM guanidinium hydrochloride was
found to be the best condition both for BmrC andrBmin the case of BmrC 68 peptides
were identified providing coverage of 73 % sequercrong these 68 peptides, 22 peptides
(50 % sequence coverage) were from the transmemli@main; in contrast the coverage for
NBD region was 98 % with 46 peptides. Consisterthwligestion condition for BmrC, the
best digestion condition was found when BmrD wageslied with immobilized pepsin in
presence of 1.5 M guanidinium hydrochloride. 68 tipglgs were identified from BmrD
covering 66% of the protein sequence: 58 % of thestmembrane region and 91 % of the
nucleotide-binding domain. The number of peptidimntified from transmembrane domain
and nucleotide-binding domain were 25 and 43, spdy. It is noteworthy that for both
BmrC and BmrD subunits, the coverage was founebettthe nucleotide-binding region and
poor in the transmembrane domain owing presumabpydtection by detergent. The peptide
mapping obtained for both subunits with the FT-I@Rss spectrometer was required to be
checked on in-house available Time-of-Flight (Takss spectrometer. As the digestion with
immobilized pepsin in the presence of guanidiniuydrbchloride was found to be the best
condition, therefore only this condition was useat fToF and for subsequent HDX
experiments. Few peptides were unrecognized wighTtbF mass spectrometer compared

with FT-MS and signal intensity for some other jégd was not strong enough to be used for
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HDX experiments. Thus, 50 peptides (67 % sequeaeerage) from BmrC and 53 peptides

(63 % sequence coverage) from BmrD were indentdied oF (Figures 51 & 52). Tables 7 &

8 show the summary of number of peptides and segueoverage identified with both FT-

MS and ToF-MS.

Table 7. Sequence coverage in percent, number mides and average size of peptide
obtained from BmrC in different conditions on FTRCLast three lines show the peptides

recognized on ToF.

BmrC TMD NBD
Pepsin % Coverage 73 55 97
Column+(GndCl)
Peptides 68 23 45
Average 6.5 8.1 5.2
Pepsin % Coverage 66 42 97
Column
Peptides 64 14 50
Average 6.2 10.8 5
Rhizopuspepesin| % Coverage 57 19 85
Column
Peptides 53 11 42
Average 6.5 6.2 5
Pepsin in solution| % Coverage 57 33 85
Peptides 62 18 44
Average 55 6.5 4.8
ToF MS (pepsin | % Coverage 67 50 88
column + GndCl)
Peptides 50 20 30
Average 8.1 9 7.2
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Table 8. Sequence coverage in percent, number mides and average size of peptide
obtained from BmrD in different conditions on FTRCLast three lines show the peptides

recognized on ToF.

BmrD T™MD NBD
Pepsin % Coverage 65 58 91
Column+(GndCl)
Peptides 71 25 46
Average 6.3 10 51
Pepsin % Coverage 64 47 81
Column
Peptides 66 20 46
Average 6.7 10.1 45
Rhizopuspepesin| % Coverage 58 41 89
Column
Peptides 63 20 43
Average 6.3 8.8 5.3
Pepsin in solution| % Coverage 58 42 88
Peptides 61 14 47
Average 6.5 9.6 4.8
ToF MS (pepsin | % Coverage 63 49 88
column + GndCl)
Peptides 53 21 32
Average 8.1 10 7
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3.2. H/D exchange kinetics of BmrC/BmrD apo form:

Here it is noteworthy that BmrC/BmrD is a high nmli&ar weight complex made up of two
proteins of 66 kDa and 77 kDa. It was expected thatpresence of a large number of
peptides would hinder the analysis of kinetics dta to some overlapping.

We, therefore, limited the analysis for the pepide interesting regions only rather than

screening all the peptides irrespective of thaginr(Figures 51 & 52).

3.2.1. The intracellular domains of wild-type BmrCBmrD are highly dynamic:

To determine the kinetics of BmrC/BmrD, the trang@ocomplex was deuterated for five
time intervals ranging from 15 s to 3600 s. Theaicgllular domain (ICD1) of BmrC which is
predicted to connect the transmembrane helix 2 tnafismembrane helix 3 was well covered
with three peptides: 111-123, 124-139 and 140-1Egufe 51). In beginning, all three
peptides show similar deuterium exchange leveH7®. % deuteration at 15 s. Peptides 124-
139 and 140-149 did not show any significant chaafier longer time of deuteration
incubation, in contrast peptide 111-123 showed agnaissive increase in deuteration level
reaching more than 90 % after 3600 s (Figure 58ptiBes 201-221, 222-235 and 250-262
are predicted to belong to the intracellular domaio (ICD2) of BmrC subunit. Both
peptides 222-235 and 250-262 showed EX1 HDX kisdfRart: Introduction, Chapter 5. H/D
Exchange) explained later in detail. EX1 also iatks high dynamic nature of a protein
region. Comparatively, lower deuteration exchange wbserved for peptide 201-221 at the
beginning and a slight increase in deuterium exgbawmas found with increase in deuteration

time (Figure 53).
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Figure 53. H/D exchange kinetics of peptides fr@®1 and ICD2 of BmrC.
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According to predicted topology of BmrD, ICD1 wollé between amino acids 170 and 220.
Two peptides were identified from the mentionedaordut due to low signal-to-noise ratio,
it was difficult to follow the deuterium exchangendtics except for peptide 179-190. This
peptide showed very high deuterium level right froine beginning of deuteration and,
exceeding 90 % after 3600 s. Part of predicted I@DBmrD was covered by two short
peptides, 315-323 and 324-332. In C-terminal pAlC®2, very high deuteration level was
observed ranging between 70 — 80 %. The N-ternpaglof ICD2, peptide 315-323 retained
deuterium exchanged level from 15 to 3600 s bwiais lesser than compared to peptide 324-
332.
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Figure 54. EX1 and EX2 kinetics examples are sh@owrthe peptide 250-262 and peptide
589-602, respectively.
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3.2.2. ICD2 of BmrC showed EX1 kinetics:

The use of EX1 kinetics can be helpful to determiine folding/unfolding events of the
interested protein in physiological conditions (¥/eWales et al. 2006). Two peptides of
BmrC were identified showing EX1 kinetics, bothrfrdCD2, one example peptide 250-262,
is shown in Figure 54. The EX1 kinetics for mené&drregion of BmrC indicated that there is
local unfolding takes place in apo state of tramgwo For the same region in BmrA (apo
form), very high deuterium level was observed. Mokthe amide hydrogens of ICD2 of
BmrA were exchange for deuterium in short time singwpossible unstructured form of
mention domain. In the case of ICD2 of BmrC, thealounfolding indicates that ICDs of

ABC exporters in solution might exist in irreguigcondary structure fashion.

3.3. H/D exchange kinetics difference between apadclosed form of BmrC/BmrD:

From HDX kinetics studies of BmrA apo/closed fomve learnt that a significant difference
of kinetics is present for NBDs interacting regiores Walker ‘A’, signature motif, etc. and
for ICDs which was not anticipated from the higlsalaition structures of ABC exporters.
After characterizing the HDX kinetics of BmrC/Bmi@mplex in its apo form, the next step
was to determine the kinetics of BmrC/BmrD in itssed form.

As described for BmrA, the closed form can be atadi by inhibiting with vanadate or
mutation of catalytic glutamate residue after thalk®r ‘B’ motif. Within ABC hetero-
dimers, the mentioned catalytic residue is founty @am BmrD. In the smaller subunit the,
BmrC, corresponding residue is an aspartic acidues

The inhibition of BmrC/BmrD by vanadate was incoetplas it was found for BmrA. Earlier,
in the course of BmrC/BmrD characterization, it wlasind that mutation of conserved
glutamate at position 592 of BmrD subunit into atgda abolished the ATPase activity of
transporter. To verify that conserved E592 is respgme for ATPase activity, the
corresponding aspartate of BmrC subunit at posifio@ was mutated into glutamate. This
new double mutant, E592D in BmrD subunit / D500BBmrC, did not show any ATPase
activity as well confirming that glutamate of Bmi® exclusively responsible for hydrolytic
activity of transporter (Carmen Galian’s thesis)utitions of the corresponding residues in
hetero-dimer TmrA/TmrB also ended up with similanclusion (Zutz, Hoffmann et al.
2011).

168



Table 9. Different mutants used for HDX analysesBairC/BmrD are shown. The HDX
kinetics results obtained for the wild-type BmrC/Bmapo form and mutant E592A/D500A
+5 mM ATP/Md" are described. To indicate the number of aspattatsequence of BmrC
was considered without the N-ter His-tag.

Conserved glutamate in BmrD Conserved aspartate in BmrC
ILILDE ILILDD
Single mutation ILILDD ILILDD
E592D
Double ILILDD ILILDE
mutation E592D D500E
Double drastic ILILDA ILILDA
mutation E592A D500A

Therefore, we expected that closed form of BmrC/Broould be obtained by addition of
ATP/Mg*" in mutants. Preliminary HDX kinetic analyses of BfBmrD single (E592D) or
double mutants (E592D/D500E) in the presence of\s ATP/Mg®* (0.5 mM in deuterated
buffer) showed two populations for the peptidesrfionportant regions like ICD1, ICD2 and
NBDs interacting regions, one example is showniguie 55. This is important to mention
here, that these two populations were due to inéet@pnhibition exhibiting EX2 kinetics
different from EX1. This led us to the conclusidratt two species of mass envelopes were
possibly arising from some residual ATPase actiatythese mutants as previously used
ATPase activity analyses techniqgue was not seeséivough to measure very low ATPase

activity.
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Figure 55. H/D exchange kinetics for peptide 128;18n example of significant peptides
from BmrC subunit. Whereas, the peptide showeddaaterium exchange in wild-type apo,
in mutant (single mutation in BmrD subunit: E592)dition of ATP/Md" resulted in two
populations after deuterium showing that inhibitieas not complete.

3.3.1. The closed form of BmrC/BmrD is not as tigh&s that found with BmrA:

Based on the conclusion of single (E592) or doublgant (E592D/D500A) HDX kinetics,
the conserved glutamate of BmrD and aspartate aiCBwere mutated into alanine. It was
anticipated that mutation of catalytic residue(sfoialanine would totally abolished any
residual ATPase activity if any activity was sfiliesent in previous mutants. The ATPase
activity of this newly made double mutant is undeii@eed yet.

The double alanine mutant (E592A/D500A) transpoctanplex was incubated with 5 mM
ATP/Mg** for five minutes and then diluted in,O for several time intervals ranging from 15
s to 3600 s and local HDX kinetics were determind@h this mutant again two populations
of deuterated masses were found. The very simiteatics behavior obtained with this mutant

confirmed that the closed form of BmrC/BmrD is masttight as compared to BmrA and two
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populations found in earlier mutants were also ttuéose closure of the complex in this
inhibited state. Determination of ATPase with réalbeled 8-azido-ATP, where very low
level ATPase activity can be monitored, it can aomfthat it is still capable to hydrolyze
ATP.

Though two isotopic envelopes due to presence ad populations induced more
complication for data analysis, it was overcomedbyermination of average mass based on
both envelopes.

3.3.2. Dynamics of closed form/inhibited state of 8rC/BmrD mutant (E592A/D500A):

As for the previous BmrC/BmrD mutants and BmrA nmit&504A mutant, this newly
prepared BmrC/BmrD double alanine mutant (E592AMHD0Owas incubated with 5 mM
ATP/Mg** and ten fold diluted in deuterated buffer (0.5 MWP/Mg?* in deuterated buffer).
The overall local kinetics data showed that closman of BmrC/BmrD is less dynamic
compared to its open form. The difference of kiceeexchange between two conformations
(apo and closed) in significant regions is smaltempared to the difference that were
observed in two forms (apo and closed) of BmrAthig might be due to the presence of two
populations. There are some regions e.g. C-ternpiaudlof both subunits which did not show
any difference in exchange kinetics. The followdescribed results refer to Figures 56A and
B.

3.3.2.1. Intracellular domains:

Both intracellular domains (ICD1 and ICD2) of BmsGiowed less exchange in closed form.
Among three peptides of ICD1, peptide 111-123 viresléast deuterated i.e. ~35 % at 15 s
and ~45 % after 3600 s. When compared with apo/ém@m mentioned peptide showed the
highest difference in comparison with two other tmgs. Two other peptides 124-139 and
140-149 were almost equally deuterated in apo/apate (about 70 % at any time) in closed
form and these peptides maintained their similartel@&um exchange pattern but deuterium
content was ~20 % less at any time. Peptide 201£2ICD2 of BmrC showed ~25 %
deuteration at 15 s, which is 25 % less comparexptdopen state of same peptide, however
with the increased time deuteration, differencewken the two forms was significantly
decreased to only 10 %. Two more peptides from 1©@DBmrC, 222-235 and 250-262, are
not discussed for their closed form because nermiffice could be observed in two states due

to presence of EX1 kinetics of their apo form.
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A large decrease in deuterium level was found feptie 179-190 in closed form in
comparison with apo/open. This is the only peptiden BmrD ICD1, therefore the
information on this region exclusively rely on fiwo peptides identified from ICD2 also
showed less deuterium level. Peptide 315-323 wa$o30euterated which is half of the
deuterium content compared with apo/open statebas. 1Both level of deuteration of this
peptide and its difference with apo/open state wahanged after 3600 s. The other peptide
of ICD, 324-332, showed high difference in deuterilevel compared to apo/open state
which was reduced with the time increasing. The ldd8hange kinetics data of ICDs from
both monomers show that the close or inhibitecestéprotein had decreased their dynamics
compared to apo state and overall behavior of I@Dapo or closed form in ABC homo-

dimer and hetero-dimer is similar.

3.2.2.2. Predicted large extracellular loop of BmrD

Pairwise sequence alignment and secondary strugitediction tools showed that the
additional 94 residues found in BmrD form an exthdar loop (ECL1) connecting TMH1
and TMH2 of transmembrane domain (Galian, Manomale011) (Figure 52). Although
there is no 3D structure of ABC hetero-dimer ex@osgvailable, Cysteine cross-linking and
homology model of TAP1/TAP2 based on Sav1866 aisiccated the presence of additional
residues between TMH1 and TMH2 of both TAP1 and Z@ancea, O'Mara et al. 2009).
The role of this loop is not identified in functiog of ABC transporters yet. In BmrD, the
loop was partially covered by two peptides: 72-8d 407-127. In case of peptide 107-127
high deuterium level was found form the beginnifgleuteration and a progressive increase
was observed for longer time of deuteration reagi®d % (Figure 56 B). The other peptide
identified from ECL1 was 72-94. This peptide aldmwed high deuterium level at 15 s
reaching ~70 % after 3600 s of deuteration. Thestige of both peptides did not vary in
apo/open or close state of transporter.

3.2.2.3. Nucleotide-binding domain:

The different regions of nucleotide-binding domaifh BmrC and BmrD double alanine
mutant were investigated by H/D exchange in theqree of ATP/Mg and the deuterium
level of mentioned regions was compared with théD H¥xchange Kkinetics of apo
conformation of the wild-type. Though two populaso(EX2 kinetics) were observed due to
incomplete inhibition as discussed earlier, therage of two envelopes was calculated which

showed less deuterium level for both subunits Biem@ BmrD.
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Peptide 382-407 which covers the Walker ‘A’ motifBmrC, in apo conformation showed
moderate deuterium exchange which was reducedosedl form. The deuterium level was
~15 % and ~35 % at 15 and 3600 s, respectively istgpthie decrease of ~35 % and ~25 %
less deuteration compared to apo conformation.chimserved ABC motif ‘LSGGQ’ begins
at residue 497 in BmrC. A long peptide 490-518 ce\ibe mentioned conserved region, but
due to presence of an overlapping peptide 509-8E8deuterium exchange kinetics of 490-
508 could be calculated. The region showed fastedienn exchange ~80 % at 15 s in apo
conformation and remained constant with increatimg. In closed state the deuterium level
was found around ~50 % which was ~30 % less cordptreapo conformation. Like apo
conformation, the level of deuterium remained canssafter one hour of deuteration, thus the
difference was also ~30 % after the mentioned tfrdeuteration.

Walker ‘A’ motif of BmrD was covered by peptide 48Z5. In apo conformation the
deuterium exchange was found to be ~45 % at 1% slamwv progress was observed reaching
55 % after 3600 s. In closed form the deuteriumharge was reduced to~25 % at 15 s and
~35 % after 3600 s, thus throughout the coursexofi@nge the difference in two conditions
was constant and as 20 %. Peptide 559-577 covheeedanserved ABC signature motif of
BmrD subunit, the peptide showed ~50 % deuteriuchanrge at 15 s and with increasing
time the deuterium level was also found to be iasirey reaching ~75 % after 3600 s of
deuteration. The difference in deuterium levelloted and apo stat for same peptide was less
in beginning of deuteration but gradual increasedifierence was observed at higher
deuteration times. Peptide 589-602 covering C-teainpart of Walker ‘B’ motif including
catalytic glutamate showed ~60 % deuterium exchand® s. The level of deuterium uptake
was not changed throughout the deuteration expatinie closed state, the same peptide
showed less deuterium level which could be quadtifhs ~24 % and ~15 % after 15 s and
3600 s of deuteration.

Both NBDs of ABC transporters take part in ATP holgisis. In hetero-dimers, the catalytic
activity is retained within one subunit but compétary interactions with other subunit
provide efficient hydrolysis activity. Low H/D exahge kinetics of most of the regions of
both NBDs in closed confirm the active involvemaait both subunits in hetero-dimer,
BmrC/BmrD.

Some C-terminal peptides of NBDs of BmrC and Bmn@ dot show any difference in
deuterium exchange in two states. The level okediffice was not changed in the mentioned

regions validating their no contribution in ATP hgtysis.
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3.4. Conclusion:

Our results on ABC hetero-dimer BmrC/BmrD show tivatracellular domains of both
domains are highly dynamic in the resting. The dyica of mentioned domain reduces on the
closure/interaction of the nucleotide-binding domsai The predicted extracellular loop of
BmrD is also dynamic in the resting state and a®si nucleotide-binding domains did not
have effect on its movement. The interaction betwe subunits in inhibited state is not
strong might be due to asymmetry founding hetensediin comparison with homo-dimeric
ABC exporters. Though in wild-type BmrC/BmrD, thenBD acts as catalytic subunit, the
hydrolysis of ATP is contributed by both subunitg ibteracting together because lowered
deuterium exchange was observed for ATP bindingpnsgof both subunits. The dynamics of
C-terminal end of both NBDs remained unchangeguoi@en or closed states.
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Figure 56-A. Kinetics plots of selected peptide®ofrC wild-type apo (WT) are presented in
blue and double mutant (E592A and D500A)(DM) in m@mor. The double mutant was
deuterated in presence of 0.5 mM ATP/Id-or peptide 222-235 and 250-262 the average
of two envelopes are shown in apo form (Part I).
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Chapter 4. H/D exchange kinetics
of a prokaryotic homologue of ligand-gated
ion channel GLIC






4.1. Introduction

4.1.1. Ligand-gated ion channel superfamily:

In higher organisms, the activities of the body ematrolled by brain. The orders from the
brain are carried to the target organ with the ladldifferent kinds of intermediates. Nerve
cells are one of the mean of this transport ofrmfation. The transmission of information
across nerve cells is mediated by neurotransmitstosed in synaptic vesicles (Figure 57).
With the change in active potential of nerve célese vesicles are ruptured releasing
neurotransmitters. The neurotransmitters bind whth receptors (these receptors are linked
with intrinsic channels) present on post synaptid. €'he neurotransmitters act as ligand for
the postsynaptic receptor and their binding catlse®pening or closing of intrinsic channel.
Therefore, these are also called as ligand-gated¢hannels (LGIC) or receptor-coupled ion
channels. The opening/closing of channel causegitigion/blockage of ions transfer. The
binding sites of neurotransmitter and ion condumtachannel are distant, therefore the
binding of neurotransmitter allosterically contrtte passage of ions.

The mean of selectivity to ions and ligand is pded by ion channels and receptor,

respectively.

Presynaptic neuron

(axon terminal) o 1. i
= g
NT K modulatary)

Transporter
vésicies o LA | LGIC
o et excitation
¥ U, orinhibition)
Sk Shannel Postsynaptic

neuron

Figure 57. A schematic presentation of LGIC witlansynapse between neuron (Web
link:http://www.niaaa.nih.gov/Resources/Graphicd&glNeuroscience/Publishingimages/sy
napsebetween_neurons.gif)

The LGICs organize themselves in polymeric formhimtthe membrane. The number of
subunits is not constant and minimal three sublamésjoined with one another, forming a
pore. The topology of individual subunit is shownRigure 58. Based on the number of
components, LGICs are divided into three superfasii{Le Novere and Changeux 1999;
Collingridge, Olsen et al. 2009).
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* Cys-loop receptor superfamily

* Glutamate cationic receptor superfamily

* ATP gated channel superfamily
Cys-loop receptor superfamily:
The channels of Cys-loop receptor superfamily ammposed of five subunits arranged in
homo or hetero-pentameric fashion.
This is the largest family of receptor-coupled idmannels identified by the presence of a
stretch of conserved residues in each monomer. ¢imserved motif generally carries
cysteine residues on both its C-ter and N-ter siteese two cysteine residues form a
disulfide bridge in addition to a loop formed bynserved residues therefore giving the Cys-
loop receptor superfamily name (Sine and Engel 2006
The members of Cys-loop receptor superfamily cem®$ both positive and negative ions
conducting channels. The ligands acting on theptecgart of Cys-loop super-family include
acetylcholine, 5-HT3 (5-hydroxytryptamine; 5-HTXeptors), glycine and GABA (gamma-
aminobutyric acid; GABAA receptors). Both excitagt@nd inhibitory functions are mediated
by these channels (Bocquet, Prado de Carvalho 20@r).
The binding of ligand to the receptor and transiais®f information to channel for passage
of ions through LGICs show that these are highlyaoized complex transmembrane protein
assemblies. The mechanism of their functioninglayasthd binding site can be understood by
obtaining the data on structural information of siaereceptors. Once the mechanism is
understood, putative drugs can be synthesize aed tastarget these receptors as they are
related to several chronic diseases like Alzheinagrd Parkinson’s (Connolly and Wafford
2004; Cederholm, Schofield et al. 2009). One ofd@kamples of Cys-loop ligand gated ion
channels, the nicotinic acetylcholine receptor fridm electric organ of th&orpedowas

obtained at low resolution by electro microscopyy@zawa, Fujiyoshi et al. 2003).

Glutamate cationic receptor superfamily:

The members of Glutamate cationic receptor supésfgmssess four subunits giving rise to
homo-tetramer or hetero-tetramer. The availablectire of receptor shows that two dimers,
dimerize together giving rise to a tetramer(Tichel&afferling et al. 2004). Unlike Cys-loop
receptor superfamily, Glutamate cationic receptapesfamily perform only excitatory
synaptic transmission. The channels linked to Ghati@ cationic receptors can mediate the

transport of cations only (Traynelis, Wollmuth €t2010).
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Figure 58. The topology of individual subunit offdrent ligand-gated ion channels (Khakh
2001).

ATP gated ion channel:

ATP gated ion channel receptors possess three gsibfach subunit can be divided into

three parts: two transmembranes and one extraametomain. The extracellular domain links

the two transmembrane domains. Extracellular AT @otons act as ligand for the receptor

and channels generally show selectivity towardsouatent cation like Ng K* (Khakh 2001;

North 2002).

4.1.2. Ligand-gated ion channels in bacteria:

The completion of prokaryotic and eukaryotic genosexjuencing projects prompted
scientists to identify the prokaryotic homologudstloe proteins already characterized in
higher organisms. With careful sequence analystssn&emet al showed the presence of
ligand-gated ion channel homologues in severalebattspecies and more than 20 proteins
have been identified as homologous to Cys-loopntiggated ion channels in prokaryotes
(Tasneem, lyer et al. 2005; Corringer, Baaden.&t(4l0).

After identification of eukaryotic ligand-gated iahannels genes in prokaryotes, attempts
were made to clone and overexpress the identifiedeg and determine the functional
properties of expressed proteins. Bocatedl showed for the first time that the proteins from
Gloeobacter violaceuare able to form a channel which is cation-selectrhey also showed
that channel is activated at low pH concluding firatons act as ligand for channel (Bocquet,
Prado de Carvalho et al. 2007).
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With the characterization of homologous proteinbactteria, the next step was to study the
structure of these complex machines at high resol{Miyazawa, Fujiyoshi et al. 2003; Hilf
and Dutzler 2009b).

4.1.3. Structures of prokaryotic homologues of cy®op ion channels:

Recently high resolution structures of two pentamiggand-gated ion channel (pLGIC) from
Erwinia chrysanthem({ELIC) andGloeobacter violaceu&LIC) have been solved. Whereas,
ELIC was crystallized at physiological pH, GLIC ddube crystallized at pH 4.6 only. There
are two structures of GLIC published back to badityed in similar conditions and showing
same structural arrangement. Both, GLIC and ELIficstires show similar quaternary
structural arrangement of pentamers but ELIC andCGéhowed apparently the so-called
closed and open conformations, respectively (Hifl @utzler 2008; Bocquet, Nury et al.
2009; Hilf and Dutzler 2009a). The difference foundhin two structures can explain the

mechanism of receptor functioning.

4.1.3.1 GLIC structure:
The prokaryotic homologue of Cys-loop ligand-gated channel, GLIC, is constituted of
five identical subunits giving rise to a homo-penégic complex. Each subunit can be

divided into two main parts: extracellular domanddransmembrane domain

Extracellular domain:

The extracellular domain which is responsible fae binding of ligand mainly consists [pf
structural elements. There are t@«sheets comprising five inner and three oytestrands
connected by loops of varied length. The fiveheets tightly interact together giving rise to a
B-sandwich (Figure 59). The overall structure of r@s¢llular domain was found in
correlation with nicotine acetylcholine-binding pem whose structure was solved in year
2001(Brejc, van Dijk et al. 2001).

Transmembrane domain:

Like other membrane proteins, transmembrane dortraverses the lipid bilayer. Each
domain consists of four-helices which are numbered from M1 to M4. M2 halixeach of
the five subunits forms pore region of the chanWéiereas, M1 and M3 stabilize the pore by
making strong interaction with corresponding he@fxadjacent subunit, M4 is the outer most
helix. The helices are connected by short loops ananged in a presumably round shape
(Figure 59).
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Figure 59. Left: Ribbon representation of GLIC froine plane of lipid bilayer. The structure
was solved at 2.9A. Detergent (dodecyl-D-maltosi@BM) bound molecules are shown in
space filling presentation of yellow color. Rightopological presentation of extracellular
domain (ECD) and transmembrane domain. ECD consiktéiree outer and five inner
strands. The regions which are common in GLIC arldCEare shown in yellow
color(Bocquet, Nury et al. 2009).

4.1.3.2. Difference between ELIC and GLIC structurs:

As described earlier both GLIC and ELIC share @imstructural features but structural
arrangement of specific regions is different. Witthe two strands of extracellular domain a
twist is observed when viewed from the plane crggdietween the strands. When viewed
from the membrane plan this twist is made and as®e this proximity between strands of
other subunits.

The different orientation of M2 in two structuressa major contributing factor for their open
and closed states. The M2 helix with other heliémsns the pore region, a way for
translocation of ions. M2 helix is shown as twisted of the plan of central axis of channel in
GLIC on its C-terminal side and ELIC M2 helix daest change its orientation throughout its
length, showing apparent closed conformation.

The region involved in making the interface betwgansmembrane and extracellular domain
was previously shown as the binding site of thards (Grutter, de Carvalho et al. 2005; Lee
and Sine 2005). At structural level, this regiaslbetween conserv@d-f2 andp6-$7 loops
from the ECD and M2-M3 loop of TMD. In GLIC strucey1- B2 loop of ECD is in more
open or freely existing away from the M2-M3 loop T¥D. M2-M3 loop itself adopts a
position away from the central core (Figure 60)ni&r behavior observed fdi6- p7 of
ECD, the famous cys-loop, known for binding liganaisd named the superfamily, so

providing a larger space compared with ELIC strrestu
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Figure 60. Side view of GLIC and
ELIC superimposition in green
and red color, respectively
(Bocquet, Nury et al. 2009).

4.2. Materials and Methods:

4.2.1. Peptide mapping:

GLIC protein was expressed and purified as preWoukescribed (Bocquet, Prado de
Carvalho et al. 2007; Bocquet, Nury et al. 200%)e Ppurified protein was concentrated up to
8.5 mg/ml. The peptide mapping was obtained eithigh online pepsin digestion with
pepsin, rhizopuspepsin or in-solution pepsin. Fesalution pepsin digestion, 1:2 protein to
enzyme ratio was. Briefly 2 pl of GLIC protein sotun (300 mM NacCl, 20 mM Tris HCI pH
7.2, 0.02% DDM) was diluted in 80 ul of cold hydemgted buffer (300 mM NaCl and 0.02%
DDM) and kept on ice. 10 pl of 3.4 mg/ml pepsinusioin in 50 mM HCI was added to
diluted protein sample. After addition, the mixtusas left on ice for 2 minutes and then
loaded on the peptide micro-trap.

Varied protein to enzyme ratio, longer incubationet or digestion at ambient temperature

did not improve peptide digestion.

4.2.2. Deuterated sample preparation:

Deuteration at pH 7.0:

The pH of protein solution was adjusted to 7.0.200 pl of deuterated buffer, 10 ul of
concentrated protein (8.5 mg/ml) was diluted. Fat@deuteration buffer 300 mM NaCl and
DDM 0.02 % was dissolved in 99.9 %@. After 15 s of dilution an aliquot of 40 pl from
dilution tube was withdrawn and transferred intother tube already containing precooled
10 ul of quench solution (pepsin 3 mg/ml in 50 mMZIHand frozen in liquid nitrogen till
further use. Similarly, four more aliquots after, @80 and 270 s were mixed with quench

solution and frozen.
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Deuteration at pH 4.6:

The pH of protein solution was adjusted to 4.&20 ul of deuterated buffer (50 mM sodium
acetate, 300 mM NaCl and DDM 0.02 % in 99.9 ¥©D 10 pl of concentrated protein (8.5
mg/ml) was diluted. After 63 min, 4 h and 12 mi@,lLand 33 min and after 18 h and 50 min,
aliquots of 7 pul of quench solution (pepsin 4.5 migh 50 mM HCI). The longer incubation
time at pH 4.6 was for the correction of amide exae as it was found slower with decrease
in pH, one order of magnitude per pH unit (Zhangl &mith 1993). The ratio between
incubation times of two conditions was 251 caledidby taking antilog of pH difference.

pH difference between two conditions: 7.0 — 4.64 2

Antilog of 2.4 = 251

TimeatpH 7.0: 15 s

Required time at pH 4.6 equivalent to 15 s at g 5 X 251 = 3765 s or 63 min

The MS and MS/MS conditions and peptide analyses werformed as described in
Materials and Methods section for BmrC/BmrD.

4.3. Results:

4.3.1. The transmembrane region of GLIC is stronglyrotected:

Several acid proteases were used for GLIC hydmlysiluding pepsin, and rhizopuspepsin.
The purpose of using multiple enzymes is to imprtdve sequence coverage and precise
information of region of interest (Cravello, Lasgoet al. 2003; Marcoux, Man et al. 2010).
We have previously shown that immobilization of¢becid protease (Rey, Man et al. 2009)
is another strategy for optimized digestion of meamke proteins (Rey, Man et al. 2010).

GLIC complex was digested as described in Mateiaad Methods section. The peptides
eluted from hydrolysate were analyzed by tandemsnsggectrometry. The tandem mass
spectrometry allowed the identification of peptides protein sequence. The separated or
combined use of enzymes pepsin, enzyme XVIII andoguspepsin generated 107 unique
peptides exclusively covering extracellular domdihe in-solution digestion by pepsin was
found the best digestion condition generating 8&tides (59 % sequence coverage) and was
followed in all the experiments. The transmembrdaomain was very poorly covered; only
one peptide was identified maybe due to strongeptmin of transmembrane helices offered
by detergent. Another reason is probably giverheywery strong interaction between
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Figure 61. The peptides eluting from pepsin in-8ofu digestion are mapped in red and
peptides used for HDX-MS are shown in blue coloGiriC sequence. Peptide mapping was

obtained on FT-MS.

transmembrane helices. After identification of pegd on MS and due to low signal-to-noise

ratio of deuterated samples, only 24 peptides weeal for HDX-MS studies covering 54%

sequence (Figure 61).

The HDX kinetics of some other peptides was posdibimonitor at pH 7.0 but impossible at

pH 4.6 may be due to longer incubation time in deted buffer which caused protein

precipitation. Peptide mapping MS/MS experimentd=dAMS were performed by Petr Man

in Prague.

4.3.2. The dynamics of GLIC at pH 4.6 and pH 7.0:

The conformational dynamics of GLIC at pH 4.6 adl pO was probed by HDX-MS. To
analyze the behavior of precise regions of chaanhelifferent pH, local deuteration kinetics

were determined. For pH 4.6, the protein was intatan deuterated buffer (pH 4.6) between
63 min and 19 h and then digested by pepsin. Ligevior pH 7.0, the deuterated buffer at pH
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7.0 was used and incubation from 15 to 270 s weenpeed. For all the peptides except one
the HDX kinetics curves were found higher at pH ds6compared to pH 7.0; however in
most cases the difference was decreased with siogedeuteration incubation time (Figures
62 & 63).

4.3.3. The outer surface of ECD is highly exchangbeke at pH 4.6 & pH 7.0:

The outer surface of each ECD is mainly composdtireep-strands made up @7, p9, B9’
andp10, connected by short loof¥. is covered by two peptides, 120-134 and 135-MB-0
terminal and C-terminal ends, respectively. Pepti@8-146 showed higher exchange of
deuterium reaching 60% after 270 s at pH 4.6. Atp6l exchange was slightly lower at
shorter time as compared to pH 4.6 but at the fooht of deuteration, no difference was
found between both conditions. This is consisteitit wtructure of GLIC showin@7 as part
of outer sheet. Other two outer strands of EGD, and p10 showed higher deuteration
exchange level from the least to maximum time aitelation. Peptide 169-177, partially
contributing both tof9 and p9’, is the only example where at final deuterationnpo
exchange was found slightly higher at pH 7.0 aspamed to pH 4.6. Thus, change in pH had

affected the deuterium exchange behavior of ECEraiirface.

4.3.4. The interface between ECD and TMD showed theghest exchange difference:

The TMD and ECD interaction region are one of tkeneples where structures of GLIC and
ELIC showed difference in arrangement in high nesoh structures. The N-terminal part of
B6- B7 loop andB6 itself was covered by two peptides: 106-112 abh8 120. Peptide 113-
120 showed low deuterium exchange (15 %) at fiostitpof deuterium incubation at pH 7.0.
After 270 s, the deuterium level was not changgdiicantly (~20 %). At pH 4.6, the same
peptide was highly deuterated after first incubatiome with ~70 % deuterium exchange; the
content of exchange was unchanged for other timetgpolrhus peptide 113-120 showed a
large difference in deuterium exchange betweenHa#d® and pH 7.0 for all deuteration
points from 15 s to 270 s. The other peptide 10B-dkhich is not part of interaction region
loop rather showed similar deuterium exchange hiehas it was found for peptide 113-120
except it showed moderate exchange at first pdiniemteration i.e. ~40% and with the
increase of time, a progressive increase was obdamaching to ~70%. The progressive
increase in peptide 106-112, might be due to tlesence of a regular secondary structure.
The difference in deuterium content for two pepgidetween two conditions was ~60 % after

longest time of deuterium incubation.
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Another part of ECD involved in interaction interéabetween ECD and TMD, is a loop
connecting31 with B2. The region was covered precisely with a shagotige 32-40 exactly
showing the information of this region. As obser¥ed peptide off6- 7 loop, this peptide
also showed higher deuterium exchange (~60 %)sitdbint of incubation at pH 4.6 which
was slightly increased with the deuterium incubatione. For the same peptide, at pH 7.0,
~20 % of deuterium exchange was observed thataserkto ~35 % at maximum deuteration
time. Therefore, difference of deuterium contentMeen two conditions was always about
~35%.

B1- B2 loop is followed by32 sheet, the difference of deuterium content was hlgher in
this sheet. Though owing to specific secondaryctine the deuterium content was not high
even though difference could be observed.

4.4. Conclusion:

The X-ray crystallography is unarguably the besam® provide the structural information
of proteins which has extended its role in membrpr@eins as well. However, due to
specific experimental conditions and large samplguirement etc. sometimes the protein
structure in varied condition is never obtained.

The x-ray structure of GLIC was solved after cailstation the protein at pH 4.6 but at
physiological pH no structural data is available @LIC. The structure of closely related
protein ELIC was possible to obtain at pH7.0 whattowed different arrangement of M2
helix of pore region and loops of the ECD and TMieiface, as compared to GLIC.

We applied HDX-MS technique on GLIC at pH 4.6 ahtl 0. First, quick information was
obtained that the transmembrane region of protesirongly resistant against acid proteases.
This is probably due to protection of TMD by dewmgand/or strong interaction of subunits.
In our experience the protein is not very stablptt4.6 for long time at room temperature.
The signal-to-noise ratio of deuterated protein@amat this pH for long time was very poor
which resulted in loss of many peptides.

The HDX-MS results obtained at pH 4.6 were verifig its correlation with three
dimensional structure at pH 4.6. The comparisoRlDK kinetics results obtained at pH 4.6
and pH 7.0 indicated that at pH 7.0 GLIC also adsldpe so-called closed conformation
similar to that one observed for ELIC structure.
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Figure 63. H/D exchange kinetics plots of GLIC pegs (Part I).
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General Conclusion
and
Outlook






The investigation of conformational changes in @irtg requires use of different biophysical
techniques. In this PhD thesis work, for the finste, hydrogen-deuterium exchange coupled
to mass spectrometry was applied to study ABC praresrs and pentameric ligand-gated ion
channel (pLGIC). The major emphasis was on twoedziit ABC transporters: BmrA and
BmrC/BmrD. In addition a pLGIC, GLIC, was also cheterized at two different pH.

The ABC transporters are present in all form oé lifi varying number, involved in vital
functions. Their dysfunction is known to be asstdawith several diseases like cystic
fibrosis in humans. Some ABC exporters are involvethultidrug transport and show poly-
specificity to substrates. They are overexpresaegesponse to chemotherapy treatment of
cancer. In bacteria they are one of the causestitfi@tic resistance.

A question directly related to membrane proteitheseffect of detergent on their stability and
conformation. For BmrA we showed both with helpHDX - MS and limited proteolysis
experiments that protein is more dynamic in deterges compared to lipid bilayer in apo
form. But at the same time it is protected in simiéxtent in both conditions in its closed
form.

The structures of other ABC exporters solved ah higsolution in presence or absence of
nucleotides showed different conformations. Bualircases thérans- interaction of ICD2 is
kept. Our H/D exchange kinetics results on apo @ondtion of BmrA raised the question of
this interaction and showed their highly dynamitura in solution. We also suggested that
possibly ICDs exist in unstructured conformation tfr@nsporter in its apo form. The kinetics
of ICD2 obtained in the presumably closed form wieragreement with the BmrA models
based on closed structure of homologue ABC expthtes validating our results.

Another aspect of ABC transporter related to owdgtis physiological existing state of
NBDs in apo form. We clearly showed that the NBDsa® subunits are highly dynamic and
are possibly not associated with one another irerates of nucleotide. The addition of
different drugs which are known to be transportgd ABC transporters did not affect
dynamics of NBDs. We also confirmed that dynamitc8/BDs were reduced on addition of
ATP/Mg** due to their tight interaction in mutant lackingRase activity.

The dynamics of different regions of BmrA was aleduced in its resting state but not freely

moving due to mutation on Walker ‘A’ motif.
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ABC hetero-dimer showed, BmrC/BmrD, similar H/D baage kinetics results as found for
BmrA in apo conformation: highly dynamic nature pfedicted ICDs and well non-
interacting NBDs. But closed form of hetero-dimentemt on addition of ATP/Mg was not
as stable as found for homo-dimer BmrA. The prediaxtracellular loop of BmrD was not
found to be affected in presence or absence oéntidk.

The structures of ligand-gated ion channels at hegolution have been emerging recently
like GLIC or ELIC. The H/D exchange kinetics of &.lobtained at pH 4.6 were in
correlation with its apparently open conformatiéior the same protein, results obtained at
pH 7.0 showed less deuteration for particular negionfirming a possible closed form. The
kinetics at pH 7.0 was found to be in accordancth wie structure of homologue protein
ELIC.

The HDX-MS technique is expanding its application membrane protein characterization
like recent example of ADP/ATP carrier and GPCReptors. The work performed during
this thesis showed possible application of mentioteehnique on ABC proteins and ligand-
gated ion channels as well. For ABC hetero-dimer@BmrD, the analogue of ATP (for
example AMP-PNP) could be used to verify the preposiechanism of cooperative binding
of ATP in two subunits. Since both subunits ardedént in their amino acid sequence, the
AMP-PNP concentration required for binding on oobwit can be determined by its H/D-
exchange kinetics in varied AMP-PNP concentrations.

In this study the coverage of peptide mapping wasddout not optimum for characterized
protein. This problem can be overcome by differdigestion techniques and new acid
proteases. Especially good coverage of transmemlyegion can provide information about
drug binding site in case of ABC exporters. In Glills can be helpful to determine the
differential kinetics of pore region particularly2vhelix.

The finding of different acid proteases can be fulfor characterization of proteins with
better resolution at short peptide size level. filme required for the HDX experiment can be
reduced by development of automatically controliedotic methods (under construction in
our group). The robotic methods will be helpful fiproducibility of data. The further
reduction of time, required for the processing afgé data generated by HDX-MS

experiments can be achieved by developing moreiggrecomputer based programs.
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Abstract

Some ATP-Binding Cassettexporters are known to be responsible for resistaagainst a
broad spectrum of antibiotics and chemotherapelutigs in bacteria and mammalian cells.
Amide hydrogen deuterium exchange coupled to maastometry (HDX-MS) was applied
to investigate the conformational changes in twiedint bacterial ABC exporters, BmrA and
BmrC/BmrD, in the presence and absence of nuclkeotidcal H/D exchange kinetics showed
highly dynamic nature of ICDs in apo form which was anticipated from X-ray structure of
the homologue proteins. In outward facing (clossd) conformation the movement of ICDs
were largely reduced for both transporters. The EXdhange kinetics of closed form were
determined by applying H/D exchange on mutants kentd hydrolyze nucleotides or on
wild-type inhibited by vanadate. The dynamics of[¥Bparticularly for those regions which
interact during ATP hydrolysis were also reducecalosed form as compared to open one.
The addition of different drugs which are knownbi® transported by ABC transporters did
not affect dynamics of NBDs.

We further applied H/D exchange kinetics on a prp&iac homologue of pentameric ligand-
gated ion channel (pLGIC) GLIC. Local H/D excharkjeetics were in full agreement with
the available structure and change in pH showddrdifices in deuterium level for interacting
regions of the subunits.

Des exporteurs « ATP-Binding Cassette » (ABC) sminus pour étre responsables de la
résistance contre un large spectre d’agents atitjbes ou chimiothérapeutiques chez les
bactéries et les cellules de mammiféres.

L’échange hydrogene / deutérium associé a la spaétrie de masse (HDX-MS) a été utilisé
pour caractériser les changements conformationtelsleux exporteurs ABC bactériens,
BmrA et BmrC/BmrD, en présence et en absence dééotide. Les cinétiques locales
d’HDX ont montré la nature hautement dynamiquedteraines intra-cellulaires (ICDs) dans
la forme apo, ce qui n’était pas attendu d’apresteuctures cristallographiques aux rayons X
des protéines homologues. Dans la conformation reeiveers I'extérieur (« outward
facing »), domaines fixant les nucléotides (NBDggiagissant, le mouvement des ICDs sont
largement réduits pour les deux transporteurs. testiqgues d’HDX MS dans la
conformation « outward facing » ont été déterminéesappliquant cette technique sur des
mutants incapables d’hydrolyser les nucléotidesueta forme sauvage inhibée au vanadate.
La dynamique des NBDs, en particulier pour les aégiqui interagissent au cours de
'hydrolyse de I'ATP, a été aussi diminuée dans clanformation « outward facing »
comparativement a celle ouverte vers l'intérietiajdut de différents agents connus pour étre
transportés par des transporteurs ABC n’a pastaffacynamique des NBDs.

Par ailleurs, nous avons aussi appligué 'HDX MSaaprotéine GLIC, un homologue
procaryote d'un « ligand-gated ion channel » pestiaque (pLGIC). Les cinétiques locales
d’HDX sont en plein accord avec la structure clistgaphique disponible et le changement
de pH révele des difféerences de deutération dangtgons d’interaction des sous-unités.
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