@

.\
UH L

m X3

L4 Universitat Hamburg THE HAMBURG CENTRE

DER FORSCHUNG | DER LEHRE | DER BILDUNG FOR ULTRAFAST IMAGING

Integrative analysis of the dynamics of
rhomboid protease GlpG from Escherichia
coli

DISSERTATION

zur Erlangung des Doktorgrades der Naturwissenschaften (Dr. rer. nat.) an der
Fakultiit fiir Mathematik, Informatik und Naturwissenschaften der Universitit
Hamburg, Fachbereich Chemie

vorgelegt von
Yasser Almeida-Hernandez

Hamburg, September 2019






Die vorliegende Arbeit wurde im Zeitraum von Dezember 2014 bis September 2019 in
der Arbeitsgruppe von Prof. Dr. H. Tidow am Institut fiir Biochemie und
Molekularbiologie des Fachbereichs Chemie der Universitdt Hamburg durchgefiihrt.

Erstgutachter: Prof. Dr. Henning Tidow
Zweitgutachter: Prof. Dr. Johannes Kirchmair
Datum der Disputation: 08.11.2019

Fachbereich Chemie, Universitit Hamburg. 2019






Nothing in life is to be feared, it is only to be understood. Now is the time to understand

more, so that we may fear less.

Marie Sktodowska-Curie

Fachbereich Chemie, Universitdt Hamburg. 2019






Table of Contents

Table of Contents
List of Figures.....c..cccceeeeevcurcccnneen. v
List of Tables.......c.cceeeuercnuueecnneee. \%
LiSt Of PUDLICAtIONS c..cuueiiiniiiiniiiitiiiintiiiitiinintiesnnicssnnicsssnecssssncsssescssssecsssescsssssssssssssssssssssnsssses VI
Abbreviations.........eeeeeseesinennne Vil
ADSEract.....eeeeveeecsneecsneeens v IX
ZUSAMMENTASSUNG c..oueveriiirssnriesssssnrecssssansecsssssssosssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss X
1 INEFOAUCEION aecuueeiiiniiiinniicnnienineeisintnessssncsssnecssssecsssnesssssesssssesssssessssnsssssssssssessssssssssssssssasssssns 1
1.1 Introduction to MEMDIaNe PrOtCINS..........cccuiereerieeriieerieriieeiteenseeesreessreesseesseeesseesssessseens 1
1.2 Protein — lipid INTETACHIONS. ....cccuieitieeiieiieeieeiee et eite et erteeeteeseeeebeesseesseessaeesseesssesnsaens 2
1.3 Expression of membrane Proteins ...........cceeeecveeerireeiveeesieeeirieesreeesreeesseeesseessssessnsnens 4
1.3.1 Solubilization and stabilization of IMPS...........cccccciiiiiiiiiii e, 5
1.4 INtramembrane PrOtEASES .......cccvueeerrireriieeriieeerteeetreeetreeeteeesseeesseeessseeensseesnsseesnsseesnnns 8
1.4.1 Rhomboid proteases family ..........ccccoecieriieiiieiiieeiiecieeieere et 9
1.4.2 Rhomboid protease GIpG from E. COli ......ocouiiiiiiiiiiiiiiiieiieeeeeeeee e 10
1.4.3 Catalytic mechanism — From recognition to cleavage.........c..cccccvveeveevienecneenennne 12
L5 AIM OF the WOTK....eiiiiiiiiieeeee ettt 14
2 Materials and Methods .......ceiuiineiineiinsinnsniseissensseinsiisecsssecssissssssssesssessssssssssssssssasssss 15
2.1  Experimental MethOds ..........coeiviiriiiiiiiiiiiicie e 15
20101 CIOMINE ettt ettt st sb ettt b et sa e sttt et be et e 15
2.1.2  Protein expression and purifiCation ..........cccceccveeerieeeiieeeiieeeie e 16
2.1.3 Sodium-dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) ............ 16
2.1.4 Functional Cleavage aSSaY ........ccceeverieriiriiriinieeientenieete ettt sttt 17
2.1.5 Thermal stability by differential scanning fluorimetry ...........ccccoecveveenenieneencnnne. 17
2.1.6  Site-directed spin labeling (SDSL) .....ccceoviiriiniiiiniiniieeeeeeeeeee e 17
2.1.7 Size exclusion chromatography coupled with small-angle X-ray scattering (SEC-
Y2 ) OSSPSR 18
2.1.8  Flexibility MOAEIING......c.ceviiiiiiiiiieiieeitee ettt ettt 19
2.1.9 Continuous-wave (CW) electron paramagnetic resonance (EPR) spectroscopy......21
2.1.10  Double Electron-Electron Resonance (DEER) spectroscopy ........ccceeevveeeruveennnee. 21

2.2 Computational methods - Coarse-grained simulations (CGMD) of full-length GlpG
and GlpG-TMD in a model lipidic bIlayer ...........cccocieriiiiiiiiiiieeeeeeee e 24

Fachbereich Chemie, Universitit Hamburg. 2019



Table of Contents

2.2.1  SYSLEIMS SELUP c.uvvieeiiieeiiieeitee ettt e ettt e ettt e et e e et e e st eeeateeetteeenbaeesasneesnseeesnseeesnseeennnes 25
2.2.2 STMUIALIONS ...ttt ettt ettt ettt et sa e bt et saeesaeebesanens 26
2.2.3  Analysis of the CGMD SIMUlations ..........ccccceciieriiieeiiieeriie e 26

3 Results and DiSCUSSION..cuuiiiiiiiiriincisiiissnnicssttecsanessstcssssecsssseessssessssssssssssssssssssssssssssasssses 28
3.1  Dynamics of GlpG in by SAXS and DEER spectroscopy experiments....................... 28
3.1.1 Purification of GIpG/FC12 micelle COMPIEXES.......cccvervieviieriieiieeiieieeeie e 28
3.1.2 Size-exclusion chromatography coupled to small-angle X-ray scattering (SEC-
SAXS) EXPETIIMENLS ....veeevrieeriieeiieeeitieesiteeesteeesseeesseeassseeassseeassseeassseesssseesssseesssesessseeesssees 29
3.1.3 Dynamics of GIpG/FC12 COMPIEX....ccceiriuiiriieiieniiiiieeie ettt eeee s ens 31
3.1.4 Intramolecular distances measured by DEER spectroscopy ........ccceeveevveerveeireennnenns 35

3.2 Coarse-grained molecular dynamics (CGMD) simulations of GlpG in a model E. coli

1001100101 21 1 LSRR SRUPRRPSRRRO 42
4 FINAl FEMATKS cuueeieiiiiiieiiiiiiniinninneinnecnesnsicssessssesssessssessssssssssssassssesssssssssssssssssasssssssassss 51
5 Appendices.......ccoevererenercscnnicnnns 54
5.1 Buffers, instrumentation, and chemicCalS...........oooovviviiiiiiiiiiiiiiiiieeeee e 54
5.3 GHS and risks SYMDbOIS .....cc.eeoiiiiiiiiiiiiiieccecec et 62
5.4 GHS hazards StateMENLS ..........cecueruieiierieriieieeiestcee ettt ettt et saeens 62
5.5  GHS precautionary StateImMents..........cecueieruieeriieeriieerieeerreeereeeenieeeeireeseeeesneeesneeenns 63
6 References........coceeeecerccsuncenns 65
ACKNOWICAZIMEIES c.uueeerenrneisaenssnessannssnenssnnssaesssnesssesssnssssesssnssssesssnsssassssassssesssssssasssssssssasssssssassss 79
Curriculum vitae.......ceeveecseccseecnnnn. 80
Eidesstattliche EXKIAIrUNG ......uueooviiiiieiiiiiiiitiiiiinnentncnnicnensnecnecssesssssssssesssssssesssssssssens 81

Fachbereich Chemie, Universitdt Hamburg. 2019



List of Figures

List of Figures
Figure 1-1: Functional distribution of transmembrane proteins in the proteome of Escherichia
COLT ettt ettt ettt et h et ettt et as 2
Figure 1-2: Intramembrane protein—lipid interactions within a cell membrane.............cccccueneene. 3
Figure 1-3: Structure and proposed mechanism of GIpG ..........oocvveeviieeciieciiece e, 11
Figure 2-1: DEER SPECIIOSCOPY ..cuviiiitiieiiieeiiieeeieeeeteeesteeeiteessteeesssaeessseeessseeessseeensseesnsseesnseens 22
Figure 3-1: Purification of GlpG and chimeric substrate MBP-TatA-TrX.......ccccoccevveveniennnenne. 28
Figure 3-2: Size-exclusion chromatography coupled with SAXS (SEC-SAXS)....ccccovveviveennnnne. 30
Figure 3-3: in silico GIpG/FC12 aSSEMDIY ......veiiiiiieiieeieecee et 32
Figure 3-4: MultiFOXS mMOdElINg......c.ccoviiiriiniiiiiiiiecieceecece et 34
Figure 3-5: GIpG mutants and SDSL.......cccooiiiiiiiiiieiieieeeeee e 36
Figure 3-6: Site-directed Spin-1abeling............cccoeviiiiiiiiiiiiiiiiiicecce e e 37
Figure 3-7: DEER spectroscopy of double-labeled GIpG constructs ...........cceeeveevreenveeiveennnnne. 39
Figure 3-8: Accuracy of the distance diStributions ............cceveeriiienieniiieniie e 41
Figure 3-9: Full-length model of GlpG embedded in a phospholipid bilayer.............cccccueenne..e. 42
Figure 3-10: Lateral radial distribution function (XY-RDF) analysis ..........ccccecverierieenieennnnnne. 43
Figure 3-11: Average XY-RDF of the PO4 bead of all phospholipids around GlpG and GlpG-
8 51, TSRS 44
Figure 3-12: Lipid density MapS ......ccceevueeieriiriiiiiniieneeie ettt sttt st 46
Figure 3-13: Averaged density maps of PE-based lipids and DPPG in the top and bottom leaflet
for GIpG and GIPG-TMD .....ccuiiiiiiieieee ettt e e e e enreeeeeeas 47
Figure 3-14: Residue-based protein-lipid CONtacts............cocveveriiiriineinieniinieieeeeseee e 48
Figure 3-15: 3D mapping of the protein-lipid contacts on the structure............ccccceveeveervenennnene 49

Figure 4-1: Dynamics of soluble regions of GlpG regulate protein/lipid interactions, which

could affect the activity of the protein iz Vivo. .........cccceeevvveeiiiieiiieeie e, 52

Fachbereich Chemie, Universitit Hamburg. 2019


file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619231
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619231
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619232
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619233
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619234
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619235
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619236
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619237
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619238
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619239
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619240
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619241
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619242
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619243
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619244
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619245
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619245
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619246
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619247
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619247
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619248
file:///C:/Users/almeida/Dropbox/GlpG/thesis/FINAL_VERSION_in_progress.docx%23_Toc19619249




List of Tables

List of Tables

Table 1-1: Properties of common detergents used for membrane protein solubilization............. 6
Table 2-1: Primers €mMPlOYEA .......cceevuieriiiiieiiieiieeie ettt ettt sae e ebeessaeeseeseseenseenns 15
Table 2-2: SIMULAtIONS SETUPS.....eeivieriieeiieiie ettt eite ettt see et e saeebeessaeebeessreenseessseenseennns 25
Table 5-1: Buffers and SOIULIONS .......c.coouiiiiiiiiiiiiee e 54
Table 5-2: Instrumentation (listed alphabetically)..........cccouvieiiiieiiiieiiieeeeee e 55
Table 5-3: Chemicals (listed alphabetically) ..........cccceeviiiiiiiieniieieee e 57

Fachbereich Chemie, Universitdt Hamburg. 2019






List of Publications

List of Publications

Publications associated with this work

Yasser Almeida-Hernandez and Henning Tidow. (2019) Soluble Regions of GlpG

Influence Protein-Lipid Interactions and Lipid Distribution. Journal of Physical
Chemistry B. 123, 37, 7852-7858. DOI: 10.1021/acs.jpcb.9b06943

Yasser Almeida-Hernandez, Johann Klare, Heinz-Jiirgen Steinhoff, and Henning

Tidow. Dynamics of rhomboid protease GlpG in solution depicted by SAXS and
DEER spectroscopy (manuscript in preparation)

Others

Ivana G. Molina, Inokentijs Josts, Yasser Almeida-Hernandez, Sebastian Esperante,

Mariano Salgueiro, Maria M. Garcia Alai, Gonzalo de Prat-Gay and Henning Tidow.
(2018) Structure and stability of the Human respiratory syncytial virus M2—1 RNA-
binding core domain reveals a compact and cooperative folding unit. Acta Cryst. F74,

23-30. DOI: 10.1107/S2053230X17017381

Katharina Veith, Maria Martinez Molledo, Yasser Almeida-Hernandez, Inokentijs Josts,

Julius Nitsche, Christian Léow and Henning Tidow. (2017) Lipid-like Peptides can

Stabilize Integral Membrane Proteins for Biophysical and Structural Studies.
ChemBioChem 18 (17), 1735 —1742. DOI: 10.1002/cbic.201700235

Inokentijs Josts, Yasser Almeida-Hernandez, Antonina Andreeva and Henning Tidow.

(2016) Crystal Structure of a Group I Energy Coupling Factor Vitamin Transporter S
Component in Complex with Its Cognate Substrate. Cell Chemical Biology. 23 (7),
827-836. DOI: 10.1016/j.chembiol.2016.06.008

Fachbereich Chemie, Universitit Hamburg. 2019






Abbreviations

o
A

CytoD
Da
DDM
DEER
Dmax
DNA
DPPE
DPPG
DOPE
DOPG
DSF
DTT

EPR

min
Ni-NTA
MD
MHz

ml

mol

Regularization parameter
Angstrom

Ampicillin

External static field

Beta

Celsius

Cardiolipin

Coarse-grained

Critical micellar concentration
Continuous-wave
Cytoplasmatic domain

Dalton
n-dodecyl-f-D-maltopyranoside
Double Electron-Electron Resonance
Maximum distance
Deoxyribonucleic acid
di-C16:0-C18:0 PE
di-C16:0-C18:0 PG
di-C16:1-C18:1 PE
di-C16:1-C18:1 PG

Differential scanning fluorimetry
Dithiothreitol

Modulation depth

Electron paramagnetic resonance
Electronvolt

Fos-choline-12

Femtosecond

Gigahertz

Gram

Gravitational force

Hour

Immobilized metal affinity chromatography

Isopropyl -B-D-thiogalactopyranoside
Kelvin

Kilo

Wavelength

Liter

Lennox-Broth

Linker region

Minute
Nickel-Nitrilotriacetic acid
Molecular dynamics
Megahertz

Militer

Mole

Abbreviations

Fachbereich Chemie, Universitdt Hamburg. 2019



A1l Abbreviations

ms

MBP
MTSL

MW

i
Na

nm

ns

WA, OB
OD

ps
PDB
PELDOR
PE

PG
POPE
POPG
R1

T'AB
RDF
Rg
rpm

S
SAXS
SDSL
SEC

TatA
T™MD
Trx
uv

v/v
wt

w/v
Vpump
Vobs

Millisecond

Molar

Maltose binding protein
(1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)
methanethiosulfonate

Molecular weight

Micro

Aggregation number
Nanometer

Nanosecond

Spin populations A and B
Optical density
Picosecond

Protein Data Bank

Pulsed Electron-Electron Double Resonance
Phosphatidylethanolamine
Phosphatidylglycerol
C16:0/18:1 PE
C16:0/18:1 PG

MTSL spin-label
Interspin distance

Radial distribution function

Radius of gyration

Rounds per minute

Second

Small-angle X-ray scattering
Site-directed spin-labeling

Size exclusion chromatography
Tesla

Twin-arginine translocase component A
Transmembrane domain
Thioredoxin

Ultraviolet

Volt

Volume per volume

Wild type

Watt

Weight per volume

Pump frequency

Observer frequency

Fachbereich Chemie, Universitit Hamburg. 2019



Abstract

Abstract

Rhomboid proteases are membrane proteins wide present in all living kingdoms, which
perform proteolytic reactions in the lipidic environment of the cell membrane. Rhomboid
protease GlpG from Escherichia coli is the most studied molecule of this group, and a
prototypical example of the intramembrane proteases. The protein is composed by a
transmembrane domain (TMD) which contains the active site, a soluble and N-terminal
cytoplasmic domain (CytoD), with unknown function at the moment, and a linker region (Ln)
that connect both domains.

Most of the structural and functional knowledge of this protein have been obtained from its
transmembrane domain since it can perform hydrolytic reactions without the rest of the protein.
In this work, I addressed the study of the full-length protein in vitro and in silico, in order to
gain a better understanding of the structure and dynamics of this molecule.

In the first part, I identified the detergent Fos-choline-12 (FC12) as a proper detergent to purify
the molecule with high purity and stability, and suitable for biophysical studies in solution. In
this direction, I carried out size-exclusion chromatography coupled with small-angle X-ray
scattering (SEC-SAXS) experiments to depict the low-resolution shape of the molecule
stabilized in FC12. Subsequently, I performed double electron-electron resonance (DEER)
spectroscopy experiments, to support the SAXS data, showing that the protein exists in
compacted and extended conformations, showing the high flexibility of GlpG in solution.

In the second part, I used coarse-grained molecular dynamics simulations (CGMD) to study
full-length GlpG inserted in a native-like model of the E. coli membrane, and the influence of
the soluble regions of the molecule on the protein/lipid interactions. I identified differences in
the distribution and clustering of phosphoglycerol(PG)-based lipids around GlpG, depending
on the presence or absence of the CytoD and Ln fragments. These data suggest a possible role
of the cytoplasmic extensions of GlpG in the regulation of the lipid environment around GlpG,
which may influence the activity of GlpG in vivo.

Taking together with these data and recent reports, I proposed a hypothetical mechanism for

this protein, which takes into account the entire protein and its lipidic environment.

Fachbereich Chemie, Universitdt Hamburg. 2019






Zusammenfassung

Zusammenfassung

Rhomboid-Proteasen sind in allen lebenden Reichen weit verbreitete Membranproteine, die im
lipidischen Milieu der Zellmembran proteolytische Reaktionen durchfithren. Die Rhomboid-
Protease GlpG aus Escherichia coli ist das am meisten untersuchte Molekiil dieser Gruppe und
ein prototypisches Beispiel fiir die Intramembran-Proteasen. Das Protein besteht aus einer
Transmembrandomine (TMD), die das aktive Zentrum enthilt, einer 16slichen N-terminalen
cytoplasmatischen Domine (CytoD) mit derzeit unbekannter Funktion und einer Linkerregion
(Ln), die beide Doménen verbindet.

Das meiste strukturelle und funktionelle Wissen iiber dieses Protein wurde aus seiner
Transmembrandomédne gewonnen, da es ohne den Rest des Proteins hydrolytische Reaktionen
durchfiihren kann. In dieser Arbeit habe ich mich mit der Untersuchung des vollstindigen
Proteins in vitro und in silico befasst, um ein besseres Verstindnis der Struktur und Dynamik
dieses Molekiils zu erlangen.

Im ersten Teil habe ich das Detergens Fos-Cholin-12 (FC12) als geeignetes Detergens zur
Reinigung des Molekiils mit hoher Reinheit und Stabilitét identifiziert, das fiir biophysikalische
Untersuchungen in Losung geeignet ist. In dieser Richtung fiihrte ich Size-Exclusion
Chromatography in Kombination mit Small-Angle X-ray Scattering (SEC-SAXS)
Experimenten (SEC-SAXS) durch, um die Form des in FC12 stabilisierten Molekiils mit
niedriger Auflosung darzustellen. AnschlieBend fiihrte ich Double Electron-Electron
Resonance (DEER)-Spektroskopie-Experimente durch, um die SAXS-Daten zu stiitzen. Dabei
zeigte sich, dass das Protein in verdichteten und erweiterten Konformationen vorliegt, was die
hohe Flexibilitdt von GlpG in Losung zeigt.

Im zweiten Teil verwendete ich Coarse-Grained Molecular Dynamics (CGMD)-
Simmulationen, um das in ein natives Modell der E. col/i-Membran eingefiigte GlpG in voller
Linge und den Einfluss der loslichen Regionen des Molekiils auf das Protein / Lipid
wechselwirkungen zu untersuchen. Ich identifizierte Unterschiede in der Verteilung und
Clusterbildung von Phosphoglycol (PG)-basierten Lipiden um GlpG, abhédngig von der
Anwesenheit oder Abwesenheit der CytoD- und Ln-Fragmente. Diese Daten legen eine
mogliche Rolle der cytoplasmatischen Verlingerungen von GIlpG bei der Regulation der

Lipidumgebung um GlpG nahe, die die Aktivitit von GlpG in vivo beeinflussen kann.
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Zusammenfassung

Zusammen mit diesen Daten und letzte Berichten schlug ich einen hypothetischen
Mechanismus fiir dieses Protein vor, der die Dynamik des gesamten Proteins und seiner

Lipidumgebung beriicksichtigt.
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Introduction

1 Introduction

1.1 Introduction to membrane proteins

Lipid membranes are a fundamental element in cell biology. They are the primary barrier
separating the interior of cells and organelles from the environment, and constitute a platform
where key processes take place, with paramount importance for cell physiology such as
transport, signaling, sensing, and regulation, maintaining cell homeostasis (1), all of them
mediated by proteins (Figure 1-1). Approximately 20 — 30% of sequenced genomes encode for
membrane proteins (2, 3) and they are the target of around 50% of FDA approved drugs (4, 5).
Depending on how the molecule interacts with the lipidic bilayer, membrane proteins can be
classified as peripheral or integral. Peripheral membrane proteins (PMP) lack a well-organized
hydrophobic domain to intercalate in the membrane and are usually recruited to the membrane
via electrostatic interactions, post-translational modifications or a combination thereof. These
proteins can modulate membrane shape, lipid composition, and membrane fluidity. They play
an important regulatory role in a variety of cellular processes including cytoskeletal
interactions, vesicular trafficking, and signal transduction (6).

Integral membrane proteins (IMP) are defined as proteins permanently inserted into the
biological membrane after mRNA translation and peptide chain folding. These proteins contain
a region enriched with hydrophobic amino acids that are embedded in the lipidic bilayer and
interact with the acyl chains of the lipids, while polar and charged residues are located in
regions exposed to the solvent (1, 6).

IMPs can be categorized into three classes: single-pass, multi-pass, and -barrel transmembrane
proteins. The first two classes, also known as helical membrane proteins, carry out most of the
functions in the inner membrane of Gram-negative bacteria and eukaryotes (1), while the (-
barrel transmembrane proteins are largely found in the outer membrane in bacteria, as well as
mitochondria and chloroplasts (7-9). Multi-pass transmembrane proteins represent the largest
class of membrane-bound macromolecules and the number of a-helices span from 2 — 18 in E.

coli and 2 — +30 in human (1, 10).

Fachbereich Chemie, Universitdt Hamburg. 2019
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Metabolism 7%
Protein biogenesis 6%
Signalling 5%
(Lipid synthesis 4%
Channels < 1%

Flagellar < 1%
Unknown 36%

Transport/
efflux 7%

Transport/influx 33%

Figure 1-1: Functional distribution of transmembrane proteins in the proteome of Escherichia coli (taken and

modified from ref. 5).

The folding of these proteins has been a conundrum for many years, trying to investigate how
transmembrane proteins insert and adopt their three-dimensional structure in the lipid bilayer.
The hydrophobic effect reflects a tendency of non-polar molecules to avoid contact with water,
reducing the entropy of the system. This spontaneous interaction is a source of energetic
stability because the unfolding or denaturation of a protein would leave the non-polar residues
exposed to the unfavorable aqueous environment (11). This effect combined with ionic
interactions and hydrogen bonds between residues located in different a-helices of the same
protein seems to contribute to a similar extent. lonic interactions have a dual effect because
sometimes they can be relevant not only for achieving the folded state but also may be involved

in specific changes related with the activity of the protein (12, 13).

1.2 Protein — lipid interactions

Due to its localization in the lipidic bilayer, membrane proteins are subjected to different
thermodynamical, diffusional and kinetical restrictions, compared with soluble proteins. In this

regard, lipids play a central role influencing the folding, stability and function of IMPs (14).

Fachbereich Chemie, Universitit Hamburg. 2019



Introduction

Annular lipids

Nonannular lipids

Figure 1-2: Intramembrane protein-lipid interactions within a cell membrane. A) Bulk lipids, B) annular

lipids, C) non-annular lipids/lipid ligands (taken and modified from ref. 15).

Depending on how the lipids interact with the protein, these can be classified as bulk, annular
or non-annular/ligand (14, 15). The “bulk” lipids are those within the membrane that diffuse
rapidly in the bilayer plane and show a low residence time at the protein-lipid interface
following random collisions (Figure 1-2.A). Typical lateral diffusion coefficients (Dy) for bulk
lipids in bilayers are in the range of D =7 — 15 um?*/s (16, 17).

Fachbereich Chemie, Universitit Hamburg. 2019
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Annular lipids form a layer surrounding the protein, making favorable but transient contacts
(Figure 1-2.B). Within this lipid shell, the diffusion rates, and hence the exchange rates with the
bulk lipids, are found to be significantly reduced (18, 19). The first visualization of annular
lipids was obtained with the structures of bacteriorhodopsin (bR) from Halobacterium
salinarum (20, 21). 18 lipid chains were identified from the structure obtained by lipid cubic
phase crystallization (21). In another study, employing mass spectrometry and quantitative
lipidomics, annular lipids associated with the ABC transporter TmrAB were identified, with a
clear preference to phosphatidylglycerol (PG). These lipids are also functionally important,
with a 60-70% decrease in the ATPase activity after a complete delipidation (22).
Non-annular/ligand lipids have been identified by X-ray crystallography. These molecules
come from native membranes and remain associated with the proteins despite protein
delipidation. They are usually buried in the protein structure and clefts on the surface, and
interact with the protein more specifically (Figure 1-2.C) (14, 15, 18). Hanson and coworkers
solved the structure of the human P2-adrenergic receptor in complex with 2 cholesterol
molecules, relevant for the packing and the stability of the molecule. They found a consensus
motif, present in 44% of human class A receptors, responsible for specific cholesterol binding
(23).

Another function of non-annular lipids is acting as “molecular glue”, mediating the association
of protein oligomers in the membrane. For example, 13 lipid molecules were resolved in the
crystal structure of cytochrome oxidase, two cardiolipins (CL), one phosphatidylcholine (PC),
three phosphatidylethanolamines (PE), four phosphatidylglycerols (PG) and three triglycerides.
Four of the non-annular lipid molecules in cytochrome oxidase are important in homodimer

formation (24).

1.3 Expression of membrane proteins

The study of the structure and dynamics of IMPs faces many challenges, due to the physical-
chemical features of these molecules. Furthermore, the majority of IMPs with biomedical
interest are naturally expressed at low abundance. Hence, the expression of sufficient quantities

of the target protein becomes the first bottleneck to tackle for further structural studies.

In this regard, the first step is the selection of the host organism for recombinant expression. In
the present days, many possibilities are available and several hosts can be used, from E. coli,

yeast, insect or mammalian cells. Also, cell-free approaches are becoming more popular since
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they may eliminate several obstacles known from conventional cell-based MP expression

systems like problems with cell physiology, expression regulation and cell culture (25).

Escherichia coli is the most popular organism for recombinant expression because of the low
costs, easy to handle, and the well-known molecular biology. Many strains are available in
order to control the protein expression to maximize the quantity and the quality of the target
protein. C41 and C43 strains are well suited for expressing membrane proteins in E. coli (26).
These strains have an increased membrane production that allows increasing protein yields, and

they constitute the base for obtaining new strains.

1.3.1 Solubilization and stabilization of IMPs

The next bottleneck for the study of IMPs is the isolation of sufficient amounts of the proteins
with the required quality. This step includes the solubilization and stabilization of the target
molecule, with a membrane-mimicking additive, that shields the hydrophobic regions of
proteins or another component that keep the protein in its native or semi-native environment,
maintaining the folding and the activity of the molecule in the selected buffer. Many additives
have been developed for this task, and the selection of the proper one is key for further
analysis.

Detergents

Detergents are surfactants (surface acting reagents) that decrease the interfacial tension
between two immiscible liquids. The overall molecular structure of detergents consists of a
hydrophilic polar head group and a hydrophobic non-polar tail group that renders them
amphiphilic. The polar head group of detergents can be ionic, non-ionic or zwitterionic and
usually has a strong attraction for aqueous solvent molecules whereas the detergent non-polar
tail is generally an alkyl chain repelled from the aqueous solvent (27).

Detergent molecules persist as monomers in solution up to a particular concentration. As the
detergent concentration increases, detergent molecules assemble into complex structures called
micelles. The hydrophobic tails of the detergent molecules pack together, forming the core of
the micelle and reducing their interaction with the water molecules. In contrast, the polar head
groups orient themselves outwards from the micelle core, enabling interaction with the aqueous
solvent. The minimal detergent concentration required for the formation of micelles in a
defined concentration and temperature range is called the critical micelle concentration (CMC)
and the number of detergent monomers required to form a micelle is called the aggregation

number (N,) (28, 29) (Table 1-1). The formation of micelles is the basis for membrane protein
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solubilization. The hydrophobic parts of the membrane proteins are covered by the alkyl chains

of the detergents, while polar groups are exposed to the solvent (27, 30).

During the solubilization and further purification steps, enough detergent needs to be available
in the solution to accommodate all proteins in micelles, which typically occurs above the CMC;
moreover, the membrane lipids form mixed micelles with the detergent used, changing the
properties of the micelles. Some tightly packed membrane bilayers can be resistant to the
detergent used, resulting in extracted proteins that are still associated with lipid molecules (31).
In some cases, this can be beneficial when membrane lipids are relevant to maintain the
structure and activity of the protein. In any case, an optimal detergent/protein ratio and
detergent/lipid ratio is required for efficient solubilization of such membranes and for complete

protein extraction (27, 30).

Table 1-1: Properties of common detergents used for membrane protein solubilization (31, 32)

Detergent (abbreviation) MW (Da) Ml:ﬁil)ea; 7€ | emc (mM/%) Na
n-dodecyl-f-D-maltopyranoside B .
(DDM) 511 65-70 0.17/0.0087 80-150
n-decyl-f -D-maltopyranoside
(DM) 483 40 1.8/0.087 69
n-nonyl-f -D-glucopyranoside
(NG) 306 85 6.5/0.20 133
n-octyl-f -D-glucopyranoside 292 25 20/0.53 30-100
(0G) '
n-undecyl-p-D-Maltopyranoside
(UDM) 496.6 50 0.59/0.029 71
n-dodecyl-N,N-dimethylamine-N-
oxide (LDAO) 229.4 21.5 1-2/0.023 76
octaethylene-glycol-
monododecylether (C12ES) 538.8 66 0.1/0.0048 90-120
n-dodecylphosphocholine (FC12) 351 38 1.5/0.047 54-108

Amphipols

Amphipols (APols) are short and flexible amphipathic polymers, designed to tightly bind to the

transmembrane domain of membrane proteins by multiple hydrophobic contact points. Apols
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remains associated with proteins, even at high dilutions and their dissociation rates are
extremely slow. This would make them radically different from IMP/detergent complexes, in
which the protein-bound detergent molecules are in rapid equilibrium with free monomers and
micelles and dissociate upon dilution below the CMC (32, 33). APols are synthesized
comprising a polyacrylic acid backbone onto which octylamine and isopropylamine side chains
have been randomly grafted. A8-35 is the most popular amphipol, which have a molecular mass
of ~4.3 kDa, composed of ~70 acrylate monomers. 35% of the carboxylic acid groups are
ungrafted, 25% are derivatized with octyl chains, and the last 40% with isopropyl groups (32—
34).

A major difference between APol-trapped and a detergent-solubilized membrane protein is their
stability, which is usually much higher in Apols. For example, the incorporation of the G
protein-coupled receptor (GPCR) BLT1 in A8-35 increases the thermal stability by ~11°C,
when compared with the detergent Fos-choline-16 (35). However, depending on the protein,
APols may affect the activity of the membrane protein they bind. For example, acetylcholine
receptor from Torpedo sp. electric organ is not affected when it is trapped in A8-35 (36), while
the sarcoplasmic calcium pump SERCAIla is reversibly inhibited after trapping (37). As a
general rule, a positive correlation has been observed between the stabilization and the degree

of functional inhibition (33).
Nanodiscs and lipodiscs

Nanodiscs are discoidal lipid bilayers of 8-16 nm in diameter, which are stabilized and
rendered soluble in aqueous solutions by encircling amphipathic scaffolds, which can be either
helical protein belts, termed membrane scaffold proteins, or organic polymers. The size of
nanodiscs is determined by the length of the scaffold molecule and the stoichiometry of the
lipids used in the self-assembly process. The resultant discoidal bilayers can be made

homogeneous and monodisperse and can be obtained with high yield.

The first nanodisc was developed based on the engineering of apolipoprotein A-I (Apo A-I), a
human protein that stabilized a transient form of high-density lipoproteins (HDL) particles in
atherosclerosis. Modified variants of Apo A-I allowed its expression in E. coli and the
modification of reconstitution procedures for the production of uniformly sized nanoparticles.
The result of this genetic engineering exercise was a set of “membrane scaffold proteins”
(MSPs) that were capable of self-assembly into discoidal phospholipid bilayers wrapped with
an amphipathic helical belt surrounding the alkyl chains on the phospholipids (38).
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Another approach developed, based on scaffold proteins, exploits the self-assembly of lipids
and saposin into a saposin-lipoprotein nanoparticle (Salipro). The saposin protein family
comprises four (saposin A—D) small proteins (~10 kDa) that derive from precursor proteins
involved as cofactors in the catabolism of sphingolipids (39). Saposin A can be expressed and
purified from Escherichia coli. Its general versatility lies in its ability to adapt to the size of the

membrane protein, adjusting to transmembrane regions of varying size (40).

The previous approaches reconstitute the membrane protein in a lipid mixture that can be
different from the native one. Several efforts have been focused to develop methods for the
solubilization of membrane protein preserving its native lipid environment. This has led to the
development of the SMA- (styrene/maleic acid) and DIBMA (diisobutylene/maleic acid)-based
lipodisc. These polymers intercalate the hydrophobic groups between the acyl chains of the
bilayer, whereas the hydrophilic maleic acid groups face the solvent. The encapsulated bilayer
retains many of the physical properties of the parent membrane, including the lipid mixture,

structural organization and phase behavior (41, 42).

1.4 Intramembrane proteases

Proteases are proteins that perform hydrolytic cleavage of peptide bonds of other proteins.
Depending on its physiological role, these proteins can be classified in two broad groups: A)
degradative functions, where other proteins are broken into smaller peptides or single amino
acids for nutritional purposes, or B) regulatory functions, where other proteins are cleaved in
specific sites to activate or repress cellular processes. The very first protease (pepsin) was
discovered in 1836 (43) and during a long time, the knowledge about the proteins was restricted
to soluble proteases. Due to the unavailability of water in the cellular membrane, it was thought
that those hydrolytic processes were not possible in the hydrophobic environment of the
membrane. However, that idea was debunked in 1997 with the discovery of site-2 protease
(S2P) as the first intramembrane protease (44, 45) (also known as intramembrane-cleaving
proteases, I-CliPs). On the basis of catalytic mechanisms, the I-CLiPs can be divided into four
major families: rhomboid serine proteases, Rcel-type glutamyl proteases, zinc-bound site-2

proteases (S2P), and aspartyl proteases (46—48).

In analogy to soluble proteases, intramembrane proteolysis requires substrate recognition,
which is followed by substrate processing. Substrate processing requires exposure of the

scissile bond to the catalytic residues, followed by the formation of a tetrahedral intermediate
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structure leading to hydrolysis. Finally, the product is released. Compared to soluble proteases,
intramembrane proteases tend to be rather slow enzymes (49-51). Although intramembrane
proteases mainly fall into mechanistic classes that mimic the classical soluble proteases
(metallo-, aspartyl-, and serine-), they are phylogenetically unrelated to the classical proteases,
meaning that they have evolved convergently. They are also unrelated to each other except that
they all share the common characteristics of having multiple transmembrane domains (TMDs),

membrane-embedded active sites and are cleaving TMD substrates (52).

1.4.1 Rhomboid proteases family

Rhomboids are currently the most studied intramembrane protease family and it is the most
extended and diverse in all living kingdoms (53). The first rhomboid protease was initially
identified in Drosophila melanogaster, as a mutation that disrupts development. Since some
genes are named after the phenotypical features of mutants, in the case rhomboid gene, it was
named after the rhomboid-shaped head of the D. melanogaster mutant embryo. Subsequently, it
was shown to be involved in generating the active ligand for EGF receptor signaling in D.
melanogaster (54, 55). Finally, a combination of genetic and biochemical approaches identified

this protein as the first in a new family of intramembrane serine proteases (56, 57).

Rhomboids also participate in diverse processes as well as in signaling. The rhomboid AarA of
the bacterium Providencia stuartii cleaves and activates the type I membrane protein TatA, a
central component of the twin-arginine translocase, which exports folded proteins across the
inner membrane. One of these translocated proteins may be essential for quorum sensing, a
mechanism for signaling cell density (58). In Plasmodium falciparum and the protozoan
Toxoplasma gondii thomboids regulate the shedding of parasite adhesins during the invasion of
host cells (59). In mammals, four isoforms of rhomboid, named RHBDL1-4, were identified
(60). Their putative substrates include thrombomodulin, ephrinB3, EGF, and EGFR, suggesting

a conserved function in signaling pathways between fruit flies and mammals (61).

Sequence analysis has uncovered a widespread group of degenerate rhomboid-like proteins,
termed iRhoms for ‘inactive rthomboids’, which usually lack one or more of the catalytic
residues and have a GPX sequence in place of the typical GXS motif containing the catalytic
serine. The iRhoms perhaps have chaperone or regulatory functions, as the peptide-binding

capabilities of proteases may be useful even in the absence of catalytic activity (62, 63).
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1.4.2 Rhomboid protease GlpG from E. coli

GlpG, the rhomboid homolog in Escherichia coli, represents a prototype for structural and
mechanistic investigation of intramembrane proteases. The protein consists of a transmembrane
domain (TMD) (Figure 1-3A), an N-terminal soluble domain (CytoD) (Figure 1-3B), both
connected by a linker region (Ln). Several crystallographic structures of the TMD have been
solved in different conformations and in complex with inhibitors that have been key in the
elucidation of the catalytic mechanism (64, 65). On the other hand, the structure of CytoD has
been solved by NMR and X-ray diffraction (66). Although plenty of structural information
about GlpG exists, this is almost exclusively restricted to the TMD, since it contains the
catalytic site, and many gaps remain still unsolved regarding the structure and dynamics of the

full-length protein.

The crystal structures of the E. coli protease TMD and a related rhomboid from Haemophilus
influenzae have been studied by several groups. With the exception of a surface loop (L5) and
one of the TM helices (S5), the independently obtained structures, in detergent and lipid
bicelles, are all very similar to each other (64, 65, 67—71). The catalytic TMD of GlpG is
composed of six membrane-spanning segments (TM1-TM6), which harbor a number of