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Abstract

The mycobacterial membrane protein large 3 (MmpL3) is responsible for the
transport of key precursor lipids to the periplasm of Mycobacteria. Multiple structures
of MmpL3 from Mycobacterium tuberculosis (Mtb) and Mycobacterium smegmatis
(Msmeg) in various conformational states indicate that the protein is structurally and
functionally monomeric -4. However, all other resistance, nodulation and cell division
transporters structurally characterised to date are either dimeric or trimeric °. In this
thesis, an in-depth biophysical and computational analysis of the oligomeric status of
Msmeg and Mtb MmpL3 was carried out. MmpL3 was extracted from the membrane
either into styrene maleic acid lipid particles (SMALPs) or purified in detergent and
reconstituted into synthetic nanodiscs. Initial evidence on migration pattern in native
and denaturing gels, as well as Western blot analyses showed the presence of two
distinct MmpL3 populations, likely monomeric and dimeric protein. Analytical
ultracentrifugation experiments on size exclusion chromatography fractions confirmed
that the protein not only exists as a monomer but also arranges into homodimers, both
in SMALPs and synthetic nanodiscs. Furthermore, sucrose gradient separation of
MmpL3 populations from Msmeg reconstituted into synthetic nanodiscs allowed clear
identification of the presence of both protein arrangements using laser induced liquid
bead ion desorption (LILBID), a native mass spectrometry technique. Preliminary
cryogenic electron microscopy analysis on the same sample confirmed that the protein
forms physiological dimers in nanodisc particles. Untargeted lipidomics experiments
on MmpL3 co-purified lipids revealed phosphatidylethanolamine and
phosphatidylglycerol as the predominant lipid classes. Therefore, Molecular Dynamics
simulations were performed on a dimer model embedded in a physiologically relevant

lipid composition, revealing the potential protein-protein interface and suggesting that



lipids may play a role in stabilising the dimeric arrangement. In conclusion, all results
presented in this work show that Msmeg and Mtb MmpL3 can exist as homodimers in

a variety of membrane mimetic systems.



Acknowledgements

Thank you to the Engineering and Physical Sciences Research Council
(EPSRC) and the National Institute for Health and Care Research (NIHR) who funded
this PhD.

| would like to thank my supervisors Prof. Bernadette Byrne, Prof. lan R. Gould
and Dr Nick Brooks for their guidance and direction over the past four years. A
particular mention to you Bernadette, for your constant support and kindness through
the years that have been invaluable.

Thank you to Prof. Tim Dafforn, who welcomed me in his laboratory at
Birmingham University. A heartfelt thanks to Dr Naomi Pollock, for having made my
time in the lab so enjoyable. | will deeply treasure all the scientific as well as personal
discussions that we had, especially the cake-related ones ;). Moreover, a special
mention to Pooja Sridhar who kindly run all analytical ultracentrifugation experiments,
most of the time at a very short notice. This collaboration turned out to be decisive in
the direction of my PhD, thus | am truly grateful.

Thank you to Prof. Nina Morgner and her PhD student Alicia Just, from
Frankfurt University for their precious help and advice with native mass spectrometry.
A special mention to Dr Zoe Hall and her PhD student Julia Babuta from Imperial
College London, who helped me to carry out all lipidomics experiments. A huge thank
you to Dr Joseph D. Barritt, who volunteered his time to help me with the cryo-electron
microscopy work. Your patience and kindness have been so appreciated, there is not
an appropriate number of coffees that could repay your support ;).

To my colleagues in the Gould group, particularly Tony, Hisham and Zhili, who
provided advice during my limited time spent at the Molecular Sciences Research Hub,
thank you. Thank you to my colleagues/friends in the Byrne research group, starting
with Dr Cristina Cecchetti, who helped me settling in the lab during my first year, in
tough circumstances due to COVID-19 restrictions. | am glad we met, and | am truly
grateful for the lovely friendship we have had since. A special thank you to Dr Nicole
Deacon-Smith and Menbere Wubshet: the long days in the lab were much more
enjoyable thanks to you, | had lots of fun and loved chatting and gossiping during our
MANY coffee breaks. You have my utmost gratitude, and | am so thankful for our
friendships. A heartfelt thanks to Dr Natacha Larburu, who basically adopted me and

supported me throughout my PhD, by giving me her precious advice and by constantly



motivating me, you have my sincerest appreciation. How not to dedicate a special
mention to my CDT friends, Annie, Caroline, Jenna, Will, Tom, with whom | shared
this amazing journey and made it fun and enjoyable. To Annie, your immeasurable
kindness, constant support and thoughtfulness mean the world to me. To Caroline, for
your positive energy, strength and generosity, | am forever grateful. Break Girls
forever! | am so fortunate to have you as my closest friends and my PhD would not
have been the same without you.

To my dearest friends from Kymab, thank you. Cecilia, the passion and
optimism you put into everything you do are inspirational. Thank you deeply to my
“‘Raptors” Morgane and Rachael, you have been a precious source of encouragement
and energy-boost over the years, even from afar. To all my other friends who always
cheered for me and have been there regardless, you know who you are, so thank you.

To Marco, | cannot express enough how invaluable your unwavering support is
to me. Thank you for standing by me through thick and thin, for believing in me without
reserve and for always pushing me to give my best.

Finally, to my family, my solid and irreplaceable pillars who | thank from the

bottom of my heart for their immense and unconditional love.



Table of contents

Statement of Originality ... 2
Copyright Declaration............... e 2
ADSEIACT.........oeee s 3
AcCKknNowIedgements ... s 5
Table of coONteNts........... s 7
LiSt Of FIQUIES......oe s 11
List Of Tables........ e 12
ADBDBreviations............ e 14
1. INtrodUCHioN...........o s 19
1.1. Tuberculosis disease and its causative agent....................cccccccece. 19
1.1.1 Mycobacteria phylogeny and itS OFigin ............ooiiiiiiiiiiiiie e 19
1.1.2  Overview of TB iNfECHON ........oi e 21
1.1.3  Global prevalence Of TB.........cooiiiiiiiiiie et e e e e neee e e e nees 22
1.1.4 Current treatments against TB and rise of antibiotic-resistant strains....................... 23
1.1.5 The cell envelope as essential virulence factor for Mycobacteria............c.ccccccceeeeee. 25
1.2. MmpL3 as potential target for the development of novel anti-

1.3.

1.4.

tubercular @gents ... 28
1.2.1  The Resistance-Nodulation-Cell Division proteins superfamily.............ccccccccceveennee. 28
1.2.2 MmpL3 as adruggable target ... 29
1.2.3 MmpL3 structure and transport mechanism............cccooiiiiiii e 29
Membrane proteins and their environment.......................... 33
1.3.1  Lipids and the biological membrane................cccoiiiiiii 35
T.3.2  DBEIGENTS ... et 42
1.3.3  MP reconstitution into synthetic nanodisc Systems............cccvviiiiiiii i 43
T304 POIYMEIS ettt e e 46
Experimental approaches for MP characterisation ................................... 48
1.4.1  Separative TEChNIQUES. ......ocueiiiiiieiii ettt e e e e enee e e enneeens 48
1.4.2  Structural determination of MPS ..........oo i 49



1.5.

1.6.

21

2.2

23

1.4.3 Biophysical characteriSation...............ccuueiiiiiiiiii e 51

1.4.3.1  Study of MPS AYNAIMICS .......ceiieeeeeee e 51
1.4.3.2  Oligomeric arrangements Of MPS ..........c.occoooioe e 51
1.4.3.3  MPS SADIILY ... 54
Computational approaches for MP characterisation................................. 55
Summary and research aims ... 60
MmpL3 protein expression and purification..............ccoceeeneene. 62
INErOdUCTHION ... 62
Materials and Methods ... 62
2.2.1  Cloning of full-length Msmeg and Mtb MmPL3..........cooiiiiii e 62
2.2.2 Bacterial expression of Msmeg and Mtb MMPL3 .........ccoviiiiiiiiee i 63
2.2.3  MmpL3 purification in detergent............ooooiiiiiiiiii e 63
224 Use of BL21(DE3) dacrABEF as new bacterial expression strain ..............ccccccceee.e 64
225 Cloning of Msmeg and Mtb MmpL3 AC-terminal constructs ...........ccccoeeceeieerienne 65
2.2.6 Membrane scaffold protein 1 E3D1 (MSP1E3D1) eXpression .........ccccccceeeveeeeneeeene 66
2.2.7 Membrane scaffold protein 1 E3D1 (MSP1E3D1) purification ............cccceiinriiennne 66
2.2.8 Msmeg and Mtb MmpL3 FL and AC reconstitution into nanodiscs .............ccccceueee.e. 67
2.2.9 Msmeg and Mtb MmpL3 FL and AC into SMALPS..........cooiiiiiieeee e 68
2.2.10 PAGE QEIS ..ot r e e eneas 69
2.2.11 WESEEIN BlOt..... et 69
2.2.12 Assessment of protein stability.............cccoiiiiiii 70
2.2.13 Protein ID analysis through Mass Spectrometry (MS) ........cccoiiiiiiiiiiiiie e 71
RESUIES ... .o e 72
2.3.1  Msmeg and Mtb MmpL3 purification in detergent ...........ccoccoiiiiiiiiii i 72
2.3.1.1  Msmeg MmpL3 full-length expression in E. coli BL21(DE3) WT ................ 72
2.3.1.2 Optimisation of detergent-based purification .................ccccoccuevevevivereeesnnnn. 73
2.3.1.3  End product contamination with bacterial protein ...............ccccoceeeevoeeeen... 76
2.3.1.4 Expression in E. coli BL21(DE3) AQCrABEF ............ccceoioieaeeeeeeee e 78
2.3.1.5 Generation of C-terminally truncated conStructs.............ccccocoeeeeceevscenenne. 78
2.3.2 Msmeg and Mtb MmpL3 reconstitution into NANOdISCS ..........c.eevviiiiiieiiiiiiiiice e, 80
2.3.2.1 Standard nanodiscs reconstitution ProCeSS .............c..coeeueeersviveeeeesiieenaennnns 80
2.3.2.2 Optimisation of nanodiscs reconstitution process..............cc.coccueeevcvveneennn. 82
2.3.3 Protein stability assessment: MmpL3 in detergent micelles and NDs........................ 83
2.3.3.1  Thermostability @SSAY ...........ccuueuiiimuiieeiieeieiee e 83
2.3.3.2 Thermal denaturation @nalySiS..............c.ccueuiiieoiiiiiisiiiiee e 85



24

3.1

3.2

3.3

3.4

41

4.2

4.3

234 Msmeg MmMPL3 iNto SMALPS......oo e e 86

DS CUSSION ... 88
Biophysical investigation on MmpL3 oligomeric state.............. 93
INtrodUcCtion ... e 93
Materials and Methods ... 93
3.2.1 Sedimentation velocity analytical ultracentrifugation (SV-AUC)..........ccccoriiininennen. 93
3.2.2 Nanodiscs separation through sucrose gradient ultracentrifugation ......................... 94
3.2.3 Mass photometry on Msmeg MmpL3 AC and empty NDS ........ccccceiiiiieniinenieeee. 94
K = 1 (1Y S RO 95
3.2.5 Cryo-EM data collection and proCeSSING.........c.ceururiarueririeee e ereeeeieeeeeeeeeeeeeeneeas 96
B 10720 G T IR o 1o (oo o= SRR 96
RESUILS ... 97
3.3.1  MmpL3 is present in two populations in SMALPs and MSP-based NDs ................... 97
3.3.2 Mass photometry on Msmeg MMPL3 NDS ..........cooiiiiiiiiii e 99
3.3.3 Native MS analysis confirms observations of Msmeg MmpL3 oligomers ................ 104
3.3.4 Preliminary cryo-EM analysis shows Msmeg MmpL3 AC exists as a dimer............ 105
3.3.5 Lipidomics analysis show lipid species are retained during MmpL3 purification in DDM,

MSP-NDS @nd SIMALPS ... .ottt e e seee e e snee e e eneeas 108
DiSCUSSION ... e e e e 111

Investigation of monomeric and dimeric Msmeg and Mtb

MmpL3 using Molecular Dynamics (MD) simulations............... 115
INtrodUuCtion ... 115
Materials and Methods ... 116
421 Msmeg MmpL3 crystal structures evaluation .............ccoccooeiiiiiiiini e 116
422 Msmeg MmpL3 AC model building for MD .........cccooiiiiiieee e 116
4.2.3 Mitb MmpL3 AC model building for MD...........ccooiiiiiiiieieeeee e 117
4.2.4 Oligomeric structure prediction for Msmeg and Mtb MmpL3 AC constructs ............ 117
4.2.5 MD sSimulations SEHNGS .....cccoiiiiiiiiiiiie e 118
4.2.6 Analysis Of MD trajeCtories. ........c.oeiiiiriie et 119
RESUILS ... 120
4.3.1 Selection of reference crystal structures for Msmeg and Mtb MmpL3...................... 120
4.3.2 Msmeg and Mtb MmpL3 monomeric models and MD simulation results................. 122
4.3.3 RMSd, B-factors and RMSf analyses on monomeric simulations.................ccc........ 123



4.4

71
7.2
7.3
7.4

4.3.4 Periplasmic cavity size changes according to protein-ligand binding state.............. 128

4.3.5 Analysis of protein-lipid substrate interactions within the central periplasmic cavity 131

4.3.6 Analysis of protein-lipid binding sites on TM domains...........ccccecoviiiiiiiiiiceneeeee. 134
4.3.7 Investigation into MmpL3 oligomerisation state ..............ccccciiiiiiini 137
4.3.8 Dimer interface analysis on GalaxyWeb models............ccceiiiiiiiiinii e, 138
4.3.9 MD simulations on dimeric Msmeg MmPpL3 ... 142
4.3.10 Protein-protein interactions .......... ..o 142
4.3.11 Periplasmic domain dynamics in dimer simulations.............ccoccceeiiniiin i 144
4.3.12 Protein-lipid hydrogen bonds analysis in dimer simulations................ccccooiiiinee. 146
DISCUSSION ...ttt e e 148
441 Results on monomeric MMPL3...... e 148
442 Results on dimeric MMPL3..... ... e 151
e T O o Tod 011 T o -SSR 152
Final diSCUSSION ... 153
Bibliography ... e 157
Appendix: Copyrights and permissions...........cccccocvvrrercerccnnne 180
APPIoVal 1 e e eeneee 181
APPIroVval 2 ... e e e eaaaaee 182
APPIroval 3 ... e e e eeaaeee 183
APPIroval 4 ... e e e enaaee 184

10



List of Figures

Figure 1.1. Mycobacterium tuberculosis phases of infection. ............cccoooi i, 20
Figure 1.2. Estimated number of incident TB cases in 2022.. ..........cccoiiiiiiie i 24
Figure 1.3. The structural architecture of Mtb cell envelope and MmpL3 suggested mechanism of lipid

L= 1] 0] 1 SRR 24
Figure 1.4. Msmeg MmPL3 tOPOIOGY. «.couueiiiiiiiiiiie e 31
Figure 1.5. Msmeg MMPL3 SIrUCUIE.. ........ooiiiiiiiie e e 32
Figure 1.6. Fluid mosaic model of the cell membrane.. ... 35

Figure 1.7. Summary of approaches to preparing membrane protein sample suitable for downstream

ANAIYSIS. ettt ee ettt e e bt e e e e h bt e e e e e b e e e e e s e anbe e e e e e abaeeeeeaan 36
Figure 1.8. Structure of @ phoSpholipid. .........cooueiiiiiiiii e 37
Figure 1.9. Types, curvature and self-assembly of lipids..........c.ccoiriiiiiiiii e 38
Figure 1.10. Lipid interactions with membrane proteins. ... 39
Figure 1.11. Collective membrane physical Properties. .........cccvveiiiiiiieiiciie e 40

Figure 1.12. Example structures of detergents, polymers and amphipols used to stabilise membrane
01 (=1 1 TSR 41
Figure 1.13. Graphical summary of some of the common experimental techniques used for the detection
and characterisation of membrane proteins. ...........ccccovciiiiiiiiiie e 49
Figure 1.14. Different motions in proteins and their relative time scale.. .............cccooeiiiiniiiiicie 56
Figure 1.15. Evolution of membrane models from the pioneering stage of 30 years ago up to the realistic

complexity Of CUMTENT tIMES..........ii et 58
Figure 1.16. Potential energy function at the core of AMBER force field...........ccoccceiiiiiiiiinniiiiiee 59
Figure 2.1. MmpL3 expression and detergent-based purification work-flow. ............cccccceeeiiiinennnnee. 64
Figure 2.2. MmpL3 DDM-based purification and NDs reconstitution processes. .........c..cccccceveeenneen. 68
Figure 2.3. Protein stability @SSeSSMENt. ... 71

Figure 2.4. Analysis of Msmeg MmpL3 AC produced in the dacrABEF strain at different time points
2015 0 o 11 o2 1T o TR SRR 73
Figure 2.5. Msmeg MmpL3 FL purification using Ni?*-NTA resin and varying Imidazole concentration
fOr COIUMN WASNES. ...ttt e e ene 74

Figure 2.6. Mtb MmpL3 FL purification using Ni2*-NTA resin and varying imidazole concentration for

COIUMN WASKNES. ...ttt e e bttt e e e e ab b e e e e s sbbe e e e e e aabaeeeeeaan 77
Figure 2.7. Mtb and Msmeg MmpL3 FL and AC-term purification in DDM and relative yields.. ......... 80
Figure 2.8.  MMPL3 NDS reCONSHIULION. ......coiiiiiiiiiiiiiiiie e 81
Figure 2.9. SDS-PAGE gel and anti-His WB of samples obtained during DDM-based purification and

NDs reconstitution of FL and AC MmpL3 from Msmeg and Mtb. .............cccevioeeiinennenn. 83
Figure 2.10. Thermostability test on Msmeg and Mtb MmMPL3............cooiiiiiii e 84
Figure 2.11. CPM @SSAY FESUILS. ......oo ittt e et e et e e e be e e e aee e s beeeeneeesneeeennneeans 87
Figure 2.12. Msmeg MmpL3 FL and AC into SMALPS. ........oo i 88
Figure 3.1. SV-AUC results for Msmeg MmpL3 AC in SMALPs and MSP-NDs. .........cccccocviiniinineene 98
Figure 3.2. Msmeg MmpL3 AC NDs and empty NDs purification using a Superose®6 column....... 100

11



Figure 3.3.

Sucrose density gradient ultracentrifugation separation of Msmeg MmpL3 AC NDs and

EIMPLY NS .. ettt e e e e e s 101
Figure 3.4. Mass photometry on Msmeg MmpL3 AC and empty NDS. ......ccooooiiiiiiiiiiieeiee e 103
Figure 3.5. Native Mass Spectrometry for Msmeg MmpL3 AC NDS. .......cccoeiiiiiiiiienieeee e 105
Figure 3.6. Second sucrose density gradient separation of Msmeg MmpL3 AC NDs and empty NDs.
....................................................................................................................................... 106
Figure 3.7. 2D classifications of monomeric and dimeric assemblies of MmpL3. .............cc...ccee 107
Figure 3.8. Cryo-EM analysis WOrKFIOW. ..........coo i 108
Figure 3.9. Lipidomics analysis on Msmeg and Mtb MmpL3 protein in detergent, MSP-NDs and
RS I SRR 109
Figure 3.10. Abundance of lipid species in Msmeg MmpL3 AC in DDM, POPC NDs and SMALPs. 111
Figure 4.1. 60R2 and BAJF SUPEIPOSITION. .......coiiiiiiiiieeiiiiie e e e e 121
Figure 4.3. Membrane assembling using CHARMM-GUI Membrane Builder. ................cccooceeenee. 124
Figure 4.4. RMSd plots for 1.16-60R2 rePEALS. .........eveeeiiiiiie e 125
Figure 4.5. B-factors and RMSf analysis for Msmeg MmPL3 .........cccoiiiiiiiiiie e 126
Figure 4.6. B-factors and RMSf analysis for Mtb MmpL3. ... 127
Figure 4.7. 1.16-60R2 residues with highest RMSf values. ............ccccoiiiiiiiiiieee e 128
Figure 4.8. Msmeg MmpL3 1.16 cavity size comparison to crystal structure. ............ccccocceeernnnnen. 129
Figure 4.9. PND — PCD centre of mass (c.0.m.) distance measurements during MD simulations..130
Figure 4.10. 6AJF, 60R2 and 7NVH structures with co-crystallised ligands.. .............ccccoiiiininene 132
Figure 4.11. Msmeg MmpL3 simulations including POPC, POPE and SOPE as ligands: H-bonds
ANAIYSIS FESUITS. ...eeiiiiiiiee et e e s e e s sabe e e e e aaes 133
Figure 4.12. MmpL3 lipid binding POCKELS. .......cooiiiiiiii e 135
Figure 4.13. Mtb MmpL3 protein-lipid hydrogen bonds analysis. ............ccccuriiiiiiniiiine i, 136
Figure 4.14. GalaxyHomomer predicted Msmeg MmpL3 dimeric structure. ..........cccccceeiireninene 139
Figure 4.15. Hydrophobic surface properties of Msmeg MmpL3 and Burkholderia multivorans HpnN
..................................................................................................................................... 140
Figure 4.16. The interaction interface of the MmMPpL3 dimer. .........cccooioiiiiiiii e 141
Figure 4.17. Protein-protein interactions for Msmeg MmpL3 dimer..........cccoioiiiiiieniie e 144
Figure 4.18. PD dynamics in Msmeg MmpL3 dimer simulations. ............ccccoviieii e, 145
Figure 4.19. Msmeg MmpL3 dimer: protein-lipid interactions. .............cccoi e 147
Figure 4.20. Msmeg MmpL3 dimer: protein-lipid interactions on top leaflet ...............ccccoeeieeeennen. 147
Figure 4.21. Msmeg MmpL3 dimer: hydrogen bond analysis on protein-lipid interactions on top leaflet.
....................................................................................................................................... 149
Figure 4.22. Msmeg MmpL3 dimer: protein-lipid interactions on bottom leaflet. ..............cccccooce. 150
List of Tables
Table 1. MmpL3 oligomeric structures predicted by GalaxyHomomer server.......................cooc... 138

12



Table 2. AAGeing values obtained from computational alanine scanning for Msmeg MmpL3 dimer model

13



Abbreviations

2D - Two-dimensional

3D - Three-dimensional

6-DDTre - 6-n-dodecyl-a, a-trehalose

AC - C-terminally truncated

AcrB - Acriflavine resistance B

AcrD - Acriflavine resistance D

AFM - Atomic force microscopy

AMBER - Assisted Model Building with Energy Refinement
apo A-l - Apolipoprotein A-|

a.u. - Arbitrary Units

AUC - Analytical ultracentrifugation

BAM - B-barrel assembly machinery

BCG - Bacille Calmette-Guérin

BSA - Bovine Serum Albumin

Ca - Carbon-a

CADD - Computer Aided Drug Design

CDL - Cardiolipin

CG - Coarse grain

CHARMM - Chemistry at Harvard Molecular Mechanics
CHS - Cholesterol hemisuccinate

CMC - critical micelle concentration

c.0.m. - Centre of mass

COVID-19 - Coronavirus disease 2019

CPM - 7-diethylamino-3-(4’-maleimidylphenyl)-4-methylcoumarin
cryo-EM - Cryogenic electron microscopy
cryo-ET - Cryo-electron tomography

CTD - C-terminal domain

CTF - Contrast transfer function

cv - Column volumes

CYP450 - Cytochrome P450

DDM - n-dodecyl-B-D-maltopyranoside
DEER - Double electron—electron resonance
DIBMA - Diisobutylene maleic anhydride

DM - n-decyl-beta-maltoside

DMNG - Decyl maltose neopentyl glycol
DMSO - Dimethylsulfoxide

DNA - Deoxyribonucleic acid

DNasel - Deoxyribonuclease |

DOPC - 1,2-dioleoyl-sn-glycero-3-phosphocholine
DPPC - dipalmitoyl-phosphatidylcholine
DSF - Differential scanning fluorimetry

14



EDTA - Ethylenediamine tetraacetic acid

emPAl - Exponentially modified protein abundance index
ENA - European Nucleotide Archive

EPSRC - Engineering and Physical Sciences Research Council
FcyRIIB - Fc gamma receptor 1B

FF - Force field

FL - Full length

FT - Flow-through

GDN - Glyco-diosgenin

GNG - Glucose-neopentyl glycol

GPCR - G-protein coupled receptor

GPU - Graphics processing unit

GUI - Graphical user interface

hENT1 - Human equilibrative nucleoside transporter 1
HIV - Human immunodeficiency virus

HpnN - Hopanoid biosynthesis-associated RND transporter
HRP - Horseradish peroxidase

HSP - High sucrose percentage

ICA - Indolcarboxamide

IL-6 - Interleukin 6

IM - Inner membrane

IMAC - Immobilised metal affinity chromatography
IMP - Integral membrane proteins

IPTG - Isopropyl B-d-1-thiogalactopyranoside

IS - Internal Standards

iISCAMS - Interferometric scattering mass spectrometry
KatG - Catalase-peroxidase

Kd - Dissociation constant

kDa - Kilodalton

keV - Kiloelectron volt

KOAc - Potassium acetate

kV - Kilovolt

LB - Luria-Bertani broth

LC - Liquid chromatography

LDAO - Lauryldimethylamine-N-oxide

LILBID - Laser-induced liquid bead ion desorption
LMNG - Lauryl maltose neopentyl glycol

LSP - Low sucrose percentage

LX-MS - Lipidomic lipid-exchange mass spectrometry
MA - Mycolic acid

mAGP - Mycolic arabinogalactan polysaccharides
MAS - Magic angle spinning

MCP-1 - Monocyte chemoattractant protein-1

15



MD - Molecular dynamics

MDR - Multidrug resistance

MFS - Major facilitator superfamily

Mincle - Monocyte-inducible C-type lectin
MmpL3 - Mycobacterial membrane protein Large 3
MP - Membrane protein

MS - Mass spectrometry

MscL - Mechanosensitive channel of large conductance
Msmeg - Mycobacterium smegmatis

MSP - Membrane scaffold protein

Mtb - Mycobacterium tuberculosis

MTBC - Mycobacterium tuberculosis complex
MW - Molecular weight

MWCO - Molecular weight cut off

N/A - Not available

NaCl - Sodium chloride

Nano-DSF - Nano-differential scanning fluorimetry
Nano-ESI - Nano-electrospray ionisation

ND - Nanodisc

NIHR - National Institute for Health and Care Research
NiZ*-NTA - Nickel-nitrilotriacetic acid

NMR - Nuclear magnetic resonance

nMS - Native mass spectrometry

NPC1 - Human Niemann-Pick C1

NSP - Nanodisc scaffold peptide

NTM - Non-tuberculous mycobacteria
NTS-1 - Neurotensin 1

ODeéoo - Optical density at 600 nm

0oG - Octyl-beta-glucoside

oM - Outer membrane

PA - Phosphatidic acid

PBC - Periodic boundary conditions

PBS - Phosphate buffered saline

PC - Phosphatidylcholine

PCD - C-terminal periplasmic domain

PCR - Polymerase chain reaction

PD - Periplasmic domain

PDB - Protein Data Bank

PE - Phosphatidylethanolamine

PG - Phosphatidylglycerol

pH - Potential of hydrogen

PI - Phosphatidylinositol

PMA - Polymethacrylate

16



PME - Particle mesh Ewald

PND - N-terminal periplasmic domain

POPC - 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine
POPE - 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
PRR - Pattern recognition receptor

PS - Phosphatidylserine

RMSd - Root-Mean-Square deviations

RMSf - Root-Mean-Square fluctuations

RND - Resistance, nodulation and cell division

RR-TB - Rifampicin-resistant tuberculosis

SANS - Small-angle neutron scattering

SAXS - Small-angle X-ray scattering

SDS - Sodium dodecyl-sulfate

SDS-PAGE - Sodium dodecyl-sulfate polyacrylamide gel electrophoresis
SE - Sedimentation equilibrium

SEC - Size-exclusion chromatography

SEC-MALS - Size-exclusion chromatography multi-angle light scattering
SERCA - Sarco-endoplasmic reticulum calcium ATPase

SHP-1 - Src homology region 2 domain-containing phosphatase 1
SM - Sphingomyelin

SMA - Styrene maleic acid

SMALP - Styrene maleic acid lipid particle

SMA-PAGE - Styrene maleic acid polyacrylamide gel electrophoresis
SOPE - 1-stearoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
STB - Smooth tubercle bacilli

SV - Sedimentation velocity

T6D - Trehalose 6-decanoate

B - Tuberculosis

TDM - Trehalose dimycolates

TEM - Transmission electron microscope

TEV - Tobacco etch virus

Tm - Melting Temperature

™ - Transmembrane

TMC - C-terminal transmembrane domain

TMD - Transmembrane domain

TMM - Trehalose monomycolate

TMN - N-terminal transmembrane domain

TNF-a - Tumour necrosis factor alpha

Tris-HCI - Tris(hydroxymethyl)aminomethane hydrochloride

uv - Ultraviolet

WB - Western blot

WHO - World Health Organisation

WT - Wild type

17



XDR - Extensively drug-resistant
zDOPE - Discrete Optimised Protein Energy score

18



1. Introduction

1.1. Tuberculosis disease and its causative agent

Tuberculosis (TB) is an old disease that has affected humans for thousands of
years &7, Its aetiological agent remained unknown until Dr Robert Koch announced
the discovery of the bacillus Mycobacterium tuberculosis (Mtb), in 1882 8. Mtb is an
intracellular obligate pathogen which mainly infects lung-resident macrophages
causing the formation of granulomas (Figure 1.1). These are nodules composed of
pulmonary tissue, bacteria and immune cells recruited to the infection site. After
establishing the initial infection Mtb can trigger severe tissue damage and spread to
other hosts by the airborne particles which are generated through coughing. However,
Mtb can also remain latent in the granuloma stage for many years without showing
any symptoms and stay undetected 6810, For this reason, it was estimated by a
modelling study in 2016 that about a quarter of the world’s population had been
infected with Mtb %8. However, recent analyses suggest that this number is much lower
if we account for currently infected people, and if we consider that only about 5 — 10%
of these will go on to develop TB disease at some point during their lifetime 314, After
being infected with TB, the first 2 year-window presents the highest risk of developing

the disease, after which some people will clear the infection .

1.1.1 Mycobacteria phylogeny and its origin

The genus Mycobacterium includes over 170 different species and is thought to
have existed since the Jurassic period '®'7. Traditionally, Mycobacterium species have
been divided into slow-growers and fast-growers, with the three major mycobacterial
pathogens of humans (Mycobacterium tuberculosis complex or MTBC, Mycobacterium
leprae and Mycobacterium ulcerans) belonging to the slow-growers group 8. In
addition, immune-compromised individuals can be infected by several so-called non-
tuberculous mycobacteria (NTMs) and develop the disease. These include
Mycobacterium abscessus (a fast-grower) and Mycobacterium avium, Mycobacterium
marinum, Mycobacterium xenopi, Mycobacterium gordonae and Mycobacterium

kansasii (all slow-growers). However, the human-adapted MTBC, which is believed to
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Cavities open into the bronchi,
allowing spread of M. tuberculosis
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Figure 1.1. Mycobacterium tuberculosis phases of infection. Tuberculosis (TB) is spread by
aerosols and can establish infection with or without a visible primary lesion. Such lesion tends to be
sited towards the lung base and close to the pleura. In 90-95% of individuals, the infection remains
latent, which is probably reflected by the pathogen’s DNA that can be detected in tissue by in situ PCR.
In 5-10% of individuals, the disease progresses, most often in the lung apex, where the ratio of
ventilation to blood perfusion is highest. Although in most infected people the disease remains latent
for decades, it can be reactivated when an individual is immunosuppressed, particularly through HIV
infection. Progressive disease is characterized by weight loss, toxicity of tumour-necrosis factor, fibrosis
and cavitation. The cavities eventually open into the bronchi, allowing the spread of TB by aerosols
during coughing. Reprinted with permission °. Copyright 2005, Springer Nature.

have evolved from a Mycobacterium canettii-like ancestor into an obligate pathogen of
humans, is unique as it has to cause pulmonary disease to transmit between
individuals %20 This is unlike many other pathogens, whose transmission is not directly
linked to virulence 2'. Furthermore, MTBC does not need environmental or animal
reservoirs as a direct consequence of its local adaptation to specifically manipulate the
human immune system to promote its replication and spread '. Indeed, TB disease is
mainly caused by a disproportionate inflammatory immune response to antigenic load
initiated by the host. This results in lung tissue damage and granuloma necrosis,
dramatically increasing the transmission potential of the pathogen ?2. Recent studies
have highlighted how, in contrast to many other pathogens that evade host immunity
by antigenic variation, the large majority of known human T-cell epitopes in the MTBC
are hyperconserved 23-25. This suggests that the pathogen adopts a strategy of
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immune subversion by eliciting activation of the host’s immune responses to benefit its
transmission potential.

Most evidence to date supports Africa as the continent of origin for the human-
adapted MTBC, especially given that smooth tubercle bacilli (STB), the closest living
relatives of the common ancestor of the MTBC, are almost exclusively found in the
Horn of Africa 2926, Seven human-adapted MTBC lineages have been identified, with
some occurring globally and others showing a strong geographical restriction. Africa is
the only continent that harbours all seven of the human-adapted MTBC lineages and
thus retains the largest diversity. This diversity decreases with increasing distance from
the African continent ?’. Paleomicrobiology studies have suggested that TB was carried
out of Africa through migrations during the Neolithic period, as well as dating the

interaction between mycobacteria and humans to approximately 73,000 years ago %%.

1.1.2 Overview of TB infection

The first entry points for Mtb are constituted by the nose or the mouth, from
where the pathogen then travels through the upper and lower airways to arrive in the
alveolar space 28. Here, it infects the specialised innate immune cells known as
alveolar macrophages that reside in the alveoli and that protect the host from the
airborne particulates and pathogens these air sacs are often exposed to 2°.
Furthermore, during primary infection Mtb also infects dendritic cells found within the
interstitial space and that can also interact with airborne particles 3°. Thus, these innate
immune cells serve as early reservoirs of infection and are used by the pathogen to
activate an adaptive immune response. In particular, the infected macrophages in
addition to infected dendritic cells can migrate to draining lymph nodes and recruit T
and B cells that function to limit the infection 283132 Infected macrophages along with
non-infected macrophages, inflammatory monocytes, neutrophils, and T cells recruited
as a result of the associated inflammation and tissue damage then form the
characteristic TB granuloma. Interestingly, despite the fact that a granuloma limits
progression of the infection, it also ensures the bacteria are maintained in a latent state
and thus avoid clearance by the immune system 28:33. From this stage, active infection
can develop through the granuloma liquefaction phenomenon 34. When this occurs, a
central necrotic material known as caseum is formed in tuberculous lesions which
provides an even more favourable growth environment for Mtb. From these caseous

foci that open up to an airway, Mtb can then spread beyond the lung and reach naive
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hosts through airborne transmission 3°. During active TB infection and in the absence
of treatment, a chronic and bloody cough is produced through pathogen-mediated
stimulation of airway nociceptive neurons. This characteristic and persistent cough is
also what allows Mtb to propagate infection and renew its life cycle in a new uninfected

host 36.

1.1.3 Global prevalence of TB

In May 2014, the World Health Assembly passed a resolution, approved with
full support from its 194 Member States, the new post-2015 End TB Strategy, a target
under the Sustainable Development Goals. Three pillars constitute the foundation for
the success of the End TB Strategy: 1) integrated, patient-centred care and prevention;
2) bold policies and supportive systems; 3) intensified research and innovation. All
three aspects are critical to break the trajectory of the TB epidemic and reach the
ambitious targets of zero deaths, disease, and suffering due to TB .

Every year, the World Health Organisation (WHO) publishes a detailed and up-
to-date assessment of the TB epidemic and progress in prevention, diagnosis and
treatment of the disease. The 2023 Global Tuberculosis Report ranked TB as one of
the top 10 causes of death worldwide and as the second deadliest infectious disease
caused by a single agent after Coronavirus disease 19 (COVID-19) . According to
the report, 10.6 million people fell ill with TB in 2022 globally, of which 55% of cases
were men, 33% women and 12% were children aged 0 - 14. A 3.9% increase in
incidence rate was observed between 2020 and 2022, compared to the average 2%
decrease per year recorded over the past two decades. One of the main causes for
this setback was the COVID-19 pandemic that had a significant impact on access and
provision of healthcare services, delaying diagnosis and treatment of people who
developed TB in those years. In 2022, 1.3 million people died from TB worldwide,
including 167,000 HIV-positive people, and the total number of deaths was close to the
value recorded pre-pandemic, in 2019 38,

Once infected with Mtb, the probability of developing the disease dramatically
increases in HIV-positive people and among people affected by risk factors such as
undernutrition, diabetes, smoking and alcohol consumption. In fact, TB is a disease
tightly linked to poverty, which also brings stigma and discrimination for whoever
suffers from it. Furthermore, the COVID-19 pandemic had an economic impact on TB

disease burden, by worsening the overall social situation of underdeveloped countries,
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at the same time by increasing undernourishment and by reducing the income per
capita. In particular, about half of TB patients and their households would spend over
20% of their annual income only to face TB-related costs. This economic barrier has
therefore catastrophic effects on the access to and completion of TB treatment,
consequently increasing the incidence rates. Almost 90% of all TB cases in 2022 were
reported in 30 high TB burden countries, with two-thirds of the total cases recorded in
eight countries: India (27%), Indonesia (10%), China (7.1%), the Philippines (7.0%),
Pakistan (5.7%), Nigeria (4.5%), Bangladesh (3.6%) and the Democratic Republic of
the Congo (3.0%) (Figure 1.2) 8.

Despite the efforts put into place in the fight against TB, its eradication is far
from complete, requiring more investments, research and patient-centred solutions in

the years to come to reach the ultimate WHO target of zero deaths 38.

1.1.4 Current treatments against TB and rise of antibiotic-resistant strains

Due to the seriousness of the global TB situation, major efforts have focused on
the development of both a new vaccine and new therapies to tackle TB once and for
all. This is crucial as since the approval of the only available TB vaccine, the bacille
Calmette-Guérin (BCG) vaccine, developed more than a century ago, and the first- and
second-line antibiotics, including isoniazid, rifampicin, fluoroquinolones and
ethionamide developed in the 1940s-1960s, only two new drugs, bedaquiline and
delamanid, have been approved recently, in 2012 and 2014, respectively &6

Without treatment, the chances of dying from TB disease are high (about 50%)
3 The latest WHO guidelines strongly suggest the use of a 6-month regimen of
isoniazid, rifampicin, ethambutol and pyrazinamide for people with drug-susceptible TB
(both pulmonary and extrapulmonary) with 88% treatment success rates recorded.
Despite the high cure rate, the surge in drug resistance cases is alarming 340

Mtb shows low genetic diversity compared to other bacteria, mostly as a result
of a finely evolved genome that has allowed the pathogen to adapt to its human host,
a scenario where most emerging de novo mutations would likely be deleterious and
are therefore lost each time Mtb transmits to a new host 6. However, despite a very
low mutation rate (0.3 — 0.5 substitutions per genome per year), the lack of ongoing
horizontal gene transfer and resistance plasmids, antibiotic resistance in Mtb can arise
quickly 442_In clinical settings, mutations conferring resistance to drugs that present

little or no fitness cost tend to be preferentially selected 3. When these mutations are
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Figure 1.2. Estimated number of incident TB cases in 2022. Countries with at least 100,000 incident
cases are indicated. The eight countries ranked in order from first to last in terms of numbers of cases,
and that accounted for about two thirds of global cases in 2022, are India, Indonesia, China, the
Philippines, Pakistan, Nigeria, Bangladesh and the Democratic Republic of Congo. Reprinted with
permission . Copyright 2023, WHO.

associated with a fitness cost for the pathogen (e.g. cell growth), secondary
compensatory mutations can overcome the initial fitness deficits by interacting
epistatically with the resistance mutation #4. These evolutionary mechanisms highlight
the remarkable capability of Mtb to potentially develop drug resistance against all
efficacious drugs at low or no cost.

Drug resistance is usually conferred by the intrinsically impenetrable
mycobacterial cell wall, discussed later in this Chapter, and by acquired chromosomal
mutations 4546, These mutations cause drug target modification or overexpression,
prevention of prodrug activation, as well as the upregulation of efflux pumps as a result
of a specific environmental cue 4"48. The number of drug-resistant Mtb strains against
many classes of antibiotics is rapidly increasing, mainly as a result of the scarcity of
novel antituberculosis compounds, the administration of multiple antibiotics in
combination, as well as the prolonged use of these drugs at subinhibitory
concentrations. These factors have indirectly facilitated the evolution of strains
concomitantly resistant to several drugs used for treatment 4°.

Globally, 410,000 people developed rifampicin-resistant TB (RR-TB) or
multidrug-resistant TB (MDR-TB, defined as resistance to isoniazid and rifampicin) in
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2022, with three countries accounting for 42% of cases: India (27%), the Philippines
(7.5%) and the Russian Federation (7.5%) 3. Treatment for people diagnosed with
these variants consists of a new 6-month regimen including bedaquiline, pretomanid,
linezolid and moxifloxacin, referred to as BPaLM. The same regimen but without
moxifloxacin (BPaL) can be used for people with pre-extensively drug-resistant TB
(pre-XDR-TB), defined as TB that is resistant to rifampicin and any fluoroquinolone °.
Both of these regimens recorded a global average of treatment success rate for drug-
resistant TB of 63% in the most recent patient cohort. Nevertheless, as stated in the
2023 Global Tuberculosis Report, the number of people diagnosed and started on
treatment was only equivalent to about 40% of those in need and still below pre-
pandemic levels. To complicate the matter even further, treatment efficacy remains
very low for XDR-TB, indicating resistance to rifampicin, any fluoroquinolone and at
least one of bedaquiline or linezolid 38.

As of August 2023, there were 28 drug candidates and 16 vaccines in various
stages of clinical trials, highlighting the increased attention given to this disease,
especially over the last decade %°.

Alongside the search for new drugs, it is also important to screen for potential
new targets, especially in the fight against antibiotic-resistant strains, which are

becoming more common.

1.1.5 The cell envelope as essential virulence factor for Mycobacteria

The structural architecture of Mtb, and specifically its waxy and impenetrable
outer membrane, distinguishes mycobacteria from other bacterial species (Figure 1.3).
The cell envelope acts as a virulence factor for its crucial role in bacterial growth as
well as for its interaction with the host immune system. Mycolic acids (MAs) are very
long-chain (Ceo-Ceo) fatty acids which constitute the main components of the outer
membrane (OM) of mycobacteria, accounting for around 40-60% of the cell’'s dry
weight 51-53,

MAs are a mixture of structurally related species, synthesized from trehalose
monomycolate (TMM) molecules, abundant glycolipids formed by the conjugation to
the disaccharide trehalose via ester bonds. TMMs are synthesized in the cytoplasm,
transported into the periplasm where they are converted into other molecular species,
such as trehalose dimycolates (TDMs) and mycolic arabinogalactan polysaccharides

(mAGP), by the Antigen 85 complex in a generally well-established pathway 5455,
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These species then constitute the OM of the pathogen. Of particular interest is the fact
that the trehalose motif of TMM or TDM is recognised by the pattern recognition
receptor (PRR) monocyte-inducible C-type lectin (Mincle), present in macrophages
and dendritic cells 28%57  This interaction triggers SH2-domain-containing
phosphatase 1 (SHP-1) and Fc gamma receptor 11B (FcyRIIB), leading to inhibition of
phagosome arrest 2258 Mincle also indirectly increases the production of tumour
necrosis factor alpha (TNF-a), interleukin 6 (IL-6), and monocyte chemoattractant
protein-1 (MCP-1) with subsequent recruitment of monocytes and neutrophils 5%, The
pathogen-mediated immune response activated by the host when interacting with
several MAs highlights the fundamental role that the mycobacterial cell envelope plays
in establishing Mtb primary infection.

The MA biosynthetic pathway has been evolutionarily conserved and it is a
highly regulated process, as the synthesis of such long and unique fatty acids requires
a huge metabolic investment from the pathogen. There are many key components in
this pathway, such as enzymes involved in fatty acid synthesis and activation, MA
modifying enzymes, transporters and transferases ©'. In recent years many new
compounds have been discovered to target specific steps of this pathway. As a result
of this, MAs biosynthesis has been validated as a druggable pathway, leading to the
development of first- and second-line antibiotics, such as isoniazid and ethionamide,
which are still successfully used in the clinic today for treatment of drug-sensitive TB
51_

Interestingly, both of these antibiotics are prodrugs that require metabolic
activation by specific activating enzymes. Thus, it has been shown that mutations in
the activating enzymes are the major reason for the development of clinical resistance
61, Isoniazid, which inhibits mycolic acid synthesis by targeting the enoyl-ACP
reductase InhA, remains as the most important first-line anti-TB drug since the early
50s 62. However, resistance occurs frequently because the administered prodrug
needs the enzyme catalase-peroxidase (KatG) to be transformed into its reactive free
radical form. Loss of function mutations in the gene encoding for the activating enzyme
often arise as KatG is a non-essential enzyme, thus leading to antibiotic-resistant
strains 63-65,

More recently, attention has focused on targeting the transport process whereby
the MAs precursors are transferred from the inner membrane (IM), where they are

synthesised, to their final cellular destination in the OM 5.
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Figure 1.3. The structural architecture of Mtb cell envelope and MmpL3 suggested mechanism
of lipid transport. Trehalose monomycolates (TMMs) are synthesized in the cytoplasm and they are
transported through the inner membrane into the periplasm, where they are converted into other
molecular species, such as trehalose dimycolates (TDMs) and mycolic arabinogalactan polysaccharides
(AGM), by the Antigen 85 complex. TDMs and AGMs form the waxy and impenetrable outer membrane
of the pathogen. MmpL3 is an inner membrane protein, suggested to transport TMMs into the periplasm
through a proton-dependent antiport mechanism. Once in the periplasm, TMM molecules could interact

with a lipoprotein to then be presented to Ag85 for their conversion into TDMs or AGMs, although this

mechanism is still poorly understood. Reprinted with permission 4. Copyright 2021, Elsevier

In particular, the mechanism of TMM transport across the IM has been poorly

characterised until recently, when a conserved integral protein, Mycobacterial

membrane protein Large 3 (MmpL3), was suggested by Xu and colleagues to play a
crucial role ©°.
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1.2. MmpL3 as potential target for the development of novel anti-
tubercular agents

1.2.1 The Resistance-Nodulation-Cell Division proteins superfamily

MmpL3 belongs to the resistance, nodulation and cell division (RND) transporter
superfamily, whose members function to pump exogenous agents to the outside of the
cell, via a H* dependent co-transport mechanism (antiport), driven by a proton motive
force %6-68, However, unlike other family members that exert an antibiotic-resistance
function by pumping exogenous agents to the outside, MmpL3 in Mtb as well as its
orthologues Mycobacterium smegmatis (Msmeg) MmpL3 and CmpL1 protein in
Corynebacterium glutamicum, exert their efflux activity on endogenous compounds,
such as the TMMs 6769 Intriguingly, all of the structures of MmpL3 obtained to date
indicate that MmpL3 is structurally and functionally a monomer . This is in contrast
to most other RND transporters, the best characterised example of which is the
Escherichia coli multidrug acriflavine resistance B (AcrB) protein pump 57°. This protein
has been shown to oligomerise as a homotrimer both alone and in complex with the
other components to form the tripartite efflux complex, AcrAB-TolC °. In fact, AcrB
oligomerisation is likely needed for association with AcrA and TolC, thus ensuring the
formation of the complete complex. The asymmetric nature of the homotrimer is key
for protein function, as each drug extrusion cycle is coordinated via the alternating
conformations adopted by the individual protomers, in either access, binding and
extrusion state, through a functionally rotating mechanism 772, A trimer has also been
reported as the most common oligomeric arrangement for the related aminoglycoside
exporter, AcrD 7374, In their work, Zhang and colleagues showed that AcrD likely
arranges into multiple quaternary structures, including dimeric and monomeric
structures and these were isolated by cryo-EM 4. However, it is worth noticing that the
homotrimer was the most favourable and stable form 74.

In contrast, the Burkholderia multivorans hopanoid biosynthesis-associated
RND transporter HpnN is dimeric 7°. HpnN is responsible for movement of pentacyclic
triterpenoid lipids that are structural and functional homologues of cholesterol, from the
plasma membrane to the outer membrane of some gram-negative bacteria ’6.
However, the human Niemann-Pick C1 (NPC1) protein which also plays a crucial role

in cholesterol homeostasis appears to be monomeric 7.
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1.2.2 MmpL3 as a druggable target

The essential role played by MmpL3 has been confirmed by many researchers
over the past decade 57880 |n particular, the observation that mmpL3 is the only
mmpL gene that is impossible to knock out by allelic replacement and that it is
conserved across the Mycobacterium genus suggests it provides a crucial contribution
to virulence %'67.78-80_ |ndeed, knockout of the mmpl3 gene which encodes MmpL3
leads to non-viable mutant strains 5'.78-80_ Moreover, its conditional depletion and
consequent loss of function also affects lipid metabolism and transport, with observed
accumulation of TMM molecules on the inside of the cell 56681 However, strain
viability is restored by introduction of an exogenous mmpl3 gene from either the same
strain or another mycobacterium strain. The analogy of function and the
interchangeability across the mmpL3 from Mtb and the one from the Mycobacterium
smegmatis (Msmeg) strain in particular, validated the two as orthologs and justified the
common use of the Msmeg strain for in vitro studies and protein characterisation °'.
Nonetheless, the medical relevance of this target is also linked to the inhibitory effect
shown by multiple classes of small molecules, some of which are in various stages of

clinical trials 8284,

1.2.3 MmpL3 structure and transport mechanism

Almost all the studies aforementioned have been carried out in vitro and no high-
resolution structure was available until recently.

In 2019, two independent research groups published two crystal structures of
engineered versions of Msmeg MmpL3 (PDB 6AJF and 60R2), isolated in detergent
12, Both structures were generated by truncating the C-terminus and for the 6AJF
structure by Zhang et al the sequence was further engineered by fusing a T4 lysozyme
at the C-terminal domain to facilitate crystallisation '. The atomic models were resolved
by X-ray diffraction and were found to be in agreement with a previously determined
partial structure 128, These structures revealed that MmpL3 presents 12-
transmembrane (TM) alpha-helical segments, organised into two domains, TM 1a - 6
form the N-terminal domain (TMN) and TM 7a - 12 form the C-terminal domain (TMC)
(Figure 1.4 and Figure 1.5, a and b). The two domains share an approximate 2-fold
symmetry, despite exhibiting only about 40% sequence similarity (Figure 1.5, b). Two
subdomains extend into the periplasmic space between TM 1b and TM 2 (PND) and
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TM 7b and TM 8 (PCD), forming a central cavity thought to be crucial for TMM
translocation (Figure 1.5, a) "2. Furthermore, a disordered loop (aa 353 - 381) links the
TMN to the TMC, while another alpha-helical structure (a 8) connects the latter to an
unstructured C-terminal domain (CTD), unresolved (Figure 1.4).

The Mtb MmpL3 (PDB 7NVH) structure was also solved in detergent micelles,
by cryo-EM and using 60R2 as reference for refinement . Also in this case, the protein
sequence was engineered by truncating the C-terminal domain. In addition, 35
residues (aa 343 - 377) connecting TM 6 to TM 7 were not solved *.

The residue pairs considered to be responsible for proton translocation in the
Msmeg MmpL3 protein are Asp256 and Tyr257 (Asp251 and Tyr252 in Mtb), located
on TM 4, that respectively interact with Tyr646 and Asp645 (Tyr641 and Asp640 in
Mtb), located on TM 10 (Figure 1.5, c). These residue pairs are suggested to delimit a
channel that has also been identified as the possible binding site for many MmpL3
inhibitors '. High-throughput whole-cell phenotypic screening against compound
libraries have led to the identification of many antitubercular agents, of different
chemical classes and they all target MmpL3 proton relay network 2. In particular,
SQ109 is a promising anti-TB drug that entered a Phase 2b-3 clinical study 8. This
compound was identified from a combinatorial library screening based on the 1,2-
ethylendiamine pharmacophore found in ethambutol, although the two structures are
completely different, as well as their molecular targets . Ethambutol, one of the first-
line TB antibiotics, inhibits three arabinosyltransferases, ultimately preventing the
biosynthesis of arabinogalactan and lipoarabinomannan, while SQ109 targets MmpL3,
thus inhibiting MA transport to the cell wall 18820, Zhang and co-workers produced
evidence in support of SQ109 specific binding to Msmeg MmpL3 in a microscale
thermophoresis assay, measuring a dissociation constant (Kq) of 1.65 yM. They also
showed that Msmeg growth is susceptible to SQ109 exposure in a dose-dependent
manner using a cell-based inhibition assay '. Upon inhibitor binding, the six C-terminal
TM helices move away from the protein central axis and undergo a noticeable
conformational change, creating a pocket to accommodate SQ109. Furthermore,
SQ109 presented synergistic interactions with rifampicin and isoniazid, as well as
showing promising results against MDR-TB and XDR-TB clinical strains '. Another

compound, the adamantyl urea AU1235, was also found to bind in the same pocket as
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Figure 1.4. Msmeg MmpL3 topology. The full-length protein is made of 1013 residues, organised in
12 TM domains (in blue), 2 periplasmic domains (in grey boxes) and 1 C-terminal domain (CTD, in
green) located in the cytoplasm. The protein can be divided into two parts, almost symmetrical. The N-
terminal domain is divided into 6 TM domains, TM 1 - TM 6, with TM 1 subdivided into 1a and 1b and
TM 2 being longer than the other helices. The PND domain starts from TM 1b, forming 4 a-helices and
3 B-strands, and ends in TM 2. The C-terminal domain presents the same number of TM domains, TM
7 - TM 12, with the only exception that TM 12 is linked to an a-helical structure a 8 (in grey), then
connected to the CTD. The PCD domain starts from TM 7a and ends in TM 8, presenting 3 a-helices
and 3 B-strands. The two periplasmic domains are intertwined as the a 1 helix from the N-terminal is
part of the PCD, while the a 5 helix belonging to the C-terminal is part of the PND domain. Moreover,
the loop connecting TM 6 to TM 7a is shown in yellow, with residues not present in the solved structures.

SQ109 but with a Kg 5.7-fold lower than that for SQ109 5. Indolcarboxamides (ICAs)
have been reported as a new class of anti-tuberculosis agents, with ICA38 recording
the highest in vitro anti-Mtb activity in this group, binding to MmpL3 with a Ky of 0.16
uM in the same pocket as the other two compounds described 9.

Interestingly, all these compounds as well as many others, regardless of their
chemical scaffolds, have been suggested to specifically inhibit MmpL3 since the
resistant mutations have been specifically mapped to the mmpL3 gene '. They work
by disrupting the Asp-Tyr pairs implicated in the H* co-transport, thus blocking
substrate translocation and ultimately inhibiting mycobacterial cell wall assembly.
Therefore, it makes sense that ~90% of the 83 resistance positions identified reside
within the transmembrane domain, with 60% of these within 10 A from the drug binding
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Figure 1.5. Msmeg MmpL3 structure. a. Cartoon representation of the MmpL3 crystal structure, with
main domains in different colours: TMN in red, TMC in purple, PND in green and PCD in yellow, with
these two sub-domains delimiting the periplasmic cavity. b. A clipped view of the transmembrane region
viewed from the periplasm, with TM helices numbered. The star indicates the pseudo-two-fold axis. Asp
and Tyr residues side-chains are shown as stick models and are involved in the generation of MmpL3
proton motive force. Hydrogen bonds are displayed as dashed lines. c. The two Asp-Tyr pairs are
located in the middle of TM helices 4 and 10, lying at the core of the two TM bundles. Adapted with
permission . Copyright 2019, Elsevier.

site. However, it is also significant that ~40% of these mutations are located >10 A
away from the drug pocket, suggesting that the periplasmic cavity might also be
involved in MmpL3 resistance mechanism #. Nevertheless, when a large number of
Mtb genomes mostly originating from clinical samples and obtained from the European
Nucleotide Archive (ENA) were analysed, the prevalence of pre-existing resistance
mutations in MmpL3 was estimated to be 0.1%. This low percentage provided an
estimate for the level of environmental resistance that MmpL3 inhibitors might
encounter once licensed . This was also related with the high conservation of mmpL3
gene, supported by the very low (>10"") in vitro bacterial mutation rate observed for
SQ109 &,

Crystal and cryo-EM structures of Msmeg MmpL3 have been obtained in
complex with detergent molecules 6-n-dodecyl-a,a-trehalose (6-DDTre) and trehalose
6-decanoate (T6D), both homologues of TMM, as well as with n-dodecyl-B-D-
maltopyranoside (DDM), the native substrate TMM, and a molecule of
phosphatldylethanolamine (PE) 3. A molecule of the detergent lauryl maltose
neopentyl glycol (LMNG) was identified in complex with the Mtb MmpL3 structure *.

Taken together these structures reveal a large and flexible substrate binding site,
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predicted to be accessible from the outer leaflet of the membrane, and allowing
substrate transport via the central vestibule between the two PND and PCD lobes 23.
The periplasmic cavity has been suggested as the conduit through which TMM
molecules are exported into the periplasm, a role that also been supported by site-
directed mutagenesis experiments 2389 A combination of high-resolution structures
and molecular dynamics simulations of the apo and inhibitor-bound states have
suggested Ser423 on TM 7 and Asn524 on a 7 acting as an entrance gate for
substrates 3. In support of this hypothesis, many structures present detergent or
substrate molecules bound at this side pocket, with the ligand head group protruding
into the periplasmic cavity while being uplifted from the membrane plane. Once the
substrate has bound to this site, transport is then finely modulated through a
coordinated combination of movements involving the TMDs, mediating proton
translocation, and the opening of the periplasmic cavity, allowing substrate export 3.
Together, the solved structures marked an essential step forward in MmpL3
characterisation, but they also carry some limitations. As with almost all crystal and
cryo-EM structures the protein is fixed in a single conformation, providing only static
snapshots. In addition, the conditions used for crystallisation or cryo-EM experiments
are not representative of the protein behaviour in its physiological environment.
Moreover, in the case of Msmeg MmpL3 structures 60R2 and 6AJF, as well as for Mtb
MmpL3 7NVH, the C-terminal domain was removed to improve protein stability and
increase the diffraction quality of the crystals for the Msmeg structures %4, In addition,
the cytoplasmic loop connecting the TMN to the TMC (aa 353 — 381 for Msmeg and
aa 343 — 377 for Mtb) could not be resolved, probably due to its high flexibility 124.
Finally, we have seen that several molecules of detergents and/or phospholipids were
co-crystallised with the structures, suggesting that the protein establishes important
interactions with its surrounding environment which need to be further investigated by

reproducing its native state 4.

1.3. Membrane proteins and their environment

Membrane proteins (MPs) are notoriously difficult to work with, as extracting
them from the hydrophobic environment of the biological membrane, while retaining a
physiologically relevant and stable state, suitable for downstream analysis, remains a

challenge. There is a clear lack of knowledge and understanding of these important
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molecules and this is reflected in the fact that less that 2% of the 89,000 total unique
protein sequences in the PDB database are membrane proteins (www.rcsb.org and
https://blanco.biomol.uci.edu/mpstruc/). Although less abundant in nature than soluble
proteins MPs account for over 60% of all pharmacological targets
(http://www.proteinatlas.org) 2.

The biological membrane is a selectively permeable barrier, made of a complex
mixture of phospholipids arranged in a bilayer and interspersed proteins (Figure 1.6).
The membrane physically separates the internal and external environment of cells and
organelles as well as exerting a wide range of essential cellular functions °3. The lipid
components have traditionally been considered as the static scaffold of the membrane,
while the vast majority of biological functions were thought to be carried out by the
proteins. However, membrane lipids have been recently shown to be key players in
MPs structure, function, trafficking and regulation ®4-%., Therefore, rather than studying
MPs and lipids individually, there is an urgent need to shed light on the complex MP-
lipid interactions taking place at membrane level, in order to obtain a true picture of
how MPs function.

Structural and functional analyses of MPs have historically relied on the
extraction of membrane proteins from the lipid environment using a small number of
detergents with relatively simple architectures . Their amphiphilic nature allowed both
disruption of the lipid bilayer and stabilisation of the protein of interest in aqueous
solution but the number and type of membrane proteins that could be worked with was
limited. Although novel detergents with improved properties have been recently
developed, providing a wide range of molecules suitable for individual proteins and
specific applications, these agents harbour some intrinsic limitations, as they along
with all detergents potentially destabilise the protein and remove important lipid
molecules during the solubilisation process %100,

Much effort has gone into the development of optimised approaches to maintain
MPs in a physiologically relevant state as this is crucial both to provide relevant
biological insights as well as to allow effective and rational drug design (Figure 1.7) 00,

Several membrane mimetic systems have been developed that encapsulate
MPs in lipid based nanodiscs, either directly from the native membrane using polymers
or via reconstitution of detergent-purified protein into nanodiscs of defined lipid
composition (Figure 1.7, d and f) 100-102,

In the next sections, the use of detergents, synthetic and native nanodiscs for
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Figure 1.6. Fluid mosaic model of the cell membrane. Different classes of lipid species and
membrane proteins form the complex composition of the cell membrane. The figure was created with
BioRender.com and adapted from the template “Phospholipid Bilayer Membrane”.

MP manipulation as effective alternatives to the physiological lipid environment will be
discussed in more detail. Sections 1.3.2, 1.3.3 and 1.3.4 feature much of that reviewed
by Woubshete et al '%3.

1.3.1 Lipids and the biological membrane

In a membrane, there are three major classes of membrane lipid molecules —
phospholipids, sterols, and glycolipids . Of these, the most abundant lipids are known
as glycerophospholipids (Figure 1.8). These are amphiphilic molecules, made of a
polar glycerol-phosphate head group and hydrophobic fatty acid tails. Phospholipids
can also be classified by the overall charge of the head group into zwitterionic
phospholipids (e.g. phosphatidylethanolamine or PE and phosphatidylcholine or PC)
and anionic phospholipids (e.g. phosphatidylinositol or Pl and phosphatidylglycerol or
PG). Each class contains a range of species, where the fatty acid chains vary in length
and saturation . In biological systems, phospholipid molecules self-assemble into
bilayers with the head groups facing the water solution while the tails cluster together
forming the inner core of the membrane, so as to minimise their contact with the

surrounding aqueous environment. The driving force of this self-assembly is known as
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Figure 1.7. Summary of approaches to preparing membrane protein sample suitable for
downstream analysis. a. The integral membrane proteins are located within the native lipid bilayer. b.
The most common method of extraction utilizes detergents and the resultant protein-detergent
complexes can then be used for isolation of the target protein followed by direct analysis in detergent-
based solution or the protein can be exchanged into ¢, amphiphols, or reconstituted into d, nanodiscs
or e, liposomes. f. Alternatively, the protein can be extracted from the membrane into native nanodiscs
containing the protein of interest and associated membrane lipids using polymer-based systems, or g,
vesicles can be generated from membranes and used directly for analysis. SMALPs: styrene maleic
acid lipid particles. GPMVs: giant plasma membrane vesicles. MSP: membrane scaffold protein.
Reprinted with permission '%%. Copyright 2024, John Wiley and Sons.

the hydrophobic effect 194195 Lipids aggregate into various phases depending on
different factors, including the lipid types and composition, the water content, and the
temperature and pressure. Membrane phospholipids usually have an overall cylindrical
shape (Type 0) when the cross-sectional areas of the head group and the acyl chains
are similar. Such molecules are called bilayer prone lipids, and they aggregate to form
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Figure 1.8. Structure of a phospholipid. Each molecule is composed of two fatty acids forming the
hydrophobic tails and of a modified phosphate group attached to a glycerol backbone forming the
hydrophilic head group. Representation of a phospholipid from its structural formula (a) to its usual
schematic representation (b).

a fluid lamellar phase (zero curvature) in biological membranes (Figure 1.9). If the
cross-sectional areas of head group and acyl chains are different from each other,
there are two possible scenarios. In both cases these are categorised as non-bilayer
prone lipids. If the head group is larger than its acyl chains, the overall shape of the
lipid is conical (Type |) and generates an intrinsic positive curvature that leads to the
formation of micelles in water %197 An inverse conical (Type Il) molecular shape
instead is seen in lipids that have smaller head groups compared to their acyl chains.
These lipids generate negative curvature and form a reverse hexagonal phase or
inverted micelle (Figure 1.9) . Thus, in a biological membrane adjusting the
bilayer/non-bilayer prone ratio is extremely important since the overall contribution of
their molecular forces affects the average curvature and its frustration, essential factors
for proper functioning of the bilayer "8,

In addition to the structural variation between different lipid shape, lipid bilayers
also show diversity in composition. Various proportions of different lipids are found in
the membranes of different biological species, different cell types and different

organelle within a single cell '9°. Furthermore, biological membranes are asymmetric
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Figure 1.9. Types, curvature and self-assembly of lipids. Type 0 lipids present zero curvature, are
cylindrical in shape and form bilayers when aligned. Lipids with positive (Type 1) and negative (Type II)
curvature are grouped as non-bilayer prone lipids. Non-bilayer prone lipids with positive curvatures tend
to form micelles, while those with negative curvature form inverted micelles.

with different lipid compositions in the inner and outer leaflets . It has been shown
that the translocation of lipids via a flip-flop mechanism as well as the maintenance of
bilayer asymmetry play a fundamental role in a number of key processes such as cell
apoptosis, signalling, and modulation of protein channel opening 1'-13,

The fluidity of biological membranes is fundamental to their function as it allows
proteins and lipids to explore the cell surface and find interaction partners. The intrinsic
capacity for cells to autonomously maintain their membrane fluidity has been
recognised since the 1970s '9°1'4 Bacteria can regulate their lipidome by initiating
synthesis of new lipids but also modifying the existing species in order to maintain the
required membrane properties ''°.

As previously mentioned, functional interactions between membrane proteins
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Figure 1.10. Lipid interactions with membrane proteins. a. The 15t shell of annular lipids stably
associates with transmembrane protein domains (TMDs) and presents a slower exchange rate than
lipids forming the bulk, which are undisturbed by the presence of the protein. b. Different lifetime and
frequency of interactions are established between integral membrane proteins (IMPs) and individual
lipid molecules (coloured), in competition with those from bulk lipids (grey). Protein-lipid interactions
span a range of lifetimes (represented by the different colours) as suggested by simulations. There are
high affinity interactions, which are rare, as well as very common short-lived interactions (in the
nanosecond range), which indicate rapid lipid exchange that is not influenced by protein binding. These
observations imply that specific, semi-selective and more solvent-like interactions could potentially be
simultaneously relevant for an IMP. Figure adapted with permission '°°. Copyright 2023, Springer
Nature.

and other biomolecules are fundamental to molecular cell biology. Integral membrane
proteins (IMP) are solvated by complex mixtures of lipids that influence their structures,
dynamics and functions. Thus, according to their proximity to the membrane proteins
lipids can be classified as 15t and 2" shell lipids or bulk lipids (Figure 1.10) "% Lipids
included in the 15t shell form interactions with IMPs and are thus motion-restricted
compared to bulk lipids. In fact, their exchange rate with bulk lipids (107 s*! at 37 °C)
has been measured as one or two factors slower than the time for lipid exchange in
the absence of protein %17, They are also termed annular lipids as they form a ring
around the protein. If the protein-lipid interaction is strong, leading to slow off-rates, the
protein residue involved will be considered as a hotspot for lipid binding, with the lipid
potentially having regulative effects on the IMP function. The most common examples
of function-regulating annular lipids are found to exist in the structures of potassium
channels (Human Kir2.2 and bacterial KcsA) and the large-conductance
mechanosensitive channel (MscL) 82", In the crystal structure of the homotetrameric
potassium channel KcsA a lipid binding site with specificity for anionic lipids was
resolved at each monomer-monomer interface, with occupation of this site being
necessary for channel opening ''°. The 15tshell of lipids also includes interfacial lipids,
that tend to bind proteins in their indented surfaces consisting of pockets, cavities and
clefts ®4. These lipids are often structurally resolved and frequently reside at the contact

sites between the adjacent monomeric units within oligomeric assemblies. One
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Figure 1.11. Collective membrane physical properties. Individual lipid molecules can serve as
specific cofactors for integral membrane proteins (IMPs), but also collectively contribute to the
biophysical properties of the lipid bilayer. Thus, not only membrane lipids can functionally regulate IMPs,
but also IMPs can transduce signals regulating the lipidome. Adapted with permission '°°. Copyright
2023, Springer Nature.

example of this type of interaction was observed in the 2.9 A X-ray structure of
bacteriorhodopsin, where 3 molecules of haloarchaeal glycolipid S-TGA-1 (3-HSO3-
GalpB1-6Manpa1-2Glcpa-1-archaeol) were solved at the interface between adjacent
protomers, acting as a molecular “glue” in bacteriorhodopsin trimerisation 22123,
Interfacial lipids were also observed in the structures of ion channels, proton pumps,
receptors and transporters °4124-127_Finally, another class of lipids found in the 15t shell
are the non-annular. They are usually buried deep within small pockets/clefts formed
by proteins and adopt unusual positions (e.g. head group below the membrane plane
and/or non perpendicular to the bilayer) and have much lower off-rates compared to
annular lipids 119122128 Some non-annular lipids have major roles in the regulation of
membrane protein function by contributing to their folding and self-assembly in the
membrane, with phosphatidylinositol (PI) the most recognised example 12212°. P| was
observed in the structure of the cytochrome bc1 complex residing in an interhelical,
thus unusual, position with its inositol head group stabilised by the formation of several
hydrogen bonds with the side chains of catalytic subunits. When the lipid is bound the
torsion forces generated by the fast movement of the extrinsic domain of the Rieske
protein dissipate, ensuring the movement of the catalytic domain that is essential for
the activity of the enzyme. Hence, Pl acts as a regulator molecule for the cytochrome
bc1 complex and could also be important for the assembly of the complex as it is
located at a position where four TM subunits of the monomer come in contact with

each other 122130,

40



a. b. HO
HO HO o
o)
HOX===3 Ho on| H© o
HO A e N

o)
e
He HO . %’

Oho
DDM LMNG
C. d. HO
0
HO O OH
OH
HO o) o
oG GNG
e. f -
\O)K/\S H
0 0%
y 02 o}
(o — N+CI i
/ ~
OHOH .
SMA PMA

Figure 1.12. Example structures of detergents, polymers and amphipols used to stabilise
membrane proteins. a, Dodecyl-B-maltoside (DDM) and b, lauryl maltose pentyl glycol (LMNG), are
detergents that contain 1 or 2 maltose head groups and 1 or 2 C12 alkyl chains, respectively. c,
Octylglucoside (OG) and d, glucose neopentyl glycol (GNG), are examples of glucoside detergents that
contain glucose head groups and C8 alkyl chains. e. Styrene maleic acid (SMA) is a polymer that
contains different ratios of styrene to maleic acid groups. f. Polymethacrylate (PMA) is a polymer that
consists of a hydrophobic butyl methacrylate and a cationic methacryolcholine chloride group.
Reproduced with permission 9. Copyright 2024, John Wiley and Sons.

On the other hand, properties of bulk lipids are not significantly affected by the
presence of a membrane protein, as these do not directly interact with IMP 128
However, bulk lipids can affect membrane protein function as they contribute to the
macroscopic collective properties of the membrane (Figure 1.11). These properties
include viscosity (fluidity), lateral stress and spontaneous membrane curvature %8,

The interplay between membrane proteins and the lipid bilayer is remarkable
and entangles at many different levels. For instance, individual lipid molecules can act
as specific protein cofactors or actively contribute to the regulation of collective
membrane properties like its thickness, fluidity and level of lipid packing which in turn

affect protein conformational states and function. In this context, several factors need
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to be carefully considered when investigating the behaviour of a membrane protein in
its native environment. Thus, the choice of the mimetic system is crucial to ensure the
preservation of correct protein folding during extraction, to study MPs function,

structure and dynamics in their physiological conditions.

1.3.2 Detergents

Detergents can be broadly grouped as anionic, ionic or zwitterionic, based on
their chemical and charged nature. Standard detergents have a linear structure with a
hydrophilic head group, often sugar based, and a long hydrophobic alkyl chain (Figure
1.12, a - d) 31, The dual hydrophobic-hydrophilic character of the detergent molecules
mirrors that of the membrane. At a concentration specific to the individual detergent,
the critical micelle concentration (CMC), individual detergent molecules self-assemble
into a micelle structure with the hydrophobic tails buried in the core and the hydrophilic
head groups exposed on the surface (Figure 1.7, b), effectively replacing the
membrane by forming a mixture of detergent-protein-lipid, detergent-protein and
detergent-lipid complexes . In particular, individual detergent CMC is an important
factor to consider, as this is directly correlated to micelle stability and size. As an
example, standard detergents that have been widely used include the maltose-based
DDM and n-decyl-beta-maltoside (DM), that share the same head group but present
different alkyl chain lengths (12 carbon-chain for DDM and 10 carbon-chain for DM),
and octylglucoside (OG), with a glucose head group and a C8 alkyl chain °’. Detergents
with shorter alkyl chains tend to have higher CMCs. In particular, the longer the
hydrophobic chains the larger the micelle size, meaning that fewer molecules are
needed to form a micelle. Micelle size can impact the stability of the target protein in
the detergent-based solution and influence the efficiency of extraction from the
membrane %’. Furthermore, choice of detergent is crucial for downstream analysis.
While DDM and OG have been used successfully for structural studies, there are only
a very limited number of membrane proteins that are stable in the small micelles
formed by the latter. In fact, DDM is good for isolation of many membrane proteins, as
its comparatively large micelles tend to effectively shield the hydrophobic regions of
the protein, whereas the much smaller micelles of OG expose much more of a
membrane protein including the hydrophobic regions, often leading to aggregation and
precipitation during the membrane solubilisation step '3'. However, it is the exposure

of larger regions of the protein in the smaller OG micelles that favours crystal lattice
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formation. Therefore, researchers often purify in one detergent and then exchange into
another for crystallisation purposes '32.

Novel variants of these standard detergents include LMNG and glucose
neopentyl glycol (GNG), which contain a more complex double hydrophilic head group
and double hydrophobic tail region based on two molecules of DDM/OG linked via a
quaternary carbon atom 33134 These variants present a lower CMC than the closest
equivalent standard detergent. So for example, LMNG has a CMC ~0.01 mM while
DDM has a CMC ~1.7 mM %7, The lower the CMC the greater the alkyl chain density,
that also translates into stronger hydrophobic interactions with any encapsulated MP
and perhaps more importantly with other detergent molecules, ultimately leading to
effective self-assembly of more stable micelles '°°. This is clearly achieved in the case
of LMNG by the doubling of the maltose head group alongside the doubling of the alkyl
chain groups 97133,

To date, DDM and LMNG account for a substantial proportion of high resolution
membrane protein structures deposited in the PDB database %35, Nevertheless,
substantial effort to develop and characterise novel detergents has not only made
improved and tailored tools available to researchers but has provided insights into what
detergent properties are crucial for enhanced stability of encapsulated membrane
proteins.

Importantly, irrespective of the detergent used, it is likely that at the extraction
step as well as during the purification process many, if not all, of the lipids which
originally surrounded the target protein are lost. Therefore, detergent-based
purification of MPs does not represent the ideal choice if the main research aim
involves the investigation of the specific interactions taking place between target

protein and the surrounding lipid molecules.

1.3.3 MP reconstitution into synthetic nanodisc systems

Detergent-purified membrane proteins can be reconstituted into synthetic
nanodiscs %2, A nanodisc is comprised of a number of lipid molecules of defined and
easily modifiable composition and an amphipathic protein molecule that wraps around
the outside of the lipid patch maintaining it in solution (Figure 1.7, d). The first use of
such synthetic nanodiscs employed engineered versions of the amphipathic protein
human apolipoprotein A-I (apo A-I) as membrane scaffold protein (MSP) '3¢. This

protein, whose native function involves packaging lipids in the bloodstream and
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regulating cellular cholesterol homeostasis, self-assembles into lipid/protein particles
in the presence of exogenous phospholipids '3”. Synthetic derivatives of PC such as
1-palmitoyl-2-oleoyl-sn-glycero-3-PC (POPC) and dipalmitoyl-PC (DPPC), are
typically used for nanodisc preparation although lipid mixtures can also be used "%,
Addition of a membrane protein in a detergent based solution to MSP and lipids, in
combination with adsorbent beads to deplete the detergent, results in incorporation of
the protein into the nanodisc 13%-142,

A wide range of downstream analyses, including but not limited to high
resolution structural studies, can be performed on protein-carrying nanodiscs '°'. The
cryogenic electron microscopy (cryo-EM) structure obtained for the heat and capsaicin-
activated ion channel (TRPV1), for example, allowed the identification of key protein-
lipid interactions, playing a crucial role in the allosteric regulation of the channel '43.
Cryo-EM structures of nanodisc-embedded lipid flippase MsbA, an ATP-binding
cassette transporter, uncovered the structural basis for lipopolysaccharide (LPS)
recognition and mechanism of transport by delineating the conformational transitions
of MsbA to flip LPS '#4. Nanodiscs are also suitable for exploring membrane protein
complexes, such as the M2 muscarinic receptor, a GPCR, in complex with 3-arrestin,
revealing the importance of ligand-receptor-lipid environment interactions for complex
formation '45. Hydrogen-deuterium exchange mass spectrometry (HDX-MS) was
successfully used to gain insights into conformation dynamics of outward- and inward-
facing ensembles of the transporters LeuT and P-glycoprotein in nanodiscs 146147
Kapsalis et al. used a double electron—electron resonance (DEER) spectroscopy
method to explore species-specific in-lipid structural differences of bacterial
homologues of the mechanosensitive channel of large conductance (Mscl)
reconstituted into nanodiscs #8-', The same approach was used to explore the
conformational dynamics of the bacterial multidrug transporter MdfA, reconstituted into
nanodiscs '®'. A substrate-responsive lateral gate was identified, suggesting that this
protein functions via a modified model to the canonical alternating access identified for
other members of the major facilitator superfamily (MFS) '5'. Very recently, nanodiscs
have been used in combination with a technique called lipidomic lipid-exchange MS
(LX-MS) in order to explore lipid specific affinity for membrane proteins, such as the

Escherichia coli ammonium transporter AmtB and aquaporin AqpZ "%2.
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The particle size achieved with the use of apo A-l derivative based nanodiscs is
fixed and this is determined by the length of the protein sequence 13%42, Therefore,
the MSP needs to be carefully selected depending on the target protein and the optimal
particle size has to be determined empirically, a time-consuming process. An
alternative is the use of Saposin-A based nanoparticles (Salipro), that are self-tunable
and are able to adapt to accommodate a wide range of MPs including molecules
containing up to 56 TM regions 153154 Proteins encapsulated in Salipro nanoparticles
are more thermostable and exhibit higher levels of function than the equivalent protein
in DDM-based solutions '%*. Salipro nanoparticles have been successfully used for
structural characterisation of the sarco-endoplasmic reticulum calcium ATPase
(SERCA), the lipid flippase MsbA, the B-barrel assembly machinery (BAM) complex
155—157_

Another alternative synthetic nanodisc approach is the use of peptidiscs,
derived from an engineered version of an apo A-l derived nanodisc scaffold peptide
(NSP). Peptidiscs are highly flexible and present improved hydrophobic interaction with
lipid molecules due to the addition of Phe residues in their sequence '%8-1%0_ Unlike the
other nanodisc-based reconstitution systems described above, peptidiscs do not
require addition of exogenous lipids to form and adapt to the size of the TM domain of
the MP 158160 Although their use for structural studies has been limited to date, there
are recent reports on the structure of the membrane-bound form of the HIV envelope
glycoprotein, the structure of Acinetobacter baumannii ATP-ase solved by Demmer
and co-workers, as well as a cryo-EM structure of Msmeg MmpL3 at a resolution of
3.23 A, all obtained in this membrane mimetic system '6'-163_ A further advantage of
the peptidiscs is that by modifying their sequence to include an His tag, they can be
used for extraction of untagged membrane proteins directly from the membrane, and
even if present at a very low abundance. The proteins can then be characterised using
MS, providing useful insights into the membrane proteome present in different cell
types and under different conditions 164,

There are advantages to the use of synthetic nanodiscs as they provide a more
physiological environment than detergents and, depending on the system used, they
allow tuning of the lipid environment surrounding a given protein, providing the means

of investigating the role of specific lipids in membrane protein structure and function.
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1.3.4 Polymers

Protein sample isolated in detergent-based solution is unlikely to fully represent
the state of the molecule in the native membrane, and a more physiologically relevant
MP extraction method utilises polymers (Figure 1.7, f) 1%, The original polymer, styrene
maleic acid (SMA), is extensively used in the plastics industry and contains different
ratios (usually 2:1 or 3:1) of hydrophobic (styrene) to hydrophilic (maleic acid) groups
(Figure 1.12, e) "%, SMA spontaneously forms disc-like particles in the presence of
lipid membranes in a pH-dependent manner '%7. In this disc-like arrangements, SMA
has been suggested to either punch holes in the membrane or to interact with the
membrane in a coordinated manner to destabilise the bilayer structure '®8. Importantly,
SMA encapsulates both the MP and the associated native lipid molecules, producing
SMA-lipid particles (SMALPs) that are also defined as native nanodiscs. These can be
isolated in the same way as detergent-extracted protein but should contain MPs that
are in a more physiologically relevant state than when in detergent micelles. Given that
SMALPs retain the annulus of membrane lipids that originally associated with the
protein within the biological membrane, precise and detailed information about the
lipidome can be obtained. This detergent-free method of MP extraction allows isolating
of membrane protein complexes which are too unstable to withstand the rigours of a
detergent-based extraction as well as to explore the role that specific lipids play in both
protein state and function '%°. Many successful studies have been published where
SMALPs have been used for functional and structural analyses of a variety of MPs. In
particular, the functional stability of the human adenosine A2 receptor was observed
to increase following protein reconstitution into native nanodiscs '7%; protein function
was retained when the bacterial outer membrane enzyme PagP was reconstituted into
SMALPs '%; it was possible to identify the lipids co-purifying with the human
equilibrative nucleoside transporter 1 (hENT1) '""; the analysis of the native lipid
environment isolated with bacterial Sec translocase, SecYEG-SecA complex revealed
an enrichment of negatively charged lipids, proved to be specific '72; and the extensive
network of lipid molecules interacting with the SMALP-reconstituted multidrug efflux
pump AcrB was revealed by cryo-EM studies '73.

Due to the low level of polymer material present in the nanodiscs, SMA
absorbance in the UV range does not affect optical readings, therefore facilitating the

use of native nanodiscs in circular dichroism and fluorescence spectroscopy analyses
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74 Furthermore, as the SMA polymer is negatively charged at the typical working pH
range, SMALPs migrate intact within a native gel electrophoresis system (SMA-PAGE)
175, Using this methodology, particle separation on the gel is consistent with the
expected mass of membrane proteins in different oligomeric states or with the
formation of large protein complexes, while retaining native lipids. Moreover, Pollock
and colleagues also blotted protein-SMALPs from native gels onto grids for negative
stain analyses and successfully imaged intact particles '7°.

However, SMA presents some incompatibility issues with certain divalent
cations, particularly Mg?* and Ca?*, making certain assays relying on these ions difficult
to perform, such as the ATP hydrolysis assay, dependent on Mg?* 76, SMA can also
interact with Ni®*-based immobilised metal affinity chromatography resins used for
isolation of many membrane proteins in such a way as to limit the purification yield 7.
Furthermore, SMA is pH sensitive and the fixed size of the discs formed (typically in
the range of 10 — 12 nm diameter) may rule out the successful encapsulation of
membrane proteins and membrane protein complexes that extend beyond the specific
range 178,

Optimised SMA derivatives, such as a polymethacrylate (PMA) polymer, have
been developed to overcome these limitations (Figure 1.12, f) 17°. Lavington and Watts
extracted the GPCR Neurotensin 1 (NTS-1) using PMA, revealing that this polymer
was less sensitive to divalent cations than SMA, thus allowing the isolation of the
protein using Ni2*-NTA resin '8, Although yields of NTS-1 were lower than the control
condition of DDM + cholesterol hemisuccinate (CHS), the GPCR in PMA exhibited
similar activity to that showed by the receptor prepared in DDM + CHS at a higher
protein concentration, indicating that NTS-1 encapsulated in PMA may be more
functional. Another SMA-derivative developed to increase the tolerance to divalent
cations is the polyanionic diisobutylene/maleic anhydride (DIBMA) copolymer '8,
DIBMA forms nanodiscs with a diameter ranging between 12 and 29 nm, thus providing
a more accommodating environment for larger MPs and complexes '®'. DIBMA has
been successfully used to extract the B.-adrenergic receptor (B-AR) from membranes,
and the extracted protein showed similar ligand-binding characteristics in both DIBMA
and DDM but a higher thermal stability in the polymer '82, Finally, inulins are an
additional group of nanodisc-forming polymers, synthesised using naturally recurring
fructo-oligosaccharides as starting material '83. The advantage of the inulin polymers

is that they are non-ionic, thus causing minimal interference to native interactions of a
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given membrane protein. For their non-ionic nature, inulins allowed successful
reconstitution of two coexisting oppositely-charged cytochrome P450s 184,

Although polymers represent a huge step forward for the structural and
functional characterisation of MPs, they do not seem to be fully representative of a
membrane environment. A recent study indicates that membrane lipids are more
packed in a polymer environment than in a biological membrane, therefore potentially
affecting membrane curvature and consequently physiological protein folding and
conformation 8. However, the ability to encapsulate and allow the study of native
membrane protein-lipid complexes makes these an attractive alternative to detergent-
extracted proteins, including detergent-based protein that is ultimately reconstituted

into an artificial and user-defined lipid bilayer.

1.4. Experimental approaches for MP characterisation

A great variety of techniques and methods are employed in the investigation of
membrane protein structure, function, dynamics and oligomeric arrangement (Figure
1.13). MPs reconstituted in the different mimetic systems described in the previous
sections can be analysed by an array of experimental techniques, including but not
limited to electrophoresis, X-ray crystallography, cryogenic electron microscopy (cryo-
EM), nuclear magnetic resonance spectroscopy and other biophysical techniques, that
will be presented in the sections below. Depending on the scope of the study, each of
these diverse methodologies presents advantages and potential synergies but also

limitations to their use.

1.4.1 Separative Techniques

A simple way to separate membrane proteins based on their molecular weight
(MW) is to use Sodium Dodecyl-Sulfate Polyacrylamide Gel Electrophoresis or SDS-
PAGE 186187 SDS is an anionic and denaturing detergent that coats the unfolded
proteins with negative charges along their length. Hence, charge and shape do not
influence the migration of the proteins, with the MW being the sole differentiating factor
186,187 \With stains such as colloidal Coomassie blue, the migration can be observed
and compared with a reference molecular ladder to determine MW '88_ This technique
is particularly useful when studying a new target protein, to determine its size and to
get preliminary information on its migration pattern on a gel. However, it needs to be

noted that this technique is mainly tailored for soluble proteins and it can be misleading
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Figure 1.13. Graphical summary of some of the common experimental techniques used for the
detection and characterisation of membrane proteins. SDS-PAGE: Sodium Dodecyl-Sulfate
Polyacrylamide Gel Electrophoresis; cryo-EM: cryogenic electron microscopy; NMR: nuclear magnetic
resonance; DSF: differential scanning fluorimetry; AUC: Analytical ultracentrifugation; SANS: Small-
angle neutron scattering; AFM: Atomic Force Microscopy; SEC-MALS: Size exclusion chromatography
multi-angle light scattering; native MS: native mass spectrometry. Membrane protein schematic was
generated through BioRender.com.

when used for MPs, due to the different migration patterns often observed for these
samples '8, In contrast, native PAGE is a strategy used to study proteins in their native
biological state. This technique has value in studying membrane proteins, as it allows
the analysis of samples, without subjecting them to denaturing agents and without
altering their biological composition '75. At the pH used for Tris-glycine PAGE, the SMA
polymer in SMALPs as well as the MSPs in synthetic nanodiscs are negatively
charged, thus migration of the particles on the gel can be achieved by addition of a
glycerol-based loading dye. Intact particles separate according to their MW, thus
allowing the investigation of oligomeric arrangements and protein complexes.
Furthermore, downstream analyses, such as lipidomics or cryo-EM, can be carried out
directly on the gel-excised samples, as protein folding as well as original lipids are
retained during electrophoresis 5.

1.4.2 Structural determination of MPs

X-ray crystallography has been used for decades and represents the primary
procedure used to obtain protein structures at near atomic or even atomic resolution
187,190 |t relies on the generation of electron density maps that illustrate the shape and
structure of the crystallised macromolecules. However, it still suffers from many

limitations especially in the crystallisation phase, as membrane proteins often require
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an extensive optimisation of conditions before obtaining well-ordered crystals 91,
Furthermore, the X-ray radiation that the crystals are exposed to is an important
challenge in X-ray crystallography, compromising the quality of the collected data.
Another limitation is the failure to experimentally visualise hydrogen atoms, essential
for accurate atomic modelling of structures, allowing to gain insights into the protein’s
hydration shell as well as promoting the rational design of ligands 8.

Cryo-electron microscopy (cryo-EM) enables direct visualization of a vitrified
protein sample on a thin ice layer with a low-dose transmission electron microscope
(TEM) operating at liquid nitrogen temperature '°2. Cryo-EM can be used to determine
the structure of isolated biomolecular complexes, covering a wide range of molecular
masses, spanning from small proteins to large viruses and cells '°3. Despite cryo-EM'’s
ongoing challenges in visualising small proteins with a MW below 100 kDa, the
structural analysis of GPCRs (~40-50 kDa) remains at the limit of this technique In
recent years, cryo-EM has undergone a “resolution revolution” with researchers able
for example to acquire the structure of Apoferritin at 1.25 A resolution '%+195, Cryo-EM
has been particularly useful in determining the structural details and distinct
configurations of bacterial RND transporters, offering prospects for designing
structure-guided drugs intended for combating both MDR and XDR bacteria '%.
Another cryogenic technique called cryo-electron tomography (Cryo-ET) can be used
to visualise membrane proteins at a 3D level within the context of intact cellular
membranes, although resolution is still low 197

Nuclear Magnetic Resonance (NMR) is another technique that allows the
acquisition of MPs 3D structures in their native lipid bilayer, or in reconstructed near-
native composition of the lipid bilayer at an atomic resolution 98199 _ |t is based on the
detection of different energy levels after applying a magnetic field on an atom which
has non-zero nuclear spins, such as '"H NMR and '*C NMR, but there are also other
types such as *'P NMR and '°F NMR '87_ Unlike other methods, such as cryo-EM and
X-ray crystallography that only gives static structures of proteins and encounter
limitations when analysing intrinsic disordered proteins, NMR provides dynamic
information 8. There are 2 main types of NMR: solution and solid-state NMR. The
first approach is particularly useful for studying small to medium-sized proteins, as it
has a limiting protein size of 100 kDa 2%. Solid-state NMR on the other hand does not
have size limitations and preserves the anisotropic nature of nuclear spin interactions,

crucial for studying proteins embedded in a lipid bilayer 2°'. Recently, through the
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combination of NMR with the magic angle spinning (MAS) technique, it has been
possible to study a protein’s structure within its native environment, capturing lipid-
protein interactions, alongside the investigation of dynamic processes like

conformational changes and ligand binding with enhanced resolution and sensitivity
202

1.4.3 Biophysical characterisation

1.4.3.1 Study of MPs dynamics

Atomic Force Microscopy (AFM) is a powerful tool if the user is interested in the
visualisation of large protein complexes in various conformational states 87203, AFM
has been used, for instance, to examine the conformational changes of MPs upon
ligand binding and provide details about their allosteric processes 2%4. Further,
investigating the dynamic behaviour and stability of membrane protein complexes has
been possible with the use of AFM-based single molecule force spectroscopy, probing
the protein-protein and protein-lipid interaction network 2°°. Moreover, AFM can also
provide valuable information on the nanomechanical properties of MPs, such as
elasticity, flexibility, and response to mechanical stress 2%.

Insights into the dynamics of MPs and how they behave in their natural lipid
context can also be obtained with the use of neutron scattering 2°7. For instance, the
general shape, size, and oligomeric state of membrane proteins can be determined
using small-angle neutron scattering (SANS), providing an understanding on higher

order assembly and structural organisation 187,
1.4.3.2 Oligomeric arrangements of MPs

As many membrane proteins in their natural cellular environment function as
oligomeric complexes, it is important to not only assess the quality and integrity of the
reconstituted MPs, but also their oligomeric state in the presence of detergent/lipid
solutions before undertaking any functional, biophysical, or structural studies 208-210,
Size-exclusion chromatography (SEC) has been the most common method in
providing information regarding the MW and homogeneity of protein samples.
However, the method is based on retention volumes usually calibrated for globular
water-soluble proteins. In fact, for membrane proteins, the relative size determined

from SEC relates to the protein-detergent or nanodisc particles 2°2. SEC multi-angle
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light scattering (SEC-MALS) is an accurate and versatile biophysical technique that is
able to determine the composition, mass, and oligomeric state of membrane proteins
in solution 892" The SEC column is connected in-line to UV, light scattering, and
refractive index detectors. The use of a SEC column is essential to achieve a physical
separation of aggregates, complexes, and free micelles / empty nanodiscs. This allows
for the different mass components to be independently analysed by the detectors 2.

The development of ‘soft ionisation’ methods like electron spray ionisation has
facilitated the application of mass spectrometry (MS) for the study of intact complex
biomolecules ?'2. Native MS uses non-denaturing ionisation conditions, usually with
nano-electrospray ionisation (nano-ESI), to preserve non covalent complexes upon
transfer from solution to the gas phase for mass analysis 2'2. In native MS experiments,
volatile, aqueous and near physiological pH buffers are used in combination with mild
temperatures and voltages. By preserving non covalent interactions this technique
probes the investigation of protein—protein and protein—ligand interactions, as well as
subunit architecture and complex stoichiometry 2'3. Among the advantages of native
MS is that it is compatible with a wide mass range, it does not require labelling and it
is a rapid and highly sensitive technique, requiring only a few microliters of sample at
high nanomolar concentration 2'3. ESI-MS was an enabling technology for shotgun
lipidomics, allowing identification and quantification of hundreds of lipid species
without the need for chromatographic separation or fragmentation 2'4. For what
concerns studies on membrane proteins, the high concentrations of detergent used
for solubilisation purposes can form heterogeneous detergent micelles that can
interfere with the analysis. Thus, membrane protein complexes initially eluded analysis
by MS methods until the realisation that they could be transferred to the gas-phase
while still encapsulated in detergent micelles 2'5. More recently, a nano-electrospray
methodology followed by removal of detergent through collisional activation was
applied to membrane proteins, revealing that intact folded proteins could be stripped
of their detergent and analysed for oligomerisation, lipid binding and, most importantly,
the structural and functional consequences of lipid—protein interactions 215216,

MS of intact proteins, including MPs in SMALPs and in MSP-based nanodiscs,
can also be performed using laser-based ionisation techniques, such as laser-induced
liquid bead ion desorption (LILBID) 2'7-220. This method involves the generation of ions
from aqueous droplets using an IR laser, whose power is tuned to modulate the degree

of activation, replacing the collisional activation step in nano-ESI 2'3. Peetz and co-
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workers compared the performance of LILBID to nano-ESI for native MS of a range of
membrane proteins 22'. Compared to nano-ESI, LILBID presented a lower mass
resolution than nano-ESI, likely due to incomplete desolvation. However, LILBID was
more tolerant to non-volatile buffers and salt than nano-ESI, and more importantly
caused less unintended oligomer dissociation 213221,

The distinct oligomeric arrangements adopted by many MPs can also be
discriminated in respect to their sedimentation velocity during analytical
ultracentrifugation (AUC) 222. AUC is a physical biochemistry method that allows for
the real-time observation of the sedimentation of protein species in solution following
the application of a strong centrifugal field 223. While in sedimentation velocity (SV),
the evolution of the sedimentation process is monitored as a function of time, in
sedimentation equilibrium (SE) experiments equilibrium concentration gradients at
lower centrifugal fields are examined. SV and SE are complementary methodologies
for the characterisation of protein behaviour in solution 224, Because AUC relies on the
principle of mass conservation and the fundamental laws of gravitation, it has broad
applicability and can be used for a variety of macromolecules in solution to study their
mass and size, hydrodynamic shape, interactions and the formation of multi-protein
complexes in their native state under biologically-relevant solution conditions 22°.

In a sedimentation velocity experiment, solute molecules migrate toward the
bottom of the cell given the application of a sufficiently large centrifugal force field. The
rate of sedimentation in a centrifugal field, is described by the Svedberg equation (Eq.
1.1):

s=v/wr=M(1-7p)/Nf (Eq. 1.1)

where s is the sedimentation coefficient (in Svedberg units, where 1 S = 10-'3 sec), v
is the velocity of the molecule, wor is the strength of the centrifugal field, M is the
molecular mass, fis the frictional coefficient (directly related to macromolecular shape
and size), p is the solvent density, N is Avogadro’s number, and v is the partial specific
volume of the solute. For proteins, v in most cases can be calculated accurately from
the amino acid composition. The solvent parameters (density and viscosity) can be
either measured experimentally or calculated from the solvent composition using

tabulated data 223.
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The fundamental requirements for the sample are: 1) distinct optical properties
between solute and solution components, 2) sedimentation or floating at a reasonable
rate at an experimentally achievable gravitational field and 3) chemical compatibility
with the sample cell 22°, A great advantage of AUC is that, unlike other biophysical
techniques, macromolecular properties can be probed without the need for standards,
labels, assumptions, or physical matrices that could interfere with the solution

behaviour of particles, that can range from single kilodaltons to gigadalton structures
222

1.4.3.3 MPs stability

The fluorescence dye-based differential scanning fluorimetry (DSF) method,
also known as protein thermal-shift assay, is a well-established approach to assess
the stability of soluble and membrane proteins in the presence of different buffer
formulations, detergents, and small molecules 2°8226-228 Protein stability decreases
proportionally to temperature increase and as a result the protein starts to unfold,
allowing the binding of hydrophobic fluorescent dyes. The DSF method is based on
the relationship between protein stability and its Gibbs free energy of unfolding (AGu).
The fluorescence intensity is plotted as a function of the temperature. As a result, a
sigmoidal curve is generated where the inflection point of the curve is the “melting
point” temperature (Tm) value, corresponding to presence of equal amounts of folded
and unfolded protein (AGu = 0). It is by comparing Tm values at the different tested
conditions, that valuable insights into the stability of the protein can be obtained 208:22°,
SYPRO orange is the most commonly used fluorescent dye when working with soluble
proteins, as it binds to the usually buried hydrophobic regions of soluble proteins that
become solvent-exposed as they unfold 2%8229, For this reason and the fact that this
dye also binds to detergents and lipids, it is not suitable to use for MP samples, as it
leads to a non-specific increase in fluorescence background. To overcome this
problem, a highly reactive thiol-specific fluorochrome 7-diethylamino-3-(4’-
maleimidylphenyl)-4-methylcoumarin (CPM) can be used 22°. The CPM dye has a high
preference for thiols rather than for nucleophiles, which preferentially and specifically
react to cysteine side chains. As a result of protein unfolding, cysteine residues in the

core of the protein become solvent-exposed and react with the CPM molecules 23°.
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Recent advancements have allowed the development of a label-free DSF
(nano-DSF) based on the changes of tryptophan fluorescence intensity upon protein
unfolding (as tryptophan fluorescence is strongly related to its chemical environment).
In addition, the technology is also able to measure tryptophan fluorescence intensity
at two different wavelengths (330 and 350 nm). The ratio between the two wavelengths
allows for a more accurate calculation of Tm values. The method is applicable to both

soluble and membrane proteins 231232,

1.5. Computational approaches for MP characterisation

A complementary perspective to the experimental approaches used for MP
characterisation could be achieved through molecular dynamics (MD) simulations,
potentially revealing new atomistic insights into protein behaviour. MD simulations can
be compared to a “computational microscope”, as described by Marrink and colleagues
233,234 They provide important information about molecular motions, interactions and
dynamics over a given time period and within solvent and membrane environments.
The atomic interactions for each of the components in the simulated system are
described by a force field (FF) 23°. A FF defines each molecule’s interactions through
solving Newton’s equations of motion using a potential energy function shown in
Equation 1.2:

E,.+tE

electrostatic

(Eq. 1.2)

Epotential = Ebond + Eangle + Edihedrals + Vaw

where Epotential is the potential energy of the system, calculated as the sum of the
bonded interaction terms (Ebond, Eangle and Euditedrai) and the non-bonded interaction
terms (Evaw and Eelectrostatic) 235236,

The quality of a simulation is reliant on how well this set of parameters represents the
atomic system. Knowing the initial atomic position and velocity at time = 0, the potential
energy function is calculated for each atom pair. As the forces on each atom equal to
the negative gradient of the potential energy, their corresponding accelerations can be
calculated through numerical integration of Newton’s law of motion. New positions and
velocities can consequently be derived for a small interval of time dt, usually 2
femtoseconds. At this point the MD cycle can start again to calculate new atomic

positions and velocities at increasing intervals of time (e.g. 2dt, 3dt etc.). The result is
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Figure 1.14. Different motions in proteins and their relative time scale. The time scale for the
motions depends on the size of the structural elements and the environment. While bond vibration is in
the femto- to picoseconds range, side chains rotation is between the pico- and nanoseconds time scale.
The wide time frame can be explained by differentiating side chains on the surface of a protein that
move faster than side chains buried in the protein, thus forming many contacts to other side chains.
The a-helix, B-hairpin and protein folding also largely depends on size. It can take seconds especially
for full protein folding events. MD simulations are generally used for a small part of the dynamic range
in a protein, stretching up to the milliseconds range depending on the resolution used. Adapted with
permission 23¢. Copyright 2012, Elsevier.

a trajectory which is an ensemble of each atom’s position as a function of time 2%, The
time step in numerical integration is one of the limiting factors to simulate systems for
relevant time scales, as biological processes usually extend over many orders of
magnitude, ranging from picoseconds for side chain rotational motions up to seconds
for protein folding (Figure 1.14) 237, Other factors to consider are the number of total
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atoms in the system and the level of resolution required by the user to investigate a
specific phenomenon, since both play roles in determining the computational cost. In
some cases, an extended simulation time scale, without enormously compromising on
resolution, can be achieved using a coarse-grain (CG) approach, where atoms or
groups of atoms are represented as beads, to reduce the degrees of freedom that are
extremely costly to simulate 233238,

Many MD simulations software packages have been developed for membrane-
protein modelling, such as CHARMM, AMBER and GROMACS, and FFs are
constantly updated with more advanced algorithms 23%-24'. For example, membrane
models have increased in complexity over the years thanks to technology
advancements. From the pioneering stage of 30 years ago, basic properties of 1- or 2-
component membranes were explored around the millennium. From then on, the
complexity of the simulated membrane systems as well as length of simulations were
gradually increased, culminating in the current era of more realistic membrane models
(Figure 1.15) 233, AMBER stands for Assisted Model Building with Energy Refinement,
and it comprises a series of programs for biomolecular simulations, using specific and
publicly available molecular FFs. The equation defining the AMBER force field terms
is described in more detail in Figure 1.16 24°,

The simulation workflow is constituted by three main steps: system preparation,
simulation and analysis of trajectories, which are carried out by separate programs,
thus resulting in an easier manipulation of individual parts of the program suite. Within
the AMBER package, LEaP is used to prepare the system prior to running the
simulation program sander. Given a PDB file, LEaP generates a prmcrd file, containing
the initial Cartesian coordinates, and a prmtop (parameter-topology) file that lists the
FFs and their relative parameters needed for the simulation. The latest FF to use for
proteins is ff19SB, while lipid21 and TIP3P are used to model the lipid counterpart and
water, respectively 242244, These files are necessary to define topology and
coordinates that will be fed into the initial energy minimisation step carried out prior to
performing any MD simulation in order to identify a local minimum and find a structure
of lower energy 24,

A range of different temperatures and pressures can then be applied to the initial
model to observe any variation in coordinate trajectories over time, long enough to

detect any low-frequency changes.
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Figure 1.15. Evolution of membrane models from the pioneering stage of 30 years ago up to the
realistic complexity of current times. POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine;
DPPC, 1,2-dipalmitoylsn-glycero-3-phosphocholine; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; Chol, cholesterol; CLs,
cardiolipins; PPPE, 1-palmitoyl-2-palmitoleoyl-phosphatidylethanolamine; PVPG, 1-palmitoyl-2-
vacenoyl-phosphatidylglycerol; PVCL2, 1,10-palmitoyl-2,20-vacenoyl cardiolipin; Lps5, E. coli R1
lipopolysaccharide core with repeating units of O6-antigen. Reprinted with permission 22, Copyright
2019, American Chemical Society.

To date, many biomolecules have been studied in MD simulations, including
proteins, nucleic acids, glycans and membranes for which recently developed FFs are
able to reflect the huge variety of lipid structures found in nature, thus providing more
realistic simulations 233,

Of particular interest is the great number of bacterial membrane proteins that
have been investigated by MD including many multidrug efflux pumps, such as AcrB,
MtrD, AdeB and MexB 24. MD simulations helped elucidating the molecular
mechanism of substrate binding and transport, thus shedding a light on the mechanism
of antibiotic resistance exerted by these proteins 246248 The protein-substrate
interactions and their dynamics can be investigated through a computational lens,
allowing a more rational antibiotic design as well as the development of inhibitors
targeting these pumps 24°.

Regarding bacterial RND family members, with a particular focus on Mtb MmpL
proteins, Sandhu and Akther performed MD simulations on the homology modelled
MmpL5 assembled in a trimer and embedded it in a 1-palmitoyl, 2-oleoyl- sn-glycero-
3-phosphocholine (POPC) lipid bilayer 2%°. They identified two drug binding sites in this
RND protein positioned at opposite ends of the continuous transport channel that lead
substrates from the cytoplasmic to the periplasmic space. This provided the first
evidence regarding the potential transport mechanism of these efflux pumps in Mtb 2%
More recently, Su and colleagues used targeted MD simulations to elucidate the

potential mechanism of TMM transport mediated by Msmeg MmpL3 3. They used the
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Figure 1.16. Potential energy function at the core of AMBER force field. Numbers indicate the
different terms of the equation, including bonded interactions, such as bond stretching (1), angle
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electrostatic (5) terms.

structural information on TM lipid binding sites and by using targeted MD suggested a
possible path for TMM molecules to get transported from the outer leaflet of the inner
membrane to the periplasm passing through MmpL3 central periplasmic cavity 3. In a
recent paper, Carbone and colleagues investigated the allosteric inhibition mechanism
that SQ109 exerts on TMM translocation by comparing MD results obtained with
MmpL3 in its apo and inhibitor-bound state °.

Over the last few years, many pharmaceutical companies have shown an
increasing interest in implementing computational approaches in drug discovery to
potentially save time and money, the two main factors currently limiting the process.
Investments of huge sums of capital and resources have been employed with the main
aim of replacing a wet-lab drug screening approach with an accurate and higher-
throughput Computer Aided Drug Design (CADD) method for de novo identification or
repurposing of drugs 2°'. Alongside multinational corporations, many start-ups and
academic research groups have also joined the challenge of developing in silico drug
discovery platforms. The advancement of computer technologies, especially with the

advent of powerful quantum computers, as well as the invention of new efficient ways
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to store and manage data online (e.g. cloud storage) have accelerated progress in the
computational field 252,

It is evident that in this scenario MD simulations, molecular docking and
machine learning algorithms represent important tools to computationally describe
complex biological systems and protein-protein interactions, thus helping in the
discovery of new therapeutics 2°2. Also, considering the increasing focus of membrane
proteins as drug targets and the intrinsic difficulty in expressing and purifying them in
a stable form, MD simulations could provide a relevant model for protein-ligand
interactions (e.g. drugs). However, it needs to be noted that all computational tools
require the availability of high-resolution 3D structures of protein and ligands,
knowledge of protein function, as well as of the intermolecular forces involved in
establishing the interactions between binding partners. Therefore, like any other
approaches, in silico methods are not infallible, thus are more valuable when employed

in combination with other drug discovery tools and with laboratory-based techniques
252

1.6. Summary and research aims

Substantial research has been carried out over the last 20 years or so in the
development of new tools for membrane protein manipulation and characterisation. As
it is important to note that there is still no one-fits-all approach that is suitable for all
membrane proteins, the wide range of available tools can disorient the user and can
make it challenging to know where to start with a given protein of interest. When
investigating a new MP is useful to perform some detergent-based screening at first.
Even if detergents are not ultimately chosen for the target molecule, this will provide
preliminary information on the behaviour of the membrane protein in aqueous solution
and will form the basis for further comparisons in native/synthetic nanodiscs and other
membrane mimetic systems. Once a high-resolution structure for the target MP is
available, computational approaches can be used to investigate specific phenomena
at atomistic detail, such as the exploration of protein-protein or protein-lipid
interactions, the determination of substrate/drug binding sites as well as the
investigation of molecular mechanisms of protein function.

Results generated in this project will show the immense value of a combined

experimental-computational approach as a powerful tool for the study of biological
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systems. In particular, this thesis will focus on three main aims: 1) the expression and
isolation of high purity MmpL3 protein in detergent micelles, SMALPs and MSP-based
nanodiscs; 2) the investigation of the oligomerisation state of the mycobacterial protein
in the aforementioned membrane-mimetic systems using several biophysical and
structural methods; 3) the investigation of MmpL3 behaviour in a lipid bilayer as well

as its likely protomer-protomer interface through atomistic MD simulations.
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2. MmpL3 protein expression and purification

2.1 Introduction

The starting point for any experimental analysis of a membrane protein is the
production of that protein, typically in a recombinant expression system. As it was not
feasible to express the Msmeg and Mtb MmpL3s in the native organisms, the proteins
were expressed in E. coli. Starting from standard protocols for bacterial
overexpression, some optimisation was necessary to produce high purity, high
homogeneity protein. As extensively described in the literature, extraction of MPs into
aqueous based solution represents a challenge as the native lipid environment plays
a crucial role in retaining protein function and correct folding 31253, Several
experimental approaches were used to purify Msmeg and Mtb MmpL3 and these will
be discussed in this Chapter. A detergent-based purification was the first method
implemented, and was followed by reconstitution into synthetic nanodiscs, to better
mimic the lipid bilayer and increase protein stability 97:98:100,141,142.254.255 |0 addition,
polymer-based extraction was also performed. In particular, the styrene-maleic acid
copolymer acts like a detergent molecule and is added directly to membrane samples
for solubilisation 74176178 The advantage is that the target protein is encapsulated
directly in its native environment, therefore retaining the original lipid composition of
the expression host 76, The three approaches were used to successfully purify and
reconstitute MmpL3, allowing to carry out downstream analyses to characterise the

protein stability and behaviour in different membrane mimetic systems.

2.2 Materials and Methods
2.2.1 Cloning of full-length Msmeg and Mtb MmpL3

Plasmid pET22b/42a encoding the C-terminal Hisg-tagged full-length (FL)
Msmeg MmpL3 (UniProtKB entry: AOQP27) was obtained from Dr Zhujun Xu, from
Shu-Sin Chng’s group (National University of Singapore). Mtb MmpL3 FL (UniProtKB
entry: P9WJV5) in pMA-T vector was kindly donated by Dr Oliver Adams, from
Professor Simon Newstead’s group (University of Oxford). The full-length Mtb MmpL3
gene was amplified by Polymerase Chain Reaction (PCR) using the primers 5'-
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AAGGAGATATACATATGTTTGCATGGTGGGGTCGTAC-3' (FW Mtb Ndel) and 5'-
GGTGGTGGTGCTCGAGCAGACGACCTTCACGACGC-3’ (RV Mtb Xhol)
incorporating Ndel and Xhol as restriction enzyme sites. The gene was then cloned
into the expression vector pET22b/42a which incorporates a C-terminal Hisg tag after
a 2 aa-linker (LE). Both vectors were initially transformed into NEB® 10-beta
competent cells for DNA amplification. The sequence was verified, and the DNA
transformed into BL21(DE3) wild type (WT) E. coli competent cells, and glycerol stocks

were prepared from single colonies.

2.2.2 Bacterial expression of Msmeg and Mtb MmpL3

For protein expression, bacterial culture was grown in Luria-Bertani (LB) broth
under Ampicillin selection (100 pg/mL) at 37 °C and 220 rpm until the optical density
at 600 nm (ODggo) reached 0.5-0.7. Isopropyl B-d-1-thiogalactopyranoside (IPTG) was
added to a final concentration of 1 mM and the culture harvested after 4 hours (h) by
centrifugation at 4,000 g for 10 minutes at 4 °C. Cell pellets were resuspended in
Buffer A, containing 20 mM Tris-HCI pH 8.0, 150 mM NaCl, 100 ug/mL lysozyme, 50
pg/mL  deoxyribonuclease | (DNasel) and EDTA-free protease inhibitor
(SIGMAFAST™, Sigma-Aldrich). Cells were lysed at 27 kpsi, twice, and the lysate
centrifuged at 12,000 g for 10 minutes at 4 °C to remove unbroken cells. The
supernatant was then ultracentrifuged for 2 h at 200,000 g. Membranes were
homogenised in Buffer B (20 mM Tris-HCI pH 8.0, 150 mM NacCl, 10% v/v glycerol and
protease inhibitor) and stored at -80 °C.

2.2.3 MmpL3 purification in detergent

Membranes were solubilised by constant stirring for 1.5 h at 4 °C in n-Dodecyl-
B-D-maltopyranoside (DDM, Anatrace) at a final 1% w/v concentration. The extracted
membrane proteins were then separated from non-solubilised material by
ultracentrifugation at 200,000 g for 1 h, at 4 °C. A 10 mL aliquot of nickel-nitrilotriacetic
acid (Ni?*-NTA) Superflow resin (Qiagen) was pre-equilibrated with Affinity Buffer (20
mM Tris-HCI pH 8.0, 150 mM NaCl, 10% v/v glycerol, 0.03% w/v DDM and 10 mM
imidazole) and mixed with the membranes for 2 h, at 4 °C. The resin mixture was then

loaded onto a poly-prep/glass econo-column chromatography column (Bio-Rad) and
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Figure 2.1. MmpL3 expression and detergent-based purification workflow. Briefly, bacteria were
transformed with plasmid carrying the target gene and proteins were recombinantly expressed at 6 or
12 L scale. After cell lysis, membranes were isolated and membrane proteins solubilised using the
detergent of choice. The His-tagged protein was isolated using a two-step protocol (Ni?*-IMAC followed
by SEC). Protein fractions from main SEC peak were run on a SDS-PAGE gel to verify purity and the
MW. Figure was generated using BioRender.com.

allowed to drain by gravity. The resin was then washed with 10x column volumes (CVs)
of Wash Buffer (20 mM Tris-HCI pH 8.0, 150 mM NacCl, 10% v/v glycerol, 0.03% w/v
DDM and 30 mM imidazole). MmpL3 was then eluted from the column by addition of
Elution Buffer (20 mM Tris-HCI pH 8.0, 150 mM NaCl, 10% v/v glycerol, 0.03% w/v
DDM and 300 mM imidazole) and the eluted protein concentrated to ~500uL using
100 kDa MWCO centrifugal filters (Millipore Amicon™ Ultra, Merck). The concentrated
sample was then loaded onto a Superdex® 200 Increase 10/300 gel filtration column
pre-equilibrated with SEC buffer A (20 mM Tris HCI pH 8.0, 150 mM NaCl, 10%
glycerol, 0.03% w/v DDM). Fractions corresponding to the main protein peak were
concentrated using 100 kDa MWCO centrifugal filters and either used fresh or stored

at -80 °C for future experiments (Figure 2.1).

2.2.4 Use of BL21(DE3) dacrABEF as new bacterial expression strain

Initial attempts from original cell strain successfully isolated MmpL3s but MS
analyses indicated that both samples were contaminated with the bacterial efflux

pump, acriflavine resistance B or AcrB. The extent of contamination depended on the
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construct expressed. Whilst this was a minor contaminant in the case of Msmeg
MmpL3 FL, it was the main product of isolation of Mtb MmpL3 FL. Therefore, an
alternative bacterial cell strain generated by Prof. Yamanaka (Hiroshima International
University) carrying deletions for acrA, acrB, acrE and acrF, named BL21(DE3)
AacrABEF, was used. Cells were first made chemically competent with a salt treatment
that permeabilises the cell membrane and allows plasmid entry 2%, In detail, after
streaking cells onto an LB agar plate, a colony was picked and grown overnight in 3
mL LB media. The following day 100 mL LB were inoculated with 1 mL of the overnight
culture and grown until ODgo = 0.5. Culture was then aliquoted in sterile 50 mL tubes
and incubated on ice for 10 minutes, before being centrifuged at 4,000 g for 10 minutes
at 4 °C. Pellets were resuspended in 1/6" culture volume of CCMB 80 transformation
buffer (10 mM KOAc, 80 mM CaCl>*2H20, 20 mM MnCl>*4H20, 10 mM MgCl2*6H20,
10% glycerol, pH 6.4) and incubated on ice for 20 minutes, followed by another round
of centrifugation. Finally, cell pellets were resuspended in 1/24%" culture volume of the
same transformation buffer and 100 uL aliquots prepared in cold 1.5 mL centrifuge
tubes, before snap-freeze and store them at -80 °C. Finally, competence was
assessed by transforming 100 pg of control pUC19 DNA into 100 pL cells. Following
a 45-minute incubation at 37 °C cells were plated at 1:1, 1:10 and 1:100 dilutions, and
number of colonies obtained confirmed cells as chemically competent. These cells
were then transformed and used as expression strain for all experiments presented in
this Chapter.

2.2.5 Cloning of Msmeg and Mtb MmpL3 AC-terminal constructs

AC-terminal constructs were generated by PCR amplification of the region of
the genes encoding amino acid residues 1-773 for Msmeg MmpL3 (UniProtKB entry:
A0QP27) and 1-753 for Mtb MmpL3 (UniProtKB entry: P9WJV5) and cloned into the
pET22b/42a expression vector, carrying the C-terminal Hisg-tag, using Ndel and Xhol
as restriction enzymes. The primer pairs used for this purpose were: 5'-
GAAGGAGATATACATATGTTCGCCTGGTGGGGTCGG-3’ (FW Msmeg Ndel) and
5-GTGGTGCTCGAGCCGCTGATCGGTCTCGGACTC-3’ (RV Msmeg 773 Xhol) for
the Msmeg MmpL3 C-terminally truncated construct; 5-
AAGGAGATATACATATGTTTGCATGGTGGGGTCGTAC-3' (FW Mtb Ndel) and 5'-
GTGGTGCTCGAGATCAGGCAGATGAATTTCACCCAGGCC-3' (RV Mtb 753 Xhol)
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for the Mtb MmpL3 AC construct. The resultant Msmeg AC construct lacked C-terminal
774-1013 residues, while the Mtb AC construct lacked amino acids 754-944. Both
constructs were then chemically transformed into NEB® 10-beta cells first, and into

BL21(DE3) dAacrABEF once they had been sequence-verified.

2.2.6 Membrane scaffold protein 1 E3D1 (MSP1E3D1) expression

The pET-28a(+) plasmid carrying the gene for the His-tagged membrane
scaffold protein MSP1D1E3 was transformed into E. coli BL21(DE3) strain and a
glycerol stock was stored at -80 °C. When needed, the bacteria were streaked on LB-
agar plates containing 50 ug/mL kanamycin and incubated overnight at 37 °C. A single
colony was inoculated into a 10 mL starter culture in LB supplemented with 50 ug/mL
kanamycin and incubated overnight (37 °C, 220 rpm), before being diluted in 10 x 1 L
of terrific broth (TB) media supplemented with antibiotic. Cultures were incubated until
the ODsoo reached 2.2-2.5 (37 °C, 220 rpm), before being induced by addition of 1 mM
IPTG. After 4 hours incubation at the same temperature and speed, cells were
harvested by centrifugation at 4,000 g for 10 minutes at 4 °C. The cell pellet was
resuspended in lysis buffer (20 mM sodium phosphate pH 7.4, 1% v/v Triton X-100)
supplemented with one EDTA-free protease inhibitor (SIGMAFAST™, Sigma-Aldrich)
and 50 pg/mL DNasel, and stored at -80 °C until further use.

2.2.7 Membrane scaffold protein 1 E3D1 (MSP1E3D1) purification

On the first day of purification, cell pellets were thawed before loading onto a
Constant Systems cell disruptor twice at 26 kpsi. The lysate obtained was ultra-
centrifuged at 4 °C, 40,000 g for 30 minutes. Supernatant was loaded onto a 5 mL His-
Trap column (GE Healthcare) pre-equilibrated with 40 mM phosphate buffer, pH 7.4
and the flow-through was discarded. The column was washed with 5 CV of MSP wash
buffer 1 (40 mM Tris-HCI pH 8.0, 300 mM NacCl, 1% v/v Triton X-100), 5 CV of MSP
wash buffer 2 (40 mM Tris-HCI pH 8.0, 300 mM NaCl, 20 mM imidazole, 50 mM
sodium cholate) and 5 CV of MSP wash buffer 3 (40 mM Tris-HCI pH 8.0, 300 mM
NaCl, 50 mM imidazole). The protein was then eluted with 30 mL of MSP elution buffer
(40 mM Tris-HCI pH 8.0, 300 mM NaCl, 400 mM imidazole). After measuring protein
concentration using a NanoDrop™ (+His MW = 32599, € = 29910 M-'cm™"), Tobacco
Etch Virus (TEV) protease was added to the eluate (80 ug TEV : 1 mg MSP1E3D1) to
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remove the His tag, and the mixture was dialysed (12 kDa MWCO) against dialysis
buffer (20 mM Tris-HCI pH 7.4, 100 mM NacCl, 0.5 mM EDTA) for 16 hours at 4 °C.
On the second day, the dialysed sample was recovered and centrifuged for 5
minutes at 3,000 g, 4 °C before being filtered through a 0.2 um low protein binding
syringe filter. After adjusting imidazole concentration to 20 mM, the sample was then
passed through a 5 mL His-Trap column (GE Healthcare) pre-equilibrated with post-
dialysis equilibration buffer (40 mM Tris-HCI pH 7.4, 300 mM NaCl, 20 mM imidazole)
and the flow-through was concentrated using 30 kDa MWCO centrifugal filters. Protein
concentration was measured and sample concentrated to 12 — 15 mg/mL (-His, MW
= 29981, £ = 26930 M-'cm-"). The isolated protein was aliquoted, flash frozen in liquid

nitrogen and stored at -80 °C until use.

2.2.8 Msmeg and Mtb MmpL3 FL and AC reconstitution into nanodiscs

The concentrated MmpL3 sample after elution from the Ni>*-NTA column was
mixed with MSP1E3D1 and detergent-solubilised 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC, from Avanti Lipids) lipid in a protein:MSPs:lipids of 1:10:1000,
1:6.6:660, 1:5:500 molar ratios, depending on the experiment. Following an overnight
incubation at 4 °C with rocking, the mix was added to activated Biobeads SM2 (400
mg : 350 ug of protein) for detergent removal and incubated for 2 hours at 4 °C, with
rocking. The nanodisc mix was transferred with the use of a 25G hypodermic needle
(BD Microlance - 0.5x16mm) into a 100 kDa MWCO centrifugal filter and concentrated
before loading it onto a Superdex® 200 Increase 10/300 gel filtration column pre-
equilibrated with SEC buffer B (20 mM Tris-HCI pH 8.0, 150 mM NaCl). Fractions
corresponding to main peak were then pooled and concentrated using 100 kDa
MWCO centrifugal filters and either used fresh or stored at -80 °C for future
experiments. MmpL3 DDM-based purification and NDs reconstitution processes are
shown in Figure 2.2: once protein is in a detergent micelle, it can either be purified by
gel filtration and concentrated (Figure 2.2, a), or it can be reconstituted into NDs
(Figure 2.2, b).

In an attempt to reduce the empty ND population, as discussed in section
2.3.2.2, an optimised protocol was developed. This method aimed to differentiate
between protein-NDs and empty NDs, taking advantage from the lack of His tag in the

latter. After incubation with the adsorbent beads, the sample was run through a His-
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Figure 2.2. MmpL3 DDM-based purification and NDs reconstitution processes. First, MmpL3 was
purified in DDM using a Ni?*-NTA resin. Once in detergent, it either followed route a. and was further
purified through a gel filtration step before being concentrated, or it followed route b. and was
reconstituted into NDs. Better separation between empty- and MmpL3-NDs was achieved when route
described in c was followed. Only MmpL3-NDs could bind to His-trap column as they carry a C-terminal
His-tag and were collected in the elution step, while empty NDs were collected in the flow-through
(FT). Figure was generated using BioRender.com.

trap column (HisTrap™ HP, Cytiva), pre-equilibrated with SEC buffer B supplemented
with 10 mM imidazole. As a result of the absence of His tag, empty NDs could not bind
to the Ni**-resin and were therefore collected in the flow-through (FT), that was
subsequently concentrated using a 50 kDa MWCO centrifugal filter. The column,
retaining the protein-NDs, was then washed with 5 CVs of SEC buffer B containing 30
mM imidazole. Finally, MmpL3-carrying NDs were eluted with 300 mM imidazole buffer
and concentrated using a 100 kDa MWCO centrifugal filter. Both samples were then
run on a Superdex® 200 Increase 10/300 GL gel filtration column (Cytiva) pre-
equilibrated with SEC buffer B. Fractions corresponding to the main peak were pooled
and concentrated using 100 kDa MWCO centrifugal filters and either used fresh or

stored at -80 °C for future experiments (Figure 2.2, c).

2.2.9 Msmeg and Mtb MmpL3 FL and AC into SMALPs

For SMALPs preparation, membranes obtained as in section 2.2.2 were
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resuspended in SEC buffer B and wet pellet weight diluted to 60 mg/mL. Membranes
were then solubilised with gentle shaking for 2 h at room temperature in a buffer
containing 20 mM Tris-HCI pH 8.0, 150 mM NaCl and 2.5% (w/v) SMA2000P (Cray
Valley), kindly provided by Prof. Timothy Dafforn (University of Birmingham, UK). After
centrifugation at 200,000 g for 1 h at 4 °C, supernatant containing the soluble fraction
was incubated with Ni2*-NTA resin overnight 4 °C, with rocking. The sample was then
loaded on a poly prep/glass econo-column chromatography column (Bio-Rad) and
allowed to drain by gravity. The resin was initially washed with 20 CVs of imidazole-
free buffer with the same composition as SEC buffer B, followed by 10 CVs washes
with the same buffer, containing 10 mM imidazole and finally SMALP-MmpL3 was
eluted washing the resin with 5 CVs of SEC buffer B, containing 500 mM imidazole.
The eluted sample was concentrated using 100 kDa MWCO centrifugal filters to a final
volume of ~500 pL prior to loading onto a Superdex® 200 Increase 10/300 gel filtration
column pre-equilibrated with SEC buffer B. Fractions over the peak were then
concentrated using 100 kDa MWCO centrifugal filters and either used fresh or stored

at -80 °C for future experiments.

2.2.10 PAGE gels

For denaturing gels, protein fractions were mixed with SDS loading buffer in a
1:1 ratio and loaded on a NuPage™ 4 — 12% Bis-Tris PAGE Gel (Invitrogen™), using
Novex™ Sharp Pre-stained Protein Standard as MW reference (range from 3.5 to 260
kDa) and separated at a constant voltage of 180 V for 40 minutes in NUPAGE MES
SDS running buffer. For native gels, protein fractions were mixed with SDS-free
loading buffer in a 3:1 ratio and loaded on a Novex™ 4 — 20% Tris-Glycine Gels using
NativeMark™ Unstained Protein Standard (Invitrogen™) as MW reference (range
from 20 to 1236 kDa) and separated at a constant voltage of 150 V in NativePAGE
Running Buffer, for 1 h or until the dye front reached the bottom of the gel cassette.
Denaturing or native gels were either Coomassie-stained and visualised using the
GelDoc imaging system by Bio-Rad or rinsed in ultrapure water prior to being used for

Western Blot analyses (see section 2.2.11).

2.2.11 Western Blot

Native PAGE or SDS PAGE gels were transferred to a nitrocellulose
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membrane using an iBlot2 (20 V, 7 min; Invitrogen™). The membrane was incubated
with blocking buffer (PBS, 0.2% Tween® 20 and 5% w/v skim milk) for 45 minutes at
room temperature, with gentle shaking. Primary anti-His antibody (mouse monoclonal
lgG2b, abm®), diluted to 1:3000 or 1:4000 according to the experiment, was then
added and membrane was incubated for 1 h at room temperature. A horseradish
peroxidase (HRP)-linked secondary antibody (anti-mslgG2, Cell Signaling
Technology), diluted to 1:3000 or 1:4000 according to the experiment, was
subsequently added after extensively washing the membrane with PBS containing
0.2% of Tween® 20. After performing three more wash cycles, the signal was
developed using Clarity™ Western ECL substrates (Bio-Rad) following the kit
manufacturer’'s recommendations and membrane was imaged using a GelDoc

imaging system (Bio-Rad).
2.2.12 Assessment of protein stability

In order to test the stability of Msmeg and Mtb MmpL3 in a range of different
detergents, thermal denaturation analysis using CPM dye (Invitrogen™) was
performed. Specifically, 1 uL of 10 mg/mL detergent- purified protein in SEC buffer A
was mixed with selected detergents at 3x critical micelle concentration (CMC) in a 96-
well optical bottom plate to give a final volume of 147 pL. Detergents used for this
assay were purchased from Anatrace and were: DDM, n-decyl-p-D-maltopyranoside
(DM), lauryl maltose neopentyl glycol (LMNG), decyl maltose neopentyl glycol
(DMNG) and lauryldimethylamine-N-oxide (LDAO). 1 pyL of 7 mg/mL nanodisc-
reconstituted protein or empty NDs in SEC buffer B was added to a 96-well optical
bottom plate to give a final volume of 147 pL. 3 yL CPM dye at 40 pg/mL were added
to each well in the dark. Fluorescence was measured using a SpectraMax plate reader
(Molecular Devices) with A excitation of 387 nm and A emission of 463 nm every 5
minutes for 2 hours at 40 °C. CPM is nonfluorescent until it reacts with either thiol
groups found in cysteines which become exposed as the protein unfolds or with
expanding hydrophobic cores, as more recently described in the literature 230257,
Therefore, CPM fluorescence signal directly correlates with protein unfolding. The
percentage of folded protein (Percentageroiq) at each time point t was calculated using

equation 2.1 (see next page).
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Figure 2.3. Protein stability assessment. Concentrated protein in detergent or ND-reconstituted was
used to perform CPM-assay (top) and thermostability test (bottom).

Temperature- and time- dependent long term stability assessments by SDS-PAGE
analysis were also carried out. Detergent- and nanodisc- purified MmpL3 at high
concentration (e.g. 10 mg/mL for DDM samples) were incubated at 4 °C and 20 °C for
7 days. Protein samples were collected on day 1 and then on alternate days, a SDS
PAGE gel was run following the procedure stated in section 2.1.7 for denaturing gels.
The gel was then Coomassie-stained and imaged using a GelDoc imaging system
(Bio-Rad). Both methods are illustrated in Figure 2.3.

Percentages,q = [1 - ( : b)] x 100

max

Equation 2.1. Equation to determine the relative percentage of folded protein over time in a thermal
denaturation assay. For each of the measured time points, F: is the fluorescence reading of the protein-
containing wells, Fy represents the fluorescence of empty nanodiscs wells subtracted only for MmpL3-
NDs signals, while Fmax is the maximum fluorescence measured across all readings per tested construct.

2.2.13 Protein ID analysis through Mass Spectrometry (MS)

In order to confirm protein identity, different MW gel bands were excised and
analysed by the BSRC Mass Spectrometry & Proteomics Facility at St Andrews
University. The peptides resulting from digestion with trypsin were analysed by
coupling liquid chromatography (LC) and electrospray ionisation MS (ESI-MS). The
generated spectra were searched against NCBlprot, Swissprot or their internal
database BMS using Mascot. Protein hits were ranked based on a protein score,
reflecting the percentage of sequence coverage obtained with matching peptides.
Each of these peptides in turn provide an expected ions score —10log(P), where P
measures the probability for the observed match to be a random event, with scores
>46 indicating identity or extensive homology. Furthermore, exponentially modified
protein abundance index (emPAIl) was used as an estimate of absolute protein amount

as it takes into account the number of sequenced peptides per protein.
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2.3 Results
2.3.1 Msmeg and Mtb MmpL3 purification in detergent

2.3.1.1 Msmeg MmpL3 full-length expression in E. coli BL21(DE3) WT

Initially, the plasmid carrying the full-length sequence of Msmeg MmpL3 was
obtained and a chemical transformation into E. coli BL21(DE3) WT was performed in
order to generate glycerol stocks. According to the methods published by Xu and
colleagues, expression of MmpL3 was induced with 1 mM IPTG, with the cells
harvested 2 h after induction . In this work, the incubation period following IPTG
induction was extended to 4 h to maximise cell growth and at the same time carry out
expression within a single working day. A time-course expression was performed
using the Msmeg MmpL3 AC expressed in E. coli BL21(DE3) AacrABEF cells (see
section 2.2.4 and 2.2.5 for details on bacterial strain or on construct, respectively).

As shown in Figure 2.4, a small-scale culture (30 mL) was set up to test different
time-points for harvesting cells post-IPTG induction. ODsgo values were also recorded
at each time point to monitor cell growth. Cells collected at each time point were then
lysed and the membranes isolated using the procedure described in section 2.2.2.
Membranes were separated on an SDS-PAGE gel and an anti-His WB performed to
assess protein band intensity and MW (Figure 2.4, a). As shown in the WB, MmpL3
overexpression was observed already 1 h post-induction, with similar expression level
for all the time-points tested. However, a smeared signal was observed for the
overnight incubation, suggesting that lengthening the expression might have
detrimental effects on the quality of the final product. Nevertheless, bacterial growth
was observed to increase over time although reaching a state with little growth rate if
compared to uninduced cultures collected at the 4 h time-point, with the only exception
being the overnight condition that presented the highest ODeoo value (Figure 2.4, b).
However, given that the overnight incubation might impact sample quality, the 4 h time-
point was confirmed as the preferred time-point to harvest cells at, allowing for high
protein quality and possibly highest yields within a single working day.

The expression protocol was therefore finalised and used for all experiments

described in this work.
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Figure 2.4. Analysis of Msmeg MmpL3 AC produced in the AacrABEF strain at different time
points post induction. a. anti-His tag WB performed on isolated membrane samples collected prior to
IPTG addition (0 h), and post-IPTG induction (1 h, 2 h, 3 h, 4 h, incubation at 37 °C and 220 rpm) as
well as overnight (incubation at 20 °C and 180 rpm), following IPTG induction. While at 1 - 4 h post-
IPTG induction two protein bands are present, at ~60 kDa (main band) and at ~140 kDa, in the overnight
incubation (o/n) a smear signal is present for the higher MW band. No MmpL3 band is detected prior to
induction (0 h) or after 4 h additional incubation in the absence of inducer. b. A plot of the ODeoo values
recorded at each time point. Values between 0 and 4 h increased over time but growth rate was
significantly lower than uninduced cells collected at the 4 h time-point. Overnight incubation gave the
highest ODeoo value, at 5.1.

2.3.1.2 Optimisation of detergent-based purification

Once the expression protocol was established, the next step was to optimise
the purification process. In the literature published up to that point, the main scientific
groups working on MmpL3 all used DDM as the extraction detergent, therefore the
same was used here 266 However, the type of affinity resin used differed. While Xu
and colleagues used a TALON resin, Zhang and co-workers opted for a Ni?*-NTA resin
166, These are both metal affinity resins, but TALON contains cobalt ions, while Ni?*-
NTA, as suggested by the name, is nickel-based.

Msmeg MmpL3 FL was used to optimise the purification process. First, TALON
resin was tested and washed with 10 CVs of wash buffer containing 50 mM imidazole
as reported by Xu and colleagues 8. Using a medium-high concentration of imidazole
is helpful to remove weakly resin-bound contaminants present in the sample, therefore
achieving a much purer eluate. Following the TALON purification step, the protein was
passed through a gel filtration column to increase product purity. However, in the SEC
profile almost no protein was detected at the expected range of elution volumes,
between 10 - 12 mL. Aliquots from the flow-through as well as from the washing steps

were loaded onto a SDS-PAGE gel in an attempt to identify at which step the protein
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a. 5x 20 mL washes at 50 mM imidazole concentration
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Figure 2.5. Msmeg MmpL3 FL purification using Ni?*-NTA resin and varying Imidazole
concentration for column washes. a. 5x 20 mL washes at 50 mM imidazole concentration were used
during purification. On the left, SEC profile reporting elution volume (mL) on x axis and absorbance at
280nm (UV) on the y axis for the first condition. Protein main peak is located between 10 - 12 mL elution
volume, corresponding to fractions indicated by the purple arrow; on the right, SDS-PAGE gel with SEC
fractions and aliquots of flow-through (FT), washes 1-5, FT from the concentrator. Two bands visible at
~ 110 kDa and 150 kDa. When pooled together protein yield was low, ~100 ug. b. 4x 25 mL washes at
30 mM imidazole concentration were used during purification. On the left, SEC profile with main protein
peak between 10-12 mL with ~800 mAU as maximum. On the right, SDS-PAGE gel with samples from
the purification as indicated. Two bands, at ~110 kDa and 150 kDa, were sent for MS sequencing and
identified as MmpL3 as the top hit. In band in the red box band at 70 kDa was also sent for MS
sequencing and was identified as a contaminant product from E. coli (ArnA protein). SEC void volume
in grey area.

was lost. The Coomassie-stained gel revealed that the flow-through and the first wash
steps were responsible for the highest percentage of protein loss, possibly suggesting
that the binding between the His-tag and the cobalt resin was too weak. This might be
due to the position of the His-tag at the end of the C-terminus (aa 773 - 1013), which
has already been described as a disordered domain ©°. Therefore, the interaction of
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the tag with the resin might not be favourable, mainly because of the strict spatial
requirements of the cobalt-containing reactive core (data now shown).

As an alternative, a nickel-based resin Ni>*-NTA was tested, as used by Zhang
and colleagues to carry out the purification of their hybrid construct composed of
Msmeg MmpL3 (aa 1 - 748) fused to a T4 lysozyme and followed by a C-terminal
Hisio-tag 1. For this experiment, the DDM-solubilised membrane sample was
incubated with the nickel resin while all other conditions were kept the same as for
TALON resin. As expected, the main peak corresponding to MmpL3 was detected
between 10 and 12 mL of SEC elution volume and the corresponding fractions showed
the presence of two bands on the gel, one just under 110 kDa and the other at around
150 kDa (Figure 2.5, a). However, although good progress had been made, the
amount of end product (~100 ug) was insufficient for further analysis. As in the
previous experiment the washing steps accounted for the majority of protein loss,
possibly as a consequence of a weak binding between the resin and the His-tag.
Several other conditions were tested in order to increase the yield, considering both
the CV and the imidazole concentration used. Finally, a successful purification was
achieved by using nickel-based resin and 10 CVs washes at 30 mM imidazole
concentration (Figure 2.5, b). Roughly 1 mg of pure protein was obtained from a 3 L
bacterial culture. When the fractions from the SEC were analysed by SDS-PAGE, the
same two bands already identified in the previous experiment were detected, showing
the same migration pattern. Bands at 110 kDa and 150 kDa were sent for MS
sequencing and both were identified as Msmeg MmpL3 as the top hit. Peptides
covering between 43 - 54% of the full-length protein were detected with a high
confidence score for both samples, including the C-terminal domain and the His-tag,
giving strong evidence that the full-length protein was successfully purified. A third
band located at around 70 kDa was also sent for sequencing in order to investigate its
identity. Although it cannot be excluded that this band is a degradation product of
MmpL3, the analyses revealed that it is more likely to be a contamination product. E.
coli protein ArnA, bifunctional polymyxin resistance protein, was detected as the top
hit, with a 66% of sequence coverage, while only 28% of peptides matched MmpL3,
possibly due to sample smearing from the high intensity band at 110 kDa.

At the time of these experiments, there was no mention in the literature of
contaminating species present in the main MmpL3 band, although Xu and colleagues

had used a different expression strain carrying a deletion for the bacterial efflux pump
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acriflavine resistance B (AcrB) protein. After carrying out a more detailed analysis of
the MS products detected for the 110 kDa band, AcrB was indeed detected, with an
abundance between 2 and 6 times lower than the Msmeg MmpL3 protein, identified
as first hit. However, as described in the next section, the contamination significantly

affected the purity of Mtb MmpL3 FL, therefore urging some troubleshooting.

2.3.1.3 End product contamination with bacterial protein

The optimised expression and purification protocols described in sections 2.2.2
and 2.2.3 were used to purify the Mtb MmpL3 FL construct. Unfortunately, the yields
obtained with the Mtb protein were significantly lower compared to the Msmeg sample.
Therefore, in order to increase the amount of end product the wash steps were
performed at 10 mM imidazole concentration, giving a high UV signal during gel
filtration (Figure 2.6, a). However, when fractions were analysed by SDS-PAGE, the
sample was very heterogeneous containing several different protein bands. The main
product band at ~110 kDa was excised and sent for MS sequencing and it was
identified as AcrB with a high confidence score and abundance, with a 32 - 52%
coverage, depending on the reference database used. AcrB has already been
described as a major contaminant of purified His-tagged proteins whenever E. coli is
used as the expression system. The protein is a trimer belonging to the same RND
transporter family as MmpL3, and each monomer contains at the C-terminus 2 His
residues that are in close proximity within the trimer, resulting in a natural His tag 2%8.
Thus, WT AcrB has high affinity for Ni?*-immobilised resin. This bacterial protein
represents a real problem, especially for X-ray crystallography as it can form stable
crystals from very low concentrations (<0.1 mg/mL down to picograms) and even when
representing less than 5% of the final purified product 2%926°. Furthermore, electron
microscopy (EM) experiments are potentially vulnerable to the same problem, as small
amounts of contaminating AcrB can impact protein identification 2%,

As decreasing the imidazole concentration significantly impacted the purity of the
sample, purification was carried out by including extensive washing with higher
imidazole concentrations, and at the same time doubling the starting material of what
was used in previous experiments (Figure 2.6, b). This decision was also justified
because a low bacterial growth was observed in terms of pellet size and relative ODeoo.

Although a slight increase in protein yield was achieved, and contaminant
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Figure 2.6. Mtb MmpL3 FL purification using Ni?*-NTA resin and varying imidazole concentration
for column washes. a. 10 mM imidazole washes were used. On the left, SEC profile reporting elution
volume (mL) on the x axis and absorbance at 280nm (UV) on the y axis. The main protein peak is
located between 10-12 mL elution volume, corresponding to fractions indicated with green arrow; on
the right, SDS-PAGE gel with SEC fractions. Multiple protein species were present with band at ~110
kDa (red box) as main product and identified as AcrB by MS sequencing. b. 30 mM imidazole washes
were used during purification. On the left, SEC profile with main protein peak between 10-12 mL with
~80 mAU as maximum. On the right, SDS-PAGE gel with SEC fractions. Two bands at 80 kDa and 170
kDa were sent for sequencing and gave Mtb MmpL3 as first hit. Although at a lower intensity compared
to what observed in a, band at ~110 kDa (red box) was identified as AcrB by MS sequencing. Therefore,
only a partial reduction in contamination concentration was achieved but not its complete removal. SEC
void volume is indicated in the grey area.

concentration was indeed reduced, it became obvious that any downstream
application results would be questioned because a complete removal of AcrB could
not be achieved (Figure 2.6, b). For this reason, an alternative bacterial cell strain was
selected.
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2.3.1.4 Expression in E. coli BL21(DE3) AacrABEF

In many bacterial species the efflux pumps belonging to the RND protein family
form part of tripartite systems; in particular, in E. coli the inner membrane protein (e.g.
AcrB or AcrF) interacts with the outer membrane protein channel (e.g. TolC) through
an accessory periplasmic protein (e.g. AcrA or AcrE) to form the complete efflux pump.
In order to avoid AcrB protein contamination, a specific bacterial strain generated by
Prof. Yamanaka (Hiroshima International University) was obtained 2%'. The strain
carries deletions of the acrA, acrB, acrE and acrF genes and will be referred to as
BL21(DE3) dacrABEF going forward. Following the procedure stated in section 2.2.3,
chemically competent cells were created and transformed with the plasmid DNA
encoding for Msmeg and Mtb MmpL3. This bacterial strain was then used as the
expression system for the production of protein used to generate all further
experimental results presented in this work.

Both FL constructs were successfully expressed and purified following the
optimised protocol described in section 2.2.3. As shown in Figure 2.7, SDS-PAGE
analysis indicated that MmpL3 was the main product for each construct. Protein bands
corresponding to monomers were detected at ~80 and ~110 kDa for Mtb and Msmeg,
respectively. Moreover, bands migrating at twice the MWs values mentioned above
were also observed. MS analyses were performed on Msmeg proteins bands
migrating at ~160 and ~220 kDa. Sequencing results revealed: 1) MmpL3 as the first
hit with high confidence score and abundance; 2) the absence of AcrB contamination,
therefore giving high confidence in the end product quality. Furthermore, both bands
were identified as MmpL3, potentially suggesting the existence of a dimeric protein

state.

2.3.1.5 Generation of C-terminally truncated constructs

As mentioned in the previous section, C-terminally truncated constructs were
generated alongside the FL version of both Msmeg and Mitb proteins. The main reason
behind this decision was the ability to directly compare results to the published
literature. Zhang and colleagues carried out structural studies on the truncated version
of Msmeg MmpL3, where the residues 1 — 748 were fused to a T4 lysozyme (160 aa),
followed by a His1o tag at the C-terminus . In their work, Su et al. generated a Msmeg

MmpL3 construct carrying residues 1 — 773 in frame with a C-terminal Hiss tag 2. The
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truncated sequence of Mtb MmpL3 encoding for aa 1 — 753 followed by a TEV
cleavable C-terminal GFP-Hisg affinity-tag was instead used by Adams and co-
workers to solve the cryo-EM structure of the protein in LMNG 4. The Msmeg MmpL3
AC construct lacking aa 774 — 1013 (UniProtKB entry: AOQP27) was generated as
described in the paper published by Su and colleagues in 2019 2. The Mtb AC
construct lacking aa 754 — 944 (UniProtKB entry: POWJV5) was based on the work of
Adams et al. 4. It had already been shown that the soluble C-terminal domain is not
essential for bacterial growth nor for MmpL3’s functional activity 8°. Nevertheless, its
presence is known to negatively affect protein stability and diffraction quality of the
crystals, given its unstructured and highly flexible nature. Thus, all structural studies
have been carried out with engineered versions of the protein, lacking the C-terminus
to improve resolution without affecting protein folding *24.

For this work, Msmeg and Mtb MmpL3, both AC and FL constructs, were
purified in different membrane-mimetic systems in order to compare protein behaviour.
This was done to exclude any bias that could arise from either the presence or lack of
the C-terminal domain, as well as improve protein yield and stability. A significant
increase in yield was observed for the purified Msmeg MmpL3 AC construct compared
to the FL. When detergent-purified proteins were injected onto the SEC column, two
broad multi-peaks were observed, with a ~3x higher A2so signal observed for Msmeg
MmpL3 AC (9.5 — 11.5 mL elution volume) compared to that for the FL protein (9 — 11
mL). Furthermore, the FL construct presented a higher level of aggregation (peak
between 8 — 9 mL) than the AC construct. The final yield obtained after concentrating
SEC fractions was ~3 mg for the Msmeg MmpL3 AC and ~1 mg for the FL (Figure 2.7,
c and d).

In the case of the Mtb construct, truncation also improved the final yield,
although both constructs exhibited relatively low expression (Figure 2.7, d). For both
constructs, doubling the starting culture volume from 6 L to 12 L, yielded only 400 ug
of protein for FL and 900 nug for the AC construct. Marked aggregation was also
observed, as shown by the peaks corresponding to the column void volume in the SEC
traces, between 8 and 9 mL (Figure 2.7, a and b). Despite these issues encountered
with both Mtb constructs, there was sufficient isolated material for all four protein
constructs to perform some downstream analyses. However, for some work | had to

limit the analysis to the Msmeg proteins.
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Figure 2.7. Mtb and Msmeg MmpL3 FL and AC-term purification in DDM and relative yields. a.
Top, SEC profile reporting elution volume (mL) on x axis and absorbance at 280nm (UV) on the y axis
for Mtb MmpL3 FL (dark green) and AC (light green) constructs obtained from 6 L cultures. Below, SDS-
PAGE gels for protein fractions corresponding to the regions highlighted by the arrows in SEC trace,
with stars indicating MWs for monomeric Mtb MmpL3s (FL: 102 kDa; AC-term: 83 kDa). b. SEC profile
of Mtb MmpL3 FL (dark green) and AC (light green) constructs obtained from 12 L of cultures. c. SEC
profile for Msmeg MmpL3 FL (purple) and AC (orange) constructs obtained from 6L cultures. Below,
SDS-PAGE gels for protein fractions corresponding to arrows in SEC trace, with stars indicating MWs
for monomeric Msmeg MmpL3s (FL: 110 kDa; AC-term: 86 kDa). d. Summary table for protein yields
obtained after DDM based purification of all constructs. Pre-SEC (mg) column indicates milligrams
injected onto the SEC column, corresponding to half of the total mgs obtained after elution from Ni?*-
NTA resin. The other half was used for ND reconstitution. Post-SEC (mg) column indicates the final
protein amount, obtained after SEC fractions were pooled together and concentrated down to the value
indicated in ‘Final concentration’ column.

2.3.2 Msmeg and Mtb MmpL3 reconstitution into nanodiscs
2.3.2.1 Standard nanodiscs reconstitution process

In an attempt to prepare MmpL3 in a more physiological membrane
environment, the 4 constructs were initially extracted and isolated with the use of
detergent and subsequently individually reconstituted into MSP nanodiscs (NDs),

following the procedure illustrated in Figure 2.2, b 254, The size of each disc can be
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Figure 2.8. MmpL3 NDs reconstitution. a. Standard protocol without His-trap step used for Msmeg
MmpL3 AC reconstitution into POPC NDs. Top, SEC trace presenting two main peaks (9 — 10.5 mL
and 10.5 - 13 mL, in pink shaded area). Black arrow indicates change in slope at ~11 mL, where
dashed lines meet. Fractions run on SDS-PAGE gel revealed a mixture of MmpL3-NDs and empty
NDs in the 10.5 - 13 mL elution range. b. SEC profiles obtained using different protein:MSPs ratios
with standard protocol, from 1:5:500 (magenta) to 1:6.6:660 (blue) up to 1:10:1000 (green). Signal for
second peak, between 10.5 and 13 mL, increased in intensity compared to first peak (9 - 10.5 mL)
going from lowest to highest ratio used, meaning that a higher proportion of empty NDs was present
in final product. c. Optimised protocol for NDs reconstitution included an extra His-trap step which
separated empty NDs in flow-through (FT) and MmpL3-NDs in elution. Different species are separated
in the gel filtration step, with a partial overlap between monodispersed MmpL3-NDs (magenta) and
empty NDs (black) between 10.5 - 13 mL elution volume. SDS-PAGE gel confirmed lack of protein in
the empty NDs fractions, while MmpL3-NDs fractions presented presence of monomeric and dimeric
species, keeping the right protein:MSP proportion.

controlled by selecting the appropriate membrane scaffold protein, or MSP. A range
of engineered versions of the amphipathic protein, human apolipoprotein A-1, have
been generated, meaning that the particle’s diameter can be adjusted according to the
target protein 14124 |n this study, MSP1E3D1 was used in combination with POPC
lipid molecules, to generate particles homogeneous in size, with a diameter of ~12.9

nm. As an example, SEC analysis of Msmeg MmpL3 AC in NDs is shown in Figure

81



2.8, a. All constructs presented similar SEC traces, with at least two main populations
observed. The slope of the second peak changed at around 11 mL elution volume,
suggesting the presence of a mixed population. In fact, when fractions were run on an
SDS-PAGE gel, only the fractions up to 10.5 mL elution volume showed the expected
ratio of MmpL3 and MSPs (1:2). Band intensity for the later fractions (between 10.5
mL and 13 mL), instead, appeared to be higher for MSPs, indicating the presence of
smaller and free discs as the most abundant species, while MmpL3-NDs represent
only a minor fraction (Figure 2.8, a).

Although successful reconstitution of MmpL3 in POPC NDs was achieved for
all constructs, some optimisation was carried out in an attempt to reduce the amount
of free NDs in favour of MmpL3-NDs. Different protein:MSPs:lipids ratios were tested
as shown in Figure 2.8, b. Generally, using a molar ratio of 1:10:1000 yielded a peak
eluting between 10.5 mL and 13 mL (containing free nanodiscs as main species) that
was at least 3x higher compared to the earlier peak eluting between 9 and 10 mL
(MmpL3-NDs). However, the two peaks (containing free and reconstituted nanodiscs,
respectively) showed the same height when a ratio of 1:5:500 was used (Figure 2.8,
b). Therefore, by reducing the protein:MSP ratio while keeping the MSP:lipid ratio the
same, the empty ND population was also reduced, with the best results obtained with
a 1:5 protein:MSPs molar ratio. Nevertheless, a complete removal of free nanodiscs

could not be achieved using this experimental procedure.

2.3.2.2 Optimisation of nanodiscs reconstitution process

As the presence of empty NDs in the final product could represent an issue for
downstream applications, a new protocol was implemented, as illustrated in Figure
2.2, c. Following sample incubation with biobeads, NDs were loaded onto a His-trap
column. During this step empty NDs, that lack the His-tag, did not bind to the Ni®*-
based resin and were collected in the flow-through and concentrated. After performing
extensive column washing, MmpL3-NDs were eluted from the column and
concentrated before loading them on the SEC column. By using this method, it was
possible to separate empty POPC NDs from the protein-carrying ones, significantly
reducing the chances of cross-contamination and increasing sample purity (Figure 2.8,
c). At the same time, two main populations were identified for the MmpL3-NDs,
corresponding to two broad peaks on the SEC traces. When fractions were run on a

Coomassie-stained SDS-PAGE gel, the MWs observed were in line with the ones of
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Figure 2.9. SDS-PAGE gel (left) and anti-His WB (right) of samples obtained during DDM-based
purification and NDs reconstitution of FL and AC MmpL3 from Msmeg and Mtb. MW = Molecular
weight markers. Individual purified proteins in either DDM or nanodiscs (NDs) are indicated above the
relevant lanes. The blue and red boxes indicate the likely monomeric and oligomeric forms of the full-
length version of MmpL3 from Msmeg, respectively. A similar pattern of two bands is seen for all the
other protein constructs. MSP1E3D1 band is located at ~30kDa and it is not detected by anti-His WB.

the detergent-extracted proteins, including the dimeric species. Protein identity was
also confirmed by WB, where no signal was detected for the scaffold protein
MSP1E3D1, lacking the His tag (Figure 2.9). Nevertheless, if fractions from the two
peaks were concentrated individually, a different MWs distribution was observed.
Early-eluting fractions showed a higher proportion of the larger MW species, possibly
indicating oligomeric arrangements, while the smaller species predominantly found in
late-eluting fractions were monomeric protein. These observations, together with
further findings discussed in section 2.3.3, guided the decision to further investigate
the oligomerisation state of MmpL3 using experimental and computational

approaches.

2.3.3 Protein stability assessment: MmpL3 in detergent micelles and NDs

2.3.3.1 Thermostability assay

DDM-purified and NDs samples were used for follow-up experiments to assess
thermostability. For each of the 4 constructs, freshly purified material at a
concentration of 10 mg/mL for detergent-extracted and ~7 mg/mL for NDs, was

incubated for 7 days at 4 °C and 20 °C and aliquots were collected at day 1 and at
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Figure 2.10. Thermostability test on Msmeg and Mtb MmpL3. Left panel, results for Msmeg MmpL3
FL (top row) and AC construct (bottom row) for DDM-purified and NDs-reconstituted protein. Right

panel, results for Mtb MmpL3 FL (top row) and AC (bottom row) for both DDM-purified and NDs-
reconstituted protein.

each alternate day and then all samples were submitted to SDS-PAGE analysis. As
shown in Figure 2.10, the Msmeg MmpL3 FL in DDM appeared to be quite unstable.
This was observed at 4 °C, with the main protein band at ~110 kDa showing lower
signal intensity on day 1 compared to day 0, and an associated appearance of lower
molecular weight bands in the 10 - 30 kDa range and between 60 - 80 kDa, suggesting
a high level of degradation. Moreover, the same degradation products were observed
when the protein was incubated at the higher temperature already at day 1, suggesting
that in order to keep the protein stable it would be preferable to carry out experiments
using freshly purified material and to keep the temperature at 4 °C or lower. However,
when NDs carrying Msmeg MmpL3 FL were tested, the protein appeared to be stable
at 4 °C throughout the whole test duration, while stability improved, although only
slightly, when the sample was incubated at 20 °C, with the main protein band at 110
kDa starting to disappear from day 3 with concomitant appearance of the lower MW
species. Therefore, it can be concluded that reconstitution into NDs for this construct
had a beneficial effect on protein stability at the lower temperature. When Msmeg
MmpL3 AC in DDM was tested, the protein appeared to be quite stable at both

temperatures and throughout the whole duration of the experiment supporting earlier
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studies on this protein. This high level of stability was also observed in the NDs sample,
confirming the results obtained with the DDM-purified protein (Figure 2.10, left panel).

Regarding the Mtb samples, DDM-extracted FL construct appeared to be quite
stable at 4 °C, while it started showing degradation after 1 day incubation at 20 °C
(Figure 2.10, right panel). The same trend was observed when Mtb MmpL3 FL NDs
were tested, with high stability observed at 4 °C during the whole week, but only for 1
day when incubated at 20 °C. When Mtb MmpL3 AC in DDM was tested, instead,
degradation did not occur at both temperatures. However, aggregation products were
present as higher molecular species appeared starting from day 3 at 4 °C and 20 °C,
with bands increasing in MW size and intensity for the higher temperature condition.
These observations suggested that in order for this protein to be stable, experiments
needed to be carried out at 4 °C and preferably with 1-3 days from purification. Results
obtained with Mtb MmpL3 AC in NDs, instead, showed a high level of stability at both
temperatures throughout the whole duration of the assay, confirming once again that
in general NDs preparations improved protein thermostability compared to the DDM-

purified counterpart, especially for the FL constructs (Figure 2.10, right panel).

2.3.3.2 Thermal denaturation analysis

Using a thermal denaturation analysis, we also assessed 1) protein stability in
various detergents and 2) further compared detergent-purified samples to NDs
preparation. The protein isolated in DDM was diluted into a range of other detergents
at 3x their CMC and stability tested in a thermal denaturation assay using the thiol-
reactive dye CPM. The unfolding of the protein was calculated over time as inversely
proportional to the CPM fluorescence signal. DDM, DM, LMNG and DMNG are all non-
ionic sugar derivatives, while LDAO is a zwitterionic amine-oxide detergent. Non-ionic
detergents are generally preferred for membrane protein solubilisation and
manipulation, as in contrast to zwitterionic surfactants, they are non-denaturing and
do not affect a protein’s functional state. As shown in Figure 2.11 (left panel) in the
assay performed on Msmeg MmpL3 FL, although LDAO did not cause the highest
level of protein unfolding overall, it produced the curve with the steepest descent,
meaning that MmpL3 immediately started to unfold, showing a sudden ~10% reduction
of folding at the first time-point compared to the other detergents. The percentage of

protein folded started to plateau at around 30% after 20 minutes, possibly more as a
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consequence of increased protein aggregation that prevented dye binding rather than
as a real stability reading. Proceeding from the least to the most stable, LDAO was
followed by DM, DDM, DMNG and finally LMNG, keeping the highest percentage of
protein folded for longer. The same trend was also observed for the Msmeg MmpL3
AC, although the protein stayed folded for longer compared to FL construct and in the
most stabilising detergents DMNG and LMNG, retained >30% folded material after 2
h at 40 °C.

These results seem to contradict the previous choice of detergent and suggest
the use of either LMNG or DMNG to achieve higher protein stability. However, these
detergents form very stable micelles and are extremely hard to exchange, therefore
limiting some of the downstream applications which will be discussed later in this
thesis. In light of these considerations, DDM was used as the solubilisation agent of
choice for the purification of membrane protein MmpL3.

When detergent-purified samples were compared to NDs, the latter showed
stability only second to the best performing detergent, LMNG, for both FL and AC
constructs. Itis worth noting that when empty NDs were tested individually, a gradually
increasing CPM fluorescence was detected, meaning that these particles undergo
some level of unfolding. Although the MSP protein does not contain cysteines in its
sequence, it cannot be excluded that incubating empty NDs for 2 h at 40 °C could
affect their stability. Under these conditions some hydrophobic residues, usually
interacting with lipids, can become exposed allowing the dye to bind. Therefore, the
empty NDs signal was subtracted from MmpL3-NDs samples, to only report the
specific unfolding behaviour of protein-carrying discs. From the results obtained with
NDs samples, the AC constructs proved to be more stable than FL constructs, for both
Msmeg and Mtb MmpL3 (Figure 2.11, right panel).

Together, these findings confirmed what was observed in the thermostability

test, with NDs carrying AC constructs showing a higher stability than FL ones.

2.3.4 Msmeg MmpL3 into SMALPs

SMALPs differ from the synthetic nanodiscs described so far as these are lipid
particles formed by extracting the protein with associated native membrane lipids, so-
called native nanodiscs. SMA therefore acts like a detergent, but the extracted

particles retain the host’s original lipid composition (see section 1.3.4, Chapter 1). To
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Figure 2.11. CPM assay results. Left panel for average results for Msmeg MmpL3 FL and AC in
detergents and NDs. Right panel for Msmeg and Mtb MmpL3 into NDs. Empty NDs signal was
subtracted from MmpL3-NDs wells. All conditions were tested in three different experiments (n=3).

carry out experiments with SMALPs, a collaboration with Professor Timothy Dafforn
from University of Birmingham was established. For the purpose of this thesis, only
results for Msmeg MmpL3 reconstituted in native nanodiscs are shown. As can be
observed from the SEC trace, two overlapping peaks were detected for both FL and
AC species (Figure 2.12, a and b). When individual fractions from both peaks were
submitted to SDS-PAGE analysis, the main band corresponding to MmpL3 migrated
at the expected MW (60 kDa for AC construct and 100 kDa for FL one), meaning that
the protein had been successfully reconstituted. Furthermore, exploiting SMA’s net
negative charge individual fractions were run on a native gel, without the use of a
reducing agent, to investigate the native MWs of the two populations from the SEC.
The AC construct early-eluting fractions (9 — 11 mL elution volume) showed a MW of

~170 kDa while a smeary band of ~80 kDa was observed for the later ones. A similar
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Figure 2.12. Msmeg MmpL3 FL and AC into SMALPSs. a. Results for the AC construct: from left to
right, SEC profile, Coomassie-stained SDS-PAGE and native gels for early-eluted fractions (purple) and
late-fractions (red). On the right anti-His WB on native gel performed on same fractions. b. Results for
FL construct: from left to right, SEC profile, Coomassie-stained SDS-PAGE and native gels for early-
eluted fractions (purple) and late-fractions (red).

trend was also seen for the FL construct, although the separation of the two
populations was less clear cut. For the AC construct, protein identity was also
confirmed by anti-His WB analysis (Figure 2.12, a).

Results obtained with SMALPs represented further proof of the existence of
multiple MmpL3 populations, likely to represent different oligomeric states, after having

observed the same pattern using a detergent-based and a synthetic NDs approach
(Figure 2.9).

2.4 Discussion

In this Chapter, MmpL3 expression and purification was optimised, starting from
several published methods 266, BL21(DE3) is the most common host E. coli strain
used in the bacteriophage T7 promoter expression system, where the i-lysogen DE3
regulates the production of T7 RNA polymerase, whose expression is under the
control of the IPTG-inducible lacUV5 promoter. A protocol for bacterial overexpression

in this strain was slightly modified in terms of incubation time post-IPTG induction, in
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order to achieve the maximum expression within a single working day. Regarding the
detergent-based purification protocol, the choice of affinity resin and imidazole
concentration for wash steps were also optimised to increase quality and yield of the
isolated material.

Specifically, cobalt- and nickel-based resins were tested. Cobalt-based resins
are highly selective for His-tagged proteins as the cobalt ions are positioned at the
core of a spatially restricted pocket where one metal-ion only interacts with histidine
residues when they are adjacent. Moreover, each positively charged cobalt ion
remains tightly bound to the resin pocket, which contains three carboxyl groups and
one nitrogen atom, therefore reducing metal-ion leaching. In the nickel-based resins,
such as for Ni?*-NTA, the spatial requirements for binding to histidine residues are less
strict, meaning that these resins could also bind His residues found naturally within
proteins, decreasing the binding specificity and potentially the purity of the eluate.
Furthermore, the nickel ions are less tightly bound in the resin pocket as two
coordination complexes can be formed, one of which has a planar structure, resulting
in a weaker interaction and allowing for metal-ion leaching from the resin.

When both resins were tested for the purification of Msmeg MmpL3 FL in DDM,
results indicated a significant product loss during wash steps when cobalt-based resin
was used, achieving very low protein yields. This could be the consequence of a weak
interaction established between resin and protein C-terminal His tag, possibly due to
the aforementioned strict spatial requirements for binding. In Msmeg MmpL3 FL the
tag could be partially buried or less accessible, significantly reducing the amount of
protein interacting with free resin. When Ni?*-NTA resin was used, and the imidazole
concentration for wash steps were adjusted, yields improved, and the protocol was
finalised. However, initial attempts from the original cell strain successfully isolated
MmpL3s but MS analyses indicated that both samples were contaminated with the
bacterial multidrug efflux pump, AcrB. The extent of contamination depended on the
construct expressed. Whilst this was a minor contaminant in the case of Msmeg
MmpL3 FL, it was the main product of isolation of Mtb MmpL3 FL, especially when the
imidazole concentration used during wash steps was also reduced. Therefore,
although protein yields improved, the use Ni>*-NTA resin increased the concentration
of contaminants present in the eluate, as a consequence of the less strict criteria of

binding to His residues.
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Further expression was therefore carried out in a knockout bacterial strain
lacking the acr genes, effectively eliminating the issue of contamination with AcrB,
likely to interfere with our downstream analyses.

When detergent-based purification was repeated for the Msmeg MmpL3 FL
construct and protein stability was tested in a thermostability assay, it was evident that
the AC version underwent less degradation when incubated for a week at 4°C and
20°C, as already suggested in the literature -6%2. The same distinction could be drawn
for the FL and AC versions of Mtb MmpL3. It is worth mentioning, however, that the
Mtb MmpL3 constructs always showed low yields for both versions, limiting the
analyses that were performed on these constructs.

DDM was initially selected as detergent of choice as it is one of the most
commonly used for the purification of membrane proteins and because it had been
used in three reference papers for MmpL3 purification 266, However, protein stability
in different detergents was assessed using CPM assay, with molecules selected
based on their usage in the purification of membrane proteins but also on their main
properties, such as micelle size and CMC. Using DDM and DM as examples, the latter
has a hydrophobic tail 2 carbons shorter than DDM that reduces the micelle size (MW
~40 kDa against 72 kDa for DDM) but at the same time increases the CMC of ~10
folds (0.087% or 1.8 mM for DM against ~0.0087% or 0.17 mM observed for DDM) ¥.
LMNG and DMNG differ from the other maltose derivatives, DDM and DM, as they
each contain two maltopyranoside headgroups as well as two alkyl chains of different
lengths (dioctylpropane for DMNG and didecylpropane for LMNG), thus resulting in a
much lower CMC than DDM / DM and a more stable micelle. The results obtained in
the CPM assay confirmed the five detergents’ expected ranking in conferring protein
stability. Although CMC values follow the scale LMNG < DMNG < DDM < LDAO < DM,
protein denaturation and aggregation is usually associated with LDAO usage, since
this is a relatively harsh detergent. According to these results, LMNG was the best
performing detergent. However, its highly stable micelles can impact downstream
applications, especially if detergent exchange is needed as in the case of MSP-based
nanodiscs. Therefore, DDM was confirmed as the preferred choice for all purifications,
representing the right compromise between protein stability and its downstream use.
Furthermore, in accordance with published data, stability analyses in detergent

revealed that the truncated proteins showed a lower level of unfolding when heated.
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In this Chapter, it was proved possible to extract MmpL3 from the membrane
both in DDM and as SMALPs, as well as reconstitute the DDM isolated material into
MSP based nanodiscs. Intriguingly in all cases, monomeric and dimeric species were
identified, as observed by SDS-PAGE and WB analyses. This was supported by a
relatively broad gel filtration peak, with two main protein populations, and suggests
that oligomer formation is not dependent on the C-terminal domain.

In particular, this behaviour was initially seen in DDM-purified samples. In order
to investigate protein behaviour in a more physiological environment which is not
provided in detergent micelles, synthetic POPC NDs carrying MmpL3 were generated.
MSP1E3D1 was used to form the belt of the disc, differently from the cNW9 scaffold
protein used by Su and colleagues 3. The two mentioned MSPs differ in length and
therefore form discs that are different in diameter, around 9 nm for cNW9 and ~13 nm
for MSP1E3D1. The choice of MSP is dictated by the size of the target protein, also
considering its multimeric state. In their paper, Su et al. generated cNW9 NDs and
isolated particles by cryo-EM carrying the monomeric form of MmpL3 3. However,
cNW9 NDs would be too small to accommodate a dimer, as calculated by the
Membrane Builder tool on the CHARMM-GUI web-based platform 262:263,

Moreover, to retain correct protein folding and conformation, an adequately sized
lipid bilayer area is required to not incur into membrane distortions '#'. POPC was
selected for its cylindrical shape, as it self-assembles in bilayers with no curvature
when added to an aqueous solution and can therefore simulate a membrane patch.
The resulting bilayer thickness is ~5.5 nm, considering that each POPC molecule
measures 28.3 A in length 254, In this work, MmpL3-NDs showed a significant increase
in protein stability compared to the DDM-purified samples, both in a thermal and a
CPM-based assays, also confirming the pattern seen for detergent-purified samples
in that AC constructs were more stable than FL ones. Moreover, two distinct bands
were identified for each construct reconstituted into MSP-based POPC NDs, when
samples were analysed by SDS-PAGE and WB, in agreement with results obtained
for DDM-purified proteins.

However, as the starting material in the MSP-based NDs is represented by the
DDM-purified protein, there could be some bias in the results obtained. Specifically, if
protein artificially forms oligomeric species when purified in detergent, the same higher

MW species could be retained once the detergent is exchanged and NDs are formed.
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Furthermore, given the addition of SDS, and the heating that occurs during
electrophoresis, it was not possible to rule out that these higher molecular weight
bands were artefacts of the gel running process.

Therefore, MmpL3 was also extracted directly from the membrane using SMA to
form SMALPs to compare protein behaviour in three different systems, the latter being
a more physiological representation of the protein native environment. The main
component of these lipid particles is a polymer that presents hydrophilic maleic acid
groups and hydrophobic styrene groups, which spontaneously rearrange into a disc-
like shape when in close proximity to lipid membranes. The target protein is solubilised
by using SMA chains that encapsulate the membrane section where it is located,
therefore avoiding any stress the protein undergoes in a detergent-based extraction
and maintaining it in a more physiologically relevant state. SMA functions as a
detergent at membrane-level, meaning that the purification process needs fewer steps
compared to the reconstitution into MSP-based nanodiscs. More importantly, the
native lipid composition is retained during extraction. The diameter of each SMALP is
around 10 - 12 nm and the MW of the SMA component is estimated to be between 7.5
- 10 kDa. Furthermore, polymers are found to establish an optimal interaction with lipid
membranes at a pH ranging between 7 and 8, as a balance between electrostatic
interactions and hydrophobic effect can be achieved, therefore maximising membrane
solubilisation 174,

To date, there is no publication available on SMALPs-MmpL3, therefore
constituting a novel approach for the biophysical characterisation of this membrane
protein. When Msmeg MmpL3 was successfully isolated into these native nanodiscs,
two main protein populations were identified following gel filtration. Furthermore, the
presence of distinct species was also confirmed through native gel and WB analyses.
The MWs observed reasonably corresponded to a monomeric and a dimeric form of
MmpL3, as already observed in DDM-purified and NDs-reconstituted proteins. To a
certain extent, the importance of these results was higher compared to previous ones,
as they were obtained using a more gentle and physiological purification process
which should better preserve protein native environment and oligomeric state.

These results paved the way for further investigations of MmpL3 oligomeric state
by carrying out a thorough biophysical characterisation of the two distinct protein
populations identified using several complementary methodologies, as described in
Chapter 3.
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3. Biophysical investigation on MmpL3 oligomeric state

3.1 Introduction

As described in Chapter 2, MmpL3 was observed to form oligomeric
arrangements during SDS-PAGE analysis, not only when isolated in DDM but also
following reconstitution into MSP-based nanodiscs. Further evidence of the existence
of MmpL3 dimers was obtained when MmpL3 was reconstituted into SMALPs. Two
distinct protein populations were observed on native PAGE for early- and late-eluting
SEC fractions, with same trend detected across the Msmeg and Mtb constructs.
Following up from the aforementioned results, MmpL3 oligomeric state was further
investigated, and results will be presented in this Chapter.

Several experimental techniques have been used by the scientific community
for exploring the physiological oligomeric arrangement of membrane proteins. Among
these, SEC multi-angle light scattering (SEC-MALS) is commonly used to determine
the mass of membrane proteins and their higher order structures in detergent solution.
However, it does require chromatographic peaks of protein species to be well resolved
for achieving mass accuracy. Within separating techniques, blue native PAGE is an
electrophoresis approach used to study proteins in their native state, without using
denaturing agents that alter the biological composition. For structural analysis, cryo-
electron microscopy (Cryo-EM) is a technique enabling direct visualisation of isolated
biomolecular complexes following vitrification of the sample in a thin and amorphous
ice layer 74208265,

In this Chapter, other biophysical techniques, such as sedimentation velocity
analytical ultracentrifugation (SV-AUC), mass photometry, native MS (nMS), as well
as the already mentioned cryo-EM were used to better characterise the two distinct
populations observed for the Msmeg MmpL3 AC protein 74175218,266-268 Toqgether, the

evidence collected strongly suggests that MmpL3 can indeed exist as a dimer.

3.2 Materials and Methods

3.2.1 Sedimentation velocity analytical ultracentrifugation (SV-AUC)

DDM-solubilised protein, NDs and SMALPs samples were generated following
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experimental procedures described in Chapter 2, sections 2.2.3, 2.2.8 and 2.2.9,
respectively. Samples were prepared to a concentration of 0.1 - 0.5 mg/mL in 20 mM
Tris-HCI, 150 mM NaCl, pH 8.0 buffer. Sedimentation velocity (SV) experiments were
performed by Pooja Sridhar at the Birmingham Biophysical Characterisation Facility,
University of Birmingham. Experiments were performed at 20 °C in a Beckman Coulter
XL-I Analytical Ultracentrifuge, using a Ti 50 rotor. Samples were centrifuged for 16 h
at either 81,000 g or 144,000 g, depending on the predicted sample MW to allow for
full sedimentation, and were monitored by absorbance at 280 nm. SEDNTERP was
used to calculate protein partial specific volume, solvent density and viscosity 2°. Data
was then analysed applying a continuous c(s) distribution using the Lamm equation in
the program SEDFIT 27°. During the analyses the frictional ratio parameter was
allowed to float and the best fit absorbance c(s) distributions of sedimented species
were plotted using GUSSI 271,

3.2.2 Nanodiscs separation through sucrose gradient ultracentrifugation

MmpL3-NDs were generated using the optimised protocol as described in
Chapter 2, section 2.2.8 by using a 1:5:250 molar ratio of protein to MSPs to POPC
lipids. Empty NDs were separated from protein-carrying NDs and both samples were
purified by SEC, on a Superose® 6 Increase 10/300 GL column (Cytiva). Post-SEC
concentrated pooled fractions for Msmeg MmpL3 AC and empty NDs samples in 200
pL of SEC Buffer B (20 mM Tris-HCI, pH 8.0 and 150 mM NaCl) were layered on top
of 4 mL linear 10 — 30% sucrose gradients prepared in the same buffer. Sucrose
gradient centrifugations were conducted at 204,000 g in a SW60 Ti rotor (Beckman
Coulter) for 18 h at 4 °C with slow acceleration and no brake. Twenty-eight fractions
of 150 yL were manually collected and alternate aliquots were analysed by native and
SDS-PAGE gels (4 — 12% Bis-Tris) and either Coomassie-stained or used for WB

analysis.

3.2.3 Mass photometry on Msmeg MmpL3 AC and empty NDs

Mass photometry experiments were conducted using a Refeyn TwoMP mass
photometer (Refeyn Ltd., Oxford, UK). MassGlass UC sample carrier slides and six-
well sample cassettes (Refeyn Ltd.) were used for sample loading. In each
measurement, 19 uL of pre-filtered buffer (20 mM Tris-HCI pH 8.0, 150 mM NaCl) were
placed in the well for focusing, followed by adding and mixing 1 pL of the sample to
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achieve a final dilution of 10 nM in a 20 pL droplet. Movies were recorded for 60
seconds under standard settings 27>-27%. The mass photometry measurements were
calibrated using B-amylase, corresponding to molecular weights of 56 kDa (monomer),
112 kDa (dimer), and 224 kDa (tetramer).

Data acquisition was performed at room temperature using the AcquireMP software
package. Data were processed using the DiscoverMP software package (Refeyn Ltd.).
Peaks for each mass species were manually identified and fitted with a Gaussian
function. Subsequently, all histograms were plotted using 10 kDa bin widths using

DiscoverMP software 272:273.275,

3.2.4 Native MS

Laser induced liquid bead ion desorption (LILBID) is a soft mass spectrometry
ionisation method, which allows the investigation of non-covalently bound complexes
including their stoichiometry under almost native conditions 22'. All LILBID experiments
were carried out by Alicia Just, PhD student in the group of Prof. Nina Morgner (Goethe
University, Frankfurt). Prior to analysis by LILBID-MS all analyte samples were buffer-
exchanged into 20 mM Tris-HCI, pH 8.0 using Zeba Micro Spin desalting columns
(Thermo Scientific, USA, 7 kDa MWCO). For each measurement 4 uyL of buffer
exchanged and degassed sample were used. LILBID involves soft transfer of the
analyte in solution to the gas phase. Microdroplets of 50 um diameter of the analyte
were produced by a piezo-driven droplet generator (MD-K-130, Microdrop
Technologies GmbH, Norderstedt, Germany) at a frequency of 10 Hz. The
microdroplets were transferred to a high vacuum and irradiated by a pulsed IR laser
operating at the vibrational absorption wavelength of water (2.8 um). The laser energy,
adjusted to 10 — 23 mJ, is absorbed by the water molecules, resulting in an explosive
expansion of the microdroplets and a release of the analyte ions to the gas phase. The
analyte ions were accelerated by a pulsed electric field and analysed with a homebuilt
time-of-flight mass spectrometer. LILBID settings have previously been published in
detail 217221,
lon detection was performed in negative mode and data acquisition was done using
the homebuilt software Massign based on LabView 276, Each mass spectrum shown
is the result of an averaged signal of 1,000 microdroplets. Data was calibrated based
on measurements of an aqueous 10 yM bovine serum albumin (BSA) solution,

smoothed and background corrected.
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3.2.5 Cryo-EM data collection and processing

Cryo-EM experiments were carried out with Joseph D. Barritt, postdoctoral
researcher in Dr Sarah Rouse’s group (Imperial College London). For the Msmeg
MmpL3 AC ND sample, a 3 pL of 0.6 mg/ml aliquot were applied to glow-discharged
(Quantifoil Cu R2/2, 300 mesh) holey carbon grids, blotted for 2x 5 seconds at 4 °C
and 100% humidity. After 30 seconds wait, they were plunge-frozen in liquid ethane
using a Vitrobot mark IV (Thermo Fisher, Waltham, Massachusetts) before transfer
into cartridges. Cryo-EM data was collected in the Electron Microscopy Centre at
Imperial College London, equipped with a 200 kV Glacios™ 2 Cryo Transmission
Electron Microscope (Cryo-TEM) (Thermo Scientific™) with a Selectris energy filter.
Cryo-EM images were recorded at -0.7 to 2.5 ym defocus with 2.7 mm spherical
aberration and nominal 79 K magnification, corresponding to a 1.5 A/pixel sampling
interval. The total specimen dose for each EER fractionated movie was 40 e/ A2,
The micrographs of MmpL3 were aligned using a patch-based motion correction for
beam-induced motion using cryoSPARC 2?77, The contrast transfer function (CTF)
parameters of the micrographs were determined using Patch CTF 277, After discarding
poor micrographs, with low estimated CTF resolution and thick or crystalline ice,
MmpL3 particles were automatically picked using a CHARMM-GUI model of dimer in
13 nm NDs as a template. Initially, 1,180,857 particles were selected from 8,946
micrographs after template autopicking in cryoSPARC, using an extract bin x 2
particles for faster processing. The images were subjected to several rounds of two-
dimensional (2D) classification into 200 classes, optimising window function to obtain
the best protein alignment. False picks and classes with unclear features were
removed and resulted in 249,442 particles that were used to generate a reference free

ab initio three-dimensional (3D) reconstruction with C1 symmetry.

3.2.6 Lipidomics

Each protein sample was subjected to a lipid extraction as described by the
Folch method 278, Briefly, LC-MS grade water was added to each sample to a final
volume of 400 pL. 1 mL of 2:1 chloroform : methanol was then added, and sample was
vigorously mixed before a 13,800 g centrifugation step for 10 minutes. The organic
layer (bottom) was carefully removed and transferred into a LC-MS glass vial, before
adding 10 pL of Internal Standards (IS) mix at 100 pg/mL. IS for Cardiolipin (14:0-CDL
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ammonium salt, #710332), Phosphatidylethanolamine (15:0-18:1-d7-PE, #791638),
Phosphatidylcoline (15:0-18:1-d7-PC, #791637), Phosphatidylserine (15:0-18:1-d7-
PS, #791639), Phosphatidylglycerol (15:0-18:1-d7-PG, #791640) and Sphingomyelin
(18:1-d9 SM, #791649) were purchased from Avanti Lipids in 1 mg/mL chloroform
solution. All standards were mixed together, and LC-MS grade methanol was added
to reach a final concentration for each standard of 100 ug/mL. Each sample was then
dried under a nitrogen stream and reconstituted in 100 pL of 2:1:1 isopropanol :
acetonitrile : water. The lipid extracts for each sample were separated by LC using a
Dionex UltiMate3000 RS Autosampler (Thermo Scientific) coupled to an LTQ Velos
Pro Orbitrap (Thermo Scientific) for MS. Experiments were run by Julia Babuta, a PhD
student supervised by Dr Zoe Hall (Imperial College London). In detail, 10 uL lipid
extract were separated at a flow rate of 0.3 mL/min on an Acuity C18 BEH column
(Waters, 50x2.1 mm, 1.7 um) at 55 °C. Lipids were initially separated with 60:40 mobile
phase A (acetonitrile : water 60:40, with 10 mM ammonium acetate) : mobile phase B
(isopropanol : acetonitrile 90:10, with 10 mM ammonium acetate). This mobile phase
gradient was linearly changed to 1:99 A:B over 8 minutes and kept constant for 30
seconds before switching back to 60:40 mobile phase A:B in 10 seconds. These
conditions were maintained for a further 2.5 minutes. Lipids were analysed by MS in
negative ion mode (spray voltage 2.8 kV, desolvation temperature 380 °C, desolvation
gas 40 arbitrary units) with range 100 - 2000 m/z and mass resolution 60,000. Lipids
were annotated by accurate mass through the LIPID MAPS database 27°. Tandem MS
(collision induced dissociation) was performed on membrane samples to fragment
intact lipids, in order to identify the fatty acyl chain composition using their diagnostic

ions.

3.3 Results
3.3.1 MmpL3 is present in two populations in SMALPs and MSP-based NDs

From the SEC profile obtained for Msmeg MmpL3 AC reconstitution into
SMALPs, two individual fractions were selected and analysed by SV-AUC as
representative of the two different MmpL3 populations (Figure 3.1, a). Fraction 1 eluted
between 9.5 and 10 mL during SEC purification, while fraction 2 between 11.5 and 12

mL. SV-AUC results confirmed the presence of two clear protein populations, as seen
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Figure 3.4. SV-AUC results for Msmeg MmpL3 AC in SMALPs and MSP-NDs. a. Size exclusion
profile of Msmeg MmpL3 AC isolated in SMALPs. The high (peak 1) and low (peak 2) molecular weight
peaks of the MmpL3 protein are indicated by the pink and purple shaded areas. b. The same colouring
is used for the SV-AUC analysis with best fit absorbance c(s) distributions of sedimented species
obtained for protein in peaks 1 and 2 shown in pink and purple, respectively. c. Native Western blot
analysis of the SMALP isolated samples using the anti-His tag antibody. d. Size exclusion profile of
Msmeg MmpL3 AC isolated in DDM and then reconstituted into MSP-nanodiscs (dark green). Peaks 1
and 2 are indicated by the blue and cyan shaded areas. The size exclusion profile of empty nanodiscs
(black) is shown with the peak (peak 3) indicated by the grey shaded area. e. SV-AUC absorbance c(s)
distributions of the two populations of Msmeg MmpL3 AC reconstituted in nanodiscs and empty
nanodiscs coloured as in d. f. Native PAGE and native Western blot analysis of the Msmeg MmpL3 AC
reconstituted in nanodiscs and empty nanodiscs. Lanes are labelled with peak numbers.

by the two distinct peaks centred around different sedimentation coefficients (S) values
(Figure 3.1, b). For fraction 2 (purple), the predominant species was estimated to
sedimentata S = 6.26 (126 kDa), likely indicating the monomeric form of MmpL3. The
sedimentation coefficient for the predominant AUC peak observed for fraction 1 (pink),
instead, was calculated to be S = 9.09 (213 kDa). This higher S value suggests the
presence of a heavier species, possibly a MmpL3 dimer. Fraction 1 also presented a
minor percentage of monomeric form of the protein, as indicated by the smaller peak
centred at S = 6.36. The two fractions were also analysed by WB on a native PAGE
gel, and showed two main bands migrating at ~180 kDa and at ~90 kDa for fraction 1
and 2, respectively (Figure 3.1, c). Therefore, the observed MWs seemed to agree
with the hypothesis that MmpL3 can indeed arrange in oligomers, specifically into
dimers when reconstituted into SMALPs. It should be noted that SV-AUC of SMALPs
does not yield the direct mass of the protein. Instead it provides the mass of the protein
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alongside the lipid and polymer that makes up the particle 16%.176:280_This explains why
the masses calculated using SV-AUC are elevated compared to the expected mass.
Intriguingly, when the same SV-AUC experiment was carried out using protein
isolated in detergent and then reconstituted into MSP1E3D1-based nanodiscs, two
populations of protein were also detected on top of the empty NDs peak, included as
a control. As for the SMALPs, two individual SEC fractions (blue and cyan) were
selected and concentrated for the Msmeg MmpL3 AC protein (dark green SEC trace),
and one fraction (grey) was also selected as representative of the empty NDs sample
(black SEC trace), as shown in Figure 3.4, d. SV-AUC results obtained for these
fractions are shown in Figure 3.1, e. The difference between the two protein
populations was less marked than in the SMALPs, either because the two fractions
were closer to each other on the SEC trace, one contaminating the other, or because
of the influence of the MSPs on the sedimentation of the samples. The low resolution
of the peaks did not allow for an accurate estimate of the MWs for the tested MmpL3
species. Nevertheless, fraction 1 presented a higher dimer : monomer ratio than
fraction 2, as observed by the different height of the peak centred at S = 9.18.
Furthermore, it was evident that in fraction 2 the monomeric form was the most
abundant species (at S = 6.31), although a significant proportion of the sample was
also constituted by empty NDs, as shown by the smaller peak centred at S = 3.78. The
presence of mixed ND populations was also observed when the three fractions were
analysed by native PAGE gel and WB (Figure 3.1, f). Multiple bands were detected for
fraction 1, especially visible in the WB, with the lower band possibly corresponding to
MmpL3 monomeric form, while the higher MW bands strongly suggesting the
presence of a dimer. Fraction 2 also presented multiple bands, although this time the
monomer was the most abundant species. Furthermore, as observed in the SV-AUC
results, fraction 2 also included a proportion of empty NDs, with a band migrating at
~250 kDa in the Coomassie-stained native gel, that is however not detected in the WB

as the MSPs do not carry a His tag.

3.3.2 Mass photometry on Msmeg MmpL3 NDs

The two protein species identified by SV-AUC paved the way to investigate
MmpL3 oligomeric state further. For this reason, the Msmeg MmpL3 ND reconstitution
protocol was implemented to include a sucrose gradient ultracentrifugation step, with

the aim of improving the resolution of separation of the two protein population peaks.
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Figure 3.2. Msmeg MmpL3 AC NDs and empty NDs purification using a Superose® 6 column. a.
Size exclusion profile of empty NDs (black line) and Msmeg MmpL3 AC isolated in NDs (magenta line)
performed on a Superose® 6 Increase 10/300 GL column. Individual fractions for MmpL3-NDs between
12 and 16.5 mL were run on an SDS-PAGE gel to check MW. Dashed lines indicate pooled fractions
that were concentrated using 100 kDa MWCO centrifugal filters. b. Highlighted fractions in a
representing early-eluted fractions (pink shaded area), late-eluted fractions (purple shaded area) and
empty NDs (grey shaded area) were also analysed by native PAGE to show differences in MW
depending on elution volume and species.

First, the Msmeg MmpL3 AC protein was reconstituted into NDs (see protocol
described in Chapter two, section 2.2.8). Empty NDs were separated from the protein-
carrying ones through an additional Ni?*-NTA immobilised metal affinity
chromatography (IMAC) step, before performing a SEC purification (Figure 3.2). Then,
pooled and concentrated fractions post-SEC for empty as well as protein-NDs were
individually layered on a 10 — 30 % sucrose gradient and ultracentrifuged to allow
separation of species by density (Figure 3.3, a). As the density increases linearly from
top to bottom, different size proteins are fractionated along the gradient, with heavier
and aggregated species settling at the bottom of the tube. It was not possible to
achieve clear separation of the different populations in the Msmeg MmpL3 AC sample,
as seen by the broad distribution peak obtained over the 14 — 24% sucrose gradient
range (Figure 3.3, b). Nevertheless, the empty NDs gave a markedly different
separation profile compared to the transporter protein sample, with a peak centred
around 12 — 13% sucrose, therefore confirming their smaller size compared to MmpL3-
NDs. Native PAGE and SDS-PAGE analysis (Figure 3.3, ¢ and d) of both samples
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Figure 3.3. Sucrose density gradient ultracentrifugation separation of Msmeg MmpL3 AC NDs
and empty NDs. a. Schematic representing the experimental procedure used to carry out sucrose
density gradient ultracentrifugation. b. Msmeg MmpL3 AC (magenta) and empty NDs (black) separation
profile over a 10-30% sucrose concentration range. c, d. Samples separating at different concentrations
of sucrose as indicated were submitted to native PAGE (c) and SDS-PAGE (d) analysis. The data
shown is representative of n = 2 independent experiments. e. Raw cryo-EM micrograph for aliquot 2 (in

b). Particles size appears homogeneous and sample quality and concentration are suitable to carry out
further analyses. Scale bar is 100 nm.

obtained at different sucrose concentrations confirmed that empty NDs were present
at 12% sucrose, mainly monomeric forms of the protein at 14 — 15% sucrose and a
greater amount of the oligomeric form of the protein observable at 17% sucrose. The
17% sucrose aliquot was also subjected to preliminary cryo-EM screening to check for
sample quality. As shown in the raw micrograph (Figure 3.3, e), particles size

distribution resulted homogeneous and sample concentration optimal, thus providing
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preliminary information on sample behaviour during blotting. Results of more in-depth
analyses using this technique will be described in section 3.3.4.

Representative aliquots from the sucrose gradient experiment, numbered 1 to
4 in Figure 3.3, b, were submitted to a mass photometry experiment. With this
technique, the MW of single biomolecules in solution is measured through the
interference contrast between reflected and scattering light at the glass-liquid
interface, also known as interferometric scattering mass spectrometry (iISCAMS) 273,
As the resulting interference scales linearly with the mass of the biomolecule, a mass
distribution is obtained from all measurements. It is worth noticing that mass
photometry measures the particle's mass independent of its shape or configuration
and it is not affected by hydrodynamic radius or steric hindrance. Movies are recorded
and the software detects binding events and determines the respective interferometric
scattering contrasts. The contrast information is then converted through a proprietary
algorithm into mass distributions by comparison with known mass standard calibrants.
Compared with soluble proteins, mass photometry provides a larger error to absolute
mass results in the case of NDs, for two main reasons: 1) NDs are composed by a
mixture of species (e.g. amino acid and lipids) having a different refractive index but
the calibration is performed using a protein, bovine serum albumin in this case; 2)
mass distributions for membrane mimetics tend to be broader as a result of varying
number of constituent molecules 2%,

As an example of movies obtained, Figure 3.4, a and b, shows selected movie
frames where particles are visible as circular spots, usually presenting a dark inner
part surrounded by a lighter outer circle. Already upon visual inspection, the empty
NDs particles (aliquot number 4 in Figure 3.3, b) appeared smaller and with lower
contrast compared to the Msmeg MmpL3 AC sample (17% sucrose, aliquot number 2
in Figure 3.3, b). Empty NDs produced an homogeneous mass distribution with 87%
of all binding events captured within the same peak and an average MW of 120 kDa,
with a standard deviation of 28 kDa (Figure 3.4, c). This MW value was significantly
lower than the masses obtained for all MmpL3-carrying NDs sample, confirming the
previous observation on particle size difference during movie inspection (Figure 3.4, a
and b). The MW obtained for unoccupied NDs correlated well with the 1:50 MSP to
lipid ratio used for the experiment, as the MSP-subtracted mass obtained of 60 kDa
corresponded to ~80 POPC lipid molecules.
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Figure 3.4. Mass photometry on Msmeg MmpL3 AC and empty NDs. a, b. Extracted frames from
movies recorded for empty NDs (a) and Msmeg MmpL3 AC NDs separated at 17% sucrose density (b)
showing particles at different contrast. c. Particle mass distributions for Msmeg MmpL3 AC NDs at 14
—15% sucrose density (aliquot 1, green), 17% sucrose density (aliquot 2, blue) and at 21 — 22% sucrose
density (aliquot 3, orange). Empty NDs at 12% sucrose density (aliquot 4) are in grey.

Interestingly, the 14 — 15% sucrose aliquot, mainly monomeric form of the
protein, showed a polydisperse distribution, with a major peak (68% of total counts)
centred at ~255 kDa, and a smaller peak representing the 25% of total events at ~333
kDa (Figure 3.4, c). These two MWs, also considering the presence of 2 copies of
MSP1E3D1 and POPC lipids per ND particle, are compatible with the monomeric and
dimeric form of the protein, respectively. The 17% sucrose aliquot produced a main
peak including 33% of binding events with a mean MW value of 341 kDa, compatible
with a protein dimer (Figure 3.4, c). Two smaller peaks were present at ~279 kDa and
at ~413 kDa, although the spread of values for these distributions was quite large. The
21 — 22% sucrose aliquot mainly produced low MW reads, while 11% of particles
showed a distribution centred at ~337 kDa, once again corresponding to the mass of
a dimer (Figure 3.4, c). Therefore, the 21 — 22% sucrose sample is unlikely to contain
species larger than dimers. Thus, the results obtained for the 21 — 22% sucrose
sample implicitly exclude that the heavier species detected at 413 kDa for the 17%
sucrose sample could be trimers, as the same oligomeric arrangements would be
otherwise present at 21 — 22% sucrose.

The overall results from mass photometry confirmed the presence of two main
protein populations in the MmpL3-NDs, as observed by SV-AUC. Although the
sucrose gradient ultracentrifugation step did not fully separate protein species, it was
possible to observe a different MW distribution for the 14 — 15% sucrose sample

compared to the 17% sucrose aliquot. The sample at a lower sucrose density showed
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a higher proportion of monomer, while the dimeric form of the protein was the main

population of the higher density aliquot.

3.3.3 Native MS analysis confirms observations of Msmeg MmpL3 oligomers

The same aliquots separated by sucrose density gradient ultracentrifugation
were also submitted to native MS analysis. The LILBID analysis clearly showed that
Msmeg MmpL3 AC protein that separated to 14 — 15% sucrose, renamed low sucrose
percentage (LSP), was monomeric in form with various different charge states when
subjected to both soft (10 mJ) and harsh (23 mJ) laser intensities (Figure 3.5, a). At
soft laser intensity, the main singly charged species between 150 and 170 kDa agreed
with the expected MW of a ND including 2 copies of MSP1E3D1 (~30 kDa each) and
1 copy of MmpL3 (~86 kDa). In contrast, the protein sample that separated at higher
concentrations of sucrose (17%), renamed high sucrose percentage (HSP), showed
two relevant peaks for the dimeric form of the protein again with a variety of charge
states both at soft and harsh laser intensities (Figure 3.5, b). This sample also
contained small populations of monomeric forms of MmpL3, as shown by the peak at
~150 kDa in Figure 3.5, b. This may be due to residual monomeric protein in the
fraction even after the sucrose gradient separation. The theoretical masses of
complexes including two MSPs and either monomer or dimer of Msmeg MmpL3 AC
are 145,835 kDa and 231,705 kDa, respectively (indicated by dotted lines in the peak
insets in Figure 3.5, left panel). The proteo-NDs also contain lipids, of which some are
retained during the LILBID process. The broad peaks of the LILBID spectra are due to
a statistical distribution of bound lipids in the proteo-NDs species. The experimental
MWs of the peak insets represent the NDs without any lipids and were determined as
147 kDa and 232 kDa, in very close agreement with the theoretical values and strongly
supporting the presence of monomeric and dimeric species in our samples. Both the
LSP and HSP samples were also analysed under high energy laser (23 mJ), inducing
complex dissociation. Interestingly, when the HSP sample was analysed under these
conditions not only a peak inset of the MW of the protein dimer (~170 kDa) was
observed, but the intact MmpL3-NDs (peak inset at ~230 kDa) was also present,
corroborating the hypothesis that MmpL3 can indeed form dimers, and these species
are also relatively stable (Figure 3.5, b). Using harsh laser conditions on LSP produced
peaks matching MWs of monomeric species (peak inset at ~87 kDa) as well as partly

dissociated monomeric MmpL3-NDs (Figure 3.5, a).
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Figure 3.5. Native Mass Spectrometry for Msmeg MmpL3 AC NDs. a. nMS spectra of the Msmeg
MmpL3 AC protein in MSP-NDs separating at low sucrose percentage (LSP) measured at 10 mJ (left
panel) and 23 mJ (right panel) laser intensity. b. nMS spectra of the Msmeg MmpL3 AC protein in MSP-
NDs separating at high sucrose percentage (HSP) measured at 10 mJ (left panel) and 23 mJ (right
panel) laser intensity. The different protein-MSP combinations detected in each sample and relative
charged species are indicated with pictograms. The translucent pictograms are species for which one
MSP copy dissociated during the laser desorption process. Dotted lines in left panel (10 mJ) indicate
the theoretical mass of NDs particles made of two MSPs copies and either one (grey) or two (blue)
Msmeg MmpL3 AC proteins, respectively. The shaded areas to the right of these dotted lines cover the
broad peaks, which stem from the inhomogeneous distribution of lipids within the respective proteo-
NDs. The grey-shaded area indicates the presence of monomeric MmpL3-NDs while the blue-shaded
area indicates dimeric MmpL3-NDs. The data shown is representative of n = 2 independent
experiments.

3.3.4 Preliminary cryo-EM analysis shows Msmeg MmpL3 AC exists as a dimer

The HSP aliquot selected from a further Msmeg MmpL3 AC purification and
sucrose gradient ultracentrifugation was prepared (Figure 3.6, a and b). Aliquots
numbered 1 to 4 were analysed by SDS- and native PAGE gels, and protein bands
detected by either Coomassie stain or anti-His WB analysis. There was good
reproducibility of the separation results with the previous sucrose-based NDs
separation (Figure 3.3), as indicated by the overlay of the SEC traces and the density
gradient profiles (Figure 3.6, c). Aliquots of protein for cryo-EM were selected after
comparison with aliquots submitted to mass photometry and nMS, to increase the

chances of detecting MmpL3 in its dimeric form.
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Figure 3.6. Second sucrose density gradient separation of Msmeg MmpL3 AC NDs and empty
NDs. a. Msmeg MmpL3 AC (pink) and empty NDs (grey) separation profile over a 10 — 30% sucrose
concentration range. b. Samples separating at different concentrations of sucrose, as indicated in a,
were submitted to SDS- and native PAGE analysis. Gels were either stained using Coomassie or used
to perform WB analysis. c. Comparison with sucrose gradient experiment shown in Figure 3.3. Left
panel, SEC purification profile for Msmeg MmpL3 AC NDs and empty NDs from the two independent
experiments on a Superose® 6 Increase 10/300 GL column. Right panel for sucrose gradient
ultracentrifugation profiles of NDs samples over n = 2 independent experiments, with magenta dashed
circle indicating aliquot from first experiment used for mass photometry (MPh) and nMS, while pink
circle indicates combined aliquots used for cryo-EM analysis obtained from second experiment.

Aliquot 3 from Figure 3.6, a was analysed by cryo-EM and monodispersed
samples of monomeric and dimeric populations of protein were observed. In order to
facilitate selection of the monomeric versus dimeric protein, synthetic models of both
forms of the protein in nanodiscs were generated using CHARMM-GUI and are shown
in the upper panels of Figure 3.7, b and c, respectively. The experimental 2D class
averages obtained after performing dimer template picking and optimisation of window
size indicated that in some face-on views there was clear differentiation between

monomer (Figure 3.7, b, middle panel) and dimer (Figure 3.7, c, middle panel). Views
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Figure 3.7. 2D classifications of monomeric and dimeric assemblies of MmpL3. a. Electron cryo
micrograph of Msmeg MmpL3 AC nanodisc sample, scale bar 200 nm. b, c. Simulated (top panel) and
real (middle panel) 2D classifications of MmpL3 monomer and dimer shown respectively in b and c,
with bottom panels showing a molecular model fit to side views from 2D classification. Monomeric
MmpL3 is shown in pink ribbon representation, while dimeric model in blue.

from the side are harder to differentiate since both the monomer and dimer looked
similar with just slightly greater levels of density looking through the protein, especially
visible in the TM domains. In particular, as shown in bottom panel of Figure 3.7, b and
¢, monomer and dimer models were fitted onto their representative 2D projections.
When the monomer-like 2D projection was considered, both MmpL3 monomer and
dimer fit if front-facing structures are rotated by 90° along the membrane plane so that
one protomer covers the other (Figure 3.7, b, bottom panel). However, the same was
not true for the monomer when the 2D projection of the dimer was used as reference.
In this case, the experimental density observed for the two periplasmic lobes was
significantly larger than each of the periplasmic domains in the MmpL3 monomeric
structure. The two lobes, however, were fully occupied when the front view of the dimer
model was fitted in (Figure 3.7, c, bottom panel). Despite the promising results
obtained and the clear identification of front- and possible side-views of MmpL3
dimers, the lack of top-down views hindered the generation of accurate 3D maps from
ab initio modelling. Details on the cryo-EM analysis workflow is shown in Figure 3.8.
Although these preliminary results were sufficient to prove the existence of
dimeric forms of MmpL3, additional experiments would be necessary to improve
dimer/monomer separation and to collect larger data sets to sample a higher number
of different protein orientations. This would allow generation of more accurate 3D maps
by ab initio reconstruction, potentially leading to a high resolution refined MmpL3 dimer

structure.
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Figure 3.8. Cryo-EM analysis workflow. a. Pre-processing of movies and extracted micrographs, with
motion correction and CTF performed. b. Particle-picking strategy, with synthetic models of NDs
carrying either monomeric or dimeric MmpL3 used as template to pick particles and obtain initial 2Ds.
Percentage of box size was optimized to adjust focus on single particles and perform several rounds of
2D classifications. Preliminary ab initio reconstruction was attempted but high level of noise and lack of
top-down views gave not reliable 3D maps.

3.3.5 Lipidomics analysis show lipid species are retained during MmpL3
purification in DDM, MSP-NDs and SMALPs

Being embedded in the inner membrane of Mycobacteria, MmpL3 naturally
interacts with the surrounding lipid molecules like any other integral membrane protein.
However, we also know that MmpL3’s function is to transport trehalose monomycolate
(TMM) molecules into the periplasm as precursors for the assembly of the pathogen’s
outer membrane. Therefore, it is important to study the composition of lipid molecules
co-purified with MmpL3 and to investigate potential variations occurring using different

methods for its reconstitution into membrane mimetics systems.
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Figure 3.9. Lipidomics analysis on Msmeg and Mtb MmpL3 protein in detergent, MSP-NDs and
SMALPs. a. For each sample, abundance of lipid species was plotted as stacked bars. Main lipid
species identified in MmpL3 samples, empty NDs and E. coli membrane selecting a 2 - 7 min range as
retention time on chromatogram. For each sample, abundance of lipid species was calculated as
relative mol % over total lipid moles and was plotted as stacked bars, with individual lipids coloured
according to the key. b. Abundance of specific PE (top row) and PG (bottom row) lipid species identified
in E. coli membrane, Msmeg MmpL3 AC in DDM and SMALPs as well as Mtb MmpL3 AC in DDM (left
panel). Acyl chains length (middle panel) and number of double bonds (right panel) were also analysed.

For this purpose, Msmeg MmpL3 FL and AC in DDM, MSP-NDs and SMALPs
as well as Mtb MmpL3 FL and AC in DDM and MSP-NDs were submitted to lipidomics
analysis (Figure 3.9, a). A range of 59 — 109 lipids was identified per sample, including
species from the PE, PC, SM, PG and CDL lipid classes. Isolated membranes from E.
coli BL21(DE3) AacrABEF were used as reference for the expression system’s lipid
composition. Furthermore, empty POPC NDs were used as background for MSP-
based NDs, as MSP1E3D1 proteins for their amphipathic nature could retain some
lipids during purification. Next, the average relative abundance of the main lipid
classes across the different constructs / isolation methods was calculated and the lipid
composition varied according to the isolation method (Figure 3.9, a). Lipid species

eluting between 2 — 7 min retention time and within selected m/z range were identified
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on MS spectra and their relative abundance calculated relatively to the internal
standards (Figure 3.10, a). Lipids associated with MmpL3 that had been isolated in
DDM or SMALPs were mainly from the PE and PG lipid classes. In contrast, when
isolated in DDM and reconstituted in NDs, the major lipid class identified was PC. This
is expected since NDs are composed of 16:0-18:1 PC lipids (also known as POPC).
Thus, with the only exception of Mtb MmpL3 FL in DDM, all DDM-purified MmpL3 and
SMALPSs resulted in a very similar lipid composition, made of ~60 - 65% PE, ~25 -
30% PG and the other 10% composed of a mixture of PI, PS, SM, PC and CDL (Figure
3.9, a). By comparing the percentages for each lipid species with BL21(DE3)
AacrABEF membrane composition, an enrichment in PE (+15%) and PG (+7.7%) and
a depletion of ~22% of Pl was observed on average in these samples. Another
observation worth noting was that the enrichment of PE and PG observed in DDM and
SMALPs samples was also detectable in the MSP-NDs, although with a lower mol %
of lipids over total due to the very high percentage of PC used to generate the NDs.
Taking the lipid composition of empty NDs as reference, 3% of total lipid moles was
recorded by PE, 2.5% by PG, and an expected large 94.3% by POPC. MmpL3-NDs
samples recorded on average a 14.2% of PE (21.9% if only Msmeg considered) and
a 5.1% of PG (6.9% if only Msmeg considered), with POPC present at 78.4% (68.1%
for Msmeg only), despite the latter being the only exogenous lipid species added
during ND reconstitution, following detergent extraction.

The abundance of the main PE and PG lipid species identified in the membrane,
in Msmeg MmpL3 AC (DDM and SMALPs) as well as in DDM-purified Mtb MmpL3 AC
was plotted (Figure 3.9, b). Acyl chain length as well as the number of double bonds
were also investigated, with the majority of lipid tails mostly monounsaturated and
ranging between 30 and 36 total carbons in length shared between the two alkyl
chains.

3 PE and 3 PG species were particularly abundant in all DDM and SMALPs
samples (Figure 3.10, a and b). These were PE 32:1, 33:1 and 34:1, with the first two
species showing an abundance of ~12%, while PE 34:1 was present at ~8.6 %. For
some lipids, MS/MS fragmentation provided information about the acyl chains
constituting the individual species. In particular, as shown in Figure 3.10, c and d, both
PE 33:1 and PG 33:1 had a palmitic acid chain (16:0) as sn1 and a cis-9-
heptadecenoic acid chain (92-17:1) as sn2. Some of the other species identified are
reported in the table (Figure 3.10, b).
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Figure 3.10. Abundance of lipid species in Msmeg MmpL3 AC in DDM, POPC NDs and SMALPs.
a. MS spectra for MmpL3 AC in DDM showing relative abundance of lipid species, within selected m/z
range, identified between 2 — 7 min retention time (RT). Lipid species and relative internal standards
(IS) coloured according to key in Figure 3.9, a. b. Table with relative abundance of lipid species >2%
as mol % of total lipids identified in MmpL3 samples and E. coli membrane, used as reference. MS/MS
column indicates if acyl chains were identified with certainty using fragmentation protocol. c, d. MS/MS
fragmentation spectra for PE 33:1 (c) and PG 33:1 (d) lipid species. Main m/z values for acyl chains
fragments were identified for both species. A m/z = 255.24 indicated a sn1 RCOO" ion, while m/z =
267.24 indicated a sn2 RCOO" ion. Loss of sn2 as ketene from [M-H] gave m/z values of 452.28 and
483.28 for PE and PG, respectively. Other fragments identified for PG 33:1 are reported in the spectrum
with relative m/z values. Species-specific RT and relative [M-H]" m/z values are also reported below
each spectrum.

3.4 Discussion

Several published structures have all indicated that MmpL3 was monomeric,

despite being the only known member to date in the RND superfamily not to arrange
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into oligomers '*. Findings presented in Chapter 2 had indicated that MmpL3 was
forming higher order oligomers, so here we used a range of biophysical analyses to
explore this in more detail.

Specifically, selected fractions for MmpL3-SMALPSs, representative of the two
protein populations identified by SEC, were analysed by SV-AUC and sedimentation
distributions confirmed the difference in size hypothesised between early- and late-
eluting SEC fractions. Compared to the 12 mL fraction, heavier species were identified
for the 9 — 10 mL fraction, likely indicating a dimeric form of the protein. The
sedimentation coefficient value for the main peak observed for this fraction was less
than double the value observed for the monomeric MmpL3, strongly suggesting the
presence of 2 protein copies in one disc, rather than monomeric MmpL3-SMALPs
doublets.

Interestingly, when selected MmpL3-NDs fractions were analysed by SV-AUC,
two distinct c(s) distribution profiles were also observed with similar S values to
SMALPs, although with a larger frictional ratio for NDs (1.4 vs 1.2 for SMALPs),
indicating a more elongated particles shape. Moreover, the early-eluting fraction
showing higher sedimentation values gave a low-resolution peak, possibly suggesting
the presence of a mixture of protein populations. The cross-contamination between
species was also observed by native PAGE analysis, especially for dimer/monomer
and for monomer/empty NDs in the early- and late- eluting SEC fractions, respectively.

The SV-AUC results indicated that interactions supporting oligomer formation
might be relatively weak compared to the stability shown by the monomer. The higher
MW species showed a dual c(s) distribution compared to the monodispersed peak
observed for the monomer, possibly implying a rearrangement from dimer into more
stable particles carrying 1x protein copy. Nevertheless, dimeric species were
constantly observed regardless of the method adopted for protein purification, either
by detergent-extraction followed by MSP-based POPC NDs reconstitution or by SMA
polymer extraction of MmpL3 directly from the membrane to form SMALPs. Both
systems benefit from membrane lipid molecules that are retained in the final nanodiscs
and this results in a more physiological arrangement of a protein or protein complex.

Further proof in support of the oligomeric status of the protein came from mass
photometry and nMS. These techniques were used on representative Msmeg MmpL3
AC NDs aliquots separated on a sucrose density gradient. For both techniques, the

protein that separated to 14 — 15% sucrose (LSP) was monomeric in form, with a MW
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of ~147 kDa determined by nMS at the peak inset and a higher MW of 255 kDa from
mass photometry. The discrepancy between these values could be due to the
retention of lipid molecules in the mass photometry measurements that might
contribute to the increment of the particle contrast, overall leading to a higher MW. The
protein sample that separated at higher concentrations of sucrose (HSP) was largely
dimeric in form as determined by mass photometry, although also presenting smaller
and higher MW species. Small populations of monomeric forms of the protein were
also observed by nMS measured at soft laser intensity. LILBID-MS is a soft mass
spectrometry ionisation method, which allows the investigation of non-covalently
bound complexes including their stoichiometry under almost native conditions 22'. By
tuning the laser intensity, complex stability and lipid-protein interactions are probed.
The use of elevated laser intensity causes the explosive expansion of the sample
droplet and results in partially dissociated ND particles. Under these conditions, when
ND samples were analysed by Henrich and colleagues, the scaffold proteins were
among the first proteins to dissociate from the NDs and consequently lipids were also
lost 218, This is likely to account for the signals representing MmpL3-NDs with only 1x
MSP copy as well as for protein-only signals detected in both LSP and HSP samples.
Of particular interest is that in the HSP sample MmpL3 oligomeric species dissociated
from the nanodiscs without losing their integrity, indicating that the protein indeed
formed complexes and that was not present as two separate entities in the NDs.

The ultimate evidence that MmpL3 forms dimers was obtained when the HSP
sample for Msmeg MmpL3 AC into NDs was submitted for cryo-EM analysis. The
resulting experimental 2D class averages indicated a clear differentiation between
monomer and dimer, especially from front views of the membrane-plane. In these
orientations, two lobes were visible that stood out from the nanodisc level. Each lobe
could be overlaid with a monomeric MmpL3 carrying two periplasmic domains,
therefore only a dimer model could fit with the observed density. Unfortunately, the
lack of top-down views possibly due to misalignment with the protein template did not
allow us to obtain a 3D map, necessary to obtain a preliminary structure for further
refinement. Although these results were promising and visually proved the existence
of MmpL3 as a dimer into NDs, more optimisation is needed on two main fronts. First,
a better separation between monomer and dimer forms of the protein would allow the
preparation of cleaner, more homogeneous samples for cryo-EM data collection.

Fewer SEC fractions and preferentially from small elution volumes should be used to
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perform sucrose gradient separation, facilitating the selection of dimer particles. In
addition, a tailored pipeline for data processing should be developed and several
conditions trialled in order to sample 2Ds showing the protein in many orientations and
ultimately generate a reliable 3D map.

However, it is important to state that the dimer was only a proportion of the
protein that we were able to obtain even in our most stringent isolation and separation
procedures. This taken together with the findings from the earlier structural studies
indicates that the separation between monomer and dimer of MmpL3 is not particularly
straightforward. The reasons for this are unclear but they might relate to either the role
of the dimeric form or lipid/membrane requirements of the protein. For this second
hypothesis, it has already been shown in the literature that several lipid and detergent
molecules co-purify with MmpL3 and were identified during protein structural studies
-4 Furthermore, Su and colleagues showed that Msmeg MmpL3 can promiscuously
but actively bind to several lipid species, such as PE, PG and CDL 2. In our hands, the
lipidomics analysis performed on Msmeg and Mtb MmpL3 in different membrane-
mimetics systems showed a lipid composition that overall reflected the E. coli strain
used for expression, with a significant enrichment in PE and PG species compared to
the source membrane. In particular, PE constituted ~60 — 65% of total, while PG
accounted for ~20 — 25% of total lipids quantified.

Our biophysical analysis has provided strong evidence that the protein is
dimeric, however a high-resolution structure would be necessary in order to obtain
information on the dimer interface. To address this key biological question and
investigate protein-protein interactions at atomistic level, MD simulations were
performed on a model of MmpL3 dimer. The experimental evidence gathered on
membrane lipid composition was used to generate the simulated lipid bilayer, and
protein-lipids interactions were also investigated. MD simulations results will be

discussed in the next Chapter.
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4. Investigation of monomeric and dimeric Msmeg and
Mtb MmpL3 wusing Molecular Dynamics (MD)
simulations

4.1 Introduction

The experimental evidence presented in Chapter 3 demonstrated the existence
of MmpL3 as a dimer. However, as it was not possible to solve a high-resolution
structure for this oligomeric species, the investigation of the protein-protein
interactions could not be carried out. The co-purified lipid species identified through
lipidomics analysis in the previous Chapter confirmed that MmpL3 actively interacts
with the surrounding environment. Nevertheless, the protein-lipid binding sites could
not be identified.

MD simulations represent a valid complementary approach to experimental
procedures to answer key biological questions. Complex multicomponent systems can
be investigated in atomistic detail, providing insights on protein, protein-protein and
protein-lipid dynamics and interactions. One of the greatest advantages of MD is that
the user has full control over the system to simulate, as well as on the environmental
parameters to use.

In this Chapter, MD results obtained from monomeric Msmeg and Mtb MmpL3s
are first discussed. MmpL3’s published structures were embedded in a POPC lipid
bilayer to replicate NDs lipid composition and investigate the protein behaviour within
the membrane environment. Then, dimer models were also generated using the web-
based GalaxyHomomer server starting from the protein structures. MD simulations
performed on the Msmeg MmpL3 dimer allowed investigation of the protomer-
protomer interactions providing useful insights into the interfacial residues involved.
Furthermore, specific lipid binding sites were identified suggesting the role that lipids
might play in stabilising the dimer. These findings could represent the starting point for
future experiments investigating MmpL3 oligomeric state and how this arrangement

might affect its function.
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4.2 Materials and Methods

4.2.1 Msmeg MmpL3 crystal structures evaluation

Two crystal structures of the membrane protein MmpL3 were obtained from the
RCSB Protein Data-bank database (http://www.rcsb.org) 2¢'. The MmpL3 obtained
from the native host Mycobacterium smegmatis (strain ATCC 700084/mc(2)155)
solved in 6-n-dodecyl-a,a-trehalose (6-DDTre, a homologue of the native TMM
substrate) was reported in Zhang et al. (6JAF — Uniprot ID 17G2R2), while MmpL3 from
M. smegmatis heterologously expressed in Escherichia coli solved in DDM was
reported in Su et al. (60OR2 — Uniprot ID AOQP27) 2. Both structures were solved by
X-ray diffraction at resolutions of 2.70 A for 6AJF and 2.59 A for 60R2. Deposited
structure validation reports were reviewed to assess the overall quality of the
structures. The parameters assessed were resolution, R-free values, Ramachandran
and RSRZ outliers 282, Sequences were aligned using the Align function within UniProt,
which uses the Clustal Omega algorithm and structurally superimposed using UCSF
Chimera MatchMaker using the Needleman-Wunsch alignment algorithm and
BLOSUM-62 matrix 283-285_ Root-Mean-Square deviations (RMSd) of atomic positions
were calculated using the Match -> Align function and unmodelled non-terminal
residues present in the model were identified 225, Following an extensive evaluation of
both crystal structures, as presented in the Results section, 60R2 was used to carry

out all the work related to Msmeg MmpL3 in this thesis.
4.2.2 Msmeg MmpL3 AC model building for MD

The 2.6 A crystal structure of C-terminally truncated Msmeg MmpL3 (UniProtKB
AOQP27, aa 1 - 761, PDB 60R2) was used as the reference structure 2. Missing non-
terminal residues (aa 353 - 381) were modelled through the model loop function of
Modeller software, available as a built-in tool in UCSF Chimera 2%. A standard loop
modelling protocol was used to model the non-terminal missing structure, allowing for
1 residue adjacent to the missing regions to move. 30 models were generated and
ranked based on the GA341 score, which determines the statistical probability of
having the correct fold, and a normalised Discrete Optimised Protein Energy score
(zDOPE), where more negative values indicate more favourable models 287288

Alongside these factors, the specific amino acids composition was calculated using a
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web-based tool for Peptide Hydrophobicity/Hydrophilicity Analysis (peptide2.com).
Finally, secondary structure prediction was performed using JPred4 and SOPMA web
tools 289290 The model renamed ‘1.16’ was selected based on the aforementioned
criteria and the PDB file was processed through the CHARMM (Chemistry at HARvard
Molecular Mechanics) - GUI Membrane Builder web-based tool (http://www.charmm-
gui.org/) 262, This tool was used to generate the model of 1.16-60R2 embedded in a
POPC symmetric bilayer. The PDB was manually oriented with respect to the
membrane planes, and the lipid bilayer was then generated by a replacement method
using a 1:1 ratio of POPC molecules in the upper- and lower-leaflet. Furthermore, 0.15
M KCl ions were placed using the Monte Carlo method 2°'. All the components were
finally assembled, including water molecules as per the specified thickness of 22.5 A,
and a PDB file was generated.

In order to simulate the presence of a ligand within the periplasmic cavity, 3
different models were generated by substituting coordinates of the PE molecule
present in the 60R2 PDB with a molecule of POPC, POPE or 1-stearoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (SOPE), respectively 2. The selected lipid molecules

were selected to provide a range of different alkyl chain lengths as well as headgroups.

4.2.3 Mtb MmpL3 AC model building for MD

The 3 A cryo-EM structure of C-terminally truncated Mtb MmpL3 (UniProtKB
POWJV5, aa 1 - 753, PDB 7NVH) heterologously expressed in Escherichia coli and
isolated in Lauryl Maltose Neopentyl Glycol (LMNG) was used as the reference
structure 4. Missing non-terminal residues (aa 343 - 377) were modelled through the
model loop function of Modeller software, as already described in section 4.2.2 285,
The same criteria, as described in section 4.2.2, were applied to select the best model.
The PDB file obtained was then processed through the CHARMM - GUI Membrane
Builder web-based tool following the same process used for the Msmeg MmpL3 AC

model 252,

4.2.4 Oligomeric structure prediction for Msmeg and Mtb MmpL3 AC constructs

Msmeg MmpL3 (PDB ID: 7N6B) and Mtb MmpL3 (PDB ID: 7NVH) oligomeric
structure prediction were made using the GalaxyHomomer server, available on

http://galaxy.seoklab.org/homomer website 342%2. The algorithm used templates
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selected from the protein structure database to predict homomeric structures taking
the structure as input. The oligomeric arrangement was imposed to be dimeric. In
particular, the MmpL3 models obtained using the Resistance-Nodulation-Cell Division
(RND) transporter HpnN (PDB ID: 5KHN and 5KHS) as template were used for further
analyses 752%3, PDBePISA was used to detect salt bridges and hydrogen bonds 2%4.

Computational alanine scanning was performed using the Robetta webserver 295:2%,

4.2.5 MD simulations settings

AMBER 16 and AmberTools18, including sander and the GPU-accelerated
pmemd code, were used to run MD simulations 2°7-2%°. The PDB file obtained from
CHARMM - GUI was initially processed through a Python script
(charmmlipid2amber.py) to convert the lipid molecules to be compatible with AMBER
240.262 Al hydrogens were then removed using pdb4amber, for the file to be correctly
read by the preparatory program tLeap 2%. Force field ff19SB, lipid17 and tip3p were
sourced into tLeap to define protein, lipid and water components respectively 242:300.301,
Finally, topology and coordinate files were successfully generated. MD atomistic
simulations of 5 repeats for each model were carried out over a 1.5 us time frame,
after running two minimisations, two heating steps and a 10 ns equilibration. Explicit
solvent and 0.15 M KCI were used to solvate the system. Protein was centred within
the simulation box and the particle mesh Ewald (PME) periodic boundary condition
(PBC) applied with a cut off of 10 A for long-term electrostatic calculations 2°°. The two
rounds of minimisation were performed using sander. For each round, a total 2,500
cycles were carried out starting with deepest descent algorithm and switching to
conjugate gradient for the last 1,000 cycles. In the first minimisation step, movements
from the protein, excluding modelled residues 353 - 381, were restrained using a
harmonic potential with a force-constant of 100 kCal mol' A2. This restraint was
removed for the second minimisation step, allowing the entire system to move freely.
Both minimization steps were performed keeping the periodic boundaries volume
constant with no pressure scaling and no SHAKE algorithm applied 32,

GPU-accelerated pmemd code was used to run all the other steps and the
SHAKE algorithm was applied to restrain bonds involving hydrogens, therefore
allowing an increase of the time step used to 2 fs. The minimised system was heated

through two sequential runs to a 300 K final T. First, the system was heated to 100 K
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over 20 ps, using a Langevin thermostat with random seed and a collision frequency
of 1.0 ps™, in a constant volume ensemble (NVE) 3%3. During this first heating step a
force constant restraint of 10 kCal mol' A2 was applied on the protein excluding
modelled residues 353 - 381. The system was then heated to 300 K over 100 ps, by
using the same thermostat but this time applying an anisotropic Berendsen weak-
coupling barostat to also equilibrate the pressure at 1 bar, thus reproducing a constant
T and P ensemble (NPT ensemble). A 10 ns equilibration step followed and was
carried out at 1 bar and 300 K. Finally, a 1.5 ys MD production run was performed
under the same conditions, with the exception of the use of an increased time step,
from 2 fs to 4 fs, as Hydrogen Mass Repartitioning (HMR) was applied to the solute

counterpart 304,
4.2.6 Analysis of MD trajectories

All trajectories were visualised using the MD movie function in UCSF Chimera,
while cpptraj was used to perform calculations of RMSd, Root-Mean-Square
fluctuations (RMSf) and B-factors 284395306 Mass-weighed RMSd were calculated on
the protein backbone, including Carbon-a (Ca), C, O and N as the selection mask,
over the whole trajectory using the first frame of simulation as reference. RMSf and B-
factors were calculated over the last 1,000 ns of production run, using the first frame
of simulation of the specified timeframe as reference. RMSf and B-factor values across
the five repeats for each model were also averaged and plotted using matplotlib Python
library. PDB structures for the last 100 ns of simulation were produced for all the
repeats and averaged.

MD simulations were also analysed to investigate the changes in the
periplasmic cavity size, building on the initial results described in my MRes report 307
Ca distances (in A) between relevant residues located within the periplasmic cavity
were measured on the averaged PDBs obtained from the last 100 ns and over the
whole trajectory using the cpptraj function distance and compared to those obtained
for the same residue pairs in the crystal structures 60R2 and 6AJF. Violin plots were
also generated using matplotlib Python library for comparing distance distributions of
1.16-60R2 in its apo form to the values obtained from Msmeg MmpL3 simulations with

bound ligands 38, Furthermore, PND — PCD centre of mass distance distributions were
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also calculated for all simulated models and compared to 60R2 and 7NVH reference
structures.

MD trajectories were analysed to identify lipid binding sites on MmpL3.
Volumetric maps were generated using the VolMap tool within VMD by calculating lipid
headgroup occupancy within 6 A of the protein over the whole trajectory 3°°. Moreover,
cpptraj commands hbond and lifetime were used to investigate hydrogen bonds
between lipid headgroups and protein 3'°. Heatmaps were generated using GraphPad
Prism version 10.0.0 for Mac OS X (GraphPad Software, Boston, Massachusetts USA,

www.graphpad.com).

4.3 Results

4.3.1 Selection of reference crystal structures for M\smeg and Mtb MmpL3

In 2019, two independent research groups published two crystal structures of
engineered versions of Msmeg MmpL3, PDB IDs: 6AJF and 60R2 2. The atomic
models of the two Msmeg protein structures were resolved to a similar resolution by
X-ray diffraction and were found to be in agreement with a previously determined
partial structure 5. The two structures share 100% identity at sequence level up to aa
748. However, in order to obtain good diffracting crystals both sequences were
engineered to remove the C-terminal domain; residues 749 to 1013 were removed for
6AJF, while residues 762 to 1013 were removed for 60R2. Zhang and colleagues
further altered the protein by adding the Enterobacteria phage T4 endolysin sequence
(Uniprot ID D9IEF7) at the C-terminus as well as mutating Cys residues 816 and 869
. Moreover, Zhang et al. structure presented a 2 aa linker connecting the MmpL3
sequence to endolysin and two tags, both at the N- and C-termini, covering positions
1-13 and 924 - 943. Furthermore, in both structures non-terminal residues 356 - 387
and 353 - 381 were not solved in the Zhang et al and in the Su et al structure,
respectively 2. These residues connect TM 6 to TM 7a and the inability to resolve
them was likely due to the high flexibility and/or disordered nature of this region,
discussed later in this chapter. Some differences between the two structures emerged
also in terms of expression system. In particular, Su et al. used E. coli as expression
system, while 6AJF was recombinantly expressed in M. smegmatis strain mc(2)155
cells, possibly favouring a more physiological protein folding as the native organism

was used 2. When superposed, the two crystal structures presented an overall RMSd
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Figure 4.1. 60R2 and 6AJF superposition. Superposition of 60R2 and 6AJF with ribbon
representation for the two structures in tan and dark cyan, respectively. The red box indicates the T4
endolysin sequence found in 6AJF, while the green box marks the position of the residues missing in
both structures (dashed lines).

of 1.095 A over 709 Co atoms (Figure 4.1). Due to the aforementioned sequence
modifications of the Zhang et al. structure and for the better resolution obtained by Su
et al., 60R2 was selected to perform all the monomeric simulations of Msmeg MmpL3
and analyses presented in this work 2.

For Mtb MmpL3, a 3 A cryo-EM structure was published in 2021, PDB ID: 7NVH
4. The protein sequence was also engineered and C-terminal domain residues 754 to
944 were truncated. As for the 60R2 structure, the protein was heterologously
expressed in E. coli and 35 non-terminal residues (aa 343 - 377) from the loop
connecting TM 6 to TM 7 were not solved. 7NVH is the only available structure for Mtb

protein, therefore it was used for all MD simulations.
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4.3.2 Msmeg and Mtb MmpL3 monomeric models and MD simulation results

The MmpL3 60R2 structure published by Su and co-workers was used as the
reference for the Msmeg MmpL3 protein. The first task focused on modelling the 29
residues, located between positions 353 and 381, that were missing from the original
PDB. The distance between the last modelled residues at the N’- and C’- termini
(Thr352 and Arg382) measured 21.59 A, a distance unlikely to accommodate a linear
peptide, which would measure 95.32 A. In terms of amino acid composition, which
includes 48.28% of hydrophobic residues, the loop is more similar to the TM 1a (1 -
11), TM 7a (383 - 399) and a 8 (740 - 749) regions that do not cross the membrane,
presenting altogether a lower percentage of hydrophobic residues compared to the
other TM helices (averages of 47.5% and 67.5%, respectively). According to these
results, a physiological position for the loop would be at the interface with the
cytoplasmic face of the membrane. Secondary structure prediction methods suggest
the presence of only short helical regions, connecting residues Pro357 - Leu359 and
GIn363 - Thr376, while the rest of the sequence is disordered 28. Thirty structures
were generated using Modeller within UCSF Chimera and ranked for zDOPE, with
scores ranging between -1.32 and -1.59 (average -1.46 + 0.058) 28428 A more
compact loop structure and a shorter distance from the protein core were considered
as energetically more favourable models. Furthermore, amino acid specific functions
in protein structures were evaluated. Model 1.16 met all these criteria for Msmeg
MmpL3 and also had Pro357 - Leu359 in a helical conformation, with the proline
involved in the alpha-turn as typically found in nature.

Taking all the aforementioned considerations into account, the missing
intracellular loop connecting TMN to TMC (aa 353 - 381) was generated through the
Modeller software within the UCSF Chimera visualisation tool and the selected model
was named ‘1.16-60R2’ (Figure 4.2, a) 284286,

A similar situation was also observed when the reference structure for Mtb
MmpL3, 7NVH, was analysed. 35 non-terminal residues in the loop between TMs 6
and 7 (aa 343 to aa 377) were missing in the PDB. The distance between the last
modelled residues at the N’- and C’- termini (Leu343 and Arg377) measured 22.73 A,
a distance unlikely to accommodate a linear peptide. Therefore, this unstructured loop
was modelled using the same methodology as for Msmeg MmpL3 and the best model

was selected to carry out MD simulations (Figure 4.2, b) 284286
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a. Msmeg model based on 60R2 b. Mtb model based on 7NVH
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Figure 4.2. Missing residues modelling for Msmeg and Mtb MmpL3 structures. a. Rear view of
Msmeg MmpL3 1.16 model (light blue), based on 60R2 reference structure. Missing residues Leu353
— Thr381 were modelled through the Modeller plugin within UCSF Chimera and are shown in orange.
Distance between aa 352 — 382 is 21.59 A, not allowing for a linear peptide to be inserted in. b. Rear
view of Mtb MmpL3 model (red), based on 7NVH reference structure. Missing residues Leu343 —
Arg377 were modelled as in a, shown in gold. Also in this case, distance between aa 342 — 378 is 22.73
A, not allowing for a linear peptide to be inserted in.

These PDBs were used to generate a system where the protein was embedded
in a POPC lipid bilayer using CHARMM - GUI Membrane builder (Figure 4.3) 262, Five
independent 1.5 pys MD runs were performed, for both constructs, according to

conditions described in section 4.2.5.

4.3.3 RMSd, B-factors and RMSf analyses on monomeric simulations

Protein Ca RMSd values were calculated over the whole trajectory for all
repeats to assess protein stability in the system and values compared to the starting
structure (first frame). As shown in Figure 4.4 for the 1.16-60R2 construct, this
analysis revealed that RMSd rapidly increased at the beginning of the simulation,
meaning that the protein was quickly moving away from the rigid initial pose, as
expected. After about 0.5 ps into the simulation, an equilibrium was reached and
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Figure 4.3. Membrane assembling using CHARMM-GUI Membrane Builder. a. Lipid headgroups
are represented as orange spheres for the user to have a preliminary idea of lipid packing and box size.
Spheres are then replaced in b. by proper lipids, reflecting the membrane composition selected by the
user. Finally in c. all components, including water molecules (red) and ions (floating spheres) are
assembled to generate a PDB file.

curves plateaued at around 2.5 - 3.5 A, suggesting that the system had achieved a
stable state (Figure 4.4). This allowed meaningful analyses on the rest of the
trajectory. First, B-factors were calculated for each of the 761 Ca of Msmeg MmpL3
apo over the last 1 us of simulation for all repeats and plotted alongside the values
deposited for the reference PDB file. As B-factors measure the amplitude of atomic
oscillations around their equilibrium position, higher values indicate that the electron
density map is more difficult to calculate 3''. As shown in Figure 4.5 a, B-factors values
for the 1.16-60R2 MD runs were consistently lower than the PDB ones. Larger values
were only recorded for the periplasmic domains (PND and PCD) as well as for the
modelled loop, all regions that have a high freedom of movement. Overall, the atomic
positions were identified with much higher accuracy by the MD simulations compared
to the starting crystal structure, especially for the TM regions. Furthermore, RMSf
analyses for the same construct confirmed the results obtained from B-factors analysis
for the specific protein residues that fluctuated the most from their initial position during
MD simulations. Through this analysis the modelled loop and the two periplasmic
regions were once again identified as highly dynamic regions, showing the highest
RMSf values (Figure 4.5, b).
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Figure 4.4. RMSd plots for 1.16-60R2 repeats. Graph shows results from RMSd analyses performed
over 1.5 ys of trajectory for the 1.16-60R2 apo model. Different colored lines are representative of the
five repeats. Every frame in the production run is compared to the first frame of trajectory and RMSd
are only calculated for protein backbone, including Ca, C, O and N atoms. After an initial steep curve
over the first 100 ns, where the protein is still finding its stability within the membrane, the repeats get
to an equilibrium at around 500 ns, with only minimal RMSd value oscillation over the last 1 ys. MD
simulation time in nanoseconds (ns) is reported on the x axis, while RMSd values in Angstroms (A) are
shown on the y axis.

The same analyses were also performed on the Mtb MmpL3 apo simulations,
and similar conclusions to those previously reported could be drawn: 1) B-factors for
the simulated model were consistently lower than reference PDB, with the only
exceptions being the modelled loop and the periplasmic regions; 2) when RMSf were
performed across the 5 repeats, residues within the modelled loop and the two
periplasmic regions recorded the highest oscillation values (Figure 4.6, a and b).

In particular, residues 76 - 78, 116 - 120 and 162 - 165 presented the highest
RMSf peaks for the PND domain in the 1.16-60R2 model. Finally, RMSf values were
the highest for residues 464 - 470, 490 - 496, 504 - 510 and 537 - 542, located in the
PCD domain. Large fluctuations were also observed for aa 750 - 761 but were ignored
as these atomic movements were probably caused by random forces acting on the
artificially generated C-terminus. All repeats consistently identified the most flexible
protein residues within these regions, suggesting highly reproducible protein
dynamics.

After structural analysis, it was possible to conclude that all the PND and PCD
residues showing high RMSf values were mostly unstructured connecting loops. Given
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Figure 4.5. B-factors and RMSf analysis for Msmeg MmpL3 a. B-factors calculation over 5 repeats
for simulated apo Msmeg protein (blue line) and for the 60R2 reference structure (orange line). B-factors
values for aa 353 — 381 are not available for 60R2 (line gap) as these residues were not solved in the
PDB. B-factors were calculated on the protein backbone (761 Ca) over the last 1 us of simulation.
Average values are indicated by the blue solid line, while the range across all 5 repeats is represented
by blue shaded area. Highest values were recorded for the periplasmic regions (in green and orange
boxes) and for the modelled loop (yellow box). Transmembrane (TM) regions represented with blue
arrows including TM numbering. TM 1 - 6 indicate the N-terminal TM domain (TMN), while TM 7 - 12 the
C-terminal TM domain (TMC). b. RMSf comparison between Msmeg apo (blue line) and ligand-bound
protein over the last 1 ys of simulation. This analysis identified the same regions as the most dynamic
and flexible during MD simulations as shown in a. The highest fluctuations values are given in A.

the 2-fold protein symmetry, the identified flexible regions on one periplasmic domain
were mirrored on the other, as shown in Figure 4.7. Of particular interest, given their
potential role in substrate translocation, are PND residues 116 - 120 located in close
proximity to regions on the PCD domain between aa 490 - 496 and 504 - 510,
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Figure 4.6. B-factors and RMSf analysis for Mtb MmpL3. a. B-factors analysis performed on
simulated apo Mtb MmpL3 reported as average values (magenta solid line) and range across all 5
repeats in shaded area. Values for reference PDB 7NVH are shown with purple line (aa 343 — 377
missing). b. RMSf values calculated for the simulated apo Mtb protein over the last 1 us of simulation,

with same colouring as in a.

potentially controlling access of the TMM substrate molecules to the central cavity. Su
and colleagues copurified a molecule of PE 16:0/ 17:1(92) visible in their X-ray crystal
structure bound within the same region of the protein, confirming the importance of

studying the structure and behaviour of the central cavity 2.
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Figure 4.7. 1.16-60R2 residues with highest RMSf values. Top view of 60R2 structure. Residues 76
- 78 connect B 1 to a 2 in the PND domain, like residues 464 - 470 link 3 4 to a 6 in the PCD region
(orange). Residues 162 - 165 in the PND region bridge a 4 and 8 3, while aa 537 - 542 a 7 and B 6 in
the PCD domain (magenta). All the regions mentioned above are located on the opposite side of the
two periplasmic domains thus they do not come into contact during the simulation. PND residues 116 -
120 bridging a 2 and a 3, however, are located in close proximity to the flexible PCD regions between
490 - 496 and 504 - 510, which connect a 6 to 3 5 (green).

Although RMSf calculations provide useful insights into fluctuations per residue
over the full length of the simulation, they do not provide any details on the direction
of movement of specific regions of the protein. However, by visual inspection a
possible closure of the central funnel-shaped pore was observed, with the two
periplasmic regions that appeared to be moving towards each other, reducing the
space available for drugs or other substrates to reach the cavity. In contrast with the
crystal structure, where a molecule of PE was co-crystallised in the cavity therefore
representing the bound or holo state of MmpL3, the simulations were performed
without ligand. Therefore, MD results seem to reflect the protein changing
conformation from its bound to its apo state. In the apo state the two periplasmic

domains reduce the central cavity space as no substrate needs to be accommodated.
4.3.4 Periplasmic cavity size changes according to protein-ligand binding state

The size of the cavity pore was further investigated by comparing the apo 1.16-
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60R2 13.10 A 15.67 A 6.14 A 13.80 A 14.00 A 7.33A
Msmeg MmpL3 1.16 10.25 A 12.47 A 6.03 A 8.65 A 9.69 A 6.42 A
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Figure 4.8. Msmeg MmpL3 1.16 cavity size comparison to crystal structure. a. Table summarising
Ca - Ca distance measurements for 4 residues pairs located within the periplasmic cavity of crystal
structures 60R2 and 6AJF, and 1.16 average model PDB over the last 100 ns of simulation. Ser67 and
Leu171 are located on the PND domain, while Pro456 and Thr549 on the PCD domain. PND - PCD
distances showed lower values compared to the reference structure, while PND - PND and PCD - PCD
distances remained almost unaltered. b. Front-view superposition of 60R2 (tan) and 1.16 model
average PDB over last 100 ns of simulation (light blue), with atoms shown (sticks) for residues used for
distance measurements (dashed green lines), with values reported in a. c. Top-view superposition as
in b, including PE molecule (purple) co-crystallised with protein in 60R2, which cannot be
accommodated in simulated model without clashes. As evident from all results shown, cavity size
decreased in Msmeg MmpL3 simulated model, with the PCD domain moving towards the PND domain
suggesting a closure of the central cavity pore. These results could also be the consequence of the
absence of ligands in the simulations, showing the protein conformation in its apo form.

60R2 protein to simulations with ligands inserted in the periplasmic cavity. Four
residues located inside the central cavity and at the interface between the two
periplasmic domains were selected, 2 in the PND (Ser67 and Leu171) and 2 in the
PCD (Pro456 and Thr549). Ca distances were calculated for the 60R2 and 6AJF
structures as well as for the PDB obtained averaging the last 100 ns of the 5 repeats
for the Msmeg MmpL3 1.16 apo model (Figure 4.8, a). Results revealed a reduction
in the linear distance between opposite-sided residues compared to the bound
reference structure, while the PND - PND and PCD - PCD pair distances remained
unaltered. Compared to 60R2 and 6AJF reference structures, a smaller cavity size
was measured as a possible consequence of the closure movement of the PND and
PCD regions. This was also observed when the average PDB for Msmeg MmpL3 1.16
was superposed to the reference structure 60R2, as the PCD domain appeared to

move closer to the PND, reducing the size of the central cavity (Figure 4.8, b).
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Figure 4.9. PND — PCD centre of mass (c.0.m.) distance measurements during MD simulations.
a. PND - PCD c.o.m. distance measurement along trajectory files, compared to 60R2 (dashed line).
C.o.m. distance average values represented in solid lines with range over 5 repeats in shaded area.
Msmeg MmpL3 apo in blue, Msmeg MmpL3 with POPC in green, with POPE in orange and with SOPE
in purple. b. PND — PCD c.o.m. distance distribution for all simulated systems represented with violin
plots. 60R2 and 7NVH reference measurements were 27.8 A and 28.1 A, respectively (dashed lines).
Colours as in a, and Mtb MmpL3 with no ligand bound in red. White dots in each violin plot represent
median values.

Therefore, the PE molecule co-crystallised in 60R2 could not be accommodated
within the simulated unbound model without causing steric clashes (Figure 4.8, c).
However, when the protein was simulated in its holo state, the closure
movement of the two periplasmic domains was partially reduced and the central cavity
appeared to be in an ‘open state’. First, the centre of mass (c.0.m.) of each periplasmic
domain was calculated and the distance between these two artificial points was then

calculated along the whole trajectory and compared to the crystal structure (Figure
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4.9, a). PND — PCD c.o.m. distance for the MD simulations including ligands was
consistently higher than that recorded for the unbound state, although lower than the
distance between the two regions in the crystal structure. The first observation
confirmed the hypothesis of a conformational change reducing the distance between
the two periplasmic domains of the protein in the unbound/closed- vs bound/open-
state.

In contrast, the reduced PND — PCD c.o.m. distance observed in all simulated
ligand-bound systems compared to 60R2 could be the consequence of the different
parameters used in MD simulations and for X-ray crystallography. For example, the
temperature used for MD runs (300 K) reflects a more physiological condition than the
cryogenic settings used in crystallographic studies (100 K), where overall atomic
motions are reduced affecting protein thermal flexibility and dynamics.

Density distributions for PND — PCD c.o.m. measurements are shown in Figure
4.9, b as violin plots. The reduction in central cavity size observed for Msmeg MmpL3
apo was also observed for the Mtb MmpL3 protein in its apo form, with a PND — PCD
c.0.m. median distance distribution over the 5 repeats of ~25 A. Moreover, this same
simulated model presented a lower value compared to the reference structure, 7NVH,
as already observed for the Msmeg protein.

From these results, the reduction in size of the central cavity was confirmed in
a quantitative manner both when the averaged structures of the last 100 ns of the
simulated models were considered as well as along the whole trajectory. Altogether
these observations confirmed that MD simulations were capable of sampling different
conformational states of MmpL3, reproducing either an unbound or a ligand-bound

state.

4.3.5 Analysis of protein-lipid substrate interactions within the central

periplasmic cavity

All solved structures for Msmeg MmpL3 showed the presence of specific
electron densities relative to detergents or lipid molecules in the periplasmic cavity. In
the 6AJF structure 2 molecules of 6-DDTre were co-crystallised with MmpL3, while a
molecule of 16:0-17:1(9Z) PE was identified in the 60R2 structure (Figure 4.10, a and
b) 2. More recently, in the 7N6B structure published by Su and colleagues a molecule

of TMM was also observed, confirming the ability of the periplasmic cavity to actively
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Figure 4.10. 6AJF, 60R2 and 7NVH structures with co-crystallised ligands. a, 6AJF (Msmeg
MmpL3), ribbon representation (cyan). Left, front view with 2 molecules of 6-DDTre (orange) identified
in the periplasmic cavity (with zoomed area in red box) and 1 molecule of 6-DDTre interacting with
Phe235 in binding pocket formed by TM 3 and 6. Right, rear view showing 1 molecule of 6-DDTre
interacting with Asn621. b, Rear view of 60R2 (Msmeg MmpL3) in ribbon representation (tan), with 1
PE molecule (purple) found in the central cavity and 1 molecule of DDM (dark green) in pocket formed
by TM 7 and TM 10 forming hydrogen bonds with Leu422 and Ser423. c, Rear view of 7NVH (Mtb
MmpL3) in ribbon representation (pink), with 1 LMNG molecule (blue), interacting with bottom of
periplasmic cavity residue lle422.

bind ligands 3. The same was observed for the Mtb MmpL3 cryo-EM structure, 7NVH,
where a molecule of LMNG was observed bound within the cavity of the periplasmic
domain (Figure 4.10, c) %. Analyses carried out on these structures revealed that a few
residues within the pore form hydrogen bonds with the ligands and some are common
across the different structures: Asp58 and Asp144 (Asp139 in 7NVH) for 6AJF and
7NVH; GIn40 for 60R2 and 7N6B; 1le422 in 7NVH; Arg63 and Asp64 in 6AJF only;
Tyrd4, GIn442 and Glu455 in 7N6B only. Interestingly, some of these residues were
also observed to form H-bonds in the simulations performed on Msmeg MmpL3 (1.16-
60R2 as starting structure) with the 3 different lipid molecules. In particular, GIn40,
Tyrd4, Arg63 consistently interacted with PC and PE lipid headgroups. Furthermore,
Ser41, 54 and 67 on the PND domain and Arg501 and Thr549 on the PCD domain
were observed to form stable and long-term interactions with the three ligands (Figure
4.11, a). Together, these residues create a network that contribute to the retention of
the lipid molecules within the periplasmic cavity throughout the full length of the
simulation (Figure 4.11, b). It is worth noticing that during the simulations all ligands
interact with a wide range of residues located at different heights within the periplasmic
cavity that extends by ~40 A into the periplasmic space. This not only confirms that
MmpL3 is able to bind different lipid species but also that the central cavity potentially

acts as a channel through which substrates get transported into the periplasm.
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Figure 4.11. Msmeg MmpL3 simulations including POPC, POPE and SOPE as ligands: H-bonds
analysis results. a. Left, heatmap reporting ligand-protein residues interaction per repeat during 1.5
Js simulation as fraction of total frames. Right, heatmap with averaged values of ligand-protein
residues interactions as % of total trajectory frames, for each ligand. Protein residues from the PND
and PCD domains are highlighted in the green and orange boxes, respectively. Ser41, Tyr44, Ser54,
Arg63 and Ser67 of the PND domain and Arg501 and Thr549 of the PCD domain form stable H bonds
with all three ligands. b, Front view of 1.16-60R2 structure with main residues from PND (green) and
PCD (orange) domains involved in H-bonds formation with the side chains in stick representation.
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4.3.6 Analysis of protein-lipid binding sites on TM domains

In addition to the molecules identified in the protein central cavity, a few detergent
molecules were also found at the interface with the periplasm. The hydrophobic chains
mainly interact with the TM regions, while the headgroups interact with residues in the
periplasmic domain. In particular, a molecule of DDM / TMM was resolved in the
pocket formed by TM 7 — TM 10 in two Su et al structures, interacting with two leucine
residues, Leu422 and Leu424, and Ser423 (Figure 4.10, b) %3. Furthermore, in the
6AJF structure one molecule of 6-DDTre formed hydrogen bonds with Asn621 located
on the loop connecting TM 9 to TM 10 while protruding towards the binding pocket
formed between TM 2 and TM 11, while another detergent molecule interacted with
Phe235 in the pocket between TM 3 and TM 6 (Figure 4.10, a).

The same lipid binding sites were identified in the simulated models of
monomeric Msmeg and Mtb MmpL3, together with some additional sites, that can be
subdivided into 6 pockets (Figure 4.12, a). The interaction between lipid molecules on
the upper leaflet of the bilayer and protein residues on TM helices involved the
formation of hydrogen bonds that were consistent among repeats for Msmeg and Mtb
MmpL3 (Figure 4.12, b and c; Figure 4.13, a and b). Only protein residues forming H-
bonds with lipids located in the upper leaflet for a percentage of total frames > 10%
were considered as relevant and used for the results presented in this section.

In particular, in the Msmeg MmpL3 apo MD simulations, for the lipid substrate
binding pocket between TM 7 — TM 10 found in the 60R2 and 7N6B structure (zone
1), Ser423 consistently formed H-bonds with one PC headgroup across 4/5 repeats,
with an average of 40.3% of the total frames 23. In the same binding pocket, Leu424
and GIn554 were also observed to interact with PC residues in two separate repeats
although with a lower percentage of total frames, of 12.5 and 18.8, respectively. During
MD simulations, the PC headgroup moved towards the periplasmic space, sticking out
from the membrane level, visible in the occupancy map calculated over the 5 repeats
(Figure 4.12, d). Gly616, Ser617 and Gly618, with a minor contribution of Trp609,
formed the 2" binding pocket and interacted with a specific PC headgroup (PC 766)
in 4 of the 5 repeats, covering 64.2% of the total trajectory. In binding pocket 3, protein-
lipid hydrogen bonds involved Asn621 in all repeats over 26% of total frames, and
Arg188 with a % of total frames ranging between 23.1 and 36.9. Residues in binding
pocket 4, including lle32, GIn186 and GIn243, recorded a low % of total interaction
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Figure 4.12. MmpL3 lipid binding pockets. a. Main lipid binding pockets identified 1 — 6 starting from
the rear of the protein (left) to front view (right). b-d. Msmeg MmpL3 protein-lipid hydrogen bonds
analysis. b. Heatmap with H-bonds results visualised per repeat with PC molecules on y axis and protein
residues on x axis and same colouring scheme for binding pockets as in a. Values range from 0 to 1,
with 1 indicating the bond is present over the whole simulation length. c. H-bonds average results
summary with max value of 100 % of total frames bond is present. d. Averaged lipid occupancy map
(rear view) generated in VMD selecting PC molecules within 6 A from protein along the whole trajectory.
Zoomed in box shows protein residues forming a ‘gate’ for lipid entrance in the cavity, with POPC
molecule in purple shifting upwards from membrane plane.

and only in 2 repeats. Ser33 and Arg230, forming binding pocket 5, also showed H-
bond formation over the 5 repeats with a % of total frames reaching 28.6%. Finally, in
the 6™ binding pocket identified, H-bonds were observed between PC residues and
Thr236 and Tyr317 (Figure 4.12, b and c). The H-bonds analyses performed on this
model revealed important protein residues involved in lipid-protein interaction that
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Figure 4.13. Mtb MmpL3 protein-lipid hydrogen bonds analysis. a. Heatmap with H-bonds results
visualised per repeat with PC molecules on y axis and protein residues on x axis and same colouring
scheme for binding pockets as in Figure 4.12, a. Values range from 0 to 1, with 1 indicating the bond
is present over the whole simulation length. b. H-bonds average results summary with max value of
100 % of total frames bond is present. c. Averaged lipid occupancy map (rear view) generated in VMD
selecting PC molecules within 6 A from protein along the whole trajectory. Zoomed in box shows protein
residues forming a ‘gate’ for lipid entrance in the cavity, with POPC molecule in purple shifting upwards
from membrane plane.

matched the sites occupied by the 6-DDTre detergent molecules in the Zhang et al

structure (zone 3 and zone 6) .
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When these analyses were performed on the Mtb protein, the same lipid binding
pockets were identified, with some residues matching the Msmeg ones. In particular,
Ser418 (Serd423 in the Msmeg model) formed hydrogen bonds in 4 of the 5 repeats,
reaching on average a 31.4% of total frames. The same behaviour of the PC
headgroup protruding out of the membrane plane already observed for Msmeg was
also present in the Mtb simulation, as evident from the lipid occupancy map calculated
for this construct (Figure 4.13, c). In binding pocket 1 Lys416, Leu419 (Leu424 in the
Msmeg model) and His553 formed interactions. In the 2" binding pocket mainly
Phe611, but also Ser612 and Lys613 (Gly616, Ser617 and Gly618 in the Msmeg
model) were involved, although with a much lower total % of frames compared to the
Msmeg model. Nevertheless, similar results between the two proteins were observed
when binding pocket 3 was analysed. Arg183, Asn616 (Arg188 and Asn621 in Msmeg
MmpL3) and Lys697 all contributed to the formation of stable hydrogen bonds with
different PC groups across all repeats. Three glutamine residues, GIn181, GIn182 and
GIn238 (GIn186 and GIn243 in Msmeg model) also significantly contributed with a
percentage of total frames ranging between 18.0 and 37.0 % and forming another lipid
binding pocket (zone 4). Furthermore, Ser33 (same residue in Msmeg) and Arg225
(Arg230) constituted pocket number 5, while Lys308 was the only residue identified as
part of pocket 6 (Figure 4.13, a and b).

Altogether, the MD simulations results showed in this section were in
agreement with the lipid binding sites observed by MmpL3 experimental structural
determination. Furthermore, several new potential TM binding pockets were also
identified in this study that could be important for protein stability in the membrane

environment.
4.3.7 Investigation into MmpL3 oligomerisation state

As discussed in section 4.2.4, protein structures for Msmeg (PDB ID: 7N6B)
and Mtb (PDB ID: 7NVH) MmpL3 were used as input to generate template-based
oligomeric models through the GalaxyHomomer server. As the experimental evidence
suggested the dimer as the likely MmpL3 oligomerisation state, a 2-mer arrangement
was imposed, results shown in Table 1. For both protein species, the predicted model
used the dimeric RND hopanoid transporter HpnN from Burkholderia multivorans as
template (PDB IDs: 5KHS and 5KHN) 7. For each construct, the model with the largest
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Table 1. MmpL3 oligomeric structures predicted by GalaxyHomomer server

M. smegmatis MmpL3 (PDB 7N6B)

Model Template Oligomer No. of Interface Sequence S.t ruptu_re
no. (PDB) Template subunits area (A2) identity (.?;\T iigtri)
1 5KHS HpnN 2-mer 2720.7 11.2 0.7135
2 5KHN HpnN 2-mer 2444.6 11.6 0.7092
Model Template Oligomer No. of Interface Sequence S.t ru_ctu're
no. (PDB) Template subunits area (A2?) identity (.?m ';acgtrﬁ)
1 5KHS HpnN 2-mer 1920.5 11.6 0.7196
2 5KHN HpnN 2-mer 2501.8 11.6 0.7151

interaction interface area was selected and was superimposed to the respective
template PDB. Superimposition of Msmeg MmpL3 and 5KHS gave a RMSd value 2.29
A over 474 atoms (Figure 4.14). When the Mtb model was superimposed to 5KHN, a
RMSd value of 2.36 A over 465 atoms was obtained. While the TM domains of HpnN
and MmpL3 showed the highest structural alignment, the architecture of the
periplasmic domains differ substantially, as HpnN has 2 additional domains extending
further away from the membrane plane towards the periplasmic space. Furthermore,
the dimer interface identified for the MmpL3 proteins differ from HpnN, as discussed
in the next section. Nevertheless, valuable insights could still be gained by comparing
the two proteins. As the two MmpL3 proteins have been shown to exert the same lipid
transport function in Msmeg and Mtb and share a 72% sequence identity over the
truncated protein sequences (aa 1 — 773 for Msmeg MmpL3 and aa 1 — 753 for Mtb
MmpL3) structurally determined, MD simulations were only run using Msmeg dimeric
model as reference. This choice seemed sensible in light of the huge computational
cost associated with the simulation of such complex systems, including multiple

components and a large number of atoms.
4.3.8 Dimer interface analysis on GalaxyWeb models

Starting from the dimer model obtained using GalaxyWeb, an extensive
analysis of the interface was conducted. In the HpnN structure, the transmembrane
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Msmeg MmpL3 HpnN (5KHS) Chain A superimposition

Figure 4.14. GalaxyHomomer predicted Msmeg MmpL3 dimeric structure. a. Front view of Msmeg
MmpL3 model 1 in ribbon representation and coloured by chain. b. Front view of template protein HpnN
(PDB: 5KHS). c. Superimposition of chain A from both structures reveals regions involved in dimer
interface differ for the two structures.

helices TM 7 and TM 9 and the periplasmic helices a 6 and a 7 were identified as
important regions for protomer interactions by the MRes student Chris Lee. The
interface area between the monomers in the MmpL3 models was found to be 2501.8
— 2720.7 A? across the two species, with calculated solvation-free energy gain upon
formation of the interface (A'G) of -31.6 kcal/mol and -41.4 kcal/mol for Msmeg MmpL3
and Mtb MmpL3, respectively. The large interface area and the negative A'G values
indicated stable and strong interactions between the two protomers.

When Msmeg MmpL3 mode of dimerisation was analysed in more detalil, it was
observed that hydrophobic residues located on TM 1 — 3 were involved in establishing
van der Waals interactions between the protomers, in a similar manner to the template
protein HpnN although involving different TM domains and periplasmic regions .
Specifically, TM 7 of HpnN (residues 453 — 474) and TM 1b of Msmeg MmpL3
(residues 13 — 36) contain several leucine, isoleucine and valine residues that interact
with TM located on the other protomer, specifically with TM 8 in the HpnN structure
and with TM 2 — 3 in MmpL3 (Figure 4.15). Although MmpL3 only shares 11.2%
sequence identity with HpnN, and the regions involved in dimer interface differ, the
hydrophobic interactions occurring at the TM dimer interface suggest that the
dimerisation mode is similar in both protein species. In addition to the hydrophobic
interactions involving the aforementioned TM regions, several hydrogen bond-forming
residues were identified on TM domains as well as in the periplasmic a 3, a 6 and a 7
in HpnN and in a 2 and a 4 in MmpL3, as shown in Figure 4.16, a. The main residues

involved in hydrogen bond formation on the periplasmic domains were Arg65, Asp103,
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Figure 4.15. Hydrophobic surface properties of Msmeg MmpL3 (a) and Burkholderia multivorans
HpnN (c). Residues are coloured based on their increasing hydrophobicity, from purple (hydrophilic),
white (neutral) to beige (hydrophobic). The regions in contact with the neighbouring monomer are
highlighted in the black box. Zoom-in views of the contact region, consisting of hydrophobic residues for
Msmeg MmpL3 (b) and HpnN (d) are shown. Figures for HpnN (c and d) were created by the MRes
student Chris Lee.

GIn104, GIn140, Asp142, and Glu146 for Msmeg MmpL3. Atthe TM level, both Msmeg
protomers formed interchain hydrogen bonds in the lower TM region closer to the
cytoplasm. In particular, between residues located on TM 1a (Arg13) and amino acids
on TM 6 — TM 7 and their connecting loop (Arg344 and Thr352). Most of the residues
involved in Msmeg dimerisation were also identified to play a crucial role in Mtb
dimerisation (Figure 4.16, b). In addition to the hydrophobic interactions involving TM
1b and TM 2 — TM 3, several hydrogen bonds were identified at the interface of Mtb
MmpL3 dimer involving residues Arg65, Asp103, GIn104, Asp137 and Asp138 in the
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Figure 4.16. The interaction interface of the MmpL3 dimer. a. Msmeg MmpL3 dimer model generated
using GalaxyHomomer server starting from PDB 7N6B (left hand panel). The individual protomers are
coloured dark and pale blue with the helices shown in ribbon representation. The regions highlighted in
the dashed boxes indicate those parts of the protein (both PD regions and TM domains) involved in the
predicted dimer interface. Azoomed in image of the relevant secondary structure regions involved in the
predicted dimer interface shown in cylinder representation (right hand panel). b. Sequence alignment
between Msmeg and Mtb proteins for regions important for protein dimerization (main TM domains and
PD regions within dashed boxes). Residues identified to form interchain hydrogen bonds in Msmeg
model are in blue, while residues found in Mtb model are in red. A star symbol indicates identical residues
between the two species. Semicolon indicates conservation of residues with strongly similar properties,
while a dot indicates residues with weak similarities.
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periplasmic regions, as well as Arg11 located on TM 1a and Val345 on the TM 6 - TM
7 connecting loop. Furthermore, only in the Mtb model were interactions in the upper
TM region also identified, mainly involving Leu32, Ser33, Lys36, therefore resulting in
an extended interface between the protomers. These observations suggest a crucial
role for these interactions in the dimerisation and stabilisation of MmpL3. Nevertheless,
it is essential to note that because these are predicted and rigid models, not all the
interactions present in the native proteins could be captured.

To further corroborate the results obtained, computational alanine scanning was
performed using the Robetta webserver on the Msmeg MmpL3 dimer, where changes
in binding energy (AAGying) upon residue mutation into alanine were calculated (Table
2). Residues with AAGbind value greater than 1 kcal/mol were identified as hot-spots,
potentially destabilising the dimer if mutated. As expected, mutation of hydrogen bond
forming interfacial residues consistently showed high values of AAGying. The alanine
scanning results confirmed that Msmeg MmpL3 is likely to dimerise via both the TM
and periplasmic protein regions, forming stable hydrogen bonds interactions between

the two chains.
4.3.9 MD simulations on dimeric Msmeg MmpL3

The dimeric model (model 1) of Msmeg MmpL3 obtained through
GalaxyHomomer was embedded in a 60% POPE, 20% POPG and 20% POPC
membrane based on our lipidomics analysis, and MD simulations were performed.
Five repeats of 1.5 ys each were run and subsequently analysed to assess protein
stability and behaviour in the membrane. Results obtained were then compared to the
predicted model. In particular, hydrogen bond analyses were performed to gain
insights into protein-protein and protein-lipid interactions. Lipid density maps were also
generated to examine the arrangement and interaction of molecules with the dimers

and to study the different species distribution around the protein.
4.3.10 Protein-protein interactions

Interchain hydrogen bonds forming throughout the whole trajectory and across
all repeats were calculated and averaged. Only interactions > 10% total frames were
considered relevant (Figure 4.17, a). With only a few exceptions, the residue pairs

identified were consistent across both chains. In particular, in the PND domains, Arg65
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Table 2. AAGyg4 values obtained from
computational alanine scanning for Msmeg
MmpL3 dimer model.

Msmeg MmpL3

Model 1
Residue (kAc i(lirbrilngl) Protein region
Tyr10 3.14 ™ 1a
Arg13 2.98 ™ 1a
Leu25 1.60 ™ 1b
lle32 1.72 ™ 1b
Arg65 1.55 al—P1
Asp103 2.30 a2-a3
GIn104 3.70 a2-a3
Glu146 219 a4
Phe202 1.89 T™2-TM 3
Val208 1.44 ™ 3
lle209 1.49 ™ 3
lle340 1.87 T™ 6
Arg344 2.87 TM6-TM7
Thr352 2.86 TM6-TM7

interacted with Asp103 and Glu102. Arg63 also formed H-bonds with Asp103, while
Glu102 with Ser506 as well. Lys149 consistently interacted with Glu146, GIn104 with
Asp142 while GIn140 mainly with its equivalent on the other chain (Figure 4.17, b). At
the TM level, lle32 interacted with the same residue on the associated chain, while
Lys187 established interactions with Val29 (Figure 4.17, c). Finally, in the cytoplasmic
side of the TM domains, GIn11, Arg13 and Tyr14 formed interactions with Thr352 and
Leu353, while on both chains lle340 accepted hydrogens from Arg344 (Figure 4.17,
d).

In the Mtb model, most of the residues involved in establishing protein-protein
interactions in the Msmeg dimer are conserved, with a few exceptions. Glu102 is
substituted with a proline, GIn140 is substituted with a lysine therefore maintaining
similar properties, while Glu146 is a threonine. At the TM level, some substitutions are
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Figure 4.17. Protein-protein interactions for Msmeg MmpL3 dimer. a. Heatmaps for Msmeg MmpL3
protein-protein hydrogen bonds using both chain A residues as H donors and chain B residues as
acceptors and the reverse. Max value on scale is 1, indicating a 100% of total simulation frames where
bond is present. Main aa involved in protein dimerisation are located on periplasmic loops connecting a
1-B1(aa 63-65), a2 —a 3 (aa 102-104) and B 2 — a 4 (140-149) (b.); TM 1b (aa 29-32) and TM 2
(Lys187) in the region closest to periplasm (c.); TM 1a (aa 11-13), TM 6 (lle340) and loop connecting
TM 6 to TM 7 (aa 344-353) in region closest to cytoplasm (d.). Residues on chain A are in blue while
residues on chain B are in dark cyan.

present but the residues have similar properties to the ones identified in the Msmeg

model.
4.3.11 Periplasmic domain dynamics in dimer simulations

During monomer simulations it was observed that when MmpL3 is in its apo
form the periplasmic central cavity adopts a closed state. When the PDB obtained
averaging the last 100 ns of simulations was superimposed to the reference structure,
one periplasmic domain was observed to move towards the other, thus restricting the
central pore for substrates to bind (section 4.3.4). When the periplasmic domain

behaviour was investigated for the Msmeg MmpL3 dimer, the same closure movement

144



a. Chain A Chain B

[ pre-MD

() 1-100 ns

[ 400-500 ns
(@D 900-1000 ns
@ 1400-1500 ns

: 50
- BOR2
Chain A
as! Chain B
| - AvsB
! PO W
0 (@) w T
. ) =
@
. ............... . 235
j]
. A I
. - a
o o :
i
P R it e oW E NS A A R W e e S ST g ey SO ety
2, 100 200 300 400 S00 600 700 800 900 1000 1100 1200 1300 1400 1500
Nanoseconds [ns]
C.
657
— PCDA-PCDB
| — PCDA-PNDB
“NMWWMWNWMWW = mracmos
,.....-------Q — PNDA-PNDB
O- ay .0‘ =3
- -
ey o =
Ta,0 g
R Wi £ 50
» "oy k]
* ~ o
0

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Nanoseconds [ns]

Figure 4.18. PD dynamics in Msmeg MmpL3 dimer simulations. a. Protein top view showing
superimposition of averaged PDB structures at different simulation time-points. b. PND — PCD c.o.m.
distance measurements along trajectory, compared to 60R2 (dashed line). C.o.m. distance average
values represented in solid lines with range over 5 repeats in shaded areas. Distance values for chain
A are in blue, for chain B are in cyan, while interchain values are in orange. c. Interchain c.o.m. distance
measurements along trajectory for each periplasmic subdomain pair. C.o.m. distance average values
represented in solid lines with range over 5 repeats in shaded areas.

of the central cavity was observed for each individual protomer, and within the first 100
ns of the simulation (Figure 4.18, a and b). The PND — PCD distance for each chain
dropped from 27.8 A, reference measurement, to ~25 A, same value observed in
monomer simulations, and then remained stable over the remaining length of the

trajectory. Interestingly, when interchain PND and PCD distances were measured, no
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significant changes were observed, thus suggesting that the two protomers do not

move towards each other (Figure 4.18, c).
4.3.12 Protein-lipid hydrogen bonds analysis in dimer simulations

As MmpL3 is an integral membrane protein natively embedded in a lipid bilayer,
it is possible that lipids surrounding MmpL3 are involved in stabilising the dimeric
structure by interacting with the protein. MmpL3 interaction with the surrounding
membrane environment was therefore analysed specifically to calculate the formation
of hydrogen bonds between protein residues and lipid headgroups. Averaged lipid
density maps generated for both models revealed the presence of lipid molecules all
around the dimer, with some densities intercalating within the protein-protein interface,
supporting a stabilising role (Figure 4.19, a). The composition of the membrane (60%
PE, 20% PG and 20% PC) was reflected in the lipid species identified in the occupancy
map. This also confirmed that MmpL3 can bind to multiple lipid species not only
through hydrophobic interactions but also through the active formation of hydrogen
bonds. The hydrogen bond analysis carried out revealed that the protein residues
establishing long-term interactions with the lipid headgroups were mainly located on
the outer surface of the dimer, where the protein is most exposed to the membrane
environment it is embedded in (Figure 4.19, b).

Residues in contact with the upper leaflet identified as important in the
monomeric structures were also observed to form hydrogen bonds in the dimer
simulations (Figure 4.20). These included GIn421, Ser423 and Leu424 (binding pocket
1 or lipid substrate entrance gate), aa 609, 616-618 (binding pocket 2), Asn621
(binding pocket 3) and Thr236 / Tyr317 (binding pocket 6). H-bonds were formed
between all three lipid headgroups and the protein residues listed above, as shown by
the heatmaps in Figure 4.21. The binding site hypothesised by Su and colleagues as
a lipid entrance gate was observed to be occupied by one lipid molecule on both chains
at the same time, suggesting each protomer can bind to its substrate independently 3.
The lipid molecule was positioned slightly above the membrane plane with a
movement that suggested its partial translocation into the cavity, by interacting with a
network of residues located within the TM and PCD domains (Figure 4.20, b).

Interestingly, a few lipid molecules were also observed to bind the protein

residues located at the cleft formed between the two protomers, involving residues
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Chain A Chain B

Figure 4.19. Msmeg MmpL3 dimer: protein-lipid interactions. a. Front (left) and top (right) view of
averaged lipid occupancy map generated in VMD using a selection of PE (blue), PC (purple) and PG
(green) molecules within 6 A from protein along the whole trajectory. b. Main protein residues per chain
involved in hydrogen bond formation with lipid molecules on top and bottom leaflets (front view).
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MmpL3 dimer: protein-lipid interactions on top leaflet. a. Protein top view with
main protein residues forming H bonds labelled and their side chains shown in stick representation.
Inlets show these residues interacting with lipid species during simulation. b. Protein front view showing
lipid species binding to MmpL3 residues, with focus on lipid entrance gate (inlet).

Figure 4.20. Msmeg
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Arg188 and Tyr30 on both chains (Figure 4.20, a).

When the same analysis was performed on residues in contact with the lower
leaflet, Trp4 / Arg7 (on TM 1a) and Trp362 / Arg366 (on cytoplasmic loop) from
opposite chains were observed to bind several lipid molecules, that intercalated

between the two protomers (Figure 4.22).
4.4 Discussion

4.4.1 Results on monomeric MmpL3

The structures solved by Su et al. and Adams and colleagues marked an
essential step forward in MmpL3 structure characterisation 2. Nevertheless, as with
almost all solved structures, they carry some intrinsic limitations. First, the protein is
fixed in a single conformation, providing only a static snapshot. In addition, the
conditions used for structural studies of membrane proteins are not representative of
the physiological behaviour in the context of the lipid bilayer. Furthermore, the use of
detergents and other membrane mimetic systems to keep the protein in solution can
alter its conformation and stability.

There is a tendency to deposit crystal structures in the PDB database with high
B-factor values, and 60R2, reference PDB for Msmeg MmpL3, is no exception. It was
estimated by Carugo et al. that the average B-factor value for structures yielding a
resolution lower than 3.3 A should not be more than 80 A%. 60R2 was solved at a 2.6
A resolution but presents an average B-factor of 104.8 + 21.4 A2 over 732 Ca 3''. This
confirms there is a high level of uncertainty in determining the exact position of the
backbone atoms, suggesting that dynamic studies are necessary in order to fully
understand the physiological behaviour of the protein at atomic resolution. MD
simulations have the advantage of allowing the study of a model structure mimicking
the physiological conditions of temperature (T) and pressure (P). For example,
compared to the 100 K at which diffraction data was collected for 60R2, in this work
the system was heated to a physiologically relevant T of 300 K and pressure was
controlled during the entire length of the simulation 2. The energy produced allowed
the entire system to move over time, thus letting the atoms explore their surroundings
and adopt more energetically favourable conformations and interactions, that might

differ from the reference structure. For example, a detailed distance analysis between
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Figure 4.21. Msmeg MmpL3 dimer: hydrogen bond analysis on protein-lipid interactions on top
leaflet. Heatmaps for protein-lipids (PG in green, PC in purple and PE in blue) hydrogen bonds by
chain and simulation repeat. Protein residues and relative atoms involved in H bond are reported on x
axis, while lipid headgroup molecules are on y axis. Max value on scale is 1, indicating a 100% of total
simulation frames where bond is present. Only interactions >10% of total frames were plotted.

atoms located within the periplasmic domains of Msmeg MmpL3 highlighted a
consistent trend in the dynamic behaviour of the periplasmic cavity. A ‘closed-state’ of
the pore was observed in the unbound state of the protein in agreement with what had
been showed for other RND transporters when no ligand is present °. In contrast, an
‘open-state’ was observed when several lipid molecules were added to the system
using the same atomic coordinates of the PE molecule identified in the reference
structure for Msmeg MmpL3, 60R2 2.

Another advantage of running MD simulations is that membrane proteins can
be embedded in a lipid bilayer and the interactions between the membrane lipids and
the protein can be studied at atomic resolution. Here, a particular focus was placed on
protein residues located on the TM domains in closer contact with the periplasmic
space, thus interacting with lipids on the upper leaflet of the bilayer. The reason behind
this choice was that several solved Msmeg MmpL3 structures (6AJF, 60R2 and 7N6B)
were obtained in complex with detergent molecules that had been co-purified in the
pockets located in the periplasmic end of TM helices 7 / 10 (zone 1), 9/ 11 (zone 3)
and 3/ 6 (zone 6) 3. Furthermore, it had been suggested by Su and colleagues that
lipid binding pocket 1 could play a crucial role in the lipid transport mechanism of
MmpL3 2. In particular, it has been hypothesised that Ser423 of TM7 could form a gate
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Figure 4.22. Msmeg MmpL3 dimer: protein-lipid interactions on bottom leaflet. Protein
cytoplasmic view with main protein residues forming H bonds labelled and their side chains shown in
stick representation. Inlet shows the main residues on opposite chains interacting with lipid species
during simulation.

with Asn524 part of a 7 of the PCD, through which lipid molecules enter the central
cavity 3. During my simulations of monomeric MmpL3, PC molecules formed hydrogen
bond interactions with Ser423 in the Msmeg MmpL3 model. In the dimer model,
GIn421, Ser423 and Leu424 were also identified to form long-term interactions with
PE, PG and PC molecules. Therefore, results suggest that the protein can bind to a
wide variety of lipid species, not only to TMMs, although the binding affinity for TMMs
has been shown to be higher and this may act as a regulatory mechanism controlling
transport 2. When bound to this pocket, the lipid is lifted above the membrane plane,
hinting at a possible transport initiation via movement of the substrate through the
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‘gate’ and into the periplasmic cavity. Although no hydrogen bonds were observed
between the lipid headgroups and Asn524, it cannot be excluded that a different type
of interaction might take place or that alternative residues located on the PCD domain
are involved in lipid transport.

Overall, results obtained for monomeric Msmeg and Mtb MmpL3 simulations
not only consistently identified the same lipid binding pockets observed during protein
structural determination, but also revealed several new TM binding sites. These
findings highlighted the role that the lipid molecules potentially play in establishing or
stabilising functional interactions with the protein. It was encouraging to achieve such
close agreement between the computational and the experimental approaches, where
one validated but also complemented the other in the investigation of MmpL3 in the

context of a membrane.
4.4.2 Results on dimeric MmpL3

From the dimer models generated using HpnN, the only known RND protein
that functions as a dimer as template, MmpL3 dimerisation could be investigated in
more detail 75293, At structural level, extensive hydrophobic interactions between the
protomers were established through several valine, leucine and isoleucine residues
located on interface-forming TM helices, such as TM 1b, TM 2 and TM 3.

Although it was shown that Van der Waals interactions occurred at the level of
the TM domains, it was unclear if and how the periplasmic domains were involved in
MmpL3 dimerisation. MmpL3 has just two periplasmic domains, PND and PCD, while
HpnN has an extra 2 domains (PD 3 and PD 4) extending further away into the
periplasm 7°. Nevertheless, in the MmpL3 dimer the PND domains from each protomer
are in close contact with each other, similar to PD 1 and PD 2 in the HpnN structure,
suggesting a significant role in dimer interface formation. Multiple interchain hydrogen
bonds at the dimer interface formed between PND regions of the two protomers were
observed, mainly through the presence of polar and charged residues. Most of the key
interface-forming residues involved in MmpL3 dimerisation were shared between
Msmeg and Mtb proteins, as expected by the high percentage of sequence identity.
Results obtained from simulations and from the interchain hydrogen bond analyses
were consistent with findings obtained from the analysis of the GalaxyHomomer

models, further supporting the significance of the key interface-forming residues.
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Furthermore, in the MD simulations several new hydrogen bond-forming residues
were identified both at PD and TM level compared to the pre-MD models, highlighting
how dynamics studies are essential to capture a larger number of atomistic
interactions that might not be present in rigid structures.

Computational alanine scanning provided additional support for the role of
specific residues in dimer formation. Experimental studies with mutants would be
useful to confirm their role in MmpL3 dimer stabilisation.

Overall, the MD simulations provided valuable insights into the dimerisation
mode of MmpL3 by mainly identifying the likely dimer interface and the interactions
stabilising dimer formation. As the simulated model was embedded in a membrane,
we also hypothesised that lipid molecules might play a role in stabilising the dimer
within the bilayer. This was also supported by the lipid density maps obtained for the
two protein species, giving an annulus of lipids all around the two protomers with some
lipid density intercalating within the dimer interface. The main long-term protein-lipid
interactions were established on the outer surface of the dimer. Although the lipid-
protein interactions at the interface presented a low frequency and duration, several
lipid molecules were found to be bound at the cleft between the two monomers,

suggesting their potential involvement in protein stabilisation.
4.4.3 Conclusions

Finally, it is worth noting that due to the high computational cost of running MD,
the simulated systems were only able to capture a limited timeframe of the protein
dynamics and of its interaction with the membrane. Nevertheless, as already observed
with the monomer, the dimer maintained a high level of stability throughout the
simulation, validating the results obtained and providing strong agreement with the
predicted models regarding the key interface-forming residues. Overall, this Chapter
provided valuable preliminary insights into the oligomerisation mode of MmpL3.
However, these findings would need to be confirmed experimentally and a high-
resolution structure of the dimer would be essential to investigate the protein-protein
interactions. If solved, the dimeric 3D structure could be used as input file for MD
simulations, thus providing a solid starting point to achieve high confidence results in
regard to oligomer dynamics as well as to MmpL3 interactions with the surrounding

membrane, potentially gaining more insights on its mechanism of lipid transport.
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5. Final discussion

In this thesis, | have demonstrated how experimental procedures and
computational approaches can synergistically be used to answer key biological
questions. The greatest advantage of multidisciplinary projects is the chance to use a
wide range of techniques and processes simultaneously, tackling the problem in a
multi-faceted way. In this work, preliminary data suggesting the existence of MmpL3
oligomers was first obtained using SDS-PAGE and WB analysis on detergent-purified
MmpL3 and the same detergent-purified MmpL3 reconstituted into MSP-based
nanodiscs. When higher MW species were also observed by native PAGE analysis of
MmpL3 in SMALPs, this gave us the confidence to investigate MmpL3 oligomeric state
further. Several biophysical techniques were then used to explore our hypothesis that
MmpL3 exists as an oligomer. Specifically, results obtained by SV-AUC, mass
photometry, native MS and cryo-EM all confirmed the existence of MmpL3 as a dimer.

However, the data from these experimental techniques only provided limited
information on the structure of the dimer and we were unable to obtain molecular level
detail for the dimer interface. MD simulations filled in the gaps, revealing the structure
of the dimer interface and the molecular basis of interactions between the individual
protomers, involving TM and periplasmic domains, as well as detailed insights into
MmpL3-membrane lipid interactions over time.

The highly effective complementary use of experimental and computational
approaches was a key strength of this PhD project. In this case, combined
experimental-computational methods provided new insights into the oligomeric
arrangement of MmpL3 and how the protein is likely to behave when embedded in a
native-like lipid bilayer. For example, we have seen how the lipidomics analysis carried
out on MmpL3 in different membrane-mimetic systems has provided important
information on the lipid composition that was then fed into the MD simulations
performed on the MmpL3 dimer model. At the same time, the dimer model generated
using GalaxyHomomer served as a synthetic template for the selection of protein-
carrying particles during cryo-EM analysis. Furthermore, a clear differentiation

between nanodisc particles carrying 1 or 2 protein molecules was achieved by
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overlaying the monomer structure or the dimer model with the projected 2D images of
the most representative 2D classes.

In some cases, the same phenomena may be observed across combined
experimental-computational studies that would have been overlooked using
experiments or simulations alone. Although a direct comparison between in silico and
laboratory-based results always requires mindful consideration, the data presented in
this thesis shows several instances where the two approaches pointed at the same
conclusions 234312 As an example, we have seen how the TM pockets where
substrate-like molecules co-purified during earlier MmpL3 structural determination
were also clearly and reproducibly present persistently in MD simulations .
Hydrogen bonds were formed between lipid head groups and specific protein residues
located all around the outer surface of the molecule over the whole length of the
trajectory. Therefore, these lipid binding sites assume a relevance as possible
mediators of both protein stability as well as playing a role in lipid transport. Of
particular interest for lipid transport is the lipid entrance gate between TM 7 and TM
10 which was occupied by a TMM-analogue in the Su et al. structure 3. This site had
already been hypothesised to be crucial for initiation of substrate transport through the
central cavity and into the periplasm 2. During MD, we observed that a lipid molecule
occupied the same binding site, and it was also lifted up relative to the membrane
plane, thus hinting at a translocating movement towards the central pore of the protein.
Another example of a good level of agreement between experimental and
computational results was provided by the analysis of the periplasmic cavity behaviour
in response to ligands. What was observed during MD simulations was in line with the
experimental evidence collected on other members of the RND protein superfamily °.
In the trimeric Campylobacter jejuni CmeB, several transient conformational states
were observed for the periplasmic domain, likely reflecting the different stages the
pump must go through during the transport cycle 3'3. In one of the crystal structures
one protomer is in the binding state with the periplasmic cleft open, while the other two
protomers present closed conformations of the periplasmic cleft, either adopting an
extrusion or resting state 3'3. Therefore, a PD in an open conformation is usually
associated with a substrate-bound state. This open-state was observed in the
reference structure, with a PE molecule co-crystallised within the cavity, but also in the
simulations including ligands 2. The conformational opening movement of the PD is

thought to take place to accommodate the substrate within the cavity during its
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membrane to periplasm translocation. In contrast, when the protein was simulated in
its apo state the periplasmic domains moved towards each other, reducing the size of
the central pore as it was also observed for the apo form of the E. coli CusA protein
314_

While experimental procedures often make use of well-established protocols
that have been widely used within the scientific community sometimes over decades,
computational approaches are prone to rapidly evolve. It is often very hard to keep up
with the advancement of computational speed and technology, thus complicating
matters where it comes to reproducibility of results. In the MD field it is common to
have yearly release of new software packages, providing up to date tools that allow
simulation of systems with increasing complexity as well as more sophisticated post-
MD analyses. In this work, the AMBER software package as well as its homonymous
molecular mechanical force fields were used for the simulation of biomolecules
240,315,316 \Within the AmberTools suite, a collection of programs and commands is
available for the user to generate coordinates and topology files prior to simulations,
as well as for downstream trajectory analysis 2*°. The Assisted Model Building with
Energy Refinement (AMBER) is also a family of force fields originally developed by
Peter Kollman’s group at the University of California (San Francisco) 3'5. Force fields
represent the core of the MD software as they are used to describe bonded and non-
bonded interactions between atoms within biomolecules. The specific set of
parameters and how well each system’s component is defined directly affect the
simulations accuracy and reliability. The latest model of the SB protein force fields
dates back to 2019 242, It was developed by the Simmerling Lab at the Stony Brook
University with the name of ff19SB. In terms of lipid force fields, AMBER included the
development of a modular framework and initial parameterisation within the Lipid11
force field, with significant advancements included in the 2014 version, Lipid14 317:318,
At the time of this PhD project, the latest release was Lipid17, built upon the modularity
of the previous version but with an extension of phospholipid residues to include
anionic head groups and polyunsaturated tails. Therefore, Lipid17 was the force field
used in the first MD simulations performed on the monomeric form of MmpL3.
Although during the course of my PhD a newer version of the lipid force field was
released, named Lipid21, a rational choice was made to continue using Lipid17
throughout the whole length of the project, to allow for a fairer comparison between

simulated systems 243, In fact, all systems were built using the same force fields,
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repeats were individually minimised and MD simulations strictly run using the same
environmental conditions and over the time frame of 1.5 ps. In this way, by averaging
the results obtained across the five different repeats for each system it was possible
to achieve a great level of data significance and reproducibility which is usually a
prerogative of experimental procedures.

The wide range of multidisciplinary approaches used throughout this thesis
supported the hypothesis that MmpL3 exists as a homodimer. However, more work is
required in order to more efficiently separate and isolate the dimeric species and
achieving the ultimate aim of solving a high-resolution structure. Having a 3D structure
of the dimer would allow for an in-depth characterisation of the protein-protein interface
as well as the study of the protein-lipid interaction network, replacing the synthetic
model used in this work. For example, mutants could be generated in silico as well as
in the laboratory (e.g. through alanine scanning) and could be tested to identify the
crucial interface-forming residues as well as important amino acids involved in protein-
lipid interactions. Furthermore, a lipid screen could be performed to investigate
whether the protein quaternary structure is regulated (e.g. stabilisation, functional
activation) by specific lipids at membrane level. These molecules might act as
regulators of protein oligomerisation and complex assembly, but they could also
stabilise the different conformational states adopted by the protein or could be
modulators of ligand binding '?6. As a final suggestion, it would be beneficial to carry
out recombinant expression of MmpL3 in Msmeg or Mtb cells and to extract the protein
in its native environment (e.g. in SMALPSs). This would reduce any bias that could arise
from protein manipulation during detergent-based purification, while replicating
physiologically relevant conditions.

In summary, this investigation of the oligomeric state of MmpL3 successfully
exploited the synergy between biophysical techniques and computational modelling.
This represents a novel and original finding that contributes to our understanding of
this important mycobacterial lipid transporter, a credible target in the continued fight

against TB.
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