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Abstract

With its superb spatial and temporal resolution, magnetic resonance imaging (MRI)
has great potential to track cellular activities that define early stages of disease. To improve
molecular imaging techniques, we are developing MRI reporter gene expression based on the
magnetosome. In magnetotactic bacteria (MTB), magnetosome formation compartmentalizes
iron biominerals in membrane-enclosed vesicles. We hypothesize that essential magnetosome
proteins interact in any cell type to form rudimentary magnetosome-like nanoparticles,

providing a genetically-controlled contrast agent for molecular MRI.

MTB genes mamE, mamB, maml, and mamL were cloned from M. magneticum sp.
AMB-1 genomic DNA by PCR and inserted into fluorescent vectors to create Mam fusion
proteins then stably expressed in human MDA-MB-435 melanoma cells. Cines of fluorescent
elements detected in intact cells were captured with confocal microscopy (Nikon A1R) and
analyzed using both ImageJ and Mathematica for Brownian motion and velocity. To obtain
longitudinal and transverse relaxation rates, cells stably expressing magnetosome proteins
were supplemented with 250 uM ferric nitrate, harvested, mounted in a gelatin phantom, and

scanned at 3 Tesla (Biograph mMR).

Tomato-MamL, Tomato-MamL/GFP-Maml, and Tomato-MamB all express
punctate, mobile fluorescence, while GFP-MamE expresses punctate but stationary
fluorescence. Analysis of motility revealed that magnetosome proteins have variable
diffusion coefficients due to their variable sizes, but all magnetosome proteins travel at a
velocity of around 0.2 um/s. Relaxation rates of iron-supplemented cells expressing Tomato-
MamB, GFP-Maml, or Tomato-MamL have significantly higher R2 and R2* than non-
supplemented cells. Interestingly, iron-supplemented cells expressing GFP-MamE or co-
expressing FLAG-MamL/GFP-Maml had relaxation rates comparable to unsupplemented

cell types.

This is the first report characterizing essential magnetosome proteins MamE, MamB,
Maml, and MamL in mammalian cells. Analysis of motion shows that magnetosome proteins
travel at velocities comparable to the mammalian motor protein myosin. Expression of either

MamB, Maml or MamL increases transverse relaxation rates; however, co-expression of



Maml and MamL reduces them again, suggesting a regulatory effect of magnetosome gene
combinations. Biosynthesis of magnetosome-like nanoparticles in mammalian cells would
provide an endogenous magnetic resonance (MR) contrast agent under genetic control. This
patented technology would provide long-term molecular imaging for tracking cellular and

molecular activities throughout the cell's life cycle.
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Summary for Lay Audience

Magnetic Resonance Imaging (MRI) is a medical imaging technology that is used
worldwide to diagnose disease. It is very useful as it can show subtle differences in the soft
tissues of the body. However, in its present form it is limited to detection of about one
million cells. Special contrast agents are being developed with the goal of reducing the
minimally detected cells to about one thousand. We have been developing such a contrast
agent and our theoretical calculations suggest that if we are successful MRI will be able to

detect as few as 3,000 cells.

We have been molecular engineering such a contrast agent that when introduced into
a human cell will become MRI visible when the cell performs a specific function. This
required us to find genes as raw material for this process. We isolated four genes from a
special kind of bacteria that produces a form of iron that is the greatest MRI contrast agent

known.

We have successfully shown that each of these four genes can be introduced into
human cells. But for this to work, all four protein products from these genes must find each
other and co-operate in making a special iron particle within the cell. Currently, we have
introduced two genes in the cell and found that these proteins can find each other. What
remains now is to first introduce three genes and evaluate their interactions, then finally

introduce all four genes to reach our ultimate goal of MRI detection of about 1,000 cells.



Co-Authorship Statement

This dissertation contains information from one published book chapter, one article
not yet accepted but under revision, and two articles that will be submitted to scientific
journals. As the first author of all written content, | have contributed significantly to the
proposal of projects, experimental designs, data acquisition and analysis, and manuscript
writing and revisions. All authors have or will contribute to suggestions and feedback prior to
submission of respective articles. Dissertation chapters including specific articles are

described below.

Chapter 1 contains text from the book chapter titled “Optimizing Reporter Gene
Expression for Molecular Magnetic Resonance Imaging”, which is chapter 9 in the book
“Bioimaging: Imaging by Light and Electromagnetics in Medicine and Biology” edited by
Shoogo Ueno. This book was published in 2020 by CRC Press Taylor & Francis Group in
Japan. The chapter was co-authored by Sun Q, Prato FS, and Goldhawk DE. Sun Q
contributed to creation of figures and chapter revising while Prato FS and Goldhawk DE

contributed to chapter writing, editing, and revising.

Chapter 2 is an original research article titled “Essential Magnetosome Proteins Maml
and MamL from Magnetotactic Bacteria Interact in Mammalian Cells” which was submitted
to Journal of Biological Chemistry, peer-reviewed, and returned in 2022. The manuscript
author list is: Sun Q, Yu L, Donnelly SC, Fradin C, Thompson RT, Prato FS, and Goldhawk
DE. Sun Q contributed to experimental design, data collection and analysis, creation of
figures and tables, manuscript writing, editing, and revising. Yu L contributed to data
collection and analysis and creation of figures and tables. Donnelly SC and Fradin C
contributed to experimental design, data collection and analysis, creation of figures and
tables, and manuscript writing, editing, and revising. Thompson RT contributed to
experimental funding and manuscript revising. Prato FS contributed to experimental funding
and to manuscript editing and revising. Goldhawk DE contributed to experimental design and
manuscript writing, editing, and revising. This manuscript has been revised and will be

resubmitted to Journal of Biological Chemistry in early 2023.



Chapter 3 is an original research article titled “Cellular Distribution and Motion of
Essential Magnetosome Proteins Expressed in Mammalian Cells”. The manuscript author list
is: Sun Q, Fradin C, Thompson RT, Prato FS, and Goldhawk DE. Sun Q contributed to
experimental design, data collection and analysis, creation of figures and tables, manuscript
writing, editing, and revising. Fradin C contributed to experimental design, development of
image analysis code, data collection and analysis, creation of figures and tables, and
manuscript writing, editing, and revising. Thompson RT contributed to experimental funding
and will contribute to manuscript revising. Prato FS contributed to experimental funding and
to manuscript editing and revising. Goldhawk DE contributed to experimental design and
manuscript writing, editing, and revising. This manuscript will be submitted for publication
in 2023.

Chapter 4 is an original research article titled “Magnetic Resonance Parameters and
Cellular Iron Content of Magnetosome Proteins Expressed in Mammalian Cells”. The
manuscript author list is: Sun Q, Vivekanantha P, Gelman N, Thompson RT, Prato FS, and
Goldhawk DE. Sun Q contributed to experimental design, data collection and analysis,
creation of figures and tables, manuscript writing, editing, and revising. Vivekanantha P
contributed to data collection and analysis. Gelman N contributed to manuscript editing and
revising. Thompson RT contributed to experimental funding and will contribute to
manuscript revising. Prato FS contributed to experimental funding and to manuscript editing
and revising. Goldhawk DE contributed to experimental design and manuscript writing,

editing, and revising. This manuscript will be submitted for publication in 2023.

Vi



Acknowledgments

First and foremost, | would like to thank my mom, Lian Xue, for her immense love and
dedication in raising me as a single mother. I would like to thank my dad, Hexi Sun, for
always making the most out of the limited time we spend together due to us being miles and

miles apart. | can always count on you both, whether it rains or shines.

I would like to thank my supervisors Dr. Donna Goldhawk and Dr. Frank Prato for always
making time for me, whether it be to talk about my project or just to lend a listening ear to
my ups and downs in life. Thank you both so much for being such patient, caring, and

supportive supervisors.

I would like to thank my advisory committee (Dr. Mamadou Diop and Dr. Jeremy Burton)
for giving me constructive feedback and much needed advice. | would like to thank Dr.
Cécile Fradin for being a fantastic collaborator, for working with me during crazy hours of
the day and night, for teaching me new techniques and theories, and for being supportive
throughout my studies. | would like to thank Dr. Neil Gelman for coaching me through MR
theory, data analysis, and discussion. | would like to thank Dr. Savita Dhanvantari and Dr.
Paula Foster for running a fantastic molecular imaging group and for being understanding
and supportive faculty members. | would like to thank John Butler, Heather Biernaski, Lynn

Keenliside, and Marcus Flamminio for their technical assistance during this project.

| would like to thank Dr. Aaron Ward and Dr. Charles McKenzie for being excellent
graduate chairs during my period of study. They have always made time for the students in
the department, and their dedication to the success of their students and appreciation and

understanding of mental health means everything to me.

| would like to thank the members of the Goldhawk lab for being excellent helpers and team
players, and for always brightening up my day at the lab. Thanks to Sarah Donnelly for
working excellently alongside me, for bringing me snacks, for making me laugh with jokes
and conversation, and for being the best lab buddy ever. Thanks to Selinia Hong for riding
the ups and downs of molecular cloning protocols with me. Thanks to Jonathan Yohans,

Moeiz Ahmed, and Moayyad Nassar for being great friends and lab members.

vii



I would like to thank my closest friends Shiny Yang, Rachel Champion, and Talek Julian for
finding time in their busy lives to spend time with me when I need a moment to relax and to
cheer me up when | am feeling stressed or feeling down. You are the best friends anyone

could ever ask for.

I would like to thank my partner, Enrique Alvarado, for being with me and loving me
throughout the ups and downs of my academic career and of my day-to-day life. Thank you
for supporting me and comforting me through difficult times, for cooking my favourite meals
when | am busy, for laughing at my lame jokes, and for always being there when | need a

hug or a shoulder to cry on.
Last but not least, | would like to thank my cats:

Nellie, who always loved food and treats, who was sassy and snappy to everyone but always

was kind to me, and who | miss so, so dearly.

viii



Moonie, who loves cuddles and is the friendliest cat ever, and who loves helping me write by

sitting on my keyboard.

Posy, who loves having the zoomies and loves to take much-needed naps with me.




Table of Contents

ADSTTACT ...t b e i
SUMMArY FOr LAy AUGIENCE .......oiviiiieiiiiii e 1\
COo-AULhOrShip SEATEMENL.........ecieieeiee ettt sre e ere e reenee s v
ACKNOWIBAGMENTS. ... vii
TabIE OF CONENES ... bbbttt bt ens X
LISt OF TADIES ... ettt nre s XVi
LISt OF FIQUIES ...ttt et re e e s e e reeneenee e XVii
LiSt OF ADDIEVIALIONS .....eoveeeiiiie e XXii
I 1011 €0 L1 £ o] o PP RSSO TUPPRTRTRRIN 1
1.1. Magnetotactic bacteria and the magnetoSOmMEe ..........c.ccovvriririieieieie s 3
1.1.1. Stepwise assembly of the magnetoSOme...........ccevvveieeie s 4

1.1.2. Protein structure of magnetosome Proteins...........ccocevvrereerenenenesenenenns 7

1.1.3. Designating the VESICIE .........ccoviieiiiiiecece e 15

1.1.4. Building the iron biomineral...........ccocooiiiiiii e 18

1.2. Understanding ProteiNS ........cccccueiiiiieiieieese et 19
1.2.1. Protein SYNNESHS ......cviiiiiieieie e 19

1.2.2. Protein folding .......cccooveiiiiiieece e 21

1.2.3. Protein MOdifiCatiONS ........ccovveieiieieeie e 23

1.2.4. Protein SOMING ....c.ccoveiieiecie ettt re e sreenre e 24

1.2.5. Protein degradation ... 26

1.2.6. Protein-protein INtEraCtioNS..........cccveiveeiieiieiiiesie e sre e 26

1.2.7. FIUOIreSCENT PrOtEINS ......eiuiiiieeeieite sttt 29

1.3. The cytoskeleton and molecular MOLOrS ..........ccccveiiiiiieiie e 30
1.3.1. The eukaryotic CytOSKEIBION .........cccoiiiiiiiice e 30



1.3.2. The prokaryotic CytoSKeleton...........ccocviieiiieieiie e 31

1.3.3. The cytoskeleton in magnetotactic bacteria...........cccccevvvierviiniiiniennnnn 32
1.3.4. ACHIVE traNSPOIT.....c.veiieiecie et enee e 33
1.3.5. Molecular diffuSION.........cocoeiiiiiiiiiiiee e 35

1.4. Principles of the MRISIQNal ..........cocvoiiiieii e 36
1.4.1. ParamagnetiC CONtrast gENTS.........ccurireeiieiierierierie e 37
1.4.2. Ferromagnetic CONLrast AgENLS ........ccevveiereerieiie e 38
1.4.3. MRI Of MagNELOSOMES ......ceeiiiiieriiiiisiieiieeee e 39

1.5. Defining reporter gene eXPreSSIiON ........civecveeieeieerieeeeseeseete e sreeee e e sre e e enas 41
1.5.1. IMAgiNg FEPOITEL......ciuiiieiieieee ettt 42
1.5.2. The search for an MRI rePOIEr .........ccceeiiiieii i 43
1.5.3. Magnetotactic bacteria and their magnetic properties...........c.ccoccecerennnee 45

1.6, SUMMAIY ..iiiiiiiie ettt ettt e et e et e e s st e e snb e e e snb e e e nbbeentnee e 46
1.7. Thesis objectives and OULIINE ..o 47
1.8, RETEIEINCES......oeiiiieieii e 50
CRAPLET 2.ttt 58

2 Essential magnetosome proteins Maml and MamL from magnetotactic bacteria

interact in Mammalian CellS ...........cooiiiiii 58
2.1 INEFOTUCTION ...ttt 58
2.2 Materials and Methods. .........coviiiiiiiiiie e 61
2.2.1 Molecular CIONING .......ccviiiiicie e 61
2.2.2 Cell Culture and TranSfECLION .........cccovviieierieie e 70
2.2.3 Selection of Stable Cell LiNeS.........cccoeiiiiiiiiiieece 71
2.2.4  Protein Sample Preparation...........cooeeeereneneneseseeeesese e 71
2.2.5 WESLEIN BIOL ... 72
2.2.6  Co-IMMUNOPIECIPITAtION ......oiviiviiiiiieiee e 74

Xi



2.2.7  Confocal IMagiNg......cccveieiiieiieieee et re e 75

2.2.8 Fluorescence Correlation SPECIrOSCOPY ........evververierirreieieiieniese s 76
2.2.9  Statistical ANAIYSIS........ccviiieiiiiicie et 78

2.3 RESUIES. ... 79
2.3.1 Magnetosome gene expression in a mammalian system ............c.ccccevennene 79
2.3.2  Mobility of MamL in mammalian CellS.........cccoviiiiiiiniiiniiie e 82
2.3.3  Mobility of truncated MamL ............ccooviiiiieiiie e 83
2.3.4 Co-localization of Maml and MamL ...........ccccoininininieiee e 85
2.3.5 Effect of MamL truncation on co-localization with Maml....................... 86
2.3.6 Co-localization of FLAG-MamL and EGFP-Maml ...........ccccccocvinnnnne. 88
2.3.7 Interactions between Maml and MamL..........cccccoveniiniineneineneenee 90

2.4 DISCUSSTION ...ttt ettt b bbbttt e e b e bbbttt e bt e st e e b e b sttt e beene s 95
2.4.1 Combined magnetosome gene expression in mammalian cells................ 95
2.4.2 MamL mobility and association with Maml.............ccceoeveiininninnnne. 98
2.4.3 Truncation of the MamL C-terminal tail .........ccccoooieiiiieiiiiicee 98

2.5 CONCIUSTON ..ttt b b 102
2.6 RETEIBNCES ...t 103
CNAPLET 3ttt 106

3 Cellular distribution and motion of essential magnetosome proteins expressed in

MAMMEANIAN CEIIS.......ooviiiiie s 106
3.1 INEOTUCTION ... 107
3.2 Materials and Methods..........ooveiiiiiiiiiie e 109
3.2.1  Molecular CloNING ......ccoveiiiiiieie e 109
3.2.2  Cell CURUIE ..o s 114
3.2.3 Protein Sample Preparation............ccccvveiieiieiiiee i 115
3.2.4  WESEEIN BIOT ... s 115

Xii



3.2.5 Confocal IMagiNg......ccceevueiieiiiieeeee e 117

3.2.6 Particle Trajectory ANalysiS.........cccoeieiiiiieiiiieeieeeee s 118

3.3 RESUIES ... 122
3.3.1 Confocal Images of EGFP-MamE .............cccociiiiiiiiiiceec e 122
3.3.2 Confocal Images of Tomato-MamB ...........c.ccccevveieiiieiieiccece e 124
3.3.3  Analysis of EGFP-MamE trajectories ..........c.ccoovveiieeeienenenene s 126
3.3.4 Mobility of Tomato-MamB ..........ccccceivieiieiiiicseee e 129
3.3.5 Mobility of Tomato-MamL.........cccooeiiiiiiieieee s 132
3.3.6  Mobility of TOMAtO-MaMLrunc ..veveeveeeerirereesieseeie e 134
3.3.7 Mobility of Tomato-MamL/EGFP-Maml...........c.ccccvvviininiiiniieien 137
3.3.8  Mobility of FLAG-MamL/EGFP-Maml............cccccvvvviiinneninenc e 140

3i4 DISCUSSION ...ttt etttk et bt bbbttt ettt b et 143
3.4.1 Brownian motion of magnetosome proteins particles ..............cccceeneeee. 145
3.4.2 Directed motion of magnetosome Proteins.........cocecvevererenenesesesennns 147

3.5 CONCIUSTON ...ttt 152
3.0 RETEIENCES ...ttt bbbt 154
(O T o) SO 156

4 Magnetic resonance parameters and cellular iron content of magnetosome proteins

expressed in mammalian CellS..........cooiiiiiiiii e 156
A1 INEOTUCTION ...ttt ene s 157
4.2 Materials and MEethOdS.........cccoiiiiiiiiie e 159
4.2.1 Molecular ClONING .......coooeiiiiiiiisieie e 159
4.2.2 Cell CURUIE ..o 160
4.2.3 Cell Harvest and Phantom Preparation ............ccccoevvveieienenencne e 162
4.2 4 MRI SEUUENCES ...cocuviieiiiie et e et e stie e siee e sbee e sbe et e e e e e nsne e nsaeeensneeennes 164
4.2.5  PIOEIN ASSAY ..o.veiiiiiieiieieie sttt sttt sttt sttt sttt sb bbb 166



4.2.6 Preparation OF ICP-IMS .........cccooiiiieie e 166

4.2.7 MR Data ANalYSIS........cooiiiiiiiiiiiieee e 167
4.2.8  StatistiCal ANAIYSIS........cciveiieiiiieieece e 168
4.3 RESUILS ..ottt 169

4.3.1 Effect of individually expressed magnetosome proteins on R2* relaxation
................................................................................................................. 169

4.3.2 Effect of individually expressed magnetosome proteins on R2 relaxation

................................................................................................................. 171

4.3.3 Effect of individually expressed magnetosome proteins on R2’ relaxation
................................................................................................................. 173
4.3.4 Effect of co-expressed magnetosome proteins on R2* relaxation.......... 175
4.3.5 Effect of co-expressed magnetosome proteins on R2 relaxation............ 176
4.3.6 Effect of co-expressed magnetosome proteins on R2’ relaxation........... 178
4.3.7 Effect of magnetosome proteins on R1 relaxation...........cccccoeverenennnne 179
4.3.8 Effect of magnetosome proteins on cellular iron content....................... 180
4.3.9 Correlation between relaxation rate and cellular iron content................ 182
A4 DISCUSSION ...vetietienieiesie st ste st etee e steste st e ste st te s s et e e saesbesbesbeeseese e e e eesbesbesbeerenreas 186
4.4.1 Effect of MamE on R2 relaXation..........cccceevveieivenesieseene e 187
4.4.2 Effect of MamE on total cellular iron .............ccoovvviiivieiiece 187
4.4.3 Effect of magnetosome proteins on R1 relaxation...........ccccceeeverenennnee 190
4.4.4 Effect of co-expressed magnetosome proteins on R2 relaxation............ 190
445 Comparison of magnetosome gene-based contrast agents...................... 191
4.4.6 Correlation between relaxation rates and cellular iron content .............. 193
O O] o 1] oo ISP 193
4.6 RETEIBNCES ... ei ettt ettt e e e es 195
(08T 0] (=] o PSSO TO PP 198
5 Conclusions, limitations, and future direCtioNS..........ccoverieiiiie i 198

Xiv



5.1 Summary and CONCIUSIONS .......ceeiueiieiieieie s esie et ae e e 198

511 ChAPLEI 2. 198

TR I O 4= o] (=] g OSSR 200

5.1.3  ChapLer 4 ... s 201

5.2 LIMIALIONS ...ttt s 204
5.2.1 Molecular ClONING .......ccooiiiiiiiieee s 204

522 Cell CUIUIE ..o s 206

5.2.3  FIUOreSCeNCe MICIOSCOPY ....veveverurrrearrerereniesiestestesseeseeeessesreseesseseesseens 207

5.24 MRIPRANTOM .....coiiiiieic e 208

5.3 FULUIE WOTK ...ttt 208
5.4 REFEIBNCES ...ttt 211
APPENDIX A — SEQUENCING ...ttt sttt sneas 213
APPENDIX B — WEeStern DIOt.........ccoiiiiiiiiiciee e 221
APPENDIX C — Simple Trajectory ANAIYSIS .......cccoceieieriniiiiiieieesese e 226
APPENDIX D — MRI Supplementary Data ..........ccccccoveveiieiicie e 232
CUITICUIUM VITAE ...ttt 235

XV



List of Tables

Table 2.1 Primer design for the cloning of MTB genes maml and mamL into pEGFP-C1 and
PtAdTOMAt0-C1, reSPECLIVEIY.....c.viiiieiece et 62

Table 2.2 Primer design for the cloning of MTB gene mamLtrunc into the ptdTomato-C1
(Y101 (0] S PO OTP P T PR UPR PP 65

Table 2.3 Primer design for the cloning of FLAG-mamL into the pSF-EMCV-FLuc vector. 68

Table 2.4 FCS parameters in mammalian cell extracts of EGFP, EGFP-Maml or EGFP-
MamI/TOMAIO-MAEAML. ..ot et sre et s e sreenreenee e 92

Table 2.5 FCS parameters of mammalian cell extracts expressing Tomato, Tomato-MamL, or
Tomato-MamL/EGFP-MaML. ........ccoooiiiiiie et 93

Table 3.1 Primer design for the cloning of MTB genes mamB and mamE into ptdTomato-C1

and PEGFP-C1, reSPeCtiVEIY. ........ooiiiiiec e 110
Table 3.2 Summary of MamE trajectory analysis. ..o 129
Table 3.3 Summary table of MamB trajectory analysis. ........c.ccccoeveiieiiiieiieese e, 132
Table 3.4 Summary of MamL trajectory analysis. .........cccoccevvveieiieiicie e 134
Table 3.5 Summary table of MamLirunc trajectory analysis. ..........ccoovvveieneneneninesee 137
Table 3.6 Summary table of MamL+Maml trajectory analysis.........c.cccoevvreneiencnennnnenn. 140

Table 3.7 Summary table of different parameters obtained from FLAG-MamL+Maml

TrAJECTONY ANAIYSIS. ..viiiieeiii it e e et e et e b e sae e e be e raeana e 143

Table 3.8 Summary of apparent diffusion coefficient and anomalous exponent values for

magnetosome proteins particles undergoing Brownian motion...........cccccceveveveiieeieeresnenne 145

Table 3.9 Summary of velocity of magnetosome proteins undergoing directed motion...... 148

XVi



List of Figures

Figure 1.1 Modelling the roles of essential magnetosome proteins in a step-wise formation of

the MAQGNELOSOIME. ....viieiiiiecie et e s be et e e e e s teenteene e beeteaneesreenreenee e 6
Figure 1.2 AlphaFold structure prediction of the AMB-1 magnetosome protein Maml.......... 8
Figure 1.3 AlphaFold structure prediction of the AMB-1 magnetosome protein MamL......... 9
Figure 1.4 The amino acid sequence of the MamL C-terminal tail............c..cccoooocvviveinennn, 10
Figure 1.5 AlphaFold structure prediction of the AMB-1 magnetosome protein MamB. ..... 11

Figure 1.6 Bioinformatics analysis of the homology of magnetosome protein MamB across
several magnetotactic bacterial SPECIES ..........cooiiiiiriiiee e 12

Figure 1.7 Sequence analysis of the cytoplasmic domain of MamB...............cccccceeiveiieennenn, 12
Figure 1.8 AlphaFold structure prediction of the AMB-1 magnetosome protein MamE....... 13

Figure 1.9 Bioinformatics analysis of the homology of magnetosome protein MamE across
several magnetotactic bacterial SPECIES. .......ccciiiiiiiiiiiee e 14

Figure 1.10 Sequence analysis of the cytoplasmic tail of MamE. .............ccccccoov i, 15

Figure 1.11 Modelling key features of mammalian iron regulation in cells producing

magnetosome-like NANOPAITICIES. ...........coiiiiiiii e 17

Figure 1.12 Protein folding starts with primary structure and proceeds through secondary,

tertiary, and finally quaternary StrUCLUIE. ..........c.cooveiieii i 22

Figure 1.13 The Golgi apparatus is in charge of modifying and sorting of proteins for

transport throughout the eukaryotic Cell. ... 25
Figure 1.14 The three classes of cytoskeletal molecular motors in eukaryotic cells.............. 34
Figure 2.1 Vector-insert map of the cloning strategy of magnetosome gene mami................ 63

XVii



Figure 2.2 Vector-insert map of the cloning strategy of magnetosome gene mamL............... 64
Figure 2.3 Vector-insert map of the cloning strategy of magnetosome gene mamLtrunc. ...... 66
Figure 2.4 Vector-insert map of the cloning strategy of magnetosome gene FLAG-mamL... 69
Figure 2.5 Parameters assessed by FCS and FCCS. ... 76

Figure 2.6 Immunoblots of mammalian cells expressing fluorescent magnetosome fusion

O1 01 (=TT LSS 80

Figure 2.7 Confocal fluorescence microscopy of mammalian cells stably expressing EGFP-
MaMI FUSTON PIOTEIN. ..o e bbb 81

Figure 2.8 Confocal fluorescence microscopy of mammalian cells stably expressing Tomato-

Y Lo ] (U] o g o] (0] (=1 ] PSSR 82
Figure 2.9 Validation of Tomato-MamLtrunc expression in mammalian cells..................... 83

Figure 2.10 Confocal fluorescence microscopy of mammalian cells stably expressing

Tomato-MamLirune TUSION PrOTEIN. ....cvviiiiiiiiicic e 84

Figure 2.11 Confocal fluorescence microscopy of mammalian cells stably co-expressing

Tomato-MamL and EGFP-Maml fuSion Proteins. ..........cceoeverenininisieeieese e 85

Figure 2.12 Confocal fluorescence microscopy of mammalian cells co-expressing Tomato-

MamLtrunc and EGFP-Maml fuSION Proteins.........cceiiiiiieieieieie e 87

Figure 2.13 Confocal fluorescence microscopy of mammalian cells stably co-expressing
FLAG-MamL and EGFP-MaML. .......cccoiiiiiiiieiecie et 88

Figure 2.14 Immunoblots of mammalian cells co-expressing magnetosome fusion proteins.89

Figure 2.15 Autocorrelation curves obtained from fluorescence correlation spectroscopy of

MAMMAIIAN CEIIS. .o, 90

Figure 2.16 FLAG-MamL co-immunoprecipitates with EGFP-Maml............cccccocoviiinnnnnnn. 94

XVviii



Figure 3.1 Vector-insert map of the cloning strategy of magnetosome gene mamB............ 111
Figure 3.2 Vector-insert map of the cloning strategy of magnetosome gene mamek............ 113

Figure 3.3 Confocal fluorescence microscopy of a mammalian cell stably expressing EGFP-
MAME (GA49S, TOALS). . .i ettt ettt e seere e st e e e tessesbestesraaneeneas 122

Figure 3.4 Expression of fluorescent EGFP-MamE fusion protein in mammalian cells...... 123

Figure 3.5 Confocal fluorescence microscopy of mammalian cells stably expressing EGFP-
IMAME (TBL7A). ettt n s neen et seeen s sseenes 124

Figure 3.6 Confocal fluorescence microscopy of mammalian cells stably expressing Tomato-

MaMB FUSION PIOLEIN. ...viivieciece et esteeeesreesreeeeas 125
Figure 3.7 Expression of fluorescent Tomato-MamB fusion protein in mammalian cells... 126
Figure 3.8 Representative cell expressing MamE particle trajectories. ..........ccccovvvvrvnnnnns 127

Figure 3.9 Representative distributions of displacements obtained for MamE trajectories of a

R 10| L= o= | SRR 128
Figure 3.10 Representative cell expressing MamB particle trajectories............ccccccevveieenene 130

Figure 3.11 Representative distributions of displacements obtained for MamB trajectories of
A SINGIE CEILL .ottt 131

Figure 3.12 Representative cell expressing MamL particle trajectories............ccccceevveieennene 133

Figure 3.13 Representative distributions of displacements obtained for MamL trajectories of

A SINGIE CEILL .ot 133
Figure 3.14 Representative cell expressing MamLrunc particle trajectories. ...........ccocvvveens 135

Figure 3.15 Representative distributions of displacements obtained for MamLuunc trajectories

OF @SINGIE CEILL ..o e re e 136

Figure 3.16 Representative cell expressing MamL+Maml particle trajectories................... 138

XiX



Figure 3.17 Representative distributions of displacements obtained for MamL+Maml

trajectories 0f @ SINGIE CEll. ......oovveiiieee e 139
Figure 3.18 Representative cell expressing FLAG-MamL+Maml particle trajectories. ...... 141

Figure 3.19 Representative distributions of displacements obtained for FLAG-MamL+Maml

trajectories 0f @ SINGIE CEll. ......oovveiiiecee e 142
Figure 3.20 Representative directed trajectories of magnetosome proteins. ............ccccoveuee 149
Figure 4.1 MRI cell phantom [aYOUL. ............cooiiiiiiiii e 163
Figure 4.2 Experimental flow chart of MRI phantom preparation. ..........ccccoceveiiiininnnnnns 164

Figure 4.3 Representative locator image of MRI phantom experiment of cells stably-

eXPressing EGFP-MamL.........coooiiiiiie e 165
Figure 4.4 R2* of cells stably expressing magnetosome Proteins. .........cccooeeerenerenenennnns 170
Figure 4.5 Representative R2* decay curves of mammalian cells expressing MamB. ........ 171
Figure 4.6 R2 values of cells stably expressing magnetosome proteins............cccceevveieennene 172
Figure 4.7 Representative R2 decay curves of mammalian cells expressing MamB. .......... 173
Figure 4.8 R2' values of cells stably expressing magnetosome proteins. ...........c.ccocevvrennns 174
Figure 4.9 R2* values of cells stably co-expressing magnetosome proteins. ..........cc.ccoveeen. 176
Figure 4.10 R2 values of cells stably co-expressing magnetosome proteins............c.c.c...... 177
Figure 4.11 R2' values of cells stably co-expressing magnetosome proteins. ...................... 178

Figure 4.12 R1 values of cells stably expressing or co-expressing magnetosome proteins. 180

Figure 4.13 Total cellular iron values of cells stably expressing or co-expressing

MAQNELOSOME PIOLEINS. ..vviiiieitie et ettt ettt e e e et e e st e e be e s ae e sbeeanbeesteeanreesneeanes 182

XX



Figure 4.14 Correlation between transverse relaxation and cellular iron content of cells stably

expressing and co-expressing MagnetoSOMe ProteINS. .......cuccverveieereereseeseeseseesree e 184

Figure 4.15 Correlation between longitudinal relaxation and cellular iron content of cells
stably expressing and co-expressing MagnetoSome Proteins. ........cccocvevveeerieeneseeseeseennenns 185

Figure 4.16 Two iron binding sites are shown in the AlphaFold of magnetosome protein

Figure 5.1 Magnetosome proteins Maml and MamL co-localize and interact in the

MAMMATIAN CEIL. ..o 199

Figure 5.2 Working model of magnetosome proteins interacting with mammalian motor

01001 (=TT LSS 201

Figure 5.3 Interaction between cellular iron and essential magnetosome proteins. ............. 203

XXi



List of Abbreviations

ANOVA Analysis of Variance

BCA Bicinchoninic Acid

BSA Bovine Serum Albumin

CALB-AM  Calcein Blue and Aceto-Methoxies

CDF Cation Diffusion Facilitator

CNR Contrast to Noise Ratio

CPP Cell Penetrating Pepetide

DMEM Dulbecco’s Modified Eagle Medium
DMT1 Divalent Metal Transporter 1

DTT Dithiothreitol

EDTA Ethylenediamine Tetraacetic Acid

EGFP Enhanced Green Fluorescence Protein
ER Endoplasmic Reticulum

FBS Fetal Bovine Serum

FCS Fluorescence Correlation Spectroscopy
FCCS Fluorescence Cross-Correlation Spectroscopy
FIESTA Fast Imaging Employing Steady-state Acquisition
FPN Ferroportin

GAPDH Glyceraldehyde 3-Phosphate Dehydrogenase
GFP Green Fluorescent Protein

GRE Gradient Echo

HRP Horseradish Peroxidase

ICP-MS Inductively-Coupled Plasma Mass Spectrometry
IR Inversion Recovery

MAI Magnetosome Gene Island

ME Magneto-Endosymbionts

MR Magnetic Resonance

MRI Magnetic Resonance Imaging

MRNA Messenger Ribonucleic Acid

MSD Mean-Squared Displacement

MTB Magnetotactic Bacteria

MW Molecular Weight

PBS Phosphate Buffered Saline

PET Positron Emission Tomography
R1=1/T1

R2=1/T2

R2'= R2* - R2

RF Radiofrequency

RFP Red Fluorescent Protein

RIPA Radioimmunoprecipitation Assay

ROI Region of Interest

SDS Sodium Dodecyl Sulfate

SDS-PAGE SDS Polyacrylamide Gel Electrophoresis
SE Single Echo

XXii



SEM
SPIO
SNP

TBS
TE

Tf

TF
TfRc
TR
tRNA
YFP

Standard Error of the Mean
Superparamagnetic Iron Oxide
Single Nucleotide Polymorphism
Tesla

Tris-Buffered Saline

Echo Time

Transferrin

Transcription Factor
Transferrin Receptor
Repetition Time

Transfer Ribonucleic Acid
Yellow Fluorescent Protein

XXiii



Chapter 1

1  Introduction

In magnetic resonance imaging (MRI), methods for the non-invasive detection of
cells and their activities often rely on the manipulation of cellular iron. In many aspects,
this is ideal. Iron perturbs the magnetic resonance (MR) signal and thus influences
measurable MR parameters. All cells, and therefore tissues, require an iron cofactor for
various functions, thus iron-related MR measures inherently target integral cellular
activities. In addition, differential regulation of iron enhances the distinction between
tissue and cell type(s), which enables MRI to non-invasively monitor changes in iron-
related organ function. For example, after a hemorrhagic heart attack, cardiac MR can
quantitate the iron that often accumulates in infarcted tissue and predisposes a patient to
heart failure (1, 2, 3). In addition, the inflammatory component of heart disease involves
immune cell responses that target the iron export activity of monocytes (4) and

macrophages (5, 6).

One of the great challenges in MRI is development of sensitive, iron-related
measures that complement the exquisite spatial resolution of this modality. There has
been short-term success with a variety of superparamagnetic iron oxide (SPI10)
nanoparticles that temporarily boost the cellular MR signal (7). These advancements in
exogenously-introduced iron contrast have demonstrated the power and feasibility of
tracking cells. However, reporting cellular activity throughout the cell’s life cycle means
tapping into the endogenous workings of the cell. New approaches are required for this

type of molecular imaging. The use of molecular cloning techniques, to overexpress iron-



handling protein(s) that amplify MR contrast (8), has opened new avenues in gene-based
iron-labelling (9). These genetically engineered cells clearly possess the ability to express

a long-lived signal, suitable for preclinical imaging.

While the search continues for the most efficient expression system(s), the utility
of reporter genes for in vivo imaging by MRI and other modalities is increasingly
recognized. With this type of endogenous contrast, we can examine the regulation of
cellular activities that predict disease and offer therapeutic solutions. To realize the full
potential of this technology for MRI, we have drawn on the best-known example of
efficient, gene-based iron-labelling in single cells: the magnetosome found in
magnetotactic bacteria (MTB) (10). The manner of iron compartmentalization in the
magnetosome not only reflects fine-tuned regulation of iron, which is a necessary feature
of iron metabolism in virtually every cell type (11) but also provides the means by which
a cell’s magnetic properties may be altered and potentially exploited to provide unique
MRI signatures. For example, iron-containing abdominal pathologies are often detected

using MRI (12).

In this chapter, we introduce the magnetotactic bacteria and their magnetosomes
(1.2), specifically the genes involved in their stepwise assembly. An introduction of
proteins and their synthesis, modification, degradation, function, and interactions are
covered in section 1.2. To understand the protein environment and the potential
interactions with cellular components, the cytoskeleton and molecular motors are
reviewed in section 1.3. To appreciate the potential of a rudimentary magnetosome-like
nanoparticle as an MRI contrast agent, MRI concepts are reviewed in section 1.4. Finally,

concepts in reporter gene expression for molecular MRI are reviewed in section 1.5. A



brief chapter summary is provided in section 1.6, and the overall thesis objectives and

outline are listed in chapter 1.7.

1.1. Magnetotactic bacteria and the magnetosome

Magnetosome synthesis is a protein-directed process, beginning with expression
of structural genes that encode the required magnetosome components. While the nature
of these components is still incompletely understood, progress has been made in many
areas. The genomes of numerous MTB have now been sequenced, permitting comparison
of conserved gene sequences and synteny (13, 14). Despite the breadth of MTB species,
there are common genes that specify the main magnetosome structure and approximately
two thirds of these are clustered on a magnetosome genomic island (15). Removal of this
cluster of DNA prevents magnetotaxis in the microorganism but is not lethal,
demonstrating that magnetosomes likely confer selective advantage(s) rather than

compulsory function(s).

Studies examining specific gene deletions have further categorized which
magnetosome gene products are essential to the structure versus auxiliary (14, 16). That
is, some proteins regulate critical steps in magnetosome formation while others control
optional features like subcellular arrangement and crystal morphology. These findings
raise the possibility that certain magnetosome genes may be used as regulatory agents in
the design and synthesis of MR contrast for reporter gene expression. As the
magnetosome compartment becomes more fully understood, it should also be feasible to
genetically program various features of the magnetosome, including variations in the

degree and type of biomineralization and strength of magnetism, all of which impinge on



the MR signal (17). Manipulation of these features is thus compatible with the notion that
magnetosome-like nanoparticles in any cell type may be tailored for a desired purpose

and not restricted to magnetotaxis.

1.1.1. Stepwise assembly of the magnetosome

The current body of magnetosome knowledge supports a model of biosynthesis in
which there is a hierarchy of protein expression dictating which components create the
framework upon which the iron biomineral is compartmentalized, shaped and localized
within the cell. This also implies that no one protein recapitulates the entire structure;
rather, its assembly depends on multiple protein-protein interactions (18, 19). Although
this design is more complex than previously acknowledged (20), the elaborate nature of
magnetosome nanoparticles provides a wealth of information about how to program a
vesicle for any purpose, including iron biomineralization for MRI reporter gene
expression. Complexity in design also explains why single gene expression systems have
fallen short of the robust MR signals obtained with intact MTB or isolated magnetosomes
and their variants (21). It is the sum of individual steps in magnetosome formation that
creates a compartment housing a well-defined crystal. Understanding how these steps
work together to produce the magnetosome will enhance how we utilize this structure for

molecular MRI.

Magnetosome biosynthesis begins with vesicle formation, followed by the
initiation of iron biomineralization and then maturation of the crystal (22). The molecular
instructions that prescribe vesicle formation must subsequently be linked to

biomineralization and candidate proteins involved in rendering these activities are



steadily being described (15). We propose that a subset of these may be sufficient for the
formation of a rudimentary magnetosome-like nanoparticle in mammalian cells. For this,
we envision that designation of the vesicle membrane involves establishing the point of
contact for initiation of iron biomineralization. This docking site would then constitute
the critical protein-protein interactions required for the first step(s) in magnetosome
formation. The schematic in Figure 1.1 predicts one potential sequence of interactions
based on the essential roles of magnetosome membrane (Mam) proteins I, L, B and E

(16).



Membrane designation:
MamL, Maml, MamB

Initiation of biomineralization:
MameE (Protease independent)

{ O

Rerouting of intracellular iron

Crystal maturation:
MamE (Protease dependent)

)&

Figure 1.1 Modelling the roles of essential magnetosome proteins in a step-wise

formation of the magnetosome.

First, the proteins MamL (red), Maml (green), and MamB (purple) assemble at the
membrane, designating the site for magnetosome formation (solid black circle).
Subsequently, MamE (blue) is recruited to the nascent magnetosome vesicle to initiate
iron biomineralization. This step proceeds independent of MamE protease activity. Then,

intracellular iron is rerouted to the rudimentary magnetosome compartment, permitting



magnetite crystal formation. This enables maturation of the iron biomineral in a step that

requires the proteolytic activity of MamE.

1.1.2.  Protein structure of magnetosome proteins

Bioinformatics predictions (14) of the magnetosome proteins Maml, MamlL,
MamB, and MamE give us insights on their protein structure. These predicted structures
can give us information on how the proteins interact with each other and with the

environment in which they are expressed.

1.1.2.1. Predicted structure of Maml

Maml is a small, 69 amino acid long protein. The protein has two predicted
transmembrane domains from amino acids 3 to 23 and 32 to 52. Maml has two very short
cytoplasmic ends that range from amino acids 1 to 2 and 53 to 69, and has a luminal loop
from amino acids 24 to 31 (23). This loop region is thought to have iron binding
capabilities and to be able to purify forms of magnetite (24). Figure 1.2 shows the

AlphaFold predicted structure of Maml (25, 26).
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Figure 1.2 AlphaFold structure prediction of the AMB-1 magnetosome protein

Maml.

Colours reflect the structure confidence in which dark blue regions represent areas of
very high structure confidence, light blue regions represent areas of good structure
confidence, yellow regions represent areas of low structure confidence, and orange

regions represent areas of very low confidence.

1.1.2.2. Predicted structure of MamL

MamL is a small, 78 amino-acid long protein. Similar to Maml, the protein has
two transmembrane domains that range from amino acids 1 to 22 and 39 to 59. MamL
has a short, luminal domain that ranges from amino acids 23 to 38 and has a cytoplasmic
tail that ranges from amino acids 60 to 78 (21). Figure 1.3 shows the AlphaFold predicted

structure of MamL (23, 24).
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Figure 1.3 AlphaFold structure prediction of the AMB-1 magnetosome protein
MamL.

Colours reflect the structure confidence in which light blue regions represent areas of
good structure confidence, yellow regions represent areas of low structure confidence,

and orange regions represent areas of very low confidence.

Previous reports have indicated the possibility of interaction between MamL and
cytoskeletal components (27, 28). Specifically, the C terminus of MamL has been
compared to cell-penetrating peptides (CPPs) and arginine-rich peptides (ARPS) due to
the abundance of positively-charged amino acids (29). These positive charges interact
with negatively-charged cytoskeletal components. To evaluate the potential of the

cytoplasmic tail of MamL to interact with the mammalian cytoplasmic environment, the
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15 amino acids from the C-terminal was analyzed for positively-charged amino acids.

The cytoplasmic domain of MamL has 7 positively charged amino acids (Figure 1.4).

. R-R-K-Q-K-5-P-G-K-5-L-V-L-K-R

.. Arginine - Arginine - Lysine - Glutamine - Lysine - Serine - Proline -
Glycine - Lysine - Serine - Leucine - Valine - Leucine - Lysine - Arginine

Figure 1.4 The amino acid sequence of the MamL C-terminal tail.

The positively charged amino acids are displayed in red font.

1.1.2.3. Predicted structure of MamB

MamB is a 296 amino-acid long protein with two domains. The protein has a
transmembrane domain ranging from amino acids 1 to 214, and a C-terminal cytosolic
domain ranging from amino acids 215 to 296. Based on similar protein structure
comparison in the UniProt database, the C-terminal domain of MamB is likely
responsible for hetero- and homodimerization and assumes a V-shaped fold to bind one
iron cation per subunit (21). Figure 1.5 shows the AlphaFold predicted structure of

MamB (23, 24).
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Figure 1.5 AlphaFold structure prediction of the AMB-1 magnetosome protein
MamB.

Colours reflect the structure confidence in which dark blue regions represent areas of
very high structure confidence, light blue regions represent areas of good structure
confidence, yellow regions represent areas of low structure confidence, and orange

regions represent areas of very low confidence.

MamB is present in various species of magnetotactic bacteria, and the protein is
not identical in each of these species. Variations between species are visually represented
in Figure 1.6. There exists a large portion of MamB, approximately from amino acids 30
to 245, which is conserved between various MTB species. Unlike for MamE proteins, the
transmembrane domain of MamB does not have strong homology between species.
MamB is also variable in length, with its two most common lengths being 296 or 209

amino acids.
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M. sp -XM1

M. marisnigri 209
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W Transmembrane Domain W € Terminal domain Il Region of Similarity Il \Vissing Regions

Figure 1.6 Bioinformatics analysis of the homology of magnetosome protein MamB

across several magnetotactic bacterial species

Regions of similarity across species are highlighted in red, while regions of the protein that
are not present in AMB-1 are in black. The topological and transmembrane domains of the

protein are indicated in light blue or pink, respectively.

To evaluate the potential of the cytoplasmic domain of MamB to interact with the
mammalian cytoplasmic environment, the 81 amino acids region from the C-terminal was
analyzed for positively-charged amino acids. The cytoplasmic domain of MamB has 15

positively charged amino acids (Figure 1.7).

.L-L-Q-T-A-W—-Q-V-A-M-D-T-P-M-V-H-S-1I-Y -

F-L-R-G-R-H-V-G-E-D-V-Q-F-D-I-R-L-R-V-D-

P-N-L-R-I-K-D-5-S-M-V-A-E-A-V-R-R-R-1-Q-

E-E-I-P-H-A-R-D-I-R-L-F-V-S-P-A-P-A-A-A-A
—-R-A

Figure 1.7 Sequence analysis of the cytoplasmic domain of MamB.

Positively-charged amino acids are shown in red.
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1.1.2.4.Predicted structure of MamE

MameE is a 728 amino-acid long protein with multiple domains. The protein has a
short cytoplasmic domain ranging from amino acids 1 to 21, a short, alpha-helical
transmembrane domain ranging from amino acids 22 to 42, and a large luminal domain
from amino acids 42 to 728. The luminal domain is the protein’s most functional domain
and has roles in iron binding and proteolysis (30). Figure 1.8 shows the AlphaFold

predicted structure of MamE (23, 24).

RAAAAAIANT

Figure 1.8 AlphaFold structure prediction of the AMB-1 magnetosome protein
MamE.

Colours reflect the structure confidence in which dark blue regions represent areas of

very high structure confidence, light blue regions represent areas of good structure
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confidence, yellow regions represent areas of low structure confidence, and orange

regions represent areas of very low confidence.

MameE is a large protein that is present in other species of magnetotactic bacteria.
The protein is not identical in each of these species. Variations between species are
visually represented in Figure 1.9. The transmembrane domain of MamE is located in a
region of the protein which has strong homology between species. Each species has an
area of variability within MamE from around amino acids 425 to 470. MamE also differs

in length amongst species, with the most common length being 728 amino acids.

o

50 100 150 200 250 300 350 400 450 500 550 600 650 700. 750

M. magneticum 728

M. gryphiswaldense 772

M.
magnetotacticum
MS-1

584

M. magnetotacticu
Ms-1

728

M. sp -XM1 728

M. sp -XM1 582

I Topological Domain I Transmembrane domain Il Region of Similarity Il Region of dissimilarity

Figure 1.9 Bioinformatics analysis of the homology of magnetosome protein MamE

across several magnetotactic bacterial species.

Regions of similarity across species are highlighted in red, while regions of dissimilarity
are in black, and single nucleotide polymorphisms (SNPs) are in grey. The topological and

transmembrane domains of the protein are indicated in light blue or pink, respectively.

To evaluate the potential of the cytoplasmic tail of MamE to interact with the

mammalian cytoplasmic environment, the 21 amino acids from the C-terminal was
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analyzed for positively-charged amino acids. The tail of MamE has two positively charged

amino acids, arginine, and lysine (Fig. 1.10).

..M-A-M-F-N-G-D-V-E-D-G-G-R-G-D-A-S-C-

G-K-D

Methionine — Alanine — Methionine — Phenylalanine — Asparagine —
Glycine — Aspartic acid — Valine — Glutamine — Aspartic acid — Glycine
— Glycine — Arginine — Glycine — Aspartic acid — Alanine — Serine —

Cysteine — Glycine — Lysine — Aspartic acid

Figure 1.10 Sequence analysis of the cytoplasmic tail of MamE.

Positively-charged amino acids are shown in red.

1.1.3. Designating the vesicle

Since most magnetosome proteins are membrane-bound (16), their expression in
any cell type involves a lipid bilayer. In prokaryotes, this implicates the cell membrane;
however, in eukaryotes, integral membrane proteins are routed through vesicles
emanating from the Golgi apparatus and will remain within the cytoplasmic compartment
(31) unless directed otherwise by specific membrane localization signals. Regardless of
cell type, iron biomineralization is confined to a membrane-enclosed compartment and
this is an important protective mechanism, built into the magnetosome blueprint, for
avoiding iron cytotoxicity. In species of Magnetospirillum, neither magnetosome vesicle

nor iron biomineral are produced in the absence of Maml, MamL or MamB (14),
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establishing the importance of these proteins in key steps of magnetosome synthesis. In
contrast, deletion of MamE interferes with biomineralization but still permits vesicle
formation. Based on these results, magnetosome proteins that assemble at the membrane
are probably not all directly involved in iron-handling. A no less important, regulatory
role is held by proteins that designate the membrane location for initiation and
elaboration of the iron biomineral. This notion is consistent with cryotomographic images
of MTB, revealing both empty magnetosome vesicles as well as those containing
biominerals of varying sizes within a single magnetosome chain (22, 32). Figure 1.1
therefore is a working hypothesis that implicates Maml, MamL and MamB in the initial

designation of a magnetosome membrane.

In MTB, these 3 genes are not likely to be sufficient for vesicle formation.
Raschdorf et al. reported that MTB mutants expressing 7 Mam proteins, including Maml,
MamL and MamB, will form vesicular structures identified by cryoelectron tomography
(33). However, in mammalian cells, fewer genes may be necessary. Since eukaryotic
cells are already equipped with intracellular vesicles, then presumably, only those
magnetosome proteins that attract iron biomineralization function(s) to an existing vesicle
would be necessary (Fig. 1.11). In support of this, Chapter 2 report the interaction of
Maml and MamL in a mammalian cell line (28). While encouraging, it remains to be
seen whether MamB and/or MamE will co-localize with Maml and MamL as predicted in
MTB (15). Nevertheless, this work infers that essential magnetosome protein-protein
interactions are specific, irrespective of cellular environment. For the development of
MRI reporter gene expression, such specificity is ideal and paves the way for genetically

encoding a reproducible magnetosome-like structure in any cell type (34, 35).
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Figure 1.11 Modelling key features of mammalian iron regulation in cells producing

magnetosome-like nanoparticles.

Serum iron in its ferric state (Fe*3) is mainly bound to transferrin (Tf) and taken up by
cells through transferrin receptor-mediated endocytosis (TfRc). Within the intracellular
compartment, ferric iron is reduced to its ferrous state (Fe*?) and delivered to a redox-
active, labile iron pool by divalent metal transporter 1 (DMT1 (36)). From there, surplus
iron is stored in ferritin when not needed for immediate cellular activities. In cells
expressing magnetosome-like particles, iron is rerouted to this compartment by
magnetosome proteins (Fig. 1.1). Only select cells, including monocytes and

macrophages, export iron through ferroportin (FPN).
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1.1.4. Building the iron biomineral

The contribution of individual MTB genes to the process of magnetosome
formation has been examined in both prokaryotes and eukaryotes. With the exception of
mamB, mamE, maml and mamL, single deletion of many magnetosome genes in MTB
produces irregularities in the biomineral crystal structure or its arrangement within the
cell but does not destroy the compartment. There may be redundant functions among
magnetosome proteins or subtle changes in magnetosome function that are not readily
detected using common microbiology measures, like Cmag (37, 38) or a simple lab magnet
(39). If instead of responding to the geomagnetic field (25-65 uTesla (40)), the objective
is an in vivo response to MRI at clinical field strengths on the order of 3 Tesla (3T), then
cells bearing the same type of iron biomineral would respond differently to the change in
external field strength. The interaction of iron biomineral with magnetic field in turn has
an effect on relaxation rates of the proton, which is observed with MRI. This influence of
iron will vary depending on the oxidation state, size and shape of the crystal. Hence,
diverse MR signals could be genetically programmed by taking advantage of the

remarkable number of magnetosome sizes and shapes evident in diverse species of MTB.

An early report of magnetosomes in Anisonema algae indicated that eukaryotic
cells are capable of magnetosome synthesis (41). Since then, expression of select MTB
genes in mammalian cells has demonstrated compatibility of such transgene expression
systems and enhancement of cellular iron stores, leading to MR contrast improvements
(31, 42, 43, 44, 45). Figure 1.11 depicts key steps in the regulation of iron metabolism to

provide some context for the biosynthesis of magnetosome-like nanoparticles in
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mammalian cells. Just like other iron-requiring cellular activities, the magnetosome-like
compartment is shown drawing iron from the labile iron pool. In this way, iron
homeostasis is maintained while a new magnetosome-like iron storage compartment is
being synthesized. Using single MTB expression systems, the response of various
features of mammalian iron homeostasis have been examined. In the iron-exporting P19
cell line, MagA expression augments total cellular iron content without altering its iron
export function (31). However, Guan et al. showed that the level of transferrin receptor
(TfRc) decreases and the level of ferritin increases in MagA-expressing A549 lung cancer
cells (46). Even though further studies are needed to understand the full effect of MTB
iron-handling protein on mammalian cell systems, these early findings suggest that
mammalian iron metabolism is compatible with MTB protein expression and any
influence it may have on (re)routing intracellular iron. Even the magnetosome-associated,
magnetic particle membrane specific (Mms) protein, Mms6 has a measurable effect on

the MR signal (45, 47).

1.2. Understanding proteins

In order to appreciate the potential of magnetosome proteins as gene-based
contrast agents, we must understand the processes of protein synthesis, folding, sorting,

and degradation.

1.2.1. Protein synthesis

Protein synthesis begins in the nucleus of the cell, where DNA is used as a
template and transcribed into messenger ribonucleic acid (MRNA). In prokaryotes, such

as in MTB, the mRNA is immediately able to undergo translation. In contrast, eukaryotic
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cells produce pre-mRNA, and this molecule must undergo post-transcriptional
modifications in order to become mature mRNA (48). This step occurs in the nucleus of
the eukaryotic cell and include protective modifications such as 5’ capping and 3’ poly(A)
tail addition to the pre-mRNA molecule and other modifications such as RNA splicing to
remove introns (noncoding regions) of the pre-mRNA. The mature mRNA molecule can

then exit the nucleus into the cytoplasm, in which translation occurs.

Both prokaryotic and eukaryotic cells use ribosomes to synthesis polypeptide
chains by using mature mRNA molecules as templates (49). However, in prokaryotes,
this process can start simultaneously with transcription whereas translation and
transcription are two separate, discontinuous processes in eukaryotes (50). Ribosomes
attach to the mRNA at the start codon (nucleotide sequence AUG) and reads the molecule
in triplet nucleotides. Transfer ribonucleic acid (tRNA) molecules deliver the correct
amino acid by binding to the triple nucleotide reading frame with its complimentary
nucleotide sequence (anticodon). In eukaryotes, this process produces one polypeptide
chain per mature mMRNA molecule, and thus the mRNA is deemed monocistronic. In
prokaryotes, mMRNA molecules are polycistronic, meaning one mRNA can have multiple
translation start sites and produce multiple different polypeptides. This difference is
attributed to differences in the arrangement of DNA that code for proteins between
eukaryotes and prokaryotes. In prokaryotic cells, genes that are functionally-related
assemble in groups, called operons, and are located adjacent to each other. In eukaryotic
cells, genes that encode proteins are translated into separate MRNA molecules, which in

turn will be translated into separate, individual proteins (51).
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1.2.2. Protein folding

Once the polypeptide chain is formed, the molecule will fold into a specific,
three-dimensional structure in which the protein gains stability and can perform its
biological function. All proteins start with their primary structure, which is simply its
linear amino-acid sequence, and then form secondary, tertiary, and/or quaternary
structure (52). The secondary structure of proteins are the formation of alpha helices and
beta sheets through intramolecular hydrogen bonding (Fig. 1.12). Proteins then form
tertiary structure by folding into orientations that face hydrophilic amino acids towards
aqueous environments and hydrophobic amino acids towards hydrophobic cores of the
protein (Fig 1.12). The tertiary structure can be further stabilized by the formation of
disulfide bridges. Finally, quaternary protein structure includes the assembly of subunits,
or multiple polypeptide chains, into a fully functional group of proteins, or includes the
arrangement of multiple domains of a single polypeptide chain into one functional protein

(Fig. 1.12).
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Figure 1.12 Protein folding starts with primary structure and proceeds through
secondary, tertiary, and finally quaternary structure.

Adapted from Alberts 2002 (45).
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1.2.3. Protein modifications

After the proteins have obtained their three-dimensional structure, they can still
undergo further modifications that can alter protein function, protein localization, and
protein interaction (53). This process occurs in both eukaryotic and prokaryotic cells.
There are four categories of post-translational modifications: protein cleavage, addition
of chemical groups, addition of molecules, and formation of intramolecular bonds. Some
proteins, including the magnetosome protein MamE, require cleavage by proteases in
order to become active. These proteases are commonly site-specific and hydrolyze the
peptide bonds between amino acids to create shorter polypeptide chains. Chemical groups
such as methyl, acetyl, or most commonly phosphate groups can be added onto amino
acids of mature proteins (48). These chemical groups can alter the level of protein
activity by changing protein-protein or protein-substrate interactions. One common
example of the addition of complex molecules to mature proteins is glycosylation (54).
Glycosylation involves the covalent bonding of polysaccharides to target proteins, and
this process can have a critical role in the correct folding of the final protein structure.
This process occurs both in the endoplasmic reticulum and Golgi apparatus of eukaryotic
cells. In prokaryotes, oligosaccharides are transferred from a lipid carrier to the target
protein (55). Proteins that are to be secreted outside of the cells to function as
extracellular proteins often undergo post-translational modifications that include covalent
bonding of quaternary structures. These bonds stabilize the protein further so that it can

withstand a wide variety of extracellular conditions (46).
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1.2.4. Protein sorting

In order to carry out their function, mature proteins need to be transported to their
appropriate locations within or outside the cell. Proteins are transported using information
that is present within their amino acid sequence (56). These sequences, also known as
signal peptides, have a small positively charged, hydrophilic N-terminal region, 10-15
hydrophobic amino acids in the middle, and a small polar C-terminal region (57). Once
the protein has reached its functional location, the signal peptide is generally cleaved

from the protein.

In eukaryotes, the Golgi apparatus is primarily responsible for protein and lipid
transport. After proteins are synthesized in the endoplasmic reticulum (ER), they enter
the Golgi and undergo many post-translational modifications, including glycosylation, as
they move through the Golgi (Fig. 1.13). Proteins then leave by being transported in
vesicles that bud off the trans side of the Golgi, that is, the side facing away from the ER.
Depending on the signal peptide of the protein, the vesicle can be directed to intracellular
locations such as the mitochondria, the nucleus, peroxisomes, or the cytosol, or can be

transported out of the cell in secretory vesicles.

In prokaryotes, proteins may function in the cytoplasm; be sorted to the plasma
membrane, periplasm (in gram-negative bacteria) or cell wall (in gram-positive bacteria);
or be secreted (58). Bacterial proteins contain signal peptides within their protein
sequences to allow for proper sorting. These peptides can be simple tags such as N-
terminal signal peptides for translocation across the cytoplasmic membrane (58). These

tags are recognized by the bacterial co-translation pathway proteins SecA or SecB and
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are similar to eukaryotic protein sorting mechanisms involved in targeting proteins to the
endoplasmic reticulum. In gram-negative bacteria, more complex protein targeting
mechanisms exist to translocate proteins across the outer membrane. These proteins have
targeting signals such as noncleavable C-terminal sequences and are recognized by
secretory machinery proteins T1SS to T6SS (58). Although prokaryotes lack intracellular
organelles, proteins may assemble onto cytosolic structures such as gas vesicles or, in the

case of MTB, magnetosomes.
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Figure 1.13 The Golgi apparatus is in charge of modifying and sorting of proteins

for transport throughout the eukaryotic cell.

Red balls represent vesicles being transported throughout the cell.
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1.2.5. Protein degradation

Proteins can remain active in the cell as short as a few minutes to as long as
several days (59). In eukaryotes, there are two major protein degradation pathways: the
ubiquitin-proteasome pathway and the lysosomal proteolysis pathway. The ubiquitin-
proteasome pathway uses chains of multiple ubiquitin polypeptides to tag proteins via
lysine residues for rapid degradation (52). Polyubiquinated proteins are recognized by
proteasomes, which are large, multisubunit protease complexes. In lysosomal proteolysis,
lysosomes uptake proteins and break them down using digestive enzymes such as
proteases. One pathway that leads to lysosomal proteolysis is the formation of
autophagosomes through budding of the ER (52). These autophagosomes, which contain
proteins to be degraded, will fuse with lysosomes. This uptake can be nonselective,
although some cytosolic proteins are taken up in a selective manner through recognition

of a specific amino acid sequence.

In prokaryotes, cells do not have lysosomes, autophagosomes, or ubiquitin;
however, protein degradation is still selective and highly regulated. Protein degradation is
mediated by ATP-dependent proteases, which use ATP hydrolysis to recognize, unfold,
translocate, and degrade protein substrates (60). These proteases recognize both

misfolded proteins and proteins that have specific degradation tags.

1.2.6. Protein-protein interactions

Proteins rarely function alone. Such as in the stepwise assembly of the
magnetosome, proteins frequently rely on other proteins to perform their functions.

Protein-protein interactions are highly-specific contacts between two or more proteins
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that render the protein(s) functional, as proteins often regulate one another. The main
forces involved in protein-protein interactions are steric and hydrophobic interactions,

electrostatic forces and hydrogen bonding (61).

1.2.6.1. Steric complementarity

Proteins that interact with each other usually have interface surfaces that are
complementary to each other (62). The proteins may interact and form a flat protein-
protein interface or a twisted interface (55). The majority of protein-protein interfaces
also contain cavities which complement the shape and electrostatic forces of the two

proteins.

1.2.6.2. Hydrophobic interactions

Proteins that interact will often have their hydrophobic domains facing each other.
This conformation is energetically favourable as it keeps both proteins’ hydrophobic
(domains) away from the aqueous environment. The hydrophobic regions on the protein-
protein contact interfaces are organized in patches, with the number of patches varying

from 1 to 15 and the size mostly in the range of 200 to 400 Angstroms (61).

1.2.6.3. Electrostatic forces

Electrostatic potential energy is decreased by the interaction between charged
atoms of two interacting proteins (63). It is a type of non-covalent interaction that occur
between positively- and negatively-charged atoms. These charges are localized in clusters
on the protein-protein interface and each interface can hold up to 12 charged groups (54).
Salt bridges favourably form across these interfaces due to the distribution of opposite

charges on these interfaces.
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1.2.6.4. Hydrogen bonding

Another possible noncovalent protein-protein interaction are hydrogen bonds,
which are dipole-dipole attractions between molecules. These interactions arise between
hydrogen atoms that are covalently bonded to a highly electronegative atom such as
nitrogen, oxygen, fluorine, etc. The number of hydrogen bonds on a protein-protein
interface is proportional to the size of the interface, with an average of 10 bonds per
interface (54). The majority of hydrogen bonds are formed between amino acid side
chains, with the exception being B-sheet interfaces or protein complexes with substrates

capable of forming hydrogen bonds.

1.2.6.5. Agqueous interfaces

Water molecules surround contacting protein surfaces and are within cavities of
the protein-protein interface. These water molecules form hydrogen bonds with protein
groups and other water molecules to form an aqueous network along the interface (54).
The aqueous network helps stabilize the protein complexes by increasing the shape and

charge complementarity of the interface.

1.2.6.6. Conformational changes

Some proteins that interact undergo structural changes when they come together
and form complexes. When the proteins interact, they induce changes in the positions of
their amino acid side chains and thereby move the main protein chain. These
rearrangements are energetically favourable because they enable additional hydrogen

bond formation and packing of amino acid residues (54).
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1.2.7. Fluorescent proteins

Fluorescent molecules, or fluorophores, are chemical compounds that can emit
light when excited at a specific wavelength. Different fluorophores have distinct
characteristics and structure, and typically contain several large aromatic groups (64).
Fluorophores can be classified generally into four categories: fluorescent proteins, small
organic compounds, synthetic polymers, or multi-component systems. In the context of

this dissertation, the focus will be placed on fluorescent proteins.

Many types of fluorescent proteins that emit different colours are used as
fluorescent tags for optical bioimaging (65). The earliest fluorescent protein that was
isolated and developed was the green fluorescent protein (GFP), which was derived from
aequorin protein purified from Aequorea victoria jellyfish in the 1960s and 1970s. Since
then, many fluorescent proteins have been developed, notably the yellow fluorescent
protein (YFP) and the red fluorescent protein (RFP), from which the tandem Tomato
(tdTomato) fluorescent protein was modified. These proteins are very useful in the field
of cellular and molecular biology and can be applied in the monitoring of gene activation,

or the selective labeling and tracking of proteins, of organelles, and cells (66).

GFP is the most common fluorescent protein used in imaging. The protein emits
green light when stimulated with ultraviolet or blue light (59). It is relatively small (28
kDa), compact, and chemically inert (ie. it tends not to interact with the environment in
which it is expressed). In this dissertation, GFP was used as a reporter gene where it was

directly attached to a protein of interest (magnetosome protein).
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tdTomato is a fluorescent protein introduced in 2004 as a variant of the RFP
DsRed (67). The protein emits red light when stimulated with green light. It is a 54 kDa
tandem protein (contains two fluorescent proteins) and is reported to be 6 times brighter
than GFP. It is also used as a reporter gene in this dissertation and is also directly

attached to magnetosome proteins to form fusion fluorescent-magnetosome proteins.

1.3. The cytoskeleton and molecular motors

The cytoskeleton is a dynamic network of proteins that form filaments and
interlink throughout the cytoplasm of both eukaryotic and prokaryotic cells. It performs
many roles, primarily to provide and maintain the cell’s shape (68). The cytoskeleton also
allows cells to migrate, moderates cell signaling pathways, allows for uptake of
extracellular materials and their transport, plays a crucial part in cellular division, and

holds and organizes intracellular components (61).

1.3.1. The eukaryotic cytoskeleton

The eukaryotic cytoskeleton is made up of three main groups of filaments:
microfilaments, intermediate filaments, and microtubules. Each filament is made up of
the polymerization of protein subunits, with microfilaments containing actin subunit and
microtubules containing tubulin subunits (69). Intermediate filaments are made up of
different protein subunits depending on the cell type and can contain keratin, lamin,

desmin, etc.

Microfilaments, or actin filaments, are the main filaments responsible for cell
shape and movement. They also form the tracks on which myosin molecules walk on for

intracellular transport (70). Intermediate filaments also function to hold the cell’s shape



31

through tension of the filaments. These filaments organize the intracellular structure of
the cell, and anchor organelles and structure the cytoplasm (71). Intermediate filaments
also enable cell signaling and communication by forming cell-cell connections and cell-
matrix junctions. Microtubules are responsible for structural components of the cell, for
cell division, and have a major role in intracellular transport. Cilia and flagella, which
function in receiving sensory information, processing extracellular signals, and cell
motility, are made up of microtubules. Microtubules are responsible for the movement
and separation of chromosomes during mitosis. They also act as tracks for the molecular

motors dyneins and kinesins, which transport organelles and vesicles in the cell (72).

1.3.2. The prokaryotic cytoskeleton

Until 1992 it was thought that the cytoskeleton was exclusive to eukaryotes;
however, it was discovered that bacteria have proteins that are homologous to tubulin and
actin (73). The cytoskeleton in bacteria play essential roles in cell division, function to

determine and maintain cell shape, and determine cell polarity (74).

In bacteria, the protein MreB is a homologue of eukaryotic actin. Non-spherical
bacteria rely on MreB to maintain cell shape. This protein assembles into a rigid, helical
network that lies under the cytoplasmic membrane and covers the entire length of the
bacterial cell (75). MreB also aids in cell division and is responsible for determining

bacterial polarity by moderating the positioning of bacterial polar proteins (76).

The bacterial proteins ParM and SopA are structurally similar to actin, but have
functions similar to eukaryotic microtubules (77). These proteins polymerize

bidirectionally and thus are dynamic molecules, a characteristic of tubulin molecules.
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These proteins are involved in plasmid separation, a form of DNA replication in the
bacteria. The role ParM has in plasmid separation is akin to the role of tubulin in

chromosome separation in the eukaryotic cell (78).

The bacterial protein crescentin is homologous to eukaryotic intermediate
filaments. It organizes into helical filament structures and supports crescent- and helical-
shaped bacteria by associating with the cell membrane on one lateral side of the cell (79).

The protein has domains similar to eukaryotic keratin and lamin proteins (79).

1.3.3. The cytoskeleton in magnetotactic bacteria

Magnetotactic bacteria are unique in that they contain organelles in the form of
magnetosomes. The initial formation of these magnetosomes require the invagination of
the bacterial plasma membrane. In the MTB species AMB-1, it is reported that a group of
at least 5 proteins, Maml, L, B, Q, and Y, are responsible for the bending and shaping of
the plasma membrane into the magnetosome membrane (80). These proteins function to
bend and sustain plasma membrane curvature through membrane scaffolding much
similar to dynamin (13). Additionally, they remodel and stabilize the membrane by the

insertion transmembrane helices.

Once formed, these magnetosomes are organized in chains and require the
organization of MamK, an actin-like protein that polymerizes and forms filaments
throughout the bacteria (13). MamK also localizes alongside MreB, another actin-like
protein present in MTB species. Together, these two proteins form filamentous branches
that function in cell morphology and organization (81). MamK is also suggested to

function similar to the bacterial actin-like protein ParM, in which they both generate
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mechanical forces through polymerization and depolymerization (13, 82, 83). MamJ,
another protein that is part of the mamAB operon, interacts with MamK and is suggested
to attach magnetosomes to MamK filaments. Altogether, these MTB proteins suggest that
different types of bacteria develop specific cytoskeletal proteins to accommodate their

specific functions.

1.3.4. Active transport

1.3.4.1.Molecular motors in vesicle transport

Molecular motors are molecules that are capable of producing mechanical work.
These molecules perform active transport of intracellular cargo or organelles, and are
responsible for muscle contraction or cellular movement, by consuming energy typically
in the form of ATP (84). Eukaryotic cells have several different types of cytoskeletal
motors (meaning that they operate by interacting with cytoskeletal filaments) such as

myosin, kinesin, and dynein (Fig 1.14).
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Figure 1.14 The three classes of cytoskeletal molecular motors in eukaryotic cells.

Myosin molecules bind to actin filaments, kinesin molecules bind to microtubules, and
dynein molecules bind to filaments specific to their cell type. The top of the figure shows
the cargo-binding tail domain on which various vesicles or organelles can bind. The
bottom of the figure shows the head domain that interacts with the filament on which

they walk. Figure adapted from Howard 2001 (85).

Myosin molecules have a major role in muscle contraction, although they are
responsible for a multitude of other cellular motor functions such as intracellular cargo
transport, cytoplasmic streaming, cell division, cell motility, etc (85, 86). Myosins are a

large family of molecular motors, and humans have over 40 different myosin genes. Due
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to their variety, myosin molecules move at a wide range of speeds along actin filaments,

from myosin VI moving at 60 nm/s to Myosin XI moving at 60,000 nm/s (78).

Kinesin molecules have roles in mitosis, meiosis, intracellular cargo transport,
and axonal and intraflagellar transport (50). These proteins walk on microtubules and
specialize in anterograde transport, in which they transport cargo from the center of the
cell towards the periphery. Kinesins that take part in mitosis and meiosis move at speeds
ranging from 20 to 90 nm/s, those that aid in vesicle transport move at 700-800 nm/s, and

those that aid in flagellar or axonal transport move at 2000 nm/s (78).

Dynein molecules transport cargo, aid in the movement of cells through cilia and
flagellar beating, and aid in mitosis (87). These molecules travel on microtubules and
specialize in retrograde transport, in which they transport cargo from the periphery or
exterior of the cell towards the center. There are two types of dynein; axonemal dynein
that are responsible for the movement of cilia and flagella and cytoplasmic dynein that
are responsible for cargo transport and centrosome assembly in mitosis. Axonemal
dynein moves at speeds up to 7000 nm/s, while cytoplasmic dynein move much slower at

1000 nm/s (78).

1.3.5. Molecular diffusion

At the scale of molecules and organelles, collisions with solvent molecules result
in molecular and organelle diffusion, and this ubiquitous random type of motion exists
alongside to the directed motions provided by molecule motors. Molecular diffusion, or
particle diffusion, is the thermal movement of all molecules and is affected by

temperature, viscosity of the medium in which the particle resides, and the size of the
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particle (88). It is characterized by the diffusion coefficient, a quantity that represents to
which extent the particle can spread by diffusion in a certain amount of time. As
temperature increases, so does the kinetic energy of the particles, and thus particles will
diffuse at a faster rate (the diffusion coefficient increases). As the medium becomes more
viscous, particles are more restricted in their movement and thus diffuse at a slower rate
(the diffusion coefficient decreases). The larger a particle is, the more mass and inertia it
contains and thus it will diffuse at a slower rate (smaller diffusion coefficient) than
smaller particles. The random diffusive motion of particles in a medium is called
Brownian motion (89). Because of the random nature of Brownian motion, particles will
diffuse about until they are evenly spread within the medium. Diffusing particles only
change direction when they bump into another particle or solvent molecule or bump into

the solid confinement of the medium (90).

1.4. Principles of the MRI signal

In order to appreciate the potential of magnetosome proteins as gene-based MR
contrast agents, we must understand the source and principles of the MRI signal. The
MRI signal comes from protons (hydrogen nuclei) in the subject being imaged. As there
are many protons in biological samples, the signal is strong and allows resolution of
structures in small animals (e.g. rodents) at fractions of a mm and in larger animals (e.g.
dogs, pigs) and humans at approximately 1 mm?®. However, discrimination of different
tissues by proton density alone is poor since the concentration of protons in soft
biological tissues does not vary greatly. Instead, since protons in different tissues often
have different spin relaxation behaviours, detection of these can improve tissue

discrimination. Both the application of radiofrequency (RF) pulses at specific frequencies
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and the switching of magnetic field gradients can be used to distinguish different proton
relaxation rates in a biological sample. In principle, there are two main classes of
relaxation effects which are called spin-lattice or longitudinal relaxation time (T1) and
spin-spin or transverse relaxation time (T2), with the units of time usually expressed in
seconds or milli-seconds (s or ms). Often these relaxation times are converted to
relaxation rates (R1 and R2) by inverting T1 and T2, resulting in units of inverse time,
e.g. s. Furthermore, spin-spin relaxation is represented by two quantities: R2 and R2*,
where R2* > R2. While R2 is measured by using spin echoes, R2* is measured with
gradient echoes. In addition, while R2 represents an intrinsic property of the tissue, R2*
is affected not only by tissue properties but also by non-uniformities in the local magnetic
field. As such, R2* is very sensitive to the presence of iron, particularly in the form of
magnetite. The difference between R2* and R2 is represented by R2 and is often referred

to as the non-recoverable spin-spin relaxation.

1.4.1. Paramagnetic contrast agents

Innate relaxation behaviours of different tissues are often not sufficient to
discriminate diseased from normal states within a given organ system (e.g. liver, heart);
hence, paramagnetic MRI contrast agents have been developed. These agents provide
additional discrimination where they accumulate differentially in a particular tissue.
Paramagnetic agents primarily shorten the T1 relaxation time of the protons (i.e. increase
R1), with extent of shortening dependent on tissue concentration of the paramagnetic
contrast agent. It is important to note that paramagnetic contrast agents, in general, do not
alter the magnetic field at the tissue level. Rather, through dipole-dipole interactions, they

directly increase the R1 relaxation rate of those water molecules that come in close
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contact with the paramagnetic centers (91). In addition, paramagnetic agents have little
effect on spin-spin relaxation; at all times, T2 < T1. Although, when concentration of the
paramagnetic contrast agent becomes high enough, T1 can be reduced to less than the
tissue T2 value, at which point T2 will approximate T1. The relaxivity (R1) of
paramagnetic contrast agents for a typical MRI in medical imaging (on 1.5T and 3T
systems) is about 4 (mM sec)™* (92) and the sensitivity of detection is approximately 0.1
mM. To achieve this requires injection of approximately 0.1 mmole contrast agent per kg
body weight, which is a very large amount of contrast agent to be incorporated by the

cell. Tracking cells labelled with paramagnetic contrast agents is thus limited.

1.4.2. Ferromagnetic contrast agents

Ferromagnetic contrast agents primarily affect spin-spin relaxation times and their
T2 relaxivity is generally much greater than the T1 relaxivity of paramagnetic agents. For
example, SP10 particles were one of the first iron particles to be introduced. Their R2
relaxivity is so high, they can be loaded into cells and tracked after transplantation with
MRI. For example, if mammalian cells labeled with approximately 60 pg Fe/cell are
injected in a mouse brain, then individual cells can be detected using 1.5T MRI with a
specialized RF coil and an enhanced magnetic field gradient for small animal imaging
(93). In this work, Heyn et al. used a 3D Fast Imaging Employing Steady-state
Acquisition (FIESTA) pulse sequence to emphasize the difference in spin-spin relaxation

times.

SPIO particles have an iron core (magnetite, also called iron (11, 111) oxide) of

approximately 30 nm in diameter. The reported T2 relaxivity of SPI1O particles is 180
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(mM s)tat 7T (21, 94). However, when they are incorporated into cells, the T2 relaxivity
is considerably reduced (94). In addition, tracking cells with SPIO labels has the
following limitations: a) release of SPIO through apoptosis or exocytosis can label
interstitial tissue or phagocytic cells and falsely report the targeted cellular activity, and
b) in proliferating cells, the number of SP10 particles per cell drops leading to loss of

signal in longitudinal studies (95).

1.4.3. MRI of magnetosomes

Although SPI10 labeled cells give the needed contrast-to-noise ratio (CNR) to
follow cells immediately after transplantation, one needs an MRI reporter gene to follow
the fate of transplanted cells over days and weeks. Meriaux et al. have shown that
individual magnetosomes particles have a relaxivity similar to SPIO particles (96).
Brewer et al. went a step further and imaged the equivalent of MTB, obtaining an R2
value of 250 (mM s)%, comparable to 178 (mM s)* for SPIO (21). However, when
particles derived from MTB, called magneto-endosymbionts (ME), were introduced into
mammalian cells, the R2 values were reduced to 35 (mM s)*. Similar incorporation of
SPIO also reduced relaxivity to approximately the same degree: 62 (mM s)™*. Brewer et
al. went on to investigate the minimum number of eukaryotic cells that could be observed
if ME labeled cells were injected into the mouse brain and imaged by MRI at 7T. They
labeled each cell with approximately 400 ME; injected mice with either 100 or 1000
cells; were able to detect both; and concluded that as few as 100 such cells could be
tracked. Interestingly, Goldhawk et al. took a different approach (10). Taking values
reported by Benoit et al. (97), in which MTB were imaged within mouse tumours, and

using the amount of iron per MTB as well as R2 values measured in vivo, a calculation
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was performed determining the minimum number of eukaryotic cells needed to change
R2 by 1 s, That gave the minimum number of cells that could be detected if each cell
contained 100 times the amount of iron in MTB. This was based on the diameter of a
bacterium, which is about one-tenth the diameter of a mammalian cell. Hence, the
volume of a mammalian cell would be approximately 1000 times greater than that of a
bacterium. Using this approach, they estimated that a minimum of 3 cells could be
detected in small animals and a minimum of 2,600 cells in large animals/humans (10).
These very different approaches give somewhat different results, with incorporation of
400 ME per cell providing a lower sensitivity (approximately 50 cells) than the
equivalent number of magnetosomes in 100 ME (approximately 3 cells) and suggesting
that reporter gene expression based on the magnetosome may be more sensitive by a
factor of approximately 70 (50 times 4 all divided by 3). Of course, this outcome depends
on generating sufficient magnetosome-like particles per cell using key magnetosome

genes with essential roles in iron biomineralization to achieve the proposed iron per cell.

Lee et al. (98) investigated the dependence of R2 on interecho time in mammalian
cells expressing a single MTB gene: magA. Compared to control cells they found that
MagA-expressing cells had greater iron content and that increases in R2 with increasing
interecho times. As it is known that R2 relaxivity of iron oxide particles depends on echo
spacing (99, 100), this strongly suggests that iron particles were formed from a single
MTB iron-handling gene. Lee et al. further suggested how these interecho effects could
be used to uniquely image magnetosome-like particles, by acquiring image-based R2
measurements with two different interecho times and, from the difference, assessing the

iron-related contribution to R2 (98).
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Cho et al. further demonstrated that mammalian cells expressing MagA from an
inducible promoter could be successfully implemented as an MRI genetic reporter (20).
While significant effects on T2- and T2*-weighted images were reported, the technology
has not been widely adapted probably because the contrast was low and relatively large

amounts of tissue had to be selected to get sufficient signal to noise.

1.5. Defining reporter gene expression

Genetic encoding of reporter genes enables the tracking of several features of
cellular activity, regardless of platform used to detect the encoded proteins. For example,
although all somatic cells contain the full complement of an organism’s DNA (the
genotype), not all of these genes are expressed at once. Each cell type regulates the
expression of individual genes to obtain specific cell functionality (the phenotype). The
transcription factors that regulate gene expression thus perform a key role in determining
what function a cell has. The same transcription factor (TF) regulation applies to reporter

genes that are introduced for the purpose of monitoring cellular activity.

Broadly-speaking, there are two types of TF regulation: constitutive and selective.
On the one hand, genes that are expressed constitutively are generally required for cell
functions that operate continuously, like glycolysis or oxidative phosphorylation. The
“housekeeping” factors that control these genes are virtually always present and ready to
drive the required gene expression, to preserve baseline functioning in most any cell type.
On the other hand, selective TF activity regulates specific gene expression that

distinguishes one cell type from another. This category of TF is therefore characteristic of
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specific cell type(s), microenvironment, stage of development, health, and disease. Every

cell contains both types of TF.

Simply-stated, a reporter gene encodes a protein that can be reliably detected by
some method of choice. If the reporter gene is constitutively-expressed, it generates a
constant label that can theoretically be monitored through all phases of the cell, including
its proliferation and differentiation. If the reporter gene is selectively-expressed, it
imparts a signal that will only be detected when specific TF activity is present, including
those that trigger a disease process like inflammation, fibrosis, or metastasis.
Traditionally, “reporter gene expression” is a term coined to describe this type of
selective gene expression. It is a powerful tool for understanding cellular phenotype and

identifying what factors contribute to function and malfunction.

1.5.1. Imaging reporter

Most cells do not have sufficient, inherent contrast to enable in vivo molecular
imaging by any modality. With little exception, an imaging reporter is needed to
distinguish background signal from cellular target. Reporter gene technology not only
serves this purpose but will outperform exogenous contrast with respect to duration of
signal and relationship to cellular molecular activity (101, 102, 103). What remains is the
challenge of developing imaging reporter genes with high enough contrast to noise ratio

(CNR) for satisfactory molecular imaging in living subjects.

This challenge has been met with varying levels of success, depending on the
imaging modality (10, 104, 105). Toward applications in cell therapy, several methods

are available to quantitatively image transplanted cells using reporter genes like
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thymidine kinase for nuclear medicine or luciferase for optical imaging. However, the use
of reporter genes in nuclear medicine requires injection of radioactive substrate and
creates a massive background signal, often obscuring the desired signal. In optical
techniques, poor depth of penetration requires either the insertion of invasive light

detectors and/or surgical exposure of the targeted area.

Although transforming cells with foreign DNA for imaging with reporter genes is
not yet readily accepted by regulatory bodies for human use, the preclinical market for
this technology is huge and will inform medical practices. For example, gas vesicles
(bacterial structures that provide buoyancy) have been expressed in both human cells and
E. coli to develop ultrasound acoustic reporter gene imaging (106, 107). Similarly, to
develop reporter gene imaging for MRI, various MTB transgene expression systems have

been developed (20, 31, 43, 45, 46).

1.5.2. The search for an MRI reporter

Of all the medical imaging platforms, MRI provides the best resolution of soft
tissues at any imaging depth using non-ionizing radiation. Already a mainstream clinical
imaging platform, what MRI lacks in sensitivity can be compensated for by contrast
agents that either amplify the MR signal, like hyperpolarized compounds, or modify the
signal, like iron, which amplifies differences in MR signals. In addition, many MRI
sequences are available to capture different aspects of the biophysical properties that
govern a cell’s response to magnetism. Beyond the standard longitudinal (T1) and
transverse (T2, T2*) relaxation times of water protons, methods have been developed to

monitor changes in sodium, pH, oxygenation of hemoglobin (allowing detection of



44

neuronal activity in the brain (108) and tissue oxygenation in the heart (109)), blood flow
in the brain (110) and diffusion (111), to name a few. More specifically,
neurotransmitters such as glutamate have been used as endogenous functional MRI
contrast agents to detect synaptic activity and evaluate energy demands in different
regions of the brain (108). Arterial spin labelling, an MRI technique that uses blood-
water for endogenous flow contrast in the brain, provides diagnostic information for
pathologies such as Alzheimer’s disease and frontotemporal dementia (110). In the heart,
a technique termed cardiac functional MRI uses carbon dioxide as a contrast agent to
assess myocardial oxygenation and help detect ischemic heart disease (109). Diffusion
MRI, which takes advantage of the movement of water molecules through tissue
structures, has applications in a variety of diseases. It is becoming a popular method of
imaging cancer since tumors have decreased water diffusion due to increased cell mass

and density (111).

Extensive opportunities for multi-parametric imaging, with or without the
addition of contrast agents, mean that scientific breakthroughs facilitated by using MRI
afford excellent value for the investment in MR research, including technical
improvements in hardware and software by imaging scientists and engineers. Moreover,
the movement toward hybrid MR scanners, like positron emission tomography
(PET)/MRI, creates further options for comprehensive imaging with complete
registration of signals from multiple organ systems, reducing the negative impact of
motion on image interpretation, adding sensitivity of a radiolabel to the MR image, and
supporting the acquisition of multiple signals within a single imaging session. In addition,

because MR image acquisition is a relatively slow process, when imaging with PET/MRI
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over longer times, the concentration of radioisotope can be reduced, and the average PET

signal collected over that longer time.

In view of these MRI attributes, a reporter gene expression system that enhances
T1- or T2-weighted contrast for molecular MRI opens another phase in the evolution of
this modality. For example, gene-based MRI reporters that generate contrast in cell grafts
are ideal tools to aid long-term cell tracking (112). Several of these reporter systems have
been investigated for monitoring of metastatic cancer and include creatine kinase (113),
divalent metal transporter (DMT1) (114), B-galactosidase (115), and tyrosinase (116).
Ferritin has been reported for long-term monitoring of stem cell grafts in mice (117, 118,
119, 120). By drawing on examples in nature of cells that generate their own endogenous
magnetism, we have developed a template for further exploration of MRI reporter gene
technology. MTB have the potential to synthesize and regulate iron biominerals with
superparamagnetic qualities but no cytotoxicity. To date, the magnetosome protein MagA

has been investigated as an MRI gene-based contrast agent (43, 44).

1.5.3. Magnetotactic bacteria and their magnetic properties

While iron is a required co-factor in all cells, few if any generate as refined an
iron biomineral as found in MTB. These prokaryotes synthesize particles of magnetite
(Fe304) or greigite (FesSas) within a membrane-enclosed vesicle called a magnetosome
(121). Protected from iron toxicity by the lipid bilayer, MTB use their magnetosomes to
respond to the earth’s magnetic field and display magnetotaxis appropriate to Northern

and Southern hemispheres (122, 123). A growing body of literature has examined
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multiple applications of MTB and magnetosomes (124, 125, 126), taking advantage of
their navigational properties in response to magnetic fields (127, 128), their ability to
deliver thermal therapy (129, 130, 131), and their precise synthesis of crystalline
particles (132, 133, 134, 135) which, for example, could be useful as a reporter probe in

magnetic particle imaging (10).

1.6. Summary

Prospects for future development of molecular MRI place the spotlight on
synthetic biology, to build magnetosome-like nanoparticles in mammalian cells that
enhance gene-based iron-labelling and MRI contrast for reporter gene expression. Results
obtained from the expression of single MTB genes in mammalian hosts indicate the
compatibility of these bacterial iron-handling proteins in a variety of cell types. However,
no one MTB or magnetosome gene alone has provided optimal iron contrast for non-
invasive imaging. A more faithful adaptation of MTB strategy for iron biomineral
formation requires assembling multiple magnetosome proteins on a designated
membrane. This role of biomineral compartmentalization in the design and regulation of
biogenic iron nanoparticles has generally been under appreciated, perhaps because it adds
complexity to the structure. Nevertheless, with such complexity comes multiple
opportunities for regulating the magnetosome-like compartment, offering versatility in
the genetic programming of reporter gene expression and in specification of the resulting
iron biomineral. For MRI, there is potential for creating distinct MR signatures based on
the complement of magnetosome genes expressed, the nature of their regulation by

transcription factors, and the morphology of the encoded iron biomineral.
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1.7. Thesis objectives and outline

The central objective of this research is to develop a rudimentary magnetosome-
like nanoparticle to enable the control of a gene-based MRI contrast agent. The goal is to
provide an endogenous MR label for long-term molecular imaging throughout a cell’s life
cycle. This technology has many applications, such as enabling the tracking of early
disease activities and monitoring transcriptional activation. These can greatly improve
current molecular imaging techniques. This objective is also motivated by novel
observations that will be made about magnetosome protein expression in a mammalian
cell system. The proteins of interest Maml, MamL, MamB, and MamE have not been
expressed in a mammalian system prior to this study. Thus, the purpose of this study is
also to investigate the compatibility, behaviour, localization, and interaction of these
proteins with the mammalian intracellular environment. We hypothesize that the
magnetosome proteins Maml, MamL, MamB, and MamE will co-localize on an
intracellular membrane to form a rudimentary magnetosome-like nanoparticle in
mammalian cells, and that the proteins will work together synergistically to be able to

sequester iron into the magnetosome-like structure to increase cellular MR parameters.

The specific objectives of this study are to:

1. Express magnetosome genes maml, mamL, mamB, and mamE in a mammalian
cell line.

2. Characterize behavior of mammalian cells individually expressing magnetosome
genes.

3. Investigate potential protein-protein interactions of mammalian cells co-
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expressing magnetosome genes.
4. Evaluate the influence of magnetosome proteins Maml, MamL, MamB, and

MamE on the MR signal of mammalian cells.

These specific objectives are addressed in three manuscripts (Chapters 2 to 4), which are

briefly described in the following outline.

Chapter 2: Essential magnetosome proteins Maml and MamL from magnetotactic

bacteria interact in mammalian cells

The project started with the expression of the two smallest magnetosome proteins,
Maml and MamL, in the mammalian melanoma cell line MDA-MB-435. Protein
expression was verified using immunoblotting and fluorescence microscopy.
Fluorescence microscopy also revealed protein localization, interaction, and expression
pattern in the cell. To further understand the behaviour of these magnetosome proteins,
fluorescence correlation spectroscopy (FCS; a collaborative technique with Dr. Cécile
Fradin from McMaster University) was used to determine protein diffusion coefficient
and apparent radius in a cell-free system. Finally, a co-immunoprecipitation assay was

conducted to investigate protein-protein interaction between Maml and MamL.

Chapter 3: Cellular distribution and motion of essential magnetosome proteins

expressed in mammalian cells

This chapter details trajectory analysis of the motion of the fluorescent particles
described in the previous chapter. With fluorescence microscopy, it was determined that
MamL, Maml+L, and MamB had punctate, mobile expression within the cells. These

particles were tracked using ImageJ, and their trajectories were analyzed using
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Mathematica. Particle movement was further described by determining their velocity and
diffusion coefficient. These values were compared within each magnetosome protein
expression, and with molecular motors in the literature. Furthermore, connections
between protein mobility and protein structure were discussed for each expression
system. This chapter is a collaborative work with Dr. Cécile Fradin from McMaster

University.

Chapter 4: Magnetic resonance parameters and cellular iron content of

magnetosome proteins expressed in mammalian cells

After expression of magnetosome proteins Maml, MamL, MamB, and MamE in
mammalian cells, their effect(s) on cellular MR signal and cellular MR content were
investigated. Cells expressing magnetosome proteins were placed in wells inside of a
spherical gelatin phantom, and the phantom is scanned at 3 Tesla on a Biograph mMR to
obtain both longitudinal and transverse relaxation rates. To determine the effects of the
magnetosome proteins on total cellular iron content, lysed cell samples were sent for
elemental iron analysis using inductively-coupled plasma mass spectrometry (ICP-MS).
The obtained iron concentration values were normalized to total cellular protein and

compared within magnetosome protein expression systems.

Chapter 5: Conclusions, Limitations, and Future Work

This chapter summarizes the overall conclusions of this research and outlines

future work that this project leads to.
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Chapter 2

2  Essential magnetosome proteins Maml and MamL from
magnetotactic bacteria interact in mammalian cells

To optimize the development of a magnetosome-like nanoparticle, selected
magnetosome genes maml, mamL, mamB, and/or mamE were expressed in mammalian
cells to evaluate their behaviour and interaction. Chapter 2 describes the behaviour of
magnetosome proteins Maml and MamL when individually expressed in mammalian

cells, and the interaction between these two proteins when co-expressed.

Data obtained with fluorescence correlation spectroscopy (FCS) was done in
collaboration with Dr. Cécile Fradin from McMaster University. FCS data was analyzed
by Liu Yu, a Masters student from the Fradin lab. Collaborative data are presented in

Tables 2.4 and 2.5 and Figure 2.16.

This chapter has been submitted for publication: Sun Q, Yu L, Donnelly SC,
Fradin C, Thompson RT, Prato FS, and Goldhawk DE. Journal of Biological Chemistry.

2022.

2.1 Introduction

As advancements in non-invasive imaging technology continue to shape medical
practice (1), there is a pressing need for greater in vivo molecular detail, not only to better
understand the location and migration of disease processes but also temporal changes in
specific gene expression (2, 3). For this type of molecular imaging, endogenous contrast

agents offer huge advantages, tracking cellular activities throughout their life cycle and
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responding to in vivo cues. Magnetic resonance imaging (MRI) has the needed soft tissue
resolution and depth of penetration in a non-ionizing platform; nevertheless, cellular
imaging relies heavily on exogenous contrast agents (4). To expand the capabilities of
molecular MRI in mammalian cells, we are using magnetosome genes to program the
synthesis of iron particles. Since this form of iron contrast can be genetically regulated, it
may be suitable for magnetic resonance (MR) detection of reporter gene expression (5).
Magnetotactic bacteria (MTB) synthesize magnetosomes, which consist of an iron
biomineral (often magnetite, Fe304) sequestered within a membrane-bound compartment
(6, 7). This form of superparamagnetic iron oxide constitutes an ideal MR contrast agent
(8, 9) and if mammalian cells could replicate the program of magnetosome synthesis,
then MRI at clinical field strength could theoretically detect as few as 3 cells in small

animals and approximately 1000 cells in large animals or humans (5).

Magnetosome biosynthesis is under the control of approximately 30 genes, many
of which are clustered on a magnetosome genomic island (7, 10, 11). While the proposed
functions of these bacterial genes have been divided into vesicle formation and crystal
formation (12), most genes are non-essential, as deletion of only a select few genes
completely abrogates magnetosome biosynthesis (13). In addition, these essential genes
are among those required for vesicle formation in MTB (14), which is the first step in
magnetosome formation and ensures a compartment where iron can be safely
concentrated for biomineralization, without introducing cytotoxicity. We further propose
that essential magnetosome genes constitute the scaffold upon which the fuller
magnetosome structure relies (5). This hypothesis implicates select magnetosome

proteins in designating where the structure will assemble and therefore anchoring the
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nanoparticle in a given membrane. If correct, this also suggests that a rudimentary
magnetosome-like particle could be genetically programmed in a variety of cell types and

for a variety of applications, dependent on the final crystal structure (15).

In the last decade, several groups have reported MR contrast enhancement using
single transgene expression systems like magA, encoding a putative iron transporter in
species of Magnetospirillum (16, 17) or mms6, encoding an iron crystallizing protein (18,
19). On the one hand, no one iron-handling protein can recreate the full magnetosome
structure while on the other hand most can be individually deleted without compromising
the entire structure (13, 20). The number and function of essential magnetosome genes,
upon which the entire magnetosome structure relies, is still poorly understood. In general,
these genes are widely conserved across species of MTB, are found on the mamAB
operon, and frequently display preserved gene synteny (7). Moreover, their presence
defines the magnetosome as a hierarchical protein structure, containing a common base

upon which assembly of the final magnetosome form depends.

Since forming the vesicle that will protect the cell from iron toxicity has been
established as a first step in magnetosome synthesis (21), we speculate that less genetic
information may be required to initiate magnetosome synthesis in eukaryotes than in
prokaryotes, the former of which inherently direct vesicle formation through the Golgi
apparatus (22). In this case, replicating a magnetosome-like particle in eukaryotic cells
will only rely on the expression of genes required for designating the compartment and,
using specific protein-protein interactions, directing subsequent iron biomineralization.
We have tested this hypothesis using maml and mamL, two magnetosome genes which

are conserved among magnetite-producing MTB (20), are essential to vesicle formation,
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and when deleted, prevent magnetosome formation (11, 20). We therefore expressed
fluorescent fusion proteins of Maml and MamL, alone and together, in a mammalian cell
line. Using confocal microscopy and fluorescence correlation spectroscopy (FCS), we
then demonstrated the nature of their intracellular membrane localization in a foreign cell

environment and provided evidence of their co-localization and potential for interaction.

2.2 Materials and Methods

2.2.1  Molecular Cloning

2.2.1.1 maml and mamL

Magnetosome genes maml and mamL were amplified by PCR from the genomic
DNA of Magnetospirillum magneticum strain AMB-1 (ATCC 700264) using custom
primers (Table 2.1). The maml and mamL amplicons were purified using a PCR clean-up
kit (Invitrogen, Life Technologies, Burlington, Canada); digested with appropriate
restriction enzymes (Table 2.1); and purified once more, prior to insertion in the
molecular cloning vectors pEGFP-C1 (Clontech; Fig. 2.1) and ptdTomato-C1 (Clontech;
Fig. 2.2), respectively. Sequencing information for maml and mamL is shown in
Appendix A.1 and A.2. After propagation in Escherichia coli strain XL10GOLD, the
vector-insert plasmid constructs were purified and used for mammalian cell transfection,

as outlined below.
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Table 2.1 Primer design for the cloning of MTB genes maml and mamL into
pPEGFP-C1 and ptdTomato-C1, respectively.

Gene Primer (5’ - 3°) Res,Str |c£|on Vector
ite
Forward | GCATCAAGACTGCAGTAACG Pstl
maml pEGFP-C1
Reverse CTACGTCACCATTGATCATGG Bell
CCATC
CGCGGCAGATCTAGGACAGT
Forward | £ 2 Bglll
mamL ptdTomato-C1
Reverse | TCACTCCAAAGCTTCCCGACC HindlI1l

*Restriction enzyme sites appear in bold in the primer sequence.




pPEGFP-maml
4913 bp

" BelIx (1594)

Figure 2.1 Vector-insert map of the cloning strategy of magnetosome gene maml.

Vector-insert map of pEGFP-maml shows maml (pink) cloned in downstream of EGFP
(bright green) between restriction sites Pstl and Bcll. The bacterial origin of replication
(ori) is shown in yellow. The mammalian cytomegalovirus (CMV) enhancer and
promoter, which allow for constitutive gene expression, is shown in white. The
NeoR/KanR/G418R gene (light green) provides kanamycin antibiotic resistance in

bacterial cells and G418 antibiotic resistance in mammalian cells.

63
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ptdTomato-mamL

5716 bp

Figure 2.2 Vector-insert map of the cloning strategy of magnetosome gene mamL.

Vector-insert map of ptdTomato-mamL shows mamL (blue) cloned in downstream of
tdTomato (red) between restriction sites Bglll and Hindlll. The bacterial origin of
replication (ori) is shown in yellow. The mammalian CMV enhancer and promoter,
which allow for constitutive gene expression, is shown in white. The NeoR/KanR/G418R
gene (light green) provides kanamycin antibiotic resistance in bacterial cells and G418

antibiotic resistance in mammalian cells.



2.2.1.2 mamL truncation
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To investigate the function of different regions of the MamL protein, the last 15

amino acids from the C-terminal end of MamL were removed by introducing an early

stop codon. Primers were designed were designed that included a stop codon 45

nucleotides upstream from the end of mamL (Table 2.2). These primers were then used in

PCR amplification of the truncated mamL gene, and the gene was then inserted into the

ptdTomato-C1 vector with restriction enzymes EcoRI and Bglll (Fig. 2.3). Sequencing

information is shown in Appendix A.3.

Table 2.2 Primer design for the cloning of MTB gene mamLunc into the ptdTomato-

C1 vector.
Gene Primer (5° - 3°) Rest_r |c£|on Vector
Site

Forward CGCGGCAGATCTAGGACAG Balll

TGGC g
mamLtrunc ptdTomato-C1

TCTGCTTGAATTCTCACATG

Reverse ACG EcoRlI

*Restriction enzyme sites appear in bold in the primer sequence.
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ptdTomato-mamL-trunc
5629 bp

. \
SV40 poly(;\)“skgﬂa

| flon 7

AmpR promoter'

Figure 2.3 Vector-insert map of the cloning strategy of magnetosome gene

mamLtrunc.

Vector-insert map of ptdTomato-mamLrunc Shows mamLirune (blue) cloned in after
tdTomato (red) between restriction sites Bglll and EcoRI. The bacterial origin of
replication (ori) is shown in yellow. The mammalian CMV enhancer and promoter,
which allow for constitutive gene expression, is shown in white. The NeoR/KanR/G418R
gene (light green) provides kanamycin antibiotic resistance in bacterial cells and G418

antibiotic resistance in mammalian cells.
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2.2.1.2 mamLyunc and maml

To evaluate the interaction of MamLunec With Maml, transient transfections were
performed. EGFP-Maml-expressing cells were plated on 35 mm glass-bottom cell culture
dishes and transfected with 1 pg of Tomato-mamLirunc DNA and 2 pg of Lipofectamine
2000. Cells were imaged 72-hours post-transfection with the confocal microscope, as

described below in section 2.2.8.

2.2.1.2 pSF-FLAG-mamL-EMCV-FLuc

To refine the co-expression of Maml and MamL, the pSF-EMCV-FLuc vector
was used to generate FLAG-tagged MamL under Puromycin selection. Interaction
between Maml and MamL can then be identified using the green fluorescence of EGFP.
Primers flanking mamL in ptdTomato construct were designed to include a FLAG tag
(DYKDDDDK) for immunodetection (Table 2.3). The FLAG-mamL insert was amplified
using PCR, purified using a PCR clean-up kit (Invitrogen, Life Technologies, Burlington,
Canada), and digested using Sacl and EcoRI (Table 2.3). FLAG-mamL was then inserted
into the pSF-EMCV-FLuc vector and propagated in Escherichia coli strain XL10GOLD

(Fig. 2.4). Sequencing information is shown in Appendix A.4.
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Table 2.3 Primer design for the cloning of FLAG-mamL into the pSF-EMCV-FLuc

vector.
Gene Primer (5’ - 3°) Res,Str |c£|on Vector
ite
GACTCAGAGCTCATGGACT
Forward | ACAAAGACGATGACGACAA Sacl
GAGTGGC
FLAG- pSF-EMCV-
mamL FLuc
GACTGCAGAATTCGAAAGC
Reverse TTC EcoRlI

*Restriction enzyme sites appear in bold in the primer sequence. FLAG tag sequence is
underlined in the forward primer.
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Sacl (881)
—|FLAG

\ __EcoRI (1192)

pSF-CMV-mamL-EMCV-FLuc
6768 bp

Figure 2.4 Vector-insert map of the cloning strategy of magnetosome gene FLAG-

mamL.

Vector-insert map of pSF-CMV-FLAG-mamL-EMCV-FLuc shows mamL (blue) with a
FLAG tag (pink) directionally cloned at Sacl and EcoRlI restriction sites. The
bioluminescence gene luciferase (orange) is also present in this construct. The bacterial
origin of replication (ori) is shown in bright yellow. The mammalian CMV enhancer and
promoter, which allow for constitutive gene expression, is shown in white. The PuroR

gene (light green) provides puromycin antibiotic resistance in mammalian cells.
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2.2.2 Cell Culture and Transfection

MDA-MB-435 cells (ATCC HTB-129; derived from an adult female and
characterized as a melanoma cell line) are a model of aggressive tumorigenesis (23).
Cells were cultured in 200 mm polystyrene cell culture dishes (CELLSTAR, VWR
International, Mississauga, Canada) with Dulbecco’s Modified Eagle Medium (DMEM)
containing 1 g/L glucose (Gibco, Life Technologies, Burlington, Canada), 10% fetal
bovine serum (FBS; Gibco), 4 U/mL penicillin, and 4 pg/mL streptomycin at 37°C with
5% COs.. To create cell lines expressing the enhanced green fluorescent protein (EGFP)-
Maml fusion protein or the red fluorescent protein tdTomato (Tomato)-MamL fusion
protein, cells were grown to 60-70% confluency on a 100 mm dish and transfected using
Lipofectamine 2000 (Invitrogen), according to company protocol, using 8 pug of pEGFP-
maml or ptdTomato-mamL, respectively. For co-expression of both pEGFP-maml and
ptdTomato-mamL, cells stably expressing Tomato-MamL were transfected with 8 pg of
PEGFP-maml. For expression of Tomato-MamLiunc, parental MDA-MB-435 cells were
transfected with 4 pg of Tomato-mamLyunc DNA and 12 pg of Lipofectamine 2000. For
expression of FLAG-MamL, parental MDA-MB-435 cells were transfected with 4 ug of
pSF-FLAG-mamL-EMCV-FLuc DNA. For expression of FLAG-MamL/EGFP-Maml,
EGFP-Maml-expressing cells were transfected with 8 pug of pSF-FLAG-mamL-EMCV-
FLuc DNA. After 16 hours transfections were stopped, and cells were placed in full

medium for 48 hours before commencing antibiotic selection.
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2.2.3 Selection of Stable Cell Lines

To select cells stably expressing EGFP-Maml and/or Tomato-MamL fusion
proteins, transfected cells were grown in the presence of 500 ug/mL of Geneticin (G418;
Gibco). To enrich the populations of fluorescing cells, we used fluorescence activated
cell sorting (FACS; Robarts Research Institute, London, Canada). For each expression
system, two cell populations were obtained, with either high or medium fluorescent
intensity. Western blots and confocal fluorescence microscopy were performed on cells

displaying high fluorescence while medium fluorescence was adequate for FCS.

For selection of cells stably expressing Tomato-MamL.wune, transfected cells were
grown in the presence of 500 pg/mL of G418. For selection of cells stably expressing
FLAG-MamL, transfected cells were grown in the presence of 0.4 pg/mL Puromycin
(Gibco). For selection of cells stably expressing FLAG-MamL/EGFP-Maml, transfected
cells were grown in the presence of 500 pg/mL G418 and 0.5 pg/mL Puromycin. These
expression systems were not sorted with FACS due to adequate level of fluorescence

intensity.

2.2.4  Protein Sample Preparation

Stably transfected cells were cultured to 70% confluency on a 100 mm dish, then
washed twice using 10 mL phosphate buffered saline pH 7.4 (PBS, 137 mM NaCl/2.7
mM KCI1/10 mM Na2HPO4). Four to five dishes of cells were then collected into a 1 mL
lysis solution containing 850 pL of radioimmunoprecipitation assay buffer (RIPA, 10

mM Tris-HCI pH 7.5/140 mM NaCl/1% NP-40/1% sodium deoxycholate/0.1% sodium
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dodecyl sulfate [SDS]) and 150 puL of Complete Mini protease inhibitor cocktail (Roche
Diagnostic Systems, Laval, Canada). Cells were then sonicated using three 12-second
bursts of a Sonic Dismembrator (model 500, Thermo Fischer Scientific, Ottawa, Canada)
at an amplitude of 30%. Total amount of protein was quantified using the BCA assay

(24).

2.2.5 Western Blot

Protein samples of MDA-MB-435 cells stably expressing EGFP (40 pg), Tomato
(40 pg), EGFP-Maml (20 pg), or Tomato-MamL (20 pg), or stably co-expressing
Tomato-MamL/EGFP-Maml (80 ug) were reduced with 100 mM dithiothreitol (DTT) in
sample preparation buffer (1 M Tris-HCI pH 6.8/10% SDS/0.1% Bromophenol Blue/43%
glycerol) and heated at 85°C for at least 5 min. Reduced samples were then subjected to
discontinuous SDS polyacrylamide gel electrophoresis (SDS-PAGE) using a 10%
running gel (14% running gel for FLAG-MamL detection). Protein was transferred onto a
nitrocellulose blot using the Original iBlot Gel Transfer Device (Life Technologies,

Burlington, Canada).

For EGFP detection, nonspecific protein binding was blocked in 5% bovine serum
albumin (BSA)/Tris-buffered saline pH 7.4 (TBS) for 3 h at room temperature. Blots
were then incubated for 15 h in 1:1000 mouse a-GFP (Invitrogen)/3% BSA/TBS/0.02 %
sodium azide (TBSA); then washed using TBS/0.1% Tween 20 (TBST; Sigma-Aldrich,
Oakville, Canada) for 30 min with 4 changes of buffer; and incubated for 2 h in 1:20,000
horseradish peroxidase (HRP)-conjugated goat a-mouse 1gG (Sigma-Aldrich)/1%

BSA/TBS. All incubations were performed at room temperature. Blots were then washed
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with 0.1% TBST for 30 min with 4 changes of buffer and imaged using the Chemigenius
Gel Doc (Syngene). A chemiluminescent signal was detected using SuperSignal West
Pico Chemiluminescent Substrate (Thermo Fischer Scientific), according to the

manufacturer’s instructions.

For Tomato detection, blots were blocked in 3% BSA/TBSA for approximately
18 h at room temperature and then incubated for 18 h in 1:1000 primary goat a-tdTomato
(MyBioSource, San Diego, USA)/3% BSA/TBSA at 4°C. After washing in 0.1% TBST
as described above, blots were incubated for 1 h in 1:20,000 HRP-conjugated rabbit a-

goat 1gG (Sigma-Aldrich)/1% BSA/TBS at room temperature.

For FLAG detection, blots were blocked in 3% BSA/TBS overnight and then
incubated for 18 h in 1:1000 primary mouse a-FLAG (Thermo Fisher Scientific)/3%
BSA/TBSA. After washing in 0.1% TBST as described above, blots were incubated for 2
hin 1:20,000 HRP-conjugated goat a-mouse 1gG (Sigma-Aldrich)/1% BSA/TBS. All

incubations were done at room temperature.

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading
control. For GAPDH detection, blots were placed in stripping solution (1 M Tris-HCI pH
6.8/10% SDS/0.016% B-mercaptoethanol) and agitated in a 37°C water bath for 30 min
prior to washing in 0.1% TBST and blocking in 5% BSA/TBS. The primary and
secondary antibodies were 1:2000 rabbit a-GAPDH (Sigma-Aldrich)/3% BSA/TBSA and
1:20,000 HRP-conjugated goat a-rabbit IgG (Sigma-Aldrich)/1% BSA/TBS,

respectively.
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2.2.6  Co-immunoprecipitation

Co-immunoprecipitation was adapted from a published procedure (23). Protein
samples were prepared and quantified as described above. For immunoprecipitation, 5
mg of GFP-Maml or FLAG-MamL protein sample was mixed with 5 pL of a-GFP and
incubated for 1h at 4°C. Prior to binding the antibody, Protein-G Sepharose beads
(Cytiva, Vancouver, BC, Canada) were washed and added to each protein-antibody
mixture and then incubated 1h at 4°C. Unbound protein was washed away with RIPA
buffer and 10 mM Tris-HCI. Protein associated with Protein-G Sepharose was
resuspended in 40 pL of sample buffer (125 mM Tris-HCI pH 6.8/3.3% SDS/100 mM
DTT) and heated to 80°C for 15min to dissociate protein from beads. Glycerol (10% v/v)
and bromophenol blue (~0.1% w/v) were added to each sample prior to storing at -20°C

until SDS-PAGE.

The co-immunoprecipitation blot was blocked in 4% BSA/TBSA for
approximately 5 h then incubated for 18 h in 1:2000 primary goat a-FLAG (Thermo
Fisher Scientific)/3% BSA/TBSA at room temperature. After washing in 0.1% TBST as
described above, blots were incubated for 1 h in 1:20,000 HRP-conjugated rabbit a-goat

IgG (Sigma-Aldrich)/1% BSA/TBS.
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2.2.7  Confocal Imaging

Stably transfected cell lines were examined with confocal fluorescence
microscopy (Nikon A1R Confocal Microscope). In preparation for confocal microscopy,
approximately 100,000 cells were cultured in a 35 mm glass-bottom dish (MatTek
Corporation, Cedarlane, Burlington, Canada) for 48 hours. On the day of imaging, the
dish was placed in a stage-top incubator to maintain 37°C and 5% CO,. Images and
timelapses were captured using a Galvano scanner with NIS-Elements AR 5.11.01
(Nikon Instruments Inc.), using a 20X objective with 0.75 numerical aperture. To capture
images of cells expressing a single fluorophore, the FITC microscope filter (495 nm
excitation/519 nm emission) was used for cells expressing the EGFP fluorophore and the
TRITC microscope filter (557 nm excitation/576 nm emission) was used for cells
expressing the Tomato fluorophore. To capture images of cells co-expressing both
fluorophores (EGFP and Tomato), the FITC and TRITC filters were turned on
simultaneously. Captured images of cells in both channels were then merged in Adobe

Photoshop CS7.

Timelapses were acquired with the time lapse function in NIS-Elements AR
5.11.01, which acquires a picture every 2 s for a total of 60 s. Timelapses were captured
in either channel or both channels simultaneously, as described above. The NIS-Elements
software automatically generated a time lapse video with single or merged channels. This

video was then edited in Adobe Photoshop CS7 and exported as a GIF file.
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2.2.8  Fluorescence Correlation Spectroscopy

Fluorescence correlation spectroscopy (FCS, Fig. 2.5) analyzes the concentration
and movement of labeled particles by examining fluorescence fluctuations during their
diffusion (24). This technique can be applied to characterize the behaviour of fluorescent
fusion proteins extracted from cells. Fluorescence cross-correlation spectroscopy (FCCS),
a dual-colour version of FCS, has additional applications in the analysis of enzymatic
reactions and co-diffusion of two particles (24). While this chapter only presents FCS
data, we hope to investigate the interaction between Maml and MamL using FCCS in the
future. By attaching distinct fluorophores to two specific proteins (ie. EGFP-Maml,

tdTomato-MamL.), their protein-protein interactions can be investigated.
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Figure 2.5 Parameters assessed by FCS and FCCS.

FCS analyses the diffusion pattern, the mobility, and the direct transport of single
particles. FCCS analyses the binding, enzyme kinetics, and co-localization of two

particles. Figure adapted from Bacia et al., 2006 (24).
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FSC uses a modified confocal microscope to measure fluctuations in fluorescence
signal from the diffusion of fluorescently-labeled particles across a focal point (24). This
signal is then auto-correlated and estimation of parameters like apparent radius and

diffusion coefficient are obtained (25).

Lysed samples of the parental MDA-MB-435 cell line, those expressing either
EGFP-Maml or Tomato-MamL, and those co-expressing Tomato-MamL and EGFP-
Maml cells were collected following the protein sample preparation described above and
stored at -20°C. FCS data was acquired using an Evotec Insight confocal instrument
(Evotech Technologies, Hamburg, Germany, now Perkin-Elmer, Waltham, USA)
equipped with a 40X water immersion objective (Olympus, Tokyo, Japan) and a 40 um
confocal pinhole. A 488 nm excitation source (power 20 pW) was used for samples
containing EGFP fluorescence and a 532 nm excitation source (power 10 uW) was used
for samples containing Tomato fluorescence. A calibration step was first performed with
fluorescent dyes to determine the dimensions of the detection volume in EGFP and
Tomato channels. The viscosity and background fluorescence of the cell extract was
obtained from parental cells. Solubilized samples of total cellular protein (2 mg/ml) were
then loaded into the wells of a glass-bottom 96-well plate (Greiner Sensoplate, Sigma-
Aldrich) and FCS measurements acquired for each sample (3 to 5 repeats of 20 to 60 s
measurements, acquired approximately 5 um above the glass coverslip to avoid mismatch

in the refractive index between immersion water and cell extract).

Both autocorrelation functions and photon counting histograms were generated
and analyzed, using either a one-component or two-component model, and taking into

account the photophysics of the fluorescent proteins. The diffusion coefficient (D) and
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intrinsic brightness (B) of the fluorescent particles detected in each sample were then
calculated according to standard protocols (25). The apparent radius of the fluorescent

species detected (R) was calculated using the Stokes-Einstein relationship:

D = KT/(6zR)

where k is Boltzmann’s constant, T = 300 K is the absolute temperature, and
viscosity of the cell extract, # = 1.29 5waer = 1.15 X 10 Pa-s, was measured in a separate

experiment.

2.2.9  Statistical Analysis

All statistical tests were performed using GraphPad Prism version 8. An unpaired t-test
was used to identify any significant difference between the FCS intrinsic brightness of
Tomato and Tomato-MamL particles, and that of EGFP and EGFP-Maml particles.
Significant differences between the FCS parameters of EGFP, EGFP-Maml, and EGFP-
Maml/Tomato-MamL structures were determined using one-way analysis of variance
(ANOVA). Similarly, significant differences between FCS parameters of Tomato,
Tomato-MamL, and Tomato-MamL/EGFP-Maml structures were determined using one-

way ANOVA.
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2.3 Results

2.3.1 Magnetosome gene expression in a mammalian system

Like other MTB (23, 26, 27) and magnetosome (19) proteins expressed in
mammalian cell lines, Maml and/or MamL were stable in long-term cell culture, with
little or no effect on cell viability. Cells were transfected with pEGFP-maml and
ptdTomato-mamL constructs, either alone or in combination, to obtain stable expression
of N-terminal fluorescent fusion proteins. Compared to cells expressing EGFP alone,
western blots revealed an increase in the size of a-EGFP immuno-stained bands in
samples from EGFP-Maml-expressing cells (Fig. 2.6, A and C). The size shift was
consistent with the expected molecular weight (MW) of Maml (approximately 8 KDa).
Similarly, compared to cells expressing Tomato from the empty vector, western blots
revealed an increase in the size of a-tdTomato immuno-stained bands in samples from
Tomato-MamL-expressing cells (Fig. 2.7, B and C). This size shift was likewise
commensurate with the reported MW of MamL (approximately 13 KDa). Full blots are

available in Appendix B.1.
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Single Expression Co-Expression
A EGFP EGFP- B Tomato Tomato- d EGFP- Tomato-
Maml MamL Maml MamL
80 kDa 80 kDa — 82 kDa
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Figure 2.6 Immunoblots of mammalian cells expressing fluorescent magnetosome

fusion proteins.

Total cellular protein from MDA-MB-435 cells stably expressing either EGFP or EGFP-
Maml (A), Tomato or Tomato-MamL (B), or both magnetosome fusion proteins (C) was
examined by western blot, using mouse a-EGFP (A, C) and/or rabbit a-Tomato (B, C) as
the primary antibodies. Type of fluorescent protein expressed by the cells is indicated
above each lane. In panel C, the same cell sample was probed for each magnetosome
fusion protein. Approximate MW is shown in the left margin. The loading control was

GAPDH (bottom panels).

The pattern of intracellular fluorescence was examined in living cells using
confocal fluorescence microscopy. Cells expressing EGFP-Maml produced a net-like
pattern of green fluorescence (Fig. 2.8), distinct from the diffuse fluorescence of EGFP
alone (Fig. 2.7, A and B). The atypical pattern of EGFP-Maml fluorescence neither
circumscribes the plasma membrane nor outlines the standard shape of intracellular

vesicle (Fig. 2.8, C and D).
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Figure 2.7 Confocal fluorescence microscopy of mammalian cells stably expressing
EGFP-Maml fusion protein.

Transfected cells were placed under selection and enriched using FACS to obtain
populations expressing EGFP alone (A and B) or fused to Maml (C and D). Compared to
the uniform fluorescence pattern of EGFP in the cytosol, EGFP-Maml fusion protein

displays a net-like pattern of intracellular fluorescence.

In contrast, cells expressing Tomato-MamL displayed punctate red fluorescence
throughout the cell (Fig. 2.8). Unlike the uniformly diffuse fluorescence of Tomato alone
(Fig. 2.8, A and B), Tomato-MamL fusion protein appeared in discrete intracellular

points, with little or no labelling of the plasma membrane (Fig. 2.8, C and D).
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Figure 2.8 Confocal fluorescence microscopy of mammalian cells stably expressing
Tomato-MamL fusion protein.

Transfected cells were placed under selection and enriched using FACS to obtain
populations expressing Tomato alone (A and B) or fused to MamL (C and D). Compared
to the uniform fluorescence pattern of Tomato in the cytosol, Tomato-MamL fusion

protein displays a punctate intracellular fluorescence pattern. These punctate structures

are dispersed throughout the cell.
2.3.2  Mobility of MamL in mammalian cells

Interestingly, Tomato-MamL expression in mammalian cells produced mobile
structures. Compared to the green, fluorescent structures of EGFP-Maml, whose location
remained relatively stable, some of the Tomato-MamL red fluorescent particles exhibited

considerable displacement. In addition to movement within the x-y plane of focus, the
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pattern of red fluorescence appeared to dip in and out of the focal plane, indicating

potential movement of Tomato-MamL along the z-axis.

2.3.3  Mobility of truncated MamL

Structural modeling of MamL predicts that a cationic C-terminal peptide lies
outside the transmembrane domain (12). To assess the influence of this putative
extramembrane domain on Tomato-MamL localization and mobility, the C-terminal 15
amino acids were removed, permitting expression of Tomato-MamLuunc fusion protein.
Western blotting confirmed the size difference between full-length (67 kDa) and Tomato-

MamL.unc (65 kDa) (Fig. 2.9). Full blots are available in Appendix B.2.

Tomato Tomato- Tomato- EGFP-Maml/
MamL MamL trype  Tomato-MamL .
82kDa —
64kDa — i —
49kDa ——
s
37 kDa
26kDa ——

GAPDHGTEDD St — w— S—

Figure 2.9 Validation of Tomato-MamLtrunc expression in mammalian cells.

Total cellular protein from MDA-MB-435 cells stably expressing either Tomato,

Tomato-MamL, Tomato-MamLtrunc, Or both EGFP-Maml and Tomato-MamLrunc Was
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examined by western blot. Type of fluorescent protein expressed by the cells is indicated
above each lane. For EGFP-Maml/Tomato-MamLunc extracts, the same cell sample was
probed for each magnetosome fusion protein. Approximate MW is shown in the left

margin. The loading control was GAPDH (bottom panel).

Confocal fluorescence microscopy confirmed the presence of punctate, mobile
Tomato-MamLyune particles in mammalian cells (Fig. 2.10A) However, over half of the

cell population displayed a diffuse pattern of red fluorescence (Fig. 2.10B).

Brightfield Tomato-MamlL, . Inset

A

pr—

3

B
\

Figure 2.10 Confocal fluorescence microscopy of mammalian cells stably expressing

Tomato-MamL.runc fusion protein.

The population of cells expressing Tomato-MamLwunc displayed a punctate pattern (A) in
approximately 40% of cells and a diffuse pattern (B) in the remaining 60% of cells.
Punctate structures were dispersed throughout the cell, similar to full-length Tomato-

MamL.
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2.3.4 Co-localization of Maml and MamL

Stable co-expression of EGFP-Maml and full-length Tomato-MamL vyielded a
population of cells that was enriched for both red and green fluorescence by FACS (Fig.
2.11). When co-expressed with Tomato-MamL, the pattern of EGFP-Maml fluorescence
was no longer net-like. Instead, green fluorescence was now punctate (Fig. 2.11B),
similar to the pattern of Tomato-MamL (Fig. 2.11C). Moreover, when both red and green
channels were superimposed, yellow punctate fluorescence was observed throughout the
cells (Fig. 2.11D), indicating co-localization of EGFP-Maml and Tomato-MamL.
Remarkably, the same pattern of mobility was displayed by both EGFP-Maml and

Tomato-MamL when co-expressed in the same cells.

EGFP-Maml Tomato-MamL Merge

Figure 2.11 Confocal fluorescence microscopy of mammalian cells stably co-

expressing Tomato-MamL and EGFP-Maml fusion proteins.

Transfected cells were placed under selection and enriched using FACS to obtain a
population co-expressing Tomato-MamL and EGFP-Maml. Dividing cells shown in
brightfield (A) are displayed under green (B) and red (C) fluorescence, highlighting the

expression of EGFP-Maml and Tomato-MamL, respectively. Merging green and red
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fluorescence (D) indicates colocalization of fusion proteins in a yellow, punctate
intracellular fluorescent pattern. These punctate structures are dispersed throughout the

cell.

2.35 Effect of MamL truncation on co-localization with Maml

Compared to the punctate fluorescence of full-length MamL, cells expressing
MamLunc displayed both diffuse (~60%) and punctate (~ 40%) red fluorescence (Fig.
2.10). When Tomato-MamLunc Was co-expressed with EGFP-Maml, three different
patterns of fluorescence were observed: diffuse green and red (~45%), diffuse green and
punctate red (~45%), and punctate green and red (~10%) (Fig. 2.12). Removal of the
MamL C-terminal peptide partially disrupted the co-localization and interaction of these
two proteins. Cells co-expressing EGFP-Maml and Tomato-MamL.wunc that have red and
green punctate fluorescent pattern retain the mobility observed in full length MamL-
Maml complexes. However, mobility of the fluorescent particles is not always present in
MamLunc cO-expression systems. In approximately 45% of cells, Tomato-MamLrync
structures are mobile while the EGFP-Maml is diffuse throughout the cell, suggesting
that removal of the MamL C-terminal peptide reduced the efficiency of the interaction

between Maml and MamL.



87

Brightfield EGFP-MamlI Tomato-MamL, . Merge Inset

T @

Figure 2.12 Confocal fluorescence microscopy of mammalian cells co-expressing

Tomato-MamLtrunc and EGFP-Maml fusion proteins.

Cells shown in brightfield are displayed under green (EGFP-Maml) and red (Tomato-
MamLzunc) fluorescence. Merging green and red fluorescence (Merge) indicates
colocalization of fusion proteins in yellow. Co-expression of EGFP-Maml/Tomato-
MamLtunc displays diffuse green and red fluorescence (A), diffuse green and punctate red
fluorescence (B), and punctate green and red fluorescence (C). All punctate structures are
dispersed throughout the cell and mobile. Scale bars indicate 50 pm unless otherwise

noted.
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2.3.6 Co-localization of FLAG-MamL and EGFP-Maml

When EGFP-Maml is co-expressed with FLAG-MamL, the net-like green-
fluorescent pattern of EGFP-Maml (when expressed alone) changes to a green punctate
mobile pattern (Fig. 2.13), consistent with an interaction between these magnetosome
proteins and little or no interference from the fluorescent moiety. Western blots (Fig.
2.14) confirm the presence of both EGFP-Maml and full-length FLAG-MamL. Full blots

are available in Appendix B.3.

EGFP-Maml/

Brightfield FLAG-MamL.

Figure 2.13 Confocal fluorescence microscopy of mammalian cells stably co-
expressing FLAG-MamL and EGFP-Maml.

Micrographs display a population of MDA-MB-435 cells co-expressing FLAG-tagged
MamL and EGFP-Maml fusion protein. The punctate intracellular fluorescent pattern is
identical to that obtained with Tomato-MamL and GFP-Maml co-expression (Fig. 2.11),

with mobile punctate structures dispersed throughout the cell.
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Figure 2.14 Immunoblots of mammalian cells co-expressing magnetosome fusion

proteins.

Total cellular protein from MDA-MB-435 cells stably expressing both FLAG-MamL and
EGFP-Maml was examined by western blot using mouse a-FLAG and mouse a-EGFP as
the primary antibodies. The two lanes indicate the same sample probed for each protein.
Approximate size of FLAG-MamL is 11 kDa. Approximate MW is shown in the left

margin. The loading control was GAPDH (bottom panels).
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2.3.7 Interactions between Maml and MamL

Apparent Maml-MamL interactions were further examined by FCS in lysed cell

samples containing total cellular protein (Fig. 2.15).

a(1) Green Channel

EGEFP in Extract
m— LGEFP-Maml

= EGFP-Maml/Tomato-MamL

S . = Time (ms)
0.01 0.10 1 10

Red Channel
T
192( )

= Tomato in Extract
m—Tomato-Maml

=== Tomato-MamL/EGFP-Maml

Time (ms)

Figure 2.15 Autocorrelation curves obtained from fluorescence correlation

spectroscopy of mammalian cells.

Curves in the green channel (top) are signals collected from EGFP (light green), EGFP-
Maml (green), or EGFP-Maml/Tomato-MamL (dark green) in lysed samples containing
total cellular protein. Curves in the red channel (bottom) are signals collected from
Tomato (purple), Tomato-MamL (red), or Tomato-MamL/EGFP-Maml (brown). Curves
are semi-log plots with autocorrelation function (g(t)) on the y-axis and lag time (ms) on

the x-axis.
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Using this technique, the diffusion coefficient of fluorescent species present in the
sample was measured and their apparent radius (R) was calculated. The diffusion of
EGFP-Maml (in the absence of Tomato-MamL) was not significantly different from that
of EGFP alone (D = 90 um?/s = 3% vs 108 um?/s + 4%), as might be expected if EGFP-
Maml exists as a monomer or dimer in the cell extract (Table 2.4). The specific
brightness of the EGFP-Maml species detected (10.5 x 102 photon/s) was approximately
double that of EGFP (4.9 x 10° photon/s), further suggesting that the fusion protein might
be a dimer. On the other hand, in extracts from cells co-expressing both proteins, EGFP-
Maml/Tomato-MamL diffused significantly slower than when EGFP-Maml was
expressed alone (D = 43.2 pm?/s = 50% vs 90 pm?/s + 3%, p < 0.01), as expected of a
larger particle (Table 2.4). The intrinsic brightness of the fusion protein in the context of
co-expression could not be determined in this case, because of heterogeneity in the
population of detected particles. The apparent radius of EGFP-Maml when co-expressed
with Tomato-MamL (4.4 nm, calculated from the value of the measured diffusion
coefficient) was significantly larger (p < 0.05) than when EGFP-Maml was expressed

alone (2.1 nm).
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Table 2.4 FCS parameters in mammalian cell extracts of EGFP, EGFP-Maml or
EGFP-Maml/Tomato-MamL.

EGFP EGFP-Maml EGFP-Maml /
Tomato-MamL

Diffusion coefficient * | 108 +4% T 90 + 3% * 43.2 +509% **
(um?/s)
Apparent radius 1.7 +4%8 21+3%17 4.4 +50% 51
(nm)
Intrinsic brightness 49+ 1%* 105+1%* ND
(102 photon/s)

“ Data are median +/- standard deviation expressed as percentage of the median (n = 5).

f.3#p <0.001 81p<0.05 ND, not detectable

In the red channel, a similar pattern was observed for the diffusion of Tomato-
MamL (Table 2.5). Its diffusion coefficient (49 pm?/s + 3%) is very close to that of
Tomato (51 pm?/s + 56%), as expected if Tomato-MamL in the cellular extract exists as a
monomer. This is confirmed by the very similar intrinsic brightness of Tomato-MamL
and Tomato (2.5 x 10° vs. 2.6 x 10° photons/s, respectively). In extracts of cells co-
expressing Tomato-MamL and EGFP-Maml, the particle is diffusing more slowly (D =
29 um?/s + 38%) than either Tomato or Tomato-MamL alone, indicating that a larger
structure is formed upon co-expression of these fluorescent magnetosome fusion proteins

(again, with population heterogeneity precluding the measurement of intrinsic
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brightness). Based on the value of its diffusion coefficient, the average apparent radius of
the Tomato-MamL/EGFP-Maml particle is 6.6 nm (Table 2.5), comparable to the size

measured in the green fluorescence channel (4.4. nm, Table 2.5).

Table 2.5 FCS parameters of mammalian cell extracts expressing Tomato, Tomato-
MamL, or Tomato-MamL/EGFP-Maml.

Tomato Tomato-MamL Tomato-MamL/
EGFP-Maml

Diffusion coefficient™ |51 + 56% 49 + 3% 29 + 38%
(um?/s)
Apparent radius 3.7 £ 56% 3.8+3% 6.6 £ 38%
(hm)
Intrinsic brightness 26+ 1% 25+ 1% ND
(10° photon/s)

“ Data are median +/- standard deviation expressed as percentage of the median (n = 5).

ND, not detectable

Protein-protein interactions between EGFP-Maml and FLAG-MamL were further
examined by co-immunoprecipitation (Fig. 2.16). When immunoprecipitated samples of
cells co-expressing GFP-Maml and FLAG-MamL are probed with anti-GFP antibody,
both GFP-Maml and FLAG-MamL are detected on the blot. The presence of FLAG-
MamL protein following an anti-GFP pull-down provides evidence that Maml and

MamL proteins are physically interacting.
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Figure 2.16 FLAG-MamL co-immunoprecipitates with EGFP-Maml.

Western blots detect EGFP-Maml and FLAG-MamL immunoprecipitated from extracts
of cells expressing both proteins. Co-immunoprecipitation was performed with mouse
anti-GFP antibody. Input = 2% of IP. Protein bands for EGFP-maml and FLAG-mamL
are seen ~41 kDa and ~11 kDa, respectively. Asterisks indicate antibody heavy and light

chains from the immunoprecipitation.
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2.4 Discussion

This report describes the expression of fluorescently tagged, magnetosome-
associated membrane proteins Maml and MamL in a mammalian cell system and
demonstrates their ability to co-localize and interact in a foreign environment. The
specificity of this magnetosome protein interaction was characterized by fluorescence
confocal microscopy and correlation spectroscopy, showing co-localization of fluorescent
fusion proteins, specific recruitment of Maml to MamL particles, as well as interactions
between MamL and mobile element(s) within the mammalian intracellular compartment.
The bifunctional nature of MamL in intact cells, indicating associations with both Maml
and mammalian molecular motors, was revealed by the recruitment of Maml to the
mobile MamL structures when both magnetosome proteins were colocalized. At the same
time, cell extracts of co-expressed protein demonstrated a decrease in molecular diffusion
coefficients, consistent with the formation of species of increasing macromolecular

radius, as expected from the interaction of Maml and MamL.

2.4.1 Combined magnetosome gene expression in mammalian

cells

When co-expressed, the proximity of green and red fluorescence from Maml and
MamL fusion proteins, respectively, resulted in yellow particles. This evidence of co-
localization is strengthened by additional measures documenting changes in the
subcellular localization, diffusion coefficient, apparent radius of co-expressed fusion

proteins, and co-immunoprecipitation of magnetosome fusion proteins.
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Confocal microscopy of live cells expressing EGFP-Maml alone reveals a net-like
pattern of green fluorescence, while Tomato-MamL exhibits punctate, red fluorescent
structures in the presence and absence of EGFP-Maml. The net-like structure of Maml
alone may be related to dimerization of the EGFP fusion protein, whose intrinsic
brightness in cellular extracts was twice that of EGFP (10,500 vs 4,500 photons/s). In
contrast, Tomato-MamL appears to exist as a monomer in cellular extracts, with intrinsic
brightness that is only modestly quenched compared to Tomato (2,500 vs 2,600
photons/s). Although intrinsic brightness values were obtained from FCS measurements
in cell extracts (i.e. actual cellular structures not preserved), these measurements still give

information on the elementary units of protein structures.

The characteristics of singly expressed Maml may be related to the endoplasmic
reticulum (ER) which displays a similar net-like pattern in peripheral ER tubules (29).
Although biological relevance of this structure within the context of magnetosome
assembly is unclear, potentially the interaction between Maml and MamL has features
shared with ER-shaping proteins. Regardless, the net-like pattern of Maml was replaced
by punctate green fluorescence in the presence of full-length MamL, whether fused to
Tomato or FLAG. Moreover, there was no residual net-like pattern, suggesting that the
association of Maml and MamL is the dominant interaction, producing an intracellular
structure, as expected, during initiation of a magnetosome-like structure in a mammalian

cell system.

The apparent diffusion coefficient observed for fluorescent Maml and MamL
fusion protein structures in mammalian cells, D = 2.2 pm?/s, corresponds to that of a

particle with a hydrodynamic radius of about 20 nm (assuming a cellular viscosity 5
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times that of water). This size is comparable to that of transport vesicles in eukaryotic
cells (radius 15 to 50 nm) and to that of magnetosome crystals (average radius 21 nm in
M. magneticum AMB-1 (28) and between 17 to 60 nm (29) for other MTB species).
While there is no expectation of biomineral formation in the present work, in MTB where
the full complement of magnetosome genes is expressed, divergent roles for Maml have
been reported in different species of Magnetospirillum, suggesting that cellular milieu
may influence function. While Maml is essential to vesicle formation in M. magneticum,
the same role has not been assigned in M. gryphiswaldense (30). In the latter MTB, a role
for Maml in magnetite nucleation has been reported (31). For future applications in
molecular MRI, both roles of Maml will be important and may yet be validated as
mammalian expression systems are developed to incorporate additional, essential

magnetosome genes that optimize the rudimentary magnetosome-like nanoparticle (34).

Maml and MamL are small integral membrane proteins (77 and 123 amino acids,
respectively) with predicted alpha helices that span the (magnetosome) membrane twice
(13). In extracts where cellular structure is removed, correlation spectroscopy indicated
that particles expressing both green and red fluorescence (co-expression of Maml and
MamL) diffused more slowly than either fluorescent protein (EGFP or Tomato) or
fluorescent fusion protein (EGFP-Maml or Tomato-MamL) alone. As expected, if these
two fusion proteins directly interact or localize to the same structure, regardless of which
fluorescent channel is used to generate autocorrelation curves (Fig. 2.16), the diffusion
coefficients of co-expressed fusion proteins are similar (approximately 30 to 40 pm?/s for
red and green fluorescence, respectively). From these measurements, the radius of the

structure to which Maml and MamL belong in the extract was estimated to be on the
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order of 4 to 7 nm. Future work using fluorescence cross correlation spectroscopy will
confirm whether or not these fusion proteins are indeed moving together, as strongly
suggested by co-immunoprecipitation and changes in their subcellular localization and

mobility (discussed below).

2.4.2  MamL mobility and association with Maml

The mobility of MamL particles in mammalian cells is an unexpected finding,
offering new insights into magnetosome substructure and the potential roles of individual
magnetosome genes. The presence of yellow fluorescent particles not only confirms the
association between EGFP-Maml and Tomato-MamL, but also distinguishes this
interaction from that occurring between MamL and cellular mobile elements. If Maml
binds directly to MamL, then the interaction between these magnetosome proteins may
occur primarily in the membrane compartment, leaving the ionic C-terminal tail of
MamL available for alternative functions. However, as shown in this chapter, the C-
terminus of MamL seems to contribute to the co-localization and interaction of Maml an

MamL.

2.4.3  Truncation of the MamL C-terminal tail

Whether expressed alone or in conjunction with EGFP-Maml, Tomato-MamL
structures were mobile. Analysis of the amino acid sequence of MamL reveals a C-
terminal tail of 15 amino acids that is rich in positively-charged amino acids and bears
sequence homology to cell-penetrating peptides (CPP) (12). This class of cationic

peptides can traverse the plasma membrane by interacting with negatively charged
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phospholipids (32). Although any such role for MamL awaits further characterization,
here we describe the mobility of Tomato-MamL structures in terms of plausible
interactions between the MamL C-terminal tail and anionic components of the
cytoskeleton. This is consistent with structure predictions of MamL, suggesting that its C-
terminal cationic residues lie outside the membrane, theoretically exposed to the cytosolic
face of an intracellular vesicle (13) . CPP have also been reported to interact with
cytoskeletal components; for example, the synthetic arginine-rich peptide RgW strongly
interacts with the anionic proteins actin and tubulin (32, 33). Our analysis of confocal
videos is likewise consistent with the notion of MamL C-terminal interactions with

mammalian molecular motors (Chapter 3).

We have further investigated the role of the MamL C-terminal tail with the
Tomato-MamLunc mutant. When expressed alone in mammalian cells, MamLrync -
displays both diffuse and punctate fluorescence, the former more commonly than the
latter. The punctate particles in cells that express MamLunc retain their mobile nature,
suggesting that removal of the C-terminal peptide affected the interaction between MamL
and relevant cellular structure. When Tomato-MamLwunc is co-expressed with EGFP-
Maml, three different expression patterns were observed: diffuse Maml and MamLrunc
(yellow diffuse), diffuse Maml but punctate MamL.unc (green diffuse but red punctate), or
punctate Maml and MamLuunc (Yellow punctate). Since colocalization (yellow
fluorescence) of the two proteins is not always observed, as shown in cells that had
diffuse Maml expression but punctate MamLunc expression, it is likely that the C-
terminus of MamL also has a role in the interaction between the two proteins. It is also a

possibility that cells displaying green diffuse but red punctate fluorescence are in a
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transitional state of Maml/MamLunc expression in which the Maml protein are in the
process of reorganizing into the punctate MamLunc expression. This transitional state;

however, is not seen in cells co-expressing full-length MamL and Maml.

Whether or not the mobility of Tomato-MamL can be attributed to interactions
with eukaryotic kinesins remains uncertain. Nevertheless, the three major groups of
eukaryotic cytoskeletal proteins - actin, tubulin and intermediate filament proteins - are
represented in prokaryotes (34) and evolutionarily conserved in MTB (11, 35), as is the
magnetosome structure, which has been likened to a bacterial organelle (12). Potentially,
MamL has an underlying role in subcellular movement of the magnetosome, known to be
linked by MamK (a non-essential magnetosome protein) to actin-like filaments of the
bacterial cytoskeleton (36). In support of bacterial-mammalian protein interactions, a
functional role for MamM, a magnetosome-associated cation diffusion facilitator (CDF)
protein, in modelling structural and regulatory changes in mammalian CDF homologues,

has been previously reported (37).

When expressed as a transgene in the mammalian environment, without the full
complement of (essential) magnetosome genes, the orientation of Tomato-MamL is not
necessarily predetermined. If its C-terminal is equally exposed to cytoplasmic and
luminal faces of the membrane, this will limit the number of particles engaged in directed
motion with cytoskeletal partners. In fact, we observed a pattern of directed motion in

approximately half of the MamL particles.

Both Maml and MamL have been implicated in membrane invagination in MTB

(38) and thus could both strongly influence membrane curvature and liposome size. A
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second possible explanation is that, in the absence of Maml, the detected particles
strongly associate with larger structures, like the cytoskeleton, resulting in constrained
(rather than free) Brownian motion and a very small apparent diffusion coefficient.
Alternatively, partial expression of the magnetosome structure may lead to promiscuous
interactions with mammalian components (i.e., molecular motors) that would not exist in
the presence of the full complement of magnetosome gene products. In any case, the data
presented here point to a notable interaction between Maml and MamL, with
consequences related to intracellular mobility of the resulting particle. Conceivably, the
rudimentary magnetosome structure has built-in motility, in part to facilitate
magnetotaxis (39). The nature of additional potential magnetosome protein-protein
interactions is currently under investigation (2, 5) and may rely on ionic interactions

characteristic of CPP.
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2.5 Conclusion

We have previously hypothesized that essential magnetosome proteins form a
rudimentary structure upon which the membrane-enclosed biomineral is synthesized (5).
The data herein support this hypothesis and provide the first confirmation that Maml and
MamL interact, even in the complex intracellular compartment of the mammalian cell.
This finding is consistent with their proposed role in providing a docking site on the
vesicle membrane for additional magnetosome protein interactions. Moreover, the unique
patterns of cellular localization observed with Maml and MamL fluorescent fusion
proteins suggest that these magnetosome proteins may have additional functionality not
previously recognized. Among these is the possibility of creating a scaffold on which a
rudimentary magnetosome-like nanoparticle may be assembled for molecular imaging
with MRI. Once the relationship between essential magnetosome elements is more fully
understood, the regulation of this structure will be possible and permit the selective use of
discrete steps in iron biomineralization. This includes regulation of its subcellular
localization, timing of assembly or disassembly, and ultimately, control of the size, shape
and composition of the crystal. Cellular MRI may be influenced by all these factors,
permitting in vivo detection of genetically-regulated iron contrast in cells of all kinds,

from bacteria (40) to human.
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Chapter 3

3 Cellular distribution and motion of essential

magnetosome proteins expressed in mammalian cells

In a mammalian cell line, the fluorescent magnetosome fusion protein Tomato-
MamL forms a punctate pattern, and the puncta are mobile. To evaluate their mobility
relative to the mobility of Tomato-MamB puncta and in contrast to the immobile puncta
formed by EGFP-MamE, the trajectories of the puncta formed by these different fusion
proteins were identified in confocal microscopy image sequences with the ImageJ plugin
Mosaic Particle Tracker 2D/3D (version 1.0.1) and classified then analyzed with a
custom software written for Mathematica. The resulting mobility parameters, including
velocities and apparent diffusion coefficients, of MamL, MamLiune, MamB, and MamE
when individually expressed in mammalian cells, are described in this chapter. The

Maml+MamL co-expression system was also studied in the same way.

The analysis of confocal movies was done in collaboration with Dr. Cécile Fradin
at McMaster University. Dr. Fradin guided the development of methods in section 3.2.6.3
to refine the analysis of particle trajectories initially identified using open software. The
results presented in Tables 3.3 to 3.15 as well as in Figures 3.8 to 3.20 were obtained
using the customized Mathematic analysis tool developed in collaboration with Dr.

Fradin.

I would like to thank Sarah Donnelly and Peggy Zhou for contributing to data

collection for Figure 3.7.
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Contents from this chapter will be submitted for publication with the tentative

author list: Sun Q, Fradin C, Thompson RT, Prato FS, and Goldhawk DE.

3.1 Introduction

In magnetotactic bacteria (MTB), magnetosome formation allows the cell to
compartmentalize and concentrate iron biominerals in membrane-enclosed vesicles (1).
Magnetosome formation is a stepwise, protein-directed process that begins with vesicle
formation and culminates with iron biomineralization. This entire process is regulated by
approximately 30 genes, the majority of which are located on the magnetosome genomic
island (2, 3). Many of these genes encode membrane proteins which are involved in
different steps of bacterial magnetosome formation: inner membrane invagination leading
to vesicle formation, recruitment of proteins to the vesicle membrane, alignment of
vesicles along a protein filament, concentration of iron inside the vesicle and finally

magnetic crystal nucleation and growth.

To stimulate formation of a rudimentary magnetosome-like particle in
mammalian cells, we are introducing select genes (alone or in combination) deemed
essential for the initial stages of magnetosome formation, namely maml, mamL, mamB
and mameE. These four genes are clustered on the mamAB operon and are highly
conserved in most species of MTB (4). The gene products of maml, mamL, and mamB
are believed to play an essential role in the first steps of magnetosome vesicle formation
(2, 5, 6), including designation of the vesicle and, in the case of MamB, recruitment of
other magnetosome-associated proteins like MamE (7, 8), which also plays a dual role in

recruitment of additional magnetosome-associated proteins and the initiation of iron
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biomineralization (9). We hypothesize that these four magnetosome proteins will interact

in the membranous compartment of mammalian cells.

Sequence analysis of the MamL protein indicates the presence of a positively-
charged peptide (2) (Figure 1.4) in the C-terminal 15 amino acids. Cationic peptides, also
referred to as cell-penetrating peptides, have been implicated in endocytotic pathways
(10). We have previously shown that when individually expressed, Tomato-MamL
proteins assemble into punctate structures that move intracellularly. We have also shown
that MamL recruits EGFP-Maml to these structures via magnetosome protein-protein
interactions (Chapter 2).

Here, we describe the mobility of MamL when expressed as red fluorescent
fusion proteins in a mammalian cell line in more details and compare it to that of MamB.
Comparison(s) are also drawn to the immobile structures formed by MamE, expressed as
a green fluorescent fusion protein. In addition, a green fluorescent Maml fusion protein
was studied in cells co-expressing MamL. Here we perform an in-depth analysis of the
motion of these punctate intracellular structures and demonstrate that they can be
classified into three types of trajectories corresponding to confined, diffusing and actively
transported particles. The motion detected for MamL (and for Maml when interacting
with MamL) shows that a significant fraction of punctate particles display directed
motion. This demonstrates the capacity of magnetosome proteins to spontaneously

interact with elements of the eukaryotic transport machinery.
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3.2 Materials and Methods
3.2.1  Molecular Cloning

Magnetosome genes maml and mamL were amplified by PCR from the genomic
DNA of Magnetospirillum magneticum strain AMB-1 (ATCC 700264) using custom
primers (Table 2.1). The maml and mamL amplicons were purified using a PCR clean-up
kit (Invitrogen, Life Technologies, Burlington, Canada); digested with appropriate
restriction enzymes (Table 2.1); and purified once more, prior to insertion in the
molecular cloning vectors pEGFP-C1 (Clontech; Fig. 2.1) and ptdTomato-C1 (Clontech;
Fig. 2.2), respectively. Sequencing information for maml and mamL is provided in
Appendix A.1 and A.2, respectively. After propagation in Escherichia coli strain
XL10GOLD, the vector-insert plasmid constructs were purified and used for mammalian

cell transfection.

For cloning of Tomato-MamL.wunc, the last 15 amino acids from the C-terminus of
MamL were removed by PCR site-directed mutagenesis. Briefly, primers were designed
that included a stop codon 45 nucleotides upstream from the end of mamL (Table 2.2).
These primers were used in PCR amplification of the mamLuwunc gene, which was then
inserted into the ptdTomato-C1 vector with restriction enzymes EcoRI1 and Bglll (Fig.

2.3). Sequencing information is provided in Appendix A.3.

For cloning of FLAG-MamL, primers flanking mamL in ptdTomato-mamL were
designed to include a FLAG tag for immunodetection. The FLAG-mamL insert was
amplified using PCR, purified using a PCR clean-up kit (Invitrogen, Life Technologies,

Burlington, Canada), and restriction digested using Sacl and EcoRI (Table 2.3). FLAG-
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mamL was then inserted into the pSF-EMCV-FLuc vector and propagated in Escherichia

coli strain XL10GOLD (Fig. 2.4). Sequencing information is provided in Appendix A.4.

For cloning of Tomato-MamB, the mamB gene was amplified by PCR from
AMB-1 genomic DNA using custom primers (Table 3.1). The amplicon was purified
with a PCR clean-up kit, digested with restriction enzymes (Table 3.1), purified once
more, and inserted into the ptdTomato-C1 vector (Clontech; Fig 3.1). The vector-insert
construct was propagated in E. coli strain XL10GOLD, purified, and then used for

mammalian cell transfection. Sequencing information is provided in Appendix A.5.

Table 3.1 Primer design for the cloning of MTB genes mamB and mamE into
ptdTomato-C1 and pEGFP-CL1, respectively.

Gene Primer (5’ -3°) Rest.rlcilon Vector
Site
Forward | CAATCTTGTGGAATTCAGAACCG EcoRlI

ptdTomato

mamB C1

Reverse | ACGCTCTGGCCCGGGATGTCC Smal
Forward | ACCCTGAGATCTGGATGGTTG Bglll

mamE pEGFP-C1
Reverse | GCCATTATCCGAGCTCCACCA Sacl

*Restriction enzyme sites appear in bold in the primer sequence.
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ptdTomato-mamB
6346 bp

EcoRI (207m)

Smal (3003)

Figure 3.1 Vector-insert map of the cloning strategy of magnetosome gene mamB.
The vector-insert map of ptdTomato-mamB shows mamB (in blue) cloned in downstream
of tdTomato (red) between restriction sites ECORI and Smal. The bacterial origin of
replication (ori) is shown in yellow. The mammalian CMV enhancer and promoter,
which allow for constitutive gene expression, is shown in white. The NeoR/KanR/G418R
gene (light green) provides kanamycin antibiotic resistance in bacterial cells and G418

antibiotic resistance in mammalian cells.
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For cloning of EGFP-MamE, the mamE gene was amplified by PCR from the
AMB-1 genomic DNA using custom primers (Table 3.1). The amplicon was purified
with a PCR clean-up kit, digested with restriction enzymes (Table 3.1), purified once
more, and inserted into the pEGFP-C1 vector (Clontech; Fig 3.2). The vector-insert
construct was propagated in E. coli strain XL10GOLD, purified, then used for

mammalian cell transfection.

When sequencing EGFP-mamE, there were two mutations (at amino acids 49
(Gly = Ser) and 641 (Thr - Ser) present in the gene sequence (Appendix A.6). These
mutations were not found in the column-purified EGFP-mamE DNA but were present in
the MaxiPrep EGFP-mamE DNA; therefore, some downstream work with the mutated
EGFP-mamE was done (ie. confocal fluorescence, MRI phantoms, elemental iron
analysis). After another attempt at cloning mamE, the new EGFP-mamE was sequenced
and there was one mutation found at amino acid 317 (Thr - Ala) (Appendix A.6). The
first mamE will be referred to as EGFP-mamE (G49S, T641S) and the second mamE will
be referred to as EGFP-mamE (T317A). Sequencing information of both constructs is

provided in Appendix A.6.
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&,MV enhancg,

BglII (i339)

pEGFP-mamE
6931 bp

WeoR/KanR/Gqy 8

nl:luEF

(3550) Sacl

Figure 3.2 Vector-insert map of the cloning strategy of magnetosome gene mameE.
The vector-insert map of pEGFP-mamE shows mamE (orange) cloned in downstream of
EGFP (bright green) between restriction sites Bglll and Sacl. The bacterial origin of
replication (ori) is shown in yellow. The mammalian CMV enhancer and promoter,
which allows for constitutive gene expression, is shown in white. The
NeoR/KanR/G418R gene (light green) provides kanamycin antibiotic resistance in

bacterial cells and G418 antibiotic resistance in mammalian cells.
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3.2.2 Cell Culture

MDA-MB-435 cells (ATCC HTB-129; derived from an adult female and
characterized as a melanoma cell line) are a model of aggressive tumorigenesis (11).
Cells were cultured in 200 mm cell culture dishes (CELLSTAR, VWR International,
Mississauga, Canada) with Dulbecco’s Modified Eagle Medium (DMEM) containing 1
g/L glucose (Gibco, Life Technologies, Burlington, Canada), 10% fetal bovine serum

(FBS; Gibco), 4 U/mL penicillin, and 4 pg/mL streptomycin at 37°C with 5% CO..

To create cell lines expressing the enhanced green fluorescent protein (EGFP)-
Maml fusion protein or the red fluorescent protein tdTomato (Tomato)-MamL fusion
protein, cells were grown to 60-70% confluency on a 100 mm dish and transfected using
Lipofectamine 2000 (Invitrogen), according to company protocol, using 8 pg of pEGFP-

maml or ptdTomato-mamL, respectively.

For co-expression of both pEGFP-maml and ptdTomato-mamL, cells stably
expressing Tomato-MamL were transfected with 8 pug of pEGFP-maml. After 16 hours,
cells were placed in full medium for 48 hours before commencing antibiotic selection.
For co-expression with the pSF-FLAG-mamL-EMCV-FLuc construct, MDA-MB-
435/EGFP-Maml cells were grown to 60-70% confluency on a 100 mm dish and
transfected using Lipofectamine 2000 (Invitrogen), according to company protocol, using
8 ug of pSF-FLAG-mamL-EMCV-FLuc. After 16 hours, cells were placed in full
medium for 48 hours before commencing antibiotic selection. To select stable cell lines,
cells were grown in the presence of 500 pug/mL Geneticin (G418; Gibco) and 500 ng/mL

Puromycin (Gibco).
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To create the tdTomato-MamB or the EGFP-MamE cell lines, cells were grown to
60-70% confluency on a 100 mm dish and transfected using Lipofectamine 2000
(Invitrogen), according to company protocol, using 8 ug of ptdTomato-mamB or 4 ug of
pPEGFP-mamE, respectively. After 16 hours transfections were stopped, and cells were
placed in full medium for 48 hours before commencing antibiotic selection. To select
stable cell lines, transfected cells were grown in the presence of 500 pg/mL Geneticin

(G418; Gibco).

3.2.3 Protein Sample Preparation

Stably transfected cells were cultured to 70% confluency on a 100 mm dish, then
washed twice using 10 mL phosphate buffered saline pH 7.4 (PBS, 137 mM NaCl/2.7
mM KCI/10 mM NaxHPOg4). Four to five dishes of cells were then collected into a 1 mL
lysis solution containing 850 pL of radioimmunoprecipitation assay buffer (RIPA, 10
mM Tris-HCI pH 7.5/140 mM NaCl/1% NP-40/1% sodium deoxycholate/0.1% sodium
dodecyl sulfate (SDS)) and 150 uLL of Complete Mini protease inhibitor cocktail (Roche
Diagnostic Systems, Laval, Canada). Harvested cells were sonicated using three 12-
second bursts of a Sonic Dismembrator (model 500, Thermo Fischer Scientific, Ottawa,
Canada) at an amplitude of 30%. Total amount of protein was quantified using the BCA

assay (12).

3.24 Western Blot

Protein samples of MDA-MB-435 cells stably expressing EGFP (40 ug), Tomato
(40 ng), EGFP-MamE (40 ug), or Tomato-MamB (40 pg) were reduced with 100 mM
dithiothreitol in sample preparation buffer (1 M Tris-HCI pH 6.8/10% SDS/0.1%

Bromophenol Blue/43% glycerol) and heated at 85°C for at least 5 min. Reduced samples
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were then subjected to discontinuous SDS polyacrylamide gel electrophoresis (SDS-
PAGE) using a 10% running gel. Protein was transferred onto a nitrocellulose blot using

the Original iBlot Gel Transfer Device (Life Technologies, Burlington, Canada).

For EGFP detection, nonspecific protein binding was blocked in 5% bovine serum
albumin (BSA)/Tris-buffered saline pH 7.4 (TBS) for 3 h at room temperature. Blots
were then incubated for 15 h in 1:1000 mouse a-GFP (Invitrogen)/3% BSA/TBS/0.02 %
sodium azide (TBSA); then washed using TBS/0.1% Tween 20 (TBST; Sigma-Aldrich,
Oakville, Canada) for 30 min with 4 changes of buffer; and incubated for 2 h in 1:20,000
horseradish peroxidase (HRP)-conjugated goat a-mouse 1gG (Sigma-Aldrich)/1%
BSA/TBS. All incubations were performed at room temperature. Blots were then washed
with 0.1% TBST for 30 min with 4 changes of buffer and imaged using the Chemigenius
Gel Doc (Syngene). A chemiluminescent signal was detected using SuperSignal West
Pico Chemiluminescent Substrate (Thermo Fischer Scientific), according to the

manufacturer’s instructions.

For Tomato detection, blots were blocked in 3% BSA/TBSA for approximately
18 h at room temperature and then incubated for 18 h in 1:1000 primary goat a-tdTomato
(MyBioSource, San Diego, USA)/3% BSA/TBSA at 4°C. After washing in 0.1% TBST
as described above, blots were incubated for 1 h in 1:20,000 HRP-conjugated rabbit a-

goat 1gG (Sigma-Aldrich)/1% BSA/TBS at room temperature.

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading
control. For GAPDH detection, blots were placed in stripping solution (1 M Tris-HCI pH

6.8/10% SDS/0.016% B-mercaptoethanol) and agitated in a 37°C water bath for 30 min
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prior to washing in 0.1% TBST and blocking in 5% BSA/TBS. The primary and
secondary antibodies were 1:2000 rabbit a-GAPDH (Sigma-Aldrich)/3% BSA/TBSA and
1:20,000 HRP-conjugated goat a-rabbit IgG (Sigma-Aldrich)/1% BSA/TBS,

respectively.

3.2.5 Confocal Imaging

Stably transfected cell lines were examined with confocal fluorescence
microscopy (using a Nikon A1R confocal microscope) to confirm expression and
characterize the intracellular localization of EGFP-Maml, Tomato-MamL, EGFP-MamE
(T317A), and Tomato-MamB fusion proteins. In preparation for confocal microscopy,
approximately 100 thousand cells were cultured in a 35 mm glass-bottom dish (MatTek
Corporation, Cedarlane, Burlington, Canada) for 48 hours. On the day of imaging, the
dish was placed in a stage-top incubator to maintain 37°C and 5% CO. Images and cines
were captured using a Galvano scanner with NIS-Elements AR 5.11.01 (Nikon
Instruments Inc.), using a 20X objective with 0.75 numerical aperture. To capture images
of cells expressing a single fluorophore, the FITC microscope filter (495 nm
excitation/519 nm emission) was used for cells expressing the EGFP fluorophore and the
TRITC microscope filter (557 nm excitation/576 nm emission) was used for cells
expressing the Tomato fluorophore. To capture images of cells co-expressing both
fluorophores (EGFP and Tomato), the FITC and TRITC filters were turned on
simultaneously. Captured images of cells in both channels were then merged in Adobe

Photoshop CS7.

Time-lapses were acquired with the time lapse function in NIS-Elements AR

5.11.01, recording an image every 1 s for a total of 60 s. Cines were captured in either
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channel or both channels simultaneously, as described above. The NIS-Elements software
automatically generated a time lapse video in nd2 format with single or merged channels.
This video was then edited in Adobe Photoshop CS7 (each frame of the video was

cropped and pasted into a single file to create a GIF) and exported as a GIF file.

3.2.6 Particle Trajectory Analysis

3.2.6.1 Particle Tracking
Using a plugin called Mosaic Particle Tracker 2D/3D (version 1.0.1) (13) in the

software ImageJ version 1.8.0 (14), the trajectories of particles observed in cells
expressing either Tomato-MamL, Tomato-MamL/EGFP-Maml, Tomato-MamL.runc,
Tomato-MamB, or EGFP-MamE (T317A) were determined from confocal cines, and

analyzed.

GIFs of cines were loaded into ImageJ and prepared for analysis by converting
them to greyscale, cropping to reduce their size and retaining only the portion of the
movie with a single cell, and then optimizing brightness and contrast. This last step does
not affect the particle tracking but makes it easier for the user to visualize trajectories. For
accurate estimation of diffusion coefficients and velocities, the pixel width (calculated as
d = L/N, where L is the length of the scale bar in um added by the image capture software
NIS-Elements, and N is the length of the scale bar in pixels) and time interval between
two consecutive frames (t = T/(F-1), where T is the total duration of the video and F is

the total number of frames) were calculated and added to the image properties in ImageJ.

After launching Mosaic Particle Tracker, the parameters used for particle

detection were optimized for each cine: values of the radius (size of the tracked particles),
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cutoff (threshold intensity value below which detected particles are rejected), and
percentile (range of intensities below the maximum intensity in the image for which
fluorescent spots are considered to be particles) were manually adjusted to allow the
software to detect the most manifest particles in the first image of the movie while not
picking up lower-intensity noise speckle. For particle linking properties, the link range
was set to 3 for all cines. In this way, the software would stop tracking a specific particle
if it was absent for 3 consecutive frames. The displacement (maximum displacement
allowed for a particle between two consecutive frames), which should be set to at least
twice the average displacement of a particle between two frames, was left at the default
setting of 10 pixels. Using these settings for particle trajectory analysis, the software
provided the total number of trajectories detected, a file containing the information
relative to each detected trajectory (i.e., the position of the particle in each frame for
which it was detected) and the possibility of plotting the mean-squared displacement,

<r?(t)>, of each detected particle as a log plot.

3.2.6.2 Simple Trajectory Analysis

The mobility of each particle was first assessed by fitting the mean-squared
displacement (MSD) for each trajectory using Mosaic Particle Tracker with a simple

power-law function:
<r’(t)>=at

A particle undergoing free Brownian motion should have an MSD close to linear
in time - that is, with an exponent a close to 1. Constrained Brownian motion would

result in a < 1. In contrast, a particle undergoing directed motion should be characterized
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by o close to 2. If the motion is mixed, with alternate periods of Brownian and directed
motion, then one would expect o to be somewhere between 1 and 2. The results of the
fit of the MSD was therefore used (along with other information) for differentiation
between direct and Brownian motion, as explained below. For the first group of particles,
an estimate of the diffusion coefficient was obtained by considering D = a/4 (note that
when o # 1, the diffusion coefficient is estimated from the fitted value of the MSD at t =
1s, and it is thus more accurate to speak of an apparent diffusion coefficient). Results

from simple trajectory analysis are shown in Appendix C.

3.2.6.3 In-depth Trajectory Analysis
Starting from the position and intensity of the tracked particle in each frame

returned by Mosaic Particle Tracker, trajectories were further categorized and analyzed
using an algorithm written for Mathematica. The main steps of this algorithm are as

follows.

Trajectories were first evaluated for inclusion or exclusion based on the following
criteria. Rejected trajectories were either too short (less than 8 frames) or had a frame-to-
frame displacement that was too large: that is, more than about 1 micron between
successive frames or more than about 3 pixels between non successive frames, if the
particle was not detected for one frame (these numbers were adjusted for each cell
depending on the imaging parameters). Trajectories were also rejected if they had an
average intensity that was too low (less than one standard deviation below the mean

intensity for all particles) or were detected for less than 70% of the trajectory duration.

For each of the remaining trajectories, the MSD was calculated and fitted (for lag

times between 1 and 10 s) using the simple function <r?(t)> = 4D, t*, where Dx is the
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particle apparent diffusion coefficient. An estimate of the particle maximum velocity
was obtained by identifying the maximum value of the correlation between two

successive measurements of the particle apparent velocity:

V(@) -v(t + 1),
in which t is the time interval between consecutive frames

For all trajectories in a given cell, the distribution of single-step displacements
(i.e., displacements between two successive frames, corresponding to a time interval © =
1 s) was generated and fitted with the expression below, which accounts for the existence

of two diffusive populations (i.e., the sum of two Rayleigh’s distributions):
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Each of these two populations was characterized by an average step size (s1 and s
in order of increasing length), which became the basis for sorting each trajectory into
either an immobile, directed, or diffusive trajectory. For immobile trajectories, the total

displacement and largest step are both less than 12 x s;. For a directed trajectory, the total
displacement is more than 1.5 x s, x \/(n) where n is the number of steps in the

trajectory, or the trajectory MSD is characterized by an exponent o > 1.1, as explained in
section 3.2.6.2. The diffusive trajectories are trajectories that are neither immobile nor

directed.
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3.3 Results
3.3.1 Confocal Images of EGFP-MamE

Figure 3.4 shows the confocal fluorescence image of a cell expressing the EGFP-
mamE (G49S, T641S) construct. EGFP-MamE shows intracellular fluorescence (Figure
3.3) in a punctate pattern with diffuse fluorescence background. These EGFP-MamE
structures are numerous and appear to cluster near the nucleus. Protein expression was

confirmed by immunoblot (Figure 3.4; full blot available in Appendix B.4).

Figure 3.3 Confocal fluorescence microscopy of a mammalian cell stably expressing
EGFP-MamE (G49S, T641S).

The EGFP-MamE fusion protein displays a punctate intracellular fluorescence pattern.

These structures are more numerous around the nucleus.
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Figure 3.4 Expression of fluorescent EGFP-MamE fusion protein in mammalian

cells.

Total cellular protein contents from MDA-MB-435 cells stably expressing EGFP or
EGFP-MamE (G49S, T641S) were examined by western blot using mouse a-EGFP as the
primary antibody. The approximate size of EGFP-MamE is 110 kDa (red arrow). Bands
at lower molecular weights are products of MamE proteolysis (15). Approximate MW is
shown in the left margin. The loading control was GAPDH and appears in the bottom

panels.

Cells expressing the EGFP-mamE (T317A) construct were imaged to confirm
whether the two MamE expression systems show similar expression patterns. Figure 3.5
shows the confocal fluorescence image of a cell expressing the EGFP-mamE (T317A)

construct. Similar to EGFP-MamE (G49S, T641S), EGFP-MamE (T317A) has an



124

intracellular, punctate expression (Figure 3.5). These punctate structures also cluster near
the nucleus and do not appear to be mobile. However, EGFP-MamE (G49S, T641S)

appears to express more punctate structures than EGFP-MamE (T317A).
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Figure 3.5 Confocal fluorescence microscopy of mammalian cells stably expressing
EGFP-MamE (T317A).

Transfected cells were placed under selection to obtain populations expressing EGFP
fused to MamE. EGFP-MamE (T317A) fusion protein displays a punctate intracellular

fluorescence pattern.

3.3.2 Confocal Images of Tomato-MamB

When Tomato-MamB is stably expressed in MDA-MB-435 cells, the protein is
expressed in a punctate pattern similar to Tomato-MamL (Figure 2.9) in the majority of
the population (~70%; Figure 3.6A) and in a diffuse pattern in about 30% of the
population (Figure 3.6B). The punctate MamB structures are mobile. Protein expression

was confirmed by immunoblot (Figure 3.7; full blot available in Appendix B.5).
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Figure 3.6 Confocal fluorescence microscopy of mammalian cells stably expressing

Tomato-MamB fusion protein.

Transfected cells were placed under selection to obtain populations expressing Tomato
fused to MamB. Tomato-MamB fusion protein displays either a punctate intracellular
fluorescence pattern (A) or a diffuse pattern (B). The punctate structures in (A) are

dispersed throughout the cell.
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Figure 3.7 Expression of fluorescent Tomato-MamB fusion protein in mammalian

cells.

Total cellular protein content from MDA-MB-435 cells stably expressing Tomato or
Tomato-MamB were examined by western blot using rabbit a-Tomato as the primary
antibody. The approximate size of Tomato-MamB is 91 kDa (red arrow). Approximate

MW is shown in the left margin.

3.3.3 Analysis of EGFP-MamE trajectories

Although no evident motion of the puncta formed by MamE was observed in
confocal movies, EGFP-MamE (T317A) cells were analyzed for Brownian motion and
any directed motion in order to act as an immobile control for other expression systems.
A visual representation of the detected MamE trajectories is shown in Figure 3.8, and
their displacement distribution is shown in Figure 3.9. It is apparent from these
distributions of displacements that the motion of the MamE particles is very highly
constrained, since almost no single displacement after t = 1s is larger than 0.2 um, and
since the displacements after 20 s are almost exactly the same as after 1 s. The in-depth

trajectory analysis of MamE fluorescent structures showed that 26% of MamE particles
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were immobile while 62% were undergoing Brownian motion and only 13% underwent
directed motion at some point in their trajectories (Table 3.2). According to this analysis,
the average apparent diffusion coefficient of MamE particles undergoing Brownian

motion is 1.9 + 0.4 x 10 um?/s. The average velocity of the very few MamE particles

undergoing directed motion is 0.17 + 0.03 um/s.

X (pm)

Figure 3.8 Representative cell expressing MamE particle trajectories.
A confocal image of the analyzed cell is shown on the left. Analyzed trajectories are
shown on the right, with stationary particles shown in dark blue, and Brownian motion

and directed motion trajectories represented in green and orange, respectively.
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Figure 3.9 Representative distributions of displacements obtained for MamE
trajectories of a single cell.

In the main panel the probability density of displacements after t = 1s is shown (black
symbols) and fitted assuming two diffusive populations and one directed population (the
blue and green shaded peaks represent the contributions of the slow and fast diffusing
populations, the orange shaded peak - barely visible in this case - that of the directed
population and the black curve shows the sum of these three contributions). The inset
shows a comparison between the distribution of displacements after t = 1s (black

symbols) and after t = 20 s (grey symbols).



Table 3.2 Summary of MamE trajectory analysis.
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*Apparent
Number of
Number Percent | Percent | Percent | diffusion *Velocity
analyzed
of cells immobile | Brownian | directed | coefficient (um/s)
trajectories
(103 pm?/s)
EGFP-
4 47 26 62 13 19+£04 | 0.17+£0.03
MamE

*The apparent diffusion coefficient is measured from particles undergoing Brownian
motion. The velocity is measured from particles undergoing directed motion.

3.34 Mobility of Tomato-MamB

Analyses of Tomato-MamB particle trajectories also reveal both directed and
Brownian motion in each cell, with the occurrence of directed trajectories markedly
larger than MamE. A visual representation of the detected MamB particles is shown in
Figure 3.10, and their displacement distribution is shown in Figure 3.11 - the difference
with MamE is clearly visible here, with a significant number of displacements aftert =1
s in the 0.2 to 0.4 um range, and with the distribution of displacements after 20s
significantly broader than after 1s, as expected for mobile particles. In-depth analysis of
MamB trajectories showed that only 15% of MamB particles were immobile, while 57%
were undergoing Brownian motion, and 28% underwent directed motion at some point in

their trajectories (Table 3.3). The average apparent diffusion coefficient of MamB
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particles undergoing Brownian motion is 4.0 + 1.0 x 10" um?/s. The average velocity of

MamB particles undergoing directed motion is 0.24 £ 0.01 pm/s.

X (km)

Figure 3.10 Representative cell expressing MamB particle trajectories.
A confocal image of the analyzed cell is shown on the left. Analyzed trajectories are
shown on the right, with stationary particles shown in black, and Brownian motion and

directed motion trajectories represented in green and orange, respectively.
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Figure 3.11 Representative distributions of displacements obtained for MamB
trajectories of a single cell.

In the main panel the probability density of displacements after t = 1s is shown (black
symbols) and fitted assuming two diffusive populations and one directed population (the
blue and green shaded peaks represent the contributions of the slow and fast diffusing
populations, the orange shaded peak that of the directed population and the black curve
shows the sum of these three contributions). The inset shows a comparison between the
distribution of displacements after t = 1s (black symbols) and after t = 20 s (grey

symbols).



Table 3.3 Summary table of MamB trajectory analysis.

132

*Apparent
Number of
Number Percent | Percent | Percent | diffusion *Velocity
analyzed
of cells immobile | Brownian | directed | coefficient (um/s)
trajectories
(103 pm?/s)
Tomato-
5 571 15 57 28 40x1.0 0.24 £0.01
MamB

*The apparent diffusion coefficient is measured from particles undergoing Brownian
motion. The velocity is measured from particles undergoing directed motion.

3.3.5

Mobility of Tomato-MamL

As for Tomato-MamB, analyses of Tomato-MamL particle trajectories reveal a

significant number of directed motion, in addition to Brownian motion in each cell. A
visual representation of the detected MamL particles is shown in Figure 3.12, and their
displacement distribution is shown in Figure 3.13, where a broad distribution after 20 s is
apparent. An in-depth analysis of these results showed that 18% of MamL particles were
immobile, 56% were undergoing Brownian motion, and 25% underwent directed motion
at some point in their trajectories (Table 3.4). The average apparent diffusion coefficient
of MamL particles undergoing Brownian motion is 5.1 + 1.7 x 10" um?/s. The average

velocity of MamL particles undergoing directed motion is 0.19 £ 0.05 pm/s.
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Figure 3.12 Representative cell expressing MamL particle trajectories.
A confocal image of the analyzed cell is shown on the left. Analyzed trajectories are
shown on the right, with stationary particles shown in dark blue, and Brownian motion

and directed motion trajectories represented in green and orange, respectively.
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Figure 3.13 Representative distributions of displacements obtained for MamL

trajectories of a single cell.
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In the main panel the probability density of displacements after t = 1s is shown (black

symbols) and fitted assuming two diffusive populations and one directed population (the

blue and green shaded peaks represent the contributions of the slow and fast diffusing

populations, the orange shaded peak that of the directed population and the black curve

shows the sum of these three contributions). The inset shows a comparison between the

distribution of displacements after t = 1s (black symbols) and after t = 20 s (grey

symbols).

Table 3.4 Summary of MamL trajectory analysis.

*Apparent
Number of
Number Percent Percent | Percent | diffusion | *Velocity
analyzed
of cells immobile | Brownian | directed | coefficient (um/s)
trajectories
(103 um?/s)
Tomato-
7 461 18 56 25 51+£1.7 [0.19+0.05
MamL

*The apparent diffusion coefficient is measured from particles undergoing Brownian
motion. The velocity is measured from particles undergoing directed motion.

3.3.6

Mobility of Tomato-MamLirunc

To better understand the mobility of MamL, we introduced an early stop codon to

remove 15 amino acids from the C terminus of the MamL protein and examined this

truncated form of MamL. These 15 amino acids are thought to interact with mobile

cytoskeletal elements due to their similarity to cell-penetrating peptides (2), as described
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more thoroughly in chapter 1.1.2.2. A visual representation of the detected MamL trunc
particles is shown in Figure 3.14, and their displacement distribution is shown in Figure
3.15. Further in-depth analysis of the MamLtunc trajectories showed that 14% of
MamLrunc particles were immobile, 60% were undergoing Brownian motion, and 26%
underwent directed motion at some point in their trajectories (Table 3.5). The average
apparent diffusion coefficient of MamLunc particles undergoing Brownian motion is 1.9

+ 1.1 x 10 um?/s. The average velocity of MamLunc particles undergoing directed

motion is 0.14 + 0.06 pum/s.

10 20 30 40
X (um)

Figure 3.14 Representative cell expressing MamL.trunc particle trajectories.
A confocal image of the analyzed cell is shown on the left. Analyzed trajectories are
shown on the right, with stationary particles shown in dark blue, and Brownian motion

and directed motion trajectories represented in green and orange, respectively.
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Figure 3.15 Representative distributions of displacements obtained for MamL trunc
trajectories of a single cell.

In the main panel the probability density of displacements after t = 1s is shown (black
symbols) and fitted assuming two diffusive populations and one directed population (the
blue and green shaded peaks represent the contributions of the slow and fast diffusing
populations, the orange shaded peak that of the directed population and the black curve
shows the sum of these three contributions). The inset shows a comparison between the
distribution of displacements after t = 1s (black symbols) and after t = 20 s (grey

symbols).



Table 3.5 Summary table of MamL.runc trajectory analysis.
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*Apparent
Number of
Number Percent | Percent | Percent | diffusion *Velocity
analyzed
of cells immobile | Brownian | directed | coefficient (um/s)
trajectories
(103 pm?/s)
Tomato-
7 516 14 60 26 19+1.1 0.14 £ 0.06
MamLtrunc

*The apparent diffusion coefficient is measured from particles undergoing Brownian
motion. The velocity is measured from particles undergoing directed motion.

3.3.7  Mobility of Tomato-MamL/EGFP-Maml

Tomato-MamL particles not only retain their mobility when co-expressed with
EGFP-Maml, the latter appear to be recruited to the same mobile complex. These mobile
particles, consisting of co-localized protein, also display both directed and Brownian
motion. A visual representation of the detected MamL+Maml particles is shown in
Figure 3.16, and their displacement distribution is shown in Figure 3.17. In-depth
analysis of the MamL+Maml trajectories revealed that 21% of MamL+Maml particles
were immobile, 45% were undergoing Brownian motion, and 32% underwent directed
motion at some point in their trajectories (Table 3.6). The average apparent diffusion
coefficient of MamL+Maml particles undergoing Brownian motion is 3.2 + 2.5 x 103
um?/s. The average velocity of MamL+Maml particles undergoing directed motion is

0.23 £ 0.09 um/s.
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10 20 30 40
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Figure 3.16 Representative cell expressing MamL+Maml particle trajectories.
A confocal image of the analyzed cell is shown on the left. Analyzed trajectories are
shown on the right, with stationary particles shown in dark blue, and Brownian motion

and directed motion trajectories represented in green and orange, respectively.
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Figure 3.17 Representative distributions of displacements obtained for
MamL+Maml trajectories of a single cell.

In the main panel the probability density of displacements after t = 1s is shown (black
symbols) and fitted assuming two diffusive populations and one directed population (the
blue and green shaded peaks represent the contributions of the slow and fast diffusing
populations, the orange shaded peak that of the directed population and the black curve
shows the sum of these three contributions). The inset shows a comparison between the
distribution of displacements after t = 1s (black symbols) and after t = 20 s (grey

symbols).



Table 3.6 Summary table of MamL+Maml trajectory analysis.
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*Apparent
Number of
Number Percent | Percent | Percent | diffusion *Velocity
analyzed
of cells immobile | Brownian | directed | coefficient (um/s)
trajectories
(103 pm?/s)
Tomato-
MamL
+ 4 225 21 45 32 3.2+25 | 0.23+0.09
EGFP-
Maml

*The apparent diffusion coefficient is measured from particles undergoing Brownian
motion. The velocity is measured from particles undergoing directed motion.

3.3.8

Mobility of FLAG-MamL/EGFP-Maml

The FLAG-MamL/EGFP-Maml co-expression system was created as both an

improvement to the Tomato-MamL/EGFP-Maml system and to enable downstream

applications (as explained in chapter 2.2.10). To compare the movement of Tomato-

MamL/EGFP-Maml particles with FLAG-MamL/EGFP-Maml, the latter particles were

analyzed for their trajectories. A visual representation of the detected FLAG-

MamL+Maml particles is shown in Figure 3.18, and their displacement distribution is

shown in Figure 3.19. In-depth analysis of the FLAG-MamL+Maml trajectories revealed

that 21% of FLAG-MamL+Maml| particles were immobile, 45% were undergoing
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Brownian motion, and 32% underwent directed motion at some point in their trajectories
(Table 3.7). The average apparent diffusion coefficient of FLAG-MamL+Maml particles
undergoing Brownian motion is 5.0 = 0.9 x 10-3 pm?/s. The average velocity of FLAG-

MamL+Maml particles undergoing directed motion is 0.23 = 0.09 pm/s.

10 20 30 40
X (um)

Figure 3.18 Representative cell expressing FLAG-MamL+Maml particle
trajectories.

A confocal image of the analyzed cell is shown on the left. Analyzed trajectories are
shown on the right, with stationary particles shown in dark blue, and Brownian motion

and directed motion trajectories represented in green and orange, respectively.
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Figure 3.19 Representative distributions of displacements obtained for FLAG-
MamL+Maml trajectories of a single cell.

In the main panel the probability density of displacements after t = 1s is shown (black
symbols) and fitted assuming two diffusive populations and one directed population (the
blue and green shaded peaks represent the contributions of the slow and fast diffusing
populations, the orange shaded peak that of the directed population and the black curve
shows the sum of these three contributions). The inset shows a comparison between the
distribution of displacements after t = 1s (black symbols) and after t = 20 s (grey

symbols).



Table 3.7 Summary table of different parameters obtained from FLAG-

MamL+Maml trajectory analysis.
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*Apparent
Number of
Number Percent | Percent | Percent | diffusion *Velocity
analyzed
of cells immobile | Brownian | directed | coefficient (um/s)
trajectories
(103 pm?/s)
FLAG-
MamL +
5 520 8 60 22 50£09 |[0.14+£0.05
EGFP-
Maml

*The apparent diffusion coefficient is measured from particles undergoing Brownian
motion. The velocity is measured from particles undergoing directed motion.

3.4 Discussion

This chapter reports the first instance of the individual expression of

magnetosome proteins MamE and MamB in mammalian cells. Cells expressing MamE or

MamB appeared healthy and displayed stellate morphology. Both proteins displayed

intracellular, punctate fluorescence patterns, much similar to the expression pattern of

MamL (chapter 2.3.1), although MamE and MamB expression patterns were not as

distinct or uniform as MamL. EGFP-MamE-expressing cells often displayed diffuse

green fluorescence throughout the cell and had punctate MamE structures near the

nucleus. MamB-expressing cells also displayed diffuse fluorescence, with 30% of the

cells displaying no punctate fluorescence.
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The focus of this chapter was to analyze the intracellular mobility of the puncta
formed by magnetosome proteins. For all magnetosome proteins analyzed (MamL,
MamLtrunc, MamB, and MamE), three types of particle movement were observed for the
puncta: confined trajectories, Brownian trajectories, and trajectories with stretches of

directed motion.

Trajectories undergoing Brownian motion have apparent diffusion coefficients
between 2 and 5 x 10 um?/s (Table 3.8). This diffusion coefficient is very slow
compared to that of a soluble protein in the cytoplasm of mammalian cells, which is on
the order of 10 um?/s (16). Since magnetosome proteins Maml, MamL, MamE, and
MamB are all membrane-associated proteins, the diffusion coefficients measured in this
chapter confirms that these proteins are not soluble in the cytoplasm, but instead are part
of a rather large, membranous structure. Since this structure cannot be resolved (since
they appear punctate in confocal microscope images), it must be smaller than the
resolution of the microscope (ie. ~100 nm in radius or less). Likely possibilities are that
they either localize to the membrane of already existing lipid vesicles (17), or promote
the formation of new lipid vesicles on which they then localize. The confined trajectories

may then correspond to particles localized in immobilized vesicles.

Particles that undergo active directed motion have a maximum velocity from 0.1
to 0.3 um/s (Table 3.9). These particles usually also undergo stretches of Brownian
motion or immobility. These particles may be localized in vesicles that are attached to
molecular motors and/or the magnetosome proteins themselves are interacting with these

molecular motors, and these molecular motors transiently walk along protein filaments.
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Brownian motion of magnetosome proteins particles
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Table 3.8 Summary of apparent diffusion coefficient and anomalous exponent

values for magnetosome proteins particles undergoing Brownian motion.

% Particles o
] ] *Apparent diffusion
Magnetosome protein undergoing o o value
_ _ coefficient (102 um?/s)
Brownian motion
EGFP-MamE 62 08+0.1%"% 0.15+0.04
Tomato-MamB 57 40+1.08 0.54 £ 0.08
Tomato-MamL 56 51+17%H% 0.43 +0.17
Tomato-MamLtrunc 60 19+1.1 i 0.52+0.11
Tomato-MamL + EGFP-
45 3.2+25 0.42+0.11
Maml
FLAG-MamL + EGFP- 0.41+0.11
60 5.0+0.9
Maml

* Data are the mean =+standard deviation

*1p<0.001 $p<0.05
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MameE particles are mostly immobile (26%) or undergoing some form of
Brownian motion (62%), however several clues point towards a very restricted type of
Brownian motion. First, Brownian MamE particles have an apparent diffusion coefficient
of 1.9 + 0.4 x 107 pm?/s, which is significantly lower compared to the diffusion of MamL
and MamB particles (Table 3.14). This shows that MamE is localized in different
structures than MamL and MamB, with more restricted mobility. Additionally, Brownian
MameE particles have trajectories characterized by an extremely low anomalous exponent
of 0.15 = 0.04, which is the lowest a value out of all expression systems. An a value
below 1 points to constrained or restricted diffusion (i.e. diffusion in the presence of
obstacles), and a value below 0.5 further points towards caged diffusion (18, 19). Taken
together, the low diffusion coefficient of MamE particles, extremely low value of the
anomalous exponent o, and the high occurrence of stationary MamE particles suggest that

this protein is the most constrained out of the proteins studied.

In contrast to MamE, Brownian MamL and MamB particle have a noticeably
larger diffusion coefficient (on the order of 4-5 x 10-3 pm?/s), and a larger anomalous
exponent o (on the order of 0.4 to 0.5). These values are consistent with the proteins
localizing on particles (e.g. lipid vesicles) 10s to 100s of nm in size and undergoing
restricted diffusion (17). MamLiunc particles, which diffuse at 1.9 + 1.1 x 103 pm2/s,
diffuse significantly slower than MamL particles. Perhaps the removal of the MamL C-
terminal tail causes the protein to localize in different (more confined) structures than
full-length MamL. It is also possible that the MamL C-terminal confers some mobility to
the structures to which the protein is localized, for example by binding molecular motors

that would be able to get past some obstacles.
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When MamL is co-expressed with Maml, Tomato-MamL/EGFP-Maml particles
do not have significantly different diffusion coefficient than MamL alone particles (3.2 +
2.5vs. 5.1 + 1.7 x 103 um?/s). This confirms that MamL and Maml are localized within
the same structures/particles, and more specifically that Maml is recruited to the same
structure as MamL when they interact. This is further supported by the FLAG-
MamL/EGFP-Maml expression system. FLAG-MamL/EGFP-Maml particles diffuse at
5.0 + 0.9 x 10 um?/s, which is neither significantly different from the diffusion
coefficient of Tomato-MamL/EGFP-Maml particles nor of Tomato-MamL alone
particles. Furthermore, the a value of Tomato-MamL alone, Tomato-MamL/EGFP-

Maml, and FLAG-MamL/EGFP-Maml particles are all comparable (Table 3.14).

3.4.2 Directed motion of magnetosome proteins

Although the magnetosome proteins studied undergo directed motion to a
different extent (ie. variability in the percentage of detected particles that display directed
motion and in the average value of the o exponent for these directed trajectories), similar
velocities (around 0.2 um/s) were measured for all particles (Table 3.15), and except for
MameE particles, the aspect of these directed trajectories (which very often are
accompanied by period of intermittent Brownian motion) is similar for all studied

proteins (Fig. 3.20).
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Table 3.9 Summary of velocity of magnetosome proteins undergoing directed

motion.

% Particles undergoing

Magnetosome protein ) ) * Velocity (um/s) o value
directed motion
EGFP-MamE 13 0.17 £0.03 0.26 £0.32
Tomato-MamB 28 0.24 £0.01 1.24 +0.04
Tomato-MamL 25 0.19 +0.05 1.01+0.18
Tomato-MamLtrunc 26 0.14 £ 0.06 0.88+0.31
Tomato-MamL +
32 0.23 +£0.09 0.66 £0.10
EGFP-Maml
FLAG-MamL +
22 0.14 +£0.05 0.95+0.33
EGFP-Maml

* Data are the mean * standard deviation.
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Figure 3.20 Representative directed trajectories of magnetosome proteins.

Each panel shows all the directed trajectories detected in a single representative cell, for
each of the different expression systems under study. All trajectories have been plotted by

placing the first point of the trajectory at the point with coordinates x =y = 0.

The directed motion observed suggest that the detected particles interact with
some kind of linear molecular motor present in the cell, for example a type of myosin
motor. In mammalian cells, myosin motors are a group of molecular motor proteins
responsible for directed movement of intracellular cargo. These structures, specifically
myosin 1B, myosin 11, and myosin V, all move at a velocity of 0.2 um/s (20). The speeds
observed for the detected particles are therefore consistent with interactions with myosin.
Molecular motors with a negative charge, or that associate with cargo adaptor proteins

that are negatively charged, can interact with positively-charged proteins in the cell (10).
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MamE stands out from other magnetosome proteins studied here in that much
fewer MamE particles are undergoing directed motion and/or they spend less time
undergoing active directed motion (Fig. 3.20). This is further indicated by the low
exponent of 0.26 = 0.32. As mentioned in section 3.2.6.3, particles undergoing directed
motion should have a exponents close to 2; however, a lower exponent can also indicate
that the directed motion alternates with either Brownian motion or immobilized motion,
as is the case in fact with all the particles detected here, but especially with MamE
particles. When undergoing directed motion, MamE particles move at a velocity of 0.17
pum/s. From protein structure analysis in results section 1.1.2.4, the cytoplasmic tail of
MamE is short and has only 2 positively-charged amino acids (Fig. 1.10); therefore,
MamE most likely does not bind to molecular motors strongly or frequently due to its
negligible positive charge. Alternatively, MamE may be located in a vesicle that does not
interact often with molecular motors. This may explain why MamE is not undergoing
directed motion as often and why the protein seems mostly immobile while observed

under a confocal fluorescence microscope.

MamB particles undergoing active directed motion travel at 0.24 um/s. From
protein structure analysis in results section 1.1.2.3, the cytoplasmic domain of MamB is
quite large and almost 20% of its amino acids have positive charges (Fig. 1.7). These
positive charges, therefore, have opportunities to interact with negatively-charged
molecular motors in the mammalian cytoplasm. We can thus infer that MamB either
interacts directly with molecular motors or is located in a vesicle that interacts with

molecular motors.
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MamL particles undergoing active directed motion move at approximately 0.2
pum/s, and thus is expected to also be interacting with molecular motors (ie. myosin).
Although the cationic amino acid residues of the MamB and MamL cytoplasmic domains
are not arranged in a similar pattern, we can speculate that these two proteins may be
interacting with similar molecular motors since they move at similar velocities.
MamLwunc particles that are undergoing active directed motion travel at 0.15 pm/s, which
is not significantly different from the velocity of full-length MamL particles. It is notable
to point out that the o exponent of MamLuunc particles is smaller than that of MamL
particles (0.88 £ 0.31 vs. 1.01 + 0.18). This result aligns with what is seen with the
confocal microscope: that MamLunc particles do not undergo directed motion as

frequently as full-length MamL particles (chapter 2).

Tomato-MamL/EGFP-Maml and FLAG-MamL/EGFP-Maml particles
undergoing active directed motion move at similar velocities as Tomato-MamL alone
(0.23 pm/s vs. 0.14 pum/s vs. 0.20 um/s, respectively). This suggests that Tomato-MamL
alone, Tomato-MamL/EGFP-Maml, and FLAG-MamL/EGFP-Maml particles interact
with the same molecular motors. Based on predicted protein structures of MamL and
Maml, Maml has no cytoplasmic tail or domain and thus has no opportunity to interact
with molecular motors (21). Whether expressed alone or together with Maml, MamL is

the protein that likely interacts with molecular motors.
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3.5 Conclusion

This is the first report of the mobility of magnetosome proteins MamL, MamB,
and MamE in a mammalian system and their possible interaction with mammalian
molecular motors. The pattern of motion of the structures to which these proteins localize
is consistent with the motion of lipid vesicles (endosomes, lysosomes) observed in
mammalian cells, namely a mixture of Brownian motion (with very small diffusion
coefficient on the order of 10 to 102 um?/s) and directed motion (with velocity on the
order of 0.1 to 1 pm/s) (22, 23). MamL, MamB, and MamE all move at similar velocities
when undergoing active directed motion. This suggests that, when these proteins are
expressed in mammalian cells, they may be interacting with the same type of molecular

motor or are localized in vesicles that interact with the same type of molecular motor.

When co-expressed, Maml and MamL localize to the same intracellular
compartment and co-localize in punctate, mobile structures. Importantly, Maml+L
particles undergoing directed motion move at the same velocity as MamL, suggesting
they interact with the same molecular motors, and Maml+L particles diffuse slower than
MamL alone particles consistent with the expected slower diffusion of larger structures

relative to smaller ones.

Taken together, our trajectory analysis supports the evidence that MamL and
Maml interact. Looking back on the working model of magnetosome assembly in the
mammalian cell (chapter 1; Fig. 1.1); trajectory analysis supports that these essential
magnetosome proteins are localized on an intracellular membrane in the mammalian cell.
The co-localization and interaction of Maml and MamL is further demonstrated in this

chapter through the analysis and comparison of the mobility of MamL alone and
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MamL+Maml particles. This study is thus consistent with our hypothesis that these
magnetosome proteins will interact in a membranous compartment when expressed in

mammalian cells.
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Chapter 4

4  Magnetic resonance parameters and cellular iron
content of magnetosome proteins expressed in
mammalian cells

To evaluate whether magnetosome genes maml, mamL, mamB, and mamkE are
suitable as gene-based contrast agents, we determined their effect(s) on cellular magnetic

resonance (MR) parameters and cellular iron content.

Chapter 4 describes the effect of these genes, when expressed in cultured
mammalian cells grown in the presence and absence of iron supplementation, on both the

transverse and longitudinal MR relaxation rates and on total cellular elemental iron.

I would like to acknowledge Prushoth Vivekanantha, Moeiz Ahmed, and Salvan
Hassan for their contributions to developing an organized and user-friendly protocol with
an image analysis software known as The Viewer and for developing a Matlab script for
obtaining R1 values along with their corresponding uncertainties. | would like to
acknowledge Dr. Neil Gelman for his help and his coaching with the development of the
analysis software and coding. | also acknowledge Prushoth Vivekanantha and Salvan
Hassan for their experimental contributions to collecting MR phantom data from the

parental MDA-MB-435 cell type and from MamE-expressing cells.

This chapter will be submitted for publication with the tentative author list: Sun

Q, Vivekanantha P, Gelman N, Thompson RT, Prato FS, and Goldhawk DE.
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4.1 Introduction

Molecular imaging has been used for the detection of biological processes (1) and
provides monitoring of diseases from diagnosis through therapy. Molecular probes in the
form of contrast agents have been developed as molecular imaging tools for modalities
such as computed optical imaging, positron emission tomography (PET), and magnetic
resonance imaging (MRI) (2). Among these, MRI is an ideal candidate due to its superb
ability to discern anatomic detail at any tissue depth (3, 4) over optical. However, MRI
lacks the sensitivity and specificity needed to effectively detect and track cellular and
molecular activities. To account for this need, gene-based MR contrast agents are
currently being developed in the molecular imaging field (5). Since these endogenous
contrast agents originate from the cell and remain throughout its life cycle, they provide

many advantages for long term, repetitive tracking of disease progression.

To improve molecular imaging techniques for MRI, we are developing MRI
reporter gene expression based on the magnetosome. In magnetotactic bacteria (MTB),
magnetosome formation compartmentalizes iron biominerals in membrane-enclosed
vesicles (6). This technology not only provides a genetically-controlled iron biomineral,
but also prevents iron cytotoxicity by virtue of the lipid bilayer barrier. Magnetosome
formation is a stepwise, protein-directed process that begins with vesicle formation and
culminates with iron biomineralization (7). While the entire process is regulated by
approximately 30 genes, the majority of which are located on a magnetosome genomic
island (6, 7), in some cases select genes have been successfully used to enhance the
cellular MRI signal. For example, mms6, a gene involved in promoting uniform

magnetite crystal morphology, has been expressed in human mesenchymal stem cells to
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enhance their MRI detection (8). In addition, expression of magA, a putative iron
transporter, enhances MRI contrast and cellular iron content, and is compatible with a

mammalian model of tumour growth (9, 10, 11, 12).

To improve the localization and compartmentalization of a rudimentary
magnetosome-like particle in mammalian cells, we are introducing select genes deemed
essential for the initial stages of magnetosome formation. The targeted genes, maml,
mamL, mamB and mamE, are clustered on the mamAB operon and are highly conserved
in several species of MTB (6, 13). The putative roles of maml, mamL, and mamB are
necessary for initial stages of magnetosome vesicle formation (7, 14), and may even
provide docking site(s) for additional protein(s) (15), like MamE, that facilitates iron
biomineralization (16, 17). The mutated form of MamL, MamLwunc, Was also investigated
in this study to gain further knowledge of the effect of different domains of the MamL

protein on cellular MR relaxation and iron content.

We are introducing these magnetosome genes in a mammalian system by
expressing them in the human melanoma tumor cell line MDA-MB-435. These cells are a
model of the cancer stem cell phenotype and demonstrate metastatic behavior (9, 18). In
the present study, we evaluated the behaviour and interactions of magnetosome genes
maml, mamL, mamB, and mamE in the MDA-MB-435 cell line and assessed their

effect(s) on cellular MR relaxation rates and total cellular iron content.
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4.2 Materials and Methods

4.2.1 Molecular Cloning

Magnetosome genes maml and mamL were amplified by PCR from the genomic
DNA of Magnetospirillum magneticum strain AMB-1 (ATCC 700264) using custom
primers (Table 2.1). The maml and mamL amplicons were purified using a PCR clean-up
kit (Invitrogen, Life Technologies, Burlington, Canada); digested with appropriate
restriction enzymes (Table 2.1); and purified once more with the PCR clean-up kit, prior
to insertion in the molecular cloning vectors pEGFP-C1 (Clontech; Fig. 2.1) and
ptdTomato-C1 (Clontech; Fig. 2.2), respectively. Sequencing information for maml and
mamL is available in Appendix A.1 and A.2, respectively. After propagation in
Escherichia coli strain XL10GOLD, the vector-insert plasmid constructs were purified

and used for mammalian cell transfection.

For cloning of Tomato-MamLiunc, the last 15 amino acids from the C-terminus of
MamL were removed by PCR site-directed mutagenesis. Briefly, primers were designed
that included a stop codon 45 nucleotides upstream from the end of mamL (Table 2.2).
These primers were then used in PCR amplification of the truncated mamL gene, which
was then inserted into the ptdTomato-C1 vector with restriction enzymes EcoRI and

Bglll (Fig. 2.3). Sequencing information is available in Appendix A.3.

For cloning of FLAG-MamL, primers flanking mamL in ptdTomato-mamL were
designed to include a FLAG tag for immunodetection. The FLAG-mamL insert was

amplified using PCR; purified using a PCR clean-up kit (Invitrogen, Life Technologies,
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Burlington, Canada); and restriction digested using Sacl and EcoRI (Table 2.3). FLAG-
mamL was then inserted into the pPSF-EMCV-FLuc vector and propagated in Escherichia

coli strain XL10GOLD (Fig. 2.4). Sequencing information is available in Appendix A.4.

For cloning of Tomato-MamB, the mamB gene was amplified by PCR from
AMB-1 genomic DNA using custom primers (Table 3.1). The amplicon was purified
with a PCR clean-up Kit; digested with restriction enzymes (Table 3.1); purified once
more; and inserted into the ptdTomato-C1 vector (Clontech; Fig 3.1). The vector-insert
construct was propagated in E. coli strain XL10GOLD; purified; and then used for

mammalian cell transfection. Sequencing information is available in Appendix A.5.

For cloning of Tomato-MamE, the mamE gene was amplified by PCR from
AMB-1 genomic DNA using custom primers (Table 3.1). The amplicon was purified
with a PCR clean-up Kit; digested with restriction enzymes (Table 3.1); purified once
more; and inserted into the pEGFP-C1 vector (Clontech; Fig 3.2). The vector-insert
construct was propagated in E. coli strain XL10GOLD; purified; and then used for

mammalian cell transfection. Sequencing information is available in Appendix A.6.

4.2.2 Cell Culture

MDA-MB-435 cells (ATCC HTB-129; derived from an adult female and
characterized as a melanoma cell line) are a model of aggressive tumorigenesis (9). Cells
were cultured in 100 mm polystyrene-coated cell culture dishes (CELLSTAR, VWR
International, Mississauga, Canada) with Dulbecco’s Modified Eagle Medium (DMEM)

containing 1 g/L glucose (Gibco, Life Technologies, Burlington, Canada), 10% fetal
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bovine serum (FBS; Gibco), 4 U/mL penicillin, and 4 pg/mL streptomycin at 37°C with

5% CO:..

To create cell lines expressing the enhanced green fluorescent protein (EGFP)-
Maml fusion protein or the red fluorescent protein tdTomato (Tomato)-MamL fusion
protein, cells were grown to 60-70% confluency on a 100 mm dish and transfected using
Lipofectamine 2000 (Invitrogen), according to company protocol, using 8 pug of pEGFP-

maml or ptdTomato-mamL, respectively.

For co-expression of both pEGFP-maml and ptdTomato-mamL, cells stably
expressing Tomato-MamL were transfected with 8 ug of pEGFP-maml. After 16 hours
transfections were stopped, and cells were placed in complete medium for 48 hours
before commencing antibiotic selection. For co-expression with the pSF-FLAG-mamL-
EMCV-FLuc construct, cells stably expressing EGFP-Maml were grown to 60-70%
confluency on a 100 mm dish and transfected using Lipofectamine 2000 (Invitrogen),
according to company protocol, using 8 ug of pSF-FLAG-mamL-EMCV-FLuc. After 16
hours transfection was stopped, and cells were placed in complete medium for 48 hours
before commencing antibiotic selection. To select for stable cell lines, cells were grown
in the presence of 500 pg/mL Geneticin (G418; Gibco) and 0.5 pg/mL Puromycin

(Gibco).

To create the Tomato-MamB or EGFP-MamE cell line, parental MDA-MB-435
cells were grown to 60-70% confluency on a 100 mm dish and transfected using
Lipofectamine 2000 (Invitrogen), according to company protocol, using 8 ug of

ptdTomato-mamB or 4 pg of pPEGFP-mamE, respectively. After 16 hours cells were
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placed in complete medium for 48 hours before commencing antibiotic selection. To
select stable cell lines, transfected cells were grown in the presence of 500 pug/mL

Geneticin (G418; Gibco).

4.2.3 Cell Harvest and Phantom Preparation

A spherical MR phantom was constructed using two 9 cm plastic hemispherical
molds (Fig. 4.1). One hemisphere was filled with 4% gelatin (porcine type A)/Phosphate
Buffered Saline (PBS; 137 mM NaCl, 2.7 mM KCI, 8 mM Na;HPQ4, 2 mM KH2PO.)
(approximately 420 mL), and the other is half-filled with 4% gelatin/PBS (approximately

200 mL).

To prepare cell samples, MDA-MB-435 cells expressing Maml, MamL, MamB,
MamE, Maml+L, or MamLunc Were cultured, with or without the presence of 250 uM
ferric nitrate (Fe(NOz)3) (19), in forty 150 mm cell culture dishes (approximately 800
million cells total). Cells were harvested by first washing each plate twice with 10 mL of
PBS, then incubating the cells in 5 mL of 0.05% trypsin-Ethylenediamine Tetraacetic
Acid (EDTA) (Gibco) at room temperature for 60-90 seconds. The trypsin-EDTA was
then carefully aspirated, and 5 mL of DMEM low glucose media was added to each plate.
Cells were then gently removed from the bottom of each plate by trituration and loaded

into a 50 mL conical tube.

After cells from all plates have been harvested, tubes containing the cells were
centrifuged at 400 x g at 15°C for 5 minutes. Cells were then washed by resuspending the
cell pellet in 35 mL of PBS, then centrifuged again. The pellet was then resuspended and

washed in 10 mL of PBS, and the cell slurry was transferred to a 15 mL conical tube.
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Tubes were once again centrifuged, washed in 10 mL of PBS, and centrifuged one last
time. Approximately 140 uL of cell slurry was then loaded into a custom made Ultem
well (inner diameter 4mm, height 10 mm; Lawson Imaging Prototype Lab) to fully fill

the well.

Each cell phantom experiment contains four Ultem wells filled with cells of one
expression system. These Ultem wells were then mounted on the half-filled 4%
gelatin/PBS hemisphere (Fig. 4.2). The hemisphere was then fully filled with
approximately 200 mL of 4% gelatin/PBS and was left at room temperature overnight to

solidify.

Marker Ultem wells

4 % gelatin / PBS

Figure 4.1 MRI cell phantom layout.

Hemispherical phantom moulds (9 cm diameter) are filled with 4% gelatin/PBS. Cells are

loaded into Ultem wells that are mounted into one hemisphere (19, 20).
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Figure 4.2 Experimental flow chart of MRI phantom preparation.

A. Cells are loaded into Ultem wells using centrifugation to create a compact pellet. B.
Fully filled Ultem wells are mounted on a solidified, half-filled 4% gelatin/PBS phantom
hemisphere. C. The half-filled hemisphere is completely overlaid with 4% gelatin/PBS
and left to solidify. D. The full spherical phantom is assembled by taping both

hemispheres together (19, 20).

Before the scheduled MRI scan, the phantom hemispheres are moved to the fridge to
ensure that gelatin has solidified. One hour prior to the scan, the phantom hemispheres
are taken out of the fridge, taped together to form a sphere, and left at room temperature

until scanned.

4.2.4 MRI Sequences

The phantom was scanned at 3 Tesla (T) on a Biograph mMR (Siemens AG,
Erlangen, Germany) using previously developed sequences to acquire longitudinal and

transverse relaxation rates (19). All image acquisitions used for relaxation measurement
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had a slice thickness of 3 mm and field of view of 120 x120 mm? (locator image, Fig.

4.3).

CELLS_25AUG2020

Figure 4.3 Representative locator image of MRI phantom experiment of cells stably-

expressing EGFP-Maml.

The 3 mm slice (indicated by yellow lines, left panel) was positioned perpendicular to the
wells and within the cell pellet volume in each Ultem well. The right panel shows a
cross-section top view of the phantom and shows the layout of the four Ultem wells

(white circles) and the position marker (black circle).

To measure R1 longitudinal relaxation rates, a magnitude reconstruction inversion
recovery (IR) spin echo sequence was used (19). The matrix resolution was 128 x 128
mm? and voxel size was 3.0 x 0.9 x 0.9 mm?. Repetition time (TR) was 4000 ms,
excitation flip angle was 90°, and inversion times were 22, 200, 500, 1000, 2000 and

3900 ms.
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For acquisition of R2 transverse relaxation rates, a single-echo (SE) spin echo
sequence was used with matrix resolution of 192 x 192 mm? and voxel size 3.0 x 0.6 x
0.6 mm?®. Echo times (TE) were 13, 20, 25, 30, 40, 60, 80, 100, 150, and 200 ms. TR was

2200 ms and excitation flip angle was 90°.

For acquisition of R2* transverse relaxation rates, a multi-echo gradient echo
(GRE) sequence was used with matrix resolution of 192 x 192 mm? and voxel size 3.0 x
0.6 x 0.6 mm3. TE were 6.12, 14.64, 23.16, 31.68, 40.2, 50, 60, 70 and 79.9 ms; TR was

2000 ms; and flip angle was 60°.

4.2.5 Protein Assay

Cells remaining after the preparation of MRI cell phantoms were mixed with 850
uL of RIPA and 150 pL of Complete Mini protease inhibitor cocktail (Roche Diagnostic
Systems, Laval, Canada). Cells were lysed by sonication using three 12-second bursts of
a Sonic Dismembrator (model 500, Thermo Fischer Scientific, Ottawa, Canada) at an
amplitude of 30%. Total amount of protein was quantified using the bicinchoninic acid

(BCA) assay (21).

4.2.6 Preparation of ICP-MS

For elemental iron and zinc analysis, a minimum of 2.5 mL of each sample
containing 2 mg/mL of protein were prepared. Each sample represents the cell population
mounted in a single well of the MR phantom. Samples were stored at -20°C until

transported to the inductively-coupled plasma mass spectrometry (ICP-MS) facility
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(Biotron Analytical Services, Western University). This data is reported as total cellular

iron content normalized to total amount of protein.
4.2.7 MR Data Analysis

Longitudinal relaxation rates of samples were determined using Matlab 7.9.0
(R2010b). This software was used to select a 9-voxel circular region of interest (ROI)
corresponding to 22 mm?3 that encompasses the area containing cells without including
the wall of the Ultem wells. The average signal intensity within the ROI was determined
at each TI and recorded in an Excel spreadsheet with a set layout (Appendix D.1). This
spreadsheet was then entered in a Matlab script (developed by Neil Gelman, Prushoth
Vivekanantha, Moiez Ahmed, and Salvan Hassan, 2021) to determine R1 values. R1
curve fitting was determined using the standard inversion recovery equation for

magnitude signals:
- TR
S = |kp(1—ZeT1 +eT >|

The R1 values will appear under the entered signal intensity values on the spreadsheet
(Appendix D.1).

Transverse relaxation rates (both R2* and R2) of samples were determined using
custom software developed in Matlab 7.9.0 (R2010b). This software was used to select a
21-voxel circular ROI corresponding to 23 mm? that encompasses the area of the cells
without including the wall of the Ultem wells. The average signal intensity within the
ROI was determined at each TE, and these values were plotted using GraphPad Prism

software version 8.0.1. A mono-exponential nonlinear fit was applied to determine R2*
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or R2 values. R2' was calculated by subtraction (R2* - R2 = R2') (22). Relaxation rates of
replicate samples were reported as the mean +/- standard error of the mean (SEM) using
GraphPad Prism software. All transverse relaxation rates collected are listed in the

Appendix.

4.2.8 Statistical Analysis

All statistical tests were performed using GraphPad Prism version 8.0.1. An
unpaired t-test was used to identify any significant difference between iron supplemented
cells and those without iron supplement (Parental vs. Parental + Fe, Maml vs. Maml +
Fe, MamL vs. MamL + Fe, MamB vs. MamB + Fe, and MamE vs. MamE + Fe) for
transverse relaxation rates (R2*, R2, R2') and longitudinal relaxation rates (R1). For
cellular iron content, an unpaired t-test was also used to identify any significant
difference caused by iron supplementation (Parental vs. Parental + Fe, Maml vs. Maml +

Fe, MamL vs. MamL + Fe, MamB vs. MamB + Fe, and MamE vs. MamE + Fe).
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4.3 Results

4.3.1 Effect of individually expressed magnetosome proteins on R2*

relaxation

In the absence of iron supplementation, MDA-MB-435 cells expressing Maml,
MamL, MamB, or MamE exhibit R2* comparable to the untransfected parental control
(15.02+£25,17.87 £1.0,18.70 £ 4.9, and 14.00 + 1.4, respectively, vs. 15.81 £ 2.7; Fig.
4.4). In the presence of iron supplementation, MDA-MB-435 cells expressing Maml,
MamL, or MamB display a significant increase in R2* compared to when
unsupplemented (30.38 £ 2.8 vs. 15.02 + 2.5, 37.07 £ 5.6 vs. 17.87 £ 1.0, and 35.35 £ 5.2
vs. 18.70 £ 4.9, respectively). Representative monoexponential decay curves are shown
in Figure 4.5 for MamB-expressing cells and show the difference of iron
supplementation. Cells expressing MamLiunc grown in the presence of an iron
supplement exhibited an R2* comparable to full-length MamL (39.84 + 5.7 vs. 37.07 £
5.6, Fig. 4.4). Interestingly however, cells expressing MamE did not display any
difference in R2* between iron-supplemented and non-supplemented samples (16.52 +
0.9 vs. 14.00 + 1.4). This cell type produced R2* values that were no different than the

parental control.
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Figure 4.4 R2* of cells stably expressing magnetosome proteins.

Bar graphs show R2* transverse relaxation rates of parental MDA-MB-435 cells (gray)
and those cells stably expressing either Maml (green), MamL (red), MamLrunc (maroon),
MamB (blue) or MamE (pink). Hashed bars represent cells grown in the presence of iron
supplement whereas solid bars are those grown in the absence of iron supplement.
Significant differences are indicated by * (p<0.05) and *** (p<0.001). Sample numbers

are indicated within each bar (N = 4 — 12). Data is presented as mean + SEM.
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Figure 4.5 Representative R2* decay curves of mammalian cells expressing MamB.

Changes in signal intensity reflect a monoexponential signal decay for cells grown in the
presence (A and B, red circles and squares) and absence (C and D, black triangles and
inverted triangles) of iron supplement. Data is presented as mean + SEM. N = 4 for all

samples.

4.3.2 Effect of individually expressed magnetosome proteins on R2

relaxation

In the absence of iron supplementation, MDA-MB-435 cells expressing Maml,
MamL, MamB, or MamE exhibit R2 values that are comparable to those of the parental
cell type (12.40 £ 1.0,12.23+0.7,12.76 £ 0.8, and 10.31 + 1.2, respectively, vs. 12.45 +
0.7; Fig. 4.6). Relative to non-supplemented cells, iron-supplemented MDA-MB-435
cells expressing Maml, MamL, or MamB display significant increases in R2 (19.12 + 2.6,

23.38 £ 4.4, and 23.64 + 3.7 respectively). However, as for R2* measures, MamE-
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expressing cells showed no change in R2 whether or not they were grown in the presence
or absence of iron supplementation (10.31 £ 1.2 vs. 10.22 + 1.4, respectively).
Representative monoexponential decay curves are shown in Figure 4.7 for MamB-

expressing cells.
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Figure 4.6 R2 values of cells stably expressing magnetosome proteins.

R2 transverse relaxation rates of parental MDA-MB-435 cells (gray), MDA-MB-435
cells stably expressing Maml (green), MamL (red), MamLunc (maroon), MamB (blue)
and MamE (pink) are displayed in this graph. Hashed bars represent cells grown in the
presence of iron supplement. Solid bars represent cells grown in the absence of iron
supplement. Significant data is indicated by * (p<0.05) or ** (p<0.01). Sample numbers

are indicated within each bar (N =4 —9). Data is presented as mean £ SEM.
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Figure 4.7 Representative R2 decay curves of mammalian cells expressing MamB.

Cells grown in iron supplement (red) and cells grown without iron supplement (black) are
shown. A and B are replicates of samples of cells expressing iron-supplemented MamB,
and C and D are replicates of samples of cells expressing nonsupplemented MamB. Data

is presented as mean = SEM. N = 4 for all samples.

4.3.3 Effect of individually expressed magnetosome proteins on R2'

relaxation

Without iron supplementation, MDA-MB-435 cells expressing Maml, MamL,
MamB, or MamE have comparable R2' to the parental control (2.70 + 1.0, 7.04 + 2.2,
7.64 £ 2.8, and 3.69 + 0.8, respectively, vs. 3.37 £ 0.4; Fig. 4.8). When grown in the
presence of iron supplement, MDA-MB-435 cells expressing Maml or MamL have
significantly increased R2' compared to when they are unsupplemented (11.26 £ 1.8 vs.

2.70 £ 1.0 and 13.69 + 1.5 vs. 7.04 + 2.2 respectively) while cells expressing MamB or
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MamE showed no changes in R2' values whether or not they were grown in the presence
of iron supplementation (7.64 + 2.8 vs. 11.72 £ 1.8 and 3.69 + 0.8 vs. 6.29 + 1.8,
respectively). lIron-supplemented cells expressing MamLwunc Showed no changes in R2'
compared to iron-supplemented MamL (21.14 + 2.6 vs. 13.69 + 1.5, respectively; Fig.
4.8); however, is it notable that MamLwunc has the largest R2' signal out of all the

magnetosome protein expression systems studied.
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Figure 4.8 R2" values of cells stably expressing magnetosome proteins.

R2' transverse relaxation rates of parental MDA-MB-435 cells (gray), MDA-MB-435
cells stably expressing Maml (green), MamL (red), MamLunc (maroon), MamB (blue)
and MamE (pink) are displayed in this graph. Hashed bars represent cells grown in the

presence of an iron supplement. Solid bars represent cells grown in the absence of iron
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supplement. Significant data is indicated by ** p<0.01. Sample numbers are indicated

within each bar (N =4 — 9). Data is presented as mean = SEM.

4.3.4 Effect of co-expressed magnetosome proteins on R2*

relaxation

As expected, in the presence of iron supplementation, MDA-MB-435 cells co-
expressing EGFP-Maml with either Tomato-MamL or FLAG-MamL have comparable
R2* (25.36 + 3.0 vs. 18.58 £ 2.5, respectively; Fig. 4.9); however, these values are
significantly higher than the R2* of the parental control (15.81 + 2.7). Furthermore,
irrespective of iron supplement, co-expression of FLAG-MamL/EGFP-Maml resulted in
no changes to R2* values (14.32 £ 2.1 unsupplemented vs. 18.58 + 2.5 supplemented).
Compared to single expression systems, the interaction of Maml and MamL

downregulates the R2* signal, although not significantly.
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Figure 4.9 R2* values of cells stably co-expressing magnetosome proteins.

R2* transverse relaxation rates of MDA-MB-435 cells stably co-expressing Tomato-
MamL/EGFP-Maml (black) or FLAG-MamL/EGFP-Maml (yellow) are displayed in this
graph. Hashed bars represent cells grown in the presence of iron supplement. The solid
bar represents cells grown in the absence of iron supplement. Sample numbers are
indicated within each bar (N = 4). Data is presented as mean £ SEM. ns =p > 0.05.

Statistical analyses include the student’s t-test.
4.3.5 Effect of co-expressed magnetosome proteins on R2 relaxation

In the presence of iron, MDA-MB-435 cells co-expressing Tomato-MamL/EGFP-
Maml or FLAG-MamL/EGFP-Maml have comparable R2 (17.85 = 1.2 vs. 15.00 + 0.9,

respectively; Fig. 4.10). MDA-MB-435 cells co-expressing FLAG-MamI/EGFP-Maml
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did not have any significant changes to R2 values whether or not they were grown in the

presence of iron (14.32 + 0.3 unsupplemented vs. 15.00 + 0.9 supplemented).
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Figure 4.10 R2 values of cells stably co-expressing magnetosome proteins.

R2 transverse relaxation rates of MDA-MB-435 cells stably co-expressing Tomato-
MamL/EGFP-Maml (black) or FLAG-MamL/EGFP-Maml (yellow) are displayed in this
graph. Hashed bars represent cells grown in the presence of iron supplement. The solid
bar represents cells grown in the absence of iron supplement. Sample numbers are
indicated within each bar (N = 4). Data is presented as mean = SEM. ns = p > 0.05.

Statistical analyses include the student’s t-test.
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4.3.6 Effect of co-expressed magnetosome proteins on R2' relaxation

In the presence of iron, MDA-MB-435 cells co-expressing Tomato-MamL/EGFP-

Maml or FLAG-MamL/EGFP-Maml have comparable R2' (7.51 £ 1.2 vs. 4.58 + 0.5,

respectively; Fig. 4.11). MDA-MB-435 cells co-expressing FLAG-MamL/EGFP-Maml

did not have any significant changes to R2' values whether or not they were grown in the

presence of iron (2.53 = 0.2 unsupplemented vs. 4.58 + 0.5 supplemented).
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Figure 4.11 R2" values of cells stably co-expressing magnetosome proteins.

R2' transverse relaxation rates of MDA-MB-435 cells stably co-expressing Tomato-

MamL/EGFP-Maml (black) or FLAG-MamL/EGFP-Maml (yellow) are displayed in this

graph. Hashed bars represent cells grown in the presence of iron supplement. The solid
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bar represents cells grown in the absence of iron supplement. Sample numbers are
indicated within each bar (N = 4). Data is presented as mean = SEM. ns = p > 0.05.

Statistical analyses include the student’s t-test.

4.3.7 Effect of magnetosome proteins on R1 relaxation

Without iron supplementation, MDA-MB-435 cells expressing Maml, MamL,
Maml+L, MamB, or MamE have comparable R1 to parental MDA-MB-435 cells (0.91 £
0.02, 0.88 +0.05, 0.90 £ 0.12, 0.97 + 0.15, and 0.98 £ 0.32, respectively, vs. 0.90 + 0.02;
Fig. 4.12). In the presence of iron supplementation, MDA-MB-435 cells expressing
Maml, MamL, or MamI+L display small but significant increases in R1 (0.91 £ 0.02 vs.
1.08 £ 0.03,0.88 £ 0.05 vs. 1.18 £ 0.07, and 0.90 £ 0.12 vs. 0.97 + 0.05, respectively).
MDA-MB-435 cells expressing MamB or MamE showed no changes in R1 whether or
not they were grown in the presence of iron supplementation (0.97 £ 0.15 vs. 1.28 + 0.11
and 0.98 = 0.32 vs. 1.12 + 0.35, respectively). Cells expressing MamLunc grown in the
presence of iron did not have significantly different R1 compared to full-length MamL

(1.18 £0.02 vs. 1.18 + 0.07, respectively).
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Figure 4.12 R1 values of cells stably expressing or co-expressing magnetosome

proteins.

R1 relaxation rates of parental MDA-MB-435 cells (gray), MDA-MB-435 cells stably
expressing Maml (green), MamL (red), MamLunc (maroon), MamB (blue) and MamE
(pink) are displayed in this graph. Hashed bars represent cells grown in the presence of
iron supplement. Solid bars represent cells grown in the absence of iron supplement.
Sample numbers are indicated within each bar (N = 4 —9). Significance is indicated by *

(p<0.05) or ** (p<0.01).

4.3.8 Effect of magnetosome proteins on cellular iron content

Without iron supplementation, MDA-MB-435 cells expressing Maml, MamL,

MamB, MamE, or MamI+L (here all ICP-MS data of I+L co-expression are derived from
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FLAG-MamL/EGFP-Maml) have cellular iron content comparable to the parental cell
line (0.04 £ 0.001, 0.08 £ 0.01, 0.08 £ 0.01, 0.07 £ 0.02, and 0.15 + 0.13 pg Fe/mg
protein, respectively, vs. 0.05 = 0.02 pg Fe/mg protein; Fig. 4.13). In the presence of iron
supplementation, cells expressing Maml, MamL, MamB, or MamE display increased
cellular iron content compared to when unsupplemented (1.12 +0.11, 1.11 + 0.45, 1.48 +
0.09, and 0.94 + 0.34 ug Fe/mg protein respectively). Cells expressing MamLirync grown
in the presence of an iron supplement displayed cellular iron content comparable to full-
length MamL (0.93 + 0.18 vs. 1.11 £ 0.45 pg Fe/mg protein). Surprisingly, cells
expressing MamE grown in the presence of iron supplement had cellular iron content
comparable to cells expressing Maml, L, or B even though MamE, grown in the presence
of iron, did not affect MR relaxation rates. In contrast, iron-supplemented cells
expressing Maml+L have a decrease in transverse relaxation rates commensurate with the

decrease in total cellular iron content compared to their individual expression.
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Figure 4.13 Total cellular iron values of cells stably expressing or co-expressing

magnetosome proteins.

Cellular iron content of parental MDA-MB-435 cells (gray), MDA-MB-435 cells stably
expressing Maml (green), MamL (red), MamLtunc (maroon), MamB (blue), MamE
(pink), or co-expressing FLAG-MamL/EGFP-Maml (yellow) are displayed in this graph.
Hashed bars represent cells grown in the presence of iron supplement. Solid bars
represent cells grown in the absence of iron supplement. Sample numbers are indicated
above each bar (N = 2 —5). Significant differences are indicated by an asterisk with

p<0.05.

4.3.9 Correlation between relaxation rate and cellular iron content

To assess the correlation between transverse relaxation rates and total cellular iron
content, corresponding data from parental cells and cells expressing magnetosome

protein(s) was analyzed using a linear regression (Fig. 4.14). When MamE is removed
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from the equation (due to the protein having seemingly no effect on cellular iron content),
the correlation between R2*, R2, and R2’ and cellular iron content is r? = 0.61, 0.32, and
0.48, respectively. It is notable that the iron-sensitive component R2' has a stronger

correlation to elemental iron content than R2.
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Figure 4.14 Correlation between transverse relaxation and cellular iron content of
cells stably expressing and co-expressing magnetosome proteins.
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Correlation between cellular iron content and R2* (A), R2 (B), and R2' (C) of parental
MDA-MB-435 cells or MDA-MB-435 cells stably expressing Maml, MamL, FLAG-
MamL/EGFP-Maml, or MamB. Open circles represent cells grown without iron
supplement, while closed circles represent cells grown in the presence of iron

supplement.

To assess the correlation between longitudinal relaxation rates and total cellular
iron content, corresponding data from parental cells and cells expressing magnetosome
protein(s) was analyzed using a linear regression (Fig. 4.15). There is a weak correlation

(r? = 0.19) between R1 and cellular iron content.
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Figure 4.15 Correlation between longitudinal relaxation and cellular iron content of

cells stably expressing and co-expressing magnetosome proteins.

Correlation between cellular iron content and R1 of parental MDA-MB-435 cells or

MDA-MB-435 cells stably expressing Maml, MamL, FLAG-MamL/EGFP-Maml,
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MamB, or MamE. Open circles represent cells grown without iron supplement, while

closed circles represent cells grown in the presence of iron supplement.

4.4 Discussion

In this study, the effect of magnetosome proteins Maml, MamL, MamB, and
MamE on mammalian cellular MR parameters and cellular iron content were investigated
(Appendix D.2). Here we report that, when expressed in cells grown in iron-
supplemented media, magnetosome proteins Maml, MamL, and MamB significantly
affected R2* and R2 relaxation rates, which is unexpected. In the AMB-1 species, maml
and mamL have function(s) related to invagination of the magnetosome membrane (6)
and do not have any reported interactions with iron. However, in the MTB species
Magnetospirillum gryphiswaldense (MSR-1), maml has a putative role in magnetite
nucleation (23). Currently, there are no known reports of mamL in MTB having any

interactions or roles involving iron.

The gene mamB has an essential role in magnetosome membrane formation (6)
but it has been speculated, especially in MSR-1, that mamB also has an essential role in
iron biomineralization (24). MamB is a member of the cation diffusion facilitator (CDF)
protein family which export divalent metal cations from the cytoplasm into intracellular
compartments (24, 25). Based on these reports, MamB may affect the cellular MR signal
by sequestering iron in an intracellular vesicle on which it is localized and thus increasing

MR relaxation rates.
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4.4.1 Effect of MamE on R2 relaxation

The role of mamE in iron biomineralization and crystal maturation is reported in
multiple MTB species (6). Based on its interactions with iron in MTB, we predicted that
mamE would affect the cellular MR signal by increasing elemental iron content and thus
increasing MR relaxation rates. However, as shown here, this was not the case. It is
speculated that perhaps the interaction of MamE with iron is dependent upon the
established interaction of MamE with other magnetosome proteins such as Maml, MamL,
and/or MamB. MamE is a bifunctional protein in AMB-1 (16), with a role in both protein
localization and biomineralization (16). Deletion studies of MamE report that localization
of both soluble proteins (ie. MamC and MamF) and membrane-bound protein (Maml)
were disrupted (16). Since magnetosome formation is a stepwise process, the
biomineralization function of MamE is potentially not activated unless the MamE protein

has successfully interacted with other magnetosome proteins.

4.4.2 Effect of MamE on total cellular iron

Iron-supplemented mammalian cells expressing MamE had total cellular iron
levels similar to iron-supplemented cells expressing Maml, MamL, or MamB. This is a
surprising result considering that MamE did not significantly alter cellular MR relaxation
rates. This raises the possibility that MamE interacts with iron in an MR silent manner.
Models of MamE expression in MTB predict an intracellular protein with one
transmembrane domain (amino acids 22-42) and a large domain in the magnetosome
vesicle lumen (amino acids 43-728) (17, 26) . Within the luminal domain there are two

heme binding domains containing iron binding sites (16, 27). Using AlphaFold software,
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the location of these binding sites is predicted to lie deep in the large luminal protein
domain of MamE (Fig. 4.16), which may result in protein shielding of bound iron and a
reduction in proton-electron interactions detected by MRI. Contrast agents associated
with larger protein structures have decreased MR detection and thus MR signal due to the
presence of a larger diffusive barrier, resulting in limited water exchange and slower
electron relaxation (28, 29, 30). This diffusive barrier could be further extended due to
the presence of the lipid membrane of the vesicle in which MamE is located, causing

further limitation in water exchange.
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Figure 4.16 Two iron binding sites are shown in the AlphaFold of magnetosome

protein MamE.

The full predicted MamE protein structure is shown in the center. Iron binding sites are
located at histidine 396 (top; highlighted in pink) and histidine 442 (bottom; highlighted
in pink), both of which are located within the protein’s heme binding groups. The figure

was adapted from AlphaFold protein structure predictions (31, 32).
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Another explanation for the MR-silent nature of MamE-expressing cells is that
the protein is not in its active form when expressed in the mammalian cell. MamE is a
trypsin-like protease and autoproteolysis is required for biomineralization function (17).
AMB-1 cells with a catalytically inactive MamE show a phenotype in which
biomineralization is altered and smaller magnetite crystals are produced (17). When
detecting the presence of MamE protein in lysed cells, we detect the presence of full-
length MamE protein (Chapter 3; Fig. 3.5). This suggests that inactive, unprocessed
MameE protein is present in MDA-MB-435 cells, and is unable to perform its full function
(ie. have a significant effect on the cellular MR signal). Further studies on the function of

cleaved, active MamE are required.

4.4.3 Effect of magnetosome proteins on R1 relaxation

Although some magnetosome expression systems (Maml, MamL, Maml+L) have
significantly different R1 values when comparing iron-supplemented to non-
supplemented cells, these differences are small compared to differences in their R2
relaxation rates. Due to the relatively consistent R1 values between magnetosome
expression systems, the longitudinal relaxation rates are unlikely to be useful as

indicators of cellular iron contrast.

4.4.4 Effect of co-expressed magnetosome proteins on R2 relaxation

Maml and MamL expression increased both transverse and longitudinal
relaxation rates as well as total cellular iron content when individually expressed in

mammalian cells, cultured in the presence of an iron supplement. However, their co-
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expression did not have a similar effect. The interaction of Maml and MamL reduced
transverse relaxation rates and total cellular iron content, consistent with a role in
regulating the iron-handling capability of mammalian cells. This form of iron regulation
may serve a protective role as magnetosome components assemble in the designated
intracellular compartment. Prior to iron biomineralization on any scale, the interaction
between essential magnetosome proteins should sufficiently define the magnetosome-like
vesicle to avoid cytotoxicity before sequestering cellular iron. Future work will indicate
the degree to which Maml and MamL rely on MamB and/or MamE to upregulate MR

relaxation rates through manipulation of cellular iron.

4.4.5 Comparison of magnetosome gene-based contrast agents

When compared with MR relaxation rates obtained from cells expressing MagA,
a non-essential magnetosome protein putatively involved in iron transport, cells
expressing essential magnetosome genes Maml, MamL, and MamB show comparable
transverse and longitudinal relaxation rates. Phantom experiments conducted previously
in our lab show that iron-supplemented mammalian cells expressing MagA have R1
values between 0.72-0.91 s (19), while our expression systems examined havein have
R1 values between 0.88-1.28 s. R2*, R2, and R2’ values of iron-supplemented cells
expressing MagA are 26.46 + 8.69, 17.37 + 4.80, and 9.09 + 4.12 s, respectively (18),
which are comparable to R2*, R2, and R2’ values of Maml, MamL, and MamB

expression systems.

Another magnetosome protein, Mms6, has been studied in the field of molecular

imaging for its potential as an MR contrast agent (8). mms6 belongs in a cluster of genes
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on the magnetosome gene island (MAI) and plays a dominant role in defining the
magnetite crystal size; specifically, it encodes an iron binding protein that is responsible
for initiating magnetite nucleation (8). In an in vitro experiment of mms6-expressing
tumor cells (8), the R2 relaxation rate measured at 3T in cell pellets consisting of 10
million cells supplemented with 200 UM ferric citrate was approximately 10 s*. Our
study on the effects of essential magnetosome proteins Maml, MamL, MamB, and MamE
further encourages the development of a rudimentary magnetosome-like nanoparticle as
an MRI contrast agent. We speculate that synergistic effects on the MR signal of all four
proteins expressed together will be greater than their individual effects. The positive
influence of MagA and Mms6 on MR relaxation rates raises the possibility of adding
nonessential MTB proteins in future optimization of a rudimentary magnetosome-like

nanoparticle.

Although Mms6 is a cytosolic protein and MagA is a membrane protein, their
cellular MR signals are comparable. Thus, the localization of magnetosome proteins
Maml, MamL, MamB, and MamE cannot currently be distinguished by their effects on
the cellular MR signal. Although experiments have not been conducted to determine the
specific location of these magnetosome proteins and the iron they sequester in the cells,
results from Chapters 2 and 3 strongly suggest protein localization in a lipid membrane.
One method to determine such localization of iron is by coupling ICP-MS with
differential fractionation, in which different compartments of the cell can be separated by

centrifugation and analyzed for elemental iron content.
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4.4.6 Correlation between relaxation rates and cellular iron content

With the exclusion of MamE, correlation of R2*, R2, and R2’ and iron content of
cells expressing magnetosome proteins is r? = 0.61, 0.32, and 0.48, respectively. In
MDA-MB-435 cells expressing MagA, the correlation between R2' and iron content is
high, at r>= 0.96 (33). This suggests that MagA has more specific and robust interactions
with iron, although the correlation of individual essential magnetosome proteins has not
yet been investigated. The correlation could also be influenced by the presence of other

proteins that interact with iron, such as hepcidin (34).

4.5 Conclusion

In conclusion, essential AMB-1 magnetosome genes maml, mamL, mamB, and
mamE are compatible with mammalian cell systems. This is the first study investigating
the effect of these essential genes on MR relaxation rates in mammalian cells. maml,
mamL, and mamB affect mammalian MR relaxation rates while all four genes increase
cellular iron content when expressed in cells grown in an iron supplement. Based on
these results, we conclude that maml, mamL, and mamB, genes initially thought to only
be involved in magnetosome membrane formation, interact with iron. With the
unexpected result that mamE alone interacts with iron but does not affect cellular MR
relaxation, we examined the predicted MamE protein structure. The bulky luminal
domain of MamE may interfere with proton exchange between the aqueous environment
and iron particles that bind to MamE. With MamE being MR silent, we also suggest that

this result further implies the importance of the step-wise development of the
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magnetosome (6), since the MR signal of MamE-expressing cells may be dependent on

protein interaction(s) with the other magnetosome components.

Future studies will involve co-expressing multiple magnetosome genes, in
particular maml, mamL, and mamE, and maml, mamL, and mamB, to investigate whether
the collective presence of these genes will render an increase in MR measures. The
combined expression of all four magnetosome genes, which we anticipate will create a
rudimentary magnetosome-like nanoparticle, will also be investigated. The combination
of these essential genes is expected to improve cellular MR detection and open paths to
developing gene-based MR contrast technologies that can noninvasively monitor,

identify, and track expression of cellular and molecular biomarkers.
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Chapter 5

5 Conclusions, limitations, and future directions

In chapters 2, 3, and 4, the expression and interaction(s) of essential magnetosome
proteins in a mammalian cell system were described. Each project contributes to the
testing of our hypothesis that four essential magnetotactic bacterial genes expressed in
mammalian cells would produce a rudimentary magnetosome-like nanoparticle that
would significantly improve magnetic resonance imaging (MRI) contrast. Section 5.1
below summarizes key findings and discussions from each chapter. Section 5.2 outlines
the limitations of this study. Finally, section 5.3 explores the potential future directions of

this work.

5.1 Summary and conclusions

5.1.1 Chapter 2

Chapter 2 focused on the interaction between essential magnetosome proteins
Maml and MamL. This chapter also showcased the first instance of Maml and/or MamL
expressed in mammalian cells, and confirmed that these proteins are tolerated in a
mammalian system. Our hypothesis that essential magnetosome proteins colocalize and
interact on an intracellular vesicle (Fig. 5.1) was supported by the fluorescence
microscopy, western blot, co-immunoprecipitation, and fluorescence correlation
spectroscopy (FCS) data presented. The unique cellular localization patterns of Maml

(net-like pattern) and MamL (punctate, mobile pattern) suggests additional roles that have
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not been previously recognized in their native magnetotactic bacterial environment. The
co-localization and interaction of these two proteins gives rise to the potential of a
rudimentary magnetosome-like structure assembling and using the proteins as an initial
scaffold. Through the expression and recruitment of other essential magnetosome
proteins that interact with iron, such as MamB and MamE (1, 2), this magnetosome-like

structure can be crafted into a gene-based magnetic resonance (MR) contrast agent.

Y
/

Figure 5.1 Magnetosome proteins Maml and MamL co-localize and interact in the

mammalian cell.

MamL (red, top left) and Maml (green, top right) are expressed and sorted to the same

intracellular compartment in the mammalian cell.
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5.1.2 Chapter 3

Chapter 3 focused on the mobility of magnetosome proteins, and showcased for
the first time the expression of MamB and MamE in a mammalian cell system. MamB
showed a punctate, mobile fluorescence pattern, and MamE showed a punctate,
seemingly stationary fluorescence pattern. This chapter describes both the Brownian
motion and directed motion of magnetosome proteins by analyzing the movement
trajectories of each protein. Data presented in this chapter further supports the hypothesis
that magnetosome proteins interact, specifically showing that MamL retains mobility
when interacting with Maml. This chapter also reveals the potential interaction between
magnetosome proteins and mammalian molecular motors. MamL (and MamLunc),
Maml+L, MamB, and MamE all undergo directed motion at a velocity similar to the
velocity that myosin V travel in mammalian cells and thus are predicted to interact and
move along with them (Fig. 5.2). Additionally, analysis of particle Brownian motion
provides insight of the size of particles in live cells in contrast to the cell-free FCS

analysis of the size of these proteins provided in chapter 2.
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Figure 5.2 Working model of magnetosome proteins interacting with mammalian

motor proteins.

Motor proteins (ie. Myosin V) are attached to filaments (ie. actin) (brown spheres) via
their motor domain (orange ellipses) and bind magnetosome proteins MamL (red),
Maml+L (green and red), MamB (purple) and MamE (cyan) via the cargo-binding
domain (pink spheres). Adaptor proteins (not shown), which coat the exterior of cargo
vesicles (ie. clathrin-coated vesicles), facilitate interaction between the cargo-binding

domain and the vesicle (3).

5.1.3 Chapter 4

Chapter 4 focused on the effects of essential magnetosome proteins on the MR
relaxation rates and iron content of mammalian cells. Surprising and unexpected results
were revealed throughout this chapter, the first being that Maml and MamL affect

mammalian MR relaxation rates when individually expressed (Fig. 5.3A). These proteins
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were described in literature to function in invagination of the magnetosome membrane (1,
4) and did not have any known interactions with iron, thus this study reveals new roles
for these proteins. The second unexpected result revealed that, although Maml and
MamL individually increase cellular MR relaxation rates, this increase does not occur
when the two proteins are co-expressed and interact (Fig. 5.3B). We speculate that the
interaction between Maml and MamL impose a dampening of the MR signal and require
the presence of additional magnetosome proteins, such as MamB or MamE, to lift that
inhibition. The third unexpected result was that MamE, a protein that has reported
interactions with iron in the magnetotactic bacteria (5, 6), did not seem to affect
mammalian MR relaxation rates (Fig. 5.3C). However, all 4 magnetosome proteins that
we investigated, including MamE, had an effect on the total cellular iron content. We
speculate that MamE may only alter MR relaxation rates after the protein interacts with
other essential magnetosome proteins. This further accentuates the importance of the

step-wise assembly of the magnetosome (1, 4).

This hypothesis that a rudimentary nanoparticle can be created by appropriate
interaction of the four essential proteins now needs to be further tested. Success will be
contingent on achieving regulation, subcellular localization, timing of nanoparticle
assembly and disassembly, and regulation of iron biomineralization. Specifically the
extent to which the size, the shape, and the composition of the iron crystal can be
controlled is unknown. It is possible that such control on the nanoparticle will require
additional genes. All these factors may influence cellular MRI, and may contribute to the

improvement of cellular and molecular MRI.
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Figure 5.3 Interaction between cellular iron and essential magnetosome proteins.

A. Magnetosome proteins MamL (red), Maml (green), and MamB (purple) interact with
iron and affect MR relaxation rates when individually expressed. B. When MamL (red)
and Maml (green) are co-expressed, the interaction between the two proteins prevents

their individual interaction(s) with iron. C. MamE (blue) interacts with iron but remains

MR silent.
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5.2 Limitations

The “elephant in the room” is the hypothesis that a rudimentary magnetosome-
like nanoparticle of sufficient iron concentration and of approximately 40 nm in diameter
will be formed if the identified four essential magnetosome genes are successfully
expressed in mammalian cells. Of course this has been demonstrated in magnetotactic
bacteria but not in mammalian cells. It may be that additional genes will be needed which
could be added if necessary. Regardless, we have demonstrated that magnetotactic
bacterial genes can be successfully introduced and integrated into mammalian cells. This
has laid the foundation for future work even if additional genes are needed for further

improvement of the nanoparticle.

5.2.1 Molecular cloning

The use of plasmids in the transfer and introduction of DNA across species has
been used in scientific research and applications since the 1990s (7). Plasmids have been
popularized in research due to their low cost, their easy production and storage, and their
long-lasting shelf-life (8). However, plasmids do have notable limitations. Plasmids are
generally inefficient at introducing foreign DNA into a host cell compared to other
techniques such as viral transduction (8). Larger plasmids with a significant bacterial
backbone have decreased uptake in the host cell and are more likely to be targeted by the
mammalian immune system (8). Although our plasmids are currently not large since the
genes we work with are relatively small (200 bp — 2 kb), alternative cloning strategies,
such as the use of DNA minicircles (9, 10), might be needed once we work with

additional genes.
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Since protein targeting sequences are often present at the N terminal of proteins,
the presence of the N-terminal fluorescent proteins may prevent correct sorting of the
magnetosome proteins in the mammalian cell. A previous study that expressed
magnetosome protein MagA in mammalian cells showed localization in the Golgi
apparatus (11). Additionally, the net-like localization pattern of EGFP-Maml is similar to
the pattern of peripheral endoplasmic reticulum tubules (12). When expressed with a
FLAG peptide (small, 8 amino acid immunotag), FLAG-MamL+EGFP-Maml has the
same co-expression pattern as Tomato-MamL+EGFP-Maml (Chapter 2). However, the
FLAG tag is still located at the N-terminus of MamL. To determine if the fluorescent
protein affects protein sorting, future experiments may examine expression of essential

magnetosome proteins with a C-terminal protein tag.

Although experiments determining the specific localization of magnetosome
proteins in the mammalian cell have not yet been performed, our study, especially
experiments detailing the diffusion of these magnetosome proteins in Chapter 3, is
consistent with the possible expression of these proteins in a mammalian, intracellular
lipid membrane. Future experiments that reveal intracellular location of magnetosome
proteins Maml, MamL, MamB, and MamE include immunocytochemistry, in which
different compartments in the cell can be immunostained to determine protein co-
localization. Further experiments with fluorescence correlation spectroscopy (FCS) and
fluorescence cross-correlation spectroscopy (FCCS), techniques described in Chapter 2,
can reveal the interaction of magnetosome proteins with membranes or lipid rafts, or the

stoichiometry and oligomerization of the proteins, respectively, in a cell-free system.
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5.2.2 Cell culture

Although cell culture has been an inexpensive, established, and useful tool in
modern scientific research, the technique has its limitations. Firstly, researchers must be
familiar with the specific characteristics and phenotypes of the cell line they are utilizing
in order to accurately interpret any results (13). Additionally, different cell lines have
very different phenotypes. For example, the human melanoma cell line MDA-MB-435,
an adherent cell line with cells having a stellate morphology (14), is very different from
the human monocyte cell line THP-1, a suspension cell line with cells having a rounded
morphology (15). Secondly, the obtained results cannot easily be extrapolated or related
to human or other multicellular organisms (13). Results obtained from cell culture are
generally limited to the cell line experimented on and to cell lines with similar
phenotypes. In a multicellular organism, different types of cells cross-talk with each other
and interact with the extracellular matrix and the host immune system (16, 17). Although
co-culture models exist in cell culture, many are difficult to set up, expensive, and cannot
replicate the extensive and complicated cellular environment of a multicellular organism
(18). Lastly, cell culture requires proper and careful handling and time to become a viable
model. For example, the MDA-MB-435 cell line requires approximately 2 weeks to be
fully established in culture from thawing, and cells divide approximately once every 24
hours. Experiments that require large-scale cell culture (MRI phantom experiments) take

careful planning and require 2-3 weeks of cell growth.
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5.2.3 Fluorescence microscopy

Fluorescence microscopy is a popular and powerful imaging tool used to collect
spatial and functional information from labeled cells and structures (19), and has been a
major technique used in this study. Although the technique offers many advantages, such
as live cell imaging and high specificity as the cells emit their own signal, there are
limitations to fluorescence microscopy. One drawback is that the sample needs to be
compatible with fluorescent probes or immunofluorescent labeling (19). If no antibody
exists for the specific structure of interest, other processes such as the creation of hybrid
fluorescent proteins will need to be followed. These techniques need to be carefully
planned and assessed, as the introduction of the fluorescent gene near the gene of interest
may affect its expression, synthesis, sorting, and function (20). Furthermore, the large
size of fluorescent proteins (~25 kDa for EGFP, ~54 kDa for tdTomato) may alter the
function of the protein they are attached to (20). Additionally, results from fluorescence
microscopy can be confounding due to autofluorescence of cells if they are not
interpreted by an experienced individual. Autofluorescence can be reduced by the use of
confocal microscopy, which has pinpoint accuracy due to elimination of light above and
below the focal plane. However, photobleaching of the fluorescent signal still occurs
during long periods of imaging, especially in cells expressing weaker signals (20). This
makes data harder to analyze for time-lapses and z-stacks that have longer data
acquisition times, as the signal intensity decreases with time. Although confocal
fluorescence microscopy has improved resolution compared to conventional fluorescence
microscopy, the resolution is still limited by fluorophore brightness, size, and numerical

aperture of the objective according to the Ernst Abbe equation:
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Resolution (r) = SNA

Where r is the resolution, or smallest distance resolvable by the microscope between two
objects, A is the imaging wavelength, and NA is the numerical aperture of the
microscope. Thus, with a numerical aperture of 0.75 (which is the numerical aperture on
our 20X objective) and using green fluorescent protein (GFP) which has an emission
wavelength of ~510 nm, our resolution limit is 340 nm. Any particles that are less than
340 nm apart, or are smaller than 340 nm in diameter, will be harder to resolve and will

have a less accurate size estimation.

5.2.4 MRI phantom

Phantoms containing tissue mimicking material (ie. gelatin) have been used for
decades in scientific research and imaging and therapeutic applications (21). Gelatin-
based phantoms are made to resemble fatty-like tissues and soft tissues (21, 22).
However, gelatin does not mimic the complex, multicellular aspects of tissues, and lacks
the capability to withstand temperature change (23). Gelatin phantoms are prone to
melting and thus causing artifacts in the subsequent MR images. Another limitation of the
gelatin phantom is the presence of microbial or fungal growth on or within the phantom

(24). This can be avoided by pouring a fresh gelatin phantom prior to each experiment.

5.3 Future work

Future studies will involve expressing multiple magnetosome proteins in the

mammalian cell, starting with triple expression systems. | have done preliminary work
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toward this expression system that will allow future students in the Goldhawk/Prato lab
to easily continue the work. Firstly, Maml, MamL, and MamE will be expressed together
in the cell. This triple expression system will investigate whether MamE will have an
effect on mammalian MR relaxation rates in the presence of Maml and MamL. As
discussed in chapter 4, we predict that MamE requires interaction with other
magnetosome proteins (ie. Maml and/or MamL) to activate iron-interacting functions that
are MR visible. To develop this expression system, Maml and MamL have been cloned
into the same plasmid (pSF-FLAG-MamL-T2A-EGFP-Maml). This plasmid will express
both MamL and Maml, and the proteins will be cleaved into their separate protein via the
T2A sequence. MamE was cloned into ptdTomato-C1 to form tdTomato-MamE. pSF-
FLAG-MamL-T2A-EGFP-Maml and tdTomato-MamE will be co-expressed in MDA.-
MB-435 cells, selection of stable cell line will be done with both G418 and puromycin,
and cells will be observed using the confocal fluorescence microscope. With this method,

instances of triple expression will be indicated by punctate, yellow fluorescence.

Furthermore, the MamE expression system will be investigated for the presence
of MamE protein that has gone through autoproteolysis. This is important since the
MameE protein has to be cleaved in order to be fully functional (25). This will be
evaluated by measuring trypsin activity with methods described by Hershey et al (25).
Interactions between MamE and iron, specifically the labile iron pool (LIP), will also be
investigated to evaluate whether the protein regulates iron homeostasis in the mammalian
cell. This will be evaluated using CALB-AM (calcein blue and their acetomethoxies)

epifluorescence analysis according to methods described by Glickstein et al (26). These
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protocols have been thoroughly investigated and will be performed by a current fourth-

year project undergraduate student in the Goldhawk lab.

The triple expression system including Maml, MamL, and MamB will also be
developed to investigate whether these proteins work together to increase MR relaxation
rates and cellular iron content further than when they are expressed alone in the cell. pSF-
FLAG-MamL-T2A-EGFP-Maml will be co-expressed with tdTomato-MamB in MDA-

MB-435 cells.

Finally, the quaternary expression system including Maml, MamL, MamB, and
MamE will be developed to assess the potentially synergistic effect of these proteins on
cellular MR relaxation rates and iron content. MamB and MamE will be cloned into the
same plasmid with a T2A sequence, and will be co-expressed with pSF-FLAG-MamL-
T2A-EGFP-Maml. The combination of these essential genes, and thus the development
of a rudimentary magnetosome-like nanoparticle, is expected to improve cellular MR
detection and open paths to developing gene-based MR contrast technologies that can
noninvasively monitor, identify, and track expression of cellular and molecular

biomarkers.
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APPENDIX A — Sequencing

Appendix A.1: maml sequence information. The maml gene (pink) is shown

downstream and in frame with EGFP (green). Restriction sites used in the cloning of
maml are labeled and boxed in red.

PstI

ACGAGCTGTACAAGTCCGGACTCAGATCTCGAGCTCAAGCTTCGAATTCTGCAGGGATGCCAAGCGTGATTTTCGGACTGCTGGCGCTTGCCCTCGGATT

L 1 L ] L 1 L 1 L 1 L 1 L ] L 1 L 1 L 1

T T T T T T T T T T T T T T T T T T T T

TGCTCGACATGTTCAGGCCTGAGTCTAGAGCTCGAGTTCGAAGCTTAAGACGTCICCTACGGTTCGCACTAAAAGCCTGACGACCGCGAACGGGAGCCTAA
235

Asp Glu Leu

1 L L L 5 L L L L i0 L L L L 15
Tyr Lys Ser Gly Leu Arg Ser Arg Ala Gln Ala Ser Asn Ser Ala Gly Met Pro Ser Val Ile Phe Gly Leu Leu Ala Leu Ala Leu Gly Leu
——————————————————— (in frame with EGFP)  -----------------»] maml s

-

EGFP

GCTGGGGGTGACGGCATGGTGGTGGTCGGTGACCGAGTTCCTGCGCGGAGCGGTGCCGGTGGCCCTGCTCATCCTTGGCTTGGTCGCGTTGGCCTCCGGG
' 1

T
CGACCCCCACTGCCGTACCACCACCAGCCACTGGCTCAAGGACGCGCCTCGCCACGGCCACCGGGACGAGTAGGAACCGAACCAGCGCAACCGGAGGECC

L L ! L L L L L | L | L 30 | L L 1 35 | L I | 40 I L L | 45 L L L
Leu Gly Val Thr Ala Trp Trp Trp Ser Wal Thr Glu Phe Leu Arg Gly Ala Val Pro Wal Ala Leu Leu Ile Leu Gly Leu Wal Ala Leu Ala Ser Gly
maml

BclI*

GTGCAATCCGTGCGGTTGCCTCGTTCCAACAAGGGGACCGCTTCAGACCCTGACATCGATGGTTGATGATCATAATCAGCCATACCACATTTGTAGAGGT

RSN E  TTR O T T AR D N DT T S T

CACGTTAGGCACGCCAACGGAGCAAGGTTGTTCCCCTGGCGAAGTCTGGGACTGTAGCTACCAACTACTAGTATTAGTCGGTATGGTGTAAACATCTCCA
55 L

L 50 . . . . L . , 60
Val GIn Ser wal Arg Leu Pro Arg Ser Asn Lys Gly Thr

L L L 65 L L L L 70
Ala Ser Asp Pro Asp lle Asp Gly

maml
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The mamL gene (blue) is shown downstream and in frame with Tomato (red). Restriction

sites used in the cloning of mamL are labeled and boxed in green.

|BgIII
GCTGTACAAGTCCGGACTCAGATCTAAGGACAGTGGCATGGTAAGATTGATCGGATCGTTGGTGTTCGGE

CGACATGTTCAGGCCTGAGTCTAGATTCCTGTCACCGTACCATTCTAACTAGCCTAGCAACCACAAGCLCG

475

Leu Tyr Lys Ser Gly Leu Arg Ser Lys Asp Ser Gly Met Val Arg Leu Ile Gly Ser Leu Val Phe Gly
tdTomato R (in frame with tdTomato) -------------oommoo »

[ mamL

GGGTTGATCGTGCTGTTGGCGTCGTCCAACGCGCATATGGTCGAAACCCGCCTGGGACCACTGGCGATGA

CCCAACTAGCACGACAACCGCAGCAGGTTGCGCGTATACCAGCTTTGGGCGGACCCTGGTGACCGCTACT

Gly Leu TIle Val Leu Leu Ala Ser Ser Asn Ala His Met Val Glu Thr Arg Lew Gly Pro Leu Ala Met
------------------------------------- {in frame with tdTomato) --------mmmmmm e

mamL

TTGCGCCGCATTTCGTTGTTCTGGGCATAACGTTTTTTCTCGGTTTCGCCATCGGCATCGTCTCGGTGCT

AACGCGGCGTAAAGCAACAAGACCCGTATTGCAAAAAAGAGCCAAAGCGGTAGCCGTAGCAGAGCCACGA

Ile Ala Pro His Phe Val Vval Leu Gly Ile Thr Phe Phe Leu Gly Phe Ala Ile Gly Ile Wal Ser Val Leu
————————————————————————————————————— (in frame with tdTomato) -----------ccmmer e

mamL

GGCGAACGTCATGACGCGGCGCAAGCAGAAGTCGCCGGGGAAGAGCATCGTCATCAAGCGCTGAATCCCT

CCGCTTGCAGTACTGCGCCGCGBGTTCGTCTTCAGCGGCCCCTTCTCGTAGCAGTAGTTCGCGACTTAGGGA

Ala Asn Val Met Thr Arg Arg Lys GIn Lys Ser Pro Gly Lys Ser Ile Val Ile Lys Arg
————————————————————————————————— (in frame with tdTomato) ------------cmmeee -

mamL

HindIII

TCGCTTGGGTTGAAGGCGGGGTCGGGAAGCTTCGAATTCTGCAGTCGACGGTACCGCGGGCCCGGGATCC

AGCGAACCCAACTTCCGCCCCAGCCCTTCGAAGCTTAAGACGTCAGCTGCCATGGCGCCCGGGCCCTAGG
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Appendix A.3: mamLyunc Sequence information. The mamLiune gene (light green) is

shown downstream and in frame with Tomato (red). The stop codon introduced to

truncate mamL is shown in black. Restriction sites used in the cloning of mamLirunc are

labeled and boxed in pink.

CCACCACCTGTTCCTGTACGGCATGGACGAGCTGTACAAGTCCGGACTC

BolIl

AGATCTIAAGGACAGTGGCATGGTAAGATTGATCGGATCGTTGGTGTTCGGE

T T T T T T T T 1
GGTGGTGGACAAGGACATGCCGTACCTGCTCGACATGTTCAGGCCTGAG
L 465 |

L 470, L L 475

. \
His His Leu Phe Leu Tyr Gly Met Asp Glu Leu Tyr Lys Ser Gly Leu Arg Ser Lys

TCTAGATTCCTGTCACCGTACCATTCTAACTAGCCTAGCAACCACAAGCCG

tdTomato 00000

Asp Ser Gly Met Val Arg Leu Ile Gly Ser Leu Val Phe Gly

(in frame with tdTomato) ------cmmmm e >

[ mamL trunc

GGGTTGATCGTGCTGTTGGCOTCGTCCAACGCGCATATGGTCGAAACCCGCCTGGGACCACTGGCGATGATTGCGCCGCATTTCGTTGTTCTGGGCATAA

CCCAACTAGCACGACAACCGCAGCAGGTTGCGCGTATACCAGCTTTGGGCGGACCCTGGTGACCGCTACTAACGCGGCGTAAAGCAACAAGACCCGTATT

Gly lLeu Ile Val Leu Leu Ala Ser Ser Asn ala His Met Val Glu Thr Arg Leu Gly Pro
——————————————————————————————————————————————————————————— (in frame with tdTomato)

Leu Ala Met Ile Ala Pro His Phe Val Val Leu Gly Ile

mamL trunc

CGTTTTTTCTCGGTTTCGCCATCGGCATCGTCTCGGTGCTGGCGAACGTCATGTGA

EcoRI

GAATTC
1

TGCAGTCGACGGTACCGCGGGCCCGGGATCCACCGGAT

GCAAAAAAGAGCCAAAGCGGTAGCCGTAGCAGAGCCACGACCGCTTGCAGTACACT

T
CTTAAG

IMCGTCAGCTGCCATGGCGCCCGGGCCCTAGGTGGCCTA

Thr Phe Phe Leu Gly Phe Ala Ile Gly Ile Wval Ser Vval Leu Ala Asn Vval Met

——————————————————————————— (in frame with tdTomato) ----------------

mamL trunc
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Appendix A.4: FLAG-mamL sequence information. The mamL gene (blue) is shown

downstream and in frame with FLAG (lavender). Restriction sites used in the cloning of

FLAG-mamL are labeled and boxed in red.

Sacl

GTGAACCGTCAGATCAGATCTTTGTCGATCCTACCATCCACTCGACACACCCGCCAGCGGCCGCTGCCAAGCTTCC
1 ' 1

GAGCTOATGGACTACAAAGACGAT

T T T T T T T T T T T T T T T T ! 1
CACTTGGCAGTCTAGTCTAGAAACAGCTAGGATGGTAGGTGAGCTGTGTGGGCOGTCGCCGGCGACGEGTTCGAAGG

1

1 . . . 5
Asp Tyr Lys Asp Asp

CTCGAGQTACCTGATGTTTCTGCTA

s

.

FLAG =
GACGACAAGAGTGGCATGGTAAGATTGATCGGATCGTTGGTGTTCGGCGGGTTGATCGTGCTGTTGGCGTCGTCCAACGCGCATATGGTCGAAACCCGCC
I O AT ST TN T TS T ST T
CTGCTGTTCTCACCGTACCATTCTAACTAGCCTAGCAACCACAAGCCGCCCAACTAGCACGACAACCGCAGCAGGTTGCGCGTATACCAGCTTTGGGCGE
JE
Asp Asp Lys Ser Gly Met Val Arg Leu Ile Gly Ser Leu Val Phe Gly Gly Leu Ile Wal Leu Leu Ala Ser Ser Asn Ala His Met Val Glu Thr Arg
R - - - - - - - - - - - - — - mm e m oo (in frame with FLAG) ----------m oo >
>

[ mamL

TGGGACCACTGGCGATGATTGCGCCGCATTTCGTTGTTCTGGGCATAACGTTTTTTCTCGGTTTCGCCATCGGCATCGTCTCGGTGCTGGCGAACGTCAT
! 1

ACCCTGGTGACCGCTACTAACGCGGCGTAAAGCAACAAGACCCGTATTGCAAAAAAGAGCCAAAGCGGTAGCCGTAGCAGAGCCACGACCGCTTGCAGTA

eu Gly Pro Leu Ala Met Ile Ala Pro His Phe val val Leu Gly Ile Thr Phe Phe Leu Gly Phe ala Ie Gly Ile val

ser val Leu Ala Asn Val Met
(in frame with FLAG) === oo - oo o oo f oo

mamL
EcoRL
GACGCGGCGCAAGCAGAAGTCGCCGGGGAAGAGCATCGTCATCAAGCGCTGAATCCCTTCGCTTGGGTTGAAGGCGGGGTCGGGAAGCTTCGAATTHAAA
: | : | : | : | : | : | : | : | : | : |
TTAAGTTT

CTGCGCCGCGTTCGTCTTCAGCGGCCCCTTCTCGTAGCAGTAGTTCGCGACTTAGGGAAGCGAACCCAACTTCCGCCCCAGCCCTTCGAAG

Thr Arg Arg Lys GIn Lys Ser Pro Gly Lys Ser Ile WVal Ile Lys Arg
—————————————————————————— (in frame with FLAG)

mamL
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Appendix A.5: mamB sequence information. The mamB gene (cyan) is shown
downstream and in frame with Tomato (red). Restriction sites used in the cloning of

mamB are labeled and boxed in green.

FcuR]

CCACCACCTGTTCCTGTACGGCATGGACGAGCTGTACAAGTCCGGACTCAGATCTCGAGCTCAAGCTTCGAATTCAGAACCGATGAAGTTCGAAARATTGC

GGTGGTGGACAAGGACATGCCGTACCTGCTCGACATGTTCAGGCCTGAGTCTAGAGCTCGAGTTCGAAGCTTAAGTCTTGGCTACTTCAAGCTTTTAACG

, 465 L L . 470 L L L 47 L 1 L L L 5 L
His His Leu Phe Leu Tyr Gly Met Asp Glu Leu Tyr Lys Ser Gly Leu Arg Ser Arg Ala Gln Ala Ser Asn Ser Glu Pro Met Lys Phe Glu Asn Cys
----------------- (nframe with dTomato)  -—----—------- e ]

AGGGATTGCCGCGAGGAAGTGGTGTGGTGGGCCTTTACCGCCGACATCTGCATGACCCTGTTCAAGGGGGTCCTCGG6CTGATGAGCGGCAGCGTGGCGE
L !

TCCCTAACGGCGCTCCTTCACCACACCACCCGGAAATGGCGGCTGTAGACGTACTGGGACAAGTTCCCCCAGGAGCCCGACTACTCGCCGTCGCACCGEG

L L L 10 L L , 15 L L , 20 L L 25 L L L 30 L L 35 L L L
Arg Asp Cys Arg Glu Glu Vval wal Trp Trp Ala Phe Thr Ala Asp Ile Cys Met Thr Leu Phe Lys Gly Val Leu Gly Leu Met Ser Gly Ser Val Ala

TGGTGGECGGATTCGTTGCATTCGGGGGCGGACGTGGTGGCCAGCGGGGTGACCCAGCTCAGCTTGAAGATTTCGAACAAGCCGGCGGATGAGCGCTATCC

ACCACCGCCTAAGCAACGTAAGCCCCCGCCTGCACCACCGGTCGCCCCACTGGGTCGAGTCGAACTTCTAAAGCTTGTTCGGCCGCCTACTCGCGATAGG

40 L L L 45 L L L .50 L L L ., 55 L L L . B0 L L L , 65 L L L L 70 L L L
Leu Val Ala Asp Ser Leu His Ser Gly Ala Asp Val Val Ala Ser Gly Val Thr Gln Leu Ser Leu Lys Ile Ser Asn Lys Pro Ala Asp Glu Arg Tyr Pro

GTTCGGCTACGGCAACATCCAATACATCTCGTCGTCCATCGTGGGCTCCTTGCTGCTGATCGGGGCCAGCTTCTTGATGTACGGCTCGGTGATGAAGCTG
L !

CAAGCCGATGCCGTTGTAGGTTATGTAGAGCAGCAGGTAGCACCCGAGGAACGACGACTAGCCCCGGTCGAAGAACTACATGCCGAGCCACTACTTCGAC

, 75 L L , B0 L L L8 L L L L 80 L L L 5 L L , 100 L L , 105
Phe Gly Tyr Gly Asn Ile GIn Tyr Ile Ser Ser Ser Ile Val Gly Ser Leu Leu Leu Ile Gly Ala Ser Phe Leu Met Tyr Gly Ser Wal Met Lys Leu

ATCTCGGGGACCTACGAGGCGCCAAGCATCTTCGCGGCGGTTGGGGCGTCGGTGACGGTGATCGTCAACGAGCTGATGTATCGCTACCAGATCTGCGTGE

TAGAGCCCCTGGATGCTCCGCGGTTCGTAGAAGCGCCGCCAACCCCGCAGCCACTGCCACTAGCAGTTGCTCGACTACATAGCGATGGTCTAGACGCACT

L L , 110 L L . 115 L L . 120 L L , 125 L L . 130 L L L 135 L L L
Ile Ser Gly Thr Tyr Glu Ala Pro Ser Ile Phe Ala Ala Val Gly Ala Ser Val Thr Vval Ile Val Asn Glu Leu Met Tyr Arg Tyr Gln Ile Cys Val

GCAACGAAAACAACAGCCCGGCCATCATCGCCAATGCCTGGGACAACCGGTCCGACGCCATCTCGTCGGCGGCGGTGATGGTCGGCGTGATCGCCTCGGT

CGTTGCTTTTGTTGTCGGGCCGOTAGTAGCGGTTACGGACCCTGTTGGCCAGGCTGCGGTAGAGCAGCCGCCGCCACTACCAGCCGCACTAGCGGAGCCA

140 L L L 145 L L . 150 L L L 155 L L L 160 L L L 165 L L L 170 L L
Gly Asn Glu Asn Asn Ser Pro Ala Ile Ile Ala Asn Ala Trp Asp Asn Arg Ser Asp Ala Ile Ser Ser Ala aAla val Met val Gly Wval Ile Ala Ser val

GATCGGCTTTCCCATCGCCGACACCATCGCGGCCATCGGCGTCTCGGCCCTGGTGGGACGCATCGGCCTGGAACTGATCGGAACCTCGATCCACGGCCTG

CTAGCCGAAAGGGTAGCGGCTGTGGTAGCGCCGGTAGCCGCAGAGCCGGGACCACCCTGCGTAGCCGGACCTTGACTAGCCTTGGAGCTAGGTGCCGGAC

, 175 L ! , 180 L L L 85 L 1 , 180 L 1 , 195 L 1 L, 200 L ! L, 205
Ile Gly Phe Pro Ile Ala Asp Thr Ile Ala Ala Ile Gly WVal Ser Ala Leu WVal Gly Arg lle Gly Leu Glu Leu Ile Gly Thr Ser Ile His Gly Leu

ATGGACAGCTCGGTGGATACGGAATTGCTGCAGACCGCCTGGCAGGTGGCCATGGACACGCCCATGGTCCACAGCATCTATTTCCTGCGCGGTCGCCATG

TACCTGTCGAGCCACCTATGCCTTAACGACGTCTGGCGGACCGTCCACCGGTACCTGTGCGGGTACCAGGTGTCGTAGATAAAGGACGCGCCAGCGGTAC

L L L 210 L L , 215 L L L 220 L L L 235 L L , 230 L L , 235 L L L
Met Asp Ser Ser Val Asp Thr Glu Leu Leu GIn Thr Ala Trp GIn Wal Ala Met Asp Thr Pro Met Val His Ser Ile Tyr Phe Leu Arg Gly Arg His

TGGGCGAGGACGTGCAGTTCGACATCCGCCTGCGGGTCGATCCCAATCTGCGCATCAAGGACAGTTCCATGGTGGCCGAGGCGGTACGCCGGCGCATCCA

ACCCGCTCCTGCACGTCAAGCTGTAGGCGGACGCCCAGCTAGGGTTAGACGCGTAGTTCCTGTCAAGGTACCACCGGCTCCGCCATGCGGCCGCGTAGGT

240 L 1 , 245 L ! , 250 L 1 , 255 L ! L 260 L L , 265 L ! L 270 L 1
Val Gly Glu Asp Val GIn Phe Asp Ile Arg Leu Arg Val Asp Pro Asn Leu Arg Ile Lys Asp Ser Ser Met Val Ala Glu Ala Val Arg Arg Arg Ile Gin
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GGAGGAAATCCCCCACGCCCGCGACATCCGCCTGTTCGTCAGCCCGGCACCCGCCGCCGCGGCACGGGCCTGAGCGAGAGAGGGGCGGCGTCATGGACAT

O LS Tt L T e TN SO LRI

CCTCCTTTAGGGGGTGCGGGCGCTGTAGGCGGACAAGCAGTCGGGCCGTGGGCGGCGGCGCCGTGCCCGGACTCGCTCTCTCCCCGCCGCAGTACCTGTA
.

' 1 '
1 1 1 1 1
L, 275 280 L L , 295

Glu Glu Pro Ala Ala Ala Ala Arg Ala B

. ., 280 , o, ., 285 , ., .
Ile Pro His Ala Arg Asp Ile Arg Leu Phe Val Ser Pro Ala

Smal
WTCCACCGGATCTAGATAACTGATCATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAAC
1 1 1 1 1 1 1 1 1 1 1 1 1
T T T T T T t T T T T T

' 1 '
T T T
TAGGTGGCCTAGATCTATTGACTAGTATTAGTCGGTATGGTGTAAACATCTCCAAAATGAACGAAATTTTTTGGAGGGTGTGGAGGGGGACTTG

CCCGGG
: : : : .

GGGCCC
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Appendix A.6: mamE sequence information. The mamE gene (purple) is shown
downstream and in frame with EGFP (green). MamE (G49S, T641S) mutations are
labeled in orange and MamE (T317A) mutation is labeled in pink. Restriction sites used

in the cloning of mamE are labeled and boxed in red.

Bglll

CTGTACAAGTCCGGACTCAGATCT|GGATGGTTGATGGCCATGTTCAATGGTGACGTAGAAGACGGCGGGCGCGGCGATGCTTCCTGCGGCAAGGATCTGAAGCGCTATCTGATGCTCATG
' ! ' 1 N ! N !

GACATGTTCAGGCCTGAGITCTAGAICCTACCAACTACCGGTACAAGTTACCACTGCATCTTCTGCCGCCCGCGCCGCTACGAAGGACGCCGTTCCTAGACTTCGCGATAGACTACGAGTAC

I
Leu Tyr Lys Ser Gly leu Arg Ser Gly Trp Leu Met Ala Met Phe Asn Gly Asp Val Glu Asp Gly Gly Arg Gly Asp Ala Ser Cys Gly Lys Asp Leu Lys Arg Tyr Leu Met Leu Met
———————————————————————————————————————————————————————————————————— (in frame with EGFP) - - - - - - oo
EGFP

N ! X ' N ! N . : X . : . : :

T T T T T T T T T T T T T T T T T T T T T T T T
CCGCACCAACGGGACCAGCAGGATAAACCGCGGAAGTAAATGGCCGTCAGGAGCCCGCCAGAAGCAGAGCCGCGGTACAACCTCGTCTACCCCGCCCCGTGGCCGGGACGGCAGTTACAA
Gly WVal Val Ala Leu Val Val Leu Phe Gly Ala Phe Ile Tyr Arg Gln Ser Ser Gly Gly Leu Arg Leu Gly Ala Met Leu Glu GIn Met Gly Arg Gly Thr Gly Pro Ala Val Asn Val
--------------------------------------------------------------------------- (in frame wi

GGCGTGGTTGCCCTGBTCGTCCTATTTGGCGCCTTCATTTACCGGCAGTCCTCGGGCBGTCTTCGTCTCGGCGCCATGTTGBAGCAGATGGEGGCGGGGCACCGGCCCTGCCGTCAATGTT
! ! 1 ! ! ! ! 1

GGT>AGT

CCGGTACAGCAGGGCGGGCCGTCGGCAGCCGTCAATCCGGCCATGTCGGTTCCGGCTGGTGCCCGCGTGGCGCCGCCCTCGGCCECCGGTGCTATAGCGACCATGCCTCCCATGGTGGAT
s ! s Il s ! s ! M ! s ! s Il s ! s ! ! s ! s Il
t T t T t T t T t T t T t T t T t T T T T T T

GGCCATGTCGTCCCGCCCGGCAGCCGTCGGCAGTTAGGCCGGTACAGCCAAGGCCGACCACGGGECGLCACCGCGGCGGGAGCCGGCBGCCACGATATCGCTGGTACGGAGGGBTACCACCTA

Pro Val GIn GIn Gly Gly Pro Ser Ala Ala Wal Asn Pro Ala Met Ser Val Pro Ala Gly Ala Arg Val Ala Pro Pro Ala Gly Ala Ile Ala Thr Met Pro Pro Met Val Asp
--------------------------------------------------------------------------- (in frame with EGFP) - o s s oo oo e e e e e

TTCGGACCGBCTCCCATTGGGGCCGGGGGGCCGTTCTCCAGCGTCGTCACCTTGCTGCGCAACAGCGTCGTCGCCGTGACCGCGTCATCGGCCAACGGGCAGGCCATGCCCGATCCCCTG
+ ! + !

+ T + T + T + T t T + T t T t T t T t T T T T T
AAGCCTGGCCGAGGGTAACCCCGGCCCCCCGOCAAGAGGTCGCAGCAGTGGAACGACGCOTTGTCGCAGCAGCGGCACTOGCOCAGTAGCCGGTTGCCCGTCCGOTACGGOCTAGGGGAC

Phe Gly Pro Pro Ile Gly Ala Gly Gly Pro Phe Ser Ser Val wval Thr Leu Leu Arg Asn Ser Val Val Ala val Thr Ala Ser Ser Ala Asn Gly GIn Ala Met Pro Asp Pro Leu
--------------------------------------------------------------------------- (in frame with EGFP) - ------m - oo

GGCTTGGCCAACCCTGACGGACTGCCCCATTTCGCCAATCCCGCCACCCGGTCGGTGGAAAACATCGGCACCGGCGTGATCGTCCGTAACGACGGCTTCATCGTCACCAACTATCATGTG

CCGAACCGGTTGGGACTGCCTGACGGGGTAAAGCGGTTAGGGCGGTGGGCCAGCCACCTTTTGTAGCCGTGGCCGCACTAGCAGGCATTGCTGCCGAAGTAGCAGTGGTTGATAGTACAC

Gly Leu Ala Asn Pro Asp Gly Leu Pro His Phe Ala Asn Pro Ala Thr Arg Ser Val Glu Asn Ile Gly Thr Gly Val Tle Val Arg Asn Asp Gly Phe Tle Val Thr Asn Tyr His Val
--------------------------------------------------------------------------- (in frame with EGFP) - m oo oo oo o e oo

GTGCGCGGCGCCAATTCGGTGTTCGTTACCGTGCAGGACGACGTGGGCTCGACCCGCTATTCCGCCGAAATCATCAAGATGGACGAGGCTCTGGATCTCGCCTTGCTGAAGGTCGCCCCC

. I . ! . ! M ! . ! . I . ! . ! M ! . ! . I . !
+ T + T + T t T + T + T + T t T t T t T T T T T
CACGCGCCGCGGTTAAGCCACAAGCAATGGCACGTCCTGCTGCACCCOAGCTGGGCGATAAGGCGGCTTTAGTAGTTCTACCTGCTCCGAGACCTAGAGCGGAACGACTTCCAGCGGGGG

val Arg Gly Ala Asn Ser wval Phe Val Thr Val GIn Asp Asp Val Gly Ser Thr Arg Tyr Ser Ala Glu Ile Ile Lys Met Asp Glu Ala Leu Asp Leu Ala Leu leu Lys Val Ala Pro
--------------------------------------------------------------------------- (in frame with EGFP) - ------- - oo m oo

AAGACGCCGTTGACAGCCGCCGTTCTGGGCGACAGCGACGGGGTGCAGGTCGCCGACGAAGTGATCGCCATCGGGACTCCCTTCGGTCTGGACATGACCGTCAGCCGCGGCATCATTTCC
' 1 ' ! ' ! ' !

TTCTGCGGCAACTGTCGGCGGCAAGACCCGCTGTCGCTGCCCCACGTCCAGCGGCTGCTTCACTAGCGGTAGCCCTGAGGGAAGCCAGACCTGTACTGGCAGTCGGCGCCGTAGTAAAGG

Lys Thr Pro Leu Thr ala Ala Vval Leu Gly Asp Ser Asp Gly Val GIn val Ala Asp Glu val Ile Ala Ile Gly Thr Pro Phe Gly Leu Asp Met Thr Val Ser Arg Gly Ile Ile Ser
——————————————————————————————————————————————————————————————————————————— (in frame with EGFP) - ----- - - oo

GCCAAGCGCAAGTCCATGGTGATCGAGGGCGTGACCCATTCCAACCTGCTGCAGACCGACGCCGCCATCAACCAGGGCAATTCCGGCGGTCCGCTGGTGATTTCCAACGGGACGGTGGTC

CGGTTCGCGTTCAGGTACCACTAGCTCCCGCACTGGGTAAGGTTGGACGACGTCTGGCTGCGGCGGTAGTTGGBTCCCGTTAAGGCCGCCAGGCGACCACTAAAGGTTGCCCTGCCACCAG

Ala Lys Arg Lys Ser Met Val Ile Glu Gly Val Thr His Ser Asn Leu Leu Gin Thr Asp Ala Ala Ile Asn GIn Gly Asn Ser Gly Gly Pro Leu Val Ile Ser Asn Gly Thr Vval Wval
--------------------------------------------------------------------------- (in frame with EGFP) e oo e e e o e e e e e e
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GGCATCAATACCGCCATCTACACCCCCAACGGCGCCTTTGCCGGAATAGGCTTCGCCGTGCCCAGCAATCAGGCCCGCCTGTTCATCTTGGATGAAGTGGGCTGGCTGCCGACCTCCACC

CCBTAGTTATGGCGGTAGATGTGGGGGTTGCCBCEBAAACGGCCTTATCCGAAGCGGBCACGGGTCBTTAGTCCGGBCGBACAAGTAGAACCTACTTCACCCGACCGACGBGCTGBAGGTGE

Gly Ile Asn Thr Ala Ile Tyr Thr Pro Asn Gly Ala Phe Ala Gly Ile Gly Phe Ala Val Pro Ser Asn GIn Ala Arg Leu Phe Ile Leu Asp Glu Val Gly Trp Leu Pro Thr Ser Thr
——————————————————————————————————————————————————————————————————————————— (in frame with EGFP) - --- - - - oo ooy

ACC>GCC

GCCGAGGGGGCCTCCATGOGCCTGGTGGCCATGCAGCGCCCCATGGGCGGCOGCOTGGGCGCEOCEGGGTCCGGCCATTTTCGCCGGGACTAGGGCGCCCCACACCGATGGCCGCCAGAAC
N ! ' 1 ' ! ' ! ' ! ' !

CGGCTCCCCCGGAGGTACCCGGACCACCGGTACGTCGCGGGGTACCCGCCGCCGCACCCGCGCCECCCAGGCCGGTAAAAGCGGCCCTGATCCCGCGGGGTGTGGCTACCGGLCGGTCTTG

Ala Glu Gly Ala Ser Met Gly Leu Val Ala Met Gln Arg Pro Met Gly Gly Gly Val Gly Ala Ala Gly Pro Ala Ile Phe Ala Gly Thr Arg Ala Pro His Thr Asp Gly Arg GIn Asn
--------------------------------------------------------------------------- (in frame with EGFP) - ---- oo - oo o oo oo m oo

ATGGATTGCACCACCTGCCACGATCTGATTCCGBGCCGGAAACBBGCBGCCCOCBCCBATGATGCCCATCGCCGCCCCGATTCCGCCBCCBCCBATTCCCATGGGCGCCBTCTCGCCCCAT
e R = L e e R
TACCTAACGTGGTGGACGGTGCTAGACTAAGGBCCGGCCTTTGCCCGCCGGGCGCGGCTACTACGGBGTAGCGGCGGGGCTAAGGCGGCGGLGGCTAAGGGTACCCGCGBCAGAGCGGGGTA

Met Asp Cys Thr Thr Cys His Asp Leu Ile Pro Ala Gly Asn Gly Arg Pro Ala Pro Met Met Pro Ile Ala Ala Pro Ile Pro Pro Pro Pro Ile Pro Met Gly Ala Val Ser Pro His
——————————————————————————————————————————————————————————————————————————— (in frame with EGFP) - -- - - - oo ooy

ACCGACGGCCOTCAGAACATGAACTGCGCCAATTGCCATCAGATGCTGGGCGOTOCCGCGCCCATCGCCGCACCGOBACTCGGCGOGGGGGCTTACCOGCTTCGCGCAGCCGCCGGGAAGT
N ! ' 1 ' ! ' ! ' ! ' !

TGGCTGCCGGCAGTCTTGTACTTGACGCGGTTAACGGTAGTCTACGACCCGCCACGGCGCGGGTAGCGGCGTGGCCCTGAGCCGCCCCCCCGAATGGCGAAGCGCGTCGGLGGCCCTTCG

Thr Asp Gly Arg GIn Asn Met Asn Cys Ala Asn Cys His Gln Met Leu Gly Gly Ala Ala Pro Ile Ala Ala Pro Gly Leu Gly Gly Gly Ala Tyr Arg Phe Ala Gin Pro Pro Gly Ser
- --- {in frame with EGFP) --- -

CTGGCCATCAATATTCAGGGGBCCBLCGCGGCGBGCAGBTCGACCGBCCBLCCGGAACCGBGELCGGGTCACGCTTTTGGGCBCCBCCTTGACTCCCATGTCGCAGCGCCTTGGCBCCCABACCGEE

GACCGGTAGTTATAAGTCCCCGGCGCGCCGCCCGTCAGCTGGCGBGCGGCCTTGBCCGGCCCAGTGCGAAAACCCGCGGECGGAACTGAGGGTACAGCGTCGCGGAACCGBCGGGTCTGGCCG

Leu Ala Ile Asn Ile GIn Gly Pro Arg Gly Gly Gin Ser Thr Ala Ala Gly Thr Gly Arg Val Thr Leu Leu Gly Ala Ala Leu Thr Pro Met Ser Gin Arg Leu Gly Ala GIn Thr Gly
——————————————————————————————————————————————————————————————————————————— (in frame with EGFP) - --- - - oo ooy

GAAGAAGTCTCCGCCATCATGGTCGAGATGCATGCCGGACGGBTCGGTGCBGECTCGGCGTCCTGLGBCGATGECGATGTGCGCAACATBACCCTGETCGBCGGGACCCELCCBGTCTGECCGLC

CTTCTTCAGAGGCGGTAGTACCAGCTCTACGTACGGCCTGCCAGCCACGCCGAGCCGCAGBACGCGCTACCGCTACACGCGTTGTACTGGGACCAGCGCCCTGGGCGGCCAGACCGBGLGE

Glu Glu Val Ser Ala Ile Met Val Glu Met His Ala Gly Arg Ser Val Arg Leu Gly Wal Leu Arg Asp Gly Asp Val Arg Asn Met Thr Leu Val Ala Gly Pro Ala Gly Leu Ala Ala
i - (in frame with EGFP) --- e

GCAGCGGTCCAGGCTCCGGCCATTGCCGACATGGCGCAGCCGCCCATGGGCGGCATGGCCCCCACTGCACCCGGLCATGGTCGCGGTTCCCGGTGGTCCGGCCGTCATGCCGAAGCCTLCG
' 1 ' ! ' ! ' ! ' ! " ! " ! ' ! ' ! ' ! ' ! ' 1
t T t 1 t 1 t 1 t 1 t 1 t 1 t 1 t 1 t 1 t 1 t T
CGTCGCCAGGTCCGAGGCCGGTAACGGCTGTACCGCGTCGGLGGGTACCCGCCGTACCGGGGGTGACGTGGGCCGTACCAGCGCCAAGGGCCACCAGGCCGGCAGTACGGCTTCGGAGGT

Ala Ala Vval GIn Ala Pro Ala Ile Ala Asp Met Ala Gln Pro Pro Met Gly Gly Met Ala Pro Thr Ala Pro Gly Met Val Pro Gly Gly Pro Ala Val Met Pro Lys Pro Pro
--------------------------------------------------------------------------- (in frame with EGFP)  +------- - o - oo o oo

ACCGAGTTCAACTGGCTGGGCATGGAGATCGAAACCTTCCAGGCGCCGCGTCCGATCACCGGTGTGCCGGGCGCCGTTCCGGTTCCCGGAGCCAAGGGTGCCCAGGTGGCCGAGGTTCTG
s 1 s ! s ! s ! s ! N ! N ! s ! s ! s ! s ! s 1

t T t T t T t T t T t T t T t T t T t T t T t T
TGGCTCAAGTTGACCGBACCCGTACCTCTAGCTTTGBAAGGTCCGCGGCOCAGGCTAGTGGCCACACGGCCCGBCGGCAAGGBCCAAGGGCCTCGBTTCCCACGGGBTCCACCGGCTCCAAGAC
Thr Glu Phe Asn Trp Leu Gly Met Glu Ile Glu Thr Phe GIn Ala Pro Arg Pro Ile Thr Gly Vval Pro Gly Ala val Val Pro Gly Ala Lys Gly Ala Gln Vval Ala Glu Val Leu
——————————————————————————————————————————————————————————————————————————— (in frame with EGFP)  -----——- - oo

ACC>TCC

GTCGGGTCCCGGGCCOGCCGTGGCGGGOCTCCAGGCCAATGACCTCATCCTCGAGGTCAATAATCGGCCGOTOGGCCGGTCCGOCTCGTCTCGACGCCGCCATTAAGGGGGCGACGAATGEC
' 1

CAGCCCAGGGCCCGGCGGCACCGCCCCGAGGTCCGGTTACTGGAGTAGGAGCTCCAGTTATTAGCCGGCCACCGGCCAGGCCGAGCAGAGCTGCGGLGGTAATTCCCCCGCTGCTTACGE

val Gly Ser Arg Ala Ala Val Ala Gly Leu GIn Ala Asn Asp Leu Ile Leu Glu Val Asn Asn Arg Pro Val Ala Gly Pro Ala Arg Leu Asp Ala Ala Ile Lys Gly Ala Thr Asn Ala
--------------------------------------------------------------------------- (in frame with EGFP)  +------- - o - oo oo oo

s s s s s M M s ! s ! s ! s ! s Il
t T t T t T t T t T t T t T t T t T t T T T T T
CCCGTCGTCTAAAACGACTTCCAGTTGGCGTTACCGGTTCTCAAGACCTAACAGGAAACTACCACICTCGAGTTCGAAGCTTAAGACGTCAGCTGCCATGGCGCCCGGGCCCTAGGTGGET

Gly GIn Gin Ile Leu Leu Lys Val Asn Arg Asn Gly Gin Glu Phe Trp Ile Val Leu
-------------------------------- (in frame with EGFP)  ---cmem e

Sacl
GGGCAGCAGATTTTGCTGAAGGTCAACCGCAATGGCCAAGAGTTCTGGATTGTCCTTTGATGGTGGAGCTCAAGCTTCGAATTCTGCAGTCGACGGTACCGCGGGCCCGGGATCCACCGE
1 ! ! ! ! ! !
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APPENDIX B — Western blot

Appendix B.1: Immunoblots of total cellular protein from mammalian cells
expressing EGFP-Maml, Tomato-MamL, or co-expressing EGFP-Maml/Tomato-
MamL. Total cellular protein from MDA-MB-435 cells stably expressing EGFP, EGFP-
Maml, and co-expressing EGFP-Maml/Tomato-MamL were examined with mouse o-
EGFP (left). Total cellular protein from cells stably expressing Tomato, Tomato-MamL,
and co-expressing EGFP-Maml/Tomato-MamL were examined with a-Tomato (right).

Full-length western blots are displayed.

EGFP

Tomato
EGFP- Tomato-
EGFP Maml Co-Exp Tomato Maml Co-Exp
54 kDa — S S — 67 kDa
41 kDa —— — © —— 41kDa

33kDa —— e

<
s
gy
[ o
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Appendix B.2: Immunoblots of total cellular protein from mammalian cells
expressing Tomato-MamL.runc Or co-expressing Tomato-MamL runc/ EGFP-Maml .
Total cellular protein from MDA-MB-435 cells stably expressing Tomato, Tomato-
MamL, Tomato-MamL.runc, and co-expressing Tomato-MamLiunc/EGFP-Maml were
examined with rabbit a-Tomato or mouse a-EGFP (far right lane). Full-length western

blots are displayed.

Tomato Tomato- Tomato- Tomato-MamL e /
MamL  MamL,,,, EGFP-Maml
67 kDa ——
54 kDa — C— —— 65 kDa ——"e—
— e —— 41 kDa
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Appendix B.3: Immunoblots of total cellular protein from mammalian cells co-
expressing FLAG-MamL/EGFP-Maml. Total cellular protein from MDA-MB-435
cells stably expressing FLAG-MamL was examined with mouse a-FLAG (left) or stably
expressing EGFP-Maml was examined with mouse a-EGFP (right). Full-length western
blots are displayed.

FLAG- EGFP-
MamL Maml

0

11 kDa
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Appendix B.4: Immunoblot of total cellular protein from mammalian cells
expressing EGFP-MamE. Total cellular protein from MDA-MB-435 cells stably
expressing EGFP-MamE was examined with mouse a-EGFP. The full-length western
blot is displayed.

EGFP-
MamE

s —— 110 kDa

R
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Appendix B.5: Immunoblot of total cellular protein from mammalian cells
expressing Tomato-MamB. Total cellular protein from MDA-MB-435 cells stably
expressing Tomato-MamB was examined with rabbit a-Tomato. The full-length western

blot is displayed.

Tomato-
MamB

-

— —— 91 kDa
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APPENDIX C — Simple Trajectory Analysis

Appendix C.1: Velocity and diffusion coefficient of EGFP-MamE particles in

mammalian cells.

Directed Motion Brownian Motion
Cell | Number | “Velocity | TAverage | Number of | *Diffusion TAverage
Sample of (um/s) | Velocity | Particles | Coefficient Diffusion
Particles (nm/s) per Cell (nm?/s) Coefficient
per Cell (nm?/s)
1 0 N/A 3 0.0076
2 0 N/A 1 0.0019
N/A 0.0053 = 0.0029
3 0 N/A 2 0.0054
4 0 N/A 1 0.0015

“Particles undergoing directed motion are determined as any particle with a mean-squared

displacement that is non-linear in time, and proportional to t* and o>1.2.

"Average velocity and average diffusion coefficient are the weighted mean =+ standard

deviation.

*Particles undergoing Brownian motion are determined as any particle with a mean-

squared displacement close to linear in time, i.e., proportional to t* and 0.7<o<1.1.
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Appendix C.2: Velocity and diffusion coefficient of Tomato-MamB particles in

mammalian cells.

Directed Motion Brownian Motion
Cell | Number | “Velocity | fAverage | Number | *Diffusion TAverage
Sample of (nm/s) Velocity of Coefficient Diffusion
Particles (nm/s) Particles (nm?/s) Coefficient
per Cell per Cell (nm?/s)
1 46 0.17 38 0.0070
2 251 0.17 163 0.0074
0.17+0.015 0.0066 + 0.0012
3 62 0.15 48 0.0047
4 55 0.18 23 0.0049
5 52 0.19 35 0.0066

“Particles undergoing directed motion are determined as any particle with a mean-squared

displacement that is non-linear in time, and proportional to t* and o>1.2.

"Average velocity and diffusion coefficient are the weighted mean =+ standard deviation.

*Particles undergoing Brownian motion are determined as any particle with a mean-

squared displacement close to linear in time, i.e. proportional to t* and 0.7<a<1.1.
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Appendix C.3: Velocity and diffusion coefficient of Tomato-MamL particles in

mammalian cells.

Directed Motion Brownian Motion
Cell Number | “Velocity | fAverage | Number | ‘Diffusion fAverage
Sample of (nm/s) Velocity of Coefficient Diffusion
Particles (nm/s) Particles (nm?/s) Coefficient (103
per Cell per Cell pm?/s)
1 23 0.15 50 0.0022
2 34 0.20 48 0.0033
0.18 £ 0.061 2.7+£0.073
3 65 0.16 79 0.0020
4 17 0.30 17 0.0031
5 21 0.17 46 0.0037

“Particles undergoing directed motion are determined as any particle with a mean-squared

displacement that is non-linear in time, and proportional to t* and o>1.2.

"Average velocity and diffusion coefficient are the weighted mean + standard deviation.

*Particles undergoing Brownian motion are determined as any particle with a mean-

squared displacement close to linear in time, i.e. proportional to t* and 0.7<a<1.1.
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Appendix C.4: Velocity and diffusion coefficient of Tomato-MamL runc particles in

mammalian cells.

Directed Motion Brownian Motion
Cell | Number | “Velocity TAverage Number | *Diffusion TAverage
Sample of (um/s) | Velocity (um/s) of Coefficient Diffusion
Particles Particles (nm?/s) Coefficient
per Cell per Cell (nm?/s)
1 188 0.13 91 0.0050
2 36 0.14 41 0.0017
0.14 +£0.037 0.0038 + 0.0022
3 32 0.17 35 0.0055
4 63 0.14 48 0.0028
5 8 0.07 12 0.00027

“Particles undergoing directed motion are determined as any particle with a mean-squared

displacement that is non-linear in time, and proportional to t* and o>1.2.

"Average velocity and diffusion coefficient are the weighted mean =+ standard deviation.

*Particles undergoing Brownian motion are determined as any particle with a mean-

squared displacement close to linear in time, i.e. proportional to t* and 0.7<a<1.1.
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Appendix C.5: Velocity and diffusion coefficient of Tomato-MamL/EGFP-Maml

particles in mammalian cells.

Directed Motion Brownian Motion
Cell | Number | “Velocity | fAverage | Number | *Diffusion TAverage
Sample of (nm/s) Velocity of Coefficient Diffusion
Particles (nm/s) Particles (nm?/s) Coefficient
per Cell per Cell (nm?/s)
1 79 0.43 72 0.028
2 50 0.45 23 0.041
0.47+0.17 0.038 £0.031
3 40 0.78 23 0.100
4 20 0.36 27 0.033
5 70 0.40 47 0.023

“Particles undergoing directed motion are determined as any particle with mean-squared

displacement non-linear in time, and proportional to t* and o>1.2.

"Average velocity and diffusion coefficient are the weighted mean =+ standard deviation.

tParticles undergoing Brownian motion are determined as any particle with mean-squared

displacement close to linear in time, i.e. proportional to t* and 0.7<a<1.1.
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Appendix C.6: Velocity and diffusion coefficient of FLAG-MamL/EGFP-Maml

particles in mammalian cells.

Directed Motion Brownian Motion
Cell Number | “Velocity | "Average | Number | ‘Diffusion TAverage
Sample of (nm/s) Velocity of Coefficient Diffusion
Particles (nm/s) Particles (nm?/s) Coefficient
per Cell per Cell (nm?/s)
1 95 0.19 94 0.011
2 22 0.15 19 0.0066
0.19+£0.03 0.012 £ 0.004
3 94 0.22 62 0.016
4 83 0.16 39 0.015
5 108 0.19 47 0.010

“Particles undergoing directed motion are determined as any particle with mean-squared

displacement non-linear in time, and proportional to t* and o>1.2.

"Average velocity and diffusion coefficient are the weighted mean =+ standard deviation.

tParticles undergoing Brownian motion are determined as any particle with mean-squared

displacement close to linear in time, i.e. proportional to t* and 0.7<a<1.1.
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Appendix D.1: Example T1 results generated from Matlab script. Generated values

are in the black box. The first row represents the R1 values, the second row represents

uncertainty with R1, the third row represents percentage uncertainty, and the last row

represents the coefficient of non-determination.

Tl

22
200
500

1000
2000
3900

A B C D
472.33  513.56 554  616.11
219 22433 32356  371.33
4,11 4,11 64.22 86.56
267.89  314.67 205.89  205.33
492,11  548.11 500.78  534.67
539.78 591.89 613.67 682.44
1.460737 1.509206 1.154108 1.096474
0.1272  0.1552 0.0693  0.0667
8.7103 10.2812 6.0045  6.0833
0.0143 0.0195 0.0083  0.0086
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Appendix D.2: MRI (R2*, R2, R2’, R1) and elemental iron analysis data for all

magnetosome expression systems.

No iron supplement
Protein R2* R2 R2' R1 Fe
EGFP-Maml 15.02+25 1240+ 1.0 270+1.0 0.91+£0.02 0.04 +0.001
Tomato-MamL 17.87+1.0 12.23+0.7 7.04+2.2 0.88 £ 0.05 0.08 +£0.01
Tomato-MamL runc N/A N/A N/A N/A N/A
Tomato-MamL/
N/A N/A N/A N/A N/A
EGFP-Maml
FLAG-MamL/
1432+2.1 1432+ 0.3 253+0.2 0.90+0.12 0.15+0.13
EGFP-Maml
Tomato-MamB 18.70+ 4.9 12.76 + 0.8 7.64+2.8 0.97 £0.15 0.08 +0.01
EGFP-MamE 1400+ 1.4 1022+1.4 3.69+0.8 0.98 £0.32 0.07 £0.02
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With iron supplement

Protein R2* R2 R2’ R1 Fe
EGFP-Maml 30.38+2.8 19.12+ 2.6 11.26+1.8 1.08 £0.03 1.12+0.11
Tomato-MamL 37.07+5.6 23.38+4.4 1369+ 15 1.18 +0.07 1.11 +0.45
Tomato-MamLtrunc 39.84+57 1871+ 2.0 21.14+26 1.18 +£0.02 0.93+0.18
Tomato-MamL/
25.36 £ 3.0 17.85+1.2 751+1.2 N/A N/A
EGFP-Maml
FLAG-MamL/
1858 +25 15.00+ 0.9 458+0.5 0.97 £ 0.05 0.46 +£0.04
EGFP-Maml
Tomato-MamB 35.35+5.2 23.64+3.7 11.72+1.8 1.28+0.11 1.48 +0.09
EGFP-MamE 16.52 +0.9 10.31+1.2 6.29+1.8 1.12+0.35 0.94+0.34
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