d
A
i
15,

Universiteit

*dlied) Leiden
'M% The Netherlands

)
3
H oo
B
=
=)
@\
-3

o

Resolving the dynamic structure of chlorosomes in green sulfur

bacteria by MAS NMR
Dsouza, L.A.

Citation
Dsouza, L. A. (2026, February 24). Resolving the dynamic structure of chlorosomes in
green sulfur bacteria by MAS NMR. Retrieved from https://hdl.handle.net/1887/4292587

Version: Publisher's Version

Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/4292587

License:

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/4292587

Resolving the Dynamic
Structure of Chlorosomes in

Green Sulfur Bacteria by

MAS NMR

Lolita Ashwini Dsouza






Resolving the Dynamic Structure of
Chlorosomes in Green Sulfur Bacteria by MAS
NMR

Proefschrift

ter verkrijging van
de graad van doctor aan de Universiteit Leiden,
op gezag van rector magnificus prof.dr. S. de Rijcke,
volgens besluit van het college voor promoties
te verdedigen op dinsdag 24 februari 2026
klokke 11:30 uur

door

Lolita Ashwini Dsouza

geboren te Mangalore, India

in 1994



Promotor:

Prof.dr. H.J.M. de Groot

Co-promotor:

Dr. G.J.A. Sevink

Promotiecommissie:

Prof.dr. M. Ubbink

Prof.dr. L.J.C. Jeuken

Prof.dr. T.L.C. Jansen (Rijksuniversiteit Groningen)
Prof.dr. M.H. Baldus (Radboud universiteit)

Dr. A. Pandit

This project was funded by the Dutch Research Council (NWO) through the NWO TOP grant (project
number 715.018.001).



For Kevin, Kiana, Keon
&
My parents






Table of Contents

KN o] o) (S T 1103 1 1SR PRURURRRRR 11
CRAPLET 1.ttt e et e et e e ettt eeatae e abeesabaeesbeeassaeesssaesssaeassseassseeensseessaeansseenssenans 13
Introduction and Methodological Background .............ccccoecieeiieniiiniiiieiiececieeseesee e 13
A General INTTOQUCTION .....coeiiiiieiiiiiieceee ettt ettt b et sbe et st et esbeseeenee e 14
O T2 (T4 L o1 o) o OSSPSR 14
1.2 PhotoSynthetic BaCteria.........cevtiiiiiiiiiieieeetieete ettt ettt et e 15
1.3 GIeen BACLEIIA ...c..eouiiieiiiiieiieee ettt ettt et ettt e bt et esbeeneetesteeneeneeas 15
1.4 The Introduction to ChIOTOSOMES........cc.eeruieriiiiieieeiteiees ettt ettt et 16
Experimental and Methodological Insights into Solid-State NMR .........cccccceeviiiiiininiiiieeeeee, 17
1.5 General Introduction to Solid-State NMR ........cccoeiiiiiiiiiiiieeeeeeee e 17
1.6 Magic Angle Spinning NIMR. .........cooiiiiiiiiiiiiiiecie et ere ettt s re e esreesseeneas 20
1.7 Dynamic Spectral Editing (DYSE) Technique in Solid-State NMR...........cccociiiieiiiiinniennen. 21
1.8 Advanced Solid-State NMR techniques used in this present study..........cccceeeveeeriecreereereennen. 25
Objectives and ScOPe 0F the TRESIS ....ccuecvieciiiiieieiece et sraeseaeesseesraens 30
RETEIEIICES ...ttt ettt et ettt e s bt e sat e sateeate e beesbeeeseeenteeabeenbeesseenneas 32
(O] E:1 o113 U STUPURUPRRRRRN 42
An integrated approach towards extracting structural characteristics of chlorosomes from a bchQ
mutant of ChlOrobaAcUIUN EEPIAUNM .............c..coveveeeieeiieie ettt ste ettt bessveesbeesseesaesenas 42
B B 12 (o4 L Lo 0 DS PSSRRS 44
2.2 Materials and MeEthodS..........cooiiriiiiiiiieieeeee ettt ettt et e b e s snees 46
2.2.1 SAMPIE PIEPATatiON .....cveeiiiiiiiiiieeieete et esteesteereereereesteesteestbeesbeesseesseessaesssessseesseesseesseessnes 46
2.2.2 Solid-state NIMR MEASUTEINIENLS. .......ceeruereieieeiieiieriieeieeesteeeeseeesceeeseeeseesseeneensesseeneeseeeneeneens 47
2.2.3 cryO-EM MEASUTEIMENLS .....ccoutiieiiieriiieeiie ettt ettt ettt ettt e et e st e esate e st e esaaeesateesbeeesabeesaee 48
2.2.4 Optical MEASUICIMENLS. ....c.uverirerereereereeteesteesreareeseesseesseesseessseasseassesssessseesssesssesssesssessssessnes 48
2.2.5 CTYO-EM IMIIMICS ...oicviiiiiiiiiieiie ettt et e st esreeveebeesbeesteestbeesseesseesseessaesssessseasseesseesseesns 48
2.3 RESUILS ...ttt ettt et ettt e et e et e bt e bt e sat e eat e e be e teeeteeenteenteenbeenseenneennees 48
2.3.1 Structure of Chlorosomes of bchQ based on MAS NMR and cryo-EM..........c.ccvevvenennnen. 48
2.3.2 Optical Characteristics of the ChlOTOSOMES..........cceevvieviieiieiieeie e e 53
2.3.3 Structural Dynamics of bchQ in comparison to WT.......ccooviiviiiiiiiiieniecieceecie e, 55
2.4 DIISCUSSION ...ttt sttt sttt ettt ettt et a et s bt e e s b e sbt e b e sbe e st e bt est et e sbeeatentesbeembenbesaeenbesbeentenne 57
2.5 CONCIUSIONS ...ttt ettt et et e e bt e et e eeeen e st eatenseeseeneenseentenseeseensenseeseensesseeneenseeneensenns 62
RETETEICES ...ttt ettt et et e s bt et e s e e n e et e s st et e aseestenseeseeneesesneensenne 63

(O] F:1 01153 S U UPURUPRRPRRN 71



Conformational dynamics of bacteriochlorophyll ¢ in chlorosomes from the bc/Q mutant of

ChlorODACUIUI LEPIAUNL.........c.veeeeeeieeie ettt ee ettt et e st e sbeebe e e e ssaesstessseasseessaessaesssesssessseessanns 71
3.1 INEFOAUCTION ... ettt ettt h e sttt et e e bt esbeesaee e st e embeeabe e bt e sbeesbeesnbesnneeteens 73
3.2 Materials and MethOds.........cooiiiiiii ettt ettt sttt 75

3.2.1 SAMPIE PIEPATAtiON ....ecvveeiieiieieiieieeieeieesieestesreere et esseestaessbeesseesseesseessaesssesssessseensesseensns 75
3.2.2 Solid-State NMR MEASUICINENLS ........eertiertieriieiiieiieieeiienitesite et eee et esbeesteeteebeebeesbeesaeas 75
3.3 RESUIES ...ttt sttt et e b e e bt e bt e et e e bt e bt e bt e bt e nbtesateenteeteens 76
3.3.1 Temperature Dependence of the BChls in bc2Q Chlorosomes using 1-D NMR
N TTe1 8 (01 010 ) PSP 76
3.3.2 Two-Dimensional NMR Spectroscopy on ChloroSOmes ............cceceereenienieniieesieeneeneenen. 80
3.3.3 Probing Rotational Motion of the Macrocycle...........cccooiiriiiiiniiiiiiiieeee e, 81
R B DT (o  H PRSP 84
3.4.1 Dynamics in the Chlorosomes according to 1-D NMR Spectroscopy.......ccceeeveeereevreerveennen. 84
3.4.2 Dynamic Study according to Dipolar-Based and Scalar-Based 2-D NMR Spectroscopy. ...85
3.4.3 Probing Rotational Motion of the MacroCyCle..........ccoeviirieniiniiniieieeeeeeeee e 85
T I 7031 Ued 1113 10 s PSPPI 86
LSS 53 (S 1 1oL PSPPSR 87

(O] E:1 01153 o OSSP SUPTURUPSRRPRR 94

MAS NMR evidence for plastic crystallinity of chlorosomes of the wild-type Chlorobaculum

FEDIAUIML .....oeveeeveeieeeiieeeeeteeeteeste e te e tte st eesbeesbeassees st esseesssessseasseasseasseesseessaessseasseasseasseessaessaesssessseassenssenns 94
8 (06 L Lo e 4 DSOS PRSRST 96
4.2 Materials and MeEthodS..........cooiiiiiiiieiiei ettt ettt et e saeesnees 98

4.2.1 SaMPIE PreParation .......c.cccvieriieriieiieiieeriereeteesteesteesteeseeessseesseesseesseesssesssesssesssesssesssessssessnes 98
4.2.2 Solid-state NIMR MEASUICIMEIILS .......cceerureuieierieeierteeeeeteeteetesseeteneesseeeesseeneeseeseesesneeeennes 99

4.3 RESUILS ...ttt ettt ettt ettt et e st e e s at e et e et e et e e bt e bt e shteeateenteenteeteeeneesneeeareeane 100
4.3.1 1-D NMR Spectroscopy on ChlOrOSOMES.........ccvievieviierieeriierieereeereereesseesseessessnesssessseens 100
4.3.2 2-D NMR Spectroscopy on ChlOTOSOMES.........ccvieviiirierieeriiesieereereereesseesseessesssesssesssenns 103
4.3.3 T1p REIAXALION ..eeiiiieiiieii ettt ettt ettt e et e s be et e bt e bt e satesneeenseensaens 107
4.3.4 Probing Plastic Crystallinity of Chlorosomes using REDOR. .........cccccoccviivininninininnnn. 108

4.4 DISCUSSION ....eeutetieiesteeiiete et ete e et et e et et e e st e et et e es e e teeseemea st eneeseeseemteseeseenseeseentenseeneensesseensenses 109
4.4.1 Dynamic Behaviour of BChl in Chlorosomes Probed by 1-D NMR Spectroscopy ........... 110
4.4.2 Dynamic Behaviour of BChl in Chlorosomes Probed by 2-D NMR Spectroscopy ........... 110
N TS (<1 - 11101 1 OSSPSR 111
4.4.4 Probing plastic crystallinity of chlorosomes using REDOR. ..........ccccooveviiviiniiiiiiiieiens 112

4.5 CONCIUSION ...ttt ettt b et b ettt e a et s bt et e st e e bt et e ebeeate bt ebeeneesbeeaeenees 113
RETETEICES ...ttt ettt b et bt ettt e be et bt e e 114
CRAPLET 5.ttt e e vt et e e bt e s tae e tbeesbeesbe e beesbsessbaesbeesbeessa e bseasbeesbeesbeenbeetaestreerreenns 121
Structure and dynamics of chlorosomes from the bcAR mutant of Chlorobaculum tepidum .............. 121



oI B 515 (0 Yo L1 o1 o) o FRU RO RRRRROPRRO 123

5.2 Materials and Methods. ........cooiiiiiiiieie ettt sttt e 125
5.2.1 SamPle Preparation .......cc.eeecviiiiiieiiiiiecieeeieeeeireesteeeteeesveeeteeessseesreeessseessseeessseesssseessseenns 125
5.2.2 Solid-State NMR MEaSUTCINENLS ........ccueeierierieeieniieienieeieentesteete e seeete st eseesee et eeesseeeenees 125

5.3 ReSults and DISCUSSION .....ceuieuieriiriieieieeiteie ettt ettt ettt ettt et et bt et eateeesseeeesbeeaeenees 126

5.4 Conclusion and OULIOOK .......cc.eiiiiiiiiieie ettt s 133

RETEIIICES ...ttt ettt sttt ettt e bt e s bt e sateeateeabeesbeesbeesseeeaeeeaee 133

(O] F:1 017 TP 137
Structure and dynamics of chlorosomes in fresh, intact cells of Chlorobaculum tepidum and
comparison to isolated ChIOTOSOMES. .........eicviiiiiiiiiiiecee et eeae e beeeeee s 137

LT 64T (0T L1 o1 T o DRSSP 139

6.2 Materials and MethOdS. .......c.oeuieiiiriieee ettt et 140
6.2.1. Whole Cells Preparation ...........ccceeoieeieriieiieeiiieriie sttt ettt ettt et et sseenaeas 140
6.2.2. Isolated Chlorosome Preparation. .............ceceereerieniinienieeie ettt 140
6.2.3 OPLICAl SPECLIOSCOPY ..vveerrieriierrieriierierreeriertesteesseesstessressseeseesseesseesseesssesssessseessessseesssessnes 141
6.2.4 Solid-State NIMR SELUD .....ecvvieriieriierieirieieeieeiterieestesresereereesseesteesseesssesssessseesseesseesseessns 141

6.3 Results and DISCUSSION ....eecuiiruiiiiieiieiieiiest ettt ettt ettt ettt sbtesbtesateenteeteesbeesneeeneeeane 141

0.4 CONCIUSION 1.ttt ettt ettt ettt ettt et et e et et e e et et e eheemte st eseensesseeneenteentenseeneensenseeneenees 149

RETETEIICES ...ttt ettt ettt s ae et et e st et e e bt ente bt eneeeesneeneenees 149

(O] F:1 011 o ORI 154
General Discussion and FUTUIe PrOSPECES.......cccueiiriiriiniiiiriiniienieeeesteese ettt 154

7.1 Structural assessment of the mutant in comparison t0 WT .........cccevieviiiiiiiiienieniesee e 155

7.2 Dynamics study of mutant and WT chIOToSOMES ...........cccveevieiieriieriieniesee et 156

7.3 FULUIE EXPETIMENES .....veetiitieiiieeieeie ettt sttt et ettt e st e st e et e bt e saeesnteenseeseesseesneesnneeans 157
7.3.1 2-D Measurements on Whole Cells ..........cooieiriiiiiieiiieeeeee e 157
7.3.2 REDOR studies 0n HCAR MIULANL..........ccirieriieieiereee ettt sae e e 157

LSS o3 (S 1 1oL OSSR 157

F N 0] 053116 PP STRSRRR 159

Appendix 1: Supporting information for Chapter 2..........cccceeevieeriivienienieniecre e 160
An Integrated Approach Towards Extracting Structural Characteristics of Chlorosomes from a
bchQ Mutant of Chlorobaculum tepidum .................occveecveeciiecieiiecieee et 160

RETETEICES ...ttt ettt s b et s bt ettt be e sb et e e 170

Appendix 2 Supporting Information for Chapter 3...........ccceevvieviieviieiieriecee e 171
The Conformational Dynamics of Bacteriochlorophyll ¢ in Chlorosomes from the bchQ Mutant
of Chlorobaculum tePIAUML ..............ccooocuevciieiieieeeeeeeee ettt st et ste e seesnaesese e 171

RETETEICES ...ttt ettt b et bt ettt e be et bt e e 180

Appendix 3 Supporting Information for Chapter 4.............cceoiiiiieieiieiee e 181



MAS NMR Evidence for Plastic Crystallinity of Chlorosomes of the Wildtype Chlorobaculum

FODIAUML.......ocvveeeieeeiiee e st et et e e et e s taesebeasseeste e seessae s st essseesseasseasseessaessseasseasseasseesseessaessnenssennns 181
RETEIIICES ...ttt ettt ettt ettt e bt e sbt e s at e eateeateesbeesbeesaeesaeeeaee 189
SUITIMIATY ..ttt ettt et ettt e bt e s bt e e st e e at e ea bt eab e e bt e eb e e saeeeateemte e bt eeseesneeembeenbeenbeanneenneas 191
SAMENVALLINE. ....cuveetieriieriietietteteestesteeteebe e teesteesssessseasseesseessaessaesssessseasseesseesseesseesssessseesseesessseessses 194
PUDIICALIONS ...ttt ettt b e a e e et et et e bt e bt e sb e e sbtesateeateeabeebeeebeeeneeeateenee 197
CUITICUIUIM VIEAC ...ttt ettt et e bt e s bt e st e et e e bt e bt e bt e sbeesateeateenbeenbeesaeesaeeenee 199
ACKNOWIEAGIMENLS. ... eeiiiiiiieiiiiieiteiteste e steete et e bt e teesseesssessbeesseesseesseesssesssessseasseesseessassseesseenssennns 200

10



[Bu, Et]
[Et, Et]
[Me, Et]
[Pr, Et]
BChl
Cbha. tepidum
CP
Cryo-EM
DGDG
DP
INEPT
FMO
MAS
MGDG
PDSD
REDOR
RFDR
r-INEPT
S/N
SQDG
SSNMR
TOBSY
WT

Abbreviations

[Butyl, Ethyl]

[Ethyl, Ethyl]

[Methyl, Ethyl]

[Propyl, Ethyl]

Bacteriochlorophyll

Chlorobaculum tepidum

Cross Polarisation

Cryo Electron Microscopy
DiGalactosylDiacylGlycerol

Direct Polarisation

Insensitive nucleus enhanced by Polarisation transfer
Fenna Matthews Olson

Magic Angle Spinning
MonoGalactosylDiacylGlycerol

Proton Driven Spin Diffusion

Rotational Echo Double Resonance
Radio Frequency Driven Recoupling
Refocussed INEPT

Signal to Noise
SulfoQuinovosylDiacylGlycerol
Solid-State Nuclear Magnetic Resonance
Total Through Bond Correlation Spectroscopy
wild type



12



