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Summary

During the process of photosynthesis, oxygenic photosynthetic organisms utilise
chlorophyll (Chl) molecules, spatially organised within membrane-associated protein
complexes called photosystems, to capture light from the sun and convert it into
chemical energy. Chls are tetrapyrrole molecules featuring a fifth ring, a central Mg?*
ion and a hydrophobic phytyl tail. The integral membrane protein chlorophyll synthase
(ChlG) catalyses the addition of the tail to the chlorin ring. In the model photosynthetic
cyanobacterium Synechocystis, ChlG forms a protein-pigment complex with high-light
inducible proteins C and D (HIiC/HIiD), photosystem Il assembly factor Ycf39, the
YidC/Alb3 insertase and pigments zeaxanthin, myxoxanthophyll, B-carotene and Chl.
This complex is postulated to act at the interface between Chl biosynthesis and
photosystem assembly, coordinating co-translational insertion of de novo Chl

molecules into Chl-binding proteins in a poorly understood process.

To gain an insight into the ubiquity of the ChlIG complex in higher photosynthetic
organisms, ChlG genes from a plant and algae were FLAG-tagged and heterologously
expressed in Synechocystis. The eukaryotic ChIG homologs could complement the
function of the native bacterial protein but the isolated enzyme did not associate with
HIiD or Ycf39, maintaining an association only with YidC. This indicates that the ChlG-

YidC/Alb3 association may be evolutionarily conserved in algae and higher plants.

Abolishing the synthesis of zeaxanthin and myxoxanthophyll in Synechocystis
prevented association of HIiD and Ycf39 with ChlG, indicating that these carotenoids
mediate formation of the ChlG complex. Selective abolishment of myxoxanthophyll
restored binding of these proteins, suggesting that zeaxanthin alone can facilitate the

ChlG-HIiD-Ycf39 interaction.

Structural investigation by chemical cross-linking revealed sites of interaction between
members of the ChlG complex. These were found to be confined to the cytoplasm. The
N-terminal domain of ChlG was the only region of the enzyme found to interact with
its partner proteins. The results enabled the generation of a model of the ChIG

complex.



The N-terminus of ChlG was sequentially truncated to investigate the importance of
this domain to formation of the ChlG complex. Four truncations were made, removing
11, 23, 32 and 39 residues from the N-terminus, up until the start of the first predicted
transmembrane helix. While the binding of YidC, HIiD and Ycf39 was not impeded in
any case, the enzyme activity of ChlG reduced as the truncations became larger. ChlGs
lacking 32 or more residues were unable to complement the function of the native
enzyme in vivo and showed significantly reduced activity in vitro. The results indicate

that the N-terminal domain of ChlG is important for facilitating its catalytic activity.

A method for the rapid generation and in vitro testing of point mutations to the
function of Arabidopsis ChlG was developed. This involved optimising production of
ChlG in E. coli in addition to developing a method for producing the enzyme’s
substrate, chlorophyllide. A ChlG model was generated using the crystal structure of a
related protein, UbiA, as a template. The optimised methods were used to generate
six point mutations, predicted from the model and sequence alignments of ChlG with
UbiA to be important for enzyme activity or substrate binding. Three of the mutants
were devoid of activity, demonstrating the importance of these residues to enzyme

function.



Acknowledgements

Firstly, | would like to thank my supervisor Professor Neil Hunter for giving me the chance to
undertake a PhD and for his constant support, encouragement and enthusiasm throughout

the four years I've been with the lab.

| owe a great deal to Dr. Andrew Hitchcock who in many ways has acted as a second supervisor
throughout the course of my PhD and has been unfailingly generous with his help and support,
however stressed and busy he may have been! His dedication to my success has made my time

in the lab so much easier and more enjoyable. | could not have done it without him.

Thanks to Dr. Jack Chidgey for all of his help and advice with my various ChIG projects (“just
chuck it all in the bin mate”), for showing me how to use numerous pieces of lab equipment,
ensuring that Shark et al. was published and for taking the time to read my PhD thesis (“bit
dry this Shark”). Huge thanks must go to Dr. Phil Jackson without whom Chapter 5 in this thesis
would not have been possible. His expertise in mass spectrometry has been invaluable. Thank
you also to Dave Farmer for contributing two protein models to this thesis, and to Dr. Dan

(Ken) Canniffe for his contributions to Chapter 4.

Thanks to all members of the Hunter Lab, past and present, for making life in the lab a
pleasure, in particular to George (J-dog) who has been a constant source of entertainment and
irritation. Thanks to Dave Swaino for his protein purification and Star Trek knowledge, Lizzy,
Mo and Paul for all of their help with the molecular biology aspects of my PhD. Thanks also to
my friends outside the Hunter lab for some great holidays, many trips to the pub and for

keeping me sane over the last four years.

Thank you to Dr. Roman Sobotka for warmly welcoming me into his laboratory during my stay
in the Czech Republic and his invaluable advice throughout the duration of my PhD. Thanks to
members of Roman’s lab, in particular Agnes for keeping me busy at the weekends and for

introducing me to Czech lager.

Thanks to Mum, Dad and Jon for putting up with my science related chatter and complaints

over the years and for keeping me positive when the going got tough.

Finally, I'd like to thank Alexandra for her constant support throughout my PhD, tolerating my
working at weekends and for staying awake in the early hours of the morning (twice) to help

me to format my thesis with her usual (aggressiveness) enthusiasm.



Table of Contents

SUIMIMIAIY eittttttttitttetetetetetee ettt et et ee et eeee et eeeeee e e et ettt ettt et ettt ettt et et ettt e eeeeeeeeeeeeeeeeeeeaesesenenesennnnnes i
ACKNOWIEAGEMENTS......eeiiei ittt e e e e e e e e e s st e e e e e e e e sesnnnaeneeeeeeeeas iii
Table Of CONTENTS ....ooeiiiieee e iv
LIST Of FIBUIES . ntiiee ettt ettt ettt e e st e e st ta e e e e sbae e e s ssaaeessnnsraeesanns Xiii
(00 7= ] =1 s TP PUPR Xiii
LISt Of TabI@S. ...t xviii
(01 0T o1 =T PR Xviii
(00T 1] =] e TS Xviii
(01 0T o1 =T T PP Xviii
List Of ADDreviations ..........oiiiiiiiiiii e e Xix
Chapter 1: INtroduction ......ccciiieiiiiiiiiiiiiiincrcicreicreee e s ssesesenesessnssssansans 1
1.1 Overview of photosynthesis .......ccccceeeiiiiiiiiiiieccc e 1

1.2  Model photosynthetic organisms used in this study ........cccoeccviviveeeernnnnns 2
00 R 0 V= o o] o T= ot (Y - [T SOP 2

1.2.2  Synechocystis sp. PCC B803 .....coeeeeeiieiciiiieeeee e cecrrerree e ecvrrenee e 3

1.2.3  Purple photosynthetic bacteria........ccccovvieeeeiiiicccie e, 4

1.2.4  Rhodobacter SPRAEIOITES ..............ccoeeeeiiuveeeieeeeeieeiiirreeeeeeeeeeesecnrreeeeeeens 4

1.3 Anoxygenic photoSyNtNESIS ......uuveiiiiiciciiieee e 6

1.4 OXygenic PhOtOSYNTNESIS ......uvvieieiiiiiieiireeeeee e e e e e 8
1.4.1  Photosystem antenna COMPIEXES......ccccvveeeeieeiieieiiirreeeee e, 9

1.4.2  PSIlI Structure and FUNCEION .....cccuiiiiiiiiiiiiceeee e 12

1.4.3  CYtOCHIOME DS euvvveeeieeiiiieiiieeeee et rer e e 15

1.4.4  PSIStructure and FUNCHION .....ccociiiiiiiiiiiicieeeceee e 15

1.4.5 Production of ATP by ATP-SYyNthase .......cccccceevveiiirreeeeeeeeeeicirreeeeeeen, 18



1.5 Thylakoid membrane structure and biogenesis .........cccevvvvrveeereeeeeiccnnnnnee. 20

1.6  Photosystem Assembly and REPair......ccccocvveeiiiiiiieeiiiiieee e 25
1.6.1 Photosystem Il ASSEMDBIY ...ccoeviieieee e 25
1.6.2 PSS F PN e 31
1.6.3  PSlassembly and repair......cccceeeerieeeeeriiieeeeriiee e ssreee e ssiee e e s senee e 36

1.7  (Bacterio)chlorophyll structure and function ..........ccccceeeeiiieeeecciieec e, 37
1.7.1  ChIOrophyll ... e e 37
1.7.2  Bacteriochlorophyll..........oeeeieiiieee e 38

1.8 (Bacterio)Chlorophyll biosynthesis.........ccccveeiiiiiiiiiciiiiie e 39
1.8.1 Early stages of chlorophyll biosynthesis ........cccccceeviiiiiiniiieei e 39
1.8.2 Uroporphyrinogen Ill decarboxylase (UROD) ......ccccoueeeeevvieeeencivieeennns 41
1.8.3  Coproporphyrinogen lll oxidase (CPO) .....cccoeevmrreeeeeeeeiecrireeee e 42
1.8.4 Protoporphyrinogen oxidase (PPOX) .....c.ccceeeeiieeeiiiiiee e 43
1.8.5 The haem/Chl branch point ........ccccceeeiiieeiiieciie e, 45
1.8.6 Magnesium Chelatase (MZCH) .....ccoveveeiiiiieiicireeeeee e 46
1.8.7 Magnesium protoporphyrin methyltransferase (MT) .......ccccceevveeenns 47
1.8.8 Mg-protoporphyrin monomethylester cyclase (cyclase).................... 49
1.8.9 Protochlorophyllide (oxido)reductase .......ccccccvvvveeeeeeeeicccirieeeeeeee e, 51
1.8.10 C8-vinyl reductase (8VR) ....cccuuiiieiiiiie ettt e 54
1.8.11 Chlorophyll Synthase (ChIG) .......cccovviriiiiiiiiieee e 56
1.8.12 Geranylgeranyl reductase (GGR) ......ccoociiiieieiiieeeecceee e 60
1.8.13 Bacteriochlorophyll-specific modifications........cccccceeeevveinvieeeenieeiennnn, 62

I I O T o (T [o T LU P R URUPR USRI 63

1.10 Chlorophyll delivery/recycling during PSIl metabolism............ccceeunneen..e. 65

1.11 The chlorophyll synthase compleX......ccccceeeeeeeirieeeeiieeieeireeeeeee e 67



1.11.1 High-light inducible proteins .......ccccoeevvveeeiiiiiiiciieeee e 67

1.11.2  YidC iNSEIrtaSE..ceieueiieieieeiiee ettt ettt ettt 70
110,33 YCF3O e e 74
1.11.4 MinOr COMPONENTES oo 75
1,12 TRESIS @IMS:aeiiiiiiiiiiie ettt ettt s et e st e s e s nr e e s e eas 75
Chapter 2: Materials and Methods.........ccceeeiiieiiieiereiieniecreireenereereereecrennennnee 78
2.1 Standard buffers, reagents and media. .......ccccceevriiiiiiiriiiee e 78
2.2 Escherichia coli strains, growth and plasmids .........cccccviieeeeiiincciiiieneeenn. 78
2.3 Synechocystis sp. PCCB803 .....ccccuiieiiiiiieeeeiieee s esteeeeesireee e ssvaeeessnaneeeenns 78
2.4 Rhodobacter sphaeroides strains and growth..........cccceceieviviiiieeiiiiieeenne 79
2.5 Chemically competent E. cOli CElIS.....coimnimiiiiiieiiieeecceee e, 79
2.6 Genetic transformation of cells........ccoociiiniiiiiiiii e, 80
2.6.1 Chemical transformation of E. coli IM109 cells...........cceoveeriveirnneene 80
2.6.2  Transformation of SynechocystiS........ccccovuuemeiiieieiccciiiieieee e 80
2.7  Nucleic acid manipulation ......ccccveeeeiieiieiiiiieeee e 81
2.7.1 Preparation of plasmid DNA ........ccooeiiiiiiiieeee e e 81
2.7.2  Polymerase chain reaction (PCR).......cceeevimrreeeieeeeeiicirieeeee e 81
2.7.3 Restriction Enzyme Digests.....ccovuiuuiiieiii e 82
2.7.4  Agarose gel electrophOoresis ......cccceeeieeecciiiiiieeee e 82
2.7.5 Recovery of DNA from agarose gelS ......ccovvvveeereeeieieiiinreeeeeeeeeeeeecevnneen 82
2.7.6  Ligation of DNA fragments........cccceeeiieicciiiiiieee e 82
2.7.7 DNA SEQUENCING.....cceeeeiiiciee e e eeeee e e e e e e eeteee s e e e e e retaaee e e e e eeeeaeannaas 83
T Y/ U = == 1T [P 83
2.8.1 3xFLAG-tagging of chlorophyll synthase genes.........cc.ccccceeeeiiennnneee. 83
2.8.2 Deletion of Synechocystis BENES.........cocevvvvveeeieeeeeieeiiirreeeeeeeeeeeeernneens 83

Vi



2.8.3  Mutagenesis of R. SPAAEIOIES ........cccovuvveeeiiieeiiiiiiiieeeeeeeeeeeecirveeeeee e 84
2.8.4 Site-directed MULABENESIS ..covvvvieeiiiiiee et 85
2.9 Protein ANAlYSiS..... i e 85
2.9.1 Determination of protein concentration .........ccccovvveeeeeiieicccrieeeennnn. 85
2.9.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) ..........c.ccceuveenee. 86
2.9.3  IMMUNODBIOLEING .evveeeeeeicee e 86
2.9.4 Mass spectrometry sample preparation......cccccccceeeeveciieeeiniiieeeecsineenn. 87
2.9.5 MasS SPECIrOMEIIY ..oiiiiiiiiiiiiie e e e e e reeerae e e e e e aeeeens 88
2.9.6 Quantitative mass spectrometry ......cccoeeeeieieieeeieeeeeeeeeeeeen 89
2.10 Chemical CrossliNKiNG.....ccccuveiiiiiiiie et e e 90
2.10.1 Invivo cross-liNKiNg ......ccccccuiiiiieiii e 90
2.10.2 In Vitro crosS-liNKiNg ......cccueeieiiiiiiiiiie e e 91
2.10.3 Cross-linking of the thylakoid fraction prepared from Synechocystis 92
2.11 Protein purification ..o 93
2.11.1 Preparation of Synechocystis thylakoid membrane fraction.............. 93
2.11.2 Purification of FLAG-tagged proteins from Synechocystis.................. 93
2.11.3 Preparation of E. COli IySAteS....ccccceveiieiirrieieeeeeieccreeeee e 94
2.11.4 Preparation of E. coli cytoplasmic membrane fraction ...................... 94
2.11.5 Purification of His-tagged proteins by Ni* IMAC ........ccccoveevvrveireennnne 94
2.11.6 HPLC gel filtration of protein complexes .......ccceeevvvveveeeeeeieiccrnrrenennnnn. 95
2.12 Chlorophyll synthase activity assays.......ccccceeeeieeiciiiiieiee e, 95
2.13  ChIorophyllase @SSAys .....ccocevrrrerieeeiiiiiiiriereeeeeeeesicirreereeeeeeeesearrereeeeeeseennns 96
2.14  PigMENT AGNAIYSIS wuvrrerieiieeieiiiiieeeieeeeeiecirrere e e e e e eeestrreereeeeeeeseanrrareeeeeesennnns 96
2.14.1 Extraction of (bacterio)chlorophyll a from whole cells ...................... 96

vii



2.14.2 Extraction of pigments from Synechocystis cells or protein
PreParalioNS. . ...  uieieiiiiieiiiiiitie ittt er e aba—ara—a—a—a—a—a—a———_ 97

2.14.3 Extraction of pigments from growth media.......cccccceevvvveiecnineennnne. 97
2.14.4 Separation of chlorophyll a and chlorophyllide @ ...........cccceuveeenneee. 98
2.14.5 HPLC separation of chlorophyll precursors .......ccccceeeeciveeeeccveee e, 98
2.14.6 Separation of pigments by HPLC .......cccceeviiiiiiiniieee e 99
2.15 UV-visible absorbance spectroSCOPY ......cccevvvurieeiriieeeeeiiiieeesriiee e esieee e 99

Chapter 3: Production of functional plant and algal chlorophyll synthases in

cyanobacteria indicates a conserved interaction with the YidC/Alb3

MeMbrane iNSertase .........iviieeeeiiiiiiiiiiiien e 110
N U 0] - | VPP 110
3.2 INTrOAUCTION w.eiiiiiieetee e e e e 111
3.3 RESUIES et e 113

3.3.1 Generation of Synechocystis strains producing foreign FLAG-tagged

chlorophyll synthases ........ccocuiiiieeee e 113

3.3.2 Algal and plant chlorophyll synthases can functionally replace the

O LAV =T oA o o 1= 116

3.3.3 Chlorophyll biosynthesis is unaffected in the mutant strains.......... 119

3.3.4 Growth of the FLAG-At strain is impeded in cold conditions........... 121

3.3.5 The algal and plant chlorophyll synthases co-purify with YidC but not

HIID OF YCF39 1.ttt 122

3.3.6  Further analysis of the FLAG-6803 and FLAG-At complexes by gel

FIEration oo 125

3.3.7 Pigment analysis of the FLAG-7002 compleX .......cccecvireeeeeeeeeccnnnen. 126

3.3.8 The interaction between ChlG and Ycf39 is abolished by high-light 127

3.3.9 Bacteriochlorophyll synthase interacts with Synechocystis YidC but not

[ LTTD o T 7ot i1 PR 129

viii



N B 1 Lol 1] [0 o N 131

3.4.1 ChlG from algae and plants are able to complement the function of the
native protein when heterologously produced in Synechocystis.....131

3.4.2 The interaction between plant and algae ChIG with YidC/Alb3 is
MAINTAINEA ..ot 132

3.4.3 Plant and algal ChlG enzymes do not bind HIiD or Ycf39 ................ 133
3.4.4 Syn 7002 ChIG binds HIiD and interacts transiently with Ycf39 ....... 135
3.4.5 A Synechocystis strain harbouring recombinant ChlG from A. thaliana

IS COIA SENSITIVE ..ot 137

3.5 FULUIE WOTK..eiiiiiiiee et 137

Chapter 4: Xanthophylls mediate the interaction between chlorophyll synthase

and high-light inducible protein D in the cyanobacterium Synechocystis sp.

[ 0 Ol 1 S 140
A1 SUMIMAIY ciiiitiiiiie et eeettiiiiie e e eeettarisee s e e eeeteastaaasseeeeesaesssassseseesseesrnnnnnseses 140
4.2 INTrOAUCTION .. 141
B.3  RESUIES .ot 145

4.3.1 Deletion of the crtR gene from Synechocystis abolishes synthesis of

4.3.2

4.3.3

43.4

4.3.5

myxoxanthophyll and zeaxanthin ..........ccccceevviieeeiniiee e, 145

Deletion of crtR significantly impedes the formation of the ChlG-HIiD

[olo] 0] o] 1<) G PP 147

Deletion of the cruF gene from Synechocystis abolishes synthesis of

MYXOXANThOPNYIL..cooooiii e 152
The interaction of ChlG and HIiD is unaffected by deletion of cruF.154

A Synechocystis AcrtR/AcruF mutant cannot synthesise zeaxanthin,

myxoxanthophyll or deoxy-myxoxanothophyll ..............ccccvviienene.n. 157



4.3.6 The interaction between ChIG and HIiD is completely abolished in the
absence of myxoxanothophyll, deoxy-myxoxanthophyll and

ZEAXANTNIN e ettt e et a e 159

4.3.7 The absence of carotenoids and HIiD results in high molecular weight

FLAG-ChIG Sub-COMPIEXES ....eveeeeieeeiieeeee e, 162
A4 DiISCUSSION e s e s e s e s e e e s e e e e s 164

4.4.1 Zeaxanthin and myxoxanthophyll facilitate the interaction between

ChIG and HIID ..ottt s 164

4.4.2 Zeaxanthin is able to mediate the ChlG-HIiD interaction in the absence

of MyXoxanthophyll........ccueiiiriiie e 166

4.4.3 Ycf39 cannot bind ChIG in the absence of zeaxanthin/myxoxanthophyll
=1 Lo B 111 5 T SRR 167

4.4.4  Abolishing the binding of HIiD to ChlG remodels the ChlG complex 167
4.5 FULUIE WOTK eeeiiiiiieiitie ettt ettt st e e st e e s s e e e s saee e e e e 168

Chapter 5: Characterisation of the ChlG-YidC-HIiC-HIiD-Ycf39 complex via in vivo

and in vitro chemical cross-linking.......cccceveiiieiiiiiiiiiiiiicrcreccrecereeees 171
o0 R YU [ 2] ¢ = P 171
5.2 INTrOAUCLION ..eiiiiiiiieiiee e e e e 172
5.3 RESUIES ettt 176

5.3.1 Invitro cross-linking of FLAG-ChIG using BS3, DSS and LC-SDA ....... 176

5.3.2 Optimisation of in vivo cross-linking in WT Synechocystis intact cells

183

5.3.3 In vivo cross-linking of the FLAG-ChIG complex in intact Synechocystis
cells using the heterobifunctional cross-linking reagents LC-SDA and

SUITO-LC-SDA . ..ottt 188

5.3.4 Invitro cross-linking of the ChlG complex using the heterobifunctional

cross-linking reagents LC-SDA and sulfo-LC-SDA..........ccccceeeennnnnee. 195



5.3.5 Cross-linking of the Synechocystis thylakoid membrane fraction using

SUITO-LC-SDA ...ttt s e s st e e e s anaee s 199

5.4 DiSCUSSION...cciiiiiiiiiiiiiiie ittt e s rr e s aa e 205
5.4.1 Model of the ChIG comPleX .......ceeevviiiieiiiiiieecieee e 205
5.4.2 Possibilities for future refinement of the ChlG complex model....... 207
5.5 FULUIE WOTK oottt 208

Chapter 6: Truncations of Synechocystis chlorophyll synthase reveal that the N-

terminus is important for enzyme activity but is not required for interaction

With YidC, HIID OF YCF39 ..uuiieiieiieireireireeistnesneerneesnessessensesnsernsssnsssannes 210
6.1 SUMMIAIY ittt e e e e ettt rss s e e e e e e eaaaba s s s eeeessaesssnnneeeeeanenes 210
6.2 INTrOAUCTION Leoniiiiiiee et s 211
6.3 RESUILS .. s 214

6.3.1 Sequential truncation of the ChlG N-terminus........ccccccceeeecuvrveeeenn.n. 214

6.3.2 The extreme N-terminus of ChlG is not required for binding HIiD, Ycf39

6.3.3 A ChlG enzyme lacking 32 residues from the N-terminus has impaired

Lo 171 YRS 219
6.3.4 The first 23 residues of ChlG are not required for activity ............... 221

6.3.5 Deletion of 51 residues from the ChlG N-terminus destabilises the

0] 0 (=T 1 o [N 224

6.3.6 A C-terminally FLAG-tagged Synechocystis ChlG enzyme is inactive in

6.3.7 C-terminally FLAG-tagged ChIG co-purifies with YidC but not HIiD or

YCf39 and iS QCLIVE fN VILIO..uuuueeeeeeiiiiieieeeeeeeeeeeeeeeeee et 227
T B 1 ol 11 [0 o N 228

6.4.1 The N-terminus of ChlG is not required for binding of YidC, HIiD and

Xi



6.4.2 The first 32 residues of Synechocystis ChlG are essential for enzyme
FUNCEION .. 230

6.4.3 A C-terminally FLAG-tagged ChIG protein is inactive and cannot bind to
HIID OF YCF39 1.ttt 231

6.5  FULUIE WOTK ..ooiiiiiiiiiiiceecee e e e 232

Chapter 7: Heterologous production and in vitro mutagenesis of Arabidopsis

thaliana chlorophyll synthase .........ccceeeiiieiriiiiiirirrrcrecrecreeereeereeernnennns 234
2 U 01 - | VPP PTPTPPPPPP 234
7.2 INTFOAUCTION w.eeiiiiiieiee e e s e 235
7.3 RESUIES i e e e 236

7.3.1 Heterologous production of Arabidopsis thaliana ChlG in E. coli ....236

7.3.2  Purification of AtChIG by Ni* immobilised metal affinity

Chromatography .....eeeee i 238

7.3.3  Optimisation of AtChlG production.........cccccceeeeivieiciiiiieee e, 239

7.3.4 Generating a Chlide a producing Rba. sphaeroides mutant............. 241

7.3.5 Heterologous expression of A. thaliana chlorophyllase (CLH-1) in E. coli

247
7.3.6  Production of Chlide a from Chl a by CLH-1 containing E. coli lysates
248

7.3.7 Enzyme activity of AtChIG solubilised in detergent..........cccecuveennnns 248

7.3.8 Enzyme activity of recombinant AtChlG E. coli lysate....................... 251

7.3.9 Mutation of conserved ChlG residues to their BchG equivalents.... 253

7.3.10 Enzyme activities of AtChlG point mutants.......cccceeevveeeeeeeeeiiicnnneen. 259
7.4 DISCUSSION ..etiiiiiiiiieiiiiiiee ettt s rr e e s e e s naee s 262

7.4.1  AtChlG activity is abolished in detergent micelles ........ccc.ccoeeunnnnneee. 262

7.4.2  Production of Chl a in recombinant AtChIG E. coli lysates is low..... 263

Xii



7.4.3  AtChlG variant P54F is able to esterify Chlide with GGPP ................ 264

7.4.4  AtChIG residues Q46, L56 and V60 are important for enzyme activity
265

7.4.5 N99A and A225M are involved in substrate binding to AtChlG ....... 266

R T U L AU = o ] TN 268
Chapter 8: General diSCUSSION.......cccceiiiireniiiiiiniiiiiieniiiiieiiesesssrensees 270
0= =] =] o= 273

List of Figures

Chapter 3:

Figure 3.1: The reaction catalysed by chlorophyll synthase. ........cccccceveieiiiniinennns 112
Figure 3.2: Protein phylogeny of chlorophyll synthases from representative
cyanobacteria, algae and plants. (A) ..cccceeeecieeiece e 114

Figure 3.3: Generation of Synechocystis strains expressing foreign chlorophyll

SYNENASE BENES. cociee ittt e et e e e e e e e s ebr e e e e e e e e e e e eaarreeaeeeens 115
Figure 3.4: Deletion of chlG from the FLAG-ch/G mutant strains. ..........ccceceuvveeeenn.n. 117
Figure 3.5: Growth and whole cell spectra of Synechocystis strains. ..........ccccuueee.... 118

Figure 3.6: Analysis of chlorophyll precursors from the FLAG-6803 (A), FLAG-7002 (B),
FLAG-Cr (C) and FLAG-At (D) strains of Synechocystis. ......cccccccccvvvveeeeunnenn.. 120
Figure 3.7: Drop-growth assay of FLAG-6803 and FLAG-At at 20 °C with 100 umol
photon m-2 s-1 of illumination. ..., 121
Figure 3.8: Purification of FLAG-ChIG from Synechocystis strains and identification of
[N =Y = To Yo o] o) =T 1 123
Figure 3.9: Immunodetection of YidC, Ycf39 and HIiD in solubilised membranes. ...124
Figure 3.10: SDS-PAGE and immunoblot analysis of control FLAG-
immunoprecipitations from solubilised WT membranes. ........ccccuvveeeee.. 124
Figure 3.11: Gel filtration of the FLAG-6803 and FLAG-At immunoprecipitation

Folo] 0 0] o] [0t (T- YRR 126

xiii



Figure 3.12: Analysis of the pigment content of immunoprecipitation eluates for the
FLAG-6803 (A) and FLAG-7002 (B) Strains. ......eeeeeeeeieevinveeeeeeeeeieissrnreereeeeens 128

Figure 3.13: Absorbance spectra of three independent FLAG-7002 ChlG
immunoprecipitation lUates. .....ceviveiiiieiie 129

Figure 3.14: Production of the Rhodobacter sphaeroides 2.4.1 bacteriochlorophyll

synthase (BchG) in Synechocystis does not allow full deletion of the native

ol ] (G =T 1TSS PR 130
Chapter 4:
Figure 4.1: Carotenoid biosynthesis in Synechocystis. .........ccccceevecvvviiveeeeeeeeccccnenen, 144
Figure 4.2: Deletion of crtR from the FLAG-chlG AchlG strain.........ccccoeveeviieenneeene 146

Figure 4.3: Analysis of the pigment content of FLAG-chl/G AchlG (A) and FLAG-chlG
AChIG ACrtR (B) STrains. ..vvveeiieiiiee e ettt e e et e e e 147
Figure 4.4: Purification of FLAG-ChIG from Synechocystis FLAG-chlG and AcrtR strains.

Figure 4.5: Analysis of the pigment content of immunoprecipitation eluates purified
from FLAG-chIG (A) and AcrtR (B) Strains. .....ccoovveevvvereeieeeiiiiirreeeeeeeeeeennns 151
Figure 4.6: Deletion of the cruF gene from the FLAG-chlG AchlG strain. .................. 153
Figure 4.7: Analysis of the pigment content of FLAG-chlG AchlG (A) FLAG-chlG AchlG
AcrtR (B) and FLAG-chlG AchlG AcruF (C) strains. ....ccveeeeeccveeeececiveeeeeieenn, 154
Figure 4.8: Purification of FLAG-ChIG from Synechocystis AcrtR and AcruF strains.. 156
Figure 4.9: Analysis of the pigment content of immunoprecipitation eluates purified
from the AcrtR (A) and AcruF (B) StrainS........ccooivecevveeeeieeiiiiciiiveeeeeeeeeeeans 157
Figure 4.10: Deletion of the cruF gene from the FLAG-chl/G AchlG AcrtR strain. ...... 158
Figure 4.11: Analysis of the pigment content of AcrtR/AcrufF strain. .........cccueeeeueee.. 159
Figure 4.12: Purification of FLAG-ChIG from the AcrtR/AcruF strain..........cceeeuee... 161
Figure 4.13: Analysis of the pigment content of the AcrtR/AcruF immunoprecipitation
EIUATE. e 162
Figure 4.14: Gel filtration of the FLAG-ChIG eluates from the different carotenoid

(101 =] o) T 163

Xiv



Chapter 5:

Figure 5.1: Structures of DSS, BS3, LC-SDA and sulfo-LC-SDA...........ccccecvveeeeecineeenn, 175
Figure 5.2: Analysis of FLAG-ChIG eluate, cross-linked with BS3, DSS and LC-SDA in
Vitro, by mass SPECLrOMELIY. ....uvviiieiee e 183
Figure 5.3: Identification of the top 50 most abundant Synechocystis proteins by
quantative Mass SPeCtrOMEetrY. ..o 187
Figure 5.4: Number of cross-links detected in vivo between abundant Synechocystis
proteins when varying cross-linking reagent species and concentration. .188
Figure 5.5: Analysis of FLAG-ChIG eluate cross-linked with LC-SDA and sulfo-LC-SDA in
Vivo, by Mass SPECLrOMELIY. coovuieei et 195
Figure 5.6: Analysis of FLAG-ChIG eluate, cross-linked with LC-SDA and sulfo-LC-SDA
in vitro, by mass SPeCtrOMELIY......cciiviiieeiiiieee e 199
Figure 5.7: Analysis of FLAG-ChIG, isolated from thylakoid membranes cross-linked
with sulfo-LC-SDA, by mass spectrometry. ......ccccvecvveeeeriieeeesciieeeeeiieee s 203

Figure 5.8: Diagram of the ChlG complex showing total cross-links identified in each

experiment described in this study........ccccoiiiieiiii e, 204
Figure 5.9: 2D model of the ChlG-HIiD-HIiC-YidC-Ycf39 complex. ....ccccecvveeeveuvnennnns 206
Chapter 6:
Figure 6.1: Sequence alignments and structural model of Synechocystis ChlG. ....... 213
Figure 6.2: N-terminal truncations of chlorophyll synthase. ........cccccceeiiiiiciiinnnnnn. 215

Figure 6.3: Purification of FLAG-ChIG from Synechocystis FLAG-chlG AchlG, FLAG-chlG
A1-11, A1-23, A1-32 and A1-39 strains and identification of interacting
[0 ] (=T 1o 1= SRS 217

Figure 6.4: Analysis of the pigment content of whole cell and immunoprecipitation
eluates of the FLAG-chlG AchlG, FLAG-ch/G A1-11, A1-23, A1-32 and A1-39

LY =11 1 218

XV



Figure 6 5: Deletion of native ch/G from mutant strains harbouring truncated FLAG-
ol ] (G =T o 1= PR 220

Figure 6.6: Reverse-phase HPLC separation of pigments extracted from ChlG assays.

Figure 6.7: Purification of FLAG-ChIG from Synechocystis FLAG-chlG A1-11 AchlG and
A1-23 AchlG strains and identification of interacting proteins. ................. 223

Figure 6.8: Purification of FLAG-ChIG from Synechocystis FLAG-chlG A1-45 and A1-51
SEFAINS . e e e e e 224

Figure 6.9: Generation of a Synechocystis strain expressing a C-terminally FLAG-

tagged chlG gene and subsequent deletion of the native ch/G gene......... 226
Figure 6.10: Purification and activity of ChIG-FLAG. .........cccccceeieeieceeeee e, 228
Chapter 7:
Figure 7.1: Production of AtChlIG in E. COli........cccoecuuiieeeiiiieieiieee e 238
Figure 7.2: Purification of His-AtChIG by Ni?* IMAC. .......ccoeeeeeeeeeeeereeeeeeete e 239

Figure 7.3: Purification of AtChlG produced in E. coli grown in varying media and
TEMPEIATUIES. ..t e e e e et e e e e e e e aaeaens 241

Figure 7.4: Bchl a biosynthesis is perturbed in a Rba. sphaeroides AbchCXF mutant.

Figure 7.5: Truncation of bchF from the mutant Rba. sphaeroides AbchCX genome
using the pK18mobsacB suicide VECtOr. .........ueveeeeieeccciiieeeeee e, 245
Figure 7.6: Reverse-phase HPLC separation of pigments extracted from mutant
AbchCXF and AbchCXF* Rba. sphaeroides strains. ...........ccoceeeeeivveeeeenneen.. 246
Figure 7.7: Production of A. thaliana chlorophyllase-1in E. cOli.......cccuuvveeeeevennnneen. 247
Figure 7.8: Reverse-phase HPLC separation of pigments extracted from Synechocystis
aANd CLH-1 €NZYME @SSAYS. wrrrreeeeeeieiiriiiieeeeeeeescirrreeeeseeeeesnrrereeeeeesessansssenns 248
Figure 7.9: Reverse-phase HPLC separation of pigments extracted from purified ChlG
R T 1YL T PPN 250

Figure 7.10: Reverse-phase HPLC separation of pigments extracted from AtChlG

XVi



Figure 7.11: Alignments of ChlG homologs with BchG from Rba. sphaeroides......... 255

Figure 7.12: Alignments of various BchG homologs from purple bacteria................ 256
Figure 7.13: Sequence alignments of UbiA, AtChlG and BchG. ........ccccccvveeeeeiineeenns 257
Figure 7.14: Structural model of AtChIG. ........cooviiiiiii e 258
Figure 7.15: Immunoblot of variant AtChIG proteins. ......cccccovveieiiieeeecciieee e, 258

Figure 7.16: Reverse-phase HPLC separation of pigments extracted from ‘wildtype’
and variant AtChlG @SSays. ..cccovecvvriiieiee e e e e e rree e 260

Figure 7.17: Reverse-phase HPLC separation of pigments extracted from AtChlG
@SS AY S, eerereitttiti e e e e ettt eeeettata e eeeeeett et e et et et aetr e eeeeeetaearaaeeeees 261

Figure 7.18: Histogram showing the percentage activity of variant AtChlG mutants.

Xvii



List of Tables

Chapter 2:
BRI ] o] (2 B € o 1YV o I 0 dT=To L= TR 101
1] o] (2 ) 1 = 1 LT 103
1] o] (20 T ad = 1 £ 1 1o R 105
1= ] o] (N o T 0 U= TR 107
Chapter 3:
Table 1: Chlorophyll content of strains used in this study. ........cceeeviiiveeieeiieincnnnee. 119
Chapter 5:

Table 1: Quantification of FLAG-ChIG, HIiD and Ycf39 proteins in FLAG-ChIG

immunoprecipitation eluates. .......cccceeei e, 151
Table 1: TMH PrediCtions. ...t eescrreee e e e e e s enrreeee e e e e e e e nanrees 179
Table 2: Criteria for the selection of cross-linked peptides........ccceeevvvreeieeeiiiccnnnen. 179
Table 3: In vitro BS3 and LC-SDA cross-linked peptides......cccccceeiiecciiiiiieeeee e, 180
Table 4: In vivo LC-SDA and sulfo-LC-SDA cross-linked peptides.......cccccceveeeeeinnnnneen. 191
Table 5: In vitro LC-SDA and sulfo-LC-SDA cross-linked peptides........cccccceeeeeennnnneen. 197
Table 6: Sulfo-LC-SDA cross-linked peptides within thylakoid membranes. ............. 201

XViii



List of Abbreviations

3-vinyl-bacteriochlorophyllide

A

a.u

A225M

ADP
ALA
ALB
AmpR

AP

A. thaliana
AtChlG
ATP

AU

bcl

BChl
BChlide
BS3

CAB

Chl

Ch|GGG

3V-BChlide

Angstrom

Arbitrary units

AtChlG with alanine 225 substituted

methionine

Adenosine diphosphate

Aminolevulinic acid

Autoinduction LB media

Ampicillin resistance cassette

Allophycocyanin

Arabidopsis thaliana

Arabidopsis thaliana chlorophyll synthase

Adenosine triphosphate

Absorbance units

Cytochrome bcl

Bacteriochlorophyll

Bacteriochlorophyllide

bis-sulfosuccinimidyl-suberate

Chl a binding domain

Chlorophyll

Geranylgeranyl-Chlorophyll a

XiX



ChlG complex

chlG-FLAG

Chlide

CID

Copro

COR

CPO

Cyclase

cyt bssg

Cyt bef

cyt ¢

DGDG

DMAPP

D-Myx

DNA

DSP

DSS

DSSO

DTT

DV-Pchlide

E. coli

ChIG-YidC-HIiD-HIiC-Ycf39

psbAll:: Syn 6803_chlG-3xFLAG

Chlorophyllide a

Collision induced dissociation

Coproporphyrin IX;

Chlide a reductase

Coproporphyrinogen Il oxidase

Mg-protoporphyrin monomethylester cyclase

Cytochrome bssg

Cytochrome bsf

Cytochrome c;

Digalactosyldiacylglycerol

Dimethylallyl diphosphate

Deoxy-myxoxanthophyll

Deoxyribonucleic acid

Dithiobis[succinimidylpropionate]

Disuccinimidyl suberate

Disuccinimidyl sulfoxide

Dithiothreitol

Divinyl-protochlorophyllide

Escherichia coli

XX



Ech

EDTA

ELIP

Ery

ETC

FAD

Fd

FeCH

FeS

FLAG-chlG

FLAG-6803

FLAG-7002

FLAG-At

FLAG-Cr

FMN

FNR

FPP

GG

GGPPS

GGPP

GGR

Echinenone

Ethylenediaminetetraacetic acid

Early light-induced proteins

Erythromycin resistance cassette
Electron transport chain

Flavin-adenine dinucleotide

Ferredoxin

Ferrochelatase

Rieske iron-sulphur cluster
psbAll::3xFLAG-Syn 6803_chlG/AchlG
psbAll::3xFLAG-Syn 6803 _chlG/AchlG (Chapter 3)
psbAll::3xFLAG-Syn 7002_chIG/AchlG
psbAll:: 3XFLAG-A. thaliana_chlG/AchlG
psbAll:: 3XFLAG-C. reinhardtii_chlG/AchlG
Flavin mononucleotide
Ferredoxin-NADP* reductase

Farnesyl pyrophosphate

Geranylgeraniol

Geranylgeranyl pyrophosphate synthase
Geranylgeranyl pyrophosphate

Geranylgeranyl reductase

XXi



GSPP

HEPES

HIiA/B/C/D

Hlip

HPLC

IBAQ

IMAC

IPP

IPP

IUPAC

Kan

Kb

kDa

L56P

LB

LC-SDA

LHCI/LHClI

LIL

LPOR/DPOR

Geranyl thiolopyrophosphate

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid)

High-light inducible protein A/B/C/D
High-light inducible protein

High Performance Liquid Chromatography
Intensity based absolute quantification
Immobilised metal affinity chromatography
Isopentenyl diphosphate
Isoprenylpyrophosphate

International Union of Pure and Applied

Chemistry

Kanamycin resistance cassette

Kilobase

Kilodalton

AtChlG leucine 56 substituted by proline
Luria-Bertani

Succinimidyl 6-(4,4’-azipentanamido)hexanoate
Light-harvesting complex I/l
Light-harvesting-like

Light/dark-NADPH-protochlorophyllide

oxidoreductase

XXii



MeOH

MEP

MgCH

MGDG

MgPME

MgPME

MRNA

MS/MS

MS3

MT

MV-Chlide

MV-PChlide

Myx

N99A

NADP*

NanoLC-MS/MS

NHS

NTRC

ocCpP

OEC

Methanol

2C-methyl-D-erythritol 4-phosphate

Magnesium chelatase

Monogalactosyldiacylglycerol

Mg-protoporphyrin IX

Mg-protoporphyrin IX monomethyl ester

Mg-protoporphyrin monomethylester

Messenger Ribonucleic acid

Tandem mass spectrometry

Tandem mass spectrometry in time

Methyl transferase

Monovinyl-chlorophyllide

Monovinyl protochlorophyllide a

Myxoxanthophyll

AtChIG with asparagine 99 substituted by alanine

Nicotinamide adenine dinucleotide phosphate

Nanoscale liquid chromatography coupled to

tandem mass spectrometry

N-hydroxysuccinimide

NADPH-dependent thioredoxin reductase C

Orange carotenoid protein

Oxygen evolving complex

XXiii



OHP

p.s.i

P54F

PC

Pchlide

PCR

Pcy

PDM

PE

PG

PHB

PLB

PM

PMF

POR-interacting TPR protein

PPOX

PPP

PQ

Proto

PSI/PSII

PSM

One-Helix Proteins

Pounds per square inch
AtChIG with proline 54 by phenylalanine
Phycocyanin
Protochlorophyllide
Polymerase Chain Reaction
Plastocyanin

PratA-defined membrane
Phycoerythrin
Phosphatidylglycerol
p-hydroxybenzoate
Prolamellar body
Cytoplasmic membrane
Proton motive force

Pitt

Protoporphyrinogen oxidase
Pytyl pyrophosphate
Plastoquinone
Protoporphyrin IX;
Photosystem I/l

Peptide spectrum match

XXiv



Q46E

Qa/QB

QgH>

Rba

RC

ROS

rpm

SAH

SAM

SDS-PAGE

SQ

SQDG

sulfo-LC-SDA

Syn 7002

Synechocystis

TFA

™

TPR

UbiA

AtChlGwith glutamine 46 substituted by

glutamic acid

Quinone (primary/terminal electron acceptor of

PSII)

Hydroquinol (reduced plastoquinone)

Rhodobacter

Reaction centre

Reactive oxygen species

Revolutions per minute

S-adenosyl-L-homocysteine

S-adenosylmethionine

SDS-polyacrylamide gel electrophoresis

Semiquinone

Sulfoquinovosyldiacylglycerol

Sulfosuccinimidyl-6-(4,4'-

azipentanamido)hexanoate

Synechococcus sp. PCC 7002

Synechocystis sp. PCC 6803

Trifluoroacetic acid

Thylakoid membrane

Tetratricopeptide repeat

Ubiguinone synthase

XXV



UROD
V60oY
Vippl
WT
Y3IP1
Zea
ZeoR

Z-1SO

B-car
B-DDM
A1-11
A1-11/AchlG
A1-23
A1-23/AchlG
A1-32

A1-39

A1-45

A1-51

AcrtR

AcrtR/AcruF

AcruF

Uroporphyrinogen Il decarboxylase

AtChIG valine 60 substituted by tyrosine

Vesicle inducing protein in plastids 1

Wild-type

Ycf3 interacting protein

Zeaxanthin

Zeocin-resistance cassette

(-carotene isomerase

B-carotene

n-Dodecyl-B-D-maltoside

psbAll::

psbAll::

psbAll::

psbAll::

psbAll::

psbAll::

psbAll::

psbAll::

psbAll::

psbAll::

3XFLAG-Syn 6803_chlG_ A1-11
3XFLAG-Syn 6803_chlG _ A1-11/ AchlG
3xFLAG-Syn 6803_chlG_ A1-23
3xFLAG-Syn 6803_chlG _ A1-23/ AchlG
3XFLAG-Syn 6803_chIG_ A1-32
3XFLAG-Syn 6803 _chlG_ A1-39
3XFLAG-Syn 6803 _chlG_ A1-45
3xFLAG-Syn 6803 _chlG_ A1-51
3XFLAG-Syn 6803_chIG/AchlG/AcrtR

3XFLAG-Syn

6803 _chlG/AchlG/AcrtR/AcruF

psbAll:

:3XFLAG-Syn 6803 _chlG/AchlG/AcruF

XXVi



Chapter 1: Introduction

1.1 Overview of photosynthesis

The sun is the primary energy source for nearly all life on Earth. Photosynthesis is the
process by which organisms collectively known as phototrophs, such as plants, algae
and photosynthetic bacteria, collect solar radiation and use the energy to drive the
biosynthesis of carbohydrates from CO;. At its simplest, photosynthesis can be

represented by the following equation (Van Niel, 1962):

hv
6CO2 + 12H,0—CsH1206 + 602 + 6H,0

In the first step, known as the light reactions; H2A in the equation above is the reducing
agent that provides electrons for photosynthetic fixation of CO,. The photosynthetic
apparatus absorbs sunlight to increase the energy state of the electrons which then
flow along an electron transport chain (ETC) yielding energy that is harnessed to
produce high energy compounds such as ATP and NADPH. In the second step, referred
to as the dark reactions, these compounds are used as sources of chemical energy to
fix COz into carbohydrates, energy storage molecules, in a process known as the Calvin-

Benson cycle.

Photosynthesis consists of a series of complex physical and chemical reactions which
must occur in a highly coordinated manner, requiring many protein complexes
operating within specialised membrane structures called thylakoid membranes (TM)
in cyanobacteria, algae and plants. The mechanisms of photosynthesis vary between
organisms but can, in general, be divided into two classes, oxygenic and anoxygenic
photosynthesis. Oxygenic photosynthesis occurs in plants, algae and cyanobacteria
and utilises H,0 as a reducing agent. The oxidation of H,0 by a photosynthetic protein
complex splits the compound into its component molecules, hydrogen and oxygen,
and liberates electrons. The electrons flow along an ETC consisting of three protein
complexes; photosystem Il (PSIl), cytochrome bgf (cyt bsf) and photosystem | (PSI). The

energy of the electrons is used to pump protons (H*) across the TM and establish a



proton motive force (PMF). The PMF is subsequently used by a 4" complex, ATP-
synthase, to drive production of ATP. The electrons are used to reduce NADP* to

NADPH (Blankenship, 2014).

Anoxygenic photosynthesis utilises compounds other than H,O, such as H;S and
nitrites, as the reducing group (Griffin et al., 2007). The ETC of photosynthetic bacteria,
including purple bacteria, green non-sulphur bacteria, green sulphur bacteria and
heliobacteria consists of a RC (RC) complex, cytochrome bci (bci) and cytochrome ¢
(cyt c2). These complexes facilitate light driven cyclic electron transfer in which the
electrons are recycled within the system, in contrast to oxygenic photosynthesis where
the electrons are used to reduce NADP*. As such, no NAD(P)H is produced directly in
anoxygenic photosynthesis; however the energy released by cyclic electron transfer is
similarly used to generate a PMF across the photosynthetic membrane which is in turn
used to produce ATP, and indirectly NAD(P)H via complex | (NAD(P)H dehydrogenase)
by reverse electron flow. Both modes of photosynthesis will be discussed in further

detail.

1.2 Model photosynthetic organisms used in this study
1.2.1 Cyanobacteria

The phylum Cyanobacteria, formally blue-green algae, is believed to have evolved
approximately 3 to 4 billion years ago and are the first organisms capable of oxygenic
photosynthesis (Shih, 2015). Cyanobacteria contributed significantly to the oxygen
content of earth’s atmosphere, paving the way for the evolution of large complex

organisms that are reliant on aerobic respiration.

The photosynthetic apparatus in cyanobacteria is analogous to that found in plants
and algae due to the evolutionary relationship shared between these organisms. The
chloroplasts, organelles that house the photosynthetic apparatus in plants and algae,
are thought to have originated from cyanobacteria through endosymbiosis between 1

and 2 billion years ago. It is thought that a eukaryotic cell internalised a



cyanobacterium which provided its host with food until, over time, it was assimilated
by the larger cell (McFadden, 2001). Being the progenitor of the chloroplast,
cyanobacteria do not contain chloroplasts of their own. Instead the TM form pairs
layered into sheets that follow the periphery of the cell and converge at points near
the cytoplasmic membranes as (discussed further in Section 1.5) (Van De Meene et al.,

2006).

Today the cyanobacteria are responsible for a large part of the photosynthetic
productivity of the world’s oceans and can be found in almost all environments,
including under extreme conditions such as those of Antarctica and in hot springs
(Chorus and Bartram, 1999). Cyanobacteria account for 20-30% of Earth's primary
photosynthetic productivity and convert solar energy into biomass-stored chemical
energy at the rate of 450 TW (Pisciotta et al., 2010) which is 0.2% to 0.3% the total
energy reaching the earth from the Sun (178,000 TW in total) (Kruse et al., 2005).

1.2.2 Synechocystis sp. PCC 6803

Synechocystis sp. PCC 6803 (hereafter Synechocystis) is a spherical fresh water
cyanobacterium 1.5-2 um in size (Figure 1.1A). Synechocystis is capable of oxygenic
photosynthesis, allowing it to grow photoautotrophically, as well as heterotrophic
growth in dark conditions when a suitable carbon source, such as sugar, is available.
The first photosynthetic organism to have its entire genome sequenced (lkeuchi,
1996), Synechocystis is readily transformable; able to acquire new genes through
homologous recombination (Zang et al., 2007). This, combined with its ability to grow
heterotrophically, makes Synechocystis the ideal candidate for studying
photosynthesis, pigment synthesis, tocopherol synthesis, carbon metabolism and
respiration, among other processes. It is also being researched as a potential
phototrophic “cell factory” for the production of renewable biofuels and other

valuable chemicals (Yu et al., 2013).



1.2.3 Purple photosynthetic bacteria

Purple bacteria are Gram negative anoxygenic phototrophic microorganisms that
inhabit both terrestrial and aquatic environments. There are three classes of purple
bacteria called aerobic anoxygenic phototrophs, purple sulphur bacteria and purple
non-sulphur bacteria. Anoxygenic phototrophs are unable to utilise CO2 as a carbon
source and require oxygen to grow. The latter two classes are able to grow
photoautotrophically (fixing CO,), photoheterotrophically (utilising carbon sources
other than CO;) and heterotrophically (either by fermentation or aerobic respiration).
Reductants other than H,0 are required for anoxygenic photosynthesis. Purple sulphur
bacteria are able to use H;S as a reductant whereas as purple non-sulphur bacteria are
not, instead relying on Hy as an electron donor. Purple bacteria synthesise pigments
called bacteriochlorophylls (BChl) as their main light absorbing molecules. The
synthesis of these pigments is repressed by the abundance of O; and so low oxygen
conditions are required for photosynthesis (Cohen-Bazire et al., 1957). These
conditions are often found in still aquatic environments, such as lakes and ponds. In
response to low oxygen conditions, the cytoplasmic membrane of purple bacteria will
develop intracytoplasmic membranes, vesicles formed by the invagination of the
cytoplasmic membrane at multiple points (Tucker et al., 2010; Zeilstra-Ryalls et al.,
1998). The photosynthetic apparatus is assembled within these membranes (Kiley and

Kaplan, 1988; Tucker et al., 2010).

1.2.4 Rhodobacter sphaeroides

Rhodobacter (Rba.) sphaeroides is a non-sulphur purple bacterium found in numerous
environments including soil, sewage lagoons and anoxic water (Cooper et al., 1975).
The bacterium is rod shaped and motile by means of a single sub-polar flagellum
(Mackenzie et al., 2007) (Figure 1.1B). Rba. sphaeroides grows optimally in anaerobic
photoheterotrophic and aerobic chemoheterotrophic conditions. The organic
compounds required for either condition act as both a source of carbon and as a

reductant for photoheterotrophic and chemoheterotrophic growth (Pfennig, 1978).



CO. is used as the sole carbon source under photoautotrophic growth conditions, with
H, utilised as a reductant (Woese et al., 1984). Decreasing oxygen availability
stimulates the switch to photosynthetic growth and promotes induction of
photosystem synthesis and assembly. The variations in light intensity found in nature
determine the cellular level of intracytoplasmic membrane formation (Adams and

Hunter, 2012).

Rba. sphaeroides is an ideal model organism for photosynthesis research. It is able to
grow aerobically and is thus not reliant on photosynthesis for survival. Therefore,
genes involved in phototrophic growth can be manipulated and mutated without
affecting the integrity of the cell, whilst non-photosynthetic growth is maintained.
Most of the photosynthesis genes are located within a single gene cluster (Coomber

and Hunter, 1989), simplifying discovery of novel photosynthetic genes.



Figure 1.1: Transmission electron micrographs of phototrophic bacteria. Transmission
electron micrograph of an ultra-thin section of a Synechocystis cell (A) showing TM (white
arrows) cytoplasmic inclusions (black arrow) and sites at which the TM and PM converge
(asterisk), modified from Allison et al (2005). Transmission electron micrograph (B) of a Rba.
sphaeroides cell showing the invagination of the membrane to from ICM vesicles, taken from:

http://www.news.wisc.edu/newsphotos/images/bacterium_microscopic02.jpg.

1.3 Anoxygenic photosynthesis

Anoxygenic photosynthesis requires only one photosystem, which limits the electron

transport chain to cyclic electron transfer where the electrons flow between the RC



and cytochrome bci (cyt bci) via a quinones and cytochrome c; (Figure 1.2).
Anoxygenic phototophs lack the ability to oxidise H,0 and so the electrons for NADPH
and anaerobic respiration are provided by reducing compounds such as H;S and H,.
Energy from the antenna system passes to a pair of bacteriochlorophyll molecules
within the RC, eliciting a charge separation. A nearby pheophytin molecule receives
the electron, which is passed to a quinone (Qa) which becomes a semiquinone radical.
A second, loosely bound quinone molecule (Qg) accepts the electron from Qa and
following a second photochemical event and another series of electron transfers, Qg
binds 2H*, becoming a hydroquinol (QgHz). QgH2 diffuses into the TM and docks with
cyt bci. This complex oxidises QgH; and the electron released is accepted by
cytochrome c; (cyt ¢2) which can return it to the RC where the cycle repeats. The
oxidation of QgH> also releases 2H*, contributing to the acidification of the periplasm
and generating a PMF across the photosynthetic membrane. The PMF is utilised by
ATP-synthase to produce ATP, analogous to oxygenic photosynthesis. All events
described have now been modelled structurally and kinetically (Cartron et al., 2014;

Sener et al., 2016).

ADP+P,

Cytoplasm FoF,
ATP synthase
complex
reaction .
centre cytochrome
bc;

complex H’

% A
Periplasm cytochrome c;

Figure 1.2: Anoxygenic photosynthesis. Schematic diagram showing the flow of electrons
(black arrows) around the photosynthetic apparatus of anoxygenic phototrophs. Protons
(orange arrows) are transported across the chromatophore membrane from the cytoplasm

into the chromatophore lumen.



1.4 Oxygenic photosynthesis

In plants, oxygenic photosynthesis takes place within organelles called chloroplasts,
which contain stacks of TM resembling flat hollow discs called grana that house the
protein complexes required for photosynthesis. During photosynthesis, protons are
pumped into the thylakoid lumen from the thylakoid stroma to establish a pH gradient
and generate a PMF across the TM. Cyanobacteria are oxygenic photosynthetic
bacteria that contain TM pairs, which form layered sheets parallel to the periphery of
the cell and contiguous with the cytoplasmic membrane (PM) (Van De Meene et al.,

2006).
The main stages of oxygenic photosynthesis are:

Absorption of light by photosystem antennae complexes
Reduction of quinone by PSII
Reduction of plastocyanin (or cytochrome cs) by cyt bef

Oxidation of plastocyanin/cytochrome cs by PSI and reduction of NADP*

A

Production of ATP by ATP-synthase

The protein complexes that form the oxygenic photosynthetic apparatus are
presented in Figure 1.3. Figure 1.7C shows a Z-scheme, detailing the movement of
electrons through these complexes. The details of each of these five steps are

described in the following sections.
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Figure 1.3: Oxygenic photosynthesis. Arrangement of the oxygenic photosynthetic apparatus
in the thylakoid membrane. Black arrows show the flow of protons during the light driven

chemical reactions of photosynthesis. Taken from MacGregor-Chatwin et al. (2017).

1.4.1 Photosystem antenna complexes

The primary process in photosynthesis is the harvesting of light. This task is performed
by various light-harvesting complexes that absorb light via bound pigment molecules,
the most common of which is chlorophyll (Chl), and channel the energy to the
photosystems where it is used to drive the ETC. If every photosystem reaction centre
relied on its own photochemically active pigment molecules, photosynthesis would be
very inefficient. Due to the low availability of light of the appropriate wavelengths, at
any given moment most of the photosystems would be sitting idly, wasting the energy
used to synthesise and assemble them to the detriment of the organism (Blankenship,
2014). Structural studies have revealed that there are between 150 and 250 extra Chl

antenna molecules associated with each PSIl RC (Barros and Kiihlbrandt, 2009).

In plants, PSl is associated with the Light-Harvesting complex | (LHC-1) antenna and PSI|
is associated with Light Harvesting Complex Il (LHC-II) (Figure 1.4B), although LHCII is
also found with PSI (Pan et al., 2018). The proteins that constitute the LHCs come from
a superfamily collectively known as Chl a/b-binding (Cab) proteins (Jansson, 1999;

Peter and Thornber, 1991). The polypeptide constituents of LHC-I are Lhcal-6



(Jansson, 1999). LHC-II has been more widely studied and consists mainly of Lhcb1,
Lhcb2 and Lhcb3 that bind Chl a/b and carotenoid pigment molecules. Among the
most abundant membrane proteins on earth, the LHC polypeptides are able to
spontaneously form trimers of all possible configurations within the thylakoid
membrane (Standfuss and Kihlbrandt, 2004). It is estimated that up to eight LHC-II
trimers serve each PSll core complex which equates to between 130 and 250 accessory
Chl molecules (Wei et al., 2016). The LHC-II trimers and PSIl core complex form a
number of different supercomplexes of varying stoichiometries, the structures of

which have been determined by cryo-electron microscopy (Section 1.4.2).

Cyanobacteria do not contain an LHC antenna to harvest light; instead this function is
performed by structures called phycobilisomes that form tight rows on the
cytoplasmic surface of the TM. Unlike LHCs, the major light-harvesting proteins of
cyanobacteria belong to a family of polypeptides called phycobiliproteins, of which
three classes form the main component of phycobilisomes. These are phycoerythrin
(PE), phycocyanin (PC) and allophycocyanin (AP). The pigment molecules that
invariantly bind to these proteins are phycocyanobilin, phycoerythrobilin,
phycouroblin and phycobiliviolin. Three (two in some cyanobacteria) hexamers of
phycobiliproteins form a cylindrical complex that trimerises with a second cylinder to
form the core of the phycobilisome. From the core radiates six rod like structures, each
consisting of three hexamers of phycobiliproteins, for a total of six peripheral groups
per phycobilisome. Some bacteria are able to change the size of the rod structures
from three to four hexamers of phycobiliproteins in response to environmental light
intensities (Grossman, 1990) in a process called chromatic adaption. The antenna

complex sits above the photosystem RC and channels light energy to it (Figure 1.4A).
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Figure 1.4: Photosystem Il antennae complexes in cyanobacteria and plants. PSIl dimers

associate with phycobilisomes (A) in cyanobacteria which channel light energy to the PSII RC

consisting of D1 (red), D2 (blue) and inner light harvesting antennae CP43 (purple) and CP47

(green). The phycobilisome consists of a trimeric core complex containing allophycocyanin

(AP) and peripheral rod structures consisting of hexameric phycobiliproteins that contain

phycoerythrin (PE) and phycocyanin (PC). In plants, PSIl instead associates with light-

harvesting complex Il (B) consisting of six subunits LHCb1-6 (dark green), which are membrane

intrinsic and encompass the PSII dimers, channelling light energy to the RC.
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1.4.2 PSIl Structure and Function

Photosystem Il (PSIl) is one of two RC complexes within oxygenic phototrophs and
consists of a large multi-subunit enzyme integral to the TM lipid bilayer. PSll can either
directly absorb light energy of the appropriate wavelength via its bound Chl molecules,
or the antenna complexes discussed above can channel light energy to the PSII RC.
Within the RC, a pair of Chl pigments termed P680 becomes electronically excited,
making it a strong reducing species (Rappaport et al., 2009). Alternatively a Chl
situated nearby to P680 called Chlp; can also become electronically excited. Once
excited, both species can act as primary electron donors (Acharya et al., 2012). To
prevent a wasteful recombination reaction occurring, secondary reactions rapidly
occur to physically distance the oxidised and reduced species. A nearby molecule of
pheophytin (a Chl molecule lacking the central Mg?* ion) accepts the electron from the
primary electron donor, physically separating the charge and converting electronic
excitation energy into a chemical redox form. Charge separation occurs within a few
picoseconds and is the primary reaction of photosynthesis. Electrons lost from the
primary Chl electron donor are replaced by the oxidation of H,0 in the oxygen evolving
complex (OEC), a sub-complex of PSIl. The protons produced by H,O oxidation are
released into the thylakoid lumen. Electrons from primary photochemistry pass from
pheophytin to a pair of plastoquinone molecules called Qa and Qg respectively. The Qg
molecule is reduced twice by two primary reaction events, binds 2H* (PQH) and
diffuses into the TM lipid bilayer, allowing an oxidised Qg to bind to PSIl in its place.
The PSII ETC is shown in Figure 1.7A.

The crystal structure of PSIl complex from cyanobacteria has been solved many times
culminating in a structure of PSIl from Thermosynechococcus vulcanus at 1.9 A
resolution (Umena et al., 2011) (Figure 1.5A). Recent advances in single-particle cryo-
electron microscopy resulted in the elucidation of the spinach PSII-LHCIl complex to

3.2 A resolution (Wei et al., 2016).

PSlI exists primarily as a dimer within the TM (Boekema et al., 1995; Koufil et al., 2012)

although monomeric PSIl has been reported (Watanabe et al., 2009). In the
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cyanobacterium Thermosynechococcus elongatus it is a large dimeric complex, 105 A
in depth, 205 A in length, and 110 A in width (Ferreira et al., 2004; Gao et al., 2018).
Each PSIl monomer consists of 20 protein subunits and over 80 cofactors including
pigments (35 Chl, 12 B-carotene, 2 haems), pheophytins, plastoquinones, lipids,
various ions such as Ca?*, ClI" and an Mn4OsCa cluster as well as over 1000 bound H,0

molecules (Suga et al., 2015; Umena et al., 2011).

The PSII protein subunit components differ slightly between plants and cyanobacteria;
however the composition and organisation of the core subunits are comparable. Both
contain a RC comprising core proteins D1 and D2 and their respective antenna
subunits, CP47 and CP43, which facilitate the primary reactions of photosynthesis. D1
and D2 form a heterodimer at the heart of the PSIl complex (Nixon et al., 2010) and
bind six Chl pigments, including the special pair (P680) involved in charge splitting,
along with two pheophytins and two plastoquinones (Qa and Qg) that facilitate
electron transfer through PSII (Barber, 2006; Cardona et al., 2012). The D1/D2 core co-
ordinates the linear transfer of electrons from P680, through pheophytin, to Qa and
Qs. CP43 and CP47 bind Chl and B-carotene pigments and act as inner light harvesting
complexes, channelling absorbed light energy to P680 as well as connecting the RC

with the external light harvesting complexes (Ballottari et al., 2012; Barber, 2006).

Surrounding the RC are 14 small subunits: cytochrome bssg (cyt bssg), PSbE, PsbF, PsblL,
PsbM, PsbT, PsbH, Psbl, PsbJ, PsbK, PsbX, PsbY, PsbZ, Psb30. The functions of these are
mostly unknown although cyt bsse, PsbE and PsbF are known to play a photoprotective
role, while PsbL, PsbM and PsbT may facilitate dimerisation of PSII (PospisSil, 2011; Shi
etal., 2012).

Oxidation of H;0 is catalysed by the Mn4OsCa cluster which is stabilised and shielded
by multiple extrinsic subunits that together form the oxygen evolving complex (OEC).
The cyanobacterial extrinsic subunits comprise PsbO, CyanoP, CyanoQ, PsbU and PsbV
whereas in terrestrial plants PsbU and PsbV have been lost over the course of
evolution (Bricker et al., 2012; Thornton et al., 2004). Plants and algae have gained
two extra subunits, PsbW and PsbR, that are not native to cyanobacteria and contain

homologs of CyanoP and CyanoQ named PsbP and PsbQ respectively.
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The OEC Mn4OsCa cluster is co-ordinated by ligands provided by the D1 and CP43
subunits (Hwang et al., 2007; Service et al., 2011). Charge separation in P680 is used
to drive oxidation of the Mn4sOsCa cluster which, after four sequential oxidation
equivalents, is reduced again when it splits two molecules of H,O into 4 H* and O»
(Grundmeier and Dau, 2012; Renger, 2011; Siegbahn, 2009). The oxidised P680
receives an electron from the redox active Tyrosine Z residue of D1, “resetting” the

system (Barber, 2016; Debus et al., 1988).

PsbZ

Psb30/Ycf12

Psbk Psbl ; PsbTc PsbL

Figure 1.5: Structure of PSIl. The structure of PSII. A side view of the complex (A) reveals the
core subunits of PSIl which are D1 (green), D2 (blue), CP47 (cyan) and CP43 (pink). A top view
(B) shows the peripheral subunits which surround the core. Modified from (A) (Umena et al.,

2011) and (B) (Shi et al., 2012).
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1.4.3 Cytochrome bsf

PQH; docks with, and donates electrons to, a large dimeric complex known as
cytochrome bef (cyt bsf). A complicated series of reactions called the Q cycle unfolds,
resulting in the release of 2H* into the thylakoid lumen and reduction of plastocyanin
(Pcy) or cytochrome ¢ (Baniulis et al., 2011). In brief, PQH; binds to the cyt bsf complex
on the luminal side of the complex and donates one electron to a Rieske iron-sulphur
cluster (FeS) and a second electron to quinone, reducing it to semiquinone (SQ). The
PQH; molecule is oxidised and releases 2H* to the thylakoid lumen. The Rieske iron-
sulphur cluster reduces Pcy via cytochrome f on the luminal side of the TM and the SQ
reduces cytochrome b on the stromal side. Pcy is released into the thylakoid lumen
enabling an oxidised Pcy to bind in its place. This chain of events repeats, reducing
cytochrome b a second time and enabling it to reduce a PQ which binds 2H* from the
stroma and diffuses into the TM where it can join the Q cycle. A complete Q cycle
results in the transfer of 4H* to the thylakoid lumen, the oxidation of PQH; and

reduction of 2Pcy (Figure 1.7D). This is summarised by the following equation:

PQH: + 2Pcy (oxidised) + 2H* (stroma) - PQ + 2Pcy (reduced) + 4H* (lumen)

1.4.4 PSI Structure and Function

PSI is a multimeric pigment protein complex situated within the TM of oxygenic
phototrophs. Like PSlI, PSI has a RC containing a special pair of Chl molecules denoted
P700. Upon absorption of light and channelling to the special pair, charge splitting
occurs by a mechanism similar to that in PSII, resulting in the transfer of an electron to
a nearby Chl monomer called Ao. From there the electron is transferred to Ai, a
phylloguinone in most organisms, and then through three iron sulphur clusters, called
Fe-Sx, Fe-Sa and Fe-Sg, towards the stromal side of the TM where a molecule of
ferredoxin (Fd) is bound via electrostatic interaction with PSIl. Once Fd has accepted
an electron from Fe-Sg, it diffuses from the PSI complex and donates the electron to
ferredoxin- NADP* reductase (FNR), an enzyme which holds the electron via an FAD

co-factor until it receives a second electron from another Fd. Upon receiving two
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electrons, FNR reduces NADP* to NADPH using the energy it has gained through
electron transfer. The Pcy molecules reduced by cyt bef bind PSI on the lumenal side
of the complex and reduce the PSI RC, essentially “re-setting” the system (Brettel and

Leibl, 2001). The PSI ETC is shown in Figure 1.7B.

Unlike PSII, the differences between plant and cyanobacterial PSI complexes are far
more distinct. Aside from subunit composition, plant PSlis monomeric and surrounded
by antennae light-harvesting complexes (LHCI) (Ben-Shem et al., 2003; Pan et al.,
2018), whereas the cyanobacterial complex is predominantly trimeric (Jordan et al.,

2001).

The structure of cyanobacteria PSI has been solved numerous times, starting with
Thermosynechococcus elongatus PSI at 2.5 A (Jordan et al., 2001), and then most
recently the Synechocystis trimeric PSI at 2.5 A (Malavath et al., 2018) (Figure 1.6B/C).
The two structures were broadly comparable with some differences between the
prosthetic groups. The PSI trimer in Synechocystis consisted of 33 protein subunits and
a multitude of co-factors, including 285 molecules of Chl and 72 carotenoids (Malavath
et al., 2018) (Figure 1.6A/C). The core of each PSI monomer is composed of subunits
PsaA and PsaB which form a heterodimer and coordinate the electron transport
components P700, Ag, A1 and Fe-Sx centre (Chitnis, 1996). Surrounding this are 10
other small subunits designated PsaC, D, E, F, |, J, K, L, M and X (Figure 1.6B). PsaC
provides ligands to the Fe-Sx centre (Xu et al., 1994) and, along with PsaD and PsaE, is
involved in binding Fd at the reducing side of PSI (Ruffle et al., 2000). PsaF is
dispensable in cyanobacteria but is thought to mediate Pcy binding to PSI (Hippler et
al., 1998, 1999). Psal has been shown to be essential to the formation of trimeric PSI

(Chitnis et al., 1993; Malavath et al., 2018).

The plant PSI structure has also been solved multiple times; most recently the crystal
structure of the pea PSI-LHCI supercomplex was resolved to 2.6 A (Mazor et al., 2015)
(Figure 1.6B-C). The core complex is mostly conserved between prokaryotic and
eukaryotic phototrophs. Between the eukaryotic phototrophs there are variations in
the size and pigment cofactors of the peripheral LHCI antennae complexes (Qin et al.,

2015). PsaM and PsaX are missing from plant PSI, although it contains 5 additional
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protein subunits that are absent in cyanobacteria; these are PsaG, H, N, O and P. PsaG
and H, which are involved in binding LHCI and LHCII respectively. PsaN facilitates
docking of Pcy (Scheller et al., 2001); PsaO is thought to be important for facilitating
the process of state transitions, a mechanism that maintains the balance of excitation
energy between PSI and PSII by migration of LHCs between the two photosystems
which enables the plant to adapt to rapid changes in light intensity (Jensen et al.,

2004); PsaP is the most recently discovered subunit of PSI but its function within the

complex is undetermined (Khrouchtchova et al., 2005).

Figure 1.6: Structure of PSI. Structure of a PS| trimer (A) and monomer (B) showing the subunit
components of the complex. The Chl content of the complex (C) associated with the PSI core
(red), the core antennae (green) and LHCI in (blue). (A) was modified from Malavath et al

(2018) and (B/C) was modified from Mazor et al (2015).
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1.4.5 Production of ATP by ATP-synthase

The H* released into the thylakoid lumen from the oxidation of H,0 and PQH>, by PSII
and cyt bef respectively, results in acidification of the lumen and the generation of a
PMF across the TM. ATP-synthase, a large enzyme complex which spans the TM,
converts this potential energy into chemical energy that can be used by the cell (Daum
et al., 2010; Hahn et al., 2018). Protons diffuse from the thylakoid lumen to the stroma
through the ATP-synthase, which uses the energy to synthesise ATP from ADP
(Blankenship, 2014).

The high energy molecules, NADPH generated by the reactions of PSI and ATP by ATP-
synthase, feed into the Calvin cycle where they are used to generate energy storing

carbohydrates from atmospheric CO; (Raines, 2003).
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Figure 1.7: Electron transport chain of oxygenic photosynthesis. Light energy absorbed by
PSllis channelled to the Chl pair P680 (A) and used for charge splitting. A similar process occurs
in PSI whereby the special Chl pair P700 (B) is oxidised upon absorption of light energy,
enabling the electron to pass along an ETC to reduce ferredoxin (Fd). The Z-scheme (B) shows
the electron transport chain of oxygenic photosynthesis from PSII, through cytochrome bsf, to
PSI. Cytochrome bgf (D) facilitates a quinone cycle, resulting in the transport of 4 protons (H*)

into the thylakoid lumen.
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1.5 Thylakoid membrane structure and biogenesis

In almost all oxygenic phototrophs the thylakoid membrane (TM) houses the protein-
pigment complexes involved in photosynthesis, namely PSI, PSIl, cyt bsf and ATP-
synthase as well as the accessory light harvesting antennae mentioned previously. The
lipid bilayer of the TM allows the diffusion of the electron carrying proteins of the ETC,
quinone and Pcy, and provides the impermeable barrier across which a pH gradient
can be established and an electromotive force produced. In cyanobacteria and plants,
the lipid content of the TM consists primarily of the galactolipids
monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG), as well
as glycolipids  sulfoquinovosyldiacylglycerol  (SQDG) and  phospholipids
phosphatidylglycerol (PG) (Kobayashi, 2016). MGDG and DGDG make up the bulk of
the TM, together accounting for 75% of the total lipid content, and establish a bilayer
providing stability to the photosynthetic complexes (Dorne et al., 1990). SQDG and PG
are acidic lipids and can interact with proteins to aid TM organisation. PG in particular
is critical to many photosynthetic processes (Kobayashi, 2016). The ratios of these
lipids affect the physical behaviour of the TM under various conditions and so their
synthesis is tightly controlled to prevent destabilisation of the photosynthetic

apparatus (Demé et al., 2014; Moellering and Benning, 2011).

TM biogenesis is a highly complex process, requiring the step-wise assembly of
proteins, pigments, lipids, quinones and metal ions in a tightly regulated manner to
ensure successful assembly of the photosynthetic unit. Mediation of the various steps
requires a large number of dedicated assembly factors (Komenda et al., 2012;
Schottler et al., 2011). Various models of TM biogenesis in cyanobacteria have been
proposed, based on the limited data available (Figure 1.8A-C). The process is thought
to originate at specific sites called TM biogenesis centres, defined as the points at
which the TM converges with the cytoplasmic membrane (PM) (Van De Meene et al.,
2006). These resemble cylindrical structures approximately 30 nm in width and 320

nm in length (Kunkel, 1982) and serve as nucleation sites for the integration of the
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various metabolic pathways involved in photosynthesis, including Chl biosynthesis,

protein synthesis and PSIl assembly (Nickelsen and Zerges, 2013).

The PSIl assembly factor PratA accumulates in semicircular membrane structures that
surround the TM biogenesis centres and seem to link both the PM and TM (Stengel et
al., 2012). These structures are termed PratA-defined membrane (PDM) (Schottkowski
et al., 2009). PratA features nine tetratricopeptide repeat (TPR) units that have been
reported to facilitate interactions between proteins and could serve as a scaffold,
aiding the assembly of photosynthetic complexes (Schottkowski et al., 2009). PratA is
also capable of binding to the core PSIl subunit D1 as evidenced by pratA knockout
studies showing the significant accumulation of pD1 precursor protein and defective
PSIl assembly. It was postulated that PratA is required for the translocation of PSII
proteins from the PDM to the TM where they are further assembled into functional
PSII supercomplexes (Schottkowski et al., 2009). It has been speculated that, in the
early steps of PSIl assembly, PratA is also involved in the C-terminal processing of pD1
(Nickelsen et al., 2011) and the delivery of Mn?* ions to early PSIl intermediates
(Nickelsen and Zerges, 2013; Rast et al., 2015). Furthermore, the Chl biosynthesis
protein NADPH-protochlorophyllide oxidoreductase (POR), the POR-interacting TPR
protein (Pitt) and pD1 all localize in higher concentrations within PDMs when PratA
expression is perturbed (Nickelsen et al., 2011). This highlights the essential role of
PratA in the organization of TM biogenesis centres and migration of these proteins

from the PDM to the TM.

Vesicle inducing protein in plastids 1 (Vipp1) is another TM biogenesis factor that has
been found to be indispensible for TM assembly in some cyanobacteria and plants (Li
et al., 1994). The protein is capable of assembling into the cylindrical structures
mentioned previously (Frain et al., 2016) and has been found to be important for the
correct assembly of PSI (Stengel et al., 2012; Zhang et al., 2014). This protein facilitates
the budding of vesicles from the inner chloroplast envelope which is an essential
process for maintaining the structural and functional integrity of TM (Hennig et al.,
2015; Kroll et al., 2001). Deletion of the vipp1 homologue in Synechocystis resulted in

a complete loss of TM formation (Westphal et al., 2001); however this was not found
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to be the case in Synechococcus (Zhang et al., 2014). In Synechocystis Vipp1l exchanges
between two TM fractions, one that is concentrated in the high curvature regions of
the TM near the periphery of the cell, and one that is evenly distributed. Perturbing
this distribution in constant light conditions has no effect on TM biogenesis but if light
conditions change the TM does not assemble correctly, indicating a role for Vipp1 in
assembly of the complexes involved in the light dependent reactions of photosynthesis
(Gutu et al., 2018). Vipp1 has also been implicated in the transport of lipids, mediating
the transfer of lipids from the PM to the TM (Heidrich et al., 2017). In summary, there
are many contrasting hypotheses regarding the exact role of Vippl in TM biogenesis,
and its function(s) remain ambiguous. However, the general consensus is that Vipp1l
has a membrane protecting/stabilising function and may have further roles in other

photosynthetic processes and/or TM biogenesis (Junglas and Schneider, 2018).

Studies into the composition of the PM in cyanobacteria have shown that Chl-
containing photosystem RC intermediates, that are already capable of charge
separation, are assembled in the PM. Furthermore PSIl and PSI assembly factors have
been found to accumulate in the PM (Zak et al., 2001). It is therefore feasible that the
photosystem RCs are assembled in the PM and then translocated to the TM (Keren et
al., 2005; Srivastava et al., 2006). This translocation possibly occurs through vesicle
transport, mediated by Vippl, or by lateral movement from the PM into the TM
biogenesis centres. This is followed by photosystem maturation when antenna
complexes and regulatory subunits are incorporated into the complex (Nickelsen et
al., 2011; Zak et al., 2001). Although early intermediates of both photosystems may be
localised to the PM, the PDM is dedicated to the assembly of PSIl and not PSI (Rast et
al., 2015). Metal ion co-factors, lipids and Chl are incorporated into the growing PSlI
complex as it is being assembled, highlighted by the accumulation of PSIl assembly
factors, Chl biosynthesis enzymes and Chl precursors within the PDM (Rengstl et al.,

2011; Schottkowski et al., 2009).

PSIl repair, on the other hand, seems to be spatially separated from de novo PSII
assembly as exemplified by the even distribution of D1 mRNA (psbA) across the TM,

along with other factors involved in PSII repair, instead of accumulating in TM
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biogenesis centres (Komenda et al., 2006; Uniacke and Zerges, 2007). This may be to
prevent the crossover of repair and assembly processes, reducing the risk of
interference between these pathways (Nickelsen and Rengstl, 2013). Little is known
about the localisation of the later stages of PSI assembly during TM biogenesis, as is

the case for cyt bsf and ATP-synthase complexes (Rast et al., 2015).

TM biogenesis in plants remains poorly understood. There are no structures in plants
that resemble the TM biogenesis centres of cyanobacteria. This lack of research may
be due to the inherent difficulty in examining the development of cellular processes in
multicellular organisms compared with unicellular organisms. As single celled
organisms, cyanobacteria divide frequently which inevitably means that new TM is
constantly being synthesised within cellular populations. Additionally, the TM of
cyanobacteria accounts for a relatively large percentage of their total biomass. In
contrast, plants contain multiple differentiated cells and, once synthesised, have
inherently stable TM. TM biogenesis in plants occurs during meristem differentiation
(Charuvi et al., 2012), providing only a small window of opportunity in which to
examine the process. None the less, it is generally agreed that synthesis of
photosynthetic proteins most likely occurs in the stromal TM as these regions are
accessible to ribosomes (Yamamoto et al., 1981). In support of this, PSIl monomers
and earlier PSIl intermediates were found largely in the stromal lamellae whilst PSII
dimers were confined to the grana stacks, indicating that PSIlI biogenesis occurs in

unconstrained regions of the TM (Danielsson et al., 2006).
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Figure 1.8: Thylakoid biogenesis. The early stages of PSIl during TM biogenesis in cyanobacteria may take place entirely within the TM (A) or in specialised
regions of the membranes termed TM biogenesis centres (B). Alternatively, assembly of the PSIl RC complex may occur in the PM before migrating to the

TM to mature (C).

24



1.6 Photosystem Assembly and Repair

1.6.1 Photosystem Il Assembly

PSII polypeptides are synthesised and co-translationally inserted into the thylakoid
membrane (Zhang et al., 1999) where they are subsequently assembled into
multimeric complexes along with their various co-factors. This process is highly
coordinated and involves numerous assembly proteins that interact transiently with
specific PSII subunits or co-factors to facilitate the production of distinct intermediate
complexes as PSIl matures (Heinz et al., 2016). Although our understanding of this
process is incomplete, much progress has been made in elucidating the various stages
of PSIl assembly in cyanobacteria via a combination of deletion mutants and protein
electrophoresis techniques. Figure 1.9 highlights the main stages of PSIl assembly. PSII
assembly begins with the formation of the D2—cyt b559 and pD1-Psbl sub-complexes
which merge to form the RC core complex. The transient RC47 complex is then
generated by the binding of the CP47 subcomplex which consists of CP47 along with
several low molecular mass subunits. Next, monomeric PSIl is formed by the
incorporation of the CP43 subcomplex into RC47 and the subsequent binding of the
extrinsic subunits that protect the OEC, enabling photoactivation of the OEC. Finally,
PSIl monomers dimerise to form the completed PSIl complex (Nickelsen and Rengstl,
2013). Each of the stages of PSIl assembly in cyanobacteria will be discussed in more

detail.

1.6.1.1 D2-cyt b559

PSIl assembly is initiated by the accumulation of cyt b559 which acts as a nucleation
factor, allowing the folding and insertion of D2 followed by the formation of the D2-
cyt b559 complex (Komenda et al., 2004, 2008). There have been no specific assembly
factors attributed to formation of the D2-Cyt b559 subcomplex, although SIr0286 and

SIr2013 have both been suggested to play a role in the folding of D2 despite their
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inactivation appearing to have no detectable consequences for the cell (Kufryk and

Vermaas, 2003).

1.6.1.2 pD1-psbl

The D1 precursor protein (pD1) is inserted into the membrane via the SecYEG
apparatus in collaboration with the YidC insertase (Chidgey et al., 2014; Spence et al.,
2004) which supports the folding and integration of the protein into the lipid bilayer
(Ossenbihl et al., 2004, 2006). It is believed that Chl is inserted into pD1 co-
translationally, as pD1 is being integrated into the membrane. Chl may be delivered to
pD1 by the nearby chlorophyll synthase complex (see Section 1.10 and 1.11),
comprising chlorophyll synthase (ChlG) which is the final enzyme in the Chl
biosynthesis pathway, the Chl binding protein HIiD, YidC and the PSIl assembly factor
Ycf39 (Chidgey et al., 2014). It is hypothesized that Ycf39 localises ChlG to pD1 before
chlorophyll is delivered to the protein via HIiD as pD1 is being co-translationally
inserted into the plasma membrane by YidC (Chidgey et al., 2014; Knoppova et al.,
2014). Despite this, the handover of Chl from the chlorophyll synthase complex to the
PSIlI assembly aparatus remains poorly understood. The structural and functional
characterisation of the ChlG complex in order to better understand this process is the
focus of the work presented in this thesis. Once pD1 is inserted into the membrane it

can bind to the Psbl subunit forming the pD1-Psbl subcomplex (Dobdkova et al., 2007).

1.6.1.3 Reaction-centre complex (RC)

D2—cyt b559 can act as a platform to which pD1-psbl binds and forms the RC complex
(Dobakova et al., 2007). The binding of pD1-psbl to D2-cyt b559 requires the C-

terminal processing of pD1 and coordination by several auxiliary proteins.

As discussed previously, the thylakoid biogenesis factor PratA can interact directly with
the a-helical C-terminus of pD1. This interaction was mapped to residues 314-328

(Schottkowski et al., 2009) that are involved in stabilising the Mn4CaOs cluster of the
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OEC (Umena et al., 2011). A study showed that PratA can bind Mn?* with high affinity
and that delivery of Mn?* to PSIl was perturbed in mutants lacking PratA (Stengel et
al.,2012). The available evidence suggests that PratA loads pD1 with the Mn?* required
to form the Mn4CaOs cluster (Klinkert et al., 2004; Schottkowski et al., 2009; Stengel
et al., 2012) and this process most likely occurs in the aforementioned PratA defined
membrane regions (PDM) where the PM and TMs converge at TM biogenesis centres
(Stengel et al., 2012). This hypothesis requires further clarification however
(Schottkowski et al., 2009). Following the loading of pD1 with Mn?* by PratA, the
protein Ycf48 has also been shown to be required for the stabilisation of pD1 and its
efficient incorporation into D2- cyt b559 to form the RC complex (Komenda et al.,

2008; Plucken et al., 2002).

The extended C-terminal tail of pD1 must be cleaved to produce an intermediate form
of D1 called iD1 (Inagaki et al., 2001). This is performed by the C-terminal processing
protease which removes 8 of the 16 amino acids of the extended region (Komenda et
al., 2007a) and enables the binding of D2-Cyt b559 (Anbudurai et al., 1994). The
removal of this extended region has been shown to be essential to the assembly of the
OEC as CtpA deletion mutants fail to form both the MnsCaOs cluster (Roose and
Pakrasi, 2004; Satoh and Yamamoto, 2007) and the shielding cap consisting of the
extrinsic PSII subunits (Roose and Pakrasi, 2004, 2008). In plants, the extended pD1 C-
terminal domain is completely removed in one step; hence the formation of iD1 is
unique to cyanobacteria. It has been hypothesised that the remaining C-terminal
region of iD1 is important for targeting of the RC from the PM to the TM where the
subsequent steps of PSIl assembly take place (Komenda et al., 2007a) whereas in
plants the RC is likely already present in the stromal TM where PSII biogenesis takes

place (Callahan et al., 1989).

1.6.1.4 RC47

The RC47 complex is formed by the incorporation of a preassembled CP47 subcomplex

into the RC. This step is believed to take place entirely within the TM, as CP47 has not
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been detected within the PM or PDM regions (Rengstl et al., 2011). The CP47
subcomplex is formed independently within the membrane and consists of CP47,
PsbH, PsbL, PsbM, PsbT, PsbX and PsbY (Boehm et al., 2011, 2012). iD1 is again cleaved
at residue 344 to remove the last 8 amino acids of the extended D1 C-terminus to

produce mature D1 (Komenda et al., 2004, 2007a).

The formation of the CP47 subcomplex and its binding to the RC is mediated by the
assembly factors Psb28, PAM68 and SIl0933 in cooperation with Ycf48 (Boehm et al.,
2012; Bucinska et al., 2018; Rengstl et al., 2011). SII0933 and PAM®68 stabilises the
membrane segments of CP47 as it is being co-translationally inserted into the TM by
the SecY translocase in conjunction with Chl binding which is facilitated by PAM68
(Bucinska et al., 2018; Rengstl et al., 2013).

1.6.1.5 Monomeric PSII

Formation of monomeric PSII (PSII [1]) involves the binding of the CP43 subcomplex
and the subsequent assembly of the OEC. The CP43 subcomplex comprises CP43, Psbk,
PsbZ, and Psb30 (Boehm et al., 2011). The binding of this module to RC47 gives rise to
a PSII [1] complex that lacks only the extrinsic subunits PsbO, PsbP, PsbQ, PsbU and
PsbV that stabilise the OEC (Hopp et al., 1988; Nowaczyk et al., 2006). Once these have
bound, the PSIl monomer is complete. This process involves several auxiliary assembly
factors such as SII0606, which is also known to be required for CP43 attachment to
RC47 (Zhang et al., 2010), as well as Psb28 and Psb29, which bind unassembled CP43
(Dobdakova et al., 2009; Shi et al., 2012). However, the most comprehensively studied
of these is Psb27 (Kashino et al., 2002; Shi et al., 2012).

Psb27 is a lipoprotein that operates in the thylakoid lumen and has been co-purified
with several PSIl intermediates including PSII [1], dimeric PSII (PSII [2]) via binding to
CP43, as well as in a complex with unassembled CP43 (Komenda et al., 2012; Liu et al.,
2011b, 2011a). Psb27 has been hypothesised to prevent binding of the extrinsic
subunits to PSIl to allow time for the correct assembly of the Mn4CaOs cluster and C-

terminal processing of D1 (Roose and Pakrasi, 2008). The available evidence also
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points to role of Psb27 as a more general stabilising factor as it has been shown to
interact with PSI (Komenda et al., 2012). Additionally, its homologue in plants, LPA19,
interacts with the C-terminus of pD1 and is believed to be involved in the processing

of the extended tail region (Wei et al., 2010).

Following binding of CP43 to RC47, the correct assembly of the Mn4CaOs cluster and
maturation of D1, Psb27 is exchanged for the extrinsic subunits PsbO, PsbP, PsbQ,
PsbU and PsbV which bind to the lumenal side of PSIl and form the OEC
photoprotective cap (Komenda et al., 2007a). When the other low molecular mass
subunits are integrated into the complex is unknown. PSII [1] now provides all of the
ligands required for the light-driven activation of the OEC, a process known as
photoactivation (Dasgupta et al., 2008). This involves a rearrangement of the Ca%* and
Mn?* ions so that, following the first instance of charge splitting by the PSII RC,
oxidation of the first Mn?* ion, coordinated by Asp170 of D1 (Nixon and Diner, 1994)
triggers a cascade resulting in the activation of the Mn4OsCa cluster. The Mn4OsCa

cluster can now undergo further oxidations and split H,O. (Becker et al., 2011).

The assembly of PSIl is completed by the dimerisation of PSII (PSIl [2]), mediated by
the Psbl and PsbM subunits (Kawakami et al., 2011), and attachment of the peripheral

light harvesting antenna complexes (phychobilisomes in cyanobacteria).

29



o

Periplasm

Cytoplasm

PSII [2] RC47

A1

ﬂﬁ‘

PSII [1]

Qﬂm’ﬂo 5
aE ”'JT"‘ J’o “r ‘
/ MnCa

o
Lumen g °M

2H:0 2H'+ 0z

g

Figure 1.9: Photosystem Il assembly pathway. A model of PSIl assembly. Early PSIl assembly intermediates arise within TM biogenesis centres and migrate

into the TM to mature. pD1 is loaded with Chl co-factors by ChlG, POR and Pitt (1) before being C-terminally processed by CtpA and pre-loaded with

manganese by PratA, enabling the binding of Psbl (2). The pre-formed D2-Cyt-b559 complex is incorporated into D1-psbl to from the RC complex (3). CP47,

together with PsbH, L, M, T, X and Y bind to the RC to form RC47 (4) followed by incorporation of the CP43 module (5). Photoactivation can occur upon

formation of the MnsCa containing OEC, yielding PSIl monomers (PSII [1]). Subsequent dimerisation of PSIl and attachment of the phycobilisome yields

mature PSII [2] (6).
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1.6.2 PSll repair

PSIl is vulnerable to damage when exposed to light of any intensity (Barber and
Andersson, 1992) and will undergo photoinhibition where PSII activity decreases (Aro
et al., 1993; Powles, 1984), followed by repair of the damaged complex.
Photoinhibition is caused in one of two ways; formation of the triplet state of P680
which can generate a damaging reactive oxygen species (ROS) (acceptor side
inhibition) or by an imbalance in water oxidation versus P680 oxidation so that
oxidised P680* remains long lived (donor side inhibition) (Ohad et al., 1984). The
severity of PSIl photoinhibition is dictated by the balance between the rate of PSII
damage, which increases in proportion to light intensity, and the rate of PSII repair
(Takahashi and Murata, 2008). The rate of repair itself is deleteriously affected by
environmental conditions such as low temperatures and oxidative stress

(Allakhverdiev and Murata, 2004).

The D1 subunit of the PSII RC is the main component that is damaged by excess light
absorption. Damaged D1 is rapidly degraded and replaced with a newly synthesised
protein to alleviate the effects of photoinhibition (Ohad et al., 1984). PSIl must be
partially disassembled, the damaged D1 removed and a new copy inserted in its place
before the functional complex is reassembled (Nixon et al., 2004). D1 turnover is a
highly energy intensive process and has been calculated to require 1304 molecules of
ATP per cycle (Murata and Nishiyama, 2018). PSII repair likely occurs at the site of
damage as migration of damaged PSll back to the PDM region (or stromal TM in plants)

would be time consuming and inefficient (Nickelsen and Rengstl, 2013).

How the cell can distinguish between a damaged and undamaged PSII subunit remains
largely unclear. It has been shown, however, that when CP43 is removed from a
functioning PSIl complex in the dark, the D1 subunit is exposed and is selected for
degradation by proteases (Krynicka et al., 2015). In addition, the PsbO subunit of one
monomer in a PSIl dimer interacts with CP43 of the other monomer (Guskov et al.,
2009) and a Synechocystis mutant that lacks PsbO fails to form dimeric PSII (Komenda
et al., 2010). In light of this, is has been suggested that damage to D1 and the Mn4OsCa

cluster by photoinhibition causes release of PsbO which in turn causes a dissociation
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of CP43 from PSII to produce RC47 (Nixon et al., 2010). However, more research is
required to further understand how damaged PSII is recognised and targeted for

repair.

As D1 is a core RC protein, situated at the heart of PSII, it is inaccessible to the PSII
repair machinery. PSll is therefore disassembled to isolate D1. In cyanobacteria PSII
disassembly involves detachment of the CP43 and OEC subunits (Nixon et al., 2004).
This forms a complex that resembles the RC47 intermediate complex formed during
de novo PSIl assembly. The damaged D1 is now available for degradation. All other
subunits that are stripped away from the complex during PSIl disassembly are recycled

(Nixon et al., 2010).

D1 is degraded by members of the FtsH protease family in cyanobacteria which form
heterodimers in vivo and bind to the N-terminus of D1 before digesting the subunit
(Barker et al., 2008; Komenda et al., 2007b; Silva et al., 2003). FtsH2 in particular has
been demonstrated to be important for degradation of D1 in response to D1 damage
by heat stress (Kamata et al., 2005), UV-B (Cheregi et al., 2007), chemical exposure
(Drath et al., 2008) or in cells harbouring extrinsic subunit mutants (Komenda et al.,
2010). This, combined with the knowledge that FtsH proteins have poor unfoldase
activity and target multiple unassembled PSII subunits (Komenda et al., 2006), would
suggest that these proteases degrade PSIl subunits based on the general instability of
the proteins caused by unspecific damaging events (Nixon et al., 2010). The PSII
assembly and repair factor Psb29 has been reported to interact with FtsH complexes
and mediate accumulation of the FtsH heterodimers required for D1 degradation

(Beckova et al., 2017).

In plants D1 is phosphorylated, which increases its stability (Koivuniemi et al., 1995)
and necessitates the dephosphorylation of the subunit to enable its efficient
degradation (Kato and Sakamoto, 2014; Rintamaki et al., 1996). D1 degradation is
carried out by multiple proteases in plants (Puthiyaveetil et al., 2014). Among these is
a family of membrane associated serine proteases called Deg proteases (Ortega et al.,
2009) that operate within the thylakoid lumen and cleave the loops that connect the
D1 transmembrane helices (Kapri-Pardes et al., 2007; Sun et al., 2007a, 2010). This
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activity is postulated to enhance the degradation of D1 by generating more C and N-
terminal ends for FtsH to bind and digest (Kapri-Pardes et al., 2007; Kato and
Sakamoto, 2009; Sun et al., 2010). There is some debate regarding the importance of
Deg proteases in the breakdown of D1. D1 turnover is unaffected in Arabidopsis (A.)
thaliana single Deg mutants grown under moderate conditions, indicating a degree of
redundancy between members of the Deg family (Sun et al., 2007b). However, under
stressful conditions when the D1 population sustains accelerated rates of damage, the
D1 turnover rate is reduced (Sun et al., 2007b). As such, the data indicates that Deg
proteases function to significantly improve the rate of FtsH mediated D1 degradation
at times of high stress when the FtsH system would otherwise be overwhelmed (Nixon
et al., 2010). On the other hand, a Synechocystis mutant lacking all 3 members of the
Deg protease family was not impaired in D1 degradation (Barker et al., 2006),
suggesting that FtsH proteases alone are sufficient to perform this process in

cyanobacteria.

Following the removal and degradation of the damaged D1, a de novo D1 subunit is
inserted into the RC47 complex. The mechanism behind this process in cyanobacteria
is poorly understood although there is evidence to suggest that the integration of new
D1 is coordinated with digestion of damaged D1. Reduced rates of D1 synthesis in
Synechocystis, caused by mutation (Komenda et al., 2000) or exposure to an inhibitor
(Komenda and Barber, 1995), correlate with correspondingly low rates of D1
degradation. SIr0151 has been suggested to be a PSIl repair factor as it interacts with
D1 and CP43, may mediate PSIl assembly and disassembly, as well as increase the rates
of de novo D1 synthesis under stressful light intensities (Yang et al., 2014). In addition,
deletion of Ycf48 significantly reduces the rate of D1 turnover during the PSII repair

cycle, implicating this protein as a PSIl repair factor (Komenda et al., 2008).

More is known about this process in plants. cpFTSY recruits ribosomes translating de
novo D1 subunits to the stromal TM by recognising the D1 signal recognition particle
54 (cpSRP54) (Walter et al., 2015a). D1 is inserted into RC47 by the SecY (Nilsson and
van Wijk, 2002; Nilsson et al., 1999; Walter et al., 2015b; Zhang et al., 1999, 2001)

translocase in collaboration with the Alb3 insertase (Klostermann et al., 2002;
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Ossenbihl et al., 2004; Pasch et al., 2005). Several PSIl repair factors facilitate this
process including LPA1, TERC, PsbN, CYP38 and TEF30. Briefly, LPA1 is postulated to
mediate the incorporation of D1 into PSIl by acting as a chaperone (Dewez et al., 2009;
Peng et al., 2006), TERC interacts with Alb3 during D1 insertion into the TM (Schneider
et al., 2014), PsbN aids the correct folding of D1 (Torabi et al., 2014), CYP38 and TEF30
facilitates D1 and CP43 integration into RC47 (Fu et al., 2007; Muranaka et al., 2016;
Sirpio et al., 2008).

Once a new D1 subunitis in place, the CP43 subcomplex can be reassembled, followed
by the reformation of the OEC complex. PSIl [1] can dimerise once more, thereby
producing functional PSIl [2] (Theis and Schroda, 2016). MET1 has been shown to be
important for CP43 and CP47 assembly as null mutants exhibited severe impairment
of functional PSIlI assembly and accumulated isolated CP43, indicating a role of this
protein in PSIl assembly and/or repair (Bhuiyan et al., 2015). The OEC can reassemble
only after CP43 has bound PSIl and the C-terminal extended region of D1 is cleaved off
by CtpA, as is the case in de novo PSIl assembly (Anbudurai et al., 1994; Diner et al.,
1988). In plants the completed PSII holoenzyme migrates back to the grana TM (Theis
and Schroda, 2016). The main stages of the PSIlI repair pathway are presented in Figure
1.10.

34



PSII[1]

Figure 1.10: Photosystem Il repair pathway. The PSll repair pathway is initiated upon photodamage of D1 and begins with detachment of the CP43 and
the OEC to form RC47 (1). D1 is degraded by the FtsH2/3 complex (2-3) and a new copy of pD1 is integrated into the complex (4). The extended C-terminus
of pD1 is cleaved by CtpA, enabling the rebinding of CP43, which is recycled back to the PSIl complex, and reformation of the OEC (5).
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1.6.3 PSl assembly and repair

Unlike PSII, the process of PSI repair has not been studied extensively due to the fact
that PSI is inherently far more stable than PSII. PSI assembly research is similarly
limited. Like PSII, the process is presumably subject to tight regulation and is thought
to begin with the co-translational insertion of the two core subunits, PsaA and PsaB,
into the membrane where they are assembled into the RC (Cai et al., 2010; Gohre et
al., 2006; Schottler et al., 2011). The remaining PSI subunits are integrated into the
complex which subsequently forms a trimer. The exact sequence of events between
RC formation and completion of the functional PSI supercomplex has not yet been
accurately determined. The process seems to occur rapidly and, due to the small size
of the intrinsic subunits in comparison to the large RC heterodimer, the separation of

intermediate complexes based on mass is challenging (Schoéttler et al., 2011).

PSI assembly factors have been identified in a variety of photosynthetic organisms. In
Synechocystis, Ycf37 appears to be required to stabilise PSI assembly intermediates
during periods of high-light stress (Dihring et al., 2006, 2007). In plants, Nellaepalli et
al. (2018) recently showed that two conserved chloroplast proteins, Ycf3 and Ycf4,
form modules that co-purify with PSI assembly intermediates. Ycf3 was previously
found to be required for the attachment of PsaA and PsaD to PSI in plants, algae and
cyanobacteria (Boudreau et al., 1997; Naver et al., 2001; Ruf et al., 1997; Schwabe et
al., 2003). Ycf3 and Ycf4, together with other auxiliary proteins, facilitate formation of
the PSI RC and the binding of accessory LHCs to the complex. Nellaepalli et al., (2018)
proposed a model of PSI assembly in which Ycf3 binds to a partner protein, Ycf3
interacting protein (Y3IP1), to form a stable Ycf3-Y3IP1 assembly module in the TM.
Y3IP1 was previously found to be exclusive to plants and to aid Ycf3 during the
assembly process (Albus et al., 2010). Ycf3-Y3IP1 promotes the assembly of de novo
PsaB and PsaA into the PSI RC. In addition, this process is assisted from the lumenal
side by assembly factors PPD1 and PSA2 and from the stromal side by PYG7 and PSA3.
PPD1 has been suggested to mediate the dimerisation of PsaA and PsaB (Liu et al.,
2012; Roose et al., 2014). Pyg7, together with PSA3 (Shen et al., 2017), are critical for

the accumulation of mature PSI (Stockel et al., 2006) through interaction with PsaC
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(Yang et al., 2017). The oligomeric Ycf4 binds to the newly formed RC and stabilises it,
while facilitating the incorporation of other small PSI subunits, PsaC-F, PsaH-J and Psal,
into the RC to form the PSI core complex. Following this, seven LHCa antenna
complexes bind to PSI with the exception of LHCa 2/9 which bind after PsaG and K
have been integrated into the PSI-LHC subcomplex. Y3IP1 and Ycf4 then detach from
the mature PSI-LHC supercomplex and are recycled, whereas Ycf3 is replaced with a

newly synthesised copy.

1.7 (Bacterio)chlorophyll structure and function
1.7.1 Chlorophyll

The main light absorbing molecule of oxygenic photosynthesis is chlorophyll (Chl).
Synthesised in plants, algae and cyanobacteria, these molecules absorb light in the
blue and red portion of the electromagnetic spectrum and absorb poorly in the green
region, giving Chl their distinctive green colour (Muneer et al., 2014). As one of the
most abundant biological molecules on Earth, there is an estimated 10° tons of Chl
metabolised every year and it is the only biochemical process visible from outer space

(Porra, 1997; Rudiger, 1997).

There are many variants of Chl, all of which have slightly different spectroscopic
properties. They all share the same basic structure, consisting of a chlorin ring
esterified to a long phytol chain. An Mg?* ion is located at the centre of the macrocycle.
Chl is distinguishable from other chlorins by the presence of a 5% ring beyond the 4
rings of standard chlorins, which are lettered clockwise from A to E according to
International Union of Pure and Applied Chemistry (IUPAC) nomenclature (Figure
1.10A). The 6 Chl types, called Chl g, b, c1, c2, d and f vary, depending on the functional
groups located at positions C2, 3, 7, 8 and 17 as well as the reduction state of the C17-
18 bond. A broad range of wavelengths of light is absorbed by the various Chl
pigments. The model cyanobacterium used in this work, Synechocystis, synthesises

only Chl a (Figure 1.11A).
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1.7.2 Bacteriochlorophyll

Bacteriochlorophylls (BChls) are light harvesting pigments closely related to Chl and
are found in purple bacteria, green sulphur bacteria and heliobacteria. They differ
from Chl on the C3 position, which is bonded to an acetyl group instead of a vinyl
group, and at C7=C8 which is a single bond (Figure 1.11B). Like Chl, slight modifications

to the functional groups produce various types of BChl.
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Figure 1.11: Structures of chlorophyll a and bacteriochlorophyll a. The structure of Chl a (A)

and BChl a (B) highlighting the differences between the two pigments (red boxes). The

absorbance spectra (C) shows the absorption profile of Chl a (green) relative to BChl a (blue).

1.8 (Bacterio)Chlorophyll biosynthesis

1.8.1 Early stages of chlorophyll biosynthesis

The process of Chl biosynthesis consists of 17 enzymatic steps catalysed by 15
enzymes. The first committed step of the pathway is the formation of 5-aminolevulinic
(ALA) from L-glutamic acid (Beale and Castelfranco, 1974) (Figure 1.12) or alternatively

from glycine and succinate (Beale, 2006). Condensation of two molecules of ALA,
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catalysed by porphobilinogen synthase, yields porphobilinogen and then four of these
condense to form the open chain tetrapyrrolehydroxymethylbilane in a reaction
catalysed by hydroxymethylbilane synthase. The enzyme uroporphyrinogen |l
synthase “flips” what will become ring D of the tetrapyrrole and closes the ring to form

uroporphyrinogen lll, producing the first tetrapyrrole structure.

The first branch point of the pathway is split between haem/Chl and vitamin B1
synthesis. C-methylation of uroporphyrinogen Il shunts the molecule down the
vitamin B1; pathway, whereas decarboxylation by uroporphyrinogen Il decarboxylase
(UROD) produces coproporphyrinogen Il and commits the molecule to the haem/Chl

synthesis pathway.

COOH COOH COOH COOH HOOG,
COCH
1 2 3 4
HN“No=g HN N =0 HNNo=0 0P \—NH.
Ho H | H |
OH O—tRNA(Glu) H NHs
N
H
5

COOH COOH COOH COCH

Figure 1.12: Synthesis of uroporphyrinogen lll. L-glutamic acid is converted to ALA using tRNA
(1-3). Two molecules of ALA are condensed to form porphobilinogen (PGB) by ALA
dehydrogenase (4). Four molecules of PGB are condensed to from hydroxymethylbilane (HMB)
by HMB synthase (5) and then is cyclised to uroporphyrinogen Il (Urogen) by
uroporphyrinogen synthase (UROS) (6).
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1.8.2 Uroporphyrinogen Ill decarboxylase (UROD)

UROD is a cytosolic monomeric protein encoded by the gene hemE. The enzyme is
reported to form a dimer in vivo which confers catalytic activity on the protein (Whitby
et al., 1998) and allows it to remove four carboxyl groups of the carboxymethyl side
chains of uroporphyrinogen Ill to produce coproporphyrinogen Il (Elder and Roberts,
1995) (Figure 1.13). The structure of the human and tobacco orthologues have been
solved by X-ray crystallography (Martins et al., 2001; Whitby et al., 1998). Following
discovery of HemE in the cyanobacteria Synechococcus sp. PCC7 942 (Kiel et al., 1992),
it was found that the enzyme interacts with the stress protein HptG via its N-terminus
(Watanabe et al., 2007). HptG is a member of the Hsp90 family of proteins in
prokaryotes and is important for regulating heat and oxidative stress in cyanobacteria
(Hossain and Nakamoto, 2002, 2003; Tanaka and Nakamoto, 1999). It was found to
decrease HemeE activity both in vivo (Watanabe et al., 2007) and in vitro (Saito et al.,

2008), indicating a function of HemE in regulating tetrapyrrole biosynthesis.

UROD

COOH COOH COOH COOH

Figure 1.13: Reaction catalysed by uroporphyrinogen Ill decarboxylase. UROD catalyses the
removal of four hydroxyl groups from Urogen to form coproporphyrinogen Il (Copro). * mark

sites of chemical modification.
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1.8.3 Coproporphyrinogen lll oxidase (CPO)

Following decarboxylation by UROD, CPO mediates oxidative decarboxylation of
coproporphyrinogen-lll to protoporphyrinogen-IX by catalysing removal of carboxyl
from the propionate groups of rings A and B to form vinyl moieties (Sano, 1966; Sano
and Granick, 1961) (Figure 1.14). Two analogous but structurally unrelated CPOs have
been described in various organisms. The first, HemN, is found in prokaryotes and is
oxygen independent (Troup et al., 1995). The enzyme is a member of the radical SAM
protein family (Layer et al., 2002; Sofia et al., 2001) that contain a conserved iron-
sulphur 4[Fe-S] cluster that, in combination with the co-factor S-adenosylmethionine
(SAM), is essential to its catalytic function. The second, HemF, is native to both
eukaryotes and prokaryotes and is dependent on oxygen for activity (Troup et al.,
1994). This enzyme has no requirement for co-factors and thus employs a different
mechanism of catalysis to HemN (Lash, 2005). The exact details of this process remain
unknown despite progress in determining the structural characteristics of the enzyme
(Phillips et al., 2004). Synechocystis sp. PCC 6803 contains both hemN and hemF
orthologues, designated s//1876 and sll1185 respectively. These two proteins both
demonstrated CPO activity in vitro and deletion of either gene caused the enzymes
substrate to accumulate (Goto et al., 2010; O’Brian and Panek, 2002). The dual
operation of s//1876 and sll1185 enables biosynthesis of tetrapyrroles under varying
degrees of oxygen tension (Goto et al., 2010). A third hemN -like gene, annotated
sl11917, was also found in the Synechocystis genome; however no phenotype was
detected in a mutant strain lacking the protein and it was not found to have CPO

activity in vitro (Goto et al., 2010).
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CPO

COOH COOH COOH COOH

Figure 1.14: Reaction catalysed by coproporphyrinogen Il oxidase. CPO catalyses the
oxidative decarboxylation of Copro to protoporphyrinogen IX (Protogen) by removal of

carboxyl from the propionate groups of rings A and B. * mark sites of chemical modification.

1.8.4 Protoporphyrinogen oxidase (PPOX)

The next step in the pathway is the conversion of protoporphyrinogen IX to
protoporphyrin IX. This reaction can happen spontaneously and by the action of non-
specific peroxidases (Jacobs and Jacobs, 1993; Lee et al., 1993). However, it has been
documented numerous times that this step is mediated by an enzyme called PPOX.
PPOX catalyses the 6 electron oxidation of protoporphyrinogen forming

protoporphyrin IX (Figure 1.15).

Most organisms possess one of three known analogous PPOXs that are
phylogenetically unrelated but catalyse the same reaction. The first was discovered in
Escherichia coli and labelled hemG (Sasarman et al., 1993) followed by discovery of an
orthologue in Bacillus subtilis (Hansson and Hederstedt, 1994) that was subsequently
designated hemY. A third essential transmembrane orthologue was isolated from
Synechocystis sp. PCC 6803 and annotated hemJ (Kato et al., 2010). HemY is native to
the majority of aerobic bacteria and terrestrial plant life (Obornik and Green, 2005);
Gram-negative proteobacteria possess hemG (Kobayashi et al., 2014) whilst hemJ is

mostly found in cyanobacteria (Kato et al., 2010). Some organisms contain more than

43



one isoform of the enzyme while other organisms do not contain any PPOX (that has

been identified so far) (Kobayashi et al., 2014).

The three isoforms of PPOX differ in the co-factors they require for activity. HemY is
dependent upon oxygen and flavin-adenine dinucleotide (FAD) (Corradi et al., 2006;
Koch et al., 2004; Qin et al., 2010) whereas HemG utilises flavin mononucleotide (FMN)
and can operate in aerobic and anaerobic environments (Boynton et al., 2009; Md&bius
et al., 2010). HemJ can function under aerobic conditions and it is not yet known if the
enzyme requires additional co-factors for PPOX activity (Kato et al., 2010). The
mechanistic details of the various PPOX activities are unclear. HemY probably transfers
electrons from protoporphyrinogen IX to oxygen via its FAD co-factor (Koch et al.,
2004) whereas HemG likely contributes the electrons to the ETC via FMN (Boynton et
al., 2009). It has been suggested that HemJ may use haem as an electron acceptor

(Kato et al., 2010).

Protoporphyrin IX is toxic to the cell in high concentrations and so the molecule must
be tightly controlled to prevent it accumulating. In this respect, HemY is known to form
a complex with the next enzyme in the Haem or Chl biosynthesis pathways,
ferrochelatase (FeCH) or magnesium chelatase (MgCH) respectively (Chidgey et al.,
2017; Ferreira et al., 1988; Koch et al., 2004; Masoumi et al., 2008). This enables the
channelling of protoporphyrin IX from PPOX to FeCH/MgCH, preventing its release into

the cell.
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PPOX

COOH COOH COOH COOH

Figure 1.15: Reaction catalysed by Protoporphyrinogen oxidase. PPOX catalyses the
conversion of Protogen to protoporphyrin IX (Proto) by oxidation of the porphyrin ring. * mark

sites of chemical modification.

1.8.5 The haem/Chl branch point

The Chl and haem biosynthesis pathways have been shared up until and including the
synthesis of protoporphyrin IX. The process is highly conserved in most organisms,
with the exception of some species of archaea (Storbeck et al., 2010). The two
pathways diverge at the point of metal ion insertion. This is the second branch point
of the pathway where prospective Chl molecules are chelated with a Mg?* ion and
future haem molecules receive an Fe?* ion. The enzyme ferrochelatase (FeCH) inserts
an Fe?* jon into the protoporphyrin IX macrocycle, whereas Mg?* is inserted into the
macrocycle by Mg chelatase (MgCH). Unlike the FeCH reaction, which has no energetic
requirements, Mg?* chelation requires the hydrolysis of around 14 ATP molecules to
yield the energy required for the reaction to occur (Reid and Hunter, 2004). It is
speculated that the energy is required to remove the hydration shell from the Mg?*
ion (Gibson et al., 1995; Jensen et al., 1996; Reid and Hunter, 2004). MgCH is the first

enzyme exclusive to the Chl biosynthesis pathway.

In Rba. sphaeroides, the haem/Chl branchpoint is regulated by a protein known as
PufQ (Chidgey et al., 2017). PufQ is under the control of the oxygen sensitive puf
operon. Aerobic conditions suppress expression of the puf operon and the cells grow

via aerobic respiration. FeCH is evenly distributed throughout the cell where it can
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produce haem for the respiratory complexes (Chidgey et al., 2017). When oxygen
conditions decrease below a certain threshold, expression of the puf operon and the
assembly of the photosynthetic apparatus is initiated. PufQ is synthesised and inserted
into the membrane where it can interact with the membrane associated FeCH and
inhibit delivery of protoporphyrin IX to the enzyme. This prompts increased delivery
of the substrate to MgCH and promotes synthesis of the BChl required for
photosynthesis (Chidgey et al., 2017).

1.8.6 Magnesium Chelatase (MgCH)

MgCH catalyses the ATP dependent conversion of protoporphyrin IX to Mg-
protoporphyrin IX by inserting an Mg?* ion into the chlorin macrocycle (Figure 1.16).
The enzyme was discovered by mutation of the bchl, bchH and bchD genes of Rba.
sphaeroides which produced a mutant incapable of synthesising Mg-protoporphyrin
IX suggesting that Mg?* chelation was inhibited (Coomber et al., 1990; Naylor et al.,
1999). These proteins and their Synechocystis homologs, chll, chlH and chID
respectively, were produced recombinantly in E. coli cells in separate experiments. In
vitro assays confirmed their role in Mg?* chelation (Gibson et al., 1995; Jensen et al.,
1996). The Chll and ChID subunits are members of the AAA* superfamily (ATPases
Associated with various cellular Activities) (Gibson et al., 1999; Jensen et al., 1999).
ChlH is the substrate binding subunit (Gibson et al., 1995; Jensen et al., 1996; Reid and
Hunter, 2004) and has been shown to contain the enzyme’s active site (Sirijovski et al.,
2006). ChiH interacts with the ChID-Chll complex to form the active holoenzyme. Chli
catalyses ATP hydrolysis which drives the insertion of Mg?* into the macrocycle of
protoporphyrin IX and promotes the subsequent disassembly of the transient MgCH

holoenzyme (Jensen et al., 1999).

ChID also plays a role in regulating the enzyme. The N-terminal AAA* domain is
essential for the assembly of the MgCH complex (Adams et al., 2016a) whilst
phosphorylation of a conserved histidine residue at the C-terminus stimulates activity

(Sawicki et al., 2017). The ChID subunit in Synechocystis facilitates a complex
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cooperative response of the enzyme to free Mg?* concentration (Brindley et al., 2015)
the binding of which is essential for MgCH activity (Axelsson et al., 2006). However,
the equivalent subunit in Thermosynechococcus elongatus exhibits a non-cooperative
response to free Mg?*, highlighting the significant variation in MgCH regulation
between species (Adams et al., 2014). A porphyrin-binding protein called Gun4 is
known to regulate MgCH activity by mediating the binding of porphyrin to ChIH (Larkin
et al., 2003; Zhou et al., 2012), accelerating the activity of the enzyme 10 fold (Adams
et al., 2016b) whilst decreasing the minimum amount of Mg?* needed for catalysis at

low substrate concentrations (Davison et al., 2005).

MgCH

COOH COOH COOH COOH

Figure 1.16: Reaction catalysed by magnesium chelatase. MgCH inserts Mg into the porphyrin

ring of Proto yielding Mg- protoporphyrin IX (Mg-Proto). * mark sites of chemical modification.

1.8.7 Magnesium protoporphyrin methyltransferase (MT)

MT methylates the C13 carboxyl group of Mg-protoporphyrin IX by transferring a
methyl group from S-adenosyl-L-methionine (SAM) to produce Mg-protoporphyrin
monomethyl ester (MgPME) and S-adenosyl-L-homocysteine (SAH) (Gibson et al.,
1963) (Figure 1.17). The substrates can bind in either order (Shepherd and Hunter,
2004; Shepherd et al., 2003). This is the first of three steps that modify the 13-
propionate side chain of the chlorin macrocycle, leading to formation of the

characteristic isocyclic ring E of Chl.
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ChiIM/bchM encodes MT in Synechocystis and Rba. sphaeroides respectively. BchM
was identified by assays using recombinant bchM from Rba. capsulatus and Rba.
sphaeroides expressed in E.coli (Bollivar et al., 1994a; Gibson and Hunter, 1994). The
Synechocystis orthologue was identified by complementing a Rba. capsulatus bchM
knockout mutant with a cosmid library prepared from the cyanobacteria (Smith et al.,
1996). Sharing 29% identity with its purple bacterial homologue, the gene was

subsequently labelled ch/M in the Synechocystis genome.

Little is known about the mechanism of ChIM catalysis. The recent elucidation of the
structure of Synechocystis ChIM, bound to SAM and SAH, by Cryo EM at 1.6 and 1.7 A
respectively led to the identification of a essential residues, Tyr-28 and His-139,
involved in the direct transfer of the methyl group to Mg-protoporphyrin (Chen et al.,
2014). Two flexible regions, the N-terminus and an extended alpha helix protruding
from the core of the enzyme, were proposed to facilitate binding and release of the
substrates (Chen et al., 2014). Further work is needed to fully determine the

mechanistic characteristics of ChIM.

More is known about the regulatory processes employed to control ChlM activity.
ChIM is stimulated by ChIH of MgCH in Synechocystis, purple bacteria and plants
(Alawady et al., 2005; Hinchigeri et al., 1997; Johnson and Schmidt-Dannert, 2008;
Sawicki and Willows, 2010; Shepherd et al., 2005). Low MgPMT activity is correlated
with reduced ALA synthesis and MgCH activity but higher activity of FeCH. Conversely,
greater MgPMT activity is correlated with increased synthesis of ALA, high MgCH and
reduced FeCH activity (Alawady et al., 2005). This ensures efficient channelling of
substrate between MgPME and MgCH (Tanaka and Tanaka, 2007) whilst controlling
the rates of porphyrin synthesis and partitioning of protoporphyrin into the Chl branch
of the pathway (Alawady and Grimm, 2004). In A. thaliana, ChIM is a target of NADPH-
dependent thioredoxin reductase C (NTRC) which regulates the enzyme by stimulating
MT activity in response to increased cellular photosynthetic activity (Richter et al.,
2013). When the rate of photosynthesis decreases, the reducing power of NTRC
decreases accordingly and it is unable to reduce conserved cysteine residues of ChlM,

which results in destabilisation of the enzyme (Richter et al., 2013, 2016). The
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regulation of ChIM by NTRC therefore indirectly correlates the synthesis of Chl with

cellular photosynthetic activity.

COOH COCH COOH COOCH3
*

Figure 1.17: Reaction catalysed by magnesium protoporphyrin methyltransferase. MT
catalyses the conversion of Mg-Proto to Mg-protoporphyrin monomethyl (MgPME) ester by
transferring a methyl group from SAM to the C13 carboxyl group of Mg-protoporphyrin IX. *

mark sites of chemical modification.

1.8.8 Mg-protoporphyrin monomethylester cyclase (cyclase)

The isocyclic ring E is formed by Mg-protoporphyrin monomethylester cyclase, which
acts on MgPME and converts it to divinyl-protochlorophyllide (DV-Pchlide) (Figure
1.18). The closing of ring E induces a change in colour which shifts from the red of
MgPME to the green of PChlide and Chl. The cyclase catalyses this reaction in three
stages; firstly the hydroxylation of the C13 group to produce Mg-Protoporphyrin 6-
methyl-B-hydroxypropionate, secondly the oxidation of the side chain to form Mg-
Protoporphyrin 6-methyl-B-ketopropionate, and finally the formation of ring E by
ligating the methylene group to the y-meso carbon of the porphyrin ring. The enzyme
uses NADPH, H* and O as substrates at each of the three stages of catalysis (Wong et
al., 1985).

There are different classes of cyclase enzyme found in the various photosynthetic

organisms. They differ in their requirement for an additional subunit and their
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dependency on oxygen. The oxygen independent cyclase consists of a single protein,
encoded by the gene bchE in anaerobic bacteria, and utilises H20 as a source of oxygen
for activity (Hunter and Coomber, 1988; Naylor et al., 1999; Porra et al., 1996, 1998;
Yang and Bauer, 1990). On the other hand, plants, cyanobacteria and some
phototrophic bacteria possess an oxygen dependent cyclase that consists of two
subunits called AcsF (Pinta et al., 2002) and Ycf54 (Chen et al., 2017; Hollingshead et
al., 2012). This enzyme utilises oxygen and NADPH for catalysis (Ouchane et al., 2004;
Pinta et al., 2002). The AcsF subunit is the catalytic unit of the protein although the
mechanism of activity remains largely unknown. The function of Ycf54 within the
cyclase is still a subject of debate but has been shown to be essential for cyclase
activity in Synechocystis (Chen et al., 2017; Hollingshead et al., 2017) and barley
(Bollivar et al., 2014) but not in other phototrophic bacteria, in which AcsF can operate
alone (Chenetal., 2017). Ycf54 has been proposed to act in a structural capacity within
the enzyme, stabilising the complex and promoting activity (Albus et al., 2012; Bollivar
et al., 2014; Herbst et al., 2018). Additionally, in A. thaliana, Ycf54 was discovered to
interact with FNR which could serve as an electron donor to AcsF in place of NADPH,
providing it with the electrons required for catalysis whilst correlating Chl biosynthesis
with photosynthetic activity (Herbst et al., 2018). Finally, another cyclase subunit was
recently identified in Alphaproteobacteria and was termed BciE (Chen et al., 2017).
Some bacteria contain both oxygen dependent and oxygen independent forms of the
enzyme, enabling synthesis of BChl regardless of oxygen availability (Chen et al., 2016;
Ouchane et al., 2004).
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Figure 1.18: Reaction catalysed by Mg-protoporphyrin monomethylester cyclase. Formation
of ring E of Chl is catalysed by ChIE, producing divinyl-protochlorophyllide (DV-PChlide) from
Mg-PME. Dotted arrows indicate the reaction pathway proposed by Hollingshead et al (2012).

* mark sites of chemical modification.

1.8.9 Protochlorophyllide (oxido)reductase

DV-Pchlide is reduced to DV-Chlorophyllide (DV-Chlide) by addition of hydrogen across
the C17=C18 double bond in a chemically challenging and stereospecific reaction
catalysed by one of two different enzymes; NADPH-protochlorophyllide
oxidoreductase (LPOR) or protochlorophyllide reductase (DPOR) (Figure 1.19). LPOR
has an absolute requirement for light to become active and is found in all Chl

producing organisms, whereas DPOR can operate in the dark and is not found in
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angiosperms. BChl synthesising organisms appear to have only DPOR (Suzuki and
Bauer, 1995). It is unclear why some organisms produce both LPOR and DPOR but this
is probably due to the varying environmental conditions these organisms are exposed
to. For example, one study demonstrated that PChlide reduction by LPOR increases
with higher levels of light whereas DPOR contributes more under increasing oxygen

tensions in the cyanobacterium Leptolyngbya boryana (Yamazaki et al., 2006).

1.8.9.1 LPOR

LPORs are oxygen independent and are theorised to have arisen in cyanobacteria
around 2 billion years ago in response to the increasing oxygen concentration of
earth’s atmosphere (Yamazaki et al., 2006). The enzymes were subsequently inherited
by plants although it was also obtained by some anaerobic bacteria probably by

horizontal gene transfer (Kaschner et al., 2014).

LPOR catalyses the light driven hydride transfer from an NADPH co-enzyme to the C17
position of DV-Pchlide followed by proton transfer from a conserved tyrosine residue
to C18 (Heyes and Hunter, 2002; Heyes et al., 2006, 2011, Menon et al., 2009, 2010).
The enzyme undergoes a series of conformational changes associated with each of

these steps (Heyes et al., 2007, 2008).

Only a single POR isoform has been identified within cyanobacteria whereas most
phototrophs contain two isoforms, PORA and PORB, whilst A. thaliana has been found
to contain a third isoform, PORC (Masuda and Takamiya, 2004). These appear to have
no phylogenetic relationship and most likely arose independently from gene
duplication events within individual species (Masuda and Takamiya, 2004). The
expression of these isoforms seems to be differentially regulated (both spatially and
temporally in multicellular organisms) depending on the light intensity; however the
details of this regulation differs amongst photosynthetic organisms. For example, in
rice the PORA isoform is expressed only early in leaf development when conditions are
dark. However PORB is expressed constitutively throughout development (Kwon et al.,

2017). It was suggested that PORA and PORB therefore became functionally distinct to
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aid the plant in adapting to the environment throughout the course of evolution (Kwon
et al., 2017). Similarly the three POR isoforms in A. thaliana are regulated in response
to varying light intensity (Su et al., 2001) and it is therefore believed that POR
expression is regulated by circadian and diurnal rhythms to enable the adjustment of
Chl production to satisfy the requirements of the cell during the light and dark periods
of the day (Masuda and Takamiya, 2004). Finally, all three POR isoforms in A. thaliana
were shown to oligomerise to increase activity (Gabruk et al., 2015). It is unknown

whether or not this behaviour is also regulated.

1.8.9.2 DPOR

DPOR consists of three individual subunits denoted ChIL/BChl, ChIN/BchN and
ChIB/BchB in Chl/BChl producing organisms respectively. The protein components of
DPOR were discovered independently in 3 different Rba. capsulatus strains due to
mutations at the respective loci of bchL (Yang and Bauer, 1990), bchN (Coomber et al.,
1990) and bchB (Burke et al., 1993a). These genes have a high degree of similarity to
the nifH, nifD and nifK genes that correspond to the three protein subunits of
nitrogenase. NifH forms a homodimer (NifH[2]) using two cysteine residues from each
partner to coordinate binding of a [4Fe-4S] cluster whilst NifD and NifK form a
heterodimer (NidD-NifK) capable of forming a molybdenum-iron (MoFe) cluster.
NifH[2], via its [4Fe-4S] acts as an ATP-dependent electron donor to the MoFe of NifD-

NifK. This electron is then used to reduce N2 to NHs.

It has been documented that DPOR functions similarly to nitrogenase. ChlL can form a
homodimer, [ChIL], whilst ChIN and ChIB complex to form a
heterotetramer[ChIN/ChIB],. [ChIL]; binds 2 molecules of ATP and has a shared 4Fe-4S
cluster that enables it to function as an ATP-dependent electron donor (Brocker et al.,
2008a, 2008b, 2010a). Meanwhile the [ChIN/ChIB]. group can bind the substrate
(Brocker et al., 2008b). These two complexes come together and, following reception
of a single electron from Fd (Brocker et al., 2008a), [ChlL], transfers an electron to

[ChIN/ChIB], and hydrolyses the two ATP molecules before dissociating from
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[ChIN/ChIB]>. A second [ChIL] sub-complex binds [ChIN/ChIB], and the reaction repeats
to complete reduction of DV-Pchlide to produce DV-Chlide. This reaction therefore
consumes four molecules of ATP (Brocker et al., 2008a; Nomata et al., 2016). It has
been reported that [ChIN/ChIB]; can associate with simultaneously with two [ChIL];

complexes to form a transient hetero-octameric holoenzyme (Brocker et al., 2010b).

POR

COOH  CoocHs  © COOH  cooCHs

Figure 1.19: Reaction catalysed by protochlorophyllide (oxido)reductase. POR catalyses the
reduction of the C17=C18 double bond of DV-Pchlide, producing divinyl-chlorophyllide (DV-

Chlide). * mark sites of chemical modification.

1.8.10 C8-vinyl reductase (8VR)

8VR acts on the C8 vinyl group (8V) of the DV-Chlide macrocycle and reduces it to an
ethyl group (8E) using NADPH as a reductant and restricting the m-electron system to
the chlorin ring to produce MV-chlorophyllide (MV-Chlide) (Parham and Rebeiz, 1995)
(Figure 1.20). The enzyme was discovered when a mutant A. thaliana strain,
AT5G18660, accumulated 8V-Chl, indicating that the gene was an 8VR (Nagata et al.,
2005; Nakanishi et al., 2005). Subsequently, the gene was expressed recombinantly in
E.coli and in vitro assays demonstrated that the protein was able to produce 8E from
8V-chlide, contributing to this notion. Bioinformatics techniques led to the
identification of homologs in rice (Wang et al., 2010), Chlorobaculum tepidum (Chew
and Bryant, 2007) and Rba. sphaeroides (Canniffe et al., 2013). This gene was

annotated as bciA. Although cyanobacteria do not have a bciA orthologue, they
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contain a second class of 8VR designated cvrA (Islam et al., 2008; Ito et al., 2008). There
appears to be no relationship between 8VR and cvrA in terms of its distribution across
phototrophic organisms and so these genes most likely evolved independently (Ito et

al., 2008).

Plants contain both cvrA and bciA homologs in their genomes, although deletion of
bciA in A. thaliana perturbed 8VR activity completely (Islam et al., 2008). This suggests
that cvrA either has negligible activity, is expressed differentially depending on the
tissue and/or the developmental stage of the plant, or cvrA no longer functions as an
8VR (Islam et al., 2008). In addition to this, a third class of 8VR was discovered when
bciA was perturbed in Rba. sphaeroides. This protein was encoded by three genes;
bchX, bchY and bchZ, which also function in the modification of Chlide to
bacteriochlorophyllide (BChlide) (Tsukatani et al., 2013).

There has been much debate over whether or not 8VR acts before or after POR in the
biosynthesis of Chl. It is generally agreed that 8VR acts on DV-protochlorophyllide
(before POR) as its preferred substrate due to the fact that MV-PChlide, the substrate
of POR, accumulates when angiosperms are grown in the dark. Despite this, almost
every other Chl intermediate has been reported as a substrate of 8VR in the literature
(Rebeiz et al., 1999). In vitro enzyme assays and careful monitoring of accumulation of
Chlintermediates in A. thaliana seedlings revealed that the preferred route of 8VR, at
least in A. thaliana, is that POR acts first, reducing DV-Pchlide to DV-Chlide, followed
by the swift reduction of DV-Chlide to MV-Chlide by 8VR (Nagata et al., 2007). The
route of Chl synthesis at this stage may differ between organisms, or differ based on

other factors yet to be discerned.

55



8VR

H
COOH  cOOCHs

Figure 1.20: Reaction catalysed by C8-vinyl reductase. 8VR reduces the C8-vinyl group of DV-
Chlide to an ethyl group, yielding chlorophyllide (Chlide). * mark sites of chemical

modification.

1.8.11 Chlorophyll Synthase (ChIG)

The integral membrane protein ChIG, also known as chlorophyll synthetase in
eukaryotic organisms, is a class Il transferase enzyme (2007) that catalyses the
esterification of Chlide with geranylgeranyl pyrophosphate (GGPP) or phytyl
pyrophosphate (PPP) to the C17 position within ring D of the macrocycle to produce
Chlgg or Chlphytol (Chl) respectively (Figure 1.21). The phytylation of Chlide with the tail
moiety increases the hydrophobicity of the pigment, enabling it to be anchored into

Chl binding proteins (Rudiger, 1993).

The esterification of Chlide was first reported in etiolated bean leaves (Ogawa et al.,
1975) and was attributed to catalysis by the enzyme chlorophyllase, which can esterify
small amounts of Chlide with phytol, requiring acetone for activity in vitro, in addition
to its primary activity as a dephytylase (removal of the tail from Chl) (Boger, 1965;
Ogawa et al., 1975; Shimizu and Tamaki, 1962, 1963; Willstatter, Richard ; Stoll, 1928).
However it was subsequently found that another enzyme, prepared from maize
shoots, was capable of esterification of Chlide in the absence of acetone (Riidiger et
al., 1977). Activity of this enzyme was demonstrated in oat seedlings, when it was
determined that esterification of Chlide with geranylgeraniol (GG) required exogenous

ATP, whereas esterification with geranylgeranyl pyrophosphate (GGPP) did not. This
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enzyme was named chlorophyll synthase to distinguish it from chlorophyllase (Ridiger
et al., 1980). As was the case in maize shoots, ChlG did not require acetone for activity
and converted over 90% of the total Chlide into Chl. In contrast, chlorophyllase
converted just 1-15% of the Chlide pool (Ellsworth, 1971). The gene encoding ChIG was
identified when a mutation in ORF304 of Rba. capsulatus caused the cell to accumulate
BChlide (Bollivar et al., 1994b). This gene was annotated bchG and its activity in vitro,
along with the Synechocystis homologue chlG (Lopez et al., 1996), was demonstrated

by heterologous expression in E. coli followed by enzyme assays (Oster et al., 1997).

ChlG activity has been detected in mature chloroplasts isolated from greening oat
seedlings (Rudiger, 1993), the stromal fraction of daffodil chromoplasts (Kreuz and
Kleinig, 1981), paprika chloroplast and chromoplast (Camara, 1984), the prothylakoid
and pro-lamellar fractions of etioplasts (Litz et al., 1981; Rudiger, 1993) and the TM
of spinach (Block et al., 1980; Gaubier et al., 1995; Soll et al., 1983). Activity was
detected specifically in the inner membranes of plastids (Lindsten et al., 1990; Soll et
al., 1983). The activity of ChlG in dark grown wheat transfers upon illumination from
the prolamellar body (PLB) fraction to the prothylakoid fraction during plant
development, indicating a migration of ChliG from the PLB to the developing TM during

greening (Lindsten et al., 1993).

GGPP can be directly esterified to Chlide to from Chlgs and then reduced by
geranylgeranyl reductase (GGR) to form Chl (Addlesee et al., 1996; Chew and Bryant,
2007). Alternatively, free GGPP can be reduced by GGR to phytyl pyrophosphate (PPP)
and then esterified to Chlide by ChiG (Chew et al., 2007). Whether GGR reduces GGPP
before or after esterification to Chlide depends on the location of the substrate within
the cell. Free GGPP reduction to PPP occurs in the envelope membrane of chloroplasts
whereas Chlgg conversion to Chl occurs in the TM where Chlide is produced (Soll et al.,

1983). GGR is discussed in greater detail in Section 1.8.12.

The substrate specificity of ChlG for GGPP or PPP appears to depend on the growth
phase of the organism and the species in question. In etiolated oat seedlings, ChlG has
a preference for GGPP over PPP in a 2:1 ratio (Rudiger et al., 1980; Soll and Schultz,

1981). However when this same protein was expressed recombinantly in E.coli it
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accepted both substrates equally (Schmid et al., 2002). The A. thaliana homolog which
was recombinantly expressed in E.coli also preferred GGPP over PPP and accepted
Chlide b as well as Chlide a (Oster and Ridiger, 1997). However, the spinach homolog
showed a preference for PPP over GGPP (Soll et al., 1983). Prokaryotic organisms,
including Rba. capsulatus and Synechocystis, had a preference for PPP in vitro (Oster
et al., 1997). ChIG cannot utilise BChlide as a substrate and BchG cannot utilise Chlide
(Kim and Lee, 2010; Oster et al., 1997; Schoch et al., 1999). These enzymes exhibit
competitive inhibition when given the “wrong” substrate in vitro and so the active sites
of the enzymes are presumably similar (Kim and Lee, 2010). In this respect, it was
shown that the 144 residue of ChlG was instrumental in determining the substrate
specificity of the enzyme. When ChIG 144 was changed to F, the enzyme was capable
of restoring photoautotrophic growth to a Rba. sphaeroides strain lacking bchG,
indicating that the mutant ChlG enzyme was able to utilise BChlide as a substrate and
produce BChl (Kim et al., 2016). Neither PChlide nor pheophorbide are substrates for
ChlG (Rudiger, 1993). From these observations it is possible to determine that, for
activity, ChlG requires the central magnesium ion of Chlide (Schmid et al., 2001), that
the propionic group of ring D must be raised above the tetrapyrrole plane (which is
not the case in PChlide) and that ring B must not be hydrogenated (ring B of BChlide is
hydrogenated) (Riidiger, 1992; Rudiger et al., 1980).

ChlG catalysis proceeds via a ping-pong mechanism in which GGPP (or PPP) binds first
to the enzyme and causes a conformational change in ChlG, allowing it to bind Chlide,
the second substrate (Schmid et al., 2002). Residues 88 to 377 are catalytically active
with two R residues (R91 and R161) and one C residue (C109) having been
demonstrated to be critical for the enzyme’s activity (Schmid et al., 2001).
Esterification of Chlide is also temperature dependent with Chlide a conversion being
8 fold higher in plants exposed to 28°C compared with 0°C (Rudiger, 1993). This may
be due to handicapping the diffusion of GGPP towards ChlG in the lipid bilayer, which

is less fluid at low temperatures.

Two phases of Chlide esterification have been described in etiolated barley leaves.

Upon brief illumination of the leaves, an initial rapid phase lasting 15-30 seconds
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produced a consistent amount of Chlide esterification, independently of the extent to
which POR had reduced the protochlorophyllide pool to Chlide. This was followed by
a second slow phase lasting 40 minutes. (Domanskii and Ridiger, 2001). This was
further investigated in a follow up study where it was calculated that the rapid phase
converts just 15% of the Chlide pool, followed by a lag phase of 2 minutes before 85%
of the remaining Chlide is converted over the course of an hour. Following incubation
in the dark for 10 minutes, the ability to initiate a rapid phase was restored. The
prolamellar bodies (PLB), intact during the fast phase, disaggregated during the slow
phase (Domanskii et al., 2002). In summary it was proposed that esterification of
Chlide is restricted by the limited capacity of ChlG, the time it takes for POR to release
de novo Chlide, the diffusion of GGPP/PPP towards ChIG and by the disruption caused

by the disaggregation of the PLB.

ChlG knock down and overexpression in tobacco (Nicotiana tabacum) decreased and
increased the transcript levels of MgCH respectively. ALA synthesis was also altered in
the same manner. This demonstrated that ChlG expression influences the expression
of upstream Chl biosynthesis genes, indicating a role of ChIG in co-regulating the Chl
biosynthesis pathway (Shalygo et al., 2009). In rice (Oryza Sativa) seedlings a ChIG
mutant (yg/1) with reduced activity showed altered expression of some nuclear genes
encoding Chl biosynthesis enzymes, similarly implicating a role of ChlG in feedback

regulation of Chl biosynthesis (Wu et al., 2007).

At the level of translation, Chl binding proteins P700, CP43, CP47 and D1 only
accumulated if de novo Chl was synthesised by ChlG and not if exogenous Chl was
added to the translation mixture (Eichacker et al., 1990; Kim et al., 1994a). This implies
that ChIG is required to channel the de novo Chl molecules to nascent polypeptides,
thereby stabilising them (Eichacker et al., 1996). Subsequently a ChlG complex was
discovered in Synechocystis and was proposed to deliver Chl co-translationally to Chl
binding proteins as they are being inserted into the TM (Chidgey et al., 2014). The ChlG

complex is discussed in detail in Section 1.11.
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Figure 1.21: Reaction catalysed by chlorophyll synthase. ChlG catalyses the esterification of
phytyl or GGPP (red) with the carboxyl group of ring D of the Chlide macrocycle, producing Chl

ase (red) or Chl a respectively. * mark sites of chemical modification.

1.8.12 Geranylgeranyl reductase (GGR)

GGR catalyses the NADPH and ATP dependent reduction of 3 of the 4 C=C double
bonds of geranylgeranyl pyrophosphate to produce phytyl pyrophosphate (Bollivar et
al., 1994c) (Figure 1.22). This can occur before or after the molecule has been
esterified with Chlide by ChlG (Chew et al., 2007). Esterification of Chlide with GGPP
results in Chlgs, whereas esterification of Chlide with PPP yields mature Chl (Keller et
al., 1998). Genes encoding GGR have been identified in oxygenic phototrophs
including cyanobacteria (Addlesee et al., 1996) and plants (ch/P) (Giannino et al., 2004;
Keller et al., 1998; Tanaka et al., 1999; Wang et al., 2014), as well as in purple bacteria
(bchP) (Addlesee and Hunter, 1999). Deletion of chlIP from Synechocystis results in the
accumulation of Chl molecule with partially reduced tail moieties which are
incorporated into Chl-binding proteins and can still function in light harvesting (Shibata
et al., 2004; Shpilyov et al., 2005; Tanaka et al., 1999). PSI and PSII are functional in
these mutants, however photoautotrophic growth is abolished due to the rapid

degradation of the photosystems without supplementing the cell with glucose
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(Shpilyov et al., 2005, 2013). The same growth phenotype is observed in plants lacking
chlP (Shibata et al., 2004; Tanaka et al., 1999) in addition to an increase in sensitivity
to high-light stress (Grasses et al., 2001). The reduced stability of the photosystems
induced by integration of partially reduced Chl co-factors into the complex has been
attributed to the increased rigidity of the Chlss species, due to the extra 3 C=C double
bonds which may disrupt the assembly of the complexes (Shpilyov et al., 2005, 2013).
Although purple bacteria harbouring BChlss had reduced stability of the RCs (Bollivar
et al., 1994c), akin to the situation in cyanobacteria, they are still able to grow
photoautotrophically albeit at a slower rate than WT strains (Addlesee and Hunter,
1999; Harada et al., 2008). The full reduction of the Chl tail moiety by GGR therefore
appears to be more important in oxygenic phototrophs. Full reduction of GGPP has
also been implicated to be important for mediating the interactions between
neighbouring Chl molecules, enabling the efficient transfer of absorbed light energy to

the photosystem RC (Shpilyov et al., 2013).
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Figure 1. 22: Reaction catalysed by geranylgeranyl reductase. ChIP reduces the phytyl tail of
Chl ags to produce Chl a. ChIP can also catalyse the reduction of GGPP to phytyl before the

molecule is attached to Chlide by ChIG (not shown). * mark sites of chemical modification.
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1.8.13 Bacteriochlorophyll-specific modifications

The pathway of BChl biosynthesis is analogous to the Chl a route up until, and
including, the synthesis of Chlide. Following this, 3 additional modifications are made
to Chlide in organisms that synthesise BChl. Firstly, the C7=C8 double bond of ring B is
reduced by Chlide a reductase (COR) to produce 3-vinyl-bacteriochlorophyllide (3V-
BChlide). 3V-BChlide is then converted to BChlide when the C3-vinyl group is modified
to an acetyl group. Esterification of the tail moiety to BChlide by BchG completes the
BChl molecule (Figure 1.23).

COR is encoded by three genes designated bchX, bchY and bchZ (Burke et al., 1993b;
McGlynn and Hunter, 1993).These genes were over-expressed and purified from Rba.
capsulatus and their reductase activity demonstrated in vitro as determined by the
formation of 3V-BChlide from Chlide in the presence of co-factors ATP and the

reducing agent dithionite (Nomata et al., 2006).

The protein products of bchF and bchC catalyse the reduction of C3-vinyl to acetyl in
two subsequential steps starting with hydroxylation of the vinyl group by bchF
followed by oxidation of the hydroxyl group to acetyl by bchC (Taylor et al., 1983;
Zsebo and Hearst, 1984).
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Figure 1.23: Bacteriochlorophyll-specific modifications. Chl is modified to Bacteriochlorophyll
(BChl) by reduction of the C7=C8 double bond of Chlide by COR, producing 3-vinyl-
bacteriochlorophyllide (3V-BChlide). Alternatively BchF and BchC can act first to convert the
C3-vinyl group to an acetyl group producing 3-hydroxyethyl-chlorophyllide.
Bacteriochlorophyllide (BChlide) is produced as a result of both modifications, followed by
esterification of the phytyl tail to BChlide by Bchg, yielding BChl. * mark sites of chemical

modification.

1.9 Carotenoids

Carotenoids are the most widespread group of pigment molecules (Cazzonelli, 2011)
and are produced in all photosynthetic organisms. They consist of an extended
polyene chain containing between 9 and 11 double bonds, feature a delocalised nt
electron system and, in oxygenic phototrophs, often contain rings at each end of the
molecule (Figure 1.24). They are divided into two groups; xanthophylls, which contain
oxygen, and carotenes, which do not (Téth et al., 2015). Carotenoids are capable of
absorbing light between the wavelengths of 450 and 570 nm and, as hydrophobic
pigments, are most often found embedded in the TM lipid bilayer where they

contribute to the structural integrity of the TM (Mohamed et al., 2005). They are also
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important for the structure, synthesis and assembly of photosystems (Santabarbara et

al., 2013; Sozer et al., 2011).

In cyanobacteria, carotenoids function as photoprotectors of Chl binding proteins, by
guenching excess light absorbed by Chl, as well as act as light harvesting pigments in
their own right (Bryant, 1994; Cazzaniga et al., 2012; Croce and van Amerongen, 2014;
Schafer et al., 2006; Stamatakis et al., 2014). Regarding their role in photoprotection,
carotenoids can quench triplet excited states of neighbouring Chl molecules by
absorbing the energy and distributing it across their 1t electron system in order to find
the lowest possible energy state (Vershinin, 1999). This prevents the generation of
damaging reactive oxygen species (ROS) that arise if molecular oxygen reacts with
triplet state Chl. In addition, carotenoids are able to quench ROS if they are formed. It
is generally agreed that photoprotection is provided primarily by the carotenoids
zeaxanthin and myxoxanthophyll in cyanobacteria (Kusama et al., 2015; Masamoto et

al., 1999; Steiger et al., 1999).

Carotenoids are synthesised from farnesyl pyrophosphate (FPP) which is condensed
with 5-carbon isoprenoid molecules to produce a 20-carbon geranylgeranyl
pyrophosphate (GGPP) molecule. This is catalysed by the enzyme geranylgeranyl
pyrophosphate synthase (crtE) (Zhu et al., 1997). Two GGPP molecules are condensed
to form a 40-carbon phytoene compound by phytoene synthase (crtB). A phytoene
desaturase can perform two (crtP) (Martinez-Férez et al., 1994), three or four (crtl)
(Harada et al., 2001) desaturations to produce - carotene, neurosporene or lycopene
respectively from phytoene. Cyclisation of the ends of lycopene by either lycopene
beta cyclase (crtL-b) or lycopene epsilon cyclase (crtL-e) produce the rings
characteristic of B-carotene and a-carotene respectively. Further modification to the
B-carotene produces zeaxanthin, catalysed by beta carotene hydroxylase (crtR) (Liang

et al., 2006).
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Figure 1.24: Carotenoid structures. The structures of the carotenoids produced by

Synechocystis. Red boxes highlight the structural differences between the carotenoids.

1.10 Chlorophyll delivery/recycling during PSIl metabolism

PSIl assembly (Section 1.6.1) and delivery of de novo Chl molecules are believed to be
closely coordinated to allow the efficient integration of Chl into Chl binding
apoproteins co-translationally, as they are being inserted into the lipid bilayer. The
insertion of Chl is essential for the correct folding of the receiving proteins (Eichacker
et al., 1996; Miiller and Eichacker, 1999) and to prevent the production of damaging
reactive oxygen species generated by free Chl (Krieger-Liszkay et al., 2008). The

availability of newly synthesised Chl also determines the rate of synthesis of Chl
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binding proteins (Kopecna et al., 2013) via regulation at the level of translation (He

and Vermaas, 1998).

To reduce the time between Chl synthesis and insertion into apoproteins, it is likely
that the enzymes of the Chl biosynthesis pathway are localised close to the site of PSII
assembly in the TM biogenesis centres. In support of this, the protein Pitt, involved in
TM membrane biogenesis, is able to interact with POR and is believed to localise it to
the site of PSIl assembly (Schottkowski et al., 2009). Synechocystis cells lacking the PSII
assembly and repair factor Psb28 had increased rates of PSIl repair and decreased PSI
content. In addition, the Chl synthesis pathway was perturbed at the cyclase step as
indicated by an accumulation of the cyclase substrate protoporphyrin IX methylester.
This led to the proposal that delivery of Chl to Chl binding proteins, such as CP43 and
PSI subunits, was impeded, implying a role for Psb28 in Chl binding to apoproteins

(Dobakova et al., 2009).

During PSlI repair, Chl is released from PSIl and is recycled, firstly by removal of the tail
to form Chlide, before both products are reintegrated back into the de novo Chl
biosynthesis pathway (Vavilin and Vermaas, 2007). High-light inducible protein (Hlips)
contain a highly conserved Chl a binding (CAB) domain and are believed to store the
Chl molecules once they have been released from damaged PSII (Vavilin et al., 2007).
A complex consisting of Ycf39, HIiD and HIiC was shown to be important to the
formation of the PSIl (Knoppova et al., 2014). Two members of the Hlip family, HIiD
and HIiC, are proposed to have a role in photoprotection of PSII under stressful light
conditions (Promnares et al., 2006) and scavenging of free Chl released during PSlI
repair (Yao et al., 2007). The Ycf39-HIiP complex appears to be involved in delivery of
Chl to de novo D1 subunits during PSIl assembly/repair; not only does the complex co-
purify with PSIl intermediate complexes but a Synechocystis YCf39 null mutant was
perturbed in Chl recycling (Knoppova et al., 2014). Moreover, Ycf39, HIiD and HIiC were
found to co-purify with ChIiG and YidC insertase, further lending support to a role of
these proteins in delivery of Chl to PSII subunits as they are being co-translationally
inserted into the membrane (Chidgey et al., 2014). The ChIG complex is the focus of

this thesis. The following sections summarise the existing research in this area.
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1.11 The chlorophyll synthase complex

In cyanobacteria, the Chl binding proteins of PSl and PSll are synthesised on TM bound
ribosomes and co-translationally inserted into the photosystem complex (Frain et al.,
2016). It is reasonable to postulate that the enzymes of the Chl biosynthesis pathway
and the protein machinery responsible for photosystem assembly are co-ordinated to
allow efficient Chl insertion into de novo photosystem polypeptides. The final enzyme
in the Chl biosynthesis pathway, ChlG, forms a complex in the cyanobacteria
Synechocystis consisting of ChlG, the high-light inducible proteins D and C (HIiD/HIiC),
the PSIl assembly factor Ycf39 and the membrane insertase YidC (Chidgey et al., 2014;
Niedzwiedzki et al., 2016).

1.11.1 High-light inducible proteins

All oxygenic phototrophs, in addition to light harvesting complexes, contain light
harvesting like (LIL) proteins (Engelken et al., 2010; Jansson, 2008; Neilson and
Durnford, 2010a). This group includes the one-helix proteins (OHP) (Lil2/6) and the
early light-induced proteins (ELIP) (Lil1) of plants as well as the high-light induced
proteins (Hlips) found in cyanobacteria. All feature a conserved Chl a/b binding (CAB)
domain reminiscent of that found in LHCs (Adamska et al., 1999; Funk, 2001; Staleva
et al., 2015; Storm et al., 2008). The Lil proteins function in the photoprotection,
assembly and regulation of the photosystems (Beck et al., 2017; Hutin et al., 2003;
Lohscheider et al., 2015; Niyogi et al., 2004; Peers et al., 2009) as well as regulation of
pigment biosynthesis (Rossini et al., 2006; Sobotka et al., 2008; Takahashi et al., 2014;
Tanaka et al., 2010; Xu et al., 2002) and pigment carriers/stabilisers (Hernandez-Prieto
et al.,, 2011; Knoppova et al., 2014; Yao et al., 2007). The HIiPs were shown to
significantly increase the half-life of Chl in Synechocystis, lending further support to a
role of these proteins in recycling Chl by binding free pigment, released by PSll as the

complex is being disassembled for repair, and shepherding it into the dephytylation-
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phytylation cycle before it is incorporated back into Chl binding proteins (Vavilin et al.,

2007).

Cyanobacteria contain five HIiPs designated HIiA-HIiD (Dolganov et al., 1995) with the
5t being fused to the C-terminus of ferrochelatase (He et al., 2001; Kufryk et al., 2008).
They are single helix integral membrane proteins and are believed to be the ancestors
of plant LHC proteins (Neilson and Durnford, 2010b; Yurina et al., 2013). Upregulated
under high-light intensities, the HIiPs function to photoprotect the photosystems (and
and Vermaas, 1999; Dolganov et al., 1995) and are important to the survival of the cell
under stressful conditions, including low temperature and nutrient starvation (He et
al., 2001; Mikami et al., 2002). Cyanobacteria cells that lack HIiA-HIiD have increased
sensitivity to increasing light intensities and were unable to quench excess light
absorbed by nearby Chl pigments (Havaux et al., 2003). In addition, HIiPs can scavenge
free Chl molecules that are dangerous to the cell due to their tendency to generate
damaging ROS (Xu et al., 2004). Finally, HliPs have a role in the regulation of Chl
biosynthesis (Havaux et al., 2003; Xu et al., 2004).

In Synechocystis, HIiA and HIiB are functionally complementary (Kufryk et al., 2008; Xu
et al., 2004) and, due to their high degree of sequence simililarity, are thought to have
arisen from a gene duplication event (He et al., 2001; Kufryk et al., 2008). Loss of both
of these proteins was found to be lethal to the cell in high-light conditions (Wang et
al., 2008). Both were found to associate with, and stabilise, PSI trimers (Akulinkina et
al., 2015; Wang et al., 2008) and monomers as well as the CP47 subunit of PSII (Yao et

al., 2007) in response to light stress.

HIiC and HIiD form homodimers in vivo; the former binds to four Chl and two -
carotene pigments (Shukla et al., 2018a). whereas HIiD binds 6 Chl molecules and 2 B-
carotene (Niedzwiedzki et al., 2016; Staleva et al., 2015) (Figure 1.25). HIiD binds these
pigments in a configuration that allows transfer of absorbed light energy from Chl to
B-carotene which dissipates the energy as heat (Llansola-Portoles et al., 2017; Staleva
et al., 2015). Both HliPs form a complex with the putative short-chain dehydrogenase
Ycf39 which associates with de novo PSII RC, RC47 or the isolated CP43 subcomplex

before it is incorporated into RC47 (Komenda and Sobotka, 2016). It is postulated that
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Ycf39-HIiD/HIiC bind to these PSII intermediates to convey photoprotection to the
proteins, stabilising them as they are assembled during de novo PSII biogenesis or PSII

repair.

Both HIiD and HIiC form part of a larger complex with ChlG, Ycf39 and the YidC
insertase (Chidgey et al., 2014; Niedzwiedzki et al., 2016). Chidgey et al. (2014) found
that ChlG and HIiD form a stable core to this complex to which the other components
can bind. It was shown that the carotenoids bound to the HIiPs are able to effectively
guench light absorbed by this complex and prevent its damage (Niedzwiedzki et al.,
2016). In addition to the Hlip bound B-carotene, the ChlG-HIiP complex also contained
myxoxanthophyll and zeaxanthin, the binding of which was attributed to ChIG
(Chidgey et al., 2014; Niedzwiedzki et al., 2016). The function of these carotenoids was
hypothesised to be of a structural nature, acting at the interface between ChIG and
the HIiPs, facilitating their binding (Niedzwiedzki et al., 2016). HIiC has recently been
shown to mediate the remodelling of the ChlG complex by facilitating release of Ycf39
from the complex in response to high-light stress (Shukla et al., 2018b). The authors
propose that the Ycf39, once released from ChlG, forms a complex with an HIiC-HIiD
heterodimer, producing a trimeric pigment-protein complex (Ycf39-HIiD-HIiC) that had
been previously identified (Knoppova et al., 2014). The ChIG-HIiD “core” complex
(Chidgey et al., 2014) is able to then bind to PSI trimers and facilitate recycling of Chl
molecules released during PSll repair, using PSI as a store of these pigments, whilst the
Ycf39-HIiD-HIiC complex can bind to PSII repair intermediates and photoprotect them
(Shukla et al., 2018b).

In plants, the /il genes are upregulated in response to stressful high-light conditions, in
negative correlation to the LHC genes which are reduced (Klimmek et al., 2006). This
was shown to be the case in A. thaliana when OHP1 (Jansson et al., 2000) and OHP2
(Andersson et al., 2003) expression increased in response to high-light intensity. OHP1
associates with, and photoprotects, the RC of PSIl and PSII assembly proteins during
the biogenesis and repair of the complex (Myouga et al., 2018), whereas OHP2 was
observed to accumulate in PSI (Andersson et al., 2003). Recently, OHP1 was found to

dimerise with OHP2, akin to the HIiD-HIiC heterodimer of Synechocystis, and stabilise
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the protein HCF244, the A. thaliana homologue of Ycf39 in Synechocystis (Section
1.11.3) (Hey and Grimm, 2018). Chidgey et al. (2014) demonstrated that HIiD and HIiC
form a complex with Ycf39 and bind ChlG and YidC. However, no ChIiG was detected
in the eqfuivalent OHP1/OHP2-HCF244 complex in A. thaliana; although an interaction
of ChlG with OHP-HCF244 may exist in vivo, detergent solubilisation could have

removed ChlG from the complex.

Knockout of OHP2 was found to perturb Chl biosynthesis and destabilise the PSII core.
In addition, HCF244 production was completely abolished in OHP2 null strains, leading

to the conclusion that free HCF244 is unstable and requires anchoring to the TM by

OHP2 (Hey and Grimm, 2018).

Figure 1.25: Structural model of high-light inducible proteins C and D. Model of an HIiC dimer
(A) bound to 4 Chl (green) and 2 B-carotene (orange) pigments (modified from Shukla,
Llansola-Portoles, et al. 2018) and an HIiD dimer (B) bound to 6 Chl and 2 B-carotene (modified
from Staleva et al. (2015)).

1.11.2 YidC insertase

Bacteria contain two main membrane protein transport systems, the Sec translocase
and YidC insertase, which promote the transport of hydrophilic membrane extrinsic

domains across the membrane and facilitate the insertion of the membrane spanning
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domains into the lipid bilayer. YidC is a member of the evolutionarily conserved
YidC/Oxal/Alb3 integral membrane protein family. These proteins are involved in the
insertion and assembly of membrane protein complexes into bacterial, mitochondrial
and chloroplasts respectively, either alone or in concert with the Sec translocase

(Dalbey et al., 2014).

The protein has been well characterised in E. coli and consists of six transmembrane
helices (TMHs) and a single periplasmic domain, with TMHs 2-5 having been identified
as essential to the proteins function (Jiang et al., 2003; Saaf et al., 1998). YidC binds to
its substrates via these TMHs, inducing a conformational change in YidC, which aids
the partitioning of the substrates TMHs into the lipid bilayer (Chen et al., 2002;
Winterfeld et al., 2009). Little is known about the mechanism of YidC mediated
membrane insertion, however it has been suggested that YidC shields hydrophobic
residues within TMHs from the polar lipid head groups of the bilayer and charged
residues of the membrane extrinsic domains as they are being translocated across the

membrane (Kol et al., 2008).

Many membrane proteins feature a signal recognition particle (SRP) that functions as
a targeting sequence directing nascent proteins to the membrane insertion apparatus
(Akopian et al., 2013). When operating alone, YidC appears to not require that a
substrate contain an SRP for membrane insertion; instead the hydrophobicity of the
substrates TMH seems to be a key factor in determining the substrate specificity of

YidC (Ernst et al., 2011; Zhu et al., 2013).

A subset of membrane proteins require both YidC and the Sec translocase for
insertion. YidC forms a complex with the Sec apparatus via binding to the SecY subunit
at the lateral gate of the protein where substrate TMHs escape laterally into the lipid
bilayer (Sachelaru et al., 2013). YidC bind the TMHs as they escape the Sec translocon
and mediates their assembly into helix bundles as they diffuse into the membrane
(Beck et al., 2001). YidC has also been shown to directly bind to ribosomes and accept
nascent polypeptides as they insert into the membrane (Jia et al., 2003; Kedrov et al.,

2013; Seitl et al., 2014).
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In addition to its role a membrane insertase, YidC has been shown to exhibit protein
foldase activity (Nagamori et al., 2004). Nagamori et al. 2004 desmonstrated that
lactose permease (LacY) did not require YidC for insertion into the membrane but did
require YidC for correct folding, most likely by transient interaction during membrane

insertion.

YidC/Alb3 has been shown to be essential for thylakoid membrane biogenesis in
cyanobacteria, algae and plants as discussed in Section 1.5 (Gohre et al., 2006; Spence
et al., 2004). In the alga, Chlamydomonas reinhardtii, there are two alb3 homologs,
Alb3.1 and Alb3.2. Alb3.1 knockout strains were able to grow photoautotrophically but
has a severe reduction in the accumulation of LHCI, LHCII, PSIl complexes while Chl
levels are reduced to 30% WT levels. However, the amounts of PSI, Cyt bef and ATP
synthase complexes were unaffected in the knockout strain and up to 10% WT levels
of LHCIl remained in the cell, prompting the conclusion that Alb3.1 is involved in, but
not absolutely required for the assembly of light harvesting complexes (Bellafiore et
al., 2002). The incorporation of the PSII subunit D1 into PSIl complex during assembly
is also perturbed in an Alb3.1 deletion mutant, although the insertion of D1 into the
thylakoid membrane was not impeded, indicating a role of Alb3.1 as a PSIl assembly
factor (Ossenbiihl et al., 2004). Alb3.2 was found to be capable of forming a complex
with Alb3.1, PSIl and PSI RC subunits as well as the thylakoid biogenesis protein VIPP1.
Alb3.2 depletion resulted in reduced levels of PSI and PSII, indicating that this proteins
is also involved in photosystem assembly/repair, perhaps partially overlapping with

the function of Alb3.1 (Bellafiore et al., 2002; Gohre et al., 2006).

In plants, loss of Alb3 is more severe than in algae, causing severe depletion of Chl and
retardation of thylakoid biogenesis, resulting in premature death during the seedling
stage of plant development (Sundberg et al., 1997). Further research showed that, like
Alb3.1 in algae, Alb3 in plants is required for integration and assembly of LHCs within
the thylakoid membrane, although the insertion of other proteins, such as PSlI
subunits PsbX, PsbW and PsbY, did not depend on Alb3 (Moore et al., 2000a, 2003;
Woolhead et al., 2001). LHC assembly by Alb3 is also not reliant on the Sec apparatus

although an interaction between Alb3 and SecY has been demonstrated, possibly

72



required for the insertion/folding of other chloroplast protein complexes
(Klostermann et al., 2002; Moore et al., 2003). Interactions of Alb3 with CP43 and
PsaA, core subunits of PSIl and PSI respectively, have also been identified (Pasch et al.,
2005). A second isoform of Alb3, named Alb4, was identified in the plant Arabidopsis
thaliana and shown to have a role in thylakoid membrane biogenesis. A deficit in the
production of Alb4 caused aberrant chloroplast and thylakoid formation but did not
impact the assembly of LHCs (Gerdes et al., 2006). Alb4 was later shown to be required

for the proper assembly of ATP synthase (Benz et al., 2009).

In Synechocystis, the yidC gene (slr1471) cannot be fully deleted, suggesting an
essential role for YidC in cyanobacteria. The partially segregated strain had reduced
levels of photosynthetic pigments and photosynthetic productivity in addition to
retarded thylakoid biogenesis (Spence et al., 2004). Modification of the enzyme by
addition of green fluorescent protein (GFP) to the C-terminus of YIdC resulted in a
Synechocystis strain with an increased sensitivity to light and accumulated the D1
precursor, pD1, leading the authors to conclude that PSIl assembly/repair was
impaired and that YidC is involved in the integration of D1 into the complex during

these processes (Ossenbiihl et al., 2006).

YidC was found to co-purify with a FLAG-tagged ChlG protein when the latter was
purified from Synechocystis thylakoid membranes. The discovery of an association
between YidC and ChlG led to the hypothesis that, as Chl binding proteins are being
translated by the ribosome, YidC/Alb3 fixes the polypeptides into a configuration that
allows for the insertion of newly synthesised Chl molecules from neighbouring ChIG
(Chidgey et al., 2014; Sobotka, 2014). This may occur during a distinct pause in
translation that appears to coincide with Chl binding to the polypeptide (Kim et al.,,
1994b). The discovery of a ChIG-YidC interaction presented the first evidence of a

direct link between Chl biosynthesis and photosystem assembly.
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1.11.3 Ycf39

Ycf39 is a member of a family of short-chain alcohol dehydrogenases that feature an
N-terminus NAD(P)H binding motif which lacks a tyrosine residue critical to enzyme
function (Chidgey et al., 2014). Ycf39 is a peripheral membrane protein and contains
no membrane spanning domain, and no catalytic function has been assigned. Ycf39
has been found to form a complex with HIiD in which the HIiD component binds B-
carotene and Chl and is capable of quenching Chl fluorescence (Knoppova et al., 2014;
Staleva et al., 2015). This Ycf39-HIiD complex has been shown to be important for the
early stages of PSIl assembly. The Ycf39-HIiD complex binds to the DE loop of the PSII
precursor complex pD1 and seems to be restricted in its role to the biosynthesis of the
D1 subunit. It has been postulated that the ChlG-Ycf39-HIiD complex could arrive at
the site of PSIl assembly and bind pD1 as it is being co-translationally inserted into the
membrane by YidC during which time Chl, provided by nearby ChlG, can be bound to
the polypeptide. There is a pause in pD1 synthesis where Ycf39 can bind to pD1 and
Chl can be inserted into the polypeptide (Knoppova et al., 2014). The discovery of a
ChlG-Ycf39-HIiD-YidC complex lends support to this hypothesis (Chidgey et al., 2014).
It is possible that the role of Ycf39 in inserting Chl into pD1 is redundant as a Ycf39
knockout mutant is viable, albeit the strain is more sensitive to photoinhibition
(Knoppova et al., 2014). Under such photodamaging conditions Chl pigments are
released from the photosystems and must be recycled back to the membrane. In this
respect there is some evidence to suggest that Ycf39 is required for Chl recycling. A
Ycf39 knockout mutant also lacking PSI, and the PSIl subunits CP43 and CP47, rapidly
depletes reserves of the Chl precursor Mg-protoporphyrin under high-light conditions
whilst D1 levels decreased by 30%. Chl precursor and D1 quantities remained stable in
a control strain containing Ycf39, indicating that lack of Ycf39 impeded reuse of Chl
(Knoppova et al., 2014). Release of Ycf39 from ChlG under high-light may deter the
channelling of de novo Chl pigment to D1 and instead promotes the re-use of Chl
released from damaged photosystems. Once released from the ChlG complex the

Ycf39 may also become available to form a complex with HIiD and act as a scavenger
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of free Chl molecules that would otherwise generate damaging singlet oxygen species

(Komenda and Sobotka, 2016).

As previously discussed in Section 1.11.1, the homologue of Ycf39 in plants is HCF244.
Deletion of this gene from A. thaliana lead to growth retardation and Chl bleaching, in
addition to perturbation of D1 synthesis (Link et al., 2012). HCF244 forms a complex
with OHP1/2 in A. thaliana that is postulated to be important for PSIl assembly and
repair (Hey and Grimm, 2018; Link et al., 2012).

1.11.4 Minor components

FLAG-tagged ChlG pulldown eluates, purified from Synechocystis thylakoid
membranes and analysed by mass spectrometry, lead to the identification of other
minor components of the ChlG complex. These included SIl1167, PSI core subunits
PsaA and PsaB, the SecY subunit of the Sec translocase and the ribosome subunit Rpl1
(Chidgey et al., 2014). SII1167 is related to the AmpH family of proteins, which in
bacteria is postulated to be involved in the maturation and remodelling of the
peptidoglycan layer (Gonzdlez-Leiza et al., 2011). Although a role for SIl1167 has not
been elucidated in cyanobacteria, Chidgey et al. 2014 speculated that the protein may
be involved in thylakoid biogenesis due to its interaction with the ChlG complex. The
co-purification of SecY and Rpl1 with ChlG, as well as YidC, is indicative of a continuous
link between chlorophyll biosynthesis and the co-translational insertion of Chl-binding
proteins. The presence of PsaA/B, the major Chl binding proteins of PSI, suggests the

ChIG complex may be localised in the vicinity of PSI.

1.12 Thesis aims:

Thylakoid biogenesis in oxygenic photosynthetic organisms relies on the biosynthesis
of Chl pigments and their incorporation into macromolecular protein complexes called
photosystems where they can perform the primary reaction of photosynthesis, the

absorption of light. The Chl biosynthesis and photosystem assembly processes must
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be linked in order to ensure the efficient delivery of Chl pigments to the photosystem
assembly apparatus where Chl can be co-translationally inserted into Chl-binding
proteins and assembled into functioning photosystems. The Chl handover mechanism
remains poorly understood. In the cyanobacterium Synechocystis, a protein-pigment
complex comprising of the terminal enzyme of the Chl biosynthesis pathway,
chlorophyll synthase (ChlG), high light inducible proteins C and D (HIiC/HIiD), a
photosystem assembly factor Ycf39, and the protein insertase YidC/Alb3 was identified

as having an important role in this process.

The work presented in this thesis aims to build on the current understanding of the
function of the ChIG at the interface between Chl biosynthesis and photosystem
assembly by further structurally and functionally characterising the complex. The third
chapter in this thesis investigates whether a similar ChlG complex exists in higher
photosynthetic organisms, such as plants and algae, and whether ChlG homologs from
these organisms can functionally compliment the deletion of the essential ch/G gene
from Synechocystis. In the fourth chapter, the role of the carotenoid components of
the ChlG complex were elucidated by construction of Synechocystis strains lacking
these pigments, followed by characterisation of the ChiIG complexes isolated from
these backgrounds. A chemical cross-linking approach was taken in chapter five in
order to determine the orientation and arrangement of the ChlG complex in the
thylakoid membranes of Synechocytis. The N-terminal domain of ChlG was found to
localise in close proximity to the other members of the complex. This domain was
sequentially truncated in chapter six and the resulting ChlG proteins isolated and
examined for binding partners to determine if this domain was important for
formation of the ChlG complex. The enzyme activity of the truncated ChIG variants
were also tested. In the final chapter, methods for the recombinant production of
plant ChIG in E. coli, and production of the enzymes substrate chlorophyllide a, were
developed with the aim of enabling characterisation of the protein by enzyme kinetic,
mutagenesis and structural analysis. To demonstrate the viability of this approach, six
point mutations were made to the enzyme, targeting residues predicted to be

important for enzyme activity or substrate specificity by substituting them for
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alternate amino acids. These ChIG variants were produced in E. coli and tested for

enzyme activity.
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Chapter 2: Materials and Methods

2.1 Standard buffers, reagents and media.

All solutions were made using distilled ultra-pure water from a Milli-Q® machine
(Millipore). LB and autoinduction growth media were made according to the
manufacture instructions. All solutions were sterilised either by autoclaving for 20
minutes (15 psi, 121 °C). Once the growth media had cooled below 50 °C, heat sensitive
reagents e.g. antibiotics, vitamins and sugar solutions, were added. These, and other
reagents not suitable for sterilisation by autoclave, were filtered through 0.2 um

filters. Growth media used in this study are listed in Table 1.

2.2 Escherichia coli strains, growth and plasmids

Escherichia (E) coli cells were purchased from Promega. The E. coli strains used in this
study are listed in Table 2. Cells were grown on Luria-Bertani (LB) agar (Formedium) at
37 °C overnight. JIM109 cells grown in liquid LB medium were agitated at 250 rpm.
When grown in liquid, BL21 (DE3) cells were either grown in LB (280 rpm),
autoinduction (Formedium) (180 rpm) or Terrific Broth 300 rpm media at various
temperatures as specified in the relevant sections. All media were supplemented with
the appropriate antibiotic(s) at the following concentrations: kanamycin 30 ug mL?,
ampicillin 100 pg mL* and streptomycin 20 pg mL™. E. coli strains were stored at -80

°Cin 50% (v/v) LB-glycerol.

A list of the plasmids used in this study is presented in Table 3.

2.3 Synechocystis sp. PCC 6803

Synechocystis sp. PCC 6803 (hereafter Synechocystis) cells were kindly provided by
Roman Sobotka of Centre Algatech, Institute of Microbiology, Czech Academy of

Sciences. Synechocystis strains used in this study are listed in Table 2.
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Strains were grown at 30 °C in a rotary shaker (150 rpm) in BG11 media supplemented
with 10 mM TES-KOH pH 8.2 and moderate illumination (30-50 pumol photons m=2s?).
For growth on plates 1.5% (w/v) agar and 0.3% (w/v) sodium thiosulphate were added.
Photoheterotrophic growth media contained 5 mM glucose. Zeocin (2.5-20 pg mL?)
and kanamycin (5-40 pg mL!) were included where appropriate. For purification of
protein complexes (Section 2.11) cultures were grown photoautotrophically with 100
umol photons m2stillumination in 8 L vessels bubbled with sterile air and mixed by a
magnetic stirrer. Synechocystis stocks were re-suspended in BG11 liquid media plus

10% (v/v) DMSO and flash frozen in liquid nitrogen before storage at -80 °C.

2.4 Rhodobacter sphaeroides strains and growth

Rhodobacter (R.) sphaeroides strains used in this study are listed in Table 2. R.
sphaeroides were grown semi-aerobically in M22 media at 34 °C. Liquid cultures were
grown as above with agitation at 150 rpm. When antibiotic selection was required,
kanomycin was added to a concentration of 30 ug mL™. R. sphaeroides strains were

stored at -80 °Cin 1:1 LB:Glycerol.

2.5 Chemically competent E. coli cells

Chemically competent JM109 cells were purchased from Promega. Chemically
competent BL21 (DE3) cells were made by preparation of a 50 mL liquid LB culture
grown to an ODggp of 0.6 at 37 °C with agitation at 180 rpm. The cells were pelleted by
centrifugation (4000 xg, 4 °C) and washed twice in 25 mL of 0.1 M MgCl; pre-chilled on
ice. The cells were re-suspended in 1 mL 0.1 M CaCl, 20% (v/v) glycerol and decanted

into 25 uL aliquots before being flash frozen in liquid nitrogen and stored at -80 °C.
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2.6 Genetic transformation of cells
2.6.1 Chemical transformation of E. coli JIM109 cells

A JM109 cell aliquot (20 pL) was thawed on ice, mixed with 2 uL of plasmid DNA and
incubated in ice for 30 min. Cells were heat shocked at 42 °C for 45 s and then
incubated in ice for a further 90 s. 1 mL of LB was added to the cells and incubated at
37 °Cfor 1 h with agitation at 250 rpm. The cells were pelleted by centrifugation (6000
xg, 4 °C), re-suspended in 100 uL of LB and plated on LB-agar supplemented with the
appropriate antibiotic. Colonies were incubated overnight at 37 °C. Transformants

were screened by PCR using TAQ polymerase (Section 2.7.2).

2.6.2 Transformation of Synechocystis

1-2 mL of the recipient Synechocystis strain was pelleted or a scraping of cells from a
BG11 plate re-suspended in 100 uL of sterile H,O and transferred to a 1.5 mL
microcentrifuge tube and centrifuged at 8000 xg for 10 minutes. Cell pellets were re-
suspended in 100 pL of sterile H,0. 10-50 ng of plasmid or linear DNA was added to
the re-suspended cells and incubated at 30 °C with 40 pmol photons m2stillumination
for 1 h. Suspensions were agitated by hand every 15 minutes to ensure the cells
remained suspended throughout the medium. Cells were plated onto BG11 agar and
incubated overnight at 30 °C with 40 umol photons m2s? illumination. Cells were
transferred onto BG11 agar with a low concentration of the appropriate antibiotic:
streptomycin 7.5 pg mL?, erythromycin 7.5 pg mL%, kanamycin 5 pg mL?, zeocin 2 pg
ml?, chloramphenicol 12.5 pg mL™. Established colonies were sequentially plated onto
BG11 agar supplemented with double the concentration of antibiotic as the last
culture up up to a concentration of 30-50 pg mL™* Full segregation of the construct was
confirmed by PCR using the appropriate primers (Section 2.7.2). Primers are listed in

Table 4.
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2.7 Nucleic acid manipulation
2.7.1 Preparation of plasmid DNA

A plasmid mini prep kit was used to purify plasmid DNA (Nippon Genetics Co., Ltd. or

Quigen) according to the instructions provided by the manufacturer.

2.7.2 Polymerase chain reaction (PCR)

Amplification of DNA by PCR was achieved using Q5 High Fidelity DNA Polymerase or
Taq DNA Polymerase. Q5 reactions contained 25 uL of 2x Q5 High-Fidelity Master Mix
(New England Biolabs), 10 ng template DNA (plasmid or synthetic gene fragment),
0.25 ng of each primer and were made up to 50 L final volume with QH;0. Primers
were produced by Invitrogen and diluted to 125 ng uL™. Artificial gene fragments were
produced by Integrated DNA Technologies®. For amplifying genes from Synechocystis,
a small cell scraping was re-suspended in 50 pL of QH;0 and 1 plL added to each
reaction in place of template DNA. Taq reactions contained 10 pL 2x MyTAQ Hot Start
Red Mix (Bioline), a small scraping of cells in place of template DNA and made up to

20 pL with QH,0.

PCR conditions were as follows: 3 minute initial denaturation phase at 95 °C followed
by 30 cycles of annealing (30 s), extension (72 °C, 10 seconds Kb) and denaturation
(95 °C, 30 seconds) and ending in a final extension phase lasting 2 minutes at 72 °C.
The temperature used during the annealing phase was specific to the primers used for
each reaction. PCR reactions were purified using a PCR clean up kit (QUIGEN) or

analysed by agarose gel electrophoresis (Section 2.7.4).

A list of the primers used in this study are presented in Table 4 respectively.
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2.7.3 Restriction Enzyme Digests

Restriction enzymes were purchased from Promega or New England Biolabs. Reaction
buffers were selected according to the manufacturer’s instructions. Reactions were
carried out in 20 pL reactions consisting of 4 uL QH>0, 2 L reaction buffer, 2 uL BSA,
10 puL DNA (plasmid, synthetic gene fragment or purified PCR product), and 1 pL of

each restriction enzyme. The reactions were incubated at 37 °C for 2 h.

2.7.4 Agarose gel electrophoresis

DNA fragments from PCR and restriction enzyme digests were analysed by
electrophoresis on 0.8% (w/v) agarose gels made in 1x TAE (0.04 M tris-acetate, 1 mM
EDTA) with 0.5 mg mL* ethidium bromide. DNA samples were mixed with DNA loading
dye (0.03% bromophenol blue, 0.03% xylene cyanol, 60% glycerol, 60 mM EDTA in 10
mM Tris-HCl pH 7.6) and electrophoresis carried out at 85-90V alongside Hyperladder

| (Bioline) to enable size estimation. Gels were visualised under UV light.

2.7.5 Recovery of DNA from agarose gels

DNA was recovered from agarose gel using a gel extraction kit from Quigen or Nippon
Genetics Co., Ltd according to the instructions provided. The DNA was eluted in 30-50
uL of QH20.

2.7.6 Ligation of DNA fragments

T4 DNA ligase buffer and T4 DNA ligase enzyme from New England Biolabs were used
in 10 pL ligation reactions according to manufacturer’s instructions. A 3:1 molar ratio
of insert to vector was used although other ratios were attempted if the ligation was
unsuccessful. Reactions contained 1 pL 10x ligation buffer, 1 uL T4 DNA ligase and the

appropriate quantities of insert and vector.
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2.7.7 DNA sequencing

30-50 ng purified DNA construct, along with 50 pL of the appropriate primers diluted
to 200 nM in QH,0, were sent to GATC biotech for sequencing.

2.8 Mutagenesis

2.8.1 3xFLAG-tagging of chlorophyll synthase genes

To N-terminally FLAG-tag chlorophyll synthase genes, the genes were inserted into the
pNPD-FLAG plasmid ((Hollingshead et al., 2012), which contains regions of homology
to the upstream promoter and downstream regions of the psbAll gene encoding a
redundant copy of a PSIlI subunit. Chlorophyll synthase genes were digested and
cloned into the Notl and Bglll sites of the plasmid such that they were in frame with
an N-terminal 3xFLAG tag. The resulting vectors were transformed into Synechocystis
as described in Section 2.6.2. The chlorophyll synthase genes were integrated into the
Synechocystis genome at the psbAll locus by homologous recombination, placing the

tagged-construct under the control of the psbAll promoter.

For C-terminal FLAG-tagging of chlorophyll synthase genes, the gene was inserted into
the pCPD-FLAG plasmid (Chidgey et al., 2014) essentially as described above except

that the 3xFLAG-tag is located downstream of the multiple cloning site.

2.8.2 Deletion of Synechocystis genes

Deletion of native genes in Synechocystis was achieved by replacement of part of the
gene with an antibiotic resistance cassette using a linear mutagenesis construct. The
antibiotic resistance cassette was placed between nucleotide sequences homologous
to the upstream and downstream regions of the gene to be deleted and transformed

into Synechocytis as described in Section 2.6.2. Following homologous recombination,
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the gene was replaced by the antibiotic resistance cassette. Segregation of genome

copies was performed as outlined in Section 2.6.2.

2.8.3 Mutagenesis of R. sphaeroides

Mutagenesis of R. sphaeroides was achieved using the pK18mobsacB plasmid which
contains both kanamycin resistance cassette and sacB selection markers. SacB
catalyses the biosynthesis of sucrose into larger polysaccharides that are toxic to the
host cell. Regions of DNA immediately proximal to the 5’ and 3’ ends of the target gene
were cloned into the multiple cloning site of this vector and transformed into
electrocompetent S17-1 E. coli cells (kindly provided by Judith Armitage, University of
Oxford).

The S17-1 cells were conjugated with the recipient strain of R. sphaeroides which
obtained the plasmid from S17-1 via lateral gene transfer. A 50 mL culture of the
recipient R. sphaeroides strain was grown, centrifuged at 6000 xg for 10 minutes and
re-suspended in 200 uL of LB medium before a loop of S17-1 colonies was added to
this cell suspension. After mild agitation, the cell suspension was transferred to an LB
agar plate in 50 plL droplets and grown overnight at 34 °C. The entire cell mass was
transferred onto M22 agar supplemented with 30 pug mL? kanamycin and incubated
at 34 °C until transconjugant colonies were visible. These colonies were cultured in
liquid M22 medium supplemented with 30 pg mL?* kanamycin overnight and serially
diluted from 1:100 to 1:10,000 before being plated onto M22 agar supplemented with
10% (w/v) sucrose. Emerging colonies were screened for kanamycin resistance by
replica plating onto two M22 agar plates, one containing just sucrose and the other
containing both sucrose and kanamycin. Colonies that grew on the latter were
screened by PCR using MyTaq Hot Start Red Mix DNA polymerase (Bioline) (Section
2.7.2).
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2.8.4 Site-directed mutagenesis

Site directed mutagenesis of an E. coli pET28a plasmid containing a plant chl/G gene
was carried out using a Quickchange Il site directed mutagenesis kit (Agilent) according
to the manufacture instructions. PCR reactions contained 125 ng of the appropriate
primers, 1 uL dNTPs, 5uL 10x buffer, 5-50 ng plasmid template, 1 uL DMSO, 1 uL

PfuUltra HF DNA polymerase and made up to 50 plL using QH-O.

PCR conditions were as follows: 16 cycles of a denaturation phase lasting 30 s at 95 °C,
an annealing phase lasting 1 minute at 55 °C and an extension phase lasting 7 minutes

at 68 °C.

The reactions were cooled to room temperature and 1 puL Dpnl was added and
incubated for 1 h at 37 °C. 50 pL of XL1-Blue cells was placed in a 15 mL falcon tube
and 1 pL of plasmid added and left on ice for 30 minutes before being heat-shocked at
42 °C for 45 seconds followed by a recovery period on ice for 2 minutes. 500 uL of NZY
medium, pre-heated to 42 °C was added to the cells and left incubating for 1 h at 37
°C with agitation at 180 rpm. 100 pL of the cells suspension was plated onto LB medium

containing the appropriate antibiotic.

2.9 Protein Analysis
2.9.1 Determination of protein concentration

Protein concentration was determined by absorbance at 280 nm and converted into
an approximate protein concentration using the following equation (Gill and von

Hippel, 1989):
Az80= (5960nTrp + 12807y + 120ncys)/ M

Where nrrp, N1yr and neys are the numbers of tryptophan, tyrosine and cystine residues

and M is the predicted molecular weight of the protein.
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2.9.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE carried out on precast 12% Bis-Tris NuPage gels (Invitrogen) according to
the manufacture instructions. Samples were run alongside Bio-rad precision plus
marker and proteins stained with Coomassie Brilliant Blue (Bio-Rad) or, if higher
protein resolution was required, silver stained using a silver stain kit (Bio-Rad).
Alternatively, proteins were transferred to PVDF membranes for immunoblotting

(Section 2.9.3).

2.9.3 Immunoblotting

Proteins separated by SDS-PAGE were transferred to polyvinylidene fluoride
membranes (Novex). The membrane was activated by soaking in methanol for 20
seconds and then equilibrated in transfer buffer (10 mM NaHCO3, 10 mM NaCOs, 10%
methanol) along with 2x filter papers and 2x porous pads. These were assembled while
submerged in transfer buffer into a transfer cassette, sandwiching the gel and
membrane between the two porous pads layered with filter paper. The transfer
cassette and buffer were placed in a transfer tank and a current applied across them

at 30 mA overnight or 350 mA for 1 h at 4 °C with stirring.

The membrane was blocked in TBS (50 mM Tris/HCl, 150 mM NacCl, pH 7.6) with 5%
(w/v) milk powder and 0.2% (w/v) Tween 20 for 1 h at room temperature. Primary
antibodies were diluted to the appropriate concentration (generally 1:1000 to
1:10,000) in TBS + 0.05% Tween 20. The membranes were incubated with the selected
primary antibody for 6 hours at room temperature or overnight at 4 °C with gentle
agitation. The membranes were washed three times for 10 minutes each in TBS +
0.05% Tween 20 before being incubated with the appropriate secondary antibody
conjugated with horseradish peroxidase (Sigma-Aldrich) and diluted to the
recommended concentration in TBS + 0.05% Tween 20 for 1 h at room temperature.

The membrane was washed three times for 10 minutes in TBS + 0.05% Tween 20.
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The membrane was briefly soaked in WESTAR ETA C 2.0 chemiluminescent substrate
(Cyanagen) and imaged using an Amersham Imager 600 (GE Healthcare). ChlG and
Ycf39 primary antibodies, kindly provided by Roman Sobotka (Centre Algatech,
Trebon, Czech Republic), were raised against synthetic peptides 89-104 and 311-322
respectively. The antibody raised against the R117- S384 recombinant fragment of
YidC was provided by Jorg Nickelsen (Ludwig-Maximilians-University, Munich,
Germany). HIiD antibodies were purchased from Agrisera (Vannas, Sweden) and FLAG

antibodies from Sigma-Aldrich.

2.9.4 Mass spectrometry sample preparation

Protein samples were prepared for mass spectrometry by concentration to 50-100 plL
using 10 kDa NMWL centrifugal filters (Millipore) according to the manufacturer’s
instructions. Samples were transferred to Lobind Eppendorf tubes and proteins
precipitated using a 2-D clean-up kit from GE Healthcare according to the
manufacturer’s instructions. The tubes were centrifuged 16,000 xg for 5 minutes to
pellet the protein which was then re-dissolved in 20 uL UT buffer (8M urea, 100 mM
Tris-HCI, pH 8.5) with brief sonication.

1 plL aliquots were taken from each sample and diluted with 9 pL of HPLC grade H,0
(Fisher Chemical) for protein estimation at 280 nm wusing a Nanodrop
spectrophotometer. 50 ug of protein was transferred to fresh Lo-bind Eppendorfs and

adjusted to a final volume of 10 pL with UT buffer.

The samples were reduced by addition of 1 pL of 50 mM TCEP and incubated for 30
minutes at 37 °C. For S-alkylation 1 pL of 100 mM iodoacetamide in 100 mM Tris-HCI
pH 8.5 was added to the protein sample before incubation for 30 minutes at room
temperature in the dark. 2 pL of trypsin-endoproteinase Lys-C mix (Promega, 1 pg/ulL
in 50 mM acetic acid) was added to the protein sample and incubated at 37 °C for 2 h.
The reaction was diluted with 75 pL of 50 mM Tris-HCI pH 8.5 containing 10 mM CaCl;
and incubated overnight at 37 °C. 5 uL of 10% trifluoroacetic acid (TFA) was added to

the samples before they were desalted using a Pierce® C-18 spin column (Thermo
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Scientific) according to the manufacturer’s instructions. The peptide eluates were

dried by vacuum centrifugation and stored at -20 °C.

2.9.5 Mass spectrometry

Proteins were precipitated from cell lysates and FLAG eluates using a 2-D clean-up kit
(GE Healthcare) according to the manufacturer’s instructions and recovered by
centrifugation at 16,000 xg for 10 min. The pellets were dissolved in 10 - 20 uL 8 M
urea in 100 mM Tris-HCl pH 8.5 and 1 uL taken for protein determination by Nanodrop
analysis at 280 nm. Reduction of disulphide bonds was carried out by the addition of
5 mM tris(2-carboxylethyl)phosphine-HCl and incubation at 37 °C for 30 minutes.
Cysteine side-chains were then S-alkylated of by the addition of 10 mM methyl
methanethiosulphonate (stock solution at 100 mM in isopropanol) at room
temperature for 30 minutes. Trypsin/endoproteinase Lys-C mix (Promega) was added
at an enzyme:substrate ratio of 1:25 by mass and the protein digested at 37 °C for 2 h.
After dilution with 7.5 vol 50mM Tris-HCl pH 8.5, 10 mM CaCl; digestion was continued
overnight. The digests were desalted using C18 spin columns (Thermo Scientific)
following the manufacturer’s instructions and 500 ng analysed by nanoflow liquid
chromatography (Dionex UltiMate 3000 RSLCnano system) coupled online to a Q
Exactive HF quadrupole-Orbitrap mass spectrometer (Thermo Scientific).The
chromatograph was programmed to deliver a linear gradient of 97% solvent A (0.1%
formic acid in water) to 10% solvent B (0.08% formic acid in 80% acetonitrile) over 5
min followed by 10% - 50% solvent B over 75 min at 300 nL/min. The mass
spectrometer was programmed for automated data dependent acquisition with each
full scan at 120 000 resolution followed by a maximum of ten dependent product ion
scans at 30 000 resolution. The mass spectra were processed with Byonic v. 2.9.38
(Protein Metrics) with parameters set to default except that methylthio-Cys and Met
oxidation were specified as fixed and variable (common) modifications respectively.
Protein identifications were made by searching the Cyanobase Synechocystis sp. PCC
6803 proteomic database

(http://genome.annotation.jp/cyanobase/Synechocystis/genes.faa, downloaded on
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29/01/2016). The identification of crosslinked peptides was performed was enabled
by specifying DSS for both DSS and BS3 (identical linkage chemistry) and manually
creating a rule for NHS-LC- and sulpho-NHS-diazirine with the following syntax: ‘diaz /
195.125929 @ K,C,S,T,L,I,V | xlink; Xlink:diaz / 213.136443 @ K | common2 % Dead
end’. Crosslinked peptide assignments produced by Byonic were curated visually and
only those complying with the feasibility criteria stated in Chapter 5 Table 2 were

considered.

2.9.6 Quantitative mass spectrometry

Quantitative protein mass-spectrometry was performed by mixing FLAG-
immunoprecipitation eluates (Section 2.11.2) with 30 pmol of an °N-labelled internal
standard in the form of an artificial protein consisting of concatenated proteotypic
tryptic peptides belonging to ChlG, HIiD and Ycf39 (Shukla et al., 2018b) expressed in
E. coli following the method described in (Qian et al., 2013). Proteins were isolated by
precipitation using a GE Healthcare 2-D clean-up kit, dissolved in 8M urea, 100 mM
Tris-HCI pH 8.5 and 50 pg reduced, S-alkylated, digested and the resultant tryptic

peptides desalted as described in Section 2.9.4.

500 ng of tryptic peptides was analysed by nanoflow liquid chromatography (Dionex
UltiMate 3000 RSLCnano system) coupled online to a Q Exactive HF mass spectrometer

(Thermo Scientific).

Proteotypic peptides were identified in the mass spectra using Mascot Daemon v 2.5.1
running with Mascot Server v 2.5.1 (Matrix Science) searching a Synechocystis sp. PCC
6803 proteome database and picomolar amounts of FLAG-ChIG, HIiD and Ycf39 were
calculated from the relative intensities of the *N and °N isotopomers of their

respective proteotypic peptide ions.
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2.10 Chemical crosslinking
2.10.1 In vivo cross-linking

A 1 L cell culture of a Synechocystis strain containing an N-terminally FLAG-tagged
chlorophyll synthase gene was grown as outlined in Section 2.3 until the optical density
of the culture, measured at 750 nm, reached 0.7. The culture was harvested by
centrifugation at 17,700 xg and washed 3x in PBS. The wet weight of the cell pellet was
measured and re-suspended to a density of 4 mL/g in BPER reagent (Thermo Scientific)
for treatment with a water soluble cross-linker or in PBS for a DMSO soluble cross-
linker. Cell suspensions were incubated with cross-linker (see below) in the dark for 10

minutes on a rotator at room temperature.

In this work, four different cross-linking reagents supplied by Thermo Scienctific were
used according to the instructions provided. Two water soluble cross-linkers bis-
sulfosuccinimidyl-suberate (BS3) and sulfosuccinimidyl 6-(4,4'-
azipentanamido)hexanoate (sulfo-LC-SDA) were dissolved in BPER to a final
concentration of 180 mM. Two hydrophobic cross-linkers disuccinimidyl suberate
(DSS) and succinimidyl 6-(4,4’-azipentanamido)hexanoate (LC-SDA) were dissolved in
DMSO to 180 mM. The chosen cross-linking reagent was immediately added to the cell
suspension to a final concentration of 45 mM, unless stated otherwise, and the
suspension incubated in the dark for 40 minutes at room temperature with gentle
rotation. Cross-linking reactions were quenched by addition of 1 M Tris-HCl pH 8.5 to
a concentration of 50 mM followed by a further 5 minute period of incubation as
described above. Cells were pelleted by centrifugation at 5000 xg for 5 minutes,

washed twice in PBS and re-suspended to the pre-wash volume in PBS.

Procedures involving the use of the heterobifunctional cross-linking reagents LC-SDA
and sulfo-LC-SDA required additional steps. The cell suspension was placed into a
weighing boat such that the cell layer was as thin as possible. The cells were placed
under a 365 nm UV light at a distance of 5 cm and irradiated for 15 minutes with gentle

agitation at room temperature.
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Cells were pelleted at 5000 xg for 5 minutes and stored at -20 °C. Alternatively, the
thylakoid membrane fraction and FLAG immunoprecipitation procedures were
immediately performed in order to enrich for cross-linked FLAG-ChIG complex. These
were performed essentially as described in Sections 2.11.1 and 2.11.2 respectively
except that a 200 plL anti-FLAG-M2 agarose (Sigma-Aldrich) column was used during

the FLAG immunoprecipitation procedure.

2.10.2 In vitro cross-linking

An 8 L cell culture of a Synechocystis strain containing an N-terminally FLAG-tagged
chlorophyll synthase gene was grown as outlined in Section 2.3 until the optical density
of the culture measured at 750 nm reached 0.7. Isolation of the thylakoid membrane
fraction and FLAG immunoprecipitation procedures were performed according to
Sections 2.11.1 and 2.11.2 respectively with the exception of the omission of 10%
(w/v) glycerol from the FLAG buffer (25 mM sodium phosphate pH 7.4, 10 mM MgCl,
and 50 mM NaCl and Roche EDTA-free protease inhibitor cocktail) in experiments

utilising the heterobifunctional cross-linking reagents LC-SDA and sulfo-LC-SDA.

To reduce the concentration of FLAG peptide to <10 uM, the 400 uL FLAG
immunoprecipitation eluate was diluted tenfold in FLAG buffer supplemented with
0.04% (w/v) B-DDM and passed through a Vivaspin 10 kDa NMWL spin concentrator
(Sartorius) according to the manufacturer’s instructions until the volume returned to
400 pL. For experiments using LC-SDA and sulfo-LC-SDA, the B-DDM concentration
was reduced from 0.04 to 0.008% (w/v) using the same technique except that the
eluate was diluted with FLAG buffer without additional B-DDM. The eluate was

concentrated to 70 pL.

Cross-linking reagents were prepared as described in Section 2.10.1 and added to the
eluate to a final concentration of 45 mM. Reactions were performed as above up until
and including quenching of the cross-linking reactions using excess Tris-HCl (Section
2.10.1). After a 5 minute incubation with 50 mM Tris-HCl, the cross-linking reactions

were diluted tenfold in FLAG buffer supplemented with 0.01% B-DDM and passed
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through a 10,000 NMWL cellulose spin concentrators (Microcon) by centrifugation at

14,000 xg according to the manufacturer’s instructions until the volume reached 70

pL.

Experiments using LC-SDA and sulfo-LC-SDA were incubated under UV light as outlined
in Section 2.10.1.

Cross-linked eluates were transferred to Lobind Eppendorf tubes and stored at -20 °C

until ready for use in mass spectrometry experiments (Section 2.9.5).

2.10.3 Cross-linking of the thylakoid fraction prepared from Synechocystis

The thylakoid fraction was isolated from an 8 L culture Synechocystis cells expressing
FLAG-tagged ChlG as outlined in Section 2.11.1 up until the point of solubilisation and
using FLAG buffer without the addition of glycerol. The thylakoid pellet was washed 3x

in FLAG buffer and re-suspended in the same buffer to a volume of 5 mL.

The cross-linking reagent sulfo-LC-SDA were directly dissolved in 2.4 mL of thylakoid
membranes to a final concentration of 45 mM. The tube was wrapped in foil and
incubated for 30 mins in the dark at room temperature with gentle agitation. The
reaction was quenched by addition of 50 mM Tris-HCl as described previously (Section
2.10.1) and the thylakoid membranes pelleted by centrifugation at 16,600 xg for 30
minutes. The pellet was washed twice in FLAG buffer and re-suspended to the original
volume of 1.2 mL in the same buffer. The sample was placed in a weighing boat and

irradiated with UV as described previously (Section 2.10.1).

The sample was solubilised in 1.5% (w/v) B-DDM for 1 h at 4 °C with gentle agitation
before being used in a small scale FLAG immunoprecipitation experiment essentially
as described in Section 2.11.2 except that a 200 uL anti-FLAG-M2 agarose (Sigma-

Aldrich) column was used.
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2.11 Protein purification
2.11.1 Preparation of Synechocystis thylakoid membrane fraction

Synechocystis cells expressing FLAG-tagged ChlG were grown to an OD7s0 of = 0.7 and
harvested by centrifugation at 17,700 g at 4°C for 20 min. The subsequent procedures
were performed either in the dark or under green light. Pellets from 4 or 8 L cultures
were washed and re-suspended in FLAG-buffer (25 mM sodium phosphate pH 7.4, 10
mM MgCl; and 50 mM NaCl, 10% (w/v) glycerol and EDTA-free Protease Inhibitor
(Roche)), mixed with an equal volume of 0.1 mm glass beads (BioSpec) and broken in
a Mini-Beadbeater-16 (BioSpec) in 8 cycles lasting 55 seconds each. Cells were cooled
on ice for 5 minutes between cycles. Soluble and membrane proteins were separated
by centrifugation at 48,400 xg, 4°C for 30 minutes and the membrane fraction was re-
suspended in 10 mL FLAG-buffer with 2 % (w/v) n-dodecyl-B-maltoside (B-DDM;
Anatrace). The thylakoid membrane fraction was solubilised at 4 °C for 1 h with gentle
agitation. Insoluble material was pelleted by centrifugation at 48,400 xg, 4°C for 30

minutes and the supernatant containing the solubilised thylakoids was retained.

2.11.2 Purification of FLAG-tagged proteins from Synechocystis

The solubilised thylakoid fraction prepared as described in Section 2.11.1 was diluted
twofold in FLAG buffer and applied to a 0.3 mL anti-FLAG-M2 agarose (Sigma-Aldrich)
column equilibrated in FLAG buffer. The flow through was retained and reapplied to
the column twice, for a total of three bindings. The resin was washed with 20 resin
volumes of FLAG buffer supplemented with 0.04% (w/v) B-DDM to remove
contaminating proteins. FLAG-tagged proteins were eluted by re-suspension of the
resin in 400 pL of the same buffer containing 187.5 mg/mL of 3xFLAG peptide (Sigma-
Aldrich). This resin suspension was incubated for 1 h at 4 °C with gentle agitation and
separated from the protein eluate by filtration through a 0.22 um spin column. The

flow-through containing the FLAG-tagged protein was collected and stored at -80 °C.
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2.11.3 Preparation of E. coli lysates

E. coli cultures prepared as described in Section 2.2, were centrifuged at 6000 xg for
10 minutes at 4 °C and the cell pellets re-suspended in HEPES binding buffer (25mM
HEPES, 0.5 M NaCl, 5 mM imidazole, pH 7.5) to a density of 2 mL/g. Cells were
incubated with 50 mg of DNase |, lysozyme and tablet of EDTA-free Protease Inhibitor
(Roche) per L of culture for 30 minutes at room temperature with gentle agitation. The
cells were cooled on ice for 10 minutes before being lysed by two passes through a
French Press at 124 MPa with cooling on ice between cycles. Larger volumes of cell
suspension were filtered through cheese cloth and lysed by two passes through a cell
disrupter at 25 MPa at 4 °C with cooling on ice between cycles. Cell lysates were
centrifuged at 8000 xg, 4 °C for 20 minutes to remove unbroken cells and the

supernatant was retained. Cell lysates were stored at -80 °C.

2.11.4 Preparation of E. coli cytoplasmic membrane fraction

E .coli lysates, prepared as outlined in Section 2.11.3, were centrifuged at 130,000 xg,
4 °C for 1 h to pellet the cytoplasmic membrane fraction. The supernatant was
discarded and the pellets re-suspended in 10 mL HEPES binding buffer using a cell

homogeniser.

The membrane fraction was incubated with 1.5% (w/v) B-DDM for 1 h with gentle
agitation at 4°C. The solubilised membranes were diluted three fold and centrifuged
at 130,000 xg, 4 °C for 1 h to remove insoluble material. The supernatant containing

the solubilised membrane fraction was retained.

2.11.5 Purification of His-tagged proteins by Ni>* IMAC

Recombinant His-tagged chlorophyll synthase was purified from the E. coli cytoplasmic
membrane fraction, prepared as described in Section 2.11.4, by gravity flow

immobilised metal affinity chromatography using a Ni** NTA Agarose (Qiagen). The
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membrane fraction was applied three times to a column pre-equilibrated in HEPES
binding buffer. Approximately 200 pL of resin was used per L of cell culture from which
the membrane fraction was isolated. The column was then washed firstly with 20
column volumes of HEPES binding buffer supplemented with 0.04% (w/v) B-DDM
followed by washing with HEPES buffer containing progressively higher concentrations
of imidazole. The imidazole concentrations used were optimised for each experiment,
however in general three wash buffers containing 20 mM, 50 mM and 100 mM
imidazole, each supplemented with 0.04% (w/v) B-DDM, were used. Proteins were
eluted by incubation of the resin with 400 pL of HEPES elution buffer (25mM HEPES,
0.2M NaCl, 400 mM Imidazole, pH 7.5, 0.04% (w/v) B-DDM) for 10 minutes with gentle
agitation before the solution was passed through a 0.22 uM 0.22 um spin column

which separated the resin from the protein elution. Eluates were stored at -80 °C.

2.11.6 HPLC gel filtration of protein complexes

Proteins were separated on a BioSep-SEC-S 3000 (Phenomenex) gel filtration column
on an Agilent-1200 HPLC system. B-DDM was added to the samples to a final
concentration of 1% (w/v). The running buffer was 25 mM HEPES, pH 7.5
supplemented with 0.2% (w/v) B-DDM. The samples were run at 0.2 mL minand the
absorbance monitored at 280 nm and 440 nm. Sample fractions were collected and
stored at -20°C. The column was calibrated using gel filtration markers (29 kDa — 700

kDa) separated using the method described above.

2.12 Chlorophyll synthase activity assays

Chlorophyll synthase assays were performed using FLAG column eluates, obtained
from Synechocystis cells containing FLAG tagged ChlG, or clarified E. coli lysates
containing recombinant Arabidopsis thaliana ChlG. The substrate chlorophyllide a was

purified from the growth medium of a R. sphaeroides mutant (Section 7.3.4) according

95



to the method outlined in Section 2.14.3 or by chlorophyllase assay (Section 2.13) and

dissolved in methanol.

ChlG samples were incubated with 20 uM geranylgeranyl-pyrophosphate (Sigma-
Aldrich) and, where appropriate, 30 uM chlorophyllide a for 1 h at 30 °C with agitation
at 180 rpm in the dark. Assays were stopped by addition of 2 volumes of methanol
and centrifuged at 16,000 xg for 5 minutes and the supernatant containing the
pigments retained. The supernatant was analysed on an Agilent-1200 HPLC system as

described in Section 2.14.4.

2.13 Chlorophyllase assays

Clarified E. coli lysates containing recombinant chlorophyllase (CLH-1) (Section 7.3.6)
were prepared according to section 2.11.3. with the exception that cells were re-
suspended in 50 mM MOPS buffer. The enzymes substrate, chlorophyll a, was
prepared as described in Section 2.14.1. The CLH-1 assays were performed essentially
as described by (Tsuchiya et al., 1997). The E. coli lysates were used in 125 uL reactions
containing 50 uM LDAO and 50 uM Chl (in acetone). Reactions were started by
addition of Chl and incubated at 30 °C for 45 minutes. Reactions were quenched by
addition of 200 pL acetone. The reactions were centrifuged at 16,000 xg for 5 minutes
and the supernatant containing the pigments retained. The supernatant was analysed

on an Agilent-1200 HPLC system as described in Section 2.14.4.

2.14 Pigment analysis
2.14.1 Extraction of (bacterio)chlorophyll a from whole cells

Synechocystis or R. sphaeroides cells were pelleted by centrifugation at 16,600 xg for
5 minutes. The cell pellets were washed in PBS three times and the supernatant
discarded before the wet weight of the cells was measured. The following steps were

performed in the dark. The cell pellets were re-suspended in 3 pellet volumes of a 7:2

96



mixture of acetone and methanol and agitated in a Mini-Beadbeater-16 (BioSpec) for
55 seconds before a period of cooling on ice for 5 minutes. The cells were pelleted at
16,600 xg for 5 minutes and the supernatant retained. 30 pL of 5 M NaCl was added
to the solution and 1 volume of hexane. The suspension was agitated by manual
shaking and centrifuged for 2 minutes at 16,600 xg. The hexane layer containing the
(bacterio)chlorophyll a was decanted into 1 mL microcentrifuge tubes and dried by

vacuum centrifugation (Eppendorf) for 10 minutes.

2.14.2 Extraction of pigments from Synechocystis cells or protein preparations

Synechocystis cells were pelleted by centrifugation at 14,500 xg for 5 minutes at 4 °.
The cells were washed three times in QH20 and re-suspended in 75% methanol before
incubation at room temperature in the dark for 5 minutes. The cells were pelleted and
the supernatant retained. This process was repeated using 80% methanol and the

supernatant added to the existing extract.

Pigments were extracted from protein preparations by vortexing with 9 volumes of
methanol followed by incubation at room temperature for 20 minutes in the dark.
Insoluble material was pelleted by centrifuging at 16,600 xg for 5 minutes and the

supernatant retained.

The pigment extracts was concentrated where necessary by evaporation under a

stream of nitrogen gas.

2.14.3 Extraction of pigments from growth media

Cell cultures of the relevant R. sphaeroides strain were grown as described in Section
2.4 except that the M22 growth medium was supplemented with 0.2% (v/v) Tween 80
to enable the diffusion of pigments out of the cells and into the growth medium. The
following steps were performed in the dark. The cells were pelleted by centrifugation

at 6000 xg and the growth medium mixed vigorously with diethyl ether and
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acetonitrile in a 3:2:1 ratio (media : diethyl ether : acetonitrile) before being allowed
to partition into two phases in a separation funnel. The top phase containing the
pigments was decanted into a boiling flask and concentrated using a rotary
evaporator. Once the volume was sufficiently reduced, the solvent containing the
pigments was decanted into 1 mL microcentrifuge tubes and dried by vacuum

centrifugation.

2.14.4 Separation of chlorophyll a and chlorophyllide a

Separation of pigments extracted from ChIG assays (Section 2.12) was performed by
reverse-phase HPLC using an Agilent-1200 series HPLC system and a Nova-Pak C18, 4-
um particle size, 3.9 x 150 mm column (Waters). Solvent A consisted of 350 mM
ammonium acetate and 30% methanol and solvent B consisted of 100% methanol.
Pigments were eluted with a linear gradient of solvent B (0 to 100%, 15 min) followed
by 100% solvent B at a flow rate of 1 mL min~t at 40 °C for 5 minutes monitoring the
absorbance of the column eluate at 665 nm and fluorescence (440 nm excitation; 670
nm emission). Relative quantification of pigments was performed by integration of the

corresponding chromatograph peaks.

2.14.5 HPLC separation of chlorophyll precursors

Chlorophyll precursors extracted from Synechocystis cells (Section 2.14.2) or growth
medium (Section 2.14.3) were analysed by reverse-phase HPLC on a Nova-Pak C18, 4
UM particle size, 3.9 x 150mm column (Waters) using an Agilent-1200 series HPLC
system. Solvent A consisted of 350 mM ammonium acetate and 30% methanol and
solvent B consisted of 100% methanol. Pigments were eluted in a linear gradient of
solvent B from 65% to 75% over 35 minutes at a flow rate of 1 mL minute® at 40°C
followed by washing in 100% solvent B. The pigment content of the eluate was
monitored by absorbance at 433 nm, 440 nm, 632 nm, 663 nm and fluorescence (440

nm excitation, 670 nm emission).
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Preparative scale reverse-phase HPLC was performed as above using a UniverSil C18,
5 uM particle size, 10 x 150 mm (Fortis). The flow rate was increased to 3.5 mL minute

1and 3.5 mL fractions collected.

2.14.6 Separation of pigments by HPLC

Pigments extracted from Synechocystis cells or protein preparations, as described in
Section 2.14.2, were separated by reverse-phase HPLC on a Nova-Pak C18, 4 uM
particle size, 3.9 x 150mm column (Waters) using an Agilent-1200 series HPLC system.
100% ethyl acetate was used as solvent A and acetonitrile/H,O/trimethylamine (9 : 1
: 0.01, v/v/v) was used as solvent B. After 2 minutes of washing in solvent B a linear
gradient of 0-100% ethyl acetate was applied over 15 min followed by washing in this
solvent for 5 min at a flow rate of 1 mL min'! at 40 °C. Absorbance was monitored at
450, 492 and 665 nm and chlorophyll and carotenoid species were identified by their
absorption spectra and retention time which have been previously published
(chlorophyll a, zeaxanthin, myxoxanthophyll, echinenone and B-carotene - Lagarde
and Vermaas, 1999; deoxy-myxoxanthophyll - Graham, 1998; Lagarde and Vermaas,
1999b).

2.15 UV-visible absorbance spectroscopy

UV-visible absorbance spectra of cells, membranes and protein complexes were
measured in a Cary 60 UV-Vis spectrophotometer (Agilent) at room temperature with

appropriate media/buffer baseline correction.
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Table 1: Growth media

Growth Media

Reagents

LB/LB agar

Ready mixed from FORMEDIUM, prepared according to manufacturer’s
instructions

Autoinduction LB

Ready mixed from FORMEDIUM, prepared according to manufacturer’s
instructions

Terrific Broth

Stock solutions

Phosphate buffer (1 L)
23.1g pottasium dihydrogen phosphate

125.4¢ dipottasium phosphate

Terrific Broth (1)

12 g Tryptone
24 g Yeast extract
4 mL Glycerol

100 mL phosphate buffer added after cooling

BG11

Stock solutions
Trace Minerals (1 L):

286¢g boric acid

181g manganese chloride
0.22g zinc sulphate

0.39g sodium molybdate
0.079 g copper sulphate,
0.049g cobaltous nitrate

100x Bg11 (1 L):

1496¢g sodium nitrate

7.49¢ magnesium sulphate

3.60g calcium chloride

0.6g citric acid

0.10g EDTA (0.56 ml of 0.5 M pH 8.0 stock)
100 ml trace minerals stock

1000x Iron (1 L): 6 g ferric ammonium citrate
1000x Phosphate (1 L): 30.5 g dipotassium hydrophosphate
1000x Carbonate(1 L): 20 g sodium carbonate

1 M TES/KOH pH 8.2
1 M Glucose

1x BG11 liquid medium (1 L)

10 ml 100x Bgll

1ml each 1000x stock.

After autoclaving TES and glucose (if required) added to a final
concentration of 10 mM and 5 mM respectively

BG11l agar (1)

1x Bgll

15 g bacto-agar

3 g sodium thiosulfate

TES and glucose (if required) added after melting
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Growth Media

Reagents

M22

Stock solutions

Solution C:

40g nitriloacetic acid

9%¢g magnesium chloride

13.36¢ calcium chloride

05¢g EDTA

1.044 g zinc chloride

1.0g ferrous chloride

0.36¢g manganese chloride

0.037g ammonium heptamolybdate
0.031g cupric chloride

0.0496 g cobaltous nitrate

0.0228 g boric acid

10x M22 (4L):

122.4¢ potassium dihydrogen orthophosphate
120.0g dipotassium hydrogen orthophosphate
100.0g lactic acid

20¢g ammonium sulphate

20g sodium chloride

173.7 g sodium succinate

10.8g sodium glutamate

l6g aspartic acid

800 ml solution C

10,000x Vitamins (100 ml):

lg Nicotinic acid

05¢g Thiamine

01g 4- aminobenzoic acid
10 mg biotin

Casamino acids (1 L):
50 g Casein Hydrosylate

1x M22 (11)
100 ml 10x M22
20ml casamino acids

Vitamins added after autoclaving

1x M22 agar (11)
100 ml 10x M22
15¢g bacto-agar

Vitamins added after cooling
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Table 2: Strains

E. coli strains

Strain Abbreviation Properties Source
s17-1 R RP4-2 (Tc::Mu, Nm::TN7) integrated into the chromosome: Simon et al.
B thi prohsdR hsdM:recA Tp® (Sm?) {1983)
IM109 R endAl ginVa4 thi-1 relAl gyrA96 recAl merB: Alfac-proAB) P
e14-[F'traD36 proAB’ lacl*lacZAM15] hsdR17 {rimy) romega
XL1-BI tent cell . recAl endA1 gyrA96 thi-1 hsdR17 supE44 relAl Agilent
“blue supercompetent cells lac [F’ proAB lackZAM15 Tn10 (Tet')]. grien
. Studier and
FrompT remg) + bacteriophage DE3
BL21 (DE3) BL21 ( P v) phag Moffat [1986)
BL21 (DE3) strain transformed with a pET28a vector containing an
BL21 (DE3) pET28a::At_chiG AtChiG Arabidopsis chiG gene codon optmised for expression in E. coli and This study
in frame with an N-terminal 6x His-tag
BL21 (DE3) pET28a:At_chiG 16E BL21 (DE3) transformed with pET28a::At_ch/G Q46E vector containing .
Q46E - @ a point mutation in codon 46 of At_chiG resulting in a residue change ~ 1Nis study
from Qto E, kan®
BL21 (DE3) transformed with pET28a::At_ch/G P54F vector containing
BL21 (DE3 ET28a::At_chiG - .
PSAF (DE3) P anALe P54F a point mutation in codon 54 of At_chiG resulting in a residue change  This study
from P to F, kan®
BL21 (DE3 ET28a:At chiG BL21 (DE3) transformed with pET28a::At_ch/G L56P vector containing
L56P (DE3) p a=AL_o L56P a point mutation in codon 56 of At_chiG resulting in a residue change  This study
from L to P, kan®
. BL21 (DE3) transformed with pET28a::At_ch/G V6QY vector containing
BL21 (DE3} pET28a:At_chiG veoy a point mutation in codon 60 of At_chiG resulting in a residue change  This study
VveoY from V to Y, kan"
BL21 (DE3) transformed with pET28a::At_ch/G N99A vector containing
BL21 (DE3 ET28a::At_chiG -
NO9A {DE3) P Ao NI9A a point mutation in codon 99 of At_chlG resulting in a residue change  This study
from N to A, kan®
BL21 (DE3) pET28a:At_chiG A225M BL21 (DE3) transformed with pET28a::At_ch/G A225M vector
A225M - containing a point mutation in codon 225 of At_chlG resulting in a This study
residue change from A to M, kan®
BL21 (DE3) transformed with pET21a::CLH-1 vector containing an
BL21 (DE3) pET21a::CLH-1 - Arabidopsis CLH-1 gene codon optimised for expression in E. colj, This study
kan®, Amp*
BL21 (DE3) transformed with pET2la:His-CLH-1 vector
BL21 (DE3) pET21a::His-CLH-1 - containing CtH-1 in frame with an N-terminal 6x His-tag, kan", This study
Amp"
Rba. sphaeroides strains
Strain Abbreviation Properties Source
241 _ Wild-type S. Kaplan, university
of Texas
AbchC/bchX AbchCX In frame deletion of the bchC and bchX genes Chidgey (2014)
AbchClbchX/bchF AbchCXF In frame deletion of the behC, behX and behF genes Chidgey (2014)
AbchCX strain transformed with pK18mobsacB-AbchF*
AbehC/bchX/behF AbChCXF™ P This study

to introduce partial frameshift deletion of bchF gene
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Synechocystis strains

Strain

Abbreviation

Properties

Source

Glucose tolerant wild-type strain of

Dr R. Sobotka, Institute

Synechocystis sp. PCC 6803

4 v P w1 Synechocystis sp. PCC 6803 of microbiology, Trebon

ShAIlFLAG-6803 chiG } N-terminally FLAG tagged copy of Synechocystis chlG in This stud
p - - place of psbAll gene, kanamycin resistant (kan®). v
psbAl:FLAG-6803_chiG /AchiG FLAG-6803 psbAIl::FLAG-6803_chlG strain in which native ch!/G gene is This study

"’ - replaced with a zeocin resistance (zeo") cassette, kan®.
psbAll:-FLAG-7002_chiG - N-terminally FLAG tagged copy of Synechococcus sp. This study
- - PCC 7002 chiG in place of psbAll gene, kan®
psbAIN:FLAG-T002_chiG /AchlG FLAG-7002 psbAil::FLAG-7002_chlG strain in which the native chlG This study
"’ - gene has been deleted, kan®, zea®,
psbAN:FLAG-Cr_chiG . N-terminally FLAG tagged copy of Chlamydomonas This study
- reinhardtii chlG in place of psbAll gene, kan".
SbAll:FLAG-Cr_chiG/AchlG FLAG-Cr psbAil::FLAG-Cr_chiG strain in which the native chiG This study
P - - gene has been deleted, kan®, zeo".
psbAIL-FLAG-At-chiG B N-terminally FLAG tagged copy of Arabidopsis thaliana This study
- chlG in place of psbAll gene, kan®

psbAIL:FLAG-At-chiG/AchlG FLAG-At psbAIlFLAG-At-chlG strain in which the native chlG This study
"’ gene has been deleted, kan", zea".

psbAll:FLAG-bChG B N-terminally FLAG tagged copy of Rhodobacter This study

sphaeroides behG in place of psbAll gene, kanF.

pSbAILFLAG-bchG/BchiG™ ~ psbAIl:FLAG-bchG strain with non-segregated deletion This study
" of the native chiG gene, kan®, zeo®.

ApsbB B psbB (slr0906) de!etior\_ strain,.z>eo". Cannot grow Cereda et al., 2014

under photoautotrophic conditions.

psbAll::FLAG-6803_chiG_A1-11 AL-11 N-terminally FLAG tagged Synechocystis ChlG lacking first This study
- - - 11 codons in place of psbAll gene, kanamycin resistant (kan®)

psbAll-FLAG-6803_chiG_A1-23 A1-23 N-terminally FLAG tagged Synechocystis chiG lacking first This study
" - - 23 codons in place of psbAii gene, kanamycin resistant (kan*)

psbAI-FLAG-6803_chiG_01-32 A1-32 N-terminally FLAG tagged Synechocystis chiG lacking first This study
v B B 32 codons in place of psbAill gene, kanamycin resistant (kan®)

psbAl:-FLAG-6803_chiG_A1-39 41-39 N-terminally FLAG tagged Synechocystis chiG lacking first This study
- - - 39 codons in place of psbAll gene, kanamycin resistant (kan®)

psbAll::FLAG-6803_chiG_A1-45 A1-45 N-terminally FLAG tagged Synechocystis chiG lacking first This study
- - - 45 codons in place of psbAll gene, kanamycin resistant (kan®)

psbAN:FLAG-6803_chiG_A1-51 AL-51 N-terminally FLAG tagged Synechocystis chiG lacking first This study
"’ - - 52 codons in place of pshAil gene, kanamycin resistant (kan®)

psbAll::FLAG-6803 A1-11/AchlG psbAIl:FLAG-6803_chlG_A1-11 strain in which native ch/G gene This stud

chiG_A1-11/AchiG is replaced with a zeocin resistance (zeo) cassette, kan®. v

psbAll::FLAG-6803 A1-23/AchiG psbAIl:FLAG-6803_ch/G_A1-23 strain in which native ch/G gene This study

chiG_A1-23/AchiG is replaced with a zeocin resistance (zeo®) cassette, kan".

psbAll::FLAG-6803 ) psbAIl::FLAG-6803_chlG_A1-32 strain with non-segregated This study

chlG_A1-32/AchiG"™ deletion of the native ch!/G gene, kan", zeo".

psbAll::FLAG-6803 B psbAIl::FLAG-6803_ch/G_A1-39 strain with non-segregated This study

chiG_A1-39/AchiG™ deletion of the native chlG gene, kan", zeo®.

ShAN-6803 chIG-FLAG ) C-terminally 3xFLAG-tagged Synechocystis sp. PCC 6803 This stud
p - - chlG inserted in place of pshAll ; Kan® v
psbAIl::6803 B Partially-segregated deletion of chiG (merodiploid) in This study
chiG-FLAG/AchIG™ chlG.f background; Kan® and Zeo*

Deletion of crtR in psbAN::FLAG-6803_ch!G /AchlG .
AcrtR - = This stud

crt background; Kan®, Zeo® and Ery* 15 study
AcruF . Deletion of cruF in psbAll::FLAG-6803_chl/G /AchlG This study

background; Kan®, Zeo® and Sm"
AcrtR/AcruF - Deletion of crufF in AcrtR background; Kan®, Zeo®, Ery® and Sm* This study
AchiP - Deletion of ch/P in WT background; Kanf, Zeo® Hitchcock et al., 2016
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Table 3: Plasmids

Empty vectors

Plasmid Properties Source
pPD-FLAG pBluescript Il KS+ based vector containing a 3xFLAG encoding sequence. Dr P. Davison and Dr D. Canniffe,
Km*® University of Sheffield
PD-CFLAG A modified version of the pPD-FLAG vector enabelling C-terminal Dr R. Sobotka, Institute of
pFL- tagging of inserts. Km* microbiology, Trebori
K18mobsach An allelic exchange suicide vector mobilised by E. coli S17-1. Allows Novagen
p mobsac blue white screening for inserts. Km* vagl
128 pBR322-based expression vector with the T7 promoter and N
p a terimator, Hise-tag and thrombin linker. Km* ovagen
pBR322-based expression vector with the T7 promoter and
pET21a Novagen

terimator, Hiss-tag and thrombin linker. Km®, Amp*
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Modified vectors

Plasmid

Properties (brackets indicate primers used to amplify DNA insert)

Source

pPD-NFLAG-6803_chlG

pPD-FLAG vector containing a N-terminally 3xFLAG-tagged Synechocystis
chiG gene (1/2) flanked by psbAil up- and downstream regions

Chidgey et al.,
2014

pPD-FLAG vector containing a N-terminally 3xFLAG-tagged Synechococcus

pPD-NFLAG-7002_chlG This study
chiG gene (3/4) flanked by psbAil up- and downstream regions
pPD-NFLAG-Cr_ch/G pPD-FLAG vector containing a N-terminally 3xFLAG-tagged. Chlamydomonas This study
chiG gene (5/6) flanked by psbAif up- and downstream regions
pPD-NFLAG-At-chiG pPD-FLAG vector containing a N-terminally 3xFLAG-tagged'Ambidopsis This study
chiG gene (7/8) flanked by psbAil up- and downstream regions
pPD-NFLAG-bchG pPD-FLAG vector containing a N-terminally 3xF!.AG-tagged bchG gene This study
(19/20) flanked by psbAll up- and downstream regions
pPD-NFLAG-6803 pPD-NFLAG-6803_ch/G vector containing a modified ch/G gene lacking .
. This study
chiG_n1-11 the first 11 5’ codons (39/43)
pPD-NFLAG-6803 pPD-NFLAG-6803_chlG vector containing a modified ch/G gene lacking .
) This study
chlG_A1-23 the first 23 5 codons (40/43)
pPD-NFLAG-6803 pPD-NFLAG-6803_ch/G vector containing a modified ch/G gene lacking This study
chiG_A1-32 the first 32 5’ codons (41/43)
PPD-NFLAG-6803 pPD-NFLAG-6803_ch/G vector containing a modified ch/G gene lacking This study
chiG_A1-39 the first 39 5’ codons (42/43)
pPD-NFLAG-6803 pPD-NFLAG-6803_ch/G vector containing a modified ch/G gene lacking This stud
chlG_A1-45 the first 45 5’ codons (44/43) ¥
pPD-NFLAG-6803 pPD-NFLAG-6803_ch/G vector containing a modified ch/G gene lacking This stud
chlG_A1-51 the first 51 5’ codons (45/43) Y
pPD-CFLAG-6803_chlG pPD-FLAG vector containing a C-terminally 3xFLAG-tagged Synechocystis This study
chiG gene (37/38) flanked by psbAll up- and downstream regions
pK18mobsacB-AbchF* bchF knock out construc.t cgntaining regions of homology to sequence This study
upstream (48/49) and within (50/51) the gene.
PET28a::At_chiG pET28a plasmid contaning arT N.-terminally GXH?s—ta.gged Ar.obidops."s This study
chiG gene (46/47) codon optimised for expression in £. coli.
. pET28a::At_chlG plasmid contaning a modified Arabidopsis chlG gene .
PET28a::At_chiG Q46E in which codon 46 has been changed from CAA to GAA (55/56) This study
ET28a::At_chiG plasmid contaning a modified Arabidopsis chiG gene .
ET28a::At_chlG PS4F p —
P - in which codon 54 has been changed from CCA to TTT (57/58) This study
pET28a::At_chlG plasmid contaning a modified Arabidopsis chlG gene .
ET28a::At_chlG L56P =
P anAte in which codon 56 has been changed from TTA to CCA (59/60) This study
. pET28a::At_chlG plasmid contaning a modified Arabidopsis chiG gene .
PET28a::At_chiG V&OY in which codon 60 has been changed from GTG to TAC (61/62) This study
pET28a::At_chlG NIIA pET28a::At_chlG plasmid contaning a modified Arabidopsis chiG gene Thi q
T in which codon 99 has been changed from AAT to GCT (63/64) Is study
. pET28a::At_chIG plasmid contaning a modified Arabidopsis chlG gene .
PET28a:At_chiG A225M in which codon 225 has been changed from GCA to ATG (65/66) This study
pET21a plasmid contaning an Arabidopsis CLH-1 gene (52/54) codon
ET21a:CLH-1 i
P a optimised for expression in E. coli. This study
PET21a::His-CLH-1 pET21a plasmid contaning an N-terminally 6xHis-tagged Arabidopsis This study

CLH-1 gene (53/54) codon optimised for expression in E. coli.
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Table 4: Primers

Primers in order of appearance {(brackets indicate primer number)

Primer Sequence (5’ - 3’) Restriction site Source

Synechocystis Ndel .

chiG Forward (1) GCGCTCTAGACATATGGTGAGCAAGGGCGAGGAGCTGTTCAC Chidgey et al., 2014

Synechocystis .

chiG Reverse (2) GCGCTCTAGAGCGGCCGCCTTGTACAGCTCGTCCATGCCGAGAGTGAT Not! Chidgey et al., 2014

Synechococcus Notl This stud

chiG Forward (3) GGAATTCGCGGCCGCACCCAATGACGAGTGGT C (o} is study

Synechococcus Belll This study

chiG Reverse (4) GGAATTCAGATCTTTAGGAAATCCCCGCATGGC gl

Chlamydomonas GGAATTCGCGGCCGCAGCGATGAACCAACAGGLC Notl This study

chiG Forward (5)

Chlamydomonas GGAATTCAGATCTCTATAATGCACCAGCAGC This study

chiG Reverse (6) Bglll

Arabidopsis GGAATTCGCGGCCGCAGCTGCAGAAACAGACACT Not! This stud

chlG Forward (7) ot is study

Arabidopsis GGAATTCAGATCTCTAGTGTTGGCTGGCCAA This stud

chlG Reverse (8) Belll v

psbAll-upstream i

9) AAACGCCCTCTGTTTACCCA - This study

psbAll-downstream .

(10) TCAACCCGGTACAGAGCTTC - This study

chiG-upstream TCGTTGAGCGGGAGAGTTTG . hid I

Forward (11) Chidgey et al., 2014

chiG-upstream .

Reverse (12) ACATTAATTGCGTTGCGCTCACTGCGGCTTCATCAACTGAAGACG - Chidgey et al., 2014

chiG-downstream .
CAACTTAATCGCCTTGCAGCACATCAAGTCCTTGCCGGTGATGT - Chidgey et al., 2014

Forward (13)

chiG-downstream AATTGACCAACCATTTCTCC - Chidgey et af., 2014

Reverse (14)

Zeointernal

hi /., 2014

forward (15) CGGGTCGCGCAGGGCGAAC - Chidgey et al., 20

Zeo internal )

r:\? e1r2 :{;g) CAACTTAATCGCCTTGCAGCACATCAAGTCCTTGCCGGTGATGT - Chidgey et al., 2014

chiG-locus ) .

Forward (17) TGCAAGCAACCCGTTACCA This study

chiG-locus .

Downstream (18) CCCTTTAGATTTTAGGACGGCGA - This study

behG Forward (19) AATCAGGCGGCCGCATCTGTGAACCTGTCTCTCCATCCC Not! This study

bchG Reverse (20) AATCAGAGATCTTCAGGGTAAGACCTCGAGCCC Bglll This study

Ery* Forward (21) TATTCAATAATCGCATCCGATTGCAG . This study

Ery® Reverse (22) CACACGAAAAACAAGTTAAGGGATGC - This study

crtR Upstream _ .

Forward (23) TGTCAAGTCTGTTGACCAAAAGAG This study

crtk Upstream CTGCAATCGGATGCGATTATTGAATAGCACCGAACAACTAAAACAAAGC - This study

Reverse (24)

crtR Downstream .
GCATCCCTTAACTTG CGTGTGCTTGGTATCAGTACCAAAACACC - This study

Forward (25)

crtR Downstream .
TCCGTCAATACACCATCTGGC - This study

Reverse (26)

crtR-locus )
TGTCAAGTCTGTTGACCAAAAGAGC - This study

Forward (27)

crtR-locus .
TCCGTCAATACACCATCTGGC - This study

Reverse (28)
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aadA Forward (29) ACCGAGTGAGCTAGCTATTTG This study
aadA Reverse (30) TTATTTGCCGACTACCTTGGTG This study
cruF Upstream .
Forward (31) AACAAACTCCCACAACACCTC This study
cruf Upstream CTGCAATCGGATGCGATTATTGAATAACCACCAGCCATAGACC This study
Reverse (32)
cruF Downstream .
Forward (33) GCATCCCTTAACTTGTTTTTCGTGTGTTGCCATGGTGATGAGC This study
cruF Downstream .
Reverse (34) AGTTGAGTCTTTTACACTCGATCG This study
cruf-locus

AACAAACTCCCACAACACCTC i
Farward (35) This study
cruf-locus AGTTGAGTCTTTTACACTCGATCG This study
Reverse (36)
chiG-FLAG ATATGGGCATATGTCTGACACACAAAATACCGGCCAAAAC Ndel This study
Forward (37)
chlG-FLAG .

This stud
Reverse (38) TAAGGACTAGTAATCCCCGCATGGCCTAG Spel is study
chi6_A1-11 AGAATTCGCGGCCGCAGCCAAGGCTCGGCAGTTACTGG Notl This study
Farward (39)
hIG_A1-23

el AGAATTCGCGGCCGCAGCCCCGGGGGAAAGTTCC Notl This study
Forward (40)
chiG_A1-32 AGAATTCGCGGCCGCAATTCGTCTTCAGTTGATGAAGC Notl This study
Forward (41)
chiG_A1-39 AGAATTCGCGGCCGCACCCATCACTTGGATTCCCCTG Notl This study
Forward (42)
ChIG Reverse (43) AGTTCAGATCTTCAAATCCCCGCATGGCCTAGG Bgll This study
chlG_A1-45 AGAATTCGCGGCCGCACTGATCTGGGGGGTGGTCTG Notl This study
Forward (44)
chiG_A1-51 AGAATTCGCGGCCGCATGTGGGGCCGCTTCTTCC Notl This study
Forward (45)
At_chiG F
( 4%)6 G Forward TAAGCCATATGGCTGCAGAAACAGACACCG Ndel This study
At_chiG Reverse
47) ATTCGGAATTCCTAGTGTTGGCTGGCCAATG EcoRI This study
behF upstream CCGGAATTCCGGCGCGACACAAGCCCG EcoRI This study
forward (48)
bchF upstream .
reverse (49) CGCGTCGCATCTGCATCTTGAGGTTCGCCTTCC - This study
behF downstream CTCAAGATGCAGATGCGACGCGCTGGACCCTG - This study
forward (50)
bchF downstream

CCCCAAGCTTGCTGGCCCGTGAAGAGCG i i
reverse (51} Hindlll This study
At_CLH-1Forward
(52) W ATATGGGCATATGGCGGCCATCGAAGAC Ndel This study
At_His-CLH-1 .

=11 TAAGGCTCGAGGACGAAGATGCCAGAGGCTTC Xhol This study

Forward (53)
At_CLH-1 .
Reverse (54) TAAGGCTCGAGCTAGACGAAGATGCCAGAGGCTTC Xhol This study
At_chlG Q46E .
Forward (55) AGTGGAAGATTCGACTCGAACTAACCAAGCCCGTG . This study
At_chiG Q46E ,
Reverse (56) TCACGGGCTTGGTTAGTTCGAGTCGAATCTTCCAC - This study
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At_chlG P54F

orard (07) ACCAAGCCCGTGACTTGGTTTCCTTTAGTGTGGGGCGTG This study
At_chlG P54F ,
Reverse (58) CACGCCCCACACTAAAGGAAACCAAGTCACGGGCTTGG This study
At_chlG L56P

- GTGACTTGGCCACCTCCAGTGTGGGGCGTGGTG This study
Forward (59)
At_chiG L5EP CACCACGCCCCACACTGGAGGTGGCCAAGTCAC This study
Reverse (60)
At_chlG V60Y ACCTTTAGTGTGGGGCTACGTGTGTGGTGCCGCGGCGTC This study
Forward (61)
At_chiG VEOY ACGCCGCGGCACCACACACGTAGCCCCACACTAAAGGTG This study
Reverse (62)
Ab_chiG NI9A ACCGGGTATACTCAGACTATTGCTGACTGGTACGATCGCGATATTG This study
Forward (63)
At_chlG N39A CAATATCGCGATCGTACCAGTCAGCAATAGTCTGAGTATACC This study
Reverse (64)
At_chlG A225M TCCATCGCAGGGTTGGGCATTATGATCGTTAATGATTTCAAATCTGTAG This study
Forward (65)
:‘—C’?’G ’(‘6262)5“” CTACAGATTTGAAATCATTAACGATCATAATGCCCAACCCTGCGATGG This study

everse
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Chapter 3: Production of functional plant and algal chlorophyll synthases in
cyanobacteria indicates a conserved interaction with the YidC/Alb3 membrane

insertase

3.1 Summary

The Synechocystis ChlG-HIiD-Ycf39-YidC complex acts at the interface between the
chlorophyll biosynthesis and photosystem assembly pathways to coordinate delivery
of de novo chlorophyll pigments to the chlorophyll binding proteins of the thylakoid
membrane (Chidgey et al.,, 2014). To gain an insight into the ubiquity of such an
assembly complex in higher photosynthetic organisms, chlG genes from the
cyanobacterium Synechococcus sp. PCC 7002, the alga Chlamydomonas reinhardtii and
plant Arabidopsis thaliana were N-terminally FLAG tagged and produced in a
cyanobacterial host, Synechocystis sp. PCC 6803. The enzymes were retrieved by FLAG
immunoprecipitation and analysed for binding partners by SDS-PAGE and

immunoblots.

Production of the foreign chlorophyll synthases allowed subsequent deletion of the
native cyanobacterial chlG gene, with all mutant strains capable of autotrophic growth
under normal conditions. Analysis of the purified protein complexes revealed that the
Arabidopsis thaliana and Chlamydomonas reinhardtii ChlG proteins do not associate
with cyanobacterial HIiD or Ycf39, whereas the cyanobacterial homolog from
Synechococcus sp. PCC 7002 was capable of forming the same complex as the native
enzyme. The interaction with YidC was maintained for both eukaryotic enzymes,
indicating that a ChlG-YidC/Alb3 complex may be evolutionarily conserved in algae and

higher plants.
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3.2 Introduction

Photosynthetic organisms, such as plants, algae and cyanobacteria, utilise chlorophyll
(Chl) pigments situated in membrane intrinsic photosystems to absorb solar energy,
which is used for charge separation to drive ATP and NADPH production. The
structures of PSI and PSII show that the Chl molecules are specifically arranged within
the photosystems to allow highly efficient light capture and energy transfer (Caspy and
Nelson, 2018; Jordan et al., 2001; Umena et al., 2011). The complexity and
hydrophobicity of these protein-pigment complexes makes their assembly dependent
on numerous auxiliary factors and that the insertion of Chl and other cofactors must
be coordinated with the assembly process (Nickelsen and Rengstl, 2013; Yang et al.,

2015).

Chlorophyll synthase (ChlG) is the terminal enzyme of the Chl biosynthesis pathway
and catalyses the conversion of chlorophyllide (Chlide) to Chl by addition of the phytyl
tail moiety to the propionate residue at the C17 position on ring D of the Chlide
macrocycle (Figure 3.1). ChlG is discussed at length in Section 1.8.11. In a previous
study, Chidgey et al (2014) investigated handover of Chl from ChlG to nascent light-
harvesting polypeptides. ChlG in Synechocystis sp. PCC 6803 (hereafter Synechocystis)
was N-terminally FLAG-tagged and used as bait in FLAG-immunoprecipitation
experiments to retrieve an enzymatically active protein-pigment complex containing
the high-light inducible protein HIiD, the photosystem Il assembly factor Ycf39 and the
membrane insertase YidC, as well as associated carotenoids and the Chl precursor
Chlide. Size exclusion chromatography revealed that ChlG was found to bind tightly to
HIiD in a ChIG-HIiD ‘core’ complex, with Ycf39 and YidC more loosely associated. This
study provided the first evidence for a link between Chl biosynthesis and YidC-
dependent co-translational insertion of nascent light harvesting polypeptides into
membranes. Pigment binding to this complex was found to be mediated by the HIiD
component. HIiD belongs to a conserved family of high-light induced proteins (Hlips)
(Komenda and Sobotka, 2016), the members of which share significant sequence
similarity with plant Chl a/b binding proteins and possess a conserved Chl a-binding

(CAB) motif (Bhaya et al., 2002). Ycf39 is an atypical short-chain dehydrogenase
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reported to have a role in photosystem Il (PSIl) assembly (Knoppova et al., 2014) and
is often found closely associated with HIiD (Knoppova et al., 2014; Staleva et al., 2015).
YidC belongs to the evolutionarily conserved YidC/Oxal/Alb3 family of membrane
insertase proteins with homologs found in bacteria, mitochondria and chloroplasts.
YidC aids the folding and partitioning of nascent transmembrane polypeptides into the
phospholipid bilayer of cells, often in association with the SecYEG apparatus (Beck et
al., 2001; Nagamori et al., 2004). Thylakoid membrane biogenesis in cyanobacteria and
higher photosynthetic organisms is known to be dependent on YidC (Gohre et al.,
2006; Spence et al., 2004). HIiD, YidC and Ycf39 are discussed in greater detail in
Sections 1.11.1, 1.11.2 and 1.11.3 respectively.

Because of the high degree of similarity between cyanobacterial photosystems and
those of higher photosynthetic organisms, it is likely that equivalent Chl handover
systems operate in algae and plants. In this chapter, foreign ChlG enzymes from a
cyanobacteria, algae and plant were N-terminally FLAG-tagged and produced in
Synechocystis with the aim of investigating whether these homologs can complement
the deletion of the native ch/G gene and form a ChlG complex similar to that reported

by (Chidgey et al., 2014).

CH;

CH;

Chlorophyllide a Chlorophyll a

Figure 3.1: The reaction catalysed by chlorophyll synthase. Chlorophyll synthase (ChIG)
catalyses the esterification of chlorophyllide with either geranylgeranyl pyrophosphate (GGPP)
or phytyl-pyrophosphate (PPP) resulting in geranylgeranylated chlorophyll a (Chl acc) or
phytylated chlorophyll a (Chl a). Three carbon-carbon double bonds (shown with grey lines) in
the geranylgeranyl tail of Chl ags are sequentially reduced to phytol by the geranylgeranyl

diphosphate reductase ChIP.
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3.3 Results

3.3.1 Generation of Synechocystis strains producing foreign FLAG-tagged

chlorophyll synthases

To investigate whether ChlG proteins from algae and higher plants are functional in a
cyanobacterial system and to observe interactions between these eukaryotic ChlGs
and the cyanobacterial HIiD, Ycf39 and YidC proteins, a collection of mutant strains
was generated in which foreign ch/G genes were added in trans to Synechocystis.
Protein phylogeny shows that the cyanobacterial, algal and plant ch/G genes form
separate branches (Figure 3.2), thus enzymes from another cyanobacterium,
Synechococcus sp. 7002 (hereafter Syn 7002); the model green alga, Chlamydomonas
reinhardtii; and the model plant species, Arabidopsis thaliana were chosen. The A.
thaliana and C. reinhardtii chlG genes lacking the sequence coding for the N-terminal
chloroplast transit peptides (57 or 43 amino acids respectively, according to the
ChloroP 1.1 Server (Emanuelsson et al., 1999)), were codon optimised for expression
in Synechocystis and commercially synthesised (Integrated DNA Technologies). The
chlG gene from Syn 7002 was amplified from genomic DNA. The genes were cloned
into the pPD-NFLAG plasmid (Hollingshead et al., 2012) such that they were in frame
with sequence encoding an N-terminal 3xFLAG tag. The pPD-NFLAG-ch/G plasmid
described in Chidgey et al. (2014) was used to replace the psbAll gene with the FLAG-
tagged Synechocystis chlG gene. The existing Synechocystis FLAG-chlG (hereafter
FLAG-6803) strain described in Chidgey et al. (2014) was produced in a cell line shown
to be unsuitable for further work (Tichy et al., 2016). These vectors were therefore
introduced into another glucose tolerant cell line (Nixon background) (Williams, 1988)
(kindly provided by Roman Sobotka) by natural transformation and, following
homologous recombination into the Synechocystis genome at the psbAll locus, the
tagged-construct replaced the psbAll gene so that expression was under the control of
the psbAll promoter (Hollingshead et al., 2012) (Figure 3.3A). Segregation of genome
copies was confirmed by PCR using primers flanking the psbAll locus (Figure 3.3B).
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Cr e MAMNQOATEEKSDTNSAARQMLGMKGAA-LETDI
At e MAAETDTDKVKSQTPDKAPAGGSS INQLLGIKGAS-QETNK
Ckokkokkk. ko

6803 WKIRLQLMKPITWIPLIWGVVCGAASSGGYIWS-VEDFLKALTCMLLSGPLMTGYTQTLN
7002 WKIRLQLMKPITWIPLIWGVVCGAASSGGYVWG-VEDFLKAMTCMLLSGPLLTGYTQTLN
Cr WKIRVQLTKPVTWIPLIWGVACGAAASGHYQWNNPTQIAQLLTCMMMSGPFLTGYTQTIN
At WEKIRLOLTKPVIWPPLVWGVVCGARASGNFHWT - PEDVAKSILCMMMSGPCLTGYTQTIN

Khkkkk ki hK Kk kkk Kkkkohk o K DLorr kkrokkk ckkkkkA ok
6803 DFYDRDIDAINEPYRPIPSGAISVPQVVTIQILILLVAGIGVAYGLDVWAQHDFPIMMVLT
7002 DFYDREIDAINEPYRPIPSGAISVPQVVTQILVLLGSGIGLSYLLDLWAGHDFPVMLVLT
Cr DWYDREIDAINEPYRPIPSGRISERDVIVQIWVLLLGGIGLAYTLDOWAGHTTPVMLOLT
At DWYDRDIDAINEPYRPIPSGAISEPEVITQVWVLLLGGLGIAGILDVWAGHTTPTVFYLA

dokkk - kkkkkkdhkkkhkhk ki ck: k- -kk koo *k kk * - * -
6803 LGGAFVAYIYSAPPLKLKQONGWLGNYALGASYIALPWWAGHALFGTLNPTIMVLTLIYSL
7002 VVGCFIAYIYSAPPLKLRKONGWLGNYALGASYIALPWWAGHALFGTLTPTVMVVTLIYSFE
Cr IFGSFISYIYSAPPLKLKQSGWAGNYALGSSYIALPWWAGQALFGTLTLDVMALTIAYSL
At LGGSLLSYIYSAPPLKLKQNGWVGNFALGASYISLPWWAGQALFGTLTPDVVVLTLLYSI

DRI RRRERKRKRRRE KK KR KRR KRR KRARRK KR RRKR ook Kk
6803 AGLGIAVVNDFKSVEGDRQLGLKSLPVMFGIGTAAWICVIMIDVFQAGIAGYLIY-VHQQ
7002 AGLGIAVVNDFKSVEGDRQLGLKSLPVMFGVGTAAWICVLMIDIFQVGIAGYLVS-IHEQ
Cr AGLGIAIVNDFKSIEGDROMGLOSLPVAFGVDTAKWICVSTIDVIQLGVAARYLAWGLHEE
At RGLGIAIVNDFKSVEGDRALGLQSLPVRFGTETAKWICVGAIDITQLSVAGYLLA—SGKP

dkdkkkk - hkhkkhkdk - kkkh - chkk-kkuwk Kk *k khkkk LN Tk Kk
6803 LYATIVLLLLIPQITFQDMYFLRNPLENDVKYQASAQPFLVFGMLATGLALGHAGI-—-—-~
7002 LYATILLLLVIPQITFODMYFLRDPLENDVKYQASAQPFLVLGMLVAGLAMGHAGIS -——
Cr LYGAVLLALILPQIYFQYKYFLPDPIANDVKYQASAQPFLVFGLLTAGLACGHHVNAVAA
At YYALALVALITIPQIVFQFKYFLKDPVKYDVKYQASAQPFLVLGIFVTALASQH-——-——~

H i ok kkk kk kkk ok kkkkkkkkkkkhkok. o kk ®

6803 @ ——------ 324 % sequence identity relative to 6803
7002 @ - 355 7002: 86%
Cr AASAAGAL 341 Cr: 66%
F S i 331 At: 66%

Figure 3.2: Protein phylogeny of chlorophyll synthases from representative cyanobacteria,
algae and plants. (A) The chlorophyll synthases used in this study are shown in bold. The scale
bar indicates the number of amino acid substitutions per site. (B) Sequence alignment of ChlG
homologs from Synechocystis (6803), Synechococcus (7002), Chlamydomonas reinhardtii (Cr)
and Arabidopsis thaliana, aligned using Clustal Omega. The sequence identities of 7002, Cr

and At in comparison to 6803 were calculated using BLAST software from NCBI.
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Figure 3.3: Generation of Synechocystis strains expressing foreign chlorophyll synthase
genes. (A) Constructs encoding 3xFLAG tagged chlorophyll synthases were inserted in place of
the psbAll gene in the Synechocystis genome. (B) PCR amplification of the psbAll locus of WT

and transformant FLAG-chlG Synechocystis strains.
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3.3.2 Algal and plant chlorophyll synthases can functionally replace the native

enzyme

To see if the foreign FLAG-tagged ChIG enzymes were functional in the recombinant
Synechocystis strains, deletion of the native chlG (slr0056) was attempted. As chlG is
an essential gene, successful deletion would indicate that the foreign ChlG enzymes
are able to replace the function of the WT protein. Deletion of the native chl/G gene
was achieved using the linear mutagenesis construct described by Chidgey et al (2014).
This construct replaced most of the ch/G gene with a zeocin resistance cassette (zeo®)
(Figure 3.4A). Segregation was carried out by selection on zeocin and successful
recombinants checked by PCR screening (Figure 3.4B). The resultant strains:
psbAll::3xFLAG-Syn 7002_chlG/AchlG (hereafter FLAG-7002), psbAll:: 3xFLAG-C.
reinhardtii_chlG/AchlG (hereafter FLAG-Cr), psbAll:: 3xFLAG-A. thaliana_chlG/AchlG
(hereafter FLAG-At) were capable of photoheterotrophic and photoautotrophic
growth (Figure 3.5A-B) and have absorption profiles similar to that of WT cells (Figure
3.5C), indicating that the foreign ChlG proteins can replace the function of the

endogenous enzyme, at least under standard growth conditions.
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Figure 3.4: Deletion of ch/G from the FLAG-chl/G mutant strains. (A) The native ch/G gene was
deleted from the strains producing foreign FLAG-tagged ChlGs by replacement with a zeocin
resistance cassette (Zeo®). (B) Complete segregation at ch/G locus was confirmed by PCR with

primers flanking the integration sites.
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Figure 3.5: Growth and whole cell spectra of Synechocystis strains. (A-B) Mixotrophic (A) and
photoautotrophic (B) growth of Synechocystis strains generated in this chapter. For
comparison, a Synechocystis ApsbB mutant that cannot grow under photoautotrophic
conditions is used as a control (Cereda et al., 2014). (C) Whole cell absorbance spectra of

Synechocystis strains. Spectra are normalised at 575 nm and offset to allow individual traces

to be distinguished.
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3.3.3 Chlorophyll biosynthesis is unaffected in the mutant strains

Although production of the plant and algal chlorophyll synthases allow inactivation of
the native enzyme, and the recombinant Synechocystis strains are capable of
photoautotrophic growth and produced WT levels of photosynthetic complexes, the
effects of the replacement of the Synechocystis enzyme with homologs from A.
thaliana and C. reinhardtii may have been more subtle. As the terminal enzyme in the
Chl biosynthesis pathway, any adverse affects of replacing native ch/G with foreign
homologs could affect preceding steps in the pathway resulting in the accumulation of
Chl biosynthetic intermediates. Pigments were extracted with excess methanol and
the relative concentrations of Chl and its precursors were determined by reverse-
phase HPLC. The levels of Chl precursors were broadly comparable between all strains
(Figure 3.6). The ratio of monovinyl-chlorophyllide (MV-chlide) to divinyl-
chlorophyllide (DV-chlide) varied slightly between the mutants, with the ratio being
greater in FLAG-6803 (Figure 3.6A), smaller in the FLAG-7002 and FLAG-At strains
(Figure 3.6B and 3.6D) and approximately equal in FLAG-Cr strain (Figure 3.4C).
However, these pigments vary in concentration within WT cells and so the slight
discrepancy between strains is unlikely to be due to the substitution of ch/G with the
foreign homologs (Roman Sobotka, personal communication). There was also no
significant difference between the Chl content of the strains (Table 1). Taken together,
it can be concluded that the replacement of native ChlG with plant and algal enzymes

maintains a functioning Chl biosynthesis pathway under normal growth conditions.

Table 1: Chlorophyll content of strains used in this study.

Strain Chlorophyll (ug ml™ OD750%)
WT 5.0+0.20
FLAG-6803 5.1+0.18
FLAG-7002 5.2+0.22
FLAG-Cr 4.6+0.13
FLAG-At 4.9+0.26
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Figure 3.6: Analysis of chlorophyll precursors from the FLAG-6803 (A), FLAG-7002 (B), FLAG-
Cr (C) and FLAG-At (D) strains of Synechocystis. Pigments were extracted from cell pellets and
separated by reverse phase HPLC (Section 2.14.5). The left and right hand chromatograms
were recorded simultaneously using two fluorescence detectors. The excitation (Ex) and
emission (Em) wavelengths used are shown above the chromatograms. Copro =
coproporphyrin IX; DV-Chlide = divinyl chlorophyllide a; MV-Chlide = monovinyl chlorophyllide
a; DV-PChlide = divinyl protochlorophyllide a; MV-PChlide = monovinyl protochlorophyllide a;
Proto = protoporphyrin IX; MgP = Mg-protoporphyrin IX; MgPME = Mg-protoporphyrin IX

monomethyl ester.
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3.3.4 Growth of the FLAG-At strain is impeded in cold conditions

All of the mutant strains were capable of normal growth under moderate light and
temperatures. As the A. thaliana chlG homolog is phylogenetically the most distant
from the Synechocystis homolog, the FLAG-At strain was subjected to a variety of
stress conditions to try and find a growth phenotype for this mutant in comparison to
the FLAG-6803 strain. FLAG-At and FLAG-6803 cells were cultured on solid and in liquid
media and exposed to high-light (800 umol photon ms1), fluctuating light (30 second
pulses of 100 umol photon m2 st light followed by 2 minutes of no light) and cold (20
°C) stress conditions. The only condition under which FLAG-At cells grew more slowly
than the FLAG-6803 strain was when cultured on BG11 agar at 20 °C (Figure 3.7). This
phenotype was tested in two separate experiments, when cells were grown
photoautotrophically (Figure 3.7A) and mixotrophically (Figure 3.7B). In both instances
there was a significant reduction in the growth rate of the FLAG-At strain in

comparison to FLAG-6803 WT cells.

A A730
0.2 0.1 0.05
FLAG-6803 @ O O
+ glucose
FLAGAt () ©
B
FLAG-6803 ©
- glucose

FLAG-At

Figure 3.7: Drop-growth assay of FLAG-6803 and FLAG-At at 20 °C with 100 umol photon m-
2 s-1 of illumination. FLAG-6803 and FLAG-At cells grown under normal conditions in liquid
medium were serially diluted to various cell densities, plated onto BG11 agar and grown

photoheterotrophically (A) and photoautotrophically (B) at 20 °C.
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3.3.5 The algal and plant chlorophyll synthases co-purify with YidC but not HIiD or
Ycf39

Membrane fractions were prepared from the FLAG-6803, FLAG-7002, FLAG-Cr and
FLAG-At strains and solubilised in f-DDM for FLAG-immunoprecipitation experiments.
A WT control was included to check for any non-specific protein interactions with the
anti-FLAG resin (Figure 3.10). The presence of the bait protein in the resultant eluates
was confirmed by SDS-PAGE (Figure 3.8A). In all cases, a band approximately 30 kDa in
size was visible and confirmed to be FLAG-ChIG by immunoblot using antibodies raised
against the FLAG-tag (Figure 3.8B). A band was also visible around the 10 kDa marker
in the FLAG-6803 and FLAG-7002 but not in the plant or algal ChlG eluates. This was
confirmed as HIiD by immunoblot (Figure 3.8B). Also visible, particularly in the FLAG-
At and FLAG-Cr eluates, were bands around 60 kDa in size (marked with asterisk in
Figure 3.8A). These gave a positive signal when probed with both FLAG and ChlG
antibodies indicating that they are ChIG dimers (FLAG-ChIG[2]) (Figure 3.8B).

Spectrophotometric analysis of the immunoprecipitation eluates shows that the FLAG-
6803 and FLAG-7002 eluates, both of which were visibly yellow-green, contain Chl (436
nm, 674 nm) and carotenoids (487 nm, 515 nm) (Figure 3.8C). The FLAG-Cr and FLAG-
At eluates appeared colourless to the naked eye and contained negligible levels of

pigment when analysed spectroscopically (Figure 3.8C).

In order to further analyse the components of the FLAG-immunoprecipitation eluates,
immunoblot experiments were carried out in which samples were interrogated with
antibodies specific to HIiD, Ycf39 and YidC (Figure 3.8B). The FLAG-6803 and FLAG-
7002 eluates both yielded positive signals for all antibodies (see Section 3.3.8 for
discussion of Ycf39 in FLAG-7002), whilst FLAG-Cr and FLAG-At eluates contained only
YidC. YidC, Ycf39 and HIiD were all detected in the membranes of cells producing the
eukaryotic enzymes (Figure 3.9), ruling out that the absence of Ycf39 or HIiD in the
eukaryoticimmunoprecipitations is due to any drastic cellular reduction in the amount
of the HIiD. These results indicate that HIiD/Ycf39 are responsible for the pigmentation
of the native complex, but are dispensable for ChlG activity, and that the ChlG-

YidC/Alb3 interaction is likely to be conserved in Chl producing organisms.
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Figure 3.8: Purification of FLAG-ChIG from Synechocystis strains and identification of
interacting proteins. (A) FLAG-immunoprecipitation eluates were separated by SDS-PAGE and
analysed by staining with Coomassie Brilliant Blue. (B) Immunoblots using antibodies raised
against 3xFLAG and previously reported interaction partners YidC, Ycf39, and HIiD. Data from
a single experiment are presented but are representative of three biological replicates, with
the exception of the 7002-ChlG interaction with Ycf39 (see Section 3.3.8. further explanation).
The asterisk (*) in panel (A) indicates a prominent protein band in the eukaryotic enzyme
eluates that cross reacts with both anti-FLAG (B-top panel) and anti-ChlG antibodies, indicating

a ChlG dimer. (C) Absorption spectra of FLAG-immunoprecipitation eluates.
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Figure 3.9: Immunodetection of YidC, Ycf39 and HIiD in solubilised membranes. Membranes

prepared from cells grown under standard illumination were probed with antibodies raised

against YidC, Ycf39 and HIiD.
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Figure 3.10: SDS-PAGE and immunoblot analysis of control FLAG-immunoprecipitations from
solubilised WT membranes. Parallel immunoprecipitations were performed using solubilised
membranes prepared from FLAG-6803 or WT Synechocystis cells and the eluates were
analysed by SDS-PAGE (A) and immunoblotting (B). None of the proteins identified in the FLAG-
ChlG immunoprecipitation complex was detected in the WT negative control, confirming that

HIiD, Ycf39 and YidC do not non-specifically interact with the anti-FLAG resin.
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3.3.6 Further analysis of the FLAG-6803 and FLAG-At complexes by gel filtration

The FLAG-ChIG assemblies from the FLAG-6803 and FLAG-At eluates were further
analysed by gel filtration chromatography and monitored for protein and carotenoids
by absorption at 280 nm and 440 nm respectively. The data shows that the FLAG-6803
complex separated into three major protein-pigment sub-complexes, in agreement
with Chidgey et al (2014) (Figure 3.11A). Elution fractions that correlated with the
absorbance peaks were collected and analysed for FLAG-ChIG, HIiD, Ycf39 and YidC by
immunoblotting. A small population of FLAG-ChIG appears to be associated with just
YidC whilst the majority of the FLAG-ChIG eluted together with YidC, Ycf39 and HIiD. A
third sub-complex consist of mostly FLAG-ChIG, Ycf39 and HIiD. The results confirm
that the pigment is predominantly associated with HIiD containing sub-complexes in
the FLAG-6803 elution as the major pigment peaks correlate with fractions containing
HIiD. A small pigment peak that eluted early from the column did not appear to
coincide with fractions containing HIiD, however this is most likely due to poor HIiD
antibody cross-reactivity or association of these pigments with PSI (Figure 3.11A).
Further immunoblot analysis of these fractions using antibodies raised against a PSI

subunit should be performed to confirm this.

In contrast, the FLAG-At complex eluted as a single peak and contained no pigments
(Figure 3.11B), in agreement with the results obtained from the spectral analysis of
the FLAG-AtChIG immunoprecipitation eluate. Immunoblots confirmed the absence of
HIiD and Ycf39 but the presence of YidC in the FLAG-At complex (Figure 3.11B). The
immunoblot signals for FLAG-At and YidC correlated well, indicating the formation of
a single major AtChlG-YidC complex, in comparison to the situation with FLAG-6803
ChiG.
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Figure 3.11: Gel filtration of the FLAG-6803 and FLAG-At immunoprecipitation complexes.
HPLC gel filtration chromatography separation of purified cyanobacterial and plant FLAG-ChIG
eluates. Elution of pigment and protein were monitored at 440 (red line) and 280 (black line)
nm respectively. Immunoblot analysis of the HPLC elution fractions are shown below the

traces.

3.3.7 Pigment analysis of the FLAG-7002 complex

The pigments associated with the FLAG-6803 and FLAG-7002 complexes were
extracted in excess methanol and analysed by reverse-phase HPLC. The complexes
were found to contain the carotenoids myxoxanthophyll, zeaxanthin and B-carotene
in addition to Chl a as reported previously (Niedzwiedzki et al., 2016) (Figure 3.12). The
profiles were similar between the FLAG-6803 (Figure 3.12A) and FLAG-7002 (Figure
3.12B) ChIG complexes indicating that carotenoid binding to the FLAG-7002 complex
is not impeded by the replacement of the Synechcocystis ChlG with the Syn 7002
homologue. This is despite the fact that Syn 7002 and Synechocystis contain different
variants of myxoxanthophyll with the former producing myxol-2’ fucoside and the

latter myxol-2’ dimethylfucoside (Graham and Bryant, 2009).
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3.3.8 The interaction between ChIG and Ycf39 is abolished by high-light

In order to verify the results presented in the previous sections, all
immunoprecipitation experiments were repeated a minimum of three times with
independently grown cultures. In all cases the results were highly consistent (data not
shown) with the exception of the presence of Ycf39 in the FLAG-7002 eluates. All three
eluates contained pigment and were spectrally very similar (Figure 3.13A), but only
two of the replicates contained Ycf39 (Figure 3.13 insert panel). Chidgey et al. (2014)
showed that Ycf39 dissociates from the FLAG-6803 complex when the cells are
exposed to high-light stress (800 pumol photon m s?), although the interactions with
YidC and HIiD are maintained. The observation that Ycf39 is also capable of dissociating
from the FLAG-7002 complex lends further support to the existing evidence showing
that the interaction between ChlG and Ycf39 is abolished at high-light intensity.
Furthermore, the complexes retrieved from the individual immunoprecipitation
experiments were spectrally consistent, independent of Ycf39 binding. This is in
agreement with earlier results demonstrating that Ycf39 has no pigment binding
properties (Knoppova et al., 2014; Llansola-Portoles et al., 2017; Shukla et al., 2018b;
Staleva et al., 2015).
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Figure 3.12: Analysis of the pigment content of immunoprecipitation eluates for the FLAG-
6803 (A) and FLAG-7002 (B) strains. Pigments were extracted in methanol and separated by
reverse phase HPLC. The profiles were similar for both the cyanobacterial complexes, with
myxoxanthophyll (Myx), zeaxanthin (Zea), B-carotene (B-car) and chlorophyll (Chl) all present.

Pigments were identified by their retention time and absorbance spectra (C).
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Figure 3.13: Absorbance spectra of three independent FLAG-7002 ChiG immunoprecipitation

eluates. The inset panel shows immunodetection of Ycf39 in the same eluates.

3.3.9 Bacteriochlorophyll synthase interacts with Synechocystis YidC but not HIiD
or Ycf39

Bacteriochlorophyll synthase (BchG) is the purple bacterial version of the ChlG found
in oxygenic organisms, and it catalyses the addition of a phytyl tail to
bacteriochlorophyllide (BChlide) to produce bacteriochlorophyll (BChl). Although
Synechocystis and A. thaliana ChlG enzymes have a sequence identity of 66%, the
latter was able to functionally complement Synechocystis ChlG despite being unable
to form the native complex with HIiD and Ycf39 when heterologously produced in this
organism. The Synechocystis and A. thaliana ChlG enzymes only have 35% sequence
identity with BchG. To test whether BchG is able to functionally complement
Synechocystis ChlG, the bchG gene from Rhodobacter sphaeroides, engineered to
encode an N-terminally FLAG-tagged protein, was cloned into the Synechocystis

genome by homologous recombination at the psbAll locus, confirmed by PCR (Figure
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3.14A) and sequencing. The native Synechocystis chlG gene could not be deleted from
the genome of the resulting BchG* strain, indicating that BchG was unable to
functionally complement ChlG (Figure 3.14B), as expected from the results with
purified enzymes (Oster et al., 1997). Immunoprecipitation of the FLAG-BchG protein
followed by analysis of the eluate by SDS-PAGE (Figure 3.14C) and immunoblots using
anti-FLAG antibodies (Figure 3.14D) confirmed production of the recombinant protein
in the cyanobacterial host. Immunoblots using antibodies raised against ChlG, Ycf39,
HIiD and YidC showed that FLAG-BchG interacted only with YidC, as was the case with

the plant and algal ChlG homologs (Figure 3.14E).
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Figure 3.14: Production of the Rhodobacter sphaeroides 2.4.1 bacteriochlorophyll synthase
(BchG) in Synechocystis does not allow full deletion of the native ch/lG gene. (A) The
Rhodobacter sphaeroides 2.4.1 bchG gene alsoencoding an N-terminal 3xFLAG tag was
inserted at the psbAll locus. (B) Subsequent attempts to delete the native ch/G gene resulted
in a non-segregated merodiploid strain containing chromosomes with both WT and mutated
copies of chlG. (C-D) FLAG-tagged BchG was produced, as confirmed by SDS-PAGE (C) and anti-
FLAG immunblots (D) of FLAG-immunoprecipitation eluates. (E) Of the three major interaction
partners that co-elute with Synechocystis FLAG-ChIG, only YidC was detectable in the FLAG-
BchG eluates.
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3.4 Discussion

3.4.1 ChIG from algae and plants are able to complement the function of the native

protein when heterologously produced in Synechocystis

The processes of Chl biosynthesis and photosystem assembly in phototrophic
organisms appear to be closely coordinated to ensure efficient channelling of newly
produced Chl pigments to de novo photosystem polypeptides, where they can be co-
translationally combined, integrated into the thylakoid membrane, and assembled
into functioning photosystems (Chidgey et al., 2014). The final enzyme in the Chl
biosynthesis pathway, ChiIG, catalyses the esterification of a hydrophobic alcohol
moiety to Chlide, producing mature Chl. The results presented here demonstrate that
ChlG enzymes from the alga C. reinhardtii, the plant A. thaliana and the
cyanobacterium Synechococcus 7002 can complement the function of the native ChIG

enzyme when produced in the model cyanobacterium Synechocystis.

The whole cell spectra and Chl and Chl precursor content of the engineered strains
were comparable to the FLAG-6803 and WT strains, indicating that the esterification
of Chlide is unaffected by substitution of the native ChlG protein for algal and plant
homologs, or the change in genomic location of the ch/G gene to the psbAll locus.
Expression of the native gene from the psbAll promoter results in levels of protein
similar to those in the WT organism (Chidgey et al., 2014). In tobacco plants, it has
been reported that ChlG imposes a degree of feedback control of the Chl biosynthesis
pathway by influencing levels of ALA synthesis and expression of the branchpoint
enzyme magnesium chelatase (Shalygo et al., 2009). Additionally, the synthesis of
photosystem polypeptides P700, CP43, CP47 and D1 is only possible when de novo Chl
synthesis (requiring ChlG) is unimpeded (Eichacker et al., 1990, 1996; Kim et al.,
1994a). As no growth phenotype was apparent in the mutant ChlG stains under normal
conditions, it can be assumed that the Chl biosynthesis pathway and assembly of the
photosystems are unaffected in these mutants. This indicates that the foreign ChIG
proteins are able to fulfil the essential biochemical functions of the WT protein, at least

under standard laboratory conditions of non-stressed growth.
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3.4.2 The interaction between plant and algae ChIG with YidC/Alb3 is maintained

The Chl-binding proteins that constitute photosystems | and Il are synthesised by
thylakoid associated ribosomes and co-translationally inserted into the membrane
(Kim et al., 1994b; Zhang et al., 1999). During this process photosystem assembly
proteins must insert the Chl produced by ChIG into to the photosystem apoproteins.
Chidgey et al. (2014) previously identified a ChlG complex in Synechocystis consisting
of ChlG, the high-light inducible protein (HIiD), the photosystem Il assembly factor
Ycf39 and the membrane insertase YidC. To test whether this complex is still formed
in the strains producing foreign synthases, the heterologous enzymes were N-
terminally FLAG tagged and retrieved from solubilized membranes by FLAG
immunoprecipitation. The elution fractions were analysed by SDS-PAGE and

immunoblotting.

YidC was detected in the immunoprecipitation eluates for all enzymes, including the
non-complementing BchG. In the phototrophic bacterium Rba. sphaeroides the light
harvesting 1 photosystem assembly factor LhaA was found to co-migrate in CN-PAGE
with the integral membrane protease FtsH, BchG and YidC (Mothersole et al., 2016),
so (bacterio)chlorophyll synthase-YidC associations might be widespread in
phototrophs. YidC/Alb3 is a member of the evolutionally conserved protein family of
membrane insertases (Samuelson et al., 2000; Beck et al., 2001) and is essential for
thylakoid membrane biogenesis in cyanobacteria, algae and plants (Spence et al.,
2004; Gohre et al., 2006). In Chlamydomonas, Alb3 is critical to the assembly of
photosystems, and in plants it promotes the assembly of light-harvesting complexes
(Moore et al., 2000; Gohre et al., 2006). In cyanobacteria, YidC is believed to assist the
partitioning of the transmembrane segments of polypeptides into the lipid bilayer in
concert with the SecYEG translocon (Beck et al., 2001). The discovery of an association
between YidC and ChIG led to the hypothesis that YidC fixes Chl-binding proteins into
a configuration that allows for the insertion of newly synthesised Chl molecules from
the neighbouring ChlG (Chidgey et al., 2014; Sobotka, 2014). Unlike HIiD, which is

visible on stained gels, YidC is not observable by Coomassie Blue staining, indicating
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that it is present in the complex at significantly less than a 1:1 ratio with ChlG/HIiD.
Nonetheless, the observed interaction between algal/plant ChlG proteins and
cyanobacterial YidC provides evidence that these proteins may form similar
interactions with Alb3 in their native organisms, implying that coordinated delivery of
Chl to nascent light harvesting polypeptides via ChIG-YidC/Alb3 interactions is
conserved among photosynthetic organisms. A. thaliana contains a paralog of Alb3
called Alb4, which is required for chloroplast biogenesis (Gerdes et al., 2006) and
thylakoid protein targeting (Bédard et al., 2017); it is possible the plant ChlG may also
interact with this protein although this needs to be tested. Co-immunoprecipitations
with solubilised plant thylakoids using antibodies raised to the Arabidopsis or Spinach

ChlG will allow the in vivo partner proteins of the plant enzymes to be confirmed.

3.4.3 Plant and algal ChlG enzymes do not bind HIiD or Ycf39

HIiD associates with the FLAG-6803 and FLAG-7002 ChlG enzymes but was absent from
the plant and algal immunoprecipitation complexes (Figure 3.3). HIiD is a member of
a family of small one-helix pigment binding proteins called high-light inducible proteins
(Hlips) that also includes HIiA, HIiB and HIiC (Funk and Vermass, 1999). Hlips are rapidly
upregulated in response to high-light and associate with Chl-binding proteins such as
members of the Chl biosynthesis pathway and PSIl polypeptides (He et al., 2001;
Komenda and Sobotka, 2016). A Synechocystis mutant lacking all four Hlips was found
to be highly sensitive to increased irradiance, leading to the hypothesis that Hlips play
a role in photoprotection of Chl-binding proteins (Sinha et al., 2012; Xu et al., 2004).
HIiD is known to bind both B-carotene and Chl a allowing the dissipation of absorbed
light energy as heat by Chl to B-carotene energy transfer, lending further support to

this theory (Staleva et al., 2015).

It is possible that in algae and plants similar interactions occur with other small Hlip-
like proteins (Beck et al., 2017). For example, in plants light-harvesting-like (LIL)3 binds
pigments and is involved in the latter stages of Chl biosynthesis, interacting with ChlP

and protochlorophyllide oxidoreductase (Hey et al., 2017; Mork-Jansson et al., 2015;
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Tanaka et al., 2010); Hey et al. did not find a LIL3-ChIG interaction in Arabidopsis but
suggested that another protein may adopt this function. Similarly, two one-helix
proteins (OHP1 and OHP2), were found to form dimers in A. thaliana, akin to the HIiD-
HIiC heterodimer of Synechocystis. This complex bound to and stabilised HCF244, the
Arabidopsis homologue of Ycf39 in Synechocystis (Hey and Grimm, 2018).
Immunoprecipitation experiments showed that the OHP1-OHP2-HCF244 complex did
not co-elute with ChlG, however, the authors did not dismiss the possibility of an

interaction with ChlG in vivo.

The Synechocystis strains generated in this study which contain Arabidopsis and
Chlamydomonas ChlG display no obvious phenotype under high-light conditions,
despite the lack of a ChIG-HIiD interaction. This is consistent with earlier results
demonstrating that deletion of HIiD from Synechocystis produces no phenotype when
cells are grown under high-light (He et al., 2001). This indicates that the role of HIiD
within the ChlG complex is not essential to cyanobacteria under high-light conditions
in vivo, despite the fact that HIiD has been shown to quench light energy absorbed by
the ChlG-HIiD complex in vitro, preventing photodamage(Niedzwiedzki et al., 2016).
The role of HIID within the ChlG complex in vivo therefore requires further

investigation.

Like HIiD, the peripheral membrane protein Ycf39 was not present in the plant and
algal ChlG immunoprecipitations. Ycf39 is a member of a family of atypical short-chain
alcohol dehydrogenases that feature an N-terminal NAD(P)H binding motif which lacks
a tyrosine residue critical to enzyme function (Kallberg et al., 2002). Members of this
family have diverse functions in different phototrophs. The A. thaliana homologue,
HCF244, has been shown to be important for translational initiation of psbA mRNA
encoding the PSIl core subunit D1, whereas in Synechocystis it has been suggested that
Ycf39 acts as a quinone chaperone for PSIl (Ermakova-Gerdes and Vermaas, 1999; Link
etal.,2012). In addition, Ycf39 forms a complex with HIiD in which the HIiD component
binds B-carotene and Chl and is capable of quenching Chll fluorescence(Knoppova et
al., 2014; Staleva et al., 2015). This Ycf39-HIiD complex is important for the early stages

of PSIl assembly, binding to the DE loop of the PSII precursor complex pD1 (Knoppova
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et al., 2014). The discovery of the ChlG-Ycf39-HIiD-YidC complex led to the hypothesis
that ChlG, associated with HIiD and Ycf39, binds pD1 as it is being co-translationally
inserted into the membrane by YidC, during which time Chl provided by ChIG can be
bound to the polypeptide (Chidgey et al., 2014; Knoppova et al.,, 2014). The data
presented here indicates that a Ycf39-ChIG interaction is not necessary for
photosystem assembly in Synechocystis under normal growth conditions as the
produciton of foreign algal and plant ChIG abolishes the association between ChIG and
Ycf39. It is possible that the role of Ycf39 in Chl insertion into pD1 is redundant as a
Ycf39 knockout mutant is viable, albeit the strain is more sensitive to photoinhibition

(Knoppova et al., 2014).

3.4.4 Syn 7002 ChIG binds HIiD and interacts transiently with Ycf39

Immunoprecipitations of the FLAG-tagged ChlG proteins showed that only the most
closely related ChIG from Syn 7002 eluted with YidC, HIiD and Ycf39. Syn 7002 has close
homologs of the Synechocystis Ycf39 (SYNPCC7002_A0216) and HID
(SYNPCC7002_A0858) and it is likely that the same ChIG-Hlip-Ycf39-YidC complex is

conserved in this and other related cyanobacteria.

Ycf39 was lost from the FLAG-7002 ChlG complex in one of the three
immunoprecipitations performed using this strain (Figure 3.12). The loss of Ycf39 from
the FLAG-6803 complex has been previously reported (Chidgey et al., 2014), who
showed that, under high-light stress, Ycf39 dissociated from the FLAG-6803 complex.
The HIiD and YidC components of the complex remained bound and were therefore
not dependent on the presence of Ycf39. Analysis of the light-shocked FLAG-6803
complex by size exclusion chromatography resulted in a different elution profile, in
comparison with complexes purified from cells grown under normal light. The data
indicated a rearrangement to form larger MW complexes in response to light stress,

|II

while a small amount of the “original” complex was maintained. Although this was not
examined using the FLAG-7002 complex in this work, the loss of Ycf39 from the FLAG-

7002 complex is akin to the results reported by Chidgey et al. (2014).
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HIiC is involved in the remodelling of the Synechocystis ChlG complex in response to
high-light stress by facilitating release of Ycf39 and HIiD from ChIG (Shukla et al.,
2018b). The release of the Ycf39-HIiD sub-complex from ChIG may enable its binding
to PSIl repair intermediates for photoprotection, whilst promoting de novo synthesis
of D1. Under photo-damaging conditions, Chl pigments are released from the
photosystems and must be recycled back to the membrane. There is some evidence
to suggest that Ycf39 is required for Chl recycling; a Ycf39 knockout mutant lacking PSI,
and the PSII subunits CP43 and CP47 rapidly depleted reserves of the Chl precursor
Mg-protoporphyrin under high-light conditions and D1 levels decreased (Knoppova et
al., 2014). It can be speculated that release of Ycf39-HIiD from ChlG under high-light
deters the channelling of de novo Chl pigment to D1 and instead promotes the re-use
of Chl released from damaged photosystems. The Ycf39-HIiD sub-complex could
therefore act as a scavenger of free Chl molecules that would otherwise generate

damaging singlet oxygen species (Komenda and Sobotka, 2016).

The pigment content of the FLAG-7002 complex remained consistent in each of the
immunoprecipitation experiments, regardless of Ycf39 association. This is in
agreement with the literature, as Ycf39 has no pigment binding properties of its own;
this role is instead attributable to HIiD and HIiC, which have been irrefutably shown to
bind B-carotene and Chl a independent of association with Ycf39 (Knoppova et al.,
2014; Llansola-Portoles et al., 2017; Shukla et al., 2018b; Staleva et al., 2015). These
pigments, along with myxoxanthophyll and zeaxanthin, were present within the FLAG-
7002 complex in the same ratios as the FLAG-6803 complex. Myxoxanthophyll and
zeaxanthin have been postulated to bind at the interface between HIiD and ChiG,
mediating their association within the FLAG-6803 complex (Niedzwiedzki et al., 2016).
The presence of both the carotenoid and HIiD components in the FLAG-7002 complex
indicates that the carotenoid mediated interactions within the complex are likely
conserved in Syn 7002, even though Syn 7002 produces a different type of

myxoxanthophyll (discussed in chapter 4).
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3.4.5 A Synechocystis strain harbouring recombinant ChiG from A. thaliana is cold

sensitive

The FLAG-At strain exhibited a growth deficiency phenotype in comparison to WT
when grown photoautotphically or photoheterotrophically on BG11 agar at a lower
temperature of 20 °C, temperatures more likely to be experienced by cells in their
natural environment. The biochemical mechanisms behind this observation are yet to
be studied. One possibility is that the mutant strain is unable to adapt to a drop in
temperature due to the lack of an interaction between FLAG-At and HIiD and/or Ycf39.
Ycf39 has been shown to be significantly upregulated in response to cold stress (22 °C)
in Synechocystis suggesting that it perhaps has a role in adaption of the cell to cold
stress (Kopf et al., 2014; Suzuki et al., 2001). Recently, a Synechocystis AhliC mutant
was found to be sensitive to cold and high-light stress (Shukla et al., 2018b). The study
showed that HIiC is upregulated under cold/high-light conditions and binds to the PSI
associated ChlG complex by forming a dimer with the HIiD component of the complex.
This causes the ChlG complex to dissociate and release Ycf39. The authors speculate
that Ycf39 forms a complex with HIiD/HIiC heterodimers and together bind to PSII
assembly intermediates, protecting them from photodamage. Meanwhile, the ChlG-
HIiD/HIIC complex participates in the re-utilisation of the Chl released during PSI|
repair, perhaps channelling them to PSI monomers for storage. Applying this scenario
to the FLAG-At strain, the lack of an interaction between FLAG-At ChlG and HIiD/Ycf39
could prevent the switch from de novo Chl synthesis to Chl recycling during times of
cell stress, resulting in the growth phenotype observed. However, further work is
required to better understand the role of Ycf39 and HIiPs within the ChlG complex, in

particular during times of cell stress.

3.5 Future work

The results from this study have indicated that the ChIG-YidC interaction, native to
cyanobacteria, is likely conserved in plants and algae. It is possible that, although HIiD

and Ycf39 did not co-purify with the plant and algal ChlG in the heterologous host,
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other proteins may bind to these ChlG homologs within their native organisms.
However, this has yet to be conclusively demonstrated by retrieval of an equivalent
complex from a higher photosynthetic organism. ChlG from A. thaliana will be purified
from the thylakoid fraction by immunoprecipitation using ChlG antibodies and
analysed for any interaction partners by SDS-PAGE and mass spectrometry. This could
also be achieved by encoding a FLAG-tagged ChIG within the A. thaliana genome
followed by immunoprecipitation experiments, analgous to the method described in

this study with Synechocystis.

Although FLAG-7002 produced in Synechocystis could form the native Synechocystis
ChlG complex, suggesting the complex is conserved in cyanobacteria, an equivalent
complex in Syn 7002 has never been reported. A similar experiment to FLAG
immunoprecipitations has been attempted, whereby a gene encoding His-tagged Syn
7002 was cloned into the pAQ1EX-Pcpc vector (Xu et al., 2011) was expressed in Syn
7002. However, no recombinant protein was isolated from these cells by Ni** IMAC
and subsequent analysis showed that the plasmid copy of the gene rapidly acquired
frame-shift mutations and deletions, indicating that high-level production of ChlG
from the strong cpcA promoter was deleterious to the cell. The purification of Syn 7002
ChIP was achieved using the same vector approach, indicating that the problem is
specific to ChlG. As such, FLAG-tagging the native chlG gene within the Syn 7002

genome, followed by FLAG pulldown experiments, should be attempted next.

The FLAG-At strain exhibited a defective growth phenotype when cultured on plates
at 20 °C. The same phenotype has not yet been tested in liquid cultures of this strain.
The method described by Shukla, Jackson, et al. (2018), in which a Synechocystis AhliC
mutant was exposed to high-light (600 pmols photons s m2) and temperatures of 18
°Cin liquid culture, could be applied to the FLAG-At strain. The cold shocked cells could
then be analysed for Chl precursor concentrations and PSI/PSII levels to try and

elucidate the reasons for the arrested growth phenotype.
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Chapter 4: Xanthophylls mediate the interaction between chlorophyll synthase and

high-light inducible protein D in the cyanobacterium Synechocystis sp. PCC 6803

4.1 Summary

In Synechocystis, the terminal enzyme of the chlorophyll biosynthesis pathway,
chlorophyll synthase (ChIG), forms a protein-pigment complex with a high-light
inducible protein D (HIiD), chlorophyll a (Chl) and the carotenoids zeaxanthin,
myxoxanthophyll and B-carotene. HIiD binds B-carotene and Chl in a 3:1 ratio,
whereas, the zeaxanthin and myxoxanthophyll are only present in the ChIG-HIiD
complex. These two pigments are speculated to be located at the interface between
ChlG and HIiD and to mediate their interaction. To test this theory, the carotenoid
biosynthesis pathway was perturbed at the point of zeaxanthin and myxoxanthophyll
production by deletion of the gene crtR from a strain of Synechocystis containing an
N-terminal FLAG-tagged chlG gene. FLAG-ChIG was immunoprecipitated from the
AcrtR mutant and analysed for HIiD binding by immunoblot. The eluate exhibited a
significant reduction in the concentration of HIiD and contained a new carotenoid, the
myxoxanthophyll precursor deoxy-myxoxanthophyll, which accumulated in this strain.
Subsequent removal of this pigment by deletion of the gene cruF from the AcrtR
background abolished the ChIG-HIiD interaction completely in the resulting
AcrtR/AcruF strain, confirming the role of zeaxanthin and/or myxoxanthophyll in
mediating the formation of the ChIG-HIiD complex. Abolishing the synthesis of only
myxoxanthophyll, by generation of a AcruF single mutant, restored the association of
HIiD and ChlG to levels comparable to WT, indicating that zeaxanthin alone was
capable of facilitating this interaction. Analysis by gel filtration showed that these
FLAG-ChlG complexes rearranged into larger assemblies as the pigment and HIiD

content of the eluates decreased.
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4.2 Introduction

In the model cyanobacterium Synechocystis sp. PCC 6803 (hereafter Synechocystis),
chlorophyll synthase (ChlG) associates with high-light inducible proteins (Hlips) C and
D (HIiC and HIiD), the PSIl assembly factor Ycf39 and the YidC/Alb3 insertase, forming
the ChlG-YidC-HIiD-HIiC-Ycf39 complex (hereafter ChlG complex) (Chidgey et al.,,
2014). The ChlG complex contains Chl and carotenoids in the approximate molar ratio
Chl (6): zeaxanthin (3/2.1): B-carotene (1/1.1): myxoxanthophyll (1/0.6) (Chidgey et al.,
2014; Niedzwiedzki et al., 2016). HIiD and HIiC bind Chl a and B-carotene in a 3:1
(Niedzwiedzki et al., 2016; Staleva et al., 2015) and 2:1 (Shukla et al., 2018a) ratio
respectively. It has been demonstrated that it is the B-carotene bound to the Hlips that
acts as the quencher of excited Chl a in the ChlG-HIIC/D complex, with
myxoxanthophyll and zeaxanthin proposed to bind at the interface between ChlG and
HIiD/C (Niedzwiedzki et al., 2016); specific removal of Ycf39, which itself does not bind
pigments, does not alter the pigment composition of the complex (Knoppova et al.,
2014; Proctor et al., 2018; Shukla et al., 2018b). The heterologous production and
purification of plant, Arabidopsis (A.) thaliana, and algal, Chlamydomonas (C.)
reinhardti, ChlG homologs in Synechocystis demonstrated that these enzymes are
functional, allowing deletion of the otherwise essential native ch/G gene (Proctor et
al., 2018) (Chapter 3). However, these eukaryotic enzymes did not co-
immunoprecipitate with HIiD or carotenoids, strengthening the hypothesis that the
interaction between cyanobacterial ChIG and HIID is mediated by
zeaxanthin/myxoxanthophyll. Both A. thaliana and C. reinhardtii synthesise
zeaxanthin (Lohr et al., 2005; Ruiz-Sola and Rodriguez-Concepcién, 2012) but

myxoxanthophylls are uniquely found in cyanobacteria (Graham and Bryant, 2009).

In phototrophs, carotenoids are important for light harvesting, photoprotection of Chl
pigments, and structural stabilisation of proteins and membranes (Frank and Cogdell,
1996). For example, in cyanobacteria all-trans B-carotene is an important component
of both photosystem | (Jordan et al., 2001) and photosystem Il (Umena et al., 2011),
and the Synechocystis PSI trimeric supercomplex has recently been shown to contain

72 carotenoids, with 7 echinenones, 4 zeaxanthins, 2 canthaxanthins, and one 3'-
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hydroxyechinenone in addition to 58 B-carotenes (Malavath et al., 2018). B-carotene
is also present in the cytochrome bsf complex of oxygenic phototrophs (Kurisu et al.,
2003). Keto-carotenoids (e.g. echinenone, 3'-hydroxy-echinenone and cantaxanthin)
are essential for nonphotochemical dissipation of excess energy from phycobilisomes

(PBS) by the water-soluble orange carotenoid protein (OCP) (Kerfeld et al., 2017).

Cyanobacterial carotenoids are Cao molecules synthesised from 8 isoprene molecules.
Synechocystis accumulates four major carotenoid species, B-carotene, and the
xanthophylls, zeaxanthin, myxoxanthophyll and echinenone (Lagarde and Vermaas,
1999), and can also produce 3'-hydroxychinenone, cantaxanthin and synechoxanthin
(x,x-caroten-18,18'-dioic acid) (Graham and Bryant, 2008). An overview of the
cyanobacterial carotenoid biosynthesis pathway is presented in Figure 4.1. The
products of the MEP (2C-methyl-D-erythritol 4-phosphate)/non-mevalonate pathway,
the isoprene isomers isopentyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP), are first condensed by geranylgeranyl pyrophosphate synthase (GGDS; CrtE)
to form geranyl diphosphate (GPP).

Condensation of GGP with two additional IPP units (catalysed by GGDS) forms the
major carotenoid precursor geranylgeranyl diphosphate (GGPP), two molecules of
which are condensed by phytoene synthase (CrtB) (Martinez-Férez et al., 1994) to
produce 15-cis-phytoene. The sequential activities of phytoene desaturase (CrtP)
(Martinez-Férez and Vioque, 1992), (-carotene isomerase (Z-1SO) (Chen et al., 2010)
and C-carotene desaturase (CrtQ) (Breitenbach et al., 1998) catalyse the introduction
of four double bonds and an isomerisation, dehydrogenating 15-cis-phytoene to
7,9,7’,9’-tetra-cis-lycopene, which is subsequently converted to all-trans lycopene by
prolycopene isomerase (CrtH) (Masamoto et al., 2001). Lycopene is cyclised by the
lycopene cyclases, CruA and CruP (Maresca et al., 2007; Xiong et al., 2017), forming y-
carotene and [B-carotene; B-carotene can be further converted to zeaxanthin or
echinenone by B-carotene hydroxylase (CrtR) (Masamoto et al., 1998) or B-carotene
ketolase (CrtO) (Fernandez-Gonzdlez et al., 1997), while pB-carotene
desaturase/methyltransferase (Cruk) catalyses the first dedicated step in

synechoxanthin biosynthesis (Graham and Bryant, 2008).
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Cyanobacteria also produce monocyclic myxoxanthophylls glycosylated with different
sugar moieties at the C-2'-hydroxyl group of the { end of myxol (3’,4’-didehydro-1’,2'-
dihydro-B,{-carotene-3,1’,2'-triol) (Graham and Bryant, 2009). The C-1'-hydroxylase
CruF first catalyses the hydroxylation of the tertiary carbon of the { end of y-carotene,
forming 1'-hydroxy-y-carotene that is converted into 3-dehydroxymyxol
(plectaniaxanthin) by introduction of 3',4’ double bond and a 2'-OH group by an
unidentified biochemical pathway. CrtR then acts on 3-dehydroxymyxol to produce
myxol, which is glycosylated at the 2’ position hydroxyl group by 2'-O-
glycosyltransferase (CruG) to form myxoxanthophyll (Graham and Bryant, 2009). The
myxoxanthophyll species produced in Synechocystis is myxol-2" dimethylfucoside
(Takaichi et al., 2001), thus at least one methyltransferase is also required in this

organism.

In order to investigate the role of the non-quenching xanthophylls in the
cyanobacterial ChlG-HIiD-Ycf39-YidC complex, a series of mutant strains with altered
carotenoid contents were generated; a B-carotene hydroxylase (AcrtR; sll1468) null
mutant that cannot synthesise myxoxanthophyll or zeaxanthin but can still produce B-
carotene and echinenone along with a new carotenoid species, 3-dehydroxy-
myxoxanthophyll (deoxy-myxoxanthophyll) (Lagarde and Vermaas, 1999). Deletion of
sll0814, which encodes a homologue of the Synechoccocus sp. PCC 7002 (Syn 7002) C-
1’-hydroxylase (CruF) that catalyses the first committed step in myxoxanthophyll
biosynthesis (Graham and Bryant, 2009), resulted in a strain that specifically lacks
myxoxanthophyll but still makes zeaxanthin, B-carotene and echinenone. Finally, a

double AcrtR/AcruF mutant that only makes B-carotene and echinenone was analysed.
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Figure 4.1: Carotenoid biosynthesis in Synechocystis. The genes targeted for deletion in this
study, crtR and cruF, are boxed in red. crtR catalyses three reactions, producing zeaxanthin
from B-carotene, 3’-hydroxyechinenone from echinenone and myxol from plectainaxanthin.
cruF catalyses the first myxol biosynthesis specific reaction, producing 1’-hydroxy-Y-carotene

from Y-carotene. Purple boxes indicate sites of chemical modification of the carotenoid.
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4.3 Results

4.3.1 Deletion of the crtR gene from Synechocystis abolishes synthesis of

myxoxanthophyll and zeaxanthin

In order to investigate the role of xanthophylls as constituents of the ChlG complex,
the synthesis of zeaxanthin and myxoxanthophyll was abolished in the FLAG-chlG
AchlG (hereafter FLAG-chlG) strain (details of this strain are presented in chapter 3).
This was achieved by deletion of the crtR gene encoding the enzyme B-carotene
hydroxylase, which converts B-carotene to zeaxanthin and myxol from 3-
dehydroxymyxol during the synthesis of myxoxanthophyll. The central 555 bp of the
939 bp crtR gene (sll1468) was replaced with an erythromycin-resistance cassette
(eryR) in the FLAG-ch/G background using a linear mutagenesis construct generated by
OLE-PCR (Figure 4.2A). Segregation of genome copies was achieved by sequential

plating with increasing antibiotic concentration and confirmed by PCR (Figure 4.2B).

Pigments from FLAG-chlG AcrtR whole cells (hereafter AcrtR) were extracted and
analysed by reverse-phase HPLC (Figure 4.3A) in comparison to the FLAG-chlG (Figure
4.3B). Pigments were identified by their absorbance spectra (Figure 4.3C). Comparison
of the AcrtR carotenoid profile to that of the FLAG-chl/G parent strain showed two
pigments eluting at 9.5 and 10.5 minutes in the FLAG-ch/G sample that were not
present in AcrtR. These corresponded to myxoxanthophyll and zeaxanthin,
respectively, confirming that the synthesis of these two carotenoids was prevented in
the AcrtR strain. However, the AcrtR profile showed the accumulation of a new
carotenoid species, previously identified as deoxy-myxoxanthophyll (myxoxanthophyll
lacking the hydroxyl group on the B-ring) (Graham, 1998; Lagarde and Vermaas, 1999).
The production of deoxy-myxoxanthophyll in the AcrtR strain indicates that the 2'-O-
glycosyltransferase (CruG) can glycosylate the hydroxyl group at the 2’ position of 3-
deoxy-myxol, and CrtR can subsequently act on 3-deoxy-myxoxanthophyll.
Furthermore, as the Syn 7002 AcruG mutant accumulates myxol (Graham and Bryant,
2009), CrtR can also add a hydroxyl group to the non-glycosylated 3-deoxy-

myxoxanthophyll analogue 3-deoxy-myxol.
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Figure 4.2: Deletion of crtR from the FLAG-chlG AchlG strain. (A) The crtR gene was partially
replaced by an erythromycin resistance cassette using a linear mutagenesis construct
containing regions homologous to the crtR upstream and downstream regions within the
Synechocystis genome. (B) Complete segregation at the crtR locus was confirmed by PCR with

primers flanking the integration site.
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Figure 4.3: Analysis of the pigment content of FLAG-chlG AchlG (A) and FLAG-chlG AchlG
AcrtR (B) strains. Pigments were extracted in methanol and separated by reverse-phase HPLC.
(A) Myxoxanthophyll (Myx), zeazanthin (Zea), B-carotene (B-car) and chlorophyll (Chl) were all
present within the FLAG-chlG AchlG strain. (B) Myx and Zea were absent from the AcrtR strain
and deoxy-myxoxanthophyll (D-Myx) accumulated. (C) Pigments were identified by their

retention time and absorbance spectra.

4.3.2 Deletion of crtR significantly impedes the formation of the ChlG-HIiD complex

To analyse the effects of abolishing the synthesis of myxoxanthophyll and zeaxanthin
on the ChlG complex, FLAG-ChIG was purified from the AcrtR background by FLAG
immunoprecipitation alongside a FLAG-ch/G control. The eluate from the AcrtR strain
was not coloured to the naked eye and the absorbance spectra revealed a clear
reduction in pigmentation, especially in the carotenoid region, compared to the visibly

orange coloured eluate from the FLAG-chlG strain (Figure 4.4D).
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The eluates were separated by SDS-PAGE, and similar amounts of FLAG-ChIG were
clearly visible at approximately 30 kDa (Figure 4.4A). A band of slightly higher
molecular weight, visible in the FLAG-ch/G eluate but not in the AcrtR sample, is
tentatively assigned as Ycf39. Similarly, a band approximately 10 kDa in size that was
observed in the FLAG-ch/G eluate, attributed to HIiD, was absent from AcrtR. The
identities of these bands were confirmed by immunoblotting using the appropriate
antibodies (Figure 4.4B). Ycf39 was absent from the AcrtR mutant and the levels of
HIiD greatly diminished in comparison to the FLAG-ch/G. On the other hand, the
concentration of YidC within the AcrtR eluate appeared to be greater than in the FLAG-
chlG (Figure 4.4B) control. The absence of HIiD and Ycf39 in the AcrtR eluate could
have been due to the loss of these two proteins during the isolation process. However,
co-elution of HIiD and Ycf39 with the FLAG-ch/G control indicates that this is not the
case and that it is the loss of carotenoids that prevents the co-immunopreciptiation of
Ycf39 and HIiD with FLAG-ChIG when purified from the AcrtR strain. The concentration
of HIID in solubilised thylakoid membranes were comparable in both strains
demonstrating that accumulation of HIiD is unaffected by the deletion of crtR (Figure

4.4C).

Quantitative protein mass-spectrometry (Section 2.9.6.) was used to determine the
picomolar amounts of FLAG-ChIG, HIiD and Ycf39 in the eluates, allowing the
calculation and comparison of the ChlG:HIiD:Ycf39 stoichiometries between each
strain. The ChlG:HIiD:Ycf39 ratio changed from 1:1.83:0.24 in the presence of crtR to
1:0.46:0.03 when crtR was absent (Table 1), thus there is an approximately a 4-fold
decrease in HIiD and an 8-fold reduction in Ycf39 per ChiG.

The pigments in the AcrtR and FLAG-chlG eluates were extracted in an excess of
methanol and analysed by reverse-phase HPLC (Figure 4.5). The FLAG-ch/G sample
showed the expected profile with clear peaks for myxoxanthophyll, zeaxanthin, Chl
and B-carotene and a small amount of echinenone, analogous to the pigment profile
presented by Chidgey et al. (2014) (Figure 4.5A). Conversely, there was less Chl and B-

carotene in the AcrtR eluate, along with a trace amount of deoxy-myxoxanthophyll
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(Figure 4.5B) and a small amount of echinenone as before. These altered pigment

levels accompany the significant reduction in HIiD protein within the AcrtR eluate.

Taken together these data indicate that myxoxanthophyll and/or zeaxanthin are
important for facilitating the association of ChlG and HIiD. The myxoxanthophyll
precursor deoxy-myxoxanthophyll may be responsible for residual binding of HIiD,
although the level of this pigment was very low compared to myxoxanthophyll and
zeaxanthin in FLAG-ch/G. Alternatively, some HIID may bind to ChlG via B-

carotene/echinenone or independently of carotenoids.
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Figure 4.4: Purification of FLAG-ChIG from Synechocystis FLAG-chlG and AcrtR strains. (A)
FLAG-immunoprecipitation eluates were separated by SDS-PAGE and analysed by staining
with Coomassie Brilliant Blue. (B) Immunoblots using antibodies raised against 3xFLAG and
ChlG interaction partners YidC, Ycf39, and HIiD. (C) Immunodetection of HIiD in solubilised
thylakoid membranes prepared from cells grown under standard illumination. (D) Absorption

spectra of FLAG-immunoprecipitation eluates.
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Table 1: Quantification of FLAG-ChlG, HIiD and Ycf39 proteins in FLAG-ChIG
immunoprecipitation eluates. The solubilised membrane fractions from Synechocystis cells
expressing FLAG-chlG in FLAG-chlG and AcrtR backgrounds were used in immunoprecipitation
experiments and the proteins within the eluates quantified mass spectrometry. Picomolar
amounts of FLAG-ChIG, HIiD and Ycf39 were calculated by averaging the relative intensities of

the N and >N isotopomers of their respective proteotypic peptide ions.

Strain Protein Quantity (pmols + SD) Stoichiometry (ratio per 1
ChlG + propagated SD)
FLAG-chIG ChiG 155.18 + 1.01 1.00
HIiD 283.70 £ 57.53 1.82 £0.37
Ycf39 36.73 +12.47 0.24 £0.08
AcrtR ChiG 161.51 1+ 1.48 1.00
HIiD 73.29 + 19.66 045+0.12
Ycf39 4.86+2.10 0.03£0.01
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Figure 4.5: Analysis of the pigment content of immunoprecipitation eluates purified from
FLAG-chlG (A) and AcrtR (B) strains. Pigments were extracted in methanol and separated by
reverse-phase HPLC. (A) Myxoxanthophyll (Myx), zexzanthin (Zea), B-carotene (B-car),
echinenone (Ech) and chlorophyll (Chl) were all present within the FLAG-chlG strain. (B) Myx
and Zea were both absent from AcrtR strain and levels of chlorophyll and B-carotene were
significantly reduced in comparison to FLAG-chlG whereas the concentration of echinenone

was consistent. A small amount of deoxy-myxoxanthophyll (D-myx) was present.
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4.3.3 Deletion of the cruF gene from Synechocystis abolishes synthesis of

myxoxanthophyll

In order to determine whether myxoxanthophyll, zeaxanthin or both carotenoids are
required for mediating the association of ChlG with HIiD, it was necessary to selectively
abolish the synthesis of just one of these pigments. It is not possible to generate a
strain that makes myxoxanthophyll but not zeaxanthin as all the enzymes necessary
for zeaxanthin biosynthesis are also required to synthesise myxoxanthophyll (Figure
4.1). However, the reverse situation was achieved by deletion of cruF, allowing the
effect of the specific loss of myxoxanthophyll on the ChiG complex to be investigated.
The 912 bp cruF gene was deleted from the FLAG-ch/G background by replacing the
central 568 bp with the aadA gene from pCDFDuet-1 (Novagen) (Figure 4.6A).
Following segregation of genome copies by sequential plating on media with
increasing streptomycin concentration, successful deletion of cruF was confirmed by

PCR (Figure 4.6B).

The carotenoid content of the FLAG-ch/G AchlG AcruF mutant (hereafter AcruF) was
extracted from whole cells in excess solvent and analysed by reverse-phase HPLC in
comparison to the AcrtR and FLAG-chlG profiles (Figure 4.7). The carotenoid profiles
of the FLAG-chlG and AcrtR strains were as previously described. The AcruF mutant
contained carotenoids in comparable ratios to FLAG-chlG with the exception of
myxoxanthophyll, which was absent from the strain. This confirmed the successful

specific elimination of myxoxanthophyll synthesis from the AcruF mutant.
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Figure 4.6: Deletion of the cruF gene from the FLAG-chIG AchlG strain. (A) The cruF gene was
deleted from the FLAG-chIG AchlG background by partial replacement with a streptomycin
resistance cassette. (B) Complete segregation at the cruF locus was confirmed by PCR with

primers flanking the integration site.
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Figure 4.7: Analysis of the pigment content of FLAG-chlG AchlG (A) FLAG-chlG AchlG AcrtR
(B) and FLAG-chlG AchlG AcruF (C) strains. Pigments were extracted in methanol and
separated by reverse-phase HPLC. (A-B) The WT and AcrtR pigment profiles were comparable
to the profiles in Figure 4.8. (C) The AcruF elution profile did not contain any Myx but the ratio

of the other pigments was comparable to that of the FLAG-ch/G.

4.3.4 The interaction of ChlG and HIiD is unaffected by deletion of cruF

To analyse the effects of selectively removing myxoxanthophyll from the ChlG
complex, FLAG-ChIG was purified from the AcruF and AcrtR backgrounds. The
immunoprecipitation eluate from the AcrtR strain was not coloured, as observed
previously, but the AcruF eluate was orange to the naked eye. The absorbance spectra

of the AcruF eluate was comparable to that of the FLAG-ch/G strain (Figure 4.8C).
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The eluates from both strains were separated by SDS-PAGE and analysed for HIiD,
Ycf39 and YidC by immunoblotting, as described above. A clear band corresponding to
FLAG-ChIG was visible by SDS-PAGE in both samples, confirmed by immunoblotting
using anti-FLAG antibodies, however, the concentration of FLAG-ChIG in the AcruF was
approximately double that of AcrtR (Figure 4.8A and 4.8B). YidC was present in both
strains, indicating that the association of ChlG and YidC is not dependent on
carotenoids as previously surmised. The HIiD content of the AcruF eluate was
significantly higher than in AcrtR, with the HIiD levels being comparable to those of the
FLAG-chlG AchlG, whereas Ycf39 was detectable within the AcruF eluate although the
concentration appeared lower than in the FLAG-ch/G sample. However, the interaction
of Ycf39 with ChlG has been shown to be sensitive to the conditions in which the cells

are grown, e.g. light intensity, and so can vary between cultures (Proctor et al., 2018).

The pigment contents of the AcruF and AcrtR eluates were analysed by reverse-phase
HPLC (Figure 4.9). The profiles of the AcruF and FLAG-chlG samples were similar,
shown in Figure 4.5A, with the exception of a missing myxoxanthophyll peak (Figure
4.9B). A zeaxanthin peak was prominent, demonstrating the continued association of
this pigment with the ChlG complex independent of the presence of myxoxanthophyll.
A large B-carotene peak was also observed, indicative of the presence of HIiD in
agreement with the immunoblot analysis. It can be concluded that zeaxanthin alone is
capable of mediating the formation of the ChIG-HIiD complex and is capable of

remaining associated to the ChIG-HIiD complex in the absence of myxoxanthophyll.
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Figure 4.8: Purification of FLAG-ChIG from Synechocystis AcrtR and AcrufF strains. (A) FLAG-
immunoprecipitation eluates were separated by SDS-PAGE and analysed by staining with
Coomassie Brilliant Blue. (B) Immunoblots using antibodies raised against 3xFLAG and ChIG
interaction partners YidC, Ycf39, and HIiD. (C) Absorption spectra of FLAG-

immunoprecipitation eluates.
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Figure 4.9: Analysis of the pigment content of immunoprecipitation eluates purified from
the AcrtR (A) and AcruF (B) strains. Pigments were extracted in methanol and separated by
reverse-phase HPLC. (A) Myx and Zea were absent and D-Myx was present in the AcrtR eluate
as previously observed. (B) Myx was absent but Zea present in the AcruF strain and levels of

B-car were comparable that of the FLAG-ch/G strain.

4.3.5 A Synechocystis AcrtR/AcruF mutant cannot synthesise zeaxanthin,

myxoxanthophyll or deoxy-myxoxanothophyll

The results described so far demonstrate that the absence of zeaxanthin and
myxoxanthophyll in a AcrtR mutant perturbs the association of ChlG with HIiD.
However, the immunoprecipitate obtained from the AcrtR strain still contained a small
amount of HIiD, indicating that the ChIG-HIiD complex could still form to a lesser extent
in this strain. This was considered to be most likely due to the accumulation of the
myxoxanthophyll precursor deoxy-myxoxanthophyll. To confirm that this pigment was
responsible for the residual HIiD binding, it was necessary to prevent the accumulation
of deoxy-myxoxanthophyll in the AcrtR strain, so cruF was deleted from this
background, generating the strain FLAG-chlG AcrtR AcruF (hereafter AcrtR/AcrufF)
(Figure 4.10). This strain, in addition to being unable to synthesise zeaxanthin or

myxoxanthophyll, no longer accumulated deoxy-myxoxanthophyll (Figure 4.11).
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Figure 4.10: Deletion of the cruF gene from the FLAG-chlG AchlG AcrtR strain. (A) The cruF
gene was deleted from the FLAG-chlG AchlG AcrtR background by partial replacement with a
streptomycin resistance cassette usng a linear mutagenesis construct. (B) Complete
segregation at the cruF (left) and crtR (right) locus was confirmed by PCR with primers flanking

the integration site.
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Figure 4.11: Analysis of the pigment content of AcrtR/AcrufF strain. Pigments were extracted
in methanol and separated by reverse-phase HPLC. Myx, Zea and D-Myx were absent from the

strain.

4.3.6 The interaction between ChIG and HIiD is completely abolished in the

absence of myxoxanothophyll, deoxy-myxoxanthophyll and zeaxanthin

To analyse the effects of preventing the synthesis of zeaxanthin, myxoxanthophyll and
deoxy-myxoxanthophyll, the FLAG-ch/G complex was purified from the AcrtR/AcruF
background. The immunoprecipitation eluate was not coloured to the naked eye and
the absorbance spectra revealed that there was a clear reduction in the pigment
content in comparison to the FLAG-chl/G and AcruF eluates described previously, with
levels even lower than that of the AcrtR strain (Figure 4.12D). The pigments were
extracted from the AcrtR/AcruF eluate and analysed by reverse-phase HPLC (Figure
4.13). The profile revealed that a small amount of B-carotene remained in the eluate

although deoxy-myxoxanthophyll was absent as expected.

The AcrtR/AcruF eluate was separated by SDS-PAGE and analysed by immunoblot,
probing for FLAG-ChIG and HIiD (Figure 4.12A and 4.12B). FLAG-ChIG was present in
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the AcrtR/AcruF eluate although there appeared to be a slight reduction in size
between the FLAG-ChIG proteins from the AcrtR mutant, and in particular the double
AcrtR/AcruF mutant, both of which have significant xanthophyll deficiencies.
Immunoblot analysis failed to detect HIiD from the AcrtR/AcruF eluate in contrast to
the WT and AcruF samples, which were similar, and the AcrtR eluate that contained a
significantly reduced but detectable quantity of HIiD. To rule out the possibility that
HIiD does not accumulate in the AcrtR/AcruF mutant, thylakoid membranes from this
strain were prepared as described in Section 2.11.1 and analysed for HIiD by
imunnoblot (Figure 4.12C). A positive immunoblot singal was attained from the
AcrtR/AcruF sample in addition to positive signals for FLAG-chlG, AcrtR and AcruF

strains, indicating that HIiD production is unaffected in these backgrounds.

Considering all of the data presented thus far, zeaxanthin is capable of independently
mediating the association of ChlG with HIiD. However, it is likely that myxoxanthophyll
may also be capable of mediating this association to some extent, given the fact that
a small population of HIID remains bound to ChiIG when the myxoxanthophyll
precursor deoxy-myxoxanthophyll accumulates in the cell and that in the absence of
deoxy-myxoxanthophyll no HIID is detected in the FLAG-ChlG eluate by

immunoblotting.
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Figure 4.12: Purification of FLAG-ChIG from the AcrtR/AcruF strain. (A) FLAG-
immunoprecipitation eluates from FLAG-ch/G AchlG, FLAG-chlG AchlG AcrtR (AcrtR), FLAG-chlG
AchlG AcruF (AcruF) and FLAG-chlG AchlG AcrtR AcruF (AcrtR/AcruF) were separated by SDS-
PAGE and analysed by staining with Coomassie Brilliant Blue. (B) Immunoblots using
antibodies raised against 3xFLAG and HIiD. (C) Thylakoid membranes were solubilised in B-
DDM and analysed for HIiD content by immunoblot. (D) Absorption spectra of FLAG-

immunoprecipitation eluates.
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Figure 4.13: Analysis of the pigment content of the AcrtR/AcruF immunoprecipitation eluate.
Pigments were extracted in methanol and separated by reverse-phase HPLC. (A) Myx, Zea and

D-Myx were absent.

4.3.7 The absence of carotenoids and HIiD results in high molecular weight FLAG-

ChIG sub-complexes

The FLAG immunoprecipitation eluates obtained from the FLAG-ch/G AchlG, AcruF,
AcrtR and AcruF/AcrtR strains were separated by HPLC gel filtration chromatography,
monitoring absorbance at 280 nm (for protein) and 440 nm (for carotenoids) (Figure
4.14). The HPLC profiles of the samples changed significantly, with the protein
component of the eluates eluting earlier as the carotenoid content decreased. The
FLAG-chlG and AcruF samples (Figure 4.14A and 4.14B) contained the highest
concentration of carotenoids, compared to AcrtR and AcrtR/AcruF (Figure 4.14C and
4.14D), in which most of the protein eluted in the void volume. The FLAG-chl/G complex
eluted in three distinct peaks, whereas an additional fourth peak appeared earlier in
the HPLC profile in the AcruF sample, at ~6.4 ml. This protein peak did not co-elute
with carotenoids and increased in intensity within the AcrtR profile, becoming the

major peak in the AcrtR/AcruF sample. The shift in the protein absorbance profile is
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representative of a reorganisation of the ChlIG complex into higher molecular weight
species in response to decreasing carotenoid and/or HIiD binding. The gel filtration
fractions corresponding to protein peaks were collected and analysed by
immunoblotting using antibodies raised against the FLAG-tag. The immunoblots
revealed a shift of the FLAG-ChIG protein containing fractions in agreement with the

280 nm elution profile.
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Figure 4.14: Gel filtration of the FLAG-ChIG eluates from the different carotenoid mutants.
HPLC gel filtration chromatography separation of purified FLAG-ChlG complexes from
Synechocystis FLAG-chlG AchlG (FLAG-chlG), FLAG-chlG AchlG AcruF (AcruF), FLAG-chlG AchlG
AcrtR (AcrtR) and FLAG-chlG AchlG AcruF AcrtR (AcruF/AcrtR) strains. Elution of pigment and
protein were monitored at 440 (red line) and 280 (black line) nm respectively. Immunoblot
analyses of the FLAG-ChIG content of the HPLC elution fractions, using an anti-FLAG antibody,

are shown below the traces.
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4.4 Discussion

4.4.1 Zeaxanthin and myxoxanthophyll facilitate the interaction between ChlG and

HIiD

The carotenoids myxoxanthophyll and zeaxanthin bind to ChlG and were hypothesised
to mediate the association of HIiD with ChIG, forming the ChIG-HIiD ‘core’ complex in
Synechocystis (Chidgey et al., 2014; Staleva et al., 2015). To test this hypothesis, the
synthesis of these carotenoids was prevented in Synechocystis strains containing an N-
terminally FLAG-tagged ChlG protein that was used as bait in immunoprecipitation
experiments, and the resulting eluate was analysed for HIiD content by

immunodetection.

Removal of both zeaxanthin and myxoxanthophyll by deletion of crtR resulted in a
significant reduction in HIiD binding to ChIG, possibly caused by the accumulation of
the glycosylated CrtR substrate deoxy-myxoxanthophyll, which lacks the hydroxyl
group on the B-ring. A small amount of this precursor was present within the FLAG-
ChlG immunoprecipitate purified from the AcrtR strain. The similarity of this
carotenoid to myxoxanthophyll suggests that it enabled the binding of the small
amount of HIiD to the FLAG-ChIG protein, detected by immunoblot. To test whether
this pigment was responsible for the residual ChlG-HIiD complexion, the crufF gene was
deleted from the AcrtR background, producing a AcrtR/AcruF double mutant that was
not capable of synthesising zeaxanthin, myxoxanothophyll or deoxy-myxoxanthophyll.
HIiD was not detectable by immunoblot in the FLAG-ChIG complex purified from this
background, indicating that deoxy-myxoxanthophyll is responsible for the residual

ChlG-HIiD interaction.

The residual B-carotene and Chl within the FLAG-ChlG immunoprecipitate purified
from the AcrtR/AcruF strain would normally signify the presence of HIiD. However, no
HIiD was detected in the immunoprecipitation eluate by immunoblot. ChlG itself likely
contains residual Chl, or its substrate Chlide, within the active site of the enzyme but
has not been shown to bind any alternate pigments (Chidgey et al., 2014; Shukla et al.,
2018a). HIiC co-purifies with FLAG-ChIG and has been shown to bind both Chl and B-
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carotene in a 2:1 ratio (Chidgey et al.,, 2014; Shukla et al., 2018a). However, the
interaction of HIiC with ChlG appears to be dependent upon the presence of HIiD, and
so is unlikely to be responsible for the residual B-carotene observed in the AcrtR/AcruF
eluate (Shukla et al., 2018b). ChlG has also been documented to co-purify with small
amounts of PSI momomer (Chidgey et al., 2014; Shukla et al., 2018b). Cyanobacterial
PSI contains 22 B-carotene and 96 Chl a molecules (Wang et al., 2004). Although no
experiments were performed in order to detect the presence of PSI within the FLAG-
ChlG complex purified from the AcrtR/AcruF background, it is likely that this accounts
for the residual B-carotene remaining in the eluate and contributes to the signal

produced by Chl, a hypothesis which should be tested in future experiments.

Taken together, it can be concluded that zeaxanthin and/or myxoxanthophyll
mediates the formation of the ChlG-HIiD ‘core’ complex in Synechocystis. Whether or
not carotenoids facilitate formation of the ChIG-HIiD complex in other cyanobacteria
remains to be seen. All cyanobacteria contain homologs of HIiD, however, the various
species of cyanobacteria make different carotenoids. For example, Synechococcus sp.
PCCC 7002 synthesises a different species of myxoxanthophyll called myxol-2’
fucoside, whereas, Synechocystis makes myxol-2" dimethylfucoside (Graham and
Bryant, 2009). It is likely that myxol-2’ fucoside could mediate an equivalent ChiG-HIiD
interaction in Synechococcus sp. PCC 7002, consistent with the results of the previous
chapter where heterologously produced FLAG-7002 ChlG co-immunoprecipitates with
the same protein-pigment complex as the native Synechocystis enzyme (Proctor et al.,
2018). In plants, an interaction of ChlG with the plant equivalents of Hlips, one helix
proteins (OHPs), has not been demonstrated despite recent investigation (Hey and
Grimm, 2018). Furthermore, the Arabidopsis thaliana and algal Chlamydomonas
reinhardtii FLAG-ChIG proteins, when heterologously expressed in Synechocystis, were
found not to bind either HIiD or carotenoids (Proctor et al., 2018) (Chapter 3). It is
possible therefore that a carotenoid mediated interaction between ChlG and HIiD is

limited to cyanobacteria.
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4.4.2 Zeaxanthin is able to mediate the ChIiG-HIiD interaction in the absence of

myxoxanthophyll

The ChlG-HIiD interaction could be mediated by either zeaxanthin or myxoxanthophyll
alone, or both may be required together for the complex to form. The selective
removal of each of these pigments in turn would have been a means to determine this.
Unfortunately, it is not possible to generate a Synechocystis strain that does not
produce myxoxanthophyll but continues to synthesise zeaxanthin (Figure 4.1).
However, a mutant Synechocystis strain that produces zeaxanthin but not
myxoxanthophyll was generated by deletion of the gene cruF, enabling the effects of
the specific loss of myxoxanthophyll on the ChlG complex to be examined. This strain
was found to retain the association of ChlG and HIiD in levels comparable to that of
WT. As such, it can be concluded that zeaxanthin alone is enough to facilitate the
formation of the ChIG-HIiD complex. However, the possibility that myxoxanthophyll
can also independently mediate the ChIG-HIiD interaction cannot be dismissed.
Considering the fact that small quantities of the myxoxanthophyll precursor, deoxy-
myxoxanthophyll, enabled residual amounts of HIiD to remain associated to ChlG in
the AcrtR strain, it is possible that this is the case. Although this is yet to be conclusively
demonstrated, it can be speculated that there is a degree of redundancy in the
function of myxoxanthophyll and zeaxanthin within the ChlG complex, with either
carotenoid being able to facilitate the binding of HIiD to ChlG independent of the
other. The precise binding sites, binding constants and stoichiometries of these
carotenoids to the ChlG complex have also yet to be established. If the roles of
zeaxanthin and myxoxanthophyll overlap, there may not be independent binding sites
for each pigment; individual ChlG enzymes could instead arbitrarily bind these

carotenoids within the cell.
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4.4.3 Ycf39 cannot bind ChlG in the absence of zeaxanthin/myxoxanthophyll and
HIiD

The putative short chain alcohol dehydrogenase protein, Ycf39, associates with ChlG
in Synechocystis (Chidgey et al., 2014). The function of Ycf39 within the ChlG complex
has yet to be determined; however, it has been shown to form a separate complex
with HIiD that is involved in the assembly of PSIlI (Knoppova et al., 2014). Ycf39 has
been shown to be lost from the ChIG complex when the Synechocystis cells are
subjected to high-light stress (Proctor et al., 2018). The mechanism behind this loss
has recently been uncovered. Under high-light stress, the high-light inducible protein
C (HIiC) is upregulated and binds to the ChlG complex via HIiD, causing Ycf39 to
dissociate from the complex and leaving it free to form a new complex with a HIiC/HIiD
heterodimer. The Ycf39-HIiC-HIiD complex can bind to PSII assembly intermediates

and photoprotect them during the PSIl assembly/repair process (Shukla et al., 2018b).

In the present study, the ChIG-HIiD interaction, abolished by the inhibition of
myxoxanthophyll and zeaxanthin biosynthesis, was accompanied by the simultaneous
loss of Ycf39 from the ChlG complex. HIiC cannot directly bind to ChIG but instead
interacts by forming a heterodimer with the HIiD component, triggering the
dissociation of Ycf39 (Shukla et al., 2018b). Without HIiD, the HIiC protein is
presumably absent from the FLAG-ChIG complex purified from the AcrtR/AcruF strain,
although this was not confirmed and should be investigated in future work. It is
therefore likely that the interaction of Ycf39 with ChlG is dependent on the presence
of HIiD, as postulated previously (Proctor et al., 2018). It follows that HIiC/Ycf39
dependent remodelling of the ChlG complex in response to high-light stress are also

absent in the AcrtR/AcruF strain.

4.4.4 Abolishing the binding of HIiD to ChlG remodels the ChlG complex

Analysis of the FLAG-ChIG eluates purified from the WT, AcruF, AcrtR and AcruF/AcrtR
strains showed a rearrangement of the ChlG complexes as their carotenoid and HIiD

content decreased, progressively forming larger sub-complexes that eluted earlier
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during size-exclusion chromatography separation. The progressive loss of HIiD from
the complexes purified in this study may cause oligomerisation of ChlG into the higher
molecular weight complexes, or ChlG may associate more with PSI in the absence of
xanthophylls/Hlips. Alternatively, the YidC component of the complex may associate
with higher frequency to the ‘naked’ ChlG proteins, increasing the molecular weight.
Further analysis of the gel filtration fractions by immunoblots targeting HIiD, YidC and
Ycf39 would further shed light on the change in composition of the ChlG complexes as

xanthophyll carotenoids are removed.

4.5 Future work

To supplement the immunoblot analysis of these complexes from the carotenoid
deficient mutants, precise quantification of the protein constituents of ChIG
complexes purified from the AcruF and AcrtR/AcruF strains should be performed by
mass spectrometry to enable comparison with the existing data for WT and AcrtR

eluates presented in this chapter (Table 1).

The carotenoids bound to HIiD have been shown to be able to quench light absorbed
by the ChlG complex and have been hypothesised to confer photoprotection
(Niedzwiedzki et al., 2016). The effect of light on the enzyme activity of the FLAG-ChIG
complexes purified with and without bound carotenoids and HIiD should be tested.
This could be achieved by purifying the FLAG-ChIG complexes from WT and
AcrtR/AcruF Synechocystis strains followed by measuring the enzyme kinetics of the

eluate in both light and dark conditions.

Although it was not possible to selectively abolish the synthesis of zeaxanthin from
Synechocystis, the reverse scenario was achieved resulting in a strain specifically
lacking myxoxanthophyll. The absence of myxoxanthophyll appeared to have no
impact on the ChlG complex which remained associated with HIiD, demonstrating that
zeaxanthin alone is able to mediate the formation of the ChlG-HIiD complex. Whether
or not myxoxanthophyll can also mediate this interaction independently of zeaxanthin

remains to be seen. As the generation of a ChlG complex containing myxoxanthophyll
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but not zeaxanthin cannot be achieved in vivo, the in vitro reconstitution of the ChlG-
HIiD interaction by provision of exogenous myxoxanthophyll to solubilised membranes
from the AcrtR/AcruF strain will be attempted. The FLAG-ChIG bait protein can then
be immunoprecipitated to see if HIiD co-purifies. Controls using zeaxanthin can also

be performed.

Previous data suggest that a ChlG-HIiD complex is also present in Synechococcus sp.
PCC 7002 and is mediated by carotenoids (Proctor et al., 2018), but this was based on
heterologous production of the Synechococcus sp. PCC 7002 ChIG in Synechcystis and

should be confirmed in vivo.

A AhliC Synechocystis mutant has been shown to exhibit an increased sensitivity to
high-light and cold stress since the HIiC dependent remodelling of the ChlG complex is
absent in these cells (Shukla et al., 2018b). In the present study, the prevention of
zeaxanthin and myxoxanthophyll biosynthesis in a AcrtR/AcruF Synechocystis mutant
resulted in the loss of HIiD, Ycf39 and presumably HIiC from the ChlG complex. The
remodelling of the ChlG complex by HIiC is therefore also likely to be abolished.
Exposure of this strain to high-light growth conditions, in a fashion analogous to the
experiments described in Shukla, Jackson, et al. (2018), should be performed in order
to analyse any potential phenotype exhibited by this mutant. It is worth noting,
however, that the effects of abolishing zeaxanthin and myxoxanthophyll biosynthesis
in this mutant are unlikely to be exclusive to the ChlG complex, thus any observed
phenotype exhibited by this strain cannot be attributed solely to the disruption of

ChIG-HIiD ‘core’ complex formation but could be due to wider pleiotropic effects.

Finally, a small amount of echinenone was consistently present in all of the FLAG-ChIG
complex variants purified from the mutant strains generated in this study. This may be
a contaminant as it was not reported in the study of Chidgey et al. (2014). The effect
of the removal of this pigment from Synechocystis on the ChlG complex should be
examined. In Syn 7002, deletion of the gene encoding B-carotene 4-ketolase, crtW,
resulted in a loss of echinenone and 3’-hydroxyechinenone (Zhu et al., 2010).

Synechocystis produces an alternative FAD dependent B-ionone ring ketolase, CrtO
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(Fernandez-Gonzdlez et al., 1997). A Synechocystis mutant lacking the crtO gene has

been generated in order to investigate this issue.
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Chapter 5: Characterisation of the ChlG-YidC-HIiC-HIiD-Ycf39 complex via in vivo and

in vitro chemical cross-linking

5.1 Summary

The terminal enzyme of the chlorophyll biosynthesis pathway in Synechocystis,
chlorophyll synthase (ChIG), forms a complex with the YidC insertase, high-light
inducible proteins C and D (HIiC/HIiD) and the atypical short chain dehydrogenase
Ycf39. The ChlG complex is speculated to operate at the interface between chlorophyll
biosynthesis and photosystem assembly, delivering de novo chlorophyll pigments to
chlorophyll-binding proteins as they are being co-translationally inserted into the
thylakoid membrane and assembled into functioning photosystems. Structural
characterisation of the arrangement and stoichiometry of this complex would give a

greater insight into the mechanisms behind this process.

In the present study, a chemical cross-linking approach was taken to form covalent
bonds between the protein members of the ChlG complex. The cross-linking process
was optimised in vivo and used to cross-link FLAG-tagged ChIG enzymes in intact
Synechocystis cells before FLAG-ChIG was isolated from the cells for analysis by mass
spectrometry. In vitro cross-linking experiments using isolated FLAG-ChIG complexes
were performed to complement the in vivo study. The results from these two
approaches were largely consistent. Subsequent analysis of the cross-linked complex
by mass spectrometry revealed regions of interaction between proteins. Cross-links
were identified between the N-terminal domain of ChlG and the central and C-terminal
regions of Ycf39. This domain of ChlG was also observed to form cross-links with the
cytoplasmic domains of both YidC and HIiC. The C-terminal cytoplasmic domain of YidC
formed cross-links with Ycf39, HIiC and HIiD. HIiC and HIiD both formed cross-links with
Ycf39. Taken together, the results were used to generate a tentative model of the ChIG

complex.
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5.2 Introduction

Analysis of the tertiary and quaternary structures of proteins, as well as interaction
partners and co-factors, is essential for determining their biological functions.
Historically this has been achieved by methods such as X-ray crystallography, NMR and
cryo-EM, although each comes with its own set of challenges. Crystallisation of
proteins still relies largely on a trial and error approach, often with little success,
especially with large protein complexes and integral membrane proteins. NMR is
limited to smaller protein assemblies and cryo-EM to larger. These techniques often
require large amounts of protein, presenting yet another challenge to structural
analysis by these methods. However, in recent years, techniques have been developed
that use mass spectrometry to generate low resolution structural information on
proteins that can be used alone or in combination with these more traditional
approaches. These mass spectrometry methods theoretically require smaller sample
guantities given the enhanced sensitivity of instruments developed within the last 10

years and are broadly applicable to all biological systems (Leitner et al., 2012).

Among these mass spectrometry based approaches, chemical cross-linking of proteins,
in combination with enzymatic digestion, has been increasingly employed to elucidate
the three dimensional structure of a protein and the arrangement of protein subunits
within a complex. This approach consists of covalently linking the functional groups of
two peptides from within the same protein, or a protein interaction partner, using a
cross-linking reagent (for examples, see below). This fixes structural features by
introducing covalent bonds and, in the case of bifunctional cross-linkers with a spacer
of defined length, additionally imposes constraints on the maximum distances possible
between the cross-linked side chains. The peptides are then enzymatically digested
and analysed by mass spectrometry. Three different types of bifunctional cross-link
modification of peptides can be identified. A monolink is when an amino acid has been
modified with a cross-linker which is subsequently hydrolysed at the free end without
reacting with a nearby side chain. An intralink occurs when an amino acid has been
cross-linked to another amino acid within the same peptide. When two amino acids

belonging to separate peptides are cross-linked, this is known as an interlink. The
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distance restraints imposed by the cross-linker provides information on the proximity
of the amino acid residues and, when enough cross-linked peptides have been
identified, can aid the elucidation of the three dimensional structure of the protein or

protein complex.

There are various forms of cross-linking reagent available for studying protein
structure and interactions. Cross-linking reagents that contain a photoreactive group,
such as diazirine, form covalent bonds with interacting peptides upon exposure to UV
radiation. However, the most commonly used cross-linking reagents are
homobifunctional N-hydroxysuccinimide (NHS) esters such as disuccinimidyl suberate
(DSS) or bis(sulfosuccinimidyl) suberate (BS3), which react with amines i.e the free N-
terminus and the functional group of lysine by nucleophilic attack, releasing the NHS
or sulfo-NHS group in the process (Figure 5.1A and 5.1B). In addition to lysine, NHS
esters have also other side reactions under various conditions (Kalkhof and Sinz, 2008).
It is therefore important to know all possible amino acids that can react with the cross-

linker to enhance interpretation.

Enrichment of cross-linked peptides is often an essential step in the design of cross
linking experiments involving complex sample compositions, such as entire
proteomes. This is because the yield of cross-linked target peptide is often low, due to
the presence of other proteins and molecules that compete for the cross-linking
reagent within the sample. Using a large excess of cross-linker is both expensive and
will impede the analysis of the sample by mass spectrometry due to incomplete
digestion of excessively cross-linked proteins. Enrichment strategies for cross-linked
peptides may target the peptide of interest directly, such as purification by
immunoprecipitation or affinity tags, or may enrich for cross-linked peptides in general
such as by cation exchange chromatography. New cross-linking reagents are currently
in development that aids this step of the process, including the synthesis of affinity
tagged cross-linkers. These reagents have been described, for example Chu et al.,

2006, but have not yet been commercialised.

Once the sample has been cross-linked, it is necessary to subject the peptides to

enzymatic cleavage before analysis by mass spectrometry. Trypsin remains the most
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popular proteolytic enzyme, having been used in the majority of studies to date as it
produces peptide fragments with ideal properties for mass spectrometry, such as
length, charge state and dissociation behaviour for product ion scanning. NanolLC-
MS/MS is most commonly employed to identify cross-linked peptides as this method
is capable of detecting cross-linked peptides at low abundance in a background of

unmodified peptides.

In the field of photosynthetic research, cross-linking techniques have been applied in
order to elucidate the binding sites of the electron carrier ferredoxin (Fd) to PSI and
NADPH-cytochrome c reductase in spinach thylakoid membranes (TM) (Merati and
Zanetti, 1987; Zilber and Malkin, 1988), as well as the binding sites of flavodoxin to PSI
in cyanobacteria (Muhlenhoff et al., 1996). In vivo cross-linking of whole Synechocystis
cells revealed the association of the phycobilisome, PSI and PSIl into a megacomplex
that facilitates the simultaneous transfer of captured light energy to the reaction
centres of both photosystems (Liu et al., 2013). A novel interaction between PSI
subunits PsaF and PsaE was discovered by in vitro cross linking of Synechocystis PSI
particles and TM (Armbrust et al., 1996). In Rhodobacter sphaeroides, the interaction
between cytochrome c¢; and the reaction centre complex was mapped to the M
subunit of the latter and enabled the kinetics of electron transfer between the two to
be elucidated (Friedel Drepper et al., 1997). Time resolved cross-linking experiments
in Rhodopseudomonas capsulata (now Rhodobacter capsulatus) were performed to
examine the near neighbour relationships between photosynthetic peptides. The
results revealed that the synthesis of bacteriochlorophyll and bacteriochlorophyll
binding proteins are coordinated at the level of translation (Drews et al., 1983). A
separate study using the same system was performed with the aim to reveal the
topographical organisation of the photosynthetic complexes for efficient energy

transfer (Takemoto et al., 1982).

In Synechocystis, a chlorophyll synthase (ChIG) protein-pigment complex acts at the
interface between the chlorophyll biosynthesis and photosystem assembly pathways
(see Section 1.11 for discussion). The arrangement and stoichiometry of the ChlG

complex has not yet been elucidated. Determination of the binding sites between its
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protein members may shed light on the individual functions of these components and
better our understanding of how this complex functions within the photosynthetic
unit. In this chapter, cross-linking techniques were used in combination with mass
spectrometry to gain an insight into the spatial organisation and contact sites between
the proteins of the ChIG complex within the thylakoid membrane of Synechocystis. In
vitro cross-linking experiments were performed on FLAG-ChIG complex purified from
Synechocystis via FLAG-immunoprecipitation and analysed by nanolLC-MS/MS.
Additionally, in vivo cross-linking experiments were optimised to elucidate how this

protein assembly is arranged in the thylakoid membrane.
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Figure 5.1: Structures of DSS, BS3, LC-SDA and sulfo-LC-SDA. Homobifunctional disuccinimidyl
suberate (DSS) and its water soluble counterpart bis(sulfosuccinimidyl)suberate (BS3) react
with the primary amine groups of proteins and form amide bonds, releasing N-
hydroxysuccinimide. (C-D) Heterobifunctional cross-linking reagents LC-SDA and water soluble
variant LC-SDA have a amine-reactive N-hydroxysuccinimide (NHS) ester at one end and a
diazirine group at the opposite end that, once activated with UV light (355 nm), can

theoretically react with any amino acid side chain.
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5.3 Results
5.3.1 Invitro cross-linking of FLAG-ChIG using BS3, DSS and LC-SDA

To determine the sites of interaction between the components of the ChlG-YidC-Ycf39-
HIiD complex, the proteins were cross-linked using the homobifunctional NHS-ester
cross-linking reagents BS3 and DSS and the heterobifunctional NHS ester/diazirine
functionalised sulfo-LC-SDA and LC-SDA. Since BS3 and DSS react primarily with amino
groups, the diazirine-based reagent was used to potentially extend the sequence
coverage of cross-linked peptides. The NHS ester ends of these cross-linkers react with
primary amines whilst the diazirine end, once photoactivated by UV light, forms a
reactive carbene species that can insert into sterically unhindered C-H, O-H and N-H
bonds in any amino acid side chain within the spacer arm distance of 12.5A (Figure 5.1
C-D). These heterobifunctional cross-linkers are therefore not reliant on the close
proximity of two lysine side chains in order to from a heterolink, increasing the

potential for wider sequence coverage.

The FLAG-ChIG complex from Synechocystis was isolated by immunoprecipitation and
subjected to in vitro cross-linking experiments as described in Materials and Methods
Sections 2.11.2 and 2.10.2. Following cross-linking, the proteins were digested with a
combination of endoproteinase Lys-C and trypsin (described in Section 2.9.4) and the
peptide fragments analysed by nano-LC-MS/MS (Section 2.9.5). The mass spectra were
analysed for cross-links between ChlG (slr0056), YidC (slr1471), HIiD (ssr1789), HIiC
(ssl1633) and Ycf39 (sIr0399) using the Byonic search engine from Protein Metrics.
Putative cross-linked peptides identified by this software were checked for legitimacy
by visual curation according to the criteria outlined in Table 2. The cross-linking
reagents that produced valid results were BS3 and LC-SDA which are water and DMSO
soluble respectively. No cross-linked peptides were detected after treatment with the
DMSO soluble DSS or the water soluble sulfo-LC-SDA. Therefore, in this experiment
there is no clear relationship between the solubility properties of the cross-linking
reagent and reaction with detergent-solubilised proteins. Examples of mass spectra
pertaining to cross-links between ChIG and its partner proteins are shown in Figure

5.2.
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ChlG, YidC, HIiD and HIiC are all predicted to contain transmembrane helices, however
structures for these proteins are unavailable to date. These proteins were modelled
using five different software applications, TMHMM, PRED-TMR, TMpred, HMMTOP
and Uniprot, designed to predict protein secondary structure and transmembrane
regions. The numbers of transmembrane regions predicted for each protein are
presented in Table 1. There was disagreement between the results depending on the
software used; ChlG was predicted to have between 6 and 9 TMH regions, but 8 TMH
regions have been adopted in this study given that the structural models of both the
Synechocystis and Arabidopsis thaliana ChlG homologs, presented in chapters 5 and 7
respectively, contain 8 TMHs. For YidC, 3 TMHs were assumed on the basis of the
number given by 3 of the 5 prediction algorithms. HIiD and HIiC were classified as both
having 1 TMH, despite predictions of zero TMHs by a number of algorithms, because
previous studies have already determined this to be the case due to their high
sequence homology to the first or third transmembrane helix of the plant light-
harvesting complexes, believed to be the evolutionary descendants of Hlips in higher
phototrophic organisms (Dolganov et al., 1995; Komenda and Sobotka, 2016). The
orientations of ChlG, YidC, HIiD and HIiC within the thylakoid membrane were not
apparent from the results produced using these software applications. In all cases,
there was an almost equal probability that the N- or C-terminal membrane-extrinsic
domains were either cytoplasmic or thylakoid luminal. The transmembrane regions
were mapped to the protein sequences and used in conjunction with the cross-linking

results to inform a tentative model of the ChlG complex (Figure 5.8).

The following cross-links were detected: ChlG-ChlG (Figure 5.2A), ChiG-Ycf39 (Figure
5.2B), ChIG-YidC (Figure 5.2C), ChIG-HIiC (Figure 5.2D) and HIiD-ChlG (Figure 5.2E)
shown in Figure 5.8 as red and green dashed lines. In cases where product ion spectra
are populated with ions that represent sufficient peptide sequence coverage, it was
possible to identify cross-linked amino acid side chains unambiguously. However,
because cross-linked peptides frequently dissociate inefficiently and/or

idiosyncratically in the mass spectrometer during product ion scanning, it is only
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possible to deduce the sequence region involved in the cross-linkage. These scenarios

are indicated in Figure 5.2.

Figure 5.8 shows a ChlG-ChlG interaction between amino acid side chains located in
the N-terminal FLAG extension and two interactions within the predicted N-terminal
cytoplasmic domain (red dashed lines). Because the cross-linked peptides identified in
these cases were different, it is impossible to determine whether these interactions
are within a single ChlG or between two neighbouring ChlG proteins. There is also
evidence for an interaction between this cytoplasmic domain and the predicted TMH7-
TMH8 extra-membranous domain (red dashed line). Since this domain would be,
according to the current model, located in the thylakoid lumen, such an interaction
would be improbable. This discrepancy highlights the need to acquire further data to
enable refinement of the model. Alternatively, this interaction may be artefactual,
resulting from inversion of a sub-population of ChlG complexes, with respect to
neighbouring proteins, within the detergent micelles before reaction with the cross-
linker. Detergent-related anomalies may be eliminated by performing cross-linking

reactions in vivo (Section 5.3.3).

Consistent with the current models, a cross-link was detected between the TMH7-
TMHS8 extra-membrane loop domain of ChiG and the predicted N-terminal thylakoid
luminal domain of HIID (green dashed line). Similarly, the N-terminal cytoplasmic
domain of ChlG also cross-linked to YidC in the predicted TMH1-TMH2 cytoplasmic
loop domain (red dashed line). The N-terminus of the FLAG extension on ChlG was

cross-linked to the predicted N-terminal cytoplasmic domain of HIiC (red dashed line).

A putative cross-link was also identified between the predicted cytoplasmic domain of
HIiD and the predicted TMH2-TMH3 sequence of YidC located in the thylakoid lumen
(green dashed line). This contradiction can be explained by the use of detergents as
above or it is possible that this cross-link was formed during YidC assisted insertion of
HIiD into the membrane when these two domains may be in close proximity. As a YidC-
HIiD interaction has not been reported in the literature, this scenario requires further

investigation.
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Table 1: TMH predictions. The amino acid sequences of ChlG (slr0056), YidC (slr1471), HIiD
(ssr1789), HIiC (ssl1633) and Ycf39 (sIr0399) were analysed by 5 different software applications

to predict the number and location of transmembrane helices within the query sequence.

Number of TMHs predicted
Protein TMHMM | PRED-TMR| TMpred HMMTOP Uniprot
ChiG 7 7 8 9 6
YidC 3 3 5 5 3
Ycf39 0 0 0 0 0
HIiD 1 0 1 1 1
HIIC 0 0 1 1 gjr?écified

Table 2: Criteria for the selection of cross-linked peptides. Criteria to guide the visual curation

of cross-linked peptides identified using the search engine Byonic (Protein Metrics).

Criteria

2-D Posterior Error Probability score below 0.1

C-terminus of putative cross-linked peptides is K or R

The peptide sequences are consistent with the cross-linking chemistry

Observed precursor ion m/z is equal to predicted m/z to two decimal places

Tryptic cleavage sites are consistent with sequence and cross-linking chemistry

Charge state of the precursor peptide ion is correct

The precursor peptide ion is consistent with the ion selected for MS/MS

The precursor peptide has the expected isotopomer peak distribution

179



Table 3: In vitro BS3 and LC-SDA cross-linked peptides. Analysis by mass spectrometry of a
ChlG complex isolated from 4 L cells after in vitro chemical cross-linking with DSS, BS3, LC-SDA
and sulfo-LC-SDA. Proteins 1-2 pertains to the left and right proteins in the pair respectively.
Putative cross-linked residues are highlighted in bold. PSM (peptide spectrum match) refers
to the number of times a peptide was identified within the mass spectra. K indicates monolink

modification of a K side chain.

Cross-linked | Cross-linker Peptide in protein 1 Peptide in protein 2 Calculated m/z |Observed m/fz | PSM
Proteins 1-2

ChIG-ChlG BS3 MDYKDDDDKDYK DDDDKDYKDDDDK 1102.4368 1102.4375 1
ChlG-ChlG BS3 QLLGMKGAAPGESSIWK AAASDTQNTGQONQAKAR 915.2127 915.2131 6
ChiG-ChlG BS3 AAASDTONTGQNQAKAR AAASDTONTGONQAKAR 900.9391 900.9394 1
ChIG-ChlG BS3 NPLENDVKYQASAQPFLVFGMLATGLALGHAGI AAASDTONTGQNQAKAR 1063.1419 1063.1427 1
ChlG-chlg BS3 AAASDTOQNTGQONQAKAR GAAPGESSIWKIR 810.9143 810.9149 1
ChlG-Ycf39 BS3 DDDDKDYKDDDDK ELDYEVNPTQTEGK 880.1310 880.1307 16
ChlG-Ycf39 BS3 MDYKDDDDK AVQKAGIK 1117.5485 1117.5475 1
ChiG-YidC BS3 QLLGMKGAAPGESSIWKIR DDPAKQQEEMAKVMK 1021.5295 1021.5307 2
ChIG-HIIiC BS3 MDYKDDDDK MNNENSKFGFTAFAENWNGR 1205.8524 1205.8466 3
YidC-YidC BS3 ITQPLMKER KMR 426.4890 426.4888 1
HIiD-YidC BS3 SEELQPNQTPVQEDPKFGFNNYAEK EKTS 876.4191 878.4201 1
YidC-HIiD LC-SDA GSPFSDINYTVDLQILPQEQVER FGFNNYAEKLNGR 1093.8026 1093.8080 1
HIiD-ChIG LC-SDA MSEELQPNQTPVQEDPK NPLENDVK 1031.5022 1031.5079 1
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Figure 5.2: Analysis of FLAG-ChIG eluate, cross-linked with BS3, DSS and LC-SDA in vitro, by
mass spectrometry. FLAG-ChIG was purified from 4 L of Synechocystis cells and treated with
BS3, DSS and LC-SDA cross-linking reagents before being analysed by nanoLC-MS/MS. Cross-
linked peptides were identified using the search engine Byonic (Protein Metrics). MS/MS
spectra representing (A) ChiG-ChlG, (B) ChlG-YidC, (C) ChlG-Ycf39, (D) ChlG-HIiC and (E) HIiD-
HIiD among others (Table 3) were analysed to determine the sites of interaction between
these proteins. Residues shown in bold green are potential cross-link sites. MS spectra (panels)
were used to confirm the charge state and isotopomer peak distribution of the precursor ion

selected for MS/MS.

5.3.2 Optimisation of in vivo cross-linking in WT Synechocystis intact cells

Immunoprecipitation of the FLAG-ChIG complex led to the identification of HIiD, HIiC
and Ycf39 as interaction partners (Chidgey et al., 2014). Cross-linking of this complex
in vitro with homobifunctional NHS ester and heterobifunctional NHS ester/diazirine
reagents provided information to complement the current model for the TMH
arrangement of these proteins, albeit in detergent micelles rather than thylakoid

membranes. Since this matrix is artificial an in vivo cross-linking strategy, utilising
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intact Synechocystis cells, was investigated. In vivo cross-linking of intact Synechocystis
cells has been previously reported (Liu et al.,, 2013). In this earlier study of
photosystem-phycobilisome interactions, the DMSO soluble cross-linking reagent
dithiobis[succinimidylpropionate] (DSP) was applied directly to an intact cell
suspension. Entry of the reagent into the cells relied on the ability of DMSO to
permeabilise the cell walland membrane. The aim of this section is to extend the range
of cross-linking reagents employed, optimising concentrations and investigating the
feasibility of using water soluble reagents in addition to their DMSO soluble

counterparts.

Cross-linking reagents were added to WT Synechocystis cells in varying concentrations
with the aim of determining the optimal concentration of cross-linker to use in order
to achieve maximal yields of cross-linked peptides without oversaturating the sample
(highly cross-linked proteins are more resistant to tryptic digestion). Freshly prepared
Synechocystis cells were re-suspended to a concentration OD750=0.7 in B-PER reagent.
The commercially available B-PER reagent (Thermo Fisher Scientific) has been shown
to permeabilise the thick outer cell membrane of cyanobacterial species
Synechococcus sp. PCC 7002 and Synechocystis in order to increase the efficiency of in
vivo enzyme assays. The pores formed by B-PER in the membrane of these cells aid the
diffusion of the enzyme substrates into the cell, negating the need to lyse the cells
before enzyme assays could be performed (Rasmussen et al., 2016). It was theorised
that pre-treatment of the Synechocystis cells used in this study would facilitate the
entry into the cells of, in particular, the water soluble cross-linker in order to react with
the proteins in the thylakoid membrane and cytoplasm. As such, once re-suspended
in B-PER, the cells were left incubating in the dark for 10 minutes according to the
method of Rasmussen et al (2016), after which the cross-linking reagent was added to
the cell suspension, following the method outlined in Section 2.10.1. Once the cross-
linking reaction had been performed, excess cross-linker was quenched and the cells
washed. The supernatants of the samples containing DMSO (DSS and LC-SDA) were
highly pigmented, suggesting that the DMSO/B-PER combination had solubilised the

intracellular proteins which had subsequently leaked out of the cell into the medium.
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The cells were lysed and the extracted proteins digested with endoproteinase-Lys-C
and trypsin and the peptide fragments analysed by nanoLC-MS/MS (Sections 2.9.4 and
2.9.5).

The data obtained by nanoLC-MS/MS was scanned for putative cross-links using Byonic
software. The software was configured to identify cross-link modifications to the four
most abundant phycobiliproteins: phycocyanin alpha (sll1578) and beta (sll1577),
allophycocyanin alpha (slr2067) and beta (slr1986), as identified by proteomic analysis
(Figure 5.3); and four photosystem apoproteins: P700 la (slr1834) and Ib (sIr1835), and
PSII D1 (slr1311) and core light harvesting protein (slr0906). Putative cross-links
identified by Byonic were screened manually as described previously (Table 2) to select
definitive cross-linked peptides. The number of cross-linked peptides identified was
used as an estimate of the efficiency of the cross-linking reactions to determine the
best conditions to use in scale up experiments with the FLAG-ChIG mutant

Synechocystis strain (Figure 5.4).

Figure 5.4 shows that sulfo-LC-SDA was by far the most effective cross-linking reagent,
producing 199 putative cross-links involving the selected high abundance proteins in
the Synechocystis thylakoid membranes. Increasing the sulfo-LC-SDA concentration
from 20 to 45 mM had little impact on the number of cross-links produced. Of the
eight proteins screened for cross-link modification, slr0906 appeared to be the most
susceptible to reaction with sulfo-LC-SDA (105 cross-links). DSS was the second most
efficient reagent, producing 30 cross-links when used in 20 and 45 mM concentrations,
however at 5 mM concentration 25 cross-links were identified, indicating that
increasing the concentration of cross-linker above 5 mM had little impact upon cross-
linking efficiency. Modification by DSS was almost entirely limited to phycobiliproteins
with the majority of cross-links being detected on slr2067 and a few on sll1578 and
slr1986. A single cross-link was detected on slr0906, the only photosystem polypeptide
to be modified using DSS. BS3 was the least effective of the three cross-linking
reagents used. Of the eight proteins, the majority of the cross-links were detected on

slr2067 and slr1986. Like DSS, increasing the concentration of BS3 did not increase the
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number of cross-links; 5 mM produced 9 cross-links and 45 mM produced 10 cross-

links.

In the experiment with the hydrophobic NHS ester/diazirine reagent, LC-SDA no cross-
links were detectable presumably because of the significant depletion of intra-cellular
proteins, as deduced from the strong colouration of the supernatants after pelleting
the cells. It can therefore be concluded that the majority of the protein was solubilised
by the DMSO used in these reactions which subsequently leaked out of the pores
created in the cellular outer-membrane by B-PER. As the same effect was observed in
the DSS experiment; these results indicate the incompatibility of B-PER and DMSO
when used in combination in in vivo cross-linking reactions. B-PER was therefore

omitted from all subsequent cross-linking reactions utilising DMSO soluble reagents.

In addition to enabling the determination of the ideal cross-linker and reaction
conditions for subsequent experiments, the cross-linking data obtained above was
also scanned for putative cross-links between members of the ChIG complex; ChiG,
HIiD, HIIC, YidC and Ycf39. Only low confidence cross-links were detected in the
experiments, highlighting the requirement for specific enrichment of ChlG containing
complexes upstream of nanoLC-MS/MS analysis to enhance signal-to-noise in the

mass spectra.
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Figure 5.3: Identification of the top 50 most abundant Synechocystis proteins by quantative
mass spectrometry. Proteins were extracted from Synechocystis cells from three independent
cultures and analysed in triplicate by intensity based absolute quantification (IBAQ). Proteins
guantification was achieved using MaxQuant (Cox and Mann, 2008). The top 4 most abundant

proteins sll1578, sll1577, slr2067 and slr1986 are shown in red.
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Figure 5.4: Number of cross-links detected in vivo between abundant Synechocystis proteins
when varying cross-linking reagent species and concentration. /n vivo cross-linking of intact
Synechocystis cells was performed using DSS (red), BS3 (green), LC-SDA and sulfo-SDA (blue)
at various concentrations. Cross-link modification to the 4 most abundant Synechocystis
proteins (Figure 5.3) as well as photosystem apoproteins slr1834, slr1835, slr1311 and slr0906
were identified using the Byonic search engine (Protein Metrics). Peptides modified with a
cross-link were summed for each experiment and used as a measure to determine the optimal

conditions for in vivo cross-linking.

5.3.3 In vivo cross-linking of the FLAG-ChIG complex in intact Synechocystis cells

using the heterobifunctional cross-linking reagents LC-SDA and sulfo-LC-SDA

In the experiments detailed above (Section 5.3.2), the heterobifunctional water

soluble sulfo-LC-SDA outperformed BS3 and DSS in terms of the number of detectable
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cross-linked peptides. Although the number of cross-links generated at concentrations
of 20 mM and 45 mM were similar, the higher concentration was selected here. The
rationale for this decision was (a) 45 mM sulfo-LC-SDA did not over-saturate the
proteins with cross-links otherwise there would have been a decrease in cross-link
detection and (b) to increase the probability of detection of cross-links involving the
low abundance ChlG complex in a background of highly abundant phycobiliproteins
and photosystem apoproteins. Furthermore, the use of the non-polar LC-SDA in DMSO
in combination with B-PER reagent lead to cell leakage therefore, this reagent was

utilised here in DMSO alone.

In vivo cross-linking experiments were performed as described in Section 2.10.1. No
pigmentation of the of cell supernatants was observed following treatment with the
cross-linking reagents, indicating that no cell leakage had occurred. The cells were
lysed and the thylakoid membrane fraction prepared by differential centrifugation.
Following solubilisation of the thylakoid membrane fraction FLAG-ChlG complex was
isolated by FLAG-immunoprecipitation and digested with a combination of
endoproteinase Lys-C and trypsin (described in Section 2.9.4). The peptide fragments
were analysed by nano-LC-MS/MS (Section 2.9.5) and putative cross-linked peptides

identified using the Byonic search engine and visual curation.

The following cross-links were detected: ChlG-ChlG (Figure 5.5A), ChlG-Ycf39 (Figure
5.5B), ChlG-YidC (Figure 5.5C), Ycf39-ChlG (Figure 5.5D), YidC-ChIG (Figure 5.5E), Ycf39-
Ycf39, Ycf39-HIiD, Ycf39-HIiC, Ycf39-YidC and YidC-YidC. As was the case for the in vitro
cross-linking experiments (Section 5.3.1) specific amino acid side chains involved in
cross-linking could not be identified as a result of (a) idiosyncratic dissociation of cross-
linked peptides during mass spectrometry and (b) the non-specific nature of diazirine
reactivity. Nevertheless, it was possible to narrow down the cross-linked sites to short
sequences within the peptides (Table 4). Multiple cross-links between amino acid side
chains located in the N-terminal FLAG extension of ChlG and the central region of the
cytoplasmic protein Ycf39 were identified. These are shown in Figure 5.8 (dashed blue
and black lines). This is in agreement with the results obtained from the in vitro cross-

linking experiments described in Section 5.3.1 and lends further support to the
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prediction that that the N-terminal membrane extrinsic domain of ChlG is located in
the cytoplasm. Further cross-links were detected within the natural N-terminal
cytoplasmic domain of ChlG with Ycf39, indicating that the cross-linking of ChIG and
Ycf39 is not an artefact due to the presence of the FLAG-tag. A single cross-link was
observed between the C-terminus of Ycf39 and predicted cytoplasmic extra-
membranous loop of ChlG located between TMH2 and TMH3 (black dashed line).
Taken together, the results indicate that the central and C-terminal regions of Ycf39
are in close proximity to the cytoplasmic N-terminal and extra-membranous TMH2-

TMH3 domains of ChlG.

A cross-link was detected between Ycf39 and a domain of ChIiG, TMH7-TMHS,
predicted to be located in the thylakoid lumen (black dashed line). As Ycf39 is localised
to the cytoplasmic side of the thylakoid lumen, this cross-link is improbable. A similar
cross-link between the TMH7-TMH8 domain of ChlG and the predicted cytoplasmic
domain of HIiD (dashed green line) was also identified during in vitro cross-linking
experiments, described above. This was explained by the potential for inversion of a
sub-population of ChlG complexes during solubilisation in detergent. However, no
detergent was present during the in vivo cross-linking experiment, highlighting the

need for refinement of the structural model of ChlG.

Similarly, there was also evidence for an interaction between the ChlG cytoplasmic N-
terminal FLAG extension and the predicted TMH5-TMH6 extra-membranous domain
(dashed black line). This mirrored the results obtained during in vitro studies in which
a cross-link was observed between the N-terminal cytoplasmic domain and the
predicted TMH7-TMH8 extra-membranous region of ChlG (Section 5.3.1). As
mentioned above, the improbability of this cross-link highlights the need for structural
refinement of the ChlG model. As before, it was not possible to determine whether
this cross-link occurred between two neighbouring ChlG proteins or within a single
polypeptide. Taking the latter scenario, an alternative explanation can be considered
in which the cross-link was formed during the co-translational assembly of the ChlG
complex before the protein was inserted and orientated in the thylakoid membrane.

It is possible that the prospective cytoplasmic and thylakoid luminal domains of the

190



protein are located in close enough proximity during the process of co-translational
membrane insertion for a cross-link to form between them. The possibility that FLAG

immunoprecipitation can capture nascent complexes cannot be ruled out.

Table 4: In vivo LC-SDA and sulfo-LC-SDA cross-linked peptides. Analysis by mass
spectrometry of a ChlG complex isolated from cells after in vivo chemical cross-linking with LC-
SDA and sulfo-LC-SDA. Proteins 1-2 pertains to the left and right proteins in the pair
respectively. Putative cross-linked residues are highlighted in bold red. PSM (peptide spectrum
match) refers to the number of times a peptide was identified within the mass spectra. K
indicates monolink modification of a K side chain. *Under normal circumstances, a cross-linked
K would not be cleaved by trypsin. In the case of TGFLFIK, it is possible that the diazirine-
derived carbene group added across a C-H bond in the K side chain instead of an N-H.
Retention of the positive charge on the K epsilon amino group might allow trypsin cleavage at
the residue. The evidence for this possibility is the clear presence of non-cross-linked a6 and
b6 product ions, mapping to the T-1 part of the sequence in the MS-MS spectra (see Figure
5.5E).
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Cross-linked | Cross-linker | Peptide in protein 1 Peptide in protein 2 Calculated m/z | Observed m/z| PSM
Proteins 1-2

ChIG-ChIG LC-SDA QLGLK DYKDDDDK 883.4463 883.4473 1
ChIG-Ycf39 LC-SDA DIDAINEPYR KKK 601.6719 601.6731 1
ChIG-Ycf39 LC-SDA GAAPGESSIWK LKELDYEVNPTQTEGK 671.9520 671.9537 | 1
ChlG-YidC LC-SDA DYK QEEIQKRYK 920.9938 920.9956 1
Ycf39-Ycf39 LC-SDA KLK AAFLKEWGATIVGGNICK 820.8064 820.8084 1
Ycf39-Ycf39 LC-SDA SFTR KK 490.3004 490.3010 1
Ycf39-Ycf39 LC-SDA KKK AAEYPKVPLMDIK 691.4111 691.4107 1
Ycf39-ChiG LC-SDA LNLIR NPLENDVKYQASAQPFLVFGMLATGLALGHAG|  1384.7486 1384.7525 | 1
Ycf39-ChlG LC-SDA 1K MDYKDDDDKDYK 706.6819 706.6804 1
Ycf39-ChiG LC-SDA AGIK MDYKDDDDKDYK 1173.5747 1173.5760 | 2
Ycf39-ChiG LC-SDA FAVR AAASDTONTGQNQAK 731.0416 731.0435 1
Ycf39-YidC LC-SDA KK ATQGRESLPFEK 458.7624 458.7643 1
Ycf39-HIiC LC-SDA SLR MNNENSKFGFTAFAENWNGR 968.4680 968.4698 1
Ycf39-HIiD LC-SDA KAAFLK MSEELQPNQTPVQEDPKFGFNNYAEKLNGR 4547.3278 45473293 1
Yef39-ChiG | sulfo-LC-SDA 11K DYKDDDDKDAAASDTQNTGQNQAK 1087.8755 1087.8743 | 1
Ycf39-ChlG | sulfo-LC-SDA NCTEK DDDDKDYKDDDDK 1302.0630 1320.0646 | 1
Ycf39-ChiG | sulfo-LC-SDA AGIK MDYKDDDDKDYK 1173.5747 1173.5767 | 2
Ycf39-ChlG | sulfo-LC-SDA AGIKK MDYKDDDK 618.9766 618.9753 1
Ycf39-ChiG | sulfo-LC-SDA FVFFSILR DDDDKAAAMSDTONTGQNQAK 663.9284 663.9285 1
Ycf39-Ycf39 |sulfo-LC-SDA NCTEK KAAFLK 756.4016 756.4005 1
Ycf39-YidC | sulfo-LC-SDA SFTR ATQGRESLPFEKK 439.8422 439.8428 1
YidC-ChIG  |sulfo-LC-SDA ITQPLMKER ARQLLGMKGAAPGESSIWK 885.4926 885.4941 1
YidC-ChiG | sulfo-LC-SDA SSK MDYKDDDDKDYK 1131.0301 1131.0319 | 1
YidC-ChlG  |sulfo-LC-SDA TGFLFIK* DDDDKDYK 678.3420 678.3463 1
YidC-ChlG  |sulfo-LC-SDA TGFLFIK* NNENSKFGFTAFAENWNGR 645.3260 645.3273 1
YidC-¥idC  [sulfo-LC-SDA | LGLYPLSAGQIR ESLPFEKKSSK 986.2301 986.2399 1
YidC-YidC  |sulfo-LC-SDA ITQPLMK QQEEMAKVMK 749.4034 749.4073 2
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Figure 5.5: Analysis of FLAG-ChIG eluate cross-linked with LC-SDA and sulfo-LC-SDA in vivo,
by mass spectrometry. Intact Synechocystis cells were treated with LC-SDA/DMSO and sulfo-
LC-SDA/B-PER solutions before being analysed by nanoLC-MS/MS. Cross-linked peptides were
identified using the search engine Byonic (Protein Metrics). MS/MS spectra representing (A)
ChlG-ChlG, (B) ChlG-Ycf39, (C) ChlG-YidC, (D) Ycf39-ChlG and (E) YidC-ChiG among others
(Table 4) were analysed to determine the sites of interaction between these proteins. Residues
shown in bold green are potential cross-link sites. MS spectra (panels) were used to confirm

the charge state and isotopomer peak distribution of the precursor ion selected for MS/MS.

5.3.4 In vitro cross-linking of the ChlG complex using the heterobifunctional cross-

linking reagents LC-SDA and sulfo-LC-SDA

In vitro cross-linking experiments using the homobifunctional cross-linking reagents
BS3 and DSS, and heterobifunctional LC-SDA at 0.88 mM are described in Section 5.3.1.
In the light of the optimisation results for in vivo cross-linking (Section 5.3.2) the in
vitro experiment was repeated using a higher concentration (45 mM) of both LC-SDA

and sulfo-LC-SDA with an 8 L instead of 4 L cell culture, as described in Section 2.11.2.
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In vitro cross-linking reactions, protein digestion and peptide identification were
performed as described in Sections 2.10.2, 2.9.4 and 2.9.5. Cross-links were identified
between the following: ChlG-ChIG (Figure 5.6A), ChIG-YidC (Figure 5.6B), Ycf39-ChIG
(Figure 5.6C), Ycf39-Ycf39 and YidC-Ycf39, shown as blue and purple dashed lines in
Figure 5.8. Amino acid side chains that were identified as cross-linked are shown in

bold in the example spectra presented in Table 5.

Two cross-links were identified between the central region of Ycf39 and the N-terminal
FLAG extension of ChIG (blue dashed lines). These involved the same peptides
previously identified in the in vivo LC-SDA/sulfo-LC-SDA cross-linking experiment
described in Section 5.3.3, lending further support to the notion that Ycf39 is located
in close proximity to the N-terminal cytoplasmic domain of ChlG. Likewise, a single
cross-link was observed within this region of ChlG (purple dashed lines) which may be
interpreted as either within one ChIG or between two neighbouring ChlGs, similar to
the earlier results obtained with BS3 (Section 5.3.1). A cross-link was observed
between the predicted TMH7-TMH8 thylakoid luminal domain of ChlG and the
predicted cytoplasmic C-terminal domain of YidC (bold purple dashed line). Due to the
spatial separation of these two domains proposed in the current model, this cross-link
is unlikely to occur within a mature ChlG complex. However, as stated in Section 5.3.3,
there is the possibility that this cross-link occurred during de novo insertion of ChlG
into the thylakoid membrane. Alternatively, this cross-link may be an artefact of

detergent solubilisation of the ChlG complex as described previously (Section 5.3.1).

A cross-link was identified between the central region of Ycf39 and the TMH2-TMH3
extra-membranous region of YidC predicted to be located in the thylakoid lumen (bold
purple dashed line). Again this may be due to detergent solubilisation of the ChlG
complex, generating a sub-population of molecules that are inverted within the
detergent micelle and presenting an opportunity for cross-linking of protein domains

that would be compartmentalised in vivo.
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Table 5: In vitro LC-SDA and sulfo-LC-SDA cross-linked peptides. Analysis by mass

spectrometry of a ChlG complex isolated from 8 L of cells and after chemical cross-linking with

LC-SDA and sulfo-LC-SDA. Proteins 1-2 pertains to the left and right proteins in the pair

respectively Putative cross-linked residues are highlighted in bold red. PSM (peptide spectrum

match) refers to the number of times a peptide was identified within the mass spectra. K

indicates monolink modification of a K side chain. * Under normal circumstances, a cross-

linked K would not be cleaved by trypsin. In the case of QLLGMKGAAPGESSIWK, it is possible

that the diazirine-derived carbene group added across a C-H bond in the K side chain instead

of an N-H. Retention of the positive charge on the K epsilon amino group might allow trypsin

cleavage at the residue.

Cross-linked Cross-linker Peptide in protein 1 Peptide in protein 2 Calculated m/z |Observed m/z | PSM
Proteins 1-2

Ycf39-ChlG LC-SDA AGIK MDYKDDDDKDYK 1173.5747 1173.5766 2
Ycf39-ChlG LC-SDA NCTEK DDDDKDYKDDDDK 1302.0630 1302.0660 1
Ycf39-Ycf39 LC-SDA AAEYPK AVQKAGIKK 605.6961 605.6963 1
ChlG-ChIG sulfo-LC-SDA | QLLGMKGAAPGESSIWK* IR 828.8013 828.8020 2
ChlIG-YidC sulfo-LC-SDA NPLENDVK LLDEQQKATQGRESLPFEK 1113.9192 1113.9182 1
Ycf39-Ycf39 sulfo-LC-SDA LNLIR KAAFLKEWGATIVGGNICK 707.9109 707.9119 2
Ycf39-Ycf39 sulfo-LC-SDA KTYPVVGSR AVELDSVAR 2160.2023 2160.2051 1
Ycf39-YidC sulfo-LC-SDA SLR EPLPENLQKLLDEQQK 831.1304 831.1302 1
Ycf39-YidC sulfo-LC-SDA FAVR NSQILTPTYSVTKGEDR 865.7967 865.7974 1
YidC-Ycf39 sulfo-LC-SDA KKEK ELDYEVNPTQTEGK 783.7443 783.7448 1
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Figure 5.6: Analysis of FLAG-ChIG eluate, cross-linked with LC-SDA and sulfo-LC-SDA in vitro,
by mass spectrometry. FLAG-ChIG was purified from 8 L of Synechocystis cells and treated
with LC-SDA and sulfo-LC-SDA cross-linking reagents before being analysed by nanoLC-MS/MS.
Cross-linked peptides were identified using the search engine Byonic (Protein Metrics). MS/MS
spectra representing (A-B) ChlG-ChlG, (C-D) ChlG-YidC and (E) Ycf39-ChlG among others (Table
5) were analysed to determine the sites of interaction between these proteins. Residues
shown in bold green are potential cross-link sites. MS spectra (panels) were used to confirm

the charge state and isotopomer peak distribution of the precursor ion selected for MS/MS.

5.3.5 Cross-linking of the Synechocystis thylakoid membrane fraction using sulfo-

LC-SDA

Throughout the series of cross-linking experiments performed so far, the most
effective cross-linking reagent was sulfo-LC-SDA, which repeatedly produced the
highest yield of putative cross-linked peptides. However, the number of cross-linked
peptides mapping to the ChlG complex remained lower than expected in both in vitro
and in vivo experiments. The yields of cross-linked peptides produced in vivo is most

likely limited by the low abundance of the ChlG complex in comparison to other
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proteins which effectively dilute the cross-linker. A potential disadvantage of the in
vitro cross-linking approach was the need for detergent solubilisation which may
perturb the orientation of the complexes. A third option, which would eliminate the
highly abundant phycobiliproteins and the use of detergent, was to isolate the
thylakoid membrane fraction and add cross-linking reagent before detergent
solubilisation and FLAG-immunoprecipition. The thylakoid membrane fraction was
prepared from 4 L of Synechocystis FLAG-chlG AchlG cells (Sections 2.11.1) and treated
with sulfo-LC-SDA according to the method described in Section 2.10.3. FLAG-ChIG was
immunoprecipitated from the thylakoid membranes and the extracted proteins

digested and analysed as detailed Sections 2.9.4 and 2.9.5.

Cross-links were identified between the following: ChlG-YidC (Figure 5.7A), Ycf39-ChlG
(Figure 5.7B), YidC-ChIG (Figure 5.7C), Ycf39-Ycf39, Ycf39-YidC and YidC-YidC shown as
yellow dashed lines in Figure 5.8. The peptides involved in these cross-linking events
are shown in Table 6. A cross-link was detected between the TMH5-TMH6 thylakoid
luminal domain of ChlG and the TMH1-TMH2 cytoplasmic domain of YidC. The
conflicting nature of this cross-link may be due to reasons previously discussed: (a)
that the current structural models require refinement or (b) interactions between
prospective cytoplasmic and thylakoid luminal domains might be feasible in a nascent

complex.
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Table 6: Sulfo-LC-SDA cross-linked peptides within thylakoid membranes. Analysis by mass
spectrometry of a ChlG complex after chemical cross-linking of purified thylakoid membranes
with LC-SDA and sulfo-LC-SDA. Proteins 1-2 pertains to the left and right proteins in the pair
respectively. Putative cross-linked residues are highlighted in bold red. PSM (peptide spectrum

match) refers to the number of times a peptide was identified within the mass spectra.

Cross-linked Cross-linker | Peptide in protein 1 Peptide in protein 2 Calculated m/z | Observed m/z | PSM
Proteins 1-2

ChlG-YidC sulfo-LC-SDA QLGLK NMRKMR 794.4629 794.4590 1
Ycf39-ChlG sulfo-LC-SDA QVDWEGK DYKDDDDKDYK 825.7083 825.7114 1
Ycf39-Ycf3s sulfo-LC-SDA KLK AAFLKEWGATIVGGNICK 615.8566 615.8571 1
Ycf39-Ycf39 sulfo-LC-SDA KTYPVVGSR LKELDYEVNPTQTEGK 766.9105 766.9087 1
Ycf39-YidC sulfo-LC-SDA SLR ESLPFEKK 516.2995 516.2999 1
YidC-ChlG sulfo-LC-SDA ITQPLMK GAAPGESSIWKIR 799.4505 799.4446 1
YidC-Ycf39 sulfo-LC-SDA ITQPLMK LAFSEVLASGK 1180.1814 1180.1792 1
YidC-Ycf39 sulfo-LC-SDA ESLPFEKK ATDSLTIR 683.3806 683.3780 1
YidC-YidC sulfo-LC-SDA ESLPFEK ERQEEIQKR 753.7375 753.7341 1
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Figure 5.7: Analysis of FLAG-ChIG, isolated from thylakoid membranes cross-linked with
sulfo-LC-SDA, by mass spectrometry. FLAG-ChlG was purified from 8 L of Synechocystis cells
and treated with LC-SDA and sulfo-LC-SDA cross-linking reagents before being analysed by
nanolLC-MS/MS. Cross-linked peptides were identified using the search engine Byonic (Protein
Metrics). MS/MS spectra representing (A) ChlG-YidC, (B) Ycf39-ChlG and (D) YidC-ChlG among
others (Table 6) were analysed to determine the sites of interaction between these proteins.
Residues shown in bold green are potential cross-link sites. MS spectra (panels) were used to
confirm the charge state and isotopomer peak distribution of the precursor ion selected for

MS/MS.
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Figure 5.8: Diagram of the ChlG complex showing total cross-links identified in each

experiment described in this study. ChIG, YidC, HIiD and HIiC were modelled using TMHMM

to determine the number and location of transmembrane regions (grey) within each protein

sequence. Green and blue represent thylakoid luminal and cytoplasmic domains respectively.

Putative cross-links identified throughout the experiments described in this study are

represented as coloured dashed lines. Bold lines represent cross-links which are inconsistent

with the models shown and are explained in the text.
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5.4 Discussion

5.4.1 Model of the ChlG complex

In each of the in vivo and in vitro cross-linking experiments presented in this study, 12
putative cross-links were detected between the N-terminal domain of ChlG, including
the FLAG-tag extension, and the central and C-terminal regions of Ycf39 (Figure 5.8).
Ycf39 is an atypical short-chain dehydrogenase associated with the cytoplasmic side
of the thylakoid membrane in Synechocystis (Knoppova et al., 2014). The cross-linking
results therefore suggest that the N-terminus of ChlG is located within the cytoplasm
in close proximity to Ycf39. The function of Ycf39 within the ChIG complex has not yet
been elucidated, however it has been shown to form a complex with HIiD and HIiC and
bind to the early PSIl assembly intermediate pD1, aiding its biosynthesis (Knoppova et
al., 2014). In this study, one cross-link between the extra-membranous domain of HIiD
and Ycf39 and a second between the extra-membranous domain of HIiC and Ycf39
were formed in vivo (Figure 5.8). These cross-links can be used to inform a model of
HIiC and HIiD in which they are orientated within the thylakoid membrane such that
their N-terminal membrane extrinsic domains are situated in the cytoplasm, enabling
the interaction of these proteins with Ycf39. Interestingly, both HIiC and HIiD were
found to cross-link to the same N-terminal region of Ycf39, whereas ChlG-Ycf39 cross-
links appeared to be confined to the central and C-terminal regions of Ycf39, indicating

that the interaction sites of the Hlips and ChlG with Ycf39 occur at different locations.

HIiC and HIiD also formed one cross-link each with ChlG in two different experiments.
The predicted cytoplasmic domain of HIiC cross-linked with the N-terminal cytoplasmic
domain of ChlG on the FLAG-tag extension in vivo (Figure 5.8). The predicted N-
terminal cytoplasmic domain of HIiD, however, was shown to form a cross-link to the
TMH7-TMHS8 thylakoid luminal domain of ChlG, in direct conflict with the HIiD-Ycf39
result (Figure 5.8). As the HIiD-ChlG cross-link was formed in vitro, it was possible that
either HIID or ChlG had become inverted in the detergent micelle, presenting an
opportunity for a cross-link to from between two regions of each protein that would
otherwise be compartmentalised in vivo. For this reason, the cross-link was not used

to inform the model of the ChlG complex presented in Figure 5.9.
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YidC has been hypothesised to mediate the partitioning of the transmembrane
segments of chlorophyll-binding proteins into the thylakoid membrane lipid bilayer as
de novo chlorophyll molecules are being delivered by nearby ChIG (Chidgey et al.,
2014). In this work the N-terminal FLAG extension and natural N-terminal cytoplasmic
domain of ChlG were shown to form cross-links with the predicted TMH1-TMH?2
cytoplasmic domain of YidC, providing further evidence for the close association of
these two proteins (Figure 5.8). One cross-link was detected within this domain of YidC
and Ycf39, however the majority of the cross-links between these two proteins
occurred at the predicted C-terminal cytoplasmic domain of YidC. The C-terminal
domain of YidC was also shown to form a single cross-link to both HIiD and HIiC within
the cytoplasmic domains of the latter proteins (Figure 5.8). Taken together, these
cross-links can be used to inform the model of the ChlG complex, presented in Figure

5.9.

YidC

Thylakoid lumen
HIIC  HIiD

C C

Thylakoid
membrane

Cytoplasm

Ycf39

Figure 5.9: 2D model of the ChlG-HIiD-HIiC-YidC-Ycf39 complex. The total cross-linking data
obtained from the experiments described in this study were used to identify regions of
interaction between members of the ChlG complex. This information was used to inform the

construction of a 2D model of the complex.
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5.4.2 Possibilities for future refinement of the ChlG complex model

The cross-linking studies performed in this work were used to inform a model of the
ChlG complex (Figure 5.9). One limitation was the relatively low abundance of the ChIG
complex within Synechocystis which resulted in low cross-linked peptide yields for the
target proteins in a background of highly abundant phycobiliproteins (Section 5.3.2).
Simply increasing the quantity of material used for cross-linking is not a viable solution
because the maximum quantity of total peptides that can be injected onto the nanolLC-
MS/MS system is 500 ng. Enrichment of the ChlG complex by FLAG-
immunoprecipitation both before and after treatment with cross-linking reagents did
compensate for the limitation of low yields of ChlG complex by increasing the
proportion of target peptides within the 500 ng analyses (Sections 5.3.3 and 5.3.4).
Nevertheless, the cross-linked peptides were only a minor proportion of the total
population of unmodified ChlG complex derived peptides. Therefore, further increases
in the number and spectral intensities of ions representing cross-linked peptides are
required in order to enhance the accuracy of this model. Several approaches have
been developed to aid the MS detection of cross-linked peptides within complex
mixtures, including specific enrichment of cross-linked peptides and use of isotope
(Petrotchenko et al., 2005), fluorescent (Sinz and Wang, 2004) or mass-tag (Back et al.,
2003) labelled cross-linking reagents. Affinity tagged cross-linkers are in development
that would enable the specific purification of cross-linked peptides before analysis by
MS. Prominent amongst these are biotinylated cross-linkers, of which there are several
examples available within the literature e.g. (Trester-Zedlitz et al., 2003). Biotin is
often selected as the affinity tag owing to its high affinity and small size. Affinity tags
have also been used in tandem with other labelling techniques, such as isotope
labelling (Chu et al., 2006), to enhance the detection and analysis of cross-linked
peptides by MS. Although biotinylated cross-linking reagents are not yet commercially
available at the time of this study, the strategies discussed above could be employed

in future cross-linking experiments on the ChlG complex.

A second challenge encountered during this study was the inefficient and/or

idiosyncratic dissociation of peptide ions in the mass spectrometer during product ion

207



scanning, resulting in the inability to unambiguously determine the specific cross-link
sites between peptides. Several novel cross-linker reagents have been developed to
facilitate the interpretation of product ion spectra derived from cross-linked peptides.
One such cross-linker, disuccinimidyl sulfoxide (DSSO), has recently become
commercially available (Thermo Fisher Scientific). This reagent is membrane
permeable in DMSO and contains an NHS ester at each end of a 10.3 A spacer which,
unlike DSS, is cleavable by collision induced dissociation (CID) during MS2 scanning.
This results in distinctive ion doublets detectable in the product ion spectrum that can
be used to confirm cross-link modification and the type of cross-link (monolink,
intralink or interlink) based on characteristic dissociation patterns pertaining to each
scenario. Additionally, DSSO interlinked peptides identified as doublet ions by MS2 are
automatically selected for MS3 analysis, resulting in precise identification of the cross-
linked residues (Kao et al., 2011). DSSO has been used to characterise both the yeast
and human 20 S proteasome using in vitro and, in the latter case, in vivo approaches
(Kao et al., 2011; Wang et al., 2017). Future studies involving cross-linking of the ChlG
complex with DSSO in combination with MS3 analysis should enable more precise

identification of cross-linked sites.

5.5 Future Work

Specific enrichment of cross-linked ChlG is required to increase the concentration of
cross-linked proteins above the background. This could be achieved by treatment of
isolated FLAG-ChlG complex with biotinylated cross-linking reagents followed by
targeted isolation of cross-linked peptides using this affinity tag. Alternatively, cross-
linked proteins could be separated by SDS-PAGE and ChlG containing complexes
identified by immunoblotting. These bands could then be excised from the SDS gel and

the proteins subjected to in-gel tryptic digestion before analysis by mass spectrometry.

Treatment of isolated FLAG-ChlG complex with MS cleavable cross-linking reagent

DSSO (Thermo Fisher Scientific) in future experiments would enable MS3 analysis of
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the cross-linked ChlG complex. This would potentially yield more informative product

ions that would reveal the precise amino acid residues involved in cross-linking.

In this study, many cross-links were detected that involved the FLAG-tag extension of
ChlG, both in vivo and in vitro, demonstrating the potential for artificial association of
proteins with this region (Figure 5.8). Although this seems unlikely given that the N-
terminally FLAG-tagged Chlamydomonas reinhardtii and Arabidopsis thaliana ChIG
proteins did not co-purify with HIiD or Ycf39 when heterlogously produced in
Synechcosytis (Proctor et al., 2018) (Chapter 3); this possibility could be further
explored by immunoprecipitation of an untagged ChlG complex using antibodies

raised against ChlG followed by chemical cross-linking.
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Chapter 6: Truncations of Synechocystis chlorophyll synthase reveal that the N-
terminus is important for enzyme activity but is not required for interaction with

YidC, HIiD or Ycf39

6.1 Summary

Chlorophyll synthase (ChIG) is the terminal enzyme of chlorophyll biosynthesis in
oxygenic photosynthetic organisms. This enzyme forms a complex with high-light
inducible protein D (HIiD), Ycf39 and the membrane insertase YidC in order to
coordinate Chl delivery with the co-translational insertion of Chl-binding proteins into
the thylakoid membrane. From preliminary cross-linking data presented in Chapter 5,
the extreme N-terminus of ChlG was predicted to be involved in the binding of these
proteins, particularly Ycf39 due to the fact that a large number of cross-links were
found between this protein and the N-terminus of ChlG across multiple cross-linking
experiments. To investigate this prediction, mutant ChlG proteins with truncated N-
termini were produced in Synechocystis. The truncated proteins were used as the basis
for immunoprecipitation experiments which revealed that in each case the truncated
enzyme was able to maintain an interaction with HIiD, YidC and Ycf39, demonstrating
that the N-terminus is not essential for mediating the formation of the ChlG complex.
Deletion of the native chl/G, an essential gene, was not possible from the strains
containing FLAG-ChIG proteins lacking 32 or more residues from the N-terminus,
indicating that these proteins were not active in vivo. This was confirmed by in vitro
enzyme activity assays. A C-terminally FLAG-tagged ChlG (ChIG-FLAG) was generated
as a control to see if a complex could be purified that resembled N-terminally tagged
protein. Although the native chl/G gene could not be deleted from this strain, indicating
that the ChIG-FLAG enzyme was not able to complement the function of the native
protein in vivo, the tagged enzyme produced Chl ags during in vitro enzyme assays.
This protein did not co-purify with HIiD or Ycf39 but retained an association with YidC
and could form a dimer with a second ChlG molecule. The enzyme activity observed is

likely due to co-purification of the native ChlG enzyme with the ChIG-FLAG variant.
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6.2 Introduction

In oxygenic photosynthetic organisms, the chlorophyll synthase (ChIG) enzyme
catalyses the esterification of chlorophyllide (Chlide) with geranylgeranyl
pyrophosphate (GGPP) producing a mature chlorophyll (Chl) molecule. In the model
cyanobacterium Synechocystis sp. PCC 6803 (hereafter Synechocystis), ChlG forms a
complex with the high-light inducible proteins C and D (HIiC and HIiD) as well as the
membrane insertase YidC and atypical alcohol dehydrogenase Ycf39 (Chidgey et al.,
2014).

There is evidence to suggest that the ChlG-HIiC/D-Ycf39-YidC complex is exclusive to
cyanobacteria. Heterologous production and purification of plant and algal ChIG
proteins in Synechocystis showed that only YidC remained bound to the eukaryotic
homologs, whereas HIiD and Ycf39 only co-purified with cyanobacterial ChlG (Proctor
et al., 2018) (Chapter 3). These results demonstrate the important nature of the ChlG-
YidC association and indicate that the interaction site could be conserved amongst

eukaryotic and prokaryotic ChlG homologs.

Preliminary results from cross-linking experiments (discussed in Chapter 5) suggested
that the ChlG-Ycf39, ChlG-YidC and ChIG-ChIG interactions involve the extreme N-
terminus of ChlG. In particular, Ycf39, a thylakoid membrane associated protein that
localises to the cytoplasmic side of the thylakoid membrane (Knoppova et al., 2014),
was shown to form multiple cross-links with the N-terminus of ChlG across multiple
cross-linking experiments that utilised various cross-linking reagents. This prompted

selection of the ChlG N-terminus for the functional studies discussed in this chapter.

A structural model of Synechocystis ChlG was generated using the crystal structure of
a related protein, ubiquinone synthase (UbiA) (Cheng and Li, 2014), as a template
(Figure 6.1B). The N-terminus of the ChlG model appeared unstructured as it could not
be mapped to regions of homology within UbiA. Sequence alignments of ChlG
homologs with UbiA showed that the N-terminal tail of ChlG is extended in comparison
to UbiA (Figure 6.1A). Modelling software (QUARK) was used to predict possible

secondary structure configurations for the ChlG N-terminus (Figure 6.1C). The top four
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predictions all contained two alpha helices. From the cross-linking results presented in
Section 5.3.1, it is apparent the N-terminal domain of ChIG is located within the
cytoplasm, therefore these alpha helices may be situated on the cytoplasmic side of
the thylakoid membrane and facilitate the interaction of ChlG with its partners. Unlike

ChlG, UbiA has not been reported to interact with any other protein partners.

The N-terminus of the ChlG homologue in oat (Avena sativa) has been previously
targeted for mutagenesis studies. The authors made sequential truncations to the N-
terminus of the enzyme and heterologously produced them in Escherichia coli. In vitro
enzyme assays using cell lysates revealed that removal of the first 89 residues
abolished the activity of the protein (Schmid et al., 2001). However, the importance of

the ChlG N-terminus in vivo has not been investigated.

In this study, sequential truncations were made to the N-terminus of a FLAG-tagged
ChlG protein in Synechocystis. These truncated proteins were used as the basis for
immunoprecipitation experiments and the resulting eluates analysed by immunoblot
for the presence of HIiD, Ycf39 and YidC. The activities of these mutant proteins were
examined in vivo, by attempted deletion of the native chl/G gene, and in vitro using the
FLAG pulldown eluates for enzyme activity assays. The truncated ChlG proteins
maintained an interaction with all components of the native ChlG complex although
the activity of the mutants was impaired as the truncations became progressively

larger.
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Figure 6.1: Sequence alignments and structural model of Synechocystis ChlG. (A) The amino
acid sequences of ChlG from Synechocystis and UbiA from Aeropyrum pernix were aligned
using Clustal Omega software. (B) A structural model of Synechocystis ChlG was generated
using HHPred software and the published crystal structure of Aeropyrum pernix UbiA as a
template. The extreme N-terminus remained unstructured in the model. N-terminal
truncations were made to ChIG, removing 11 (green), 23 (blue), 32 (red) and 39 (black)
residues. (C) Potential secondary structure configurations of the first 39 residues of ChlG. This
region, unstructured in (B) due to lack of sequence homology between ChlG and UbiA, were

modelled using QUARK software.
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6.3 Results
6.3.1 Sequential truncation of the ChlG N-terminus

The importance of the N-terminal tail region of ChlG to the function of the enzyme
was investigated by generation of four sequential truncations to the 5’ end of the chlG
gene, removing the first 33, 69, 96 and 117 nucleotides corresponding to the N-
terminal 11, 23, 32 and 39 amino acids residues respectively of the protein (Figure
6.2A). These truncation points were chosen such that they roughly divided the
extreme N-terminus into four equal segments ending just before the start of the first
predicted transmembrane helix. The Synechocystis chlG gene was amplified from
genomic DNA using 5’ primers that complemented the regions of the gene
immediately downstream of the desired truncation sites described above. These genes
were cloned into the pPD-NFLAG plasmid in frame with sequence encoding a N-
terminal 3xFLAG tag (Hollingshead et al., 2012) (Figure 6.2B). Each vector was
introduced into WT Synechocystis by natural transformation and integrated into the
psbAll locus, replacing psbAll and putting the heterologous ch/G genes under the
control of the psbAll promoter. Segregation of the mutant genes was confirmed by
PCR; in all cases complete replacement of the psbAll gene with the gene encoding the
tagged enzyme was achieved (Figure 6.2C). The resulting strains FLAG-ch/G AchlG
(FLAG-chlG), FLAG-chlG A1-11 (A1-11), FLAG-chlG A1-23 (A1-23), FLAG-chlG A1-32 (A1-
32) and FLAG-chlG A1-39 (A1-39) were all capable of photoautotrophic growth under

normal growth conditions.
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Figure 6.2: N-terminal truncations of chlorophyll synthase. (A) Four sequential truncations
were made to the 5’ end of the Synechocystis chlG gene so that the corresponding proteins
lacked the first 11, 23, 32 and 39 residues from the N-terminus. (B) Genes encoding FLAG-
tagged truncated ChlGs were inserted in place of the psbAll gene in the Synechocystis genome.
(C) Agarose gel electrophoresis showing segregation of the mutant ch/G proteins as well as a

full length positive control (FLAG-ch/G) in comparison a WT strain (WT).
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6.3.2 The extreme N-terminus of ChlG is not required for binding HIiD, Ycf39 and
YidC

In order to examine whether the truncated FLAG-ChIG proteins could still interact with
YidC, HIiD and Ycf39, FLAG-immunoprecipitation experiments were conducted on each
strain and the resulting eluates separated by SDS-PAGE (Figure 6.3A). In each case the
bait protein was visible by silver staining and showed a clear reduction in size from Al-
11 to A1-39 that correlates with the sequentially increasing truncation. There was also
a clear reduction in the quantity of protein purified from A1-11 to A1-39. The A1-11
and A1-23 eluates contained the most FLAG-ChIG protein, the concentration
decreased in the A1-32 sample and decreased further in the A1-39 eluate. The
presence of FLAG-ChIG, YidC, HIiD and Ycf39 was confirmed in all cases by immunoblot
(Figure 6.3B). Ycf39 levels appeared to be reduced in the A1-39 sample, however the
immunoprecipitation experiments were repeated for each strain and a positive signal
for Ycf39 detected by immunblot in each case (data not shown). The interaction of
Ycf39 with the ChIG complex has been shown to be dynamic depending on the light
intensity under which the cells are cultured, which is the most likely explaination for
the discrepancy in the data presented here (Proctor et al., 2018; Shukla et al., 2018b).
As such, the results suggest that the first 39 residues of ChlG are not required for

interaction with YidC, HIiD or Ycf39.

Analysis of the pigment content of the eluates by absorbance spectroscopy and
reverse-phase chromatography showed that the pigment profiles were comparable to
a control immunoprecipitation eluate retrieved from the FLAG-6803 strain, containing
the full length ChlG protein, indicating that carotenoid binding to the truncated FLAG-
ChlG variants was unaffected by removal of the N-terminus (Figure 6.3C and Figure
6.4F-]). The mutant Synechocystis cells harbouring truncated ChIG proteins all
exhibited a pigment profile that was comparable to that of the FLAG-ch/G strain; each
contained myxoxanthophyll, zeaxanthin, B-carotene, echinenone and Chl g,
demonstrating that carotenoid and Chl biosynthesis was unaffected in these strains

(Figure 6.4A-E).
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Figure 6.3: Purification of FLAG-ChIG from Synechocystis FLAG-chlG AchlG, FLAG-chlG A1-11,
A1-23, A1-32 and A1-39 strains and identification of interacting proteins. (A) FLAG-
immunoprecipitation eluates were separated by SDS-PAGE and analysed by silver staining. (B)
Immunoblots using antibodies raised against 3xFLAG and ChIG interaction partners YidC,
Ycf39, and HIiD. FLAG-ChIG dimers (FLAG-ChIG [2]) were visible in each of the eluates (C)

Absorption spectra of FLAG-immunoprecipitation eluates measured directly after elution.
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Figure 6.4: Analysis of the pigment content of whole cell and immunoprecipitation eluates

of the FLAG-chlG AchlG, FLAG-chlG A1-11, A1-23, A1-32 and A1-39 strains. (A-E) Pigments

were extracted from FLAG-chlG AchlG, FLAG-chlG A1-11, A1-23, A1-32 and A1-39 cells in

methanol and separated by reverse phase HPLC. Myxoxanthophyll (Myx), zeaxanthin (Zea), B-

carotene (B-car), echinenone (Ech) and chlorophyll (Chl) were all present in the mutant strains

in levels comparable to FLAG-ChIG. (F-J) Pigments were extracted from FLAG-ch/G and

truncated FLAG-ChIG immunoprecipitation eluates and separated by reverse-phase HPLC.

Pigment ratios were comparable between all of the eluates.
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6.3.3 A ChlG enzyme lacking 32 residues from the N-terminus has impaired activity

ChlG is an essential enzyme in Synechocystis, so it is not possible to generate a fully
segregated chl/G deletion mutant in the WT background. To ascertain if the truncated
enzymes were able to functionally complement the native enzyme, the deletion of the
native chlG gene from the mutant strains was attempted, by replacement of the native
chlG gene with a zeocin resistance cassette by linear mutagenesis as described in
chapter 3 (Figure 6.5A). Segregation of the genome copies was checked by PCR
screening of the chlG locus. Full segregation was only possible for the two least
extensive truncations, A1-11 and A1-23, generating FLAG-chlG A1-11 AchlG (Al-
11/AchlG) and FLAG-chlG A1-23 AchlG (A1-23/AchlG). The larger truncations, A1-32
and A1-39, still maintained wildtype copies of chlG even when plated onto the highest
concentration of the selective antibiotic that was still permissive for growth (Figure
6.5B). This indicated that at least the extreme 23 N-terminal residues of ChlG are not
required for enzyme function, but somewhere between residues 23 and 32 is the cut-

off for producing a functional enzyme.

To test the activity of the truncated mutant ChlG enzymes in vitro, ChlG assays using
immunoprecipitation eluates purified from the FLAG-ch/G Al1-11, A1-23, and A1-32
strains, still containing the native ch/G gene, were performed in comparison to a full
length FLAG-chlG eluate (Figure 6.6). Assays were stopped using excess methanol and
the extract were analysed by reverse-phase HPLC. Chl ags and Chlide pigments were
identified by their absorbance spectra. Consistent with the in vivo results, the A1-11
and A1-23 eluates catalysed the esterification of GGPP to Chlide. A small Chl ac peak
was visible in the A1-32 ChIG assay. This enzyme was unable to complement deletion
of the native chlG gene in vivo and the concentration of ChlG within the eluate was
much lower than in the A1-11 and A1-23 samples. It is possible that the A1-32 ChlG
protein dimerises and co-purifies with the native WT ChlG which would be expected
to confer activity on the eluate. A ChiG dimer (FLAG-ChIG [2]) that survived the
denaturing conditions used during SDS-PAGE is visible via immunoblotting using anti-

FLAG antibodies (Figure 6.3B). The dimerisation of mutant and native ChlG may also
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enable the binding of ChlG interaction partnersinthe A1-11 and A1-23 complexes. This

prospect is discussed further in the following section.

Zeo” chiG U

Zeor H chiG D —

Synechocystis genome

chlG I chiGD —

chiGU

Figure 6 5: Deletion of native ch/G from mutant strains harbouring truncated FLAG-ch/G
genes. (A) The native ch/G gene was deleted from the strains producing truncated FLAG-tagged
ChlIGs by replacement with a zeocin resistance cassette (Zeo®). (B) PCR using primers flanking
the chlG locus revealed that only the two smaller truncations (A1-11 and A1-23) allow full
deletion of the native chl/G gene. The A1-32 and A1-39 ChlG mutants still retain copies of the

WT chlG gene, indicating that full segregation of the knock out construct is not possible.
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Figure 6.6: Reverse-phase HPLC separation of pigments extracted from ChIG assays.
Absorbance profiles of pigments extracted from ChlG assays using immunoprecipitant eluates
purified from FLAG-chl/G AchlG (FLAG-chlG), a negative control lacking GGPP (FLAG-chlG —
GGPP), FLAG-ChIG truncated by 11 (A1-11), 23 (A1-23) and 32 (A1-32) residues from the N-

terminus.

6.3.4 The first 23 residues of ChIG are not required for activity

The fact that the truncated enzymes co-immunoprecipitate with the same interaction
partners as the full-length enzymes indicates that the N-terminal 39 residues are not
involved in the formation of the ChlG complex. However, it has previously been

reported that in a strain producing FLAG-ChIG where the WT copy of the enzyme has
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not been deleted, dimers of FLAG-ChIG and the native un-tagged enzyme are formed
(Shukla et al., 2018b), thus it is possible that the truncated enzyme may form a dimer
with the native enzyme and that HIiD-Ycf39-YidC may be interacting with the native
enzyme. To investigate this possibility, the FLAG-ChlG protein was
immunoprecipitated from the A1-11/AchlG and A1-23/AchlG strains which lacked the
full length native ch/G enzyme. The eluates were analysed by SDS-PAGE which revealed
clear bands for FLAG-ChIG and HIiD in both samples (Figure 6.7A). Immunoblotting
confirmed the presence of FLAG-ChIG and HIiD as well as both YidC and Ycf39 within
the samples, indicating the truncated ChlG proteins were able to from the native
complex in the absence of the full length native ChlG (Figure 6.7B). The eluates were
both pigmented, with absorbance spectra that were comparable to an eluate retrieved
from a strain containing the full length ChIG protein (Figure 6.7C). Further analysis of
the pigment content of the eluates by reverse-phase HPLC showed that in both cases
the truncated ChlG enzymes contained zeaxanthin, myxoxanthophyll and B-carotene
in the absence of the full length ChlG (Figure 6.7D-E). These two eluates were also
enzymatically active, although the A1-11/AchlG produced more Chl ass product
despite being of lower concentration than A1-23/AchlG judging from the relative band
intensities visible by SDS-PAGE (Figure 6.3A). This again demonstrates the importance
of the N-terminus to the activity of the enzyme which appears to decrease as more of

the N-terminus is removed (Figure 6.7F).

Taken together the results indicate that the first 32 residues of ChIG are not essential
for the formation of the ChlG complex and that the first 23 residues are dispensable
for enzyme activity. As the native WT chl/G cannot be deleted from the A1-32 strain, it
remains to be seen whether the truncated protein is marginally active and able to bind
HIiD, YidC and Ycf39, or whether this is due to formation of a dimer with the native

ChlG enzyme. This is discussed further in Section 6.4.2.
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Figure 6.7: Purification of FLAG-ChIG from Synechocystis FLAG-chlG A1-11 AchlG and A1-23
AchlG strains and identification of interacting proteins. (A) FLAG-immunoprecipitation
eluates were separated by SDS-PAGE and analysed by staining with Coomassie Brilliant Blue.
(B) Immunoblots using antibodies raised against 3xFLAG and the ChlG interaction partners
YidC, Ycf39 and HIiD. (C) Absorption spectra of FLAG-immunoprecipitation eluates. (D-E)
Pigments were extracted in methanol and separated by reverse-phase HPLC. Myxoxanthophyll
(Myx), zeaxanthin (Zea), B-carotene (B-car) and chlorophyll (Chl) were all present within both

eluates. (F) Reverse-phase HPLC separation of pigments extracted from ChlG assays.
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6.3.5 Deletion of 51 residues from the ChlG N-terminus destabilises the protein

Analysis of the FLAG-immunoprecipitation eluates obtained from the mutant
Synechocystis strains harbouring N-terminally truncated ChIG proteins indicated that
there was a reduction in the concentration of the ChlG protein as the truncations
became more severe. To test if further truncations of N-terminus would abolish
accumulation of the protein completely, two more truncated ch/G genes were
generated resulting in mutant proteins lacking 45 and 51 residues from the extreme
N-terminus as described previously. The FLAG-immunoprecipitation eluate from both
the FLAG-chlG A1-45 and FLAG-chlG A1-52 strains were not coloured and no ChlG
bands were observed on a stained SDS-PAGE gel (Figure 6.8A). Although no ChIG
protein was visible by SDS-PAGE, ChIG lacking 45 residues from the N-terminus was
detectable by immunoblot. Immunoblots using the FLAG-ChIG A1-52 eluate produced
a barely visible signal (Figure 6.8B). This result indicates that extensive truncation of

the ChlG N-terminus significantly reduces accumulation of the protein in the cell.
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Figure 6.8: Purification of FLAG-ChIG from Synechocystis FLAG-chlG A1-45 and A1-51 strains.
(A) FLAG-immunoprecipitation eluates were separated by SDS-PAGE and analysed by staining

with Coomassie Brilliant Blue. (B) Immunoblots using antibodies raised against 3xFLAG.
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6.3.6 A C-terminally FLAG-tagged Synechocystis ChlG enzyme is inactive in vivo

Although truncation of the ChlG N-terminus by 39 residues did not prevent formation
of the ChIG complex, it was possible that the N-terminal FLAG-tag was artificially
extending the N-terminal region and facilitating ChlG complex formation. A strain
containing a FLAG-tag on the C-terminus of the full length ch/G gene was generated
(chlG-FLAG) with the intention of using this strain as a control to test the effects of N-
terminally truncating ChIG in the absence of the N-terminal FLAG-tag. The ch/G-FLAG
strain was used as the basis for immunoprecipitation experiments to first ascertain
whether the same ChlG complex could be purified as the one isolated with the N-
terminally FLAG-tagged enzyme. The Synechocystis chlG gene was amplified from
genomic DNA and cloned into the pPD-CFLAG plasmid (Chidgey et al., 2014) in frame
with sequence encoding a C-terminal 3xFLAG tag. The vector was introduced into WT
Synechocystis by natural transformation and integrated into the genome at the psbAll
locus by homologous recombination, placing the gene under the control of the psbAll
promoter (Figure 6.9A) (Hollingshead et al., 2012). Segregation of genome copies was

confirmed by PCR (Figure 6.9B).

As chlG is an essential gene in Synechocystis, the native gene can only be deleted from
the chlG-FLAG strain if the tagged enzyme is functional. The native ch/G gene was
disrupted using the linear mutagenesis construct described by Chidgey et al. (2014)
which partially replaced the ch/G gene with a zeocin resistance cassette (zeo®) (Figure
6.9C). Despite multiple attempts under different growth conditions, PCR screening
using primers that flank the ch/G locus revealed that full segregation of the strain was
not possible (Figure 6.9D). This indicates that, unlike the FLAG-ch/G variant, the ChlG-
FLAG protein cannot functionally complement the activity of the native ChlG enzyme.
The FLAG-tag on the C-terminus may impede the active site of the enzyme or
structurally deform the protein and the surrounding thylakoid membrane, perturbing

ChlG function.
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Figure 6.9: Generation of a Synechocystis strain expressing a C-terminally FLAG-tagged chlG
gene and subsequent deletion of the native ch/G gene. (A) A Construct encoding a C-
terminally 3xFLAG tagged chlG was inserted in place of the psbAll gene in the Synechocystis
genome. (B) PCR amplification of the psbAll locus of WT, FLAG-ch/G AchlG and transformant
chlG-FLAG Synechocystis strains. (C) The native ch/G gene was deleted from the strains
producing foreign FLAG-tagged ChlGs by replacement with a zeocin resistance cassette (Zeo®).
(D) Only partial segregation of the chlG locus was achievable in the ch/G-FLAG strain as

revealed by PCR screens using primers flanking the integration site.
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6.3.7 C-terminally FLAG-tagged ChIG co-purifies with YidC but not HIiD or Ycf39 and

is active in vitro

To test whether the C-terminal FLAG-tagged ChlG protein is being produced and if so,
whether it can bind to YidC, HIiD and Ycf39, the ChIG-FLAG protein was
immunoprecipitated from the ch/G-FLAG strain. The strain containing the N-terminally
FLAG-tagged ChlG was included as a control. The eluates were separated by SDS-PAGE
(Figure 6.10A) and analysed for ChlG-FLAG, YidC, HIiD and Ycf39 by immunoblot using
the appropriate antibodies (Figure 6.10B). A band approximately 30 kDa in size was
visible and confirmed to be FLAG-ChIG by immunoblot using antibodies raised against
the FLAG-tag, indicating that the protein, despite being inactive, is still produced and

maintained by the cell.

Immunoblot analysis of the resultant eluate showed the presence of ChlG-FLAG and
YidC, but not HIiD and Ycf39. This indicates that the C-terminally FLAG-tagged enzyme
cannot interact with HIiD or Ycf39 in contrast to the N-terminally FLAG-tagged variant
(Figure 6.10B). The lack of HIiD within the ChIG-FLAG eluate was also evident by
spectrophotometric analysis. The eluate did not produce peaks at 487 and 515 nm,
characteristic of the HIiD bound carotenoids present within the native complex (Figure
6.10C). However, like the plant and algal versions of the complex described in chapter
3, the association of ChlG with YidC is maintained despite the abolished interactions
with HIiD and Ycf39. To rule out the possibility that the lack of Ycf39 and HIiD observed
in the ChlG-FLAG eluate is due to lack of accumulation of HIiD and Ycf39 within this
strain, immunoblot analysis of solubilised thylakoid membranes (prepared as
described in Section 2.11.1) using antibodies raised against HIiD and Ycf39 must be

performed.

In vitro ChlG enzyme activity assays were performed using the ChlG-FLAG and FLAG-
chlG eluates. Both eluates were able to produce Chl agg although ChlG-FLAG generated
a smaller yield of product than the FLAG-chl/G variant indicating that the C-terminal
FLAG-tag is impeding ChlG activity (Figure 6.10D).
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Figure 6.10: Purification and activity of ChlG-FLAG. (A) FLAG-immunoprecipitation eluates
were separated by SDS-PAGE and analysed by staining with Coomassie Brilliant Blue. (B)
Immunoblots using antibodies raised against 3xFLAG and ChIG interaction partners YidC,
Ycf39, and HIiD. ChIG[2] indicates a ChlG dimer. (C) Absorption spectra of FLAG-
immunoprecipitation eluates. (D) Reverse-phase HPLC separation of pigments extracted from

ChIG-FLAG and FLAG-chlG assays.

6.4 Discussion
6.4.1 The N-terminus of ChIG is not required for binding of YidC, HIiD and Ycf39

Synechocystis ChlG binds to HIiD, Ycf39 and YidC forming a complex that can be
purified from the cell by FLAG-tagging the ChlG enzyme and performing FLAG-
immunoprecipitation experiments (Chidgey et al., 2014). From the cross-linking data

presented in Chapter 5, the first 39 residues of the ChlG N-terminus was predicted to
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be involved in the binding of these interaction partners. In this chapter, the N-terminus
of a FLAG-tagged ChlG was sequentially truncated, removing 11, 23, 32 and 39 residues
from the protein. In each case, the ChlG complex was still able to assemble in the cell,
despite the absence of a maximum of 39 residues from the N-terminus. As ChIG has
been shown to form a dimer in Synechocystis (Shukla et al., 2018b), the native chlG
gene was deleted from the cells harbouring the truncated FLAG-tagged proteins. This
was only possible in the Al1-11 and A1-23 strains (see below), although FLAG-
immunoprecipitation experiments using the resulting A1-11/AchlG and A1-23/AchlG

strains demonstrated that the ChlG complex was still able to assemble.

The results from this chapter appear to conflict with the results described in Chapter
5. In Chapter 5, the N-terminal domain of ChlG was shown to form cross-links with
Ycf39 (indicating that the N-terminus of ChlIG is located in the cytoplasm) in addition
to YidC and HIiD. Cross-links between YidC and Ycf39/HIiD were also identified, as well
as cross-links between Ycf39 and HIiD. The removal of the N-terminus of ChlG may not
abolish the formation of the ChlG complex because (a) the cross-links identified may
represent the close proximity of two polypeptides but not necessarily their interaction,
(b) the N-terminal domain of ChlG does interact with YidC/Ycf39/HIiD, however, the
interactions between the latter proteins may suffice to facilitate formation of the ChlG
complex, (c) other, so far unobserved, domains of ChlG could also interact with its
partners and stabilise the ChlG complex. Expanding on the latter scenario, ChlG, HIiD
and YidC are all integral membrane proteins, predicted to feature 8, 1 and 3
transmembrane helices respectively (see Chapter 5 Section 5.3.1). Despite the fact
that no cross-link modifications of amino acid residues predicted to be located within
the transmembrane helices were identified, it is possible that interactions between
these three proteins occur within the lipid bilayer. The cross-linking reagents may
simply not have been able to permeate the membrane and/or access these regions of
the proteins. The results from this chapter highlight the need for further structural

characterisation of the ChlG complex, as outlined in Chapter 5 Section 5.4.2.
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6.4.2 The first 32 residues of Synechocystis ChlG are essential for enzyme function

N-terminal truncation of ChlG by 32 amino acids almost entirely abolished the enzyme
activity, as demonstrated in vivo by the failed attempt to delete the native ch/G gene
from the FLAG-chlG A1-32 background, and in vitro by negligible production of Chl ace
during enzyme activity assays. However, ChlG variants lacking 11 and 23 residues from
the N-terminus were both active in vivo as the native chlG gene was successfully
deleted from these backgrounds indicting that the truncated variants were able to
functionally complement the WT protein. Both proteins were also active in vitro,
although the A1-23 to a lesser extent than the A1-11 variant despite the fact that the
FLAG-ChIG concentration within the undiluted A1-23 eluate used for in vitro enzyme
assays was significantly higher than in the A1-11 eluate (Figure 6.3A). This suggests
that the removal of 23 residues from the N-terminus of ChlG perturbs activity without
abolishing it completely. The length of the N-terminus therefore appears to correlate
with ChlG activity and one or more amino acids essential to the activity of ChIG is
located somewhere between residues 23 and 32. It may also be the case that removal
of the amino acids immediately proximal to the predicted start of the first

transmembrane helix could destabilise the protein, abolishing its activity.

In order to check whether the observed activity of the A1-11 and A1-23 mutants arose
from co-immunoprecipitation of the WT enzyme, the native chlG gene was removed
from the strains producing these proteins and FLAG-ChIG immunoprecipitated from
the resulting strains. The A1-11/AchlG and A1-23/ AchlG eluates remained active in
vitro, demonstrating that these enzymes are active in the absence of native ChlG.
However, deletion of the native ch/G gene was not possible from the A1-32 mutant.
Furthermore, the A1-32 immunoprecipitation eluate contained ChlG dimers that
survived denaturation during SDS-PAGE (Figure 6.3B). Whether or not this was a
homodimer consisting of two A1-32 ChlG proteins, a heterodimer of A1-32 and WT
ChlG or a mixture of both of these could not be ascertained. Therefore the possibility
remains that the small amount of in vitro activity of this eluate could be due to the
presence of a small amount of native ChlG. A method by which the dimerization of Al-

32 with WT ChlG could be detected is outlined in Section 6.5. Alternatively the A1-32
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ChlG variant may well have some residual activity; however the protein concentrations
within this eluate were generally much lower than the A1-11 and A1-23 samples and
so the smaller amount of product produced by A1-32 may be due to there being less

FLAG-ChIG present within this assay.

In a previous study, truncations of recombinant oat (Avena sativa) ChlG, which shares
62% identity with the Synechocystis homologue, revealed that a core protein
comprised of residues 88 to 377 is enzymatically active in vitro (Schmid et al., 2001).
The first 46 residues of the oat ChlG enzyme correspond to a chloroplast transit
peptide. If this region is discounted then residue Trp88 is equivalent to residue Trp31
in the Synechocystis ChiG, thus this result is in agreement with the finding that the Al-

23 truncation is active and A1-32 has only marginal activity.

6.4.3 A C-terminally FLAG-tagged ChlG protein is inactive and cannot bind to HIiD
or Ycf39

It is possible that the FLAG-tag on the N-terminus of the truncated ChlG proteins can
non-specifically facilitate the interaction of the enzyme with any of HIiD, Ycf39 and
YidC, essentially replacing the missing N-terminal regions. Cross-linking experiments
using the full length FLAG-ChIG complex indicated that the FLAG-tag is in close enough
proximity to YidC to form a cross-link between them (Chapter 5). To test this
hypothesis, the full length ChlG protein was C-terminally FLAG-tagged (ChIG-FLAG) and
used as bait during FLAG pulldown experiments. Analysis of the resulting eluate for
interaction partners of ChiIG-FLAG by immunoblot revealed that the presence of a C-
terminal FLAG-tag lead to the abolishment of the HIiD and Ycf39 interactions with
ChlG, although an association with the YidC protein was maintained. As the interaction
of HIiD and Ycf39 was not maintained when the FLAG-tag was added to the C-terminus
of ChlG, this approach was not viable as a means to examine the effects of truncating
the ChlG N-terminus in the absence of the N-terminal FLAG-tag. Despite this, the
activity of this protein was tested in vivo by attempting to delete the native ch/G gene.

This proved to be impossible, indicating that the C-terminal FLAG-tag inhibited enzyme
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activtiy, preventing it from functionally complementing the native protein. In contrast
to this, the ChIG-FLAG eluate was able to produce Chl acs product during in vitro
enzyme assays, although to a lesser extent than a FLAG-ch/G control. As discussed with
regards to the A1-32 truncated ChlG, the in vitro activity of ChIG-FLAG eluate may be
conveyed by the co-purification of the tagged protein with the WT ChIG enzyme,
causing the discrepancy in results between the in vivo and in vitro activities of the
tagged enzyme. A ChlG dimer (ChlG[2]) was observed by SDS-PAGE and immunoblot
(Figure 6.10A-B), indicating that this dimer is strong enough to survive the relatively
denaturing conditions in which SDS-PAGE was performed. There is the possibility,
however, that the dimerisation of ChlG is an artefact of treatment with SDS.
Alternatively, ChIG-FLAG may be marginally active but is not competent enough to
completely complement the WT enzyme. Another possibility is that the presence of a
FLAG-tag on the C-terminus of ChlG retards the translocation of the protein across the
thylakoid membrane, resulting in destabilisation of the thylakoid membrane and
preventing the formation of the ChlG complex. Likewise, this may also perturb the
activity of the enzyme in vivo by preventing the channelling of substrates to the active

site.

6.5 Future work

Only the N-terminus of Synechocystis ChlG was targeted for truncation in this study.
Schmid et al. (2001) showed that the final His378 could be removed from the C-
terminal end of the Oat ChlG homologue without affecting activity, although any
further truncation of the C-terminus resulted in the complete loss of activity.
Interestingly, although deletion of the penultimate Ser377 abolished enzyme activity,
substituting it for an Ala did not, indicating that the length of the C-terminus is the
important factor (Schmid et al., 2001). This makes sense given that the final
transmembrane helix is predicted to run from Ala359-Ser377 (Schmid et al., 2001).
Sequence alignments of the Synechocystis ChlG with the Oat homologue show that the
C-terminus of Synechocytis ChlG extends beyond the equivalent His378 by an

additional 3 residues (Ala-Gly-lle). Additionally, the results presented in this chapter
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demonstrate that the addition of 3xFLAG-tag to the C-terminus of ChlG abolished
binding of HIiD and Ycf39 as well as synthase activity in vivo, suggesting that ChlG may
be more sensitive to modification of the C-terminus than the N-terminus. Truncations
should be made to the C-terminus of Synechocystis FLAG-chlG, causing the loss of the
Ala, Gly and lle residues before sequential removal of further C-terminal residues one
at a time. The activity of the resulting ChIG variants will be tested in vivo by attempted
removal of the native ch/G gene from the host strain. The FLAG-tagged proteins will be
purified by FLAG-immunoprecipitation and tested for activity in vitro as well as

analysed for interaction partners by immunoblot.

The A1-32 and C-terminally FLAG-tagged ChlG variants were both poorly functional in
vivo, surmised from the fact that it was not possible to delete the native ch/G gene
from these backgrounds, but exhibited activity in vitro during enzyme activity assays.
As described previously, it is possible that a dimer is able to form between the native
and tagged proteins, the former of which would co-purify with the tagged protein and
confer ChlIG activity on the eluate. Support for this notion will require a demonstration
of the presence of ‘native’ ChlG, perhaps His-tagged, in purified A1-32 and ChlG-FLAG
eluates. Analysis of the resulting eluates by immunoblot using antibodies raised
against the His-tag would enable the presence or absence of the His-ChlG to be

determined.
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Chapter 7: Heterologous production and in vitro mutagenesis of Arabidopsis thaliana

chlorophyll synthase

7.1 Summary

Chlorophyll synthase (ChlG) and Bacteriochlorophyll synthase (BchG) catalyse the
attachment of the tail moiety to the chlorin ring of (Bacterio)chlorophyllide, forming
(Bacterio)chlorophyll in oxygenic and anoxygenic phototrophs respectively. These
enzymes are structurally related but each is unable to utilise the other’s natural
substrate. To better understand the importance of conserved ChlG residues predicted
to be involved in substrate specificity or substrate binding to the enzyme, N-terminally
His-tagged Arabidopsis thaliana ChlG (AtChlG) was heterologously produced in E. coli
and several point mutants were tested for activity by in vitro enzyme assays.
Production of chlorophyllide a (Chlide a), the substrate of ChlG, was achieved by
removing the tail moiety from chlorophyll a (Chl a) using the Arabidopsis enzyme
chlorophyllase (CLH-1) also produced recombinantly in E. coli. ChiG activity was
demonstrated in E. coli lysates containing recombinant AtChlG but AtChlG solubilised
in detergent and purified by Ni?* IMAC did not produce any detectable product. Three
point mutations were generated, targeting residues conserved in ChlG and replacing
them with their conserved counterparts in BchG; Q46E, L56P, V60Y. Q46E and L56P
were active but to a lesser extent than WT ChlG, demonstrating a non-critical role of
these residues in the activity of ChlG. V60Y was almost completely devoid of activity.
Additionally, point mutations were made to residues N99 and A225, predicted to be
located in the active site of AtChlG. Substitution of N99 for Ala and A225 for Met
inhibited AtChlG catalysis completely, demonstrating the importance of these residues
to ChlG function. Finally, residue P54, predicted to be important for determining the
substrate specificity of AtChlG, was substituted by Phe. P54F was able to utilise Chlide
a as its substrate to a lesser extent than WT AtChlG, suggesting that mutation of this
residue had reduced the affinity of AtChlG for Chlide. This system can be used to

quickly and easily test the viability of any AtChlG mutant in vitro.
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7.2 Introduction

Chlorophyll synthase (ChIG) catalyses the esterification of the tetraprenyl tail to ring D
of Chlorophyllide a (Chlide), which is the last step of the chlorophyll biosynthesis
pathway. Activity of this enzyme was first detected in the etioplast membranes of oat
(Avena sativa) (Rudiger et al., 1980). The enzyme in purple bacteria,
bacteriochlorophyll synthase (BchG) (Bollivar et al., 1994b) and the ChIG homologue
in the cyanobacterium Synechocystis sp. PCC 6803 (hereafter Synechocystis) (Kaneko
et al., 1996) were subsequently identified. The activity of both BchG and ChlG was
confirmed by production in E. coli (Oster et al., 1997). Further studies were performed
on these enzymes with respect to their substrate specificity (Kim and Lee, 2010) and

their mechanism of catalysis (Schmid et al., 2002) (see Section 1.8.11 for discussion).

There are only two examples of ChlIG mutagenesis studies reported in the literature.
Schmid et al. (2001) performed in vitro mutagenesis of the oat (Avena sativa) ChiG.
Deleting residues 1-87 from the N-terminus resulted in a “core” protein that retained
46% activity of the full length ChlG. Deletion of residues 1-88 abolished all enzyme
activity. At the C-terminus, only one His residue (H378) could be removed before the
protein lost all activity upon deletion of the Ser residue directly upstream (S377).
However, substitution of S377 to Ala (S377A) resulted in a protein that was 63% active
in comparison to the WT enzyme. The authors concluded that it was the overall length
of the sequence, rather than the specific amino acid, that was critical to producing a
functioning enzyme. The same study also targeted four Arg and five Cys residues,
identified as important for ChlG activity, by first testing the activity of the enzyme in
the presence of specific Arg and Cys inhibitors. They subsequently altered these
residues to Ala and tested the enzyme activity with and without the appropriate
inhibitor. Of the four Arg residues, R91 and R161 were essential to activity. For the Cys
residues, C109, conserved in all of the known ChlG homologs at the time, was also

critical to activity whereas C130 showed reduced activity.

Kim, Kim and Lee, (2016) identified residue 144 of the Synechocystis ChlG and the
equivalent F28 of Rba. sphaeroides BchG as critical to the substrate specificity of the

enzyme. They found that expression of Synechocystis chlG in a Rba. sphaeroides bchG
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null mutant resulted in multiple suppressor strains that all harboured a ChIG 144F point
mutation. ChlG 144F was able to esterify BChlide, although with reduced substrate
affinity, and was thus able to restore photosynthetic growth to these strains, albeit at
greatly reduced growth rates. Subsequently, the authors performed in vitro
mutagenesis experiments where they generated ChlG 144F and the corresponding
BchG F28l variant proteins and produced them in E. coli. They showed that ChlG 144F
was able to esterify BChlide and that BchG F28I was able to esterify Chlide, albeit with
a 10 fold reduction in efficiency relative to their respective native substrates (see

Section 1.8.11 for further discussion).

The discovery of chlorophyll synthase gene in the higher plant, Arabidopsis thaliana
(A. thaliana), came in 1995 when the gene, annotated G4, was identified during the
sequencing of the A. thaliana genome and was found to encode a protein with
significant sequence homolog to the Rba. capsulatus BchG (Gaubier et al., 1995). The
enzyme was produced in E. coli and was able to esterify Chlide with geranylgeranyl
pyrophosphate (GGPP) in preference to utilising phytyl pyrophosphate as a substrate
(Oster and Rudiger, 1997). However, there have been no further reports of kinetics, in
vitro mutagenesis or substrate specificity studies. This chapter reports optimisation of
AtChlG production in E. coli and generation of several point mutations that change
conserved ChIG residues to their BchG counterparts. A method for the production of
Chlide substrate was developed, which was tested for activity with mutant AtChIG
proteins. The aim was to establish a recombinant system to characterise A. thaliana
ChlG in vitro, to enable comparisons with (B)Chl synthases from Avena sativa,

Synechocystis and purple bacteria.

7.3 Results
7.3.1 Heterologous production of Arabidopsis thaliana ChlG in E. coli

In order to produce point-mutant variants of the A. thaliana ChlG (hereafter AtChlG)
using the QuickChange Il Site-Directed Mutagenesis Kit (Agilent Technologies), it was

first essential to establish a viable over-production system in E. coli. Following trials
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with various expression vectors; the pET28a vector was found to be suitable for AtChlG
production in E. coli cell line BL21 (DE3). The At_ch/G gene was sub-cloned from the
Synechocystis strain discussed in Chapter 3. The gene was amplified by PCR so that it
contained Ndel and EcoRIl restriction enzyme digest sites and ligated into the

corresponding sites of pET28a, in frame with an N-terminal 6x His tag (Hise).

The recombinant pET28a::AtChIG plasmid was introduced into E. coli BL21(DE3), which
was cultured in 1 L of LB medium at 37 °C with shaking at 180 rpm until the ODggo of
the cells reached 0.6, at which point expression was induced with IPTG. Production of
AtChlG was confirmed by separation of whole cell lysates by SDS-PAGE followed by
immunoblots using antibodies raised against ChlG (already shown to recognise the
AtChlG enzyme in Chapter 3) (Figure 7.1A) and the His-tag epitope (Novagen®) (Figure
7.1B). Both antibodies gave a strong signal at 25 kDa, smaller than would be expected
for Hise-AtChlG which is calculated to be 37 kDa. It is probable that ChlG, a hydrophobic
integral membrane protein which likely binds more SDS than an equivalent soluble
protein, may migrate faster than expected during SDS-PAGE (Rath et al., 2009). AtChIG
purified from Synechocystis, and analysed via SDS-PAGE and immunoblot, also
migrated as approximately 25 kDa, as discussed in Chapter 3. A control sample,
prepared from BL21 harbouring an empty pET28a vector, did not cross-react with

either antibody.
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Figure 7.1: Production of AtChlG in E. coli. Immunodetection of AtChlG in cell lysates of E. coli

using antibodies raised against ChlG (A) and the His-tag epitope (B).

7.3.2 Purification of AtChlG by Ni?* immobilised metal affinity chromatography

Attempts were made to purify AtChlG, after confirming its production in E. coli. The
AtChlG membrane fraction was prepared from 2 L of cells (Section 2.11.4), cultured as
described above, solubilised with 1.5% (w/v) B-DDM, then the clarified detergent
extract was applied to a Ni?* NTA IMAC column. The AtChlG protein eluted from the
column in 400 mM imidazole and the eluate was analysed by SDS-PAGE. There was no
prominent protein band detectable upon staining with Commassie Brialliant Blue
(Figure 7.2A) although a band at 30 kDa was tentatively assigned to AtChlG. However,
AtChlG production was confirmed by immunoblot using antibodies raised against ChlG
(Figure 7.2B). AtChIG appeared to aggregate in solution as indicated by multiple signals
of varied MW. There also appeared to be some degradation of the protein and so

AtChlG may not be very stable in solution or is partially degraded in the host cell.
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Figure 7.2: Purification of His-AtChIG by Ni%* IMAC. Separation of AtChlG eluate by SDS-PAGE,
followed by staining with Commassie Brilliant Blue (A) and immunoblotting using anti-ChlG

antibodies (B).

7.3.3 Optimisation of AtChIG production

An attempt was made to increase the yield of AtChlG obtained per litre of culture by
altering the growth temperature and medium. Lowering the temperature after
induction has been reported to aid recombinant protein expression (San-Miguel et al.,
2013). A 1 L LB AtChIG culture was grown as described above except that the
temperature was lowered from 37 °C to 18 °C after induction. AtChlG was purified
from the cultures as described above and analysed by SDS-PAGE in comparison to a
control sample maintained at 37 °C. The culture grown at 18 °C exhibited a significant
increase in AtChlG production as represented by an intense band that contrasts with

the comparably weak band visible in the 37 °C sample (Figure 7.3). Secondly, the
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culture medium, LB, was switched for LB autoinduction medium (Formedium™), which
can increase cell densities and the yield of correctly folded recombinant protein
(Sivashanmugam et al., 2009; Studier, 2005). Autoinduction medium places the
induction of the target gene under the control of the host’s metabolism at a level
tolerable to the cell, avoiding the inhibition of cell growth often seen in IPTG induced
cultures. The lac operon is initially repressed by glucose, but as the glucose is depleted,
the cells switch to consumption of lactose and glycerol. Lactose breakdown produces
allolactose, the native inducer of the lac operon, which relieves repression of the lac
operon and enables target gene expression (Blommel et al., 2007). AtChlG was purified
from an autoinduced 1 L LB culture, grown at 37 °C until the cell density reached an
optical density of 0.6 when measured at 600 nm, at which point the temperature was
lowered to 18 °C and the culture incubated overnight. The AtChlG eluate was analysed
by SDS-PAGE (Figure 7.3). The yield of AtChlG increased slightly in autoinduction
medium in comparison to the LB culture, so this method of AtChlG production was

adopted for this work.
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Figure 7.3: Purification of AtChlG produced in E. coli grown in varying media and
temperatures. Recombinant AtChlG E. coli cells were grown in LB medium at 37 °C and 18 °C
after IPTG induction and a third culture was grown in autoinduction LB medium (ALB) at 18 °C
after the culture had become turbid. His-AtChlG was purified by IMAC and separated by SDS-

PAGE before staining with Coomassie Brilliant Blue.

7.3.4 Generating a Chlide a producing Rba. sphaeroides mutant

A source of Chlide, the substrate of ChlG, was required in order to perform enzyme
activity assays with the AtChlG enzyme. A Rhodobacter (Rba.) sphaeroides mutant
lacking bchC, bchX and bchF (AbchCXF) is perturbed in the bacteriochlorophyll a (Bchl)
specific steps of the Bchl biosynthesis pathway, i.e. modification of Chlide to BChlide
(Figure 7.4A). This strain accumulates Chlide, which is excreted from the cells when

the strain is cultured in growth medium supplemented with 0.02% (v/v) Tween 20
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(Chidgey, 2014). However, this strain also produces an excess of Pchlide, necessitating
the separation of Pchlide and Chlide by reverse-phase HPLC, and so it was beneficial
to attempt to further improve the extent of Pchlide to Chlide conversion in this strain.
Deletion of bchF in the original AbchCXF strain did not take into account the overlap
between the 3’ end of bchF and the start of the downstream bchN gene, which
encodes protochlorophyllide reductase (DPOR), the enzyme responsible for
converting Pchlide to Chlide (Figure 7.4B). Deletion of bchF could have perturbed the
expression of bchN, for example by impeding RNA polymerase from binding to the
truncated bchN promoter region which may be located within the bchF coding region.
As such, a new AbchCXF strain (AbchCXF*) was generated in which only the 5’ end of
bchF was deleted and a frame shift was introduced into the 3’ end of the gene.
Production of BchF in AbchCXF* was therefore abolished whilst the upstream bchN

region remained intact.

Truncation of bchF was achieved using the pK18mobsacB suicide vector system
(Schafer et al., 1994). This plasmid contains a kanamycin-resistance cassette and the
gene sacB, encoding the enzyme levansucrase that catalyses the conversion of sucrose
into toxic sugars, fructooligosaccharides, and thereby acts as a second selection
marker. DNA complementary to the regions upstream of, and to the centre of, bchF,
were cloned into pK18mobsacB, which was then transformed into the E. coli strain
S17-1. Subsequently, the plasmid was transferred to a Rba. sphaeroides strain already
lacking bchC and bchX (AbchCX) by bacterial conjugation (Chidgey, 2014). Selection of
conjugants on kanamycin initiated the first homologous recombination event which
incorporated the vector into the host genome (Figure 7.5A). These were then exposed
to sucrose, which prompted a second homologous recombination event, resulting in
either the desired AbchCXF* mutant (Figure 7.5B), or, if the second recombination
event occurs at the same site as the first, colonies that have reverted back to AbchCX

(Figure 7.5C). AbchCXF* mutants were identified by PCR screening (Figure 7.5D).

To test whether AbchCXF* produced more Chlide than AbchCXF, both strains were

culturedin 0.02% (v/v) Tween 20 and the pigments extracted from the growth medium
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as described in Section 2.14.3. Pigments were analysed by reverse-phase HPLC
(Section 2.14.5), monitoring absorbance at 632 nm and 665 nm (data not shown) for
PChlide and Chlide respectively and fluorescence at 670 nm (excited at 440 nm). Chlide
eluted from the column after 20 minutes and Pchlide after 27 minutes as determined
by their absorbance spectra. Unfortunately, AbchCXF* produced a higher Pchlide to
Chlide ratio (Figure 7.6B) than the original AbchCXF strain (Figure 7.6A). Calculating
the area of each peak; AbchCXF produced a Pchlide:Chlide ratio of 1:1.5, whereas
AbchCXF* produced these pigments in a ratio of 2.5:1. There values were approximate,
as the exact ratios of the pigments vary between independent cultures, however it can
be concluded that the AbchCXF* strain is less efficient in producing Chlide than

AbchCXF. The experiment was pursued no further.
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Figure 7.4: Bchl a biosynthesis is perturbed in a Rba. sphaeroides AbchCXF mutant. (A) The

Bchl-specific steps (purple box) of BChl biosynthesis; bchF encodes 3-vinyl bacteriochlorophyll
hydratase; BchXYZ are the three subunits of Chlide a reductase (COR) and bchC encodes 3-
hydroxyethyl bacteriochlorophyllide dehydrogenase. Rba. sphaeroides AbchCXF and
AbchCXF* mutants are arrested in BChl biosynthesis (red lines). (B) Overlap of bchF (red) and
bchN (blue) genes within the Rba. sphaeroides genome. (C) The bchF gene was completely
deleted from the AbchCX mutant resulting in the original Rba. sphaeroides AbchCXF strain. (D)
The 5’ end of bchF was deleted from a AbchCX mutant resulting in the Rba. sphaeroides
AbchCXF* mutant.
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Figure 7.5: Truncation of bchF from the mutant Rba. sphaeroides AbchCX genome using the
pK18mobsacB suicide vector. (A) The upstream region of bchF (bchF US) and N-terminal half
of bchF (bchF*) was ligated into the pK18mobsacB vector, followed by incorporation into the
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part of bchF from the genome, resulting in mutant AbchCXF*. (C) A secondary recombination
event occurring at the same site as the first results in a reversion back to AbchCX. (D) Successful

recombinants were confirmed by PCR screening.
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Figure 7.6: Reverse-phase HPLC separation of pigments extracted from mutant AbchCXF and
AbchCXF* Rba. sphaeroides strains. (A-B) Fluorescence profiles of Chlide a and Pchlide a
pigments extracted from the AbchCXF (A) and AbchCXF* (B) mutants. (C) Pchlide a (left panel)

and Chlide a (right panel) were identified by their characteristic absorbance spectra.
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7.3.5 Heterologous expression of A. thaliana chlorophyllase (CLH-1) in E. coli

Due to the difficulty in purifying Chlide a from the AbchCXF Rba. sphaeroides mutant,
a potentially more efficient and less laborious approach was conceived whereby the
phytyl tail is removed from Chl a using the plant enzyme chlorophyllase (CLH-1). A
similar approach has been reported before where chorophyllase and Chl a were both
prepared from the leaves of A. altissima (Oster et al., 1997). The chlorophyllase gene
from A. thaliana (CLH-1) was codon optimised for expression in E. coli and artificially
synthesised by Integrated DNA Technologies®. CLH-1 was sub-cloned into pET21a and
produced in E. coli BL21 (DE3) following the method described by Tsuchiya et al.
(1999). Although masked by a native E. coli protein of a similar size, the intensity of a
band on stained SDS-PAGE at approximately 35 kDa, the predicted molecular mass of
CLH-1, was increased in the CLH-1 producing cells in comparison to a control sample
(Figure 7.7A). CLH-1 production was confirmed by immunodetection of the His-tagged

version of the protein (Figure 7.7B).
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Figure 7.7: Production of A. thaliana chlorophyllase-1 in E. coli. (A) SDS-PAGE separation and
Coomassie Brilliant Blue staining of recombinant E. coli lysates producing His-tagged and non
His-tagged CLH-1. (B) CLH-1 was production was confirmed by immunoblot with anti-His

antibodies.
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7.3.6 Production of Chlide a from Chl a by CLH-1 containing E. coli lysates

Attempts to purify CLH-1 to homogeneity were unsuccessful as the protein yield was
not sufficient (data not shown), however, significant dephytylase activity was present
in total cell lysates. Clarified lysates were prepared from CLH-1 producing E. coli cells
and added to Chl g, isolated from Synechocystis, as described in Section 2.14.1. At the
end of the assay, pigments were extracted and analysed by reverse-phase HPLC
(Section 2.14.4). A major peak eluted after 12 minutes (Figure 7.8B) and was confirmed
to be Chlide by its absorbance spectra and its absence in control assays lacking CLH-1,
in which only Chl a was present (Figure 7.8A). The results show complete conversion
of Chl a to Chlide a by CLH-1, demonstrating the promise of this method as a means
to produce Chlide for use in AtChlG assays. However, Chlide produced this way was

not stable and degraded extensively during storage, as described later.
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Figure 7.8: Reverse-phase HPLC separation of pigments extracted from Synechocystis and
CLH-1 enzyme assays. (A) Chl a was extracted from Synechocystis and analysed by reverse-
phase HPLC. (B) Chl a was converted to Chlide a by reaction with CLH-1. The absorbance

spectra of the two pigments are shown boxed in their respective panels.

7.3.7 Enzyme activity of AtChlG solubilised in detergent

In order to test whether the recombinant AtChlG is active in detergent micelles, the E.
coli membranes were solubilised in B-DDM and AtChIG purified by Ni?* IMAC. The
eluate was buffer exchanged into FLAG buffer (25 mM Na-phosphate, 50 mM NaCl, 10
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mM MgCl, 10% glycerol, pH 7.4), and tested for ChlG activity. Enzyme assays were
performed in triplicate and consisted of 20 uM of AtChlG, 30 uM Chlide (produced by
CLH-1 assay), 100 uM GGPP and 0.01% (w/v) BDDM diluted to 30 pL in FLAG buffer as
described by Chidgey, 2014. Assays were started by addition of Chlide and incubated
for 60 minutes in the dark at 30 °C before being stopped by addition of 60 pL of MeOH.
The pigments were extracted from the protein precipitate in excess MeOH and
immediately analysed by reverse phase HPLC. A positive control, consisting of purified
FLAG-ChIG complex from Synechocystis, and a negative AtChlG control assay lacking

GGPP were performed.

The FLAG-ChIG complex produced two peaks attributed to Chl ass, which was formed
during the assay, and Chl a, which was bound to the HIiD component of the ChIG
complex and therefore is already present in the assay mixture. The abosorbance
spectra of Chl a and Chl acc are identical, however, the pigments can be distuingshed
from one another by the difference in elution time between the two from the HPLC
column. Chl age eluted after 22.5 minutes and Chl a, the more hydrophobic of the two
pigments, after 30 minutes (Figure 7.9A). The identity of these two peaks was
confirmed using the same HPLC program to analyse Chl g, purified from Synechocystis,
and Chl agg, extracted from a Synechocystis AchlP mutant lacking geranyl geranyl
diphosphate reductase (GGPP) (Hitchcock et al., 2016). Chl a eluted after 30 minutes,
as was the case in the FLAG-ChIG assay. Chl ass eluted slightly later than expected,
after 24 minutes (Figure 7.9B); there could be slight differences in the chemical
structure of the Chl ass species produced in the two systems, although the exact

nature of these changes has yet to be resolved.

AtChIG produced no Chl agg indicating that the enzyme is not active when solubilised
in detergent (Figure 7.9A). It was also confirmed that WT E. coli lysate has no enzyme

activity that can esterify Chlide a with GGPP.
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Figure 7.9: Reverse-phase HPLC separation of pigments extracted from purified ChlG assays.
(A) Pigments extracted from enzyme assays using purified AtChlG eluate (AtChlG),
Synechocystis FLAG-ChIG pulldown eluate assays (SynChlG) and from Synechocystis ChlG (Syn
ChlG -GGPP) and AtChlG (AtChlG -GGPP) negative control assays lacking GGPP. (B) Pigments
extracted from WT Synechocystis (WT) and Synechocystis AchlP (AchlP) were used as

standards.
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7.3.8 Enzyme activity of recombinant AtChIG E. coli lysate

As AtChlG was not active when extracted from the lipid bilayer of E. coli membranes,
clarified lysates were tested for enzyme activity. The cells were lysed in FLAG buffer
and centrifuged at 8000 xg for 20 minutes to remove insoluble material. Chlide (30
M) and GGPP (100 uM) were added to 27 uL of lysate and incubated for 60 mins at
30 °C. The pigment content of the assays were analysed as described previously (Figure

7.10A) and a negative control lacking GGPP (-GGPP) was included (Figure 7.10B).

The majority of the pigment within the assay was Chlide g, as indicated by the peak at
12 minutes in both the -GGPP control and AtChlG sample. However the AtChlG sample
also contained a pigment that eluted after 22.5 minutes that was not present in the —
GGPP control, attributed to be Chl ags as surmised from the absorbance spectra. The
Chl ace peak was relatively small compared to the Chlide a peak. Calculating the
integrals of the Chlide a and Chlass absorbance peaks at 665 nm across three separate
assays, just 1.4% of the Chlide a was converted to Chl a by AtChlG. Attempts were
made to improve Chl aes production by incremental increases in the assay solvent
(MeOH) concentration, halving the Chlide a concentration to 15 uM, purifying AtChlG
membranes on sucrose gradients and by assaying AtChlG membranes solubilised in
1.5% (w/v) BDDM. None of these changes increased Chl asc production and some, such
as solubilising the AtChlG membranes in detergent, abolished the enzyme activity

completely (data not shown).
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Figure 7.10: Reverse-phase HPLC separation of pigments extracted from AtChIG assay.
Pigments extracted from enzyme assays using recombinant AtChlG E. coli lysates (A) and a
negative control assay (B) lacking the substrate GGPP were analysed by reverse-phase HPLC.

The absorbance spectra of Chl ags is shown boxed in (A).
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7.3.9 Mutation of conserved ChlG residues to their BchG equivalents

Despite the fact that purified AtChlG is inactive in detergent micelles, the
demonstration that AtChlG activity is measurable within clarified E. coli lysates
presented an opportunity to generate point mutant variants of this enzyme and test
them for activity in vitro. Residues that are conserved in homologs of ChIG, but are
replaced with a different conserved residue in BchG (Figure 7.11 and 7.12), were
targeted for mutation to test the hypothesis that these residues are either important
for determining the substrate specificity of ChlG for Chlide, and/or are important for
the general activity of the enzyme. Although there are many such examples of residues
that fit these criteria, three amino acids within AtChlG were selected due to their
predicted location within the first transmembrane helix of the enzyme. These residues
were substituted by their counterparts in BchG. The AtChlG residues, and the
equivalent BchG residue, were: glutamine 46 by glutamic acid (Q46E), leucine 56 by
proline (L56P) and valine 60 by tyrosine (V60Y) (Figure 7.11).

In addition, the proline residue at position 54 in AtChlG was substituted by a
phenylalanine residue (P54F). The equivalent residue in Synechocystis ChlG (144) and
BchG (F28) has been reported to be involved in the substrate specificity of ChlG and
BchG for Chlide a and BChlide a respectively (Kim et al., 2016), as discussed previously
in Section 1.8.11 and 7.2.

Two more AtChlG residues were targeted based on sequence alignments of ChlG and
BchG with a related protein, ubiquinone synthase (UbiA) (Figure 7.13). UbiA catalyses
the condensation of isoprenylpyrophosphate (IPP) with the aromatic molecule p-
hydroxybenzoate (PHB). This reaction is analogous to reaction catalysed by ChIG, the
esterification of Chlide with GGPP. The structure of this enzyme has been solved by
overproduction of UbiA in E. coli followed by purification in detergent micelles and X-
ray crystallography (Figure 7.13B) (Cheng and Li, 2014). Using this structure, the
authors identified many UbiA residues predicted to be essential for activity due to their
location within the enzyme active site (Figure 7.13). Substitution of each of these
residues for Ala, followed by enzyme assays using E. coli lysates, showed that all

mutants exhibited perturbed enzyme activity to varying degrees. Among these, N50A
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abolished UbiA activity completely and reduced binding of PHB and geranyl
thiolopyrophosphate (GSPP), an analogue of IPP, to approximately 40% and 3% the
levels of the WT respectively. The equivalent residue in AtChlG, N99, is conserved in
ChlG and BchG homologs and, like N50 of UbiA, was predicted to be involved in
facilitating the binding of GGPP to AtChlG (Figure 7.13B). This residue was
subsequently substituted by an Ala residue (N99A). D175 of UbiA is located close to
the binding site of GSPP. Substitution of this residue for Ala also resulted in an inactive
protein and reduced binding of GSPP to UbiA to approximately 5% WT levels (Cheng
and Li, 2014). The equivalent residue in AtChIG is A225, which is conserved in ChlG
homologs but is replaced by a conserved Met residue in BchG homologs (Figure 7.11,
7.12 and 7.14). A model of AtChlG was constructed using the crystal structure of UbiA
as a template (Figure 7.14). The A225 residue was located in the putative GGPP binding
pocket of the model, akin to D175 of UbiA, and was therefore substituted by the
equivalent Met residue of BchG (A225M).

Plasmids encoding the 6 variant enzymes; Q46E, P54F, L56P, V60Y, N99A and A225M,
were generated using the pET28a::AtChlG plasmid as template with the Quickchange
Il site directed mutagenesis kit from Agilent. The sequence-verified plasmids were
transformed into BL21 and clarified cell lysates were prepared as described for the
‘wild-type’ AtChIG enzyme. For each variant, the lysates were diluted to the same total
protein concentration in FLAG buffer and production of enzyme was confirmed by
immunoblot (Figure 7.15). Several immunoblots were performed in an attempt to
check the parity of the AtChlG concentration between the lysates. However, there was
variation in the AtChlG signal intensities produced by the same samples between the
different immunoblots, making it difficult to estimate the relative levels of AtChlG.
Although AtChIG levels were approximately consistent between the mutants a more

accurate method of normalising AtChlG concentrations must be developed.
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Cr DWYDREIDAINEPYRPIPSGRISERDVIVQIWVLLLGGIGLAYTLDQWAGHTTPVMLQOLT
At DWYDRDIDAINEPYRPIPSGAISEPEVITQVWVLLLGGLGIAGILDVWAGHTTPTVEYLA
Am DFYDREIDAINEPYRPIPSGAISIPQVVTQIFVLLGAGIGVAYGLDRWAGHEFPTLTVLA
Te DYYDREIDAINEPYRPIPSGAISLNQVRAQITIFLLVAGLTLAVLLDLWSDHATFPVTKIA
6803 DFYDRDIDAINEPYRPIPSGAISVPQVVTQILILLVAGIGVAYGLDVWAQHDFPIMMVLT
7002 DFYDREIDAINEPYRPIPSGAISVPQVVTQILVLLGSGIGLSYLLDLWAGHDFPVMLVLT
.. **.:**:*** Kk k kK kK K . . . *' *. H
Rs VEFGVLAAWAYSVEPIRLKRSGWWGPGLVALCYEGLPWETGAAVLSAGAPSFFIVTVALLY
Cr IFGSFISYIYSAPPLKLKQSGWAGNYALGSSYIALPWWAGQALFGTLTLDVM--ALTIAY
At LGGSLLSYIYSAPPLKLKQONGWVGNFALGASYISLPWWAGQALFGTLTPDVV--VLTLLY
Am IFGSFISFIYSAPPIKLKONGWTGNFALGASYIALPWWAGQALFGTLTPKVM--VLTLAY
Te LLGGFLAYIYSAPPLKLKKNGWLGNYALGASYIALPWWAGHALFGELTPTIV--ILTLIY
6803 LGGAFVAYIYSAPPLKLKONGWLGNYALGASYIALPWWAGHALFGTLNPTIM—VLTLIY
7002 VVGCFIAYIYSAPPLKLKONGWLGNYALGASYIALPWWAGHALFGTLTPTVM--VVTLIY
Kororr KX, Kpopkkg xkoX H OO .. HES
Rs AFGAHGIMTLNDFKALEGDRQHGVRSLPVMLGPEVAAKLACTVMAMAQILVITLLVIWG-
Cr SLAGLGIAIVNDFKSIEGDROMGLQSLPVAFGVDTAKWICVSTIDVTQLGV-AAYLAWGL
At SIAGLGTIAIVNDFKSVEGDRALGLQSLPVAFGTETAKWICVGAIDITQLSV-AGYLL-AS
Am SLSGLGIAIINDFKAVEGDRELGLKSLPVVFGIEKAAWICVLMIDVFQIGM-ALFLI-ST
Te SLAGLGIAIVNDFKSVEGDRQLGLASLPVMFGITTAAWICVLMIDIFQLGI-AGYLM-AT
6803 SLAGLGIAVVNDFKSVEGDRQLGLKSLPVMFGIGTAAWICVIMIDVFQAGI-AGYLI-YV
7002 SFAGLGIAVVNDFKSVEGDRQLGLKSLPVMFGVGTAAWICVLMIDIFQVGI-AGYLV-SI
* x :****::**** *: * Kk kK :* * . H H * H H .
Rs -KPIHAGIITALLVAQ-LFAMRVLLRDPAGKCPWYNGTGVTLYVLGMMVAAFAIRGLEVL
Cr HEELYGAVLLALILPQIYFQYKYFLPDPIANDVKYQASAQPFLVFGLLTAGLACGHHVNA
At GKPYYALALVALIIPQIVFQFKYFLKDPVKYDVKYQASAQPFLVLGIFVTALASQH----
Am HENLYAVILFLLVIPQITFQODMYFLRDPVKNDVKYQASAQPFLVLGTLVAGLAIGHAGL-
Te HANLYAVLLILLIIPQIVFQODMYFLRDPLKNDVKYQASAQPFLVLGMLVVGLALGHTLV-
6803 HOQOLYATIVLLLLIPQITFODMYFLRNPLENDVKYQASAQPFLVFGMLATGLALGHAGI-
7002 HEQLYATILLLLVIPQITFQODMYFLRDPLKNDVKYQASAQPFLVLGMLVAGLAMGHAGIS
: HEE A it L
Rs P
Cr VAAAASAAGAL
At @ =
Am -
Te @ —-=—————-—-—-
6803  —--—-—-———-
7002 @ ——mmmm————=

Figure 7.11: Alignments of ChlIG homologs with BchG from Rba. sphaeroides. ChlG sequences
from Chlamydomonas reinhardtii (Cr), Arabidopsis thaliana (At), Acaryochloris marina (Am),
Thermosynechococcus elongatus BP-1 (Te), Synechocystis sp. PCC 6803 (6803), Synechococcus
sp. PCC 7002 (7002) and BchG from Rhodobacter sphaeroides were aligned using Clustal
Omega. The amino acids substituted in the variant AtChlG proteins are colour coded as
follows; Q46E (yellow), P54F (grey), L56P (blue), V60OY (purple), N99A (red) and A225M (green).
The Rs sequence is representative of BchGs; the residues are conserved in numerous BchG

proteins (see Figure 7.12).
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Ca MSDMSDQTRLSSPPSLPLHKQPOSRYAWLVRSIQLMKPVTWFAPTWAFMCGAIASGALGW

Rs -—-—--MSVNLSLHPRSV-—---- P-——- EPRALLELIQPITWEPPIWAMLCGTVSVGIWPG
Rc -—--MSAQDLSPSRRSI----- P-—- EPRAMLELIKPVTWEPPMWAMLCGAVSSNVPIW
Re  -—-—- MSNSVAVR-—-—-—-- P-——- APSAVLEVLHPITWEFPPMWABGCGVVSSGVPIS
Rr @ - MOR-———-— T-————- AVLPYVQLLKPITWEFAPMWAFGCGLISSGLPVW

..... kX ekkk Kk Kk KK

Ca NESIGRLLLGMFMAGPILCGLSQVVNDYADREVDAINEPHRLIPSGQVSLRHVYILTAVL
Rs EK-WPLVLLGMVLAGPLVCGMSQAANNWCDRHVDAVNEPDRPIPSGRIPGRWGLYIALLM
Rc EN-KGVVVLGIVLAGPIVCGMSQAANDWCDRHVDAINEPHRPIPSGRIPGLWGLYIAIAM
Rp SR-WVEVIAGIVLCGPLLVATSQVVNDWEDRDVDAINEPNRPIPSGRIPGRWGLYLSEFLW
Rr DR-WPVIALGVLLCGPLVCGTSQAVNDWEDRHVDAINEPDRPIPSGRIPGRVGLYIAIGW
*:.:.**:: . **..*:: ** *** *** * ****-:
Ca TWIGASIALFLGRQVAFFVALGLVFALAYSLRPIRGKRNGWIGNALVAISYEGLAWMAGH
Rs TVLSLAVGWMLGPWGFGATVFGVLAAWAYSVEPIRLKRSGWWGPGLVALCYEGLPWFTGA
Rc SLLSLVVGWQLGSWGFVATLLGVAAAWAYSVEPIRLKRSGWWGPGLVGLAYEGLPWITGA
Rp TAASLLVASQLGAWVFGAAVLGLVLAWMY SMPPFRLKONGWLGNGACAITYEGFAWFTGA
Rr TVLSLAVAWVLGPWVFGAAIFGLALAWAYSAPPFRLKGNGWWGNSAVGLCYEGLPWFTGA
* % . :*: * * % * *  x ** * . . *** *::*
Ca AAFAPLT-———- GESVTIALLYSLGAHGIMTVNDFKSIRGDTIMGIRSIPVQYGKVMAAR
Rs AVLSA---GAPSFFIVTVALLYAFGAHGIMTLNDFKALEGDRQHGVRSLPVMLGPEVAAK
Rc AVLLATADTSPGFPIVMMATLYALGAHGIMTINDFKAIEGDRKLGIKSLPAVYGPEVAAK
Rp AVMLG---GLPPWWIVTLALLYSAGAHGIMTLNDFKSIEGDIKTGVGSLPVKLGVDNAAR
Rr AVIAG---ALPDTRIVLLAVLYSIGAHGIMTLNDFKAVEGDIRMGVRSLPVQLGVAPAAR
*.: * :* **: *******:****::.** *: *:*. * **:
Ca MVVTTMGVAQIAVIGLLFHWGHPVAATVVAILLAAQSIPNARFIRDPENNEVEFENATAIM
Rs LACTVMAMAQILVITLLVIWGKPIHAGIITALLVAQLFAMRVLLRDPAGKCPWYNGTGVT
Rc TACTVMGLAQALVITMLYLFSKPYHATAVLVLLCGQFWAMSVWMRDPEGKAPWYNGTGVV
Rp VLCAVMAIPQVIVVALLLSWDRPIQAGIVGEFVLAVQLALMVRFLRSPVERATWESGLGVA
Rr LACAVMAVPOMVVIGLVASWDRPYHAGAVGLLLLAQFVLMARLLKRPRELAPWYNATGTT
: HI S T HIE : HE HE HI
Ca LYVWGMLAAAIGLAA-—=——=—=—=—=——=——————
Rs LYVLGMMVAAFAIRGLEVLP-—-——-———————
Rc MYVSGMMITAFAIRGFTV-—-—--=-=-—-—————
Rp LYVSGMMASAVAVSSFGAA-—-—————————
Rr LYVIGMMVSAFALAPLIGAVELAPLIGAAP

Figure 7.12: Alignments of various BchG homologs from purple bacteria. BchG sequences
from Chloroflexus aurantiacus (Ca), Rba. sphaeroides (RS), Rba. capsulatus (Rc),
Rhodopseudomonas palustris (Rp) and Rhodospirillum rubrum (Rr) were aligned using Clustal
Omega software. Conserved residues targeted for mutation in the corresponding AtChlG

sequence are coloured as described in Figure 7.11.
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UbiA MRLVRI-EHTIFSLPFAY
At MAAETDTDKVKSQTPDKAPAGGSSINQLLGIKGASQETNKWKIRLQLTKPVTWPPLVWGV
RS  mmmmmmmmmmm e MSVN----LSLHPRSVPEPRALLELIQPITWFPPIWAY
* * .

UbiA VGALLSRYP--FTLAD--AILMAAAVVGLRMAG--MAYNNIADLDIDRLNPRTAKRPLVV
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Rs LCGTVSVGI--WPGEKWPLVLLGMVLAGPLVCGMSQAANNWCDRHVDAVNEP--DRPIPS
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At GAISEPEVITQVWVLLLGGLGI----AGILDVWAGHTTPTVFYLALGGSLLSYIYSAPPL
Rs GRIPGRWGLYIALLMTVLSLAV----GWMLGPWG------- FGATVFGVLAAWAYSVEPI

* . g % S T s e *e
UbiA PHLHLGIVLGSVVFGGAVAASGDEASSLGEVLRSVPWLYVAAV-—============mmu
At KLKQNGW-============== VGNFALGASYISLPWWAGQALFGTLTPDVV--VLTLLY
Rs RLKRSGW--—————=--=-——= WGPGLVALCYEGLPWFTGAAVLSAGAPSFFIVTVALLY

_— . sk * .

UbiA SLWVAGFDTIYSIMDIDFDRSHGLGSIPALLGPKGALAASLAMHAAAVALFIAGVEAYGL
At SIAGLGIAIVNDFKSVEGDRALGLQSLPVAFGTETAKWICVGAIDITQLSVAGYLLASGK
Rs AFGAHGIMTLNDFKALEGDRQHGVRSLPVMLGPEVAAKLACTVMAMAQILVITLLVIWGK

] Fe 8 m Py R WMy ek ek s X § s . H &
UbiA GAIATVSTALTALVII-LVQAMAWLGRVKESFN--LN-LAVPIIIGAGIIVDMLH-HMIR
At PYYAL---ALVALIIPQIVFQFKYFLKDPVKYDVKYQASAQPFL-VLGIFVTALASQH-~
Rs PIHAG---IITALLVA-QLFAMRVLLRDPAGKCPWYNGTGVTLY-VLGMMVAAFAIRGLE

* o kka s R & & y Kook s e
UbiA LL-
At =
Rs VLP
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D182

Figure 7.13: Sequence alignments of UbiA, AtChlG and BchG. (A) The amino acid sequences
of UbiA from Aeropyrum pernix, AtChlG from A. thaliana (At) and BchG from Rba. sphaeroides
(Rs) were aligned using Clustal Omega software. The residues corresponding to AtChlG N99
(red) and A225 (green) are shown. UbiA residues targeted for mutation by Cheng and Li (2014)
are in bold. (B) The crystal structure of UbiA containing substrates p-hydroxybenzoate (PHB)
and geranyl thiolopyrophosphate (GSPP) ((Cheng and Li, 2014). Red arrows highlight residues
within the active site targeted for mutation by Cheng and Li (2014); D175 (green) and N50
(red) are highlighted in bold.
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L56

V60

Figure 7.14: Structural model of AtChlG. A structural model of Arabidopsis thaliana ChIG
(AtChlG) was generated using HHPred software and the published crystal structure of
Aeropyrum pernix UbiA as a template. The residues targeted for substitution in this study are

indicated (red arrows).
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Figure 7.15: Immunoblot of variant AtChlG proteins. Inmunoblot analysis of equal loadings
of cell lysates prepared from E. coli strains producing recombinant AtChlG variants probed

with antibodies raised against the His-tag epitope.
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7.3.10 Enzyme activities of AtChlG point mutants

AtChIG lysates were assayed in triplicate and analysed by reverse-phase HPLC as
described above. The results showed that WT AtChlG was the most active enzyme,
producing the largest Chl ascs peaks (Figure 7.16A). The Chl ass produced in all of the
functional assays eluted as several distinct peaks, the intensity of which varied
between the mutants (Figure 7.16A, C, D, E). This is in contrast to the earlier WT AtChlG
assay where ChlG acc eluted mostly as a single peak after 22.5 minutes (Figure 7.10A).
The spectra of the peaks in these assays are all characteristic of Chl a; however, the
hydrophobicities of these Chl a species are slightly different, indicated by elution from
the column after different periods of time. The usual peak at 22.5 minutes was
produced in each of the functional assays, but additional peaks at approximately 23.5,
24 and 25 minutes were also produced (Figure 7.16A, C, D, E). This is likely due to the
degradation of the Chlide substrate which also eluted as several peaks, besides the
main peak at 12 minutes (Figure 7.17A). The Chlide a species that elutes at 14.3
minutes in the negative control (Figure 7.17A) was completely consumed by the

enzyme in the WT assay (Figure 7.17B).

All of the various Chl ass peaks for each of the samples were integrated and the values
summed to give a value for total Chlide esterification produced by each mutant. The
value for Chl agg species produced by the WT AtChlG was artificially set to 100%, and
the values for the variant AtChlG proteins are presented as a percentage of the WT
activity (Figure 7.18). The most active mutant was P54F, predicted to be important in
determining the substrate specificity of AtChlG, which evolved 64.7% the Chl age
product produced by the WT. The activities of Q46E, L56P and V60Y, which featured
substitution of residues that are conserved in ChlG homolog, were significantly
impaired in activity, producing Chl age at 12.7%, 7.5% and 0.1% WT levels respectively.
A225M, predicted to be located within the GGPP binding domain of AtChIG, had
negligible activity, producing just 0.1% the Chl acc yield generated by the WT protein.
N99A, predicted to be located within the active site of AtChlG and to facilitate the

binding of GGPP, was devoid of activity.
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Figure 7.16: Reverse-phase HPLC separation of pigments extracted from ‘wildtype’ and
variant AtChlG assays. Fluorescence profile of pigments extracted from enzyme assays using
lysates from the following E. coli AtChlG variants: WT (A), empty pET28 vector negative
control (B), Q46E (C), P54F (D), L56P (E), V60Y (F), N99A (G) and A225M (H).
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Figure 7.17: Reverse-phase HPLC separation of pigments extracted from AtChlG assays. (A)
Fluorescence profile of pigments extracted from a pET28a negative control (pET28a) assay,
showing the degradation of the Chlide substrate, and the AtChlG (WT) activity assays, showing
the generation of multiple Chl asc species. (B) One of the Chlide a species (red arrow) was
completely consumed throughout the course of the enzyme assays using the WT AtChIlG

protein.
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Figure 7.18: Histogram showing the percentage activity of variant AtChlG mutants. Reverse-
phase HPLC peaks corresponding to Chl ags were integrated and summed. These values were
used to calculate the percentage activity of each AtChlG variant in comparison to the WT

enzyme, which was set as 100%. AtChlG assays were repeated in triplicate and the standard

error is presented.

7.4 Discussion
7.4.1 AtChIG activity is abolished in detergent micelles

AtChIG was purified from E. coli cells by solubilisation in the detergent BDDM followed
by Ni?* IMAC. The eluate was tested for activity by in vitro enzyme assays with
substrates Chlide and GGPP. Analysis of the pigments extracted from the assays
showed that no Chlide was esterified with GGPP, thus AtChlG is not active in detergent
micelles. It has been reported previously that solubilisation of ChlG from etiolated
plant extracts resulted in complete loss of enzyme activity (Ridiger et al., 1980), and

so previous in vitro activity assays of ChlG and BchG homolog produced in E. coli have
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always been performed using cell lysates without removing the recombinant enzyme
from the lipid bilayer (Kim and Lee, 2010; Kim et al., 2016; Oster and Ridiger, 1997;
Oster et al., 1997; Schmid et al., 2001, 2002). It may be that the enzyme loses structural
stability, due to the loss of essential lipids from around the hydrophobic
transmembrane helices. It follows that the enzyme should be purified from the lipid
bilayer in the presence of exogenously added lipids to see if this results in an active
enzyme. Alternatively, the detergent solubilised enzyme could be reconstituted into
liposomes. It is also possible that a detergent belt surrounding the core of AtChlG is
preventing the diffusion of substrates and product to and from the active site. A
phylogenetically related protein, ubiquinone synthase (UbiA), features a lateral portal
which opens into the lipid bilayer, through which hydrophobic substrates enter the
catalytic site of the protein (Cheng and Li, 2014). The presence of a detergent micelle
encompassing the protein may effectively block this opening and inhibit the enzyme.
If AtChlG possess a similar lateral portal, through which hydrophobic substrates GGPP
and Chlide enter the active site, this could explain why the detergent solubilised
enzyme is non-functional. As is the case with ChlG homologs, in vitro activity of a
detergent solubilised UbiA protein has never been demonstrated, with assays instead
performed on the membrane fraction of recombinant E. coli cells (Melzer and Heide,

1994; Wessjohann and Sontag, 1996).

7.4.2 Production of Chl a in recombinant AtChlG E. coli lysates is low

Although AtChlG is active within clarified E. coli lysate, the quantity of esterified
pigment produced is small in comparison to the total Chlide available. AtChIG
esterified just 1.4% of the total Chlide pool (30 uM). This may be due to one or more
of several factors. The concentration of AtChlG in the lysates could be low, thus there
is only very limited capacity for esterification of Chlide within the assays. The reaction
rate of the enzyme could be low due to removal of the protein from its native
environment within plant thylakoid membranes. The diffusion of the substrates to the
active site of AtChlG could be impeded or, similarly, the enzyme is inhibited by an

excess of substrate. Finally, the diffusion of the hydrophobic Chl a product away from
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the active site may not be possible, thus each enzyme is only capable of a single

turnover.

E. coli lysates containing ChIG from Synechocystis assayed in a similar manner but using
1-1.5 mL of lysate in comparison to the 27 uL used in this study, still only esterified
52% of the substrate (Oster et al., 1997). In light of this, it is probable that the efficiency
of Chlide a to Chl ass conversion is limited either by the concentration of AtChIG
and/or the enzyme is inhibited by Chl acs which, as a hydrophobic molecule, cannot
diffuse away from the active site into the relatively agueous environment in which the
assays are performed. This should be tested by performing stop flow assays with
increasing concentrations of AtChlG enzyme. If Chl ags production ceases after a
consistent period of time at all AtChlG concentrations, yet the quantity of product
increases with increasing AtChlG concentrations, it would suggest that the enzyme is
only able to catalyse one esterification event before it is inhibited by lack of product

release.

7.4.3 AtChIG variant P54F is able to esterify Chlide with GGPP

The isoleucine 44 (144) residue of Synechocystis ChlG is important in determining the
substrate specificity of the enzyme. This residue was identified by replacement of bchG
in Rba. sphaeroides with chlG from Synechocystis. Multiple suppressors arose, all of
which harboured the same point mutation, resulting in the substitution of 144 for a
Phe residue, which corresponds to residue F28 in the Rba. sphaeroides BchG. The
variant ChlG enzyme was capable of restoring photoautotrophic growth to the Rba.
sphaeroides mutant, indicating that the mutant ChlG enzyme was able to utilise
BChlide as a substrate and produce Bchl. In vitro, the ChIG I144F mutant had the same
affinity for Chlide a (Km = 0.09 mM +/- 0.01 mM) as the WT enzyme (Kim et al., 2016)
although the enzymes affinity for BChlide was much lower (Km = 1.42 mM +/- 0.21
mM). Similarly, the equivalent mutation was made to BchG, substituting F28 for Iso,

resulting in a BchG F28l variant that could utilise Chlide to produce Chl a (Km = 2.87
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mM +/- 0.35 mM) albeit to a much lesser extent than its native BChlide substrate (Km

=0.16 mM +/- 0.03).

Sequence alignments of multiple ChlG and BchG homolog allowed the identification of
P54 of AtChIG as the residue corresponding to 144 in Synechocystis ChlG and F28 in
purple bacterial BchGs. Subsequently, P54 was substituted by Phe and the activity of
the variant AtChlG lysates assayed for activity. The exact AtChlG concentrations within
each assay were unknown, as concentrations were estimated by the relative AtChlG
signals detected by immunoblots. As such, the total enzyme activity of the AtChIG
variants could not be determined. Instead, the total amount of Chl ass produced by
each mutant was summed and calculated as a percentage of the total Chl ags produced
by the WT protein. The P54F AtChIG variant exhibited 64.7% the activity of the WT
AtChlG, demonstrating that this protein was still capable of utilising its native substrate
but with reduced activity. This is in partial contrast to the results published by Kim,
Kim and Lee, (2016) who showed that ChlG 144F retained WT levels of activity when
tested with Chlide in vitro. AtChlG and Synechocystis ChlG share 66% sequence identity
and both share 35% sequence identity with BchG. However, this residue is not
conserved between AtChlG (P54) and Synechocystis ChlG (144), and so the effects of
substituting residues at this position to the Phe residue of BchG are not directly
comparable. The activity of AtChlG P54F should be tested with BChlide to examine
whether this mutation confers some level of BchG activity, as was the case with ChlG
I144F, which was capable of esterifying BChlide, but to a lesser extent than Chlide (Kim
et al., 2016). However, BChlide is difficult to make and store due to its inherent
instability in solution. Removal of the BChl tail using CLH-1 under anaerobic conditions

may be a viable strategy to produce BChlide for future experiments.

7.4.4 AtChIG residues Q46, L56 and V60 are important for enzyme activity

Three AtChIG residues were substituted by their BchG counterparts generating
variants Q46E, L56P and V60Y. These residues were chosen based on their

conservation in ChlG homolog, and the equivalent residues which they are substituted
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by are conserved in BchG homologs. There are many more residues that fulfil these
selection criteria; however these three were chosen for proof of concept experiments
based on their location within the first transmembrane helix of ChlG/BchG, which is
predicted to be crucial for activity and substrate specificity. All of the mutants were
significantly perturbed in ChIG activity with Q46E and L56P producing just 12.7% and
7.5% the Chl ags evolved by the WT protein. V60Y was essentially inactive, producing
Chl ags that was barely detectable by fluorescence, at 0.1% WT activity. As stated
above, the exact concentration of each AtChlG variant was not calculable, however,
immunoblot analysis indicates that the levels are approximately consistent between
the assays. In the case where a significant reduction in enzyme activity is observed, it
can tentatively be concluded that the substituted residues are important, but not
essential, for AtChIG activity. Where the activity is essentially abolished, a crucial role
of the specific amino acid in enzyme function can be more confidently concluded. The
nature of the enzyme inhibition caused by these substitutions has yet to be
investigated, however one can speculate that the replacement of conserved amino
acids with ones that are different in size and/or charge causes a change in the tertiary
structure of the enzyme. A change in structure can inhibit enzyme activity in a number
of ways, for example, by preventing access of the substrates to the active site, or

impeding the catalytic mechanism of the enzyme.

7.4.5 N99A and A225M are involved in substrate binding to AtChlG

UbiA is structurally and functionally related to ChlG/BchG (Bonitz et al., 2011). The
elucidation of the UbiA structure enabled the identification of 12 residues within the
active site of the protein that were predicted to be important in coordinating the
binding of the substrates to the protein. These residues were substituted by Ala and
tested for activity in vitro (Cheng and Li, 2014). Among them, N50A and D175A variants
were devoid of activity and were significantly impaired in binding the substrate GSPP.
The equivalent residue of UbiA N50 in AtChlG is N99 (after removal of the AtChlG
chloroplast targeting sequence), which is conserved in all ChlG and BchG homologs.

N99 was predicted to be important for binding of GGPP to AtChlG, akin to the binding
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of GSPP to UbiA. It was therefore predicted that substitution of this residue for Ala
(N99A) in AtChlG would disrupt the binding of GGPP to AtChlG and result in a non-
functional protein, as was the case for N50A of UbiA. The N99A protein was devoid of

activity, as predicted.

The UbiA residue D175 was also predicted to be important for coordinating the binding
of GSPP to the enzyme. The equivalent residue of UbiA D175 in AtChIG is A225, which
is conserved in all ChlG homologs. A model of AtChlG was constructed using the
published structure of UbiA as a template (Figure 7.14). From the model, A225 was
predicted to be located within the GGPP binding pocket of AtChlG and is involved in
coordinating the binding of GGPP to the enzyme, akin to the binding of GSPP to UbiA.
A225 was substituted by the residue at the equivalent position in BchG, Met, which is
also conserved in BchG homologs. The activity of this AtChlG variant, A225M, was

severely inhibited, producing just 0.1% the activity of the WT protein.

These results not only demonstrate the essential nature of residues N99 and A225 to
the function of AtChlG, but suggest a high degree of structural similarity between UbiA
and ChlG. In this respect, these results are a step towards validating the AtChlG model
generated in this study as a viable means to predict further residues that are likely to

be important to the function of the enzyme.

The active site of ChlG/BchG appears to be very sensitive to small alterations in the
substrate, shown by the inability of either ChlG or BchG to utilise the other enzyme’s
natural substrate, Chlide and BChlide respectively (Kim and Lee, 2009), despite the
minor structural differences between these two pigments. However, a single amino
acid change in ChlG, from 144 to the equivalent residue F28 of BchG (144F), enabled
the variant ChlG I44F to utilise BChlide as a substrate (Kim et al., 2016) in addition to
maintaining its native affinity for Chlide. The results from this study are in agreement
with Cheng and Li (2014), as the substitution of two residues predicted to be located
within the active site of AtChlG, N99 and A225, abolished the activity of the enzyme.
It would however be interesting to test the activity of the N99A and A225M AtChlG

variants for activity with BChlide.
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7.5 Future work

The results from this chapter report the construction of a quick and easy system for
the generation and testing of the activity of AtChlG point mutants in vitro. In addition
to the six mutations described here, there are many more examples of conserved
residues between ChlG homologs that have different, but also conserved,
counterparts in BchG. These can be targeted for mutation in future experiments. The
existing AtChlG mutants should also be tested for activity with BChlide, to see if, like
the reported Synechocystis 144F ChlG mutant, they are now able to esterify BChlide
with GGPP. In particular, the P54F AtChlG mutant generated in this study is a direct
analogue of 144F and would be predicted to exhibit some BchG activity. In addition,
the results from a study in which sequential truncations were made to the N-terminus
of Avena sativa ChlG indicated that the first 87 residues were dispensable for protein
activity. In this same study, the protein was made inactive by the removal of just two
residues from the C-terminus (Schmid et al., 2001). The equivalent truncations could
be made to AtChlG and the variant proteins tested for activity. Furthermore, sequence
alignments of UbiA and AtChlG, in combination with the UbiA crystal structure,
allowed the identification of the N99 and A225 residues of AtChlG, which were
correctly predicted to be essential for function. Subsequently, a model of AtChlG was
generated using the published structure of UbiA as a template (Figure 7.14). This
model can be used to predict other residues that may be important for AtChlG

function.

Despite the fact that all attempts to solubilise recombinant ChIG homologs in the past
have resulted in loss of the proteins activity, the reconstitution of the enzyme with
lipids within detergent micelles to try and restore activity has never been attempted.
As AtChlG is active within E. coli lysates, a simple mix of exogenously added E. coli lipids
may suffice to restore activity to the enzyme, although lipids native to the thylakoid
membrane of A. thaliana could also be tested. Alternatively, the detergent solubilised
protein could be reconstituted into liposomes before being used in enzyme activity

assays.
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Throughout this study, a major hindrance to the AtChlG activity assays performed was
the inherent instability of the Chlide a substrate, generated via the methods discussed
previously (Sections 7.3.4 and 7.3.6). The Chlide would degrade rapidly once prepared,
despite attempts to store the pigment in various solvents at low temperatures and in
the dark. Although AtChIG was able to utilise the degraded Chlide as a substrate, the
pigment produced multiple peaks upon analysis by reverse-phase HPLC, both alone
and when esterified to GGPP, making the results more difficult to interpret. The
various Chlide and Chl agg species generated by the degradation of the pigment should
be analysed by mass spectrometry to determine the differences between them. It was
postulated that the degradation of the Chlide could be due to the formation of reactive
oxygen species during preparation. As such, performing all experimental steps during
Chlide production and purification in an anaerobic chamber should be attempted to

see if this improves the stability of the pigment.
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Chapter 8: General discussion

The research findings presented in this thesis relate to the functional and structural
characterisation of the chlorophyll synthase (ChlG) proteins from cyanobacteria,
plants and algae. Previous research identified a novel protein-pigment ChIG complex
in the model cyanobacteria Synechocystis composed of ChlG, high light inducible
proteins (HIiPs) C and D (HIiC/HIiD), the PSIl assembly factor Ycf39 and the membrane
translocase YidC (Chidgey et al., 2014). ChIG catalyses the final reaction of the
chlorophyll (Chl) biosynthesis pathway, producing a mature Chl molecule that is then
inserted co-translationally into Chl-binding proteins during photosystem assembly.
The YidC component of the ChlG complex was hypothesised to stabilise membrane
segments of these proteins during Chl insertion, whilst Ycf39 is involved in
rearrangement of the complex under different environmental conditions and

HIiD/HIiC provide photoprotection (Chidgey et al., 2014; Niedzwiedzki et al., 2016).

Following the discovery of the ChIG complex in cyanobacteria (Chidgey et al., 2014);
the research presented in Chapter 3 of this thesis aimed to establish whether or not a
similar complex exists in plants and algae. Plant and algal ChlG homologs, produced in
Synechocystis and isolated from solubilised thylakoid membranes, whilst able to
functionally complement the deletion of the essential Synechocystis chlG gene, did not
form a complex with HIiD or Ycf39. This indicates that a ChIG-HIiD-Ycf39-like complex
does not form in these organisms, despite the fact that the ChlG homologs are similar
enough to functionally complement one another. The same experiments performed
using a ChlG homolog from another cyanobacteria resulted in the isolation of the full
complex, thus the formation of a ChlG complex is most likely confined to
cyanobacteria. These results are in agreement with the existing body of research.
Related proteins to Ycf39 and HIiPs in the plant Arabidopsis thaliana, HCF244 and OHPs
respectively, were shown to interact with each other but did not co-purify with ChlG
when isolated from the native organism (Hey and Grimm, 2018; Myouga et al., 2018).
Furthermore, under normal and high light growth conditions, the Synechocystis strains
harbouring plant and algal ch/lG genes did not exhibit any phenotypes, and so

photoprotection of ChlG may not be necessary in plants and algae, or is conveyed
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through other means. YidC remained associated with both the plant and algal ChIG
proteins, indicating that this interaction is likely conserved in higher oxygenic

phototrophs.

The pigments associated with the ChIG complex are Chl, chlorophyllide and
carotenoids B-carotene, zeaxanthin and myxoxanthophyll (Chidgey et al., 2014; Shukla
et al., 2018a). The Chl and B-carotene pigments are bound to HIiD and HIiC and have
been shown to able to quench light absorbed by the complex, whereas the zeaxanthin
and myxoxanthophyll were speculated to promote association of HIiD with ChIG by
acting at the interface between these two proteins (Llansola-Portoles et al., 2017;
Niedzwiedzki et al., 2016). The experiments presented in Chapter 4 tests this
hypothesis by abolishing the synthesis of myxoxanthophyll, deoxy-myxoxanthophyll (a
precursor to myxoxanthophyll) and zeaxanthin in a Synechocystis strain harbouring a
FLAG-tagged ChIG protein. Retrieval of ChlG from this strain by FLAG pulldown showed
that the interaction of ChlG with HIiD is lost in the absence of these carotenoids. This
is the first evidence of a structural role of carotenoids within an enzyme complex of
the chlorophyll biosynthesis pathway; expanding their repertoire of functions outside
of their usual roles as structural and light-harvesting components of the photosystems,

as well as photoprotective agents.

Chemical cross-linking of the ChlG complex in vitro and in vivo enabled the generation
of a model showing its orientation and arrangement within the thylakoid membrane
and confirms the close spatial proximity between the protein members of this
complex. Although cross-linking has previously been used to characterise interactions
between other proteins involved in photosynthesis, the cross-linking targets of these
studies have been abundant, often soluble, molecules. As ChlG is a low abundance
integral membrane protein, the cross-linking methods were optimised in this thesis
for the structural characterisation of the ChlG complex and may therefore be

applicable to other challenging targets.

Further structural information was gathered by truncation of the N-terminus of ChlG,
predicted to be important for formation of the ChlIG complex from the results

presented in Chapter 5. Although the formation of the ChlG complex was unaffected
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by the removal of the N-terminus, the enzyme activity of ChlIG was shown to reduce
both in vivo and in vitro. This is in agreement with the findings of Schmid et al. 2001,
in which similar truncations were made to the N-terminus of the oat (Avena sativa)
ChlG protein, abolishing enzyme activity. The similarity between the results presented
in this thesis and the studies on the oat ChlG enzyme alludes to the structural similarity

of ChlG homologs that have long since evolutionarily diverged.

The heterologous production of a desired protein in E. coli is the most widely used
system for generating the quantities of material needed for biochemical
characterisation. ChlG from Synechocystis and Arabidopsis have been successfully
produced in E. coli and lysates prepared from the cells for use in enzyme activity
assays, however, neither enzyme have been purified in high yields. In this work, the
production of a His-tagged Arabidopsis ChlG enzyme in E. coli has been optimised and
the recombinant protein purified. Although not active in detergent micelles, in
agreement with earlier reports (Riidiger et al., 1980), the protein was active within
cell-free lysates. In combination with a method for the production of the enzymes
substrate, chlorophyllide a, these two systems were demonstrated to be useful for the
production and functional characterisation of ChlG mutants. In addition, a model of
the protein was generated using the crystal structure of a related protein as a
template. Using this model, two residues were predicted to be important for enzyme
activity; confirmed by protein mutagenesis and enzyme assays. The results lend
credibility to the accuracy of the ChlG model which, in the absence of a crystal or Cryo
EM structure, can be further tested by the mutagenesis of other residues predicted
from the model to be important for enzyme activity. The high yields of ChlG produced
using the methods outlined in this thesis may also enable the structural

characterisation of the enzyme by protein crystallography or Cryo EM.
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