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Abstract

The 3D structure dBlastochloris (Bl.) viridisphotosynthetic reaction centre (RC) was
the first membrane protein structure determinedXkyay crystallization (Deisenhofer, et
al., 1984; Deisenhofer, et al., 1985). At the sa@ime, Michelet al determined the amino
acid sequence of the reaction centre polypeptitishel, 1982; Michel, et al., 1985;
Michel, et al., 1986; Wiessner, et al.,, 1990). Heare recent investigations on a high
resolution protein structure of this RC (Roszak,akt unpublished observations) have
found that several amino acids positions in theusege did not fit the newer, higher
resolution structure. The aim of this project, #iere, was to re-sequence the genes of the

and subunits of the light-harvesting complex (LHC) dhd L, M, H and Cytochrome
subunits of photosynthetic reaction centre (RCnfBlastochloris (Bl.) viridisto see if
new sequence data would produce a better fit thitjferesolution x-ray structure.

All these genes were re-sequenced and the folloelramges were found; 5 changes
for pufM (M29, M63, M70, M74 and M164), &r pufC (C43, C77, C84, C252, C277,
C287, C288 and C323), and 2 fpuhA (H216 and H256). The new amino acids that
replaced the previous sequence at each positidhufM were as follows; lle for Val
(M29), Ala for Ser (M63), Gly for Leu (M70), Leurfdla (M74) and Ala for Thr (M164),
for PufC: Pro for Ala (C43), Met for lle (C77), Gfar GiIn (C84), Ser for Thr (C252), Met
for Leu (C277), Thr for Ala (C287), Val for Ser (82 and GIn for Lys (C323),and
finally, for PuhA: Asp for Glu (H216) and Ala fore® (H256).

The new sequences were then fitted into the electiensity maps of the higher
resolution crystal structure. The changes in thiengmy structure of the polypeptides
resulted in a much better fit. In particular thevneequence data resulted in a significant
change in the structure of the reaction centreteacid so that it is now much more

consistent with data from other reaction centrecstires.



Acknowledgements

Firstly, 1 would like to thank Allah for all the rathat | breathe, the food that | eat,
all unexpected experiences and all guidance inthifg keeps me reminded that there’s
limit for everything.

I would also like to take this opportunity to thamly supervisor, Professor Richard
J. Cogdell, for all his assistance, encouragengemidance and patience. He accepted me as
his student in the first place, even my EnglisHigbivas limited. | will not have been able
to set my foot in Glasgow without his recommendatidis energy and sense of humour
helped ease the pressure of my one year of stueywa$ always available and kept me
sane and on track with all of his great advicesa@ersonal level, he is a friend as well as
a mentor, and | will always be grateful for his mavords of wisdom.

| owe thanks to all of the current group members @seful discussions,
encouragement, and friendship. | thank Vladiminadib her guidance in the lab and being
the most patience person when explaining everylesingse about the project and also
introduce me to several Czech words (I alreadydbsdl of it now, sorry Vladi). | thank
Alastair for all his help of recognising that | atestroying his language by writing my
thesis in English (haha!). | really appreciate Hie willingness for ‘reviewing’ my thesis
and for teaching me how to write in English propeffrom now on | will support his
football club, The Arsenal FC (maybe to become Ef. runner up! ManU will be the
Champions, of course). | thank Aleks for all hiséi in producing the electron density
pictures and explaining everything very preciselalso thank June for all her help in
getting me familiar with the lab. and to show meviio make my first ‘Bose’ media. | also
thank Mads who gave me a chance to be introducet@ mvee bit’ to his project, even if |
did not have time finish it.

| also thank Tatas who always supported me wheasl Yst’ in the lab. and to his
wife, Shinta Limantara, who trained me in all thengs required for my study and
convinced me to always aim high. A lot of thanNtall, Gillian, Susan and Alette who
were always friendly to me and gave me the oppdstio improve my English as well as
try to understand ‘Scottish’, language and cultevery time | got confused. Finally, I
would also like to thank Gillian Murray for her kiness of teaching me how to do Ceilidh
dancing, even though | stepped onto her feet lbtsnee. Again, thank you all for the
greatest experience in my life.



| acknowledgment the financial support from theibdlzl Education Department of
Indonesia (DEPDIKNAS) for my study at the Univeysif Glasgow. | also thank Satya
Wacana Christian University for their link with thaniversity of Glasgow that allowed me
to have the chance to go to Glasgow.

| also need to thank my mother and my brothers {Herd Rory) for always
supporting me no matter what path | chose and faays providing guidance and
encouragement. | really hope my father can see mdeba proud of me from his final
resting place.

Big thanks to Tante Wiwiet and Pa’ de Larmo, wheated me like their son when |
was lost, back then. | must also thank Om Aryo &adte Ninuk, Eyang Tien, Logan and
Claire for all their kind support, Om Budi and TaManan and also MaUd and Mba Tanti
for their financial help during my stay in Glasgo@m Astu for his greatness to introduce
me with the leader of this DEPDIKNAS scholarshipsject, Om Eko and Tante Reny for
giving me two ‘precious’ Donington’s GP ticketsdiscovered the love of my life there).
Also | thank the rest of my family; Tante Hannym@Pri, Tante Titiek, Om Mahakam,
Mba Nie, lwin, Harry, Yanti, Diptok, Tomi, Soni, tfiand Hendro

Thanks too to Agustina, Novita and Ratih, for behg in all important matters
that related to the preparation of our study siteefirst day we were candidates for the
scholarship.

| also thank all members of the Scotland’s Indames$tudent Association (PPI-
Scotland) for all their help in gave from a placestay during my first days in Glasgow
right up to now. For all other friends who | canmoéntion, thanks for all your help.
Lastly, special thank’s to my soon to be wife (lmsdlah; by the will of Allah, Amin),
Retno, for all her love and support. You're thetlzexl | love you.



Abbreviations

A Angstrom
Alpha

AppA Activation of photopigment anglic expression

ATP Adenosine triphosphate

B800 Bacteriochlorophylls that absorb at 800 nm

B850 Bacteriochlorophylls that absorb at 850 nm

B875 Bacteriochlorophylls that absorb at 875 nm

Bchla/ Bchlb Bacteriochlorophyla /b

Bpheo/ A/ B Bacteriopheophytin in the A branaihthe B branch
Beta

Bl Blastochloris

bp Base pair

C20/40 Carbon at position 20/40

Carf Carotenoid/triplet state

cDNA Coding deoxyribonucleic acid

Chla/Chlb Chlorophylla/ Chlorophyllb

°c Degree Celcius

dATP Deoxyadenosine triphosphate

dCTP Deoxycytosine triphosphate

dGTP Deoxyguanosine triphosphate

DNA Deoxyribonucleic acids

dNTP Deoxyribonucleotide triphosphate

dTTP Deoxythymidine triphosphate

EDTA Ethylene-diamine tetra acetic acid

EM Electron micrograph

fs Femtosecond

Fl Fluorescence

FnrL Fumarate nitrate regulator

HOMO Highest unocupied molecular orbital

ICM Intracytoplasmic membrane

IPTG Isopropyl -D-thiogalactosidase

ISC Intersystem crossing

kb Kilobase (1&base)

kD Kilodalton (16 dalton)

L Litre

LH1 Light-harvesting complex 1

LH2 Light-harvesting complex 2

LHC Light-harvesting complex

LUMO Lowest unoccupied molecular orbital

ul Microlitre (10° litre)

M Molar

NADPH Nicotinamide adenine dinucleotide phosphate

ng Nanogram (1®gram)

Vi



nM
ns
ORF
P/ P*
PCR
PET
PGC
Ph
PpsR
Prr/B/A
ps
PS1
PS2
PSU
Puf

Qa

Qs

Rb

RC
rev/min
RNA
RNAse
Rps
Rsp
RT-PCR
S

S

S
SDS

SpB
T!
TspO
X-gal

Nanomolar (18 molar)

Nanosecond (F0second)

Open reading frame

Special pair/ excited state
Polymerase chain reaction
Photoinduced electron transfer
Photosynthetic gene cluster
Phosphoresence

Photopigment suppression
Photosynthetic response regulator/ B/A
Picosecond (18 second)
Photosystem 1

Photosystem 2

Photosynthetic unit

Photosynthetic unit-fixed

Primary electron acceptor ubiquinone
Secondary electron acceptor ubiquinone
Rhodobacter

Reaction centre

Revolutions per minute

Ribonucleic acid

Ribonucleases

Rhodopseudomonas

Rhodospirillum

Reverse transcription PCR

Ground state

First singlet excited state

Second singlet excited state

Sodium dodecyl sulphate
sphaeroidepufbinding factor

First triplet excited state

Tryptophan rich sensory protein
5-bromo-4-chloro-3-indolyl-D-galactoside

Vi



Table of Content

Abstract

............................................................................................................... iii
ACKNOWIEAGEIMENTS ... e e e e e e e e e v
F Y o] o] =2V = 11 o] PP Vil
Table Of CONIENLS ...ttt reban s viiiii
LISt OF FIQUIES ...t eeeee e s s e e e e e e e e e e e e e eeeenennes Xi
LISt OF TADIES ...ttt e e e e e e e e e XV
(O g F=T o (= g A 11 Yo [ [d 1[0 o PRSP 1
I o 0] 0153 11 1= T USSP 1
1.2.PhotosynthetiC Dacterial...............ooi i oo errre e e 2
I I e [ o (o o Tt (= - PSPPSR 2

1.3. The photosynthetic pigments involved in the ligktgations of purple bacterial
photosynthesis

......................................................................................................... 5
1.4.Theenergy transfer pathway in purple photosynthetdda@a................cccovvvennnnnnn. 10
1.5.Bacterial light harvesting COMPIEXES.......ccoeeeeiiiiiiiie e 11
1.5.1.The structure of the light harvesting comeiX...........coovvvvvviiiiiiiiiiiie e 12
1.5.2. How the light harvesting complexes function.............cccccceeiiiiiieeeeee. 16
1.6. TNE FEACTION CENIIE: ....eiiiiiiiiiii sttt e e e e e e e e e e e e e e e sttt e e e e ee s e e e s e s nnanes 20
1.6.1. The structure of the reaction CENIIE c e viviieieeiiiie e 20
1.6.2. How the reaction centres funCtion ... 23
R CT=T 1 oS OSSR 23
1.7.1. Regulation of photosynthetic unit expressioainly in the level of gene-
L2 (011515 [0 o PP PPPPPPPTTTPPPPRPN 25
1.8.Polymerase Chain reacCtioN ...........cccouiieeeiiiieiiiiiieeeeeiii e e eee e 27
1.8.1.Basic prinCiple Of PCR ......oooiiiiiiiiiii st 27
1.8.2.DNA POIYMEIASE ....iiiiiiei ettt ettt e e eneeaee s 30
1.8.3.REAI tIME PCR ..o eeeaae s 31
1.8.4. Reverse tranSClHPLION ......cooviiiiiiiiiiiiimmmmmme ettt e e eneeeae s 33
1.O.DINA SEUUENCING ..ceevvtttinuniaaaeeeeeeeae e e e e e e e e e e e e e eeeaeaeabbna s e e e e e e e e e e aaaaaaaeaeaaaaes 34
1.9.1.The Sanger dideoxy Method ...........ooiiiiiiiimmimriiiiiiii e eeeeiees 34
1.10. AIM OF thiS PrOJECT....ueeiie e e e e eeeeeees 37

viii



Chapter 2 Materials and Methods.............uuuuuiiiiiiiiii e 39

2.1.General culturing methods and cell StOrage memeeeeeeeeeeeeiieeeeeeeeieieeeeeeiees 39
2.2.Growth of photoheterotropiC CUIUIES ........couuveviiviiiiiei e 39
2.3.Cell NAIVESTING .....ccciiiiieeeeiieei e e e e e e e e e e e e e e e e e eeeeesseens s rrrnnn s 40
2.4.GeNOMIC DNA ISOIATION ....uuviiiiiiiiiiiiiie e eeeeeeeeees 41
2.5.Quantification of the DNA by gel electrophOoreSiS.........cccceevveevieeeeeiiiieieeiiinnnn, 42.
2.6.Polymerase chain reaction ............ccooiiiiiiiiiiiiiiccs e 42
P2 1N i [ 11 o S 43
P2 T B 1N Y=o [ U= o o PSPPSR 45
2.9.Experimental method OVEIVIEW...........ccoiiveeeeee e 45

Chapter 3 Re-sequencing the genes of light hasteng complex and reaction centre
from Bl VIFAIS c.ovveeicccec e 47

I 0 I [ 011 0T U Tod 1 0] o PP PP PPPPPPRPP
3.2. Isolation of genomic DNA fromBl. VIridiS............uuueiiiiiiiiiiieeiicieeeeeeeveeeeeeeeeeaiaeees
3.3. Primers and fragment AmpPlifiCation .....cceee.oooeeeee i
3.3.1. Amplification of the gene fragments ... e, 59
3.3.2. Testing the primers to be used for sequ@nCin................oovvviiiiiiiinneeenen. 64
3.3.3. PCR products that required cloning befoey ttould be sequenced ................ 66
I o e = To [ 1= o1 A ed (o] o1 o PP
3.5. Nucleotide sequencesmifB, pufA, pufL, pufM, puf@nrdpuhA..............ccceeees 76

Chapter 4 Fitting the new sequence data with the high resolidn structure of BI.

Viridis Reaction CeNIIES .........ooiiiiiiiiiiiit e 86
4.1, M SUBDUNIT. ...ttt e
4.2, C SUDUNIT...cii it ettt et e e e e e e e e e e e e s sassme e e e e e e e e aeaeaaeeas
4.3, H SUDUNIT ..ottt e e e e e e 96
N ©70 ] [ox [ U] (0] I PP PRSP TTPPPP 96
RETTEIENCES ...ttt ettt e e e e e e e e e e e e e e e nneree e e e e e e e e e e e e e e e e aaaan 107
AppendiX 1 — GrowWh MEIA .........cociviviiiiiieemee e erree e 121
Appendix 2 — Standard SOIULIONS ..........cooiiceeceeeeeeiiiiiiees e e e e eeenneeeeeees 124
Appendix 3 — PCR product (insert): vector Molar Raios calculation........................ 126
Appendix 4 — Abbreviations and Masses of common amd acids.............cccceevvvvvnnnnns 127



Appendix 5 — Primer Design Positions in Previous DN sequence

Appendix 6 — Raw Sequencing Data ............cceeeevevvevvvviiiiiiineeeennn.

Appendix 7 — Amino Acid Translation into The New Sgquences...



List of Figures

Figure 1. Schematic classification of purple phgtdisetic bacteria.................ccoooiiiiceeeee L. 3
Figure 2. Schematic figure of purple photosynthkécteria position in their natural habitat. ...4.

Figure 3. Schematic illustration of different stiwral types of intracytoplasmic membranes (ICM)

where the photosynthetic unit is FOUNC. ... evveriiiiiiiiiii e 5
Figure 4. Structures of Caland Bchla....................cciiiieee 6
Figure 5. Absorption spectra of ChlorophglIChlorophylic and BacteriochlorophyH in diethyl
=1 =) USSP 7.
Figure 6. Structure of Bacteriopheophyira metal-free analogue of bacteriochlorophyl........7
Figure 7. Chemical structure of several carotenfudad in purple bacteria................c.cccceeee. 9
Figure 8. Chemical StruCture Of QUINONE.... oo i 9
Figure 9. Schematic illustration of the photosytithmembrane in purple bacteria................10

Figure 10. A sucrose gradient is the first stejgdtate and purify of LH2 and RC-LH1 complexes

from Rps. acidophilastrain L10050. .........ccuuriiiiiiieeeee e e 12
Figure 11. lllustration of the LH2 complex Bps. acidophila..............ccoooe oo, 14
Figure 12. A schematic model of LH1 that interruplbg PufX protein............ccccccveveeeinnccaeen. 15
Figure 13. Electronic ground and excited statelfeota typical molecule............ccccoevvveeen.. 16
Figure 14. A Jablonski diagram showing the eleétretates of a molecule. ................... o 17
Figure 15. A schematic model of energy and eleai@msfer. .............cciieiiiieeeeee s e e 18
Figure 16. lllustration of energy transfer timeghe light harvesting complex. ....................... 19
Figure 17. The photoprotective reactions of camitésin quenching singlet oxygen.............. 20
Figure 18. Structure of thgl. viridis reaction CENLIe ...........uuuueiiiiiei i 21

Figure 19. RC cofactor arrangement (Deisenhofeal. £1989), Special pair (P), Bacterioclorophyll

(Ba, Bg), Bacteriopheophythin (BphgoBphea), Quinone (Q, Q). .. ..uuuiiiiiiiiiieiiiiiiiieeeeeeeeeenn 22
Figure 20. Physical and genetic map of the photbsjit gene cluster d&®b. sphaeroideg.4.1..24
Figure 21. DNA amplification With PCR. ..o 28
Figure 22. Schematic drawing of the PCR CYClEu .ceeiiiiiiiiiiiiiiiiiieee e 29

Figure 23. The figure shows real-time PCR respdigsee between fluorescence and number of
AMPIITICALION CYCIE. ... e 32
Figure 24. Exonuclease probe: A single-stranded pkbbe is labelled with a fluorescent dye and
[0 To =S ot=T o Ao (U= o od 1= 33
Figure 25. The structure of dideoxy analog; hydrogdown in red) replaced hydroxyl so that
further elongations will be prevented...............ooo e 35

Figure 26. Strategy for chain-termination methodDOIA sequencing...........ccccvvveeveeeeerieeeeene. 35

Xi



Figure 27. Automated fluorescence detection ofonligleotide fragments produced by the
Lo T [T 034 Y2 1.41=:11 T Lo S 37
Figure 28. Bacterial cultures in bottles, an anbierfar and on a plate...................c e 40

Figure 29. Gel electrophoresis results of laddedukadders were named based on size difference

between each fragment, (A) 1.5kb ladder and (Bpl@#&der. ................coooeeeeiiieiiiiiii e 42
Figure 30. The promoter and multiple cloning segesrof the pGEM®-T Easy vectors.............. 44
Figure 31. pGEM®-T Easy vector circle map and saqgaeeference points.........................44
Figure 32. Overview of the experimental methodology............coooeeeeii e, 46

Figure 33. The genetic map of thef operon DNA region betwegiufB, pufA, pufL, pufM and

Figure 34. The Ro-Fc electron density at 1llevel (in blue) and thEo-Fc density at 3 level .....49
Figure 35. Four examples of putative mistakes énpihblished amino acid sequence identified
based on the electron density MAPS. ......occccaaami e 50

Figure 36. An example of gel electrophoresis resulNA isolation that compares the use of TE

DUTE AN WAL . ... e e e e e e e e e e 54
Figure 37. Gel electrophoresis analysis of eagh atalysis of the DNA isolation. ..................55
Figure 38. Gel electrophoresis of total genomic DdbAained when the chloroform wash step was
(o]0 111 =T o F PP PP PP PPPPPPPPPPPPPRIN 56
Figure 39. lllustration of the primers positiontlie genes map.. ........ccccvvveveeeeeeiiiininneeeeeeeeenn 58

Figure 40. Gel electrophoresis analysis of the Hivglion of thepufCfragment (1,561 bp). ....... 62
Figure 41. Gel electrophoresis analysis of the dioglion of thepufCfragment......................... 63
Figure 42. Gel electrophoresis analysis of thedatale amplification of theufCfragment (1,564
o] o ) R P 63.
Figure 43. Gel electrophoresis analysis of thelte$testingpufC390virFandpufCvirR primers

Figure 44. Examples of sequencing results thatirddeby Sanger’s dideoxy method. .......... 66...
Figure 45. Previous publish@dhADNA sequence obtained from GeneBank under acgessio
NUMDBEr;BL. VIS, XO2659. .........uuiiiiiiiiieiiiiiiiiiie e seeese e e e e e e as 67
Figure 46 DNA Fragment resulting from the amplification usithg pufC138virFandpufCvirR

01110 01T £ UPPRPPPRSTRPRPPP 67
Figure 47. Gel electrophoresis resultpohA(823 bp) protocol optimisation. .............ccmm......69
Figure 48. Gel electrophoresis result of largeespahAamplification. ............ccoccveiiiiiiiicenne. 69

Figure 49. Pictures of the plates of the blue-wbd®ur screenintp test for successful
transformation opuhAin the pGEM® T-Easy plasmid VECLOr. .........cocevvviiiiiiiiiiiiiiiiiiiiiiiiniienns 72
Figure 50. A gel showing the results of the Rusdasy on the white colonies, to test for the

presence Of tNBUNAINSEIT. ..o e e e e e e e e e e e 73

Xii



Figure 51. A Gel showing the analysis of the resaftthe PCR amplification of the inserts of the
plasmids that gave the white colonies shown iNTEEID. .............euvviivviiieiiiiei e 75
Figure 52. A gel showing the result of a largedesisolation of the plasmid that contained the

010 LV AN T 1= PSPPSR 76
Figure 53. Sequencing resultspifB andpufA genes using both thufBvirF andpufL104virR
0T LT £ PPPRPPPPRPP: 78
Figure 54. Comparisons between the newly obtainedfze previously published amino acid
sequences of the PUfB aRAfA.. ..........uuiiiiiiie e 79
Figure 55. Sequencing results of thél gene usingufL504virR(upper) angufLvirF (bottom).
........................................................................................................................................... 79
Figure 56. Sequencing resultspeffM gene usingpufL429virF (upper) angufM47virF (bottom).

Figure 57. Sequencing results of théC gene using the following primepaifC541virR(upper),
SP6 (middle) and T7 (DOEOM). ... me e e e e e e e e 81
Figure 58. Sequencing results of théhAgene using the following primers T7 (upper) and SP6
(o010 1 1) TR PP PP PP P PPPPPRPPR 82
Figure 59. Comparison between the newly obtainekdtla@ previously published amino acid
SEQUENCE OF PUFL. ... e errr e e e e e r e e e e e e e e a e 83
Figure 60. Comparison between the newly obtainekdtla@ previously published amino acid
SequENCE Of PUM.. .. oo e et e e e e 83
Figure 61. Comparison between the newly obtainedtla@ previously published amino acid
SEQUENCE OF PUFC. ..ottt ceeeeee s e s e et s e n e e nns s e as 84
Figure 62. Comparison between the newly obtaineidtla@ previously published amino acid
SEUUENCE OF PURNA ... oo eeeee et e e et ettt ee e et eeesaaesssassteseseesssnnneneeeeeeeeeeeeeseees 84
Figure 63. The Bo-Fcelectron density at llevel (in blue) and thEo-Fc density at 3 level (in
green-red) at the carotenoid biNdING SIte. ......uieiiieeiie e 88
Figure 64. Ball-and-stick models of the 1,2-dihytrarosporene (newly refined conformation as
found in the reaction centre froBn ViridiS...........occoviiiiiiiii e 89
Figure 65. Multiple sequence alignment of M-subiR{@s of several species. ...............ceeeeeeee Q0
Figure 66. Electron density fitted with the old ahd new sequence data at position M74....91....
Figure 67. Electron density fitted with the old ahd new sequence data at position M63....92....
Figure 68. Electron density fitted with the old ahd new sequence data at position M164..93....
Figure 69. Electron density fitted with the old ahd new sequence data at position M29....94....
Figure 70. Electron density fitted with the old ahd new sequence data at position C77....98...
Figure 71. Electron density fitted with the old ahd new sequence data at position C252..99....
Figure 72. Electron density fitted with the old ahd new sequence data at position C277..00...1
Figure 73. Electron density fitted with the old ahd new sequence data at position C287..01..1

Xiii



Figure 74. Electron density fitted with the old ahd new sequence data at position C288..02..1
Figure 75. Electron density fitted with the old ahd new sequence data at position C323..03..1
Figure 76. Electron density fitted with the old ahd new sequence data at position C84...104..

Figure 77. Electron density fitted with the old ahd new sequence data at position H216...05..1
Figure 78. Electron density fitted with the old ahd new sequence data at position H256...06..1

Xiv



List of Tables

Table 1. List of Rb. sphaeroidegenes known or proposed to play a role in reguiatif PSU gene
(oL (=111 (o o PP PP 26

Table 2. The various volumes used for gel elecivogsis shown in Figure 36. ..................ccennnD3

Table 3. List of all primers involved in PCR amjaiftion and sequencing. .................cooceeeeee. 58
Table 4. List of primers (in pairs) used in the HATALONS. ............ovvviiiiiiiiiiiiiii e 59
Table 5. PCR protocol for the isolation of e Cfragment. ..................ooiriiiiriee s 61
Table 6. List of primers involved in the DNA SEQUETY. .........coooeevieeiiiieieeeeeeeeeeeeeceeeeeeeee e, 65
Table 7. PCR protocol fgguhAfragment isolation. ................ooooiiiimmmm e, 68
Table 8. Ligation protocol used fpUhACIONING. .........oovviiiiiiiiiieeeeeeeeeve s 71
Table 9. The PCR protocol for amplification of fighAINSert. ..........cccceeeeiiiiiiiiiiiiee v, 74
Table 10. Summary of all amino acid differencesaoteid from the new sequence data. ......... 5....8

XV



Chapter 1 Introduction

1.1. Photosynthesis

Photosynthesis is the process that uses energytfresun and ultimately provides all
our food and has provided all of the fossil fuels.

The time between the years 1771 and 1804 was dtingxperiod in the history of
photosynthesis (Blankenship, 2002). The role ofgexyin photosynthesis was established
by Joseph Priestly in the period 1733-1804 (J4®&6) and that of light was demonstrated
by Jan Ingenhousz between 1730-1799. The involvenwn carbon dioxide in
photosynthesis was shown by Jean Senebier betweEh1B09 and Nicolas de Saussure
discovered the importance of water in the perio@7:¥845. As a result of these studies

the basic chemical equation of photosynthesis wtbbshed, which could be written as:
Carbon dioxide + water + light organic matter + oxygen

It was another sixty years before the careful mesmseants of the photosynthetic
quotient, which is the ratio between the carbonxide assimilated and the oxygen
produced, were made by a Frenchman, T. B. Bousdinga1864 (Blankenship, 2002).
Photosynthesis can be thought of as the photoclaémeduction of CQ into organic
substances (Berg, et al., 2002; Blankenship, 2008¢ minimal balanced equation for
photosynthesis can now be written as:

hv
6CO, + 6H,0 CeH1206 + 60 (1)

Many years after the overall reaction was estabtishattention has turned to
elucidating the details of the mechanism of thecpss. The photosynthetic process can be
conveniently divided into two parts, the light reans and the subsequent dark reactions.
The light reactions are there where solar energyésl to power the synthesis of the ATP
and NADPH. The dark reactions, commonly called @avin cycle (named after the
Nobel Prize winner Melvin Calvin in 1961), are whecarbohydrate (carbon) is

synthesized from C£n an enzymatic process (Berg, et al., 2002; Btaskip, 2002).



1.2. Photosynthetic bacteria

Plants are not the only types of organism that abe to photosynthesise. Most
species of bacteria merely survive by respiratimwever, there are others that are able to
use photosynthesis to grow (Berg, et al., 2002nBaship, 2002). In 1941, Cornelis van
Neil carried out a series of experiments on baaitgrhotosynthesis in which no oxygen
was involved. According to van Neil's findings, thmacteria must have access to a
reducing substrate in order to provide hydrogerttierfurther reduction of CQvan Neill,
1941). The general equation he proposed is:

hv
CO + 2HA (CH,0) + H,0 + 2A (2)

This reaction is a general form of the reaction A may be H, H,S, H0 or a
variety of simple organic molecules. WhepAHs H,O, A, is oxygen.

There are five major types of photosynthetic baatare now recognised; purple
bacteria, green sulfur bacteria, green non suléntdyia, heliobacteria and cyanobacteria
(Balows, et al., 1992; Madigan, et al.,, 1997). Thst four are anoxygenic bacteria,
meaning that they do not evolve oxygen.

Purple bacteria are one of main groups of photd®fitt organisms that have had an
important role in revealing how the process woflksese bacteria have a very simple form
of photosynthesis and so have been the subjecetaileld structural and spectroscopic
studies, making them the best understood of altqdymthetic organisms in terms of

energy collection and primary electron transfer.

1.2.1. Purple bacteria

Purple bacteria can be classified into sulphurrodsulphur branches (Imhoff, 1995)
dependent on their ability or not to use sulphuthaselectron donor in reaction (2). There
are two families of purple sulphur bacteria, namelZhromaticeae and
Ectothiorhodospiraceaelhe Chromaticeaedeposit globules of elemental sulphur inside
the cell, whereas€ctothiorhodospiraceagroduce deposits outside the cell (Imhoff,
1984A).

The Rhodospirillaceadamily of the non-sulphur purple bacteria is thesindiverse

family among the phototropic purple bacteria (Infhef al., 1989). It can be divided into 7



genera, namely RhodopseudomonasRhodospirillum Rhodobacter Rhodocyclus
Rhodomicrobium Rubrivax and Rhodophyla(Willems, et al., 1991; Imhoff, 1995). A

schematic classification of purple photosynthetictbria can be seenmigure 1

Purple Bacteria

A 4

A 4

A 4

Rhodospirillaceae

Non-sulfur bacteria

Chromatiaceae

Sulfur bacteria

Ectothiorhodospiriceae

Sulphur bacteria

A 4

A 4

A 4

Rhodopseudomonas Chromatium Ectothiorhodospira
Rhodospirillum Thiocystis

Rhodobacter Amoebacter

Rhodocyclus Thiorhodovibrio

Rhodophila

Rubrivivax

Figure 1. Schematic classification of purple phgttisetic bacteria (Imhoff, et al., 1989; Willems,
et al., 1991; Imhoff, 1995)

Most of the Rhodospirillaceae are able to surviyerdéspiration under aerobic and
dark conditions. In this growth condition the celle largely un-pigmented as they survive
by respiration. However, when the growth conditidmecome anaerobic and light is
available the cells are very quickly able to chafigen respiration to photosynthesis (Law,
et al., 2008).

The natural habitat of these organisms is in theerybic layer in ponds and lakes
below the chlorophyll-containing oxygenic phototnsp see Figure 2 (Cogdell, et al.,
2006). In this situation the lack of oxygen caufies cytoplasmic membranes, where
photosynthesis takes place, to become invaginatedeatended in area. As the result,
intracytoplasmic membranes (ICM) are created, wkich the cell inserts the necessary
complexes to harvest light energy (Drews, et &95). These complexes contain all the

necessary pigments and proteins required for hghtesting (Law, et al., 2008).



Oxygen tension

Aerobic photosynthesis
(algae, cyanobacteria, plants)

Anaerobic photosynthesis
(purple bacteria)

Figure 2. Schematic figure of purple photosynthddacteria position in their natural habitat
(Cogdell, et al., 2006).

The key point is that the spectrum of the solargn¢hat reaches the purple bacteria
has been filtered by the chlorophyll (Chl)-contagioxygenic phototrophs. These remove
the blue and red light (up to 750 nm) and allowyagreen and near infra red light (above
750 nm) to pass through. It is only these wavelengf light that are available for purple
bacteria. Carotenoid pigments contained in the Ipubacteria capture green light while
bacteriochlorophyll (Bchl) captures the red ligBbgdell, et al., 2006; Frank, et al., 1991).
Most purple bacterial species contain Bahivhereas a few contain Bdhl

By themselves pigments, such as Bchlsare not able to harvest energy in purple
bacteria. It is only when they are bound to spe@fioteins in the correct orientation that
they are able to perform their specific functiomghie photosynthetic process. For example
when pigments are correctly bound to the reactientre (RC) polypeptides, they
participate in electron transfer, whereas if thegy bound to the Light-Harvesting (LH)
apoproteins, they can participate in energy tran&@®gdell, et al., 2006). More details

about properties of these pigments will be disaligseection 1.3.



Purple bacteria develop ICM membranes when oxygeremoved from the culture,
however, the architecture of the ICM is varies frepecies to species. The shape of these
structures is very stable and, therefore, has at gg@onomical value (Oelze, et al., 1972).

Several structural types of ICM from purple nonpbulr bacteria are shown in Figure 3.

Figure 3. Schematic illustration of different stwal types of intracytoplasmic membranes (ICM)
where the photosynthetic unit is found (Oelze, let 2972). (A) Vesicle type (found iRsp.
rubrum). (B) Thylakoid-like, arrange in regular stacksuifidRsp. molischianujn(C) Tubuli type

(found inThiocapsa pfennigi (D) Large lamellae membranes (foundRips. acidophila

1.3. The photosynthetic pigments involved in the ligetagtions of

purple bacterial photosynthesis

In purple bacteria, Bchd is the main light harvesting pigment (Cogdellakt 1996).
Bacteriochlorophyll is an analogue of the Chl males found in green plants. It consists
of the bacteriochlorin ring and a phytol chain eltied to C-17. The bacteriochlorin ring is
planar with a M§" ion in the centre, coordinated to four pyrroleragen atoms. A
comparison of the chemical structures of €haihd Bchla is presented in Figure 4.



Bacteriochlorin

ClH, CH; ClH; CH;
Q« Transition

I
Chlorophyll a dipole moment Bacteriochlorophyll a
Qy Transition

Figure 4. Structures of Cld and Bchla (Kobayashi, et al., 2007). The numbering system is
according to the IUPAC standard system. The aagyup at C-3 and single bond in ring B
between C-7 and C-8 are the main differences faumthl a (marked in blue circles as compared
to Chl a). The directions of Qand Q transition dipole moments are shown in red ancgre

respectively.

The structural differences between Beh&ind Chla are the acetyl group at the C-3
position and the single bond in ring B between &d C-8. Also in the Chl molecule there
is a double bond between C-7 and C-8 in ring B.

Because of their asymmetrically conjugatedsystem, the electronic transitions of
Bchl have two main transition dipole moments,&@d Q, shown in Figure 4 leading to a
characteristic absorption spectrum. Thg dpsorption band can be found is the visible
region (700-420 nm) at ~ 570 nm, whereas tRealsorption band is in near infra red
region (NIR; >770 nm). A third absorption band,ledlthe Soret band, is located in the
blue region of the spectrum (~380 nm) and is itatsd in Figure 5.

Bacteriopheophytin (Bpheo) is a similar to Bchl kifters only in the absence of the

Mg?** ion at the centre of the bacteriochlorin ring (Fig6).
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Figure 5. Absorption spectra of Chlorophgl/lChlorophyllc and Bacteriochlorophyk in diethyl

ether (Kobayashi, et al., 2007).
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Bacteripheophytin a

Figure 6. Structure of Bacteriopheophytn (Blankenship, 2002), a metal-free analogue of

bacteriochlorophyll.



Carotenoids are long conjugated molecules, whick agnthesized by the
condensation of molecules of isoprene. They arephead-to-tail, forming &5 and then
tail-to-tail between two &'s, to form G This Co molecule is the precursor of all
carotenoids, and is called phytoene (Britton, 1959&)ss, 2006). All other carotenoids are
formed from this precursor by reactions such asrdwdation, desaturation and
methylation (Takaichi, 1999; Rodriguez-Amaya, 200Cgarotenoids are found in all
known wild-type photosynthetic organisms and in ynaon photosynthetic organisms
(Frank, et al., 2000). They have several imporfanttions in photosynthesis, such as
accessory light harvesting, photoprotection viadbenching of Chl (Bchl) triplet states,
singlet oxygen scavenging, excess energy dissipaina structure stabilisation (Frank, et
al., 1996). The chemical structure of several @oids found in purple bacteria can be
seen in Figure 7.

Some quinone molecules are also involved in thietdigactions of purple bacteria.
Ubiquinones are found in all purple bacteria, whsrenenaquinones are found in some
purple but in all green bacteria (Imhoff, 1984BheBe molecules are involved in the redox
reactions in the electron transfer chain within tR€. The chemical structure of

ubiquinone is illustrated in Figure 8.
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Figure 7. Chemical structure of several carotenfodad in purple bacteria (Cogdell, et al., 2006).

Isoprene, is the precursor of all carotenoids,

H;CO CH,4

H,CO X *

Figure 8. Chemical structure of quinone (BlankepsBD02). n refers to the number of isoprenoid

units that make up the chain (n =7 - 10).



1.4. The energy transfer pathways in purple photosymtihacteria

In purple bacteria the photosynthetic apparatussists of RC and several LH
complexes. The RC can absorb photons directly bually energy is transferred to them
from the light harvesting complexes (Cogdell, et 4999). In all species of purple
bacteria, the reaction centre is surrounded bygla harvesting complex called LH1. This
complex is, therefore, called the LH1-RC “core” emmia complex (Brunisholz, et al.,
1986; Cogdell, et al., 1996). In some types of fmiljacteria a different type of complex,
called LH2, is also present and is arranged perglyearound the ‘core’ complex.
(Cogdell, et al., 1999).

Photon N\ Periplasm
S \\
Cytochrome b/c
H LH?2 LHI 2 !
\\\
DdPré 3
/’ ] _ % . :
<
/o B850( | BE&O
g B300)
ADP+P, | ATP
H+ Cytoplasm H*
ATP synthase

Figure 9. Schematic illustration of the photosytithenembrane in purple bacteria (Cogdell, et al.,
2006). Energy transfer is indicated by the greywas; whereas the redox reactions involved in
cyclic electron transfer are shown by the blackwas: The cyclic movement of electrons results in

a proton gradient across the membrane. This prottive force is used to drive ATP synthesis.

The overall light reactions in the purple bactephbtosynthetic membrane are shown
in Figure 9. The process begins when a photon soréked by a Bchl or Carotenoid
molecule and this energy is then transferred toRe The RC then catalyses a series of

electron transfer reactions resulting in chargeasson across the membrane. This initial
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charge separation reaction is then stabilised Hysesyuent slower electron transfer
reactions where (ubi or mena) quinone is reducefilbd or mena) quinol. The reduced
quinone molecule diffuses out from the RC-LH1 ‘canto the lipid bilayer and migrates
to its oxidation site on the cytochrorbé; complex. The reduced quinone is oxidised and
the released proton pumped across the membrane.elBcgons are used to reduce
cytochromec, which in turn reduces the RC to complete thetedectransfer cycle. The
resulting proton gradient drives the generatiod®P through the action of ATP synthase
(Berg, et al., 2002).

The two well-defined pigment-protein complexes, La2d RC-LH1'core’ complex,
of RhodopseudomondRps) acidophila10050 can be separated on a sucrose gradient and
be clearly seen by eye (Cogdell, et al., 1983)sTillustrated in Figure 10 together with
the absorption spectrum of each band. LH2 has tramg NIR absorption bands at ~800
and 850 nm, whereas the RC-LH1 complex has a sstgbmg absorption band at ~875
nm. These complexes are also referred to as B80&B8 B875 respectively (Cogdell, et
al., 1985). In both complexes, the Bchls and caatkin the LH parts are non-covalently

bound to two hydrophobic proteins calleénd .

1.5. Bacterial light harvesting complexes

Light harvesting complexes, also known as antenmraptexes, have evolved to
increase the effective cross-sectional area fdit lmposorption for each reaction centre.
Antenna complexes supply each reaction centre vettough photons to allow
photosynthesis to occur at reasonable rates owederange of incident light intensities.
They also absorb a wider spectral range of ligantthe RC itself, so that more of the

incident solar spectrum can be used efficientlyg@adl, et al., 1999).
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Figure 10. A sucrose gradient is the first steptdate and purify of LH2 and RC-LH1 complexes
from Rps. acidophilastrain 10050 (Cogdell, et al., 1983). The solsbili photosynthetic
membrane was layered onto the top of sucrose-gagsitient and centrifuged overnight resulting
in the separation of the two major light harvesiiogplexes. These two complexes have different
colours as different carotenoids are bound. The tbiplex has absorption bands at 800 — 850

nm, while the RC-LH1 complex has absorption ban@i7&t nm.

1.5.1. The structure of the light harvesting complexes

The 3D crystal structure to 2.5 A resolution of thé2 complex fromRps. acidophila
strain 10050 has been elucidated (McDermott, etl8B5). This high resolution structure
has allowed the structure and function of LH2 tadiseussed in detail. The LH2 complex
is a circular nonamer, composed by nine pairs ahd apoproteins (McDermott, et al.,
1995). Overall, the complex consists of 18 polymsst, 27 Bchla and 9 carotenoids
molecules. The structure of LH2 complex frd®ps. acidophilal0050 can be seen in
Figure1l The complex can be split into nine heterodimeagh containing one and one

apoprotein, one Bctd molecule that absorbs at 800 nm (B800), two Echiolecules

that absorb at 850 nm (B850) and one carotenoid.
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The -apoprotein helices make up the inner wall of tlmnglex, while the -
apoprotein helices form the outer wall. The C-terirof both apoproteins are located at the
periplasmic side of the photosynthetic membranethad\-termini are at the cytoplasmic
side (Brunisholz and Zuber 1992; Zuber and Cogd#®I95). Both of these termini bend
over, almost parallel to the membrane surfacesntbose the pigments.

The eighteen B850 Bchis molecules are situated in between the heliced) thi¢
plane of their bachteriochlorin rings perpendicutaithe proposed membrane surface. In
each apoprotein pair, one Bchl is bound to theolypeptide and one to the
polypeptide. The nine B800 Bchésmolecules are situated between thpolypeptides.
The positions of the B800 Bchl rings are almosajparto the membrane surface (Figure
11).

The major carotenoid molecule present in the LHRp$. acidophilastrain 10050 is
rhodopin glucoside, although there are small amadmthers (Gardiner, 1992). These
nine molecules are in van der Waals contact with #poproteins and the Bclal
molecules. The carotenoid is found between the B850 Bchl a molecules in the
monomer and also comes into the close contact thiehB800 Bchla molecules. The
carotenoids must be in close contact with the Bchiolecules in order to quench their
triplet states, before they can continue to makglst oxygen.

The RC-LH1 ‘core’ complexes were first visualized EM pictures of membranes
from Rps. viridis more recently referred to &astochloris (Bl). viridisand confirmed to
have a hexagonal shape surrounding the RC (HirdiSi9i7, Jay et al. 1984; Miller, 1979,
1982, Stark et al. 1986). Since then, many otheties have suggested a variety of shapes
for LH1; circular (Karrasch et al. 1995; Gerkerakt2003), square (Stahlberg et al. 1998),
‘S’-shaped (Scheuring et al. 2004a, 2005; Siebea.e2004), elliptical (Scheuring et al.
2003; Fotiadis et al 2004) or even just arcs (Babat et al 2004).

Basically, there are at least two distinct class#eRC-LH1 ‘core’ complexes. In one
class they are monomeric, namely one RC surroubglethe LH1 complex. Examples of
this class are in the RC-LH1 complex REp. rubrumand Rps. palustris(Gall, 1994,
Karraschet al. 1995). The second class are dimeric, consistingrofRC-LH1 units. This
kind of RC-LH1 ‘core’ complex can be foundRb. sphaeroideéSiebertet al. 2004).

13



Figure 11. lllustration of the LH2 complex Bips. acidophilafMcDermott, et al., 1995). (a) The
cytoplasmic side of the complex. Protein units sttewn as white (inner as while outer as
apoprotein), B800 Bcha green, B850 Bchh red, and carotenoid yellow. (b) A view of the

complex perpendicular to the symmetry axis.
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More recent studies have suggested that LH1 steigtusome species, such Rb.
sphaeroides, Rsp. Rubruor Bl. viridis, is rather flexible (Westerhuis et al. 2002;
Scheuring et al. 2003, 2004; Bahatyrova et al. Bp®btiadis et al. 2004). There is a
further shape complication found Rb. sphaeroidesyhich is related to the presence of a
protein called PufX. When this protein presenRin. sphaeroideRC-LH1 complexhey
are dimeric, whereas in a Pufghenotype the RC-LH1 complex is monomeric (Siebert
al. 2004).PufX is a protein that has role in the photosyntheyclic electron transport. It
was suggested that the presence of this proteragsired to allow a sufficiently rapid
redox connection between quinol reduced by the R& the site of its oxidation on the
cytochromeb/c; complex (Barz et al. 1995).

It was further suggested that PufX provides a pddaallow the quinol to escape
through the LH1 helices (Cogdell et al. 1996; Patfkeach et al. 2001). An illustration of
this model can be seen in Figure 12. Further sisisheeded to reveal detail of the ‘core’
complex structure, since no high resolution stectif an RC-LH1 complex is available at

the moment.

Figure 12. A schematic model of LH1 that interrapby PufX protein (Cogdell, et al., 2006). The
PufX protein creates gap in thé -dimers rings to allow the migration of quinol (@yough the

LH1 ring into the photosynthetic membrane.

15



1.5.2. How the light harvesting complexes function

The LH complexes function in a series of photoptaisand photochemical processes.
These processes are the result of the interactibghd with matter. There are three energy
states that play important roles in the photoplsysit organic molecules, namely, the
ground state (§§, the lowest singlet excited state)@nd the lowest triplet excited state
(T1). The absorption of light by a molecule resultsha promotion of an electron from the
highest occupied molecular orbital (HOMO) to thevést unoccupied molecular orbital
(LUMO), Figure 13, to produce the first excitedglet state, §(Kavarnos, et al., 1986).
The singlet excited state {}Scan decay to the ground state through sever#trael and
non-radiative processes. All of these processesa@sal in a Jablonski diagram (see Figure
14).

LUMO L LUMO
&
L y
[_ﬁ hv
H’ HOMO 1 HOMO
Ground Excited
State State

Figure 13. Electronic ground and excited stateltewé a typical molecule (Garrison, 2005). An
electron will be promoted from the highest occupiedlecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO), creating artited state, as the result of light absorption by

the molecule.

Radiative decay consists of emissive processemefigence (FI) or phosphorescence
(Ph), whereas non-radiative processes consisttefnial conversion (IC) and intersystem
crossing (ISC) (Kavarnos, et al., 1986). Fluorasee(S S + hv) is a spin allowed
process in which the molecule relaxes to the graiate via emission of a photon of light.
Phosphoresence{T & + hv) is a forbidden radiative process involving enossof light
from the triplet state (1). IC is non-radiative decay process where enesdgst through

vibrational motion (8 S+ Heat; § S + Heat), and involves a transition between
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states of the same spin. ISC is also a non-radialiecay process but it performs a
forbidden transition that incorporates an elecspim flip of the electron (S Ty; T1 Sy

T &) (Kavarnos, et al., 1986). The Bchl molecule, éxample, when excited may
participate in energy transfer or electron trangi@cesses that compete with the normal
modes of relaxation.

Energy transfer is the process whereby energwisterred from an excited molecule
to a second ground state molecule. Electron transfa process where an electron is
transferred from a donor, excited molecule, to aceptor molecule (Kavarnos, et al.,
1986). When light drives the electron transfer pes; it is usually called Photoinduced

Electron Transfer (PET). A schematic figure of bpthcesses is illustrated in Figure 15.

S

IC

hv

hv'

= Ph

IC

So

Figure 14. A Jablonski diagram showing the eledtratates of a molecule (Garrison, 2005). The
vertical scale represents energy and the arrowgsept the type of possible transitions between
different electronic states. Ground state mole¢8jgis promoted to and excited statg (6 S) by
absorbing light energy. Non-radiative decay medrani(Internal conversion (IC) and Intersystem
crossing (ISC)) return the molecule to the groutradeswhereas radiative transitions (Fluorescence

(FI) or Phosphorescence (Ph) also decay excitedaul@ by emitting light.

The light-absorbing pigments are non-covalently fzbuo two types of integral
membrane proteins, forming either reaction centrandenna complexes (Cogdell, et al.,
1999). As mentioned previously on section 1.4, fthection of the pigments depends on
the protein and where they are bound. LH polypegstidold the pigments in the correct
orientation so that they are able to perform lightvesting. In this case the protein
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‘scaffold’ allows these pigments to absorb ligheegy and then efficiently and rapidly
transfer that energy to the RC (Brunisholz, etl#i85).

(2
S, - Electron  ---}--
Transfe

Figure 15. A schematic model of energy and eledtramsfer. If a photon is absorbed at the correct
wavelength, an electron is excited from the grostade (9 to the singlet state (5 (1) Energy

transfer occurs if the singlet state electron retuo the ground state by releasing the energyhwhic
is then captured by a second ground state mole2)eElectron transfer is process where the

singlet state electron is transferred from dontw acceptor molecule (Bchl as an example).

The pathway of energy transfer in the purple b&dteantenna complexes is as
follows: B800 B800, B800 B850, B850 B850, LH2 LH1 (B850 B875) and
LH1 RC. Initially, when a LH2 B800 Bch molecule absorbs a photon the molecule is
excited to the first excited singlet state (B800OB80O0O B800 singlet-singlet energy
transfer can occur. From B800*, energy can thetrdoesferred to the B850 molecules that
are excitonically coupled in a ring (Bergstrom Et1®88; Sundstrom and van Grondelle,
1995).

Rapid energy migration around the B850 ring is fiomally important in the bacterial
photosynthetic membrane. The energy migrates artemd3850 molecules very rapidly
>100-200 fs (van Grondelle et al, 1994). The rdtenergy transfer frorRps. sphaeroides
andRb. acidophilaLH2 (B850) LH1 (B875) has been time resolved (Sundstrom,et al
1986; van Grondelle et al, 1987, 1984; Zhang e1292b; Hess et al, 1995; Nagarajan, et
al., 1997). This energy transfer takes place ing&.5The energy transfer from B875RC
takes between 20-50 ps (Sundstrom et al, 1986chésset al. 1989; Zhang et al. 1992a;
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Beekman et al. 1994, Freiberg et al. 1996). Thesegy transfer steps are illustrated in
Figure 16.

Carotenoids function as accessory LH pigments amck la stabilising role in the
complex (Lang and Hunter, 1994). However, the nmagbrtant role of carotenoids in LH
complexes is photoprotection. In the absence ajteaoids, over excitation of Bchlcan
lead to the production of Bchltriplets and on to the production of singlet oxygEoote,
1976), as seen in Figure 17. Singlet oxygen is t@xic to the cells. When carotenoids are
present, energy transfer between Bazlitiplets and carotenoid leads to the production of
carotenoid triplets rather than singlet oxygen (ktem et al., 1976; Frank, et al., 1991;
Bittl, et al., 2001).

Photon
~1.5 ps
Bgoo |* | B8oo
1-2 ps
<50 fs
o \ 4
B850 [ | B850
2-5 ps
‘ v
B875 | | B875
20-50 ps
\ 4

Figure 16. lllustration of energy transfer timesthe light harvesting complex. Transfer between
B800 takes about 500 fs. Transfer from B800 to B&@s about 1-2 ps. Transfer between B850
takes about 100-200 fs. Transfer from B850 to BA#31) takes about 2-5 ps. Then the energy
migrates to RC in about 20-50 ps. The energy “fisinies way to the RC, through the LH (blue

line).
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1). BChl + hv BChl*

2). BChl* BChI'

(3A). (BChl' + O, O, + BChl)
(3B). BChl" + Car Car' + BChl
4). Car Car + Energy

Figure 17. The photoprotective reactions of camitisin quenching singlet oxygen (Frank, et al.,
1996). (1) After absorption of light, Bchl is proted to an exited singlet stage. Over excitation of
Bchl leads to the production of Bchls triplets (@pssibly resulting in the production of singlet O
(3A). However, this singlet Oproduction is prevented in the presence of Cai¢chvbhan quench

the Behl triplets (3B). The triplet energy contalria Car is then released (4).

1.6. The reaction centre

The RC is a pigment-protein complex, in which egefrgm LH is used to drive the
charge-separation reaction across the photosyatmetmbrane (Cogdell, et al., 2008). The
RC consists of both (bacterio) chlorophylls andeotblectrons transfer cofactors, such as
quinones or iron sulphur centres, along with hytadpc peptides. The RCs contains a
“special pair” of chlorophylls, which have uniqueoperties because of their environment
in the RC protein (Blankenship, 2002). Anoxygenactieria, such as purple bacteria, have
only one type of RC. In contrast, higher plantsgaal cyanobacteria, (oxygenic
photosynthetic organisms) have two RC called Plystesn 1 (PS1) & Photosystem 2
(PS2). Purple bacteria contain a pheophytin-quirtgpe RC similar to PS2.

1.6.1. The structure of the purple bacterial reactiornreen

Most purple bacterial reaction centres contain éhpeotein subunits; Heavy (H),
Medium (M), Light (L) and several have an additibbaund cytochrome (C) (Lancaster,
2008). The RC fronBl. viridis, has this additional cytochrome subunit and thectire is
shown in Figure 18. The L and M subunits have fraasmembrane helices each, whereas
the H subunit has only one. The L and M subuni@llibacterial RC have a similar overall
protein fold (Lancaster, 2008) and are located kadtlthe periplasmic and cytoplasmic
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sides of the membrane. The H subunit is locatethercytoplasmic side of the membrane
alone.

The C subunit (Figure 18), consists of five segmehat bind covalently four iron-
containing heme groups. These are; the N-termiegiment, the first heme binding
segment, a connecting segment, a second heme-pirsdgigment and the C-terminal
segment. The two segments that contain binding $ite the heme groups make up the
core of the cytochrome, while the other three nemé binding segments contain little
secondary structure. The first heme binding segroentains the binding sites for heme-1
and heme-2 whereas the second contains the bimnglieg for heme-3 and heme-4
(Lancaster, 2008).

Figure 18. Structure of thé&l. viridis reaction centre (Deisenhofer, 2009) consisting of a
cytochrome subunit in green and the M, Land H subum light blue, blue and yellow,
respectively. Molecules that carry out the reactientre function, the cofactors, are represented as
ball-and-stick models; carbon atoms in white, gé&o in blue, oxygen in red and sulphurs in

yellow. The cofactors arrangement alone is showfigare 19.
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The RC cofactors are surrounded and held in plgcehé protein subunits and are
arranged into two symmetry related branches (Fi@g9e The branch mainly located near
the L subunit is active in electron transfer andssally called the ‘A’ branch, whereas the
non active, M-subunit side is called the ‘B’ brarftlancaster, 2008). Both branches start
from a ‘special pair' (P) of Bchl molecules locateéar the periplasmic side of the
membrane. Then each branch contains a single maiiBehl, followed by a Bpheo
molecule and ends with a quinone, either menab@uinone. A non-heme iron is located
between the two quinones and a carotenoid molasufevan der Waals contact with the

monomeric Bchl on B branch.

Periplasmic side

2-3 ps
& 0.9 ps
Bpheo,
Inactive .
Active
Branch (B Branch (A
200 ps

g

Cytoplasmic side

Figure 19. RC cofactor arrangement (Deisenhofer, aét 1989), Special pair (P),
Bacteriochlorophyll (R, Bg), Bacteriopheophythin (BphgoBphea), Quinone (Q, Q). The tails
of the cofactor molecules have been removed foritglaThe electron transfer reactions are

indicated by the blue arrows.



1.6.2. How the reaction centres function

Energy is transferred from the LH system into th@ &d is used to excite P to P*.
Electron transfer down the A-branch between P* Badccurs in about 2-3 ps Next, the
electron hops quickly in about 0.9 ps to Bpheaaod is then transferred on in the next step
to Qa at the cytoplasmic side in about 200 ps, Eaclnedd electron transfers successfully
slow down the back reaction by 3 orders of magmitiedving P. The positive charge left
on P is then neutralized by electron flow from G tQen requires a second turnover to
take up two H from the cytoplasmic side of the membrane to f@ghl,, which diffuses

out into the lipid bilayer and away from the RC.

1.7. Genetics

The photosynthesis gene organization and its régualan the purple photosynthetic
bacteria are well understood. Most of the genetiormation needed to construct the
photosynthetic apparatus in purple bacteria isainatl in a photosynthetic gene cluster
(PGC), a ~41-46 kb stretch of contiguous DNA lodatecircular chromosome of the cell.
This collection of genes codes for 38 open readmges (ORFs) that comprise the
additional information needed, beyond normal meiaiyg to permit the organism to grow
using photosynthesis (Blankenship, 2002).

The complete genome sequences of the purple kEcspeciesRhodobacter (Rb.).
capsulatus, Rb. sphaeroidasdRps. palustrihias been determined. In essence, they have
an identical PGC (Choudhary, et al., 2000). The RB@ngements dkb. sphaeroides
shown in Figure 20. There are several sub-clustegenes, coding for bacteriochlorophyll
biosynthesis, carotenoid biosynthesis and the tstraicproteins of the photosystem. The
genes encoding the reaction centre L and M prot@misthe and apoproteins of the
LH1 complex are contained in an operon near ther®l of the PGC known gsuf
(photosynthetic unit-fixed). The gene for the RGiibunit is located near the other end,
known as the@puhAgene. The LH2 antenna complexes are coded byuteperon, which
is not part of the PGC but located approximately KBOupstream of the puhA gene
(Choudhary, et al., 2000).

The photosynthetic unit (PSU) can be defined asatie of total Bchls to RC BChl in
the ICM (Law, et al., 2008). There are two factivat affect the synthesis of ICM, namely
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oxygen and light (Lascelles, 1959; Holt, et al.639Marrs, et al., 1973). ICM synthesis
will be induced when cells are switched to anaeratmnditions. In this condition, the
cytoplasmic membrane will begin to invaginate (Ghaat al., 1984). The regulation of
how the PGC is expressed has been extensivelyest@deilstra-Ryalls, et al., 1997A).
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Figure 20. Physical and genetic map of the photibgyic gene cluster dRb. sphaeroide2.4.1.
(Choudhary, et al., 2000) The numberaofs is shown from left to right. The arrows show the

likely direction of the transcription of genes/orfs

Oxygen tension is the dominant factor for the P$htteesis. Basically there is an all
or nothing switch that is controlled by oxygen iens(Bauer, 1995; Young & Beatty,
2003). Once the oxygen tension falls below a @aitievel, invagination of the cytoplasmic
membrane and the synthesis of LH apparatus wik talace (Takemoto & Lascelles,
1973). From this point, the light intensity detemes the cellular levels of ICM and amount
of the different LH complexes in the PSU. More ante complexes will be produced if the
light intensity is lowered. Recently, the colourtbé incident light has also been found to
regulate the synthesis of the PSU. This regulatimolves bacterial phytochromes in
photosynthetic purple bacteria (Giraud et al. 2004, 2005; Armitage & Hellingwerf,
2003; Jaubert et al. 2004; Kyndt et al. 2004; Evetnal. 2005). In anaerobic conditions,
cells will normally synthesise photosynthetic pigrtsebut this will be halted immediately
if the growing conditions switch to aerobic (Colazire, et al., 1957). A similar situation

occurs to cells when the light intensity is changed
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1.7.1. Regulation of photosynthetic unit expression mainl the level

of gene-expression

The transcriptional regulation of purple bacter@iotosynthetic genes involves
several classical two-component bacterial regwasystems. These systems consist of a
DNA-binding protein component and a sensor kinZsslgtra-Ryalls, et al., 1998; Oh, et
al., 2000). InRb. sphaeroideghe transcriptional activation of phototropic gtowis
performed by several proteins. These are PrrBAtf@@ymthetic response regulator), FnrL
(fumarate nitrate regulator), PpsR (photopigmenppsession), AppA (activation of
photopigment anguc expression), SpB (sphaeroidast-binding) and TspO (tryptophan-
rich sensory protein). The proteins that are ragdldy oxygen tension are PrrBA, FnrL,
PpsR and AppA whereas SpB and TspO are regulatetighy These proteins are
summarise in Table 1

The two-component PrrBA (photosynthetic responggiletor) system (Eraso, et al.,
1996) consists of PrrB and PrrA. PrrB is a membigpenning sensor histidine
kinase/phospatase (Oh, et al.,, 2001) that respdodseduced oxygen tension by
undergoing autophosporylation. The phosphate magetigen transferred onto the second
component called PrrA. PrrA is a cytosolic responsgulator protein. PrrA is then
activated, resulting in gene expression either imgibg to DNA directly or by forming
transcriptional complexes involving other proteactbrs (Eraso, et al., 1995).

FnrL is a DNA-binding factor that binds to a rectigm sequence, which resembles
the FNR consensus sequenceEofcoli (Zeilstra-Ryalls, et al., 1997A; Zeilstra-Ryalks,
al., 1997B). This sequence is similar to that fobetbre the genes, which synthesize Bchl,
carotenoids and thpuc operon (that encodes LH2 protein). Under low oxygension,
FnrL binds to this sequence and induces gene e{pres

In contrast to FnrL, the PpsR represses the exprese§the Bchl, carotenoids and the
puc operon genes, under aerobic conditions (Gomelstkal.,, 2000; Gomelsky, et al.,
1995; Penfold, et al., 1994). The PpsR represstivitgcis not only influenced by the
oxygen tension itself, it is also responsive thioptensity mediated by AppA (Gomelsky,
et al., 1997; Gomelsky, et al., 1998). In this wing cellular abundance of LH2 complex
can be regulated.

As mentioned earlier, so far only two light-respwasfactors have been identified.
The first of these is SpB, which controls the R@ &1 protein expression by binding
upstream of th@uf operon (Zeilstra-Ryalls, et al., 1998; Buggy, ket #994). This factor
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does not regulate LH2 or Bchl (Shimada, et al.,6)99he second factor is TspO.
Unfortunately, the details of how they work ard stnknown (Zeng, et al., 2001).

Table 1. List of Rb. sphaeroidegenes known or proposed to play a role in reguiatif PSU gene

expression (Law, et al., 2008).

Rb. sphaeroides genes Known of proposed gene proddignction
prrB Sensor kinase

prrA Transcription regulator

ppsR Transcription regulator

ppbC Light-sensitive transcription regulator
himA Subunits of IHF (DNA-binding protein)
appA Unknown

mgpS Unknown

prrC Transcription regulator

Furthermore, it has been recently recognized thatebiophytochromes (BphPs) are
also involved in light regulation in photosynthetamd non-photosynthetic bacteria
(Hughes et al, 1997; Davis et al, 1999; Giraud,e2@02; Armitage et al, 2003; Karniol et
al, 2003; Jaubert et al, 2004; Kyndt et al, 20041s et al, 2005). BphPs sense light in the
red/far-red region of the spectrum. BphPs haveouariroles in the regulation of Car
synthesis (Davis et al, 1999), chalcone synthasgndJet al. 1999), LH complex
biosynthesis (Giraud et al, 2002), and phototakisnftage & Hellingwerf, 2003; Kyndt et
al, 2004). BphPs genes have been identified ifabhewing photosynthetic bacteri&b.
sphaeroides, Rps. palustris, Rhodospirillum (Rbramn, R. centenum, Thermochromatium
(Tc.). tepidium and Bradyrhizobiu@RS278 (Jiang et al. 1999; Giraud et al, 2002;Kyn
et al, 2004). More work is required before the é¢xanction of the BphPs will be clearly
understood.

26



1.8. Polymerase chain reaction

The polymerase chain reaction (PCR) is an enzymatethod of amplifying
nucleotide sequences. It can increase exponengialygle copy of a gene within a matter
of hours. PCR is a powerful technique that hasdtgiecome one of the most widely used
in molecular biology because it is quick, inexpeasand simple. PCR amplifies specific
nucleotide fragments from minute quantities of seunucleotide material, even when it
has relatively poor quality (Becker-Andre, et 4989). This method was originally only
used with DNA molecules as templates. The methadnloav been improved so that RNA
can also be used as a template. The basic pringfdNA amplification using PCR and
the development of the PCR technology will be descrin this section, as it is one of the

major experimental methods used in this thesis.
1.8.1  Basic principle of PCR

There are four main components involved in the P@@cess, namely DNA
templates, oligonucleotide primers, dioxyribonutiées triphosphates (dNTP), and DNA
polymerase (Erlich, 1989). The other componentctvhig also important, is the reaction
buffer. DNA templates are the fragments of DNA that to be amplified. Primers are
short oligonucleotide sequences (around 15 — 25wbich are used to begin the DNA
synthesis. dNTP are the nucleotides consistingAfR] dCTP, dGTP and dTTP. DNA
polymerase is the enzyme that catalyzes the DNAakeaction (Gelfand, et al., 1990).

A PCR cycle consists of three steps. The processsswith the denaturation of the
DNA template, where DNA is heated in order to safmthe strands. Denaturation leads to
the splitting of double strands into single strandder the high temperature condition, for
example, 95-98C for 1-2 minutes. The temperature is then dectetsaround 55C, in
order to anneal the primers to the DNA templatesi, (B995). Two oligonucleotide
primers, which flank the DNA segment to be amptifiwill form hydrogen bonds with the
template in the complementary region. These prirhgisidize to opposite strands of the
target sequence and are thus oriented. Theref@esyinthesis of DNA by the polymerase
will proceed across the region between the primedfsctively doubling the amount of that
DNA segment (Lawyer, et al., 1989). The extensienconducted by increasing the

temperature, for example, to %2 for 1.5 minutes.
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Figure 21. DNA amplification with PCR (Yuwono, 2006 he red lines represent the wanted gene,

which is wanted to be amplified. The reaction puidimcrease exponentially within matter of

hours.
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Moreover, since the extension products are alsoptamentary to and capable of
binding primers, each successive cycle essentialljples the amount of DNA synthesized
in the previous cycle. The result is in exponentiatumulation of the specific target
fragment, approximately"2where n is the number of cycle (Lawyer, et 889). These
reactions will usually be repeated up to 25 to $6les, forming a lot more new DNA
molecules than the amount of DNA template used. fitmaber of amplification cycles
required depends on the initial concentration ef EINA template in the reaction solution
(Kubista, et al., 2005).

The basic principle of PCR scheme can be seenguar&i21 and Figure 22. A water
bath can be used to create each PCR condition. ¥awihis manual process may lead to
the incubation time inaccuracies (Lawyer, et al989). Therefore, programmable

equipment with higher incubation time accuracy Ibesn developed.

1.8.2  DNA polymerase

The Klenow fragment was the DNA polymerase usethénearly development stage
of PCR. The Klenow fragment is a DNA polymerasd ties lost its 5’ 3’ exonuclease
activity (Saiki, et al., 1988). There are seveiahdvantages of the Klenow fragment, such
as thermolability, only a moderate polymerase eatd low processivity (Mullis, et al.,
1989). Processivity is the capability of a polynser&nzyme to catalyze many consecutive
reactions without releasing its substrate (BergJ.e2002).

As making single strands of DNA from double straneiguires a high temperature of
incubation (Gu, 1995), an enzyme which has a greatstance to heat would be more
suitable. The modern alternative to the Klenowiinagt isTaq DNA polymerase, which is
extracted from the bacteriuifhermus aquaticugSaiki, et al., 1988). This strain of this
bacterium usually does not have a restriction end@ase (Brow, 1990), and it produces a
Tag DNA polymerase with a molecular weight of arourtdkD that is heat stable (Brow,
1990). This enzyme has a high DNA polymerase dgt(\2i50 nucleotides per second for
each enzyme molecule) but has no activity as a 8’ exonuclease (Gelfand, et al., 1990).
It is very active at pH 9.0 (2fC) and has an optimum temperature of aroundC75 80
°C. The half-life of Taq DNA polymerase at 45 is 40 minutes (Brow, 1990).

The Tag DNA polymerase’s heat-resistant property has albwhe optimization of
each step in the PCR process that originally reguine Klenow fragment (Gelfand, et al.,

1990). These modifications have simplified the ps®; making it amendable to
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automation, and have substantially improved therav@erformance of the reaction by

increasing the fidelity, yield, sensitivity, anchigth of target that can be amplified (Saiki,

et al.,, 1988). It is also possible to ufaq DNA polymerase for sequencing purposes
(Brow, 1990).

A unique property offag DNA polymerase is that this enzyme is capabledufiray
one nucleotide, especially dATP, on the 3" end dMNA fragment even if there is no
template. Therefore, the PCR fragment productsliysiave blunt end. This has important
implications because the PCR fragment product kban be ligated into a plasmid vector
without using a DNA ligase enzyme. In general thgugne of the weaknesses Tdq
DNA polymerase is a tendency to mismatch when combinucleotides; thereby causing
a mutation in the amplified gene (Gelfand, etE90).

Modern DNA polymerases are also used nowadays thheTag DNA polymerase.
An example of such DNA polymerase, which was alseduin this experiment, is
Phusion® DNA polymerase. It has processivity of ragpnately twice greater thahaq
DNA polymerase and also has the ability to prochigber yields.

The other factor that should be considered in ot@eonduct PCR successfully is the
Mg?* concentration. Mg concentrations influence the activity &g DNA polymerase.
Its activity is usually maximal at an MgClconcentration of 2 mM with dNTP
concentrations of 0.7-0.8 mM. Higher concentratioh$1g>* above 2.0 mM, will inhibit
Tag DNA polymerase activity (Higuchi, et al., 1992aq activity will also decrease if the
total concentration of dNTP used reaches 4-6 mMfé&ae, et al., 1990).

1.8.3. Realtime PCR

As an analytical technique, the original PCR methad some serious limitations. By
first amplifying the DNA sequence and then analgzthe product, quantification was
exceedingly difficult since the PCR gave rise teesgially the same amount of product
independent of the initial amount of DNA templateslecules that were present (Higuchi,
et al., 1992). The product was quantified at the jgoint of reaction with electrophoresis.
Unfortunately the results were not very precise.

Real-time PCR has revolutionized the quantitatieection of DNA and RNA. It was
pioneered by Higuchi in 1992 who constructed aesysthat detects PCR products as they
accumulate (Kubista, et al., 2005). Theoreticatlyere is a quantitative relationship

between amount of starting target sequence andramd®CR product at any given cycle.

31



The overall process of real-time PCR is descrilbeBigure 23. The exponential phase in
PCR process is the optimal point for analyzing dKiabista, et al., 2005). The benefit of
this real time capability is it allows the reseancto determine the amount of starting DNA
in the sample before the amplification by PCR (galg et al., 2005).

In addition to conventional PCR, Real-time PCR mieadfluorescent reporter that
binds to the product formed and reports its presdng fluorescence (Higuchi, et al.,
1992). The reporter generates a fluorescence sipaalreflects the amount of product
formed. The signal is captured by a detector thaasures the amount of PCR product
formed during the process. In his initial work, Haodi used the common nucleic acid stain
ethidium bromide as the fluorescent reporter. Htindbromide becomes fluorescent upon
intercalating into DNA (Higuchi, et al., 1992). ktlum bromide is carcinogenic and that
has become a serious problem, but now other typelyes are used. There are several
fluorescence reporters known such as moleculardoeand exonuclease probes (Kubista,

et al., 2005). An example such a fluorescence tepoan be seen in Figure 24.
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Figure 23. The figure shows real-time PCR respdiggee between fluorescence and number of
amplification cycle. Fluorescence is correlatedrses amount of amplicons. Exponential phase is
where amplification occurs optimally, whereas theggau phase is where amplification stops. CT

is the number of cycles required to reach the tolels(Kubista, et al., 2005).
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Figure 24. Exonuclease probe: A single-stranded [pktbe is labelled with a fluorescent dye and
a fluorescent quencher. The proximity of the doamd quencher prevents fluorescence. A
fluorescence signal is generated if the DNA polyaserruns into the hybridized probe during the
extension process, because the polymerase tregpsdbe as an obstacle and cleaves it into pieces.

That separates the quencher from the donor, alfpflilmrescence (Yuwono, 2006).

1.8.4. Reverse transcription

The reverse Transcriptase PCR (RT-PCR) techniqus @eveloped to analyze
MRNA. The PCR method is not able to use RNA asnaplate, therefore, a reverse
transcription reaction must be carried out at tbgifning of the PCR process. An enzyme
called reverse transcriptase is added (Valasedl.,e2005) that produces double stranded
cDNA from mRNA (Berg, et al., 2002), the cDNA cdreh be used as the template in the
PCR process.
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1.9. DNA Sequencing

The definitive description of any DNA molecule, rinoa short fragment in a DNA
clone to a whole human chromosome, is its sequdrite analysis of DNA structure and
its role in gene expression have been markedlyititeid by the development of DNA
sequencing. DNA sequencing methods have been arfoursgtveral years but have been
significantly improved since the late 70's (Browi990). There are two types of DNA
sequencing methods. The first method is DNA chaimmination, which is known as
Sanger’s dideoxy method, taken from the inventodsme F. Sanger. The second method
uses chemical degradation, which is known as Mag&limert method, also named after its
inventor's A. Maxam and W. Gilbert (Hartwell, et,&008). Gilbert and Sanger developed
their techniques, which both have similar accuraggroaching 99%. They won the Nobel
Prize for the contribution to DNA sequencing tedbgy. But now the Sanger method is

the most common technique because it is can bdyeadomated.

1.9.1.The Sanger dideoxy method

The basis of the dideoxy method is to reveal thieoof base pair in an isolated DNA
molecule by controlled termination of DNA replicati (Berg, et al., 2002). There are two
steps to the Sanger method of sequencing. Thestiegt is the generation of a complete
series of single-stranded sub fragments, whiclcangplementary to a portion of the DNA
template under analysis. Basically, the DNA fragteeare generated by interrupting the
enzymatic replication, in other words, further chalongation is blocked. The second step
is the analysis of the mixture of DNA sub-fragmeuoii$éained by using polyacrylamide gel
electrophoresis. The analysis allows the separatiddNA molecules differing in length
by only a single nucleotide (Hartwell, et al., 2D0Bherefore, the sequence of nucleotides

can be read in order.
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2', 3'- dideoxy analog H

Figure 25. The structure of dideoxy analog; hydro¢gghown in red) replaced hydroxyl so that

further elongations will be prevented.
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3’ [CGTATACAGTCAGGTC 5° | DNA
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DNA sequence reading directly from the bottom of the gel upward, is

ATGTU! GTCCAG
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Figure 26. Strategy for chain-termination methodDMNA sequencing (Albert, et al., 2008). Four
different chain-terminating dideoxyribonucleotidephosphate (dATP, dTTP, dGTP and dCTP ,
shown in red letters) are used in four separate BMAthesis reactions with copies of the same
single-stranded DNA template (gray). The additioh tke dideoxy analog along with the
deoxyribonucleotides triphosphate will interrupt BNragment replication. Thus, each reaction
produces a set of DNA copies that terminate aecbfit points of the sequence. These products are
then separated by electrophoresis in four paralieds of polyacrylamide gel (bottom gray square).

The DNA sequence reads from the bottom of the petand.
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The first step begins by preparing the purifiedpnatared DNA with olignucleotide
primers that are complementary to a particular@itehe DNA. The incorporation of each
chain-terminating dideoxyribonecleotide triphosghanalog (dATP, sTTP, dCTP and
dGTP) will produce separate fragments each withdaakyribonucletide triphosphate at
the end. Polymerization from the primer strand ew#s until, by chance, the
dideoxynucleotide is incorporated (Hartwell, et 2D08). An example of a dideoxy analog
chemical structure can be seen in Figure 25.

The second step is as important as the first ohe.flagments in each of four aliquots
are separated according to their size by polyacrga gel electrophoresis. The resolution
of the gel is such that you can distinguish DNA ecoles that differ in length by only a
single base. As shown in Figure 26, the appearah@ DNA fragment of a particular
length demonstrates the presence of a particuleleotide at that position in the strand
(Berg, et al., 2002). Once the sequence of the ynewnthesize DNA is known, it is a
simple matter to convert this sequence into a cemphtary sequence of the template
strand under analysis.

Instead of having single radioactive label on thenpr oligonucleotide, the automated
DNA sequencing process now uses chain-terminatidgoatynucleotides that each has a
different colour from a fluorescent dye (Hartwedl, al., 2008). As a result, the four
separate reactions are no longer needed. All faar e combined in a single reaction
mixture that can then be analyzed in a single @me gel with the use of the automated
sequencerRigure 27. Automated sequencer detector will capture therfiscence from
each dideoxynucleotide. The detector records tlmuicorder of the passing band that then
can be translated into sequence data by a com(Bieg, et al., 2002; Hartwell, et al.,
2008).
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Figure 27. Automated fluorescence detection of avligcleotide fragments produced by the
dideoxy method. Upper: Four chain-terminating didemicleotides with four different colours.

Bottom: The combination of four chain-terminatingctares at four wavelengths.
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1.10. Aim of this project

The 3D structure of thBl. viridis photosynthetic RC was the first membrane protein
structure determined by X-ray crystallography ([ealsofer, et al., 1984; Deisenhofer, et
al., 1985). At the same time, Michet al determined the amino acid sequence of the
reaction centre polypeptides (Michel, 1982; Michet,al., 1985; Michel, et al., 1986;
Wiessner, et al., 1990). However, recent X-ray tati@mgraphic studies on high resolution
data from this RC (Roszak, et al., unpublished nladi®mns) have found that several amino
acids in the sequence do not fit well in the etatdensity. This suggests that there may be
errors in the original sequence data. The aimisfgloject, therefore, is to re-sequence the
genes of the and subunits of the LH1 and the L, M, H and Cytochroersubunits of
the photosynthetic RC froml. viridis to establish if new sequence data produces arbette

fit to the recently obtained new electron densigpsh
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Chapter 2 Materials and methods

Unless stated otherwise all the chemicals usetlisnresearch were of Analar grade.
Molecular biological enzymes and kits were obtaifredn Sigma, Promega and Qiagen,
and used as per the manufacturer instructions. daidlils of the chemicals and kits are

summarised in Appendix.
2.1. General culturing method and cell storage

Bacterial cultures were maintained in agar stabihénlaboratory until required. The

cultures were checked on a regular basis to emsuiey.
2.2. Growth of photoheterotropic cultures

BI. viridis bacteria were grown anaerobically in an illumicatemperature controlled
room (30°C), in succinate based media (Bose S, 1963) medierew-cap bottles.

In order to ensure the starting culture was puteuad culture was grown up from an
agar stab, serially diluted and plated out on gates before being placed in anaerobic
jar. The cells are grown for about 1 week beforelyi separated single colonies appear.
Single, well separated colonies were then pickédrom the plates and used to inoculate
agar stabs, thereby providing fresh stocks of puttires.

To start a good quality liquid culture, fresh medias poured aseptically onto the top
of the agar in the stab, sealed and incubated %E 30 the growth room for 3-4 days. The
bacteria then grew into the liquid media. In tutims small liquid culture was used to
inoculate a larger culture bottle (500 ml). The 560 cultures were grown for

approximately 2-3 days. Figure 28 shows variougestaf the growth of the cultures.
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Figure 28. Bacterial cultures in bottles, an anbiergar and on a plate. The pure cultures are
maintained in agar stabs (A), before being transfemto the 100 ml bottle (B) and then onto the
500 ml bottle (C). An anaerobic jar (D) where sengblonies on plates (E) were grown. Single
colonies are indicated by yellow arrows.

2.3. Cell harvesting

After 500 ml of cells had grown to sufficient degsithey were harvested by
centrifugation (10 min, 8,000 x g, °%C). The clear supernatant was discarded leaving a
pellet of bacterial cells. This pellet was re-susje in minimum volume of TE buffer
(see appendix) using a hand homogeniser. TE buaffetains EDTA, which removes

magnesium ions that are essential for preserviagtterall structure of the cell envelope
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and also inhibits cellular enzymes that could dégrBNA (Brown, 1990). Therefore, the
initial TE buffer usage at this stage will protédoe DNA. The re-suspended cells were then

either used directly for DNA extraction or stored20°C until required.
2.4. Genomic DNA isolation

The bacterial cells are enclosed in a cytoplasmeémbrane and surrounded by a rigid
cell wall. This barrier has to be disrupted in aorde release the cell components.
Techniques for breaking open bacterial cells ()ysan be divided into physical methods
and chemical methods. Physical lysis causes cglligiiion by a mechanical force but also
shears the genomic DNA, whereas chemical lysisaadht about by chemical agents and
causes less damage to the DNA (Brow, 1990). Chéiymia generally involves one agent
attacking the cell wall and another disrupting ¢b# membrane.

Only 200 pl of harvested cell suspension is reguii@ the isolation of genomic
DNA. In addition to DNA, a bacterial cell extradsa contains significant quantities of
protein. The standard way to remove protein frooelaextract is to add phenol or a 1:1
(v/v) mixture of phenol and chloroform. These ongasolvents precipitate protein but
leave the nucleic acid (DNA) in aqueous solutiorof 1990).

The re-suspended cell pellet was transferred inth.5a ml Eppendorf tube. An
equivalent volume of the phenol-chloroform 1:1 {vigixture was then added into the
tube, vortexed briefly and incubated for 5 minut€ke resulting viscous solution was
microfuged (4 min, 13,000 x g) and the clear sugiamt then carefully loaded into a new
1.5 ml Eppendorf tube and the volume measured.

In the presence of salt (monovalent cations suddadsand at a temperature of -
20°C or less, absolute ethanol will efficiently pretape polymeric nucleic acids. The
DNA obtained is then able to be collected by singaetrifugation.

The DNA contained in supernatant from the previsigp was precipitated with 2.5
volumes of 96% ethanol, together with 0.1 volume8 & sodium acetate, pH 5.3. The
sample was then cooled to -20 for 2 hours (or £C overnight) and the pellet (DNA)
obtained by centrifugation (13,000 x g) in the caddm. The supernatant was discarded
and the DNA pellet was washed once with 70% ethd&edbre being re-suspended in
sterile water. The dissolved DNA was then readybéoused for analysis. How this

procedure was optimised will be described in Chapte
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2.5. Quantification of the DNA by gel electrophore

When necessary, gel electrophoresis was used tk the size and the concentrat
of the DNA obtained. Fragments DNA, cornaining the gene of interest, w size
fractionated on 1.2% agarose gel in TAE buffer (00 Tris-Acetate, 10mM EDTA, pt
8.3 at 28C). In orderto stain the DNASyber© safe DNA gel stain was u. Gels were
run under a constant voltage of 100 V and 4(A for 30 minutes. Twoadders, either
with 100 bpor 1 kb steps were used to estimate the size dDN¥ and, by comparison ¢
the fluorescence intensity, to approximately deteenthe DNA concentration. The ladd
were obtainedrom New England Biolal (UK) Ltd and are showin Figure 29. If the size
and purity of the DNA fragment was satisfactoryatld then be used for the next s

Base Pairs  Mass (ng) Kilobases Mass (ng)
-1517 45 —100 42

B0 @
-100 35
-1,000 0§
— Q00 7

— 800 4
- 700 21
~ 600 18

500517 97

400 38
300 29

— 200 28

—= 100 48
—05 42

Figure 29.Gel electrophoresis rults of ladder used. Ladders were named basedzerdgference
between each fragment, (A) 100 bp ladder and (B)lakder. These pictures were obtained f
New England Biolabs (UK) Ltc

2.6. Polymerase chain react|

The DNA amplification was perforrd by PCR usinga Thermo Hybaid thermal
cycler PX2. APCR reaction mix (15 pl) was prepared for eachti@acEach reaction mi
contains buffer(supplied with the polymeras, dNTPs, water, primers (forward a
reverse), DNA polymerase athe DNA template. fie PCR conditions were optimised
varying factors such as the annealing temperathee,elongation time and the prin
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concentrations. Primers were designed based opréwously published DNA sequence
of BI. viridis (Michel, et al., 1985; Michel, et al., 1986; Wiess, et al., 1990).

Details about the optimisation of the PCR condgiamd the primer design are given
in Chapter 3. Primers were obtained from Sigman&imes Phusion® DNA polymerase
was obtained from New England Biolabs (UK) Ltd. Thaification of DNA fragments,

where required, was performed using a Qiaquick@® Kjiobtained from Qiagen.

2.7. DNA cloning

PCR products that could not be sequenced direatiye wloned into JM109© High
Efficiency Escherichia coli(E. coli) cells with the pGEM®-T Easy Vector System. The
vectors are supplied so that they contain 3’ teaninymidine at both cutting ends. These
single 3'-T overhangs at the insertion site enhaihee ligation efficiency of the PCR
product into plasmids by preventing re-circulaimatof the vector. The pGEM®-T Easy
Vector also contains T7 and SP6 RNA polymerases ¢gee Figure 30 and Figure 31 for
details) flanking the cloning region within thepeptide coding region of the enzyme
galactosidase. Insertional inactivation of th@eptide allows recombinant clones to be
directly identified by colour screening (blue - w#)i on indicator plates with the use of
IPTG and X-gal. White colonies contain inserts, mas blue colonies do not. The validity
of the insert in th&. coli cells can be confirmed by PCR using T7 and SR6qs.

Another method to identify whether the insertiomgass has been successful is by
Ruscony test. This is a quick method to providenmiation about the presence of inserts
in theE. colicells. This method isolates the plasmid and measits size. Th&. colicells
are re-suspended in 15 pl of Ruscony mix (see pperadix for details). Then the mixture
is incubated at room temperature (+°9 for 10 to 15 minutes. Either phenol (2 pl) or
phenol-chloroform (4 ul) is added, and then mixathwand homogeniser. Next, 10 ul of
chloroform is added, and the mixture is again hoemtged and centrifuged (2 minutes,
6,000 x g) to separate the liquid into 2 phases. @lasmid will be contained in the upper
phase. The upper phase is loaded onto a gel (s&&8) and the plasmid size determined.
PGEM®-T Easy Vector has a size of about 3 kb, fioeee the presence of the correct
insert in the plasmid can be easily identified.afiyy the DNA plasmid can be directly
isolated from thé. coli by using the QIAGEN® Plasmid Purification Kkit.
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pGEME®-T Easy Vector

T7 Transcription Start

... TGTAA TACGA CTCAC TATAG GGCGA ATTGG GCCCG ACGTC GCATG CTCCC GGCCG CCATG
3 ... ACATT ATGCT GAGTG ATATC CCGCT TAACC CGGGC TGCAG CGTAC GAGGG CCGGC GGTAC

T7 Promoter ‘ || | | | | H
Apal Aatll Sphl BstZI Meol

GCGGC CGCGGE GAATT CGATT3
CGCCG GCGCC CTTAA GCTA

ATCAC TAGTG AATTC GCGGC CGCCT GCAGG TCGAC

(C'O”ed msert)S"l’FAGTG ATCAC TTAAG CGCCG GCGGA CGTCC AGCTG

b L e
Nogsm Sacll EcoRl Spel  EcoRl Pl Sall

SP6 Transcription Start

CATAT GGGA GAGCT CCCAA CGCGT TGGAT GCATA GCTTG AGTAT TCTAT AGTGT CACCT AAAT . .. 3
GTATA CCCT CTCGA GGGTT GCGCA ACCTA CGTAT CGAAC TCATA AGATA TCACA GTGGATTTA . .. &

| ” ” | SPe Promoter
Ndel Sacl Bstxl Msil

Figure 30. The promoter and multiple cloning segasnof the pGEM®-T Easy vectors (picture
obtained from pGEM®-T Easy vectors handbook). Thp strand of the sequence shown
corresponds to the RNA synthesized by T7 RNA polase. Bottom strand corresponds to the
RNA synthesized by SP6 RNA polymerase

Xmnl 2009
171 ]
Scal 1890 Nael 2707 Apal 14
\ Aatl] 20
f1 ori Sph 26
BstZl 31
Neol 37
Amp' BstZI ig
PGEM®-TEasy  jacz Nl |
Vector r .t EcoRl | 52
(3015bp)

Spel 64
EcoRlI 70
Notl 77
BstZ| 77
Pstl a8
ori Sall 90
Ndel 97
Sacl 109
BstXl 118
Nsil 127
141

T SPB

Figure 31. pGEM®-T Easy vector circle map and seqaeeference points (picture obtained from
pGEM®-T Easy vectors handbook)

44



2.8. DNA sequencing

DNA was sequenced by the Molecular Biology SuppOnit (MBSU) DNA
sequencing service at the University of Glasgowe Tragments were sequenced by
Sanger’s dideoxy method by using a MegaBASE 10Q0esecer from GE healthcare. The
raw sequence data alignment was performed by QWMgtEBI, 2008) and the amino acid
translation by Molbiol 6 frame translator (Molbi@008).

2.9. Experiment method overview

A flowchart of the experiment methods used is giwerFigure 32. This flowchart

therefore shows an outline of the complete project.
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Growing Bacteria

Harvest Bacteria Cells

Previous
Published Total Cell DNA Isolation
Sequence
A
DNA Fragments Isolation &
Primer Design > Amplification
(PCR)

Fragment good for
sequence?

Clone fragment into vector and
expressed to E.coli

Sequencing
(Sanger Dideoxy Method)

A

Sequence Result

A

Compare Results with Previous
Sequence

Sequence Correction

Use the new sequence data New Refined
to interrogate the electron » Structure
density maps

Figure 32. Overview of the experimental methodolofiye sequence results were then compared

with the previous published version in order toaiithe corrected sequence version.
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Chapter 3 Re-sequencing the genes of light harvesy

complex and reaction centre fromBI. viridis

3.1. Introduction

The 3D structure dBl. viridis RC was the first membrane protein structure detezchi
by X-ray crystallography (Deisenhofer, et al., 19B&isenhofer, et al., 1985). In order to
fit the polypeptide sequences into the electronsigrMichel had previously sequenced
the genes encoding the RC and LH1 polypeptides H{&jc1982). TheBl viridis strain
used in this research is DSM 133, the same ashysbtichel.

The genes encoding theand subunits of the LH complex and the L, M, and C
subunits of the photosynthetic RC froBl. viridis are organized into thpufBALMC
operon (Michel, et al., 1986), illustrated (Michel, 1982 The H subunit is encoded
separately in theuh operon (Michel, 1982). The DNA sequence of gemenéing the
(pufB), (pufA), L (puflL), M (pufM), C ufC) and H puhA were determined by manual
DNA sequencing (Michel, 1982; Michel, et al., 198&ichel, et al., 1986; Wiessner, et al.,
1990). On the upstream part of {a&f operon, thepufB andpufAgenes are separated by 17
bp nucleotides. ThpufA gene is separated from tpafL gene by 122 bp (Michel, et al.,
1985), while pufM is separated fronpufL by 11 bp (Michel, et al., 1986). The gene
encoding theufCis located at the end of the gene encoginfiM and overlaps it by 1 bp
(Wiessner, et al., 1990). As often happen with seientific developments and technical
inventions, an accidental observation leads tobtbginning of an experiment. A recent
2.0A resolution structure, obtained whilst studythg binding of the carotenoid in ti.
viridis RC has found that several amino acids positiorthenprotein sequence do not fit
well into the electron density map (Roszak, et wpublished observations). It was
apparent from the new electron density maps thatotiginal Bl. viridis RC amino acid
sequence may contain some errors and that theesldsht result could only be resolved
by re-sequencing theuf andpuh operons. Examples of these clashes are showrgurd-i
34 and 35. In this case the electron density mapduged by the new high, resolution
structure have been fitted with the Michel polypéptsequence and the poor fits are rather

obvious.
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The examples presented Figure 34 and Figure 3Strdlie there are problems at
positions M70, M164, C77, C277 and C43. The newdyamed electron density maps
indicate that the amino acid residue assigned thh e these positions is probably not
correct. The published amino acid sequence assitjits M164, C77, C277 and C43 to
Leu, Thr, lle, Leu and Ala, respectively. This wat&scribed in this thesis re-sequences
the puf and puh operons fromBl. viridis and establishes new polypeptide sequences for
these genes. The re-sequencing of these genesamparison between the old and new
sequences is presented in Chapter 3 and how tifésences enable us to better interpret

the electron density maps is discussed in Chapter 4

1071 bp
‘ 210 bp ‘ 210 bp 825 bp L 975 bp
\ \ pufB \ \ pufA \ \ pufL \ \ puf pufC

7 bp»‘ ‘«
777 bp

‘ puhA ‘

122 bp
— h 11 bpﬂh 1 bp—ja—

Figure 33. The genetic map of tpef operon DNA region betwegoufB, pufA, pufL, pufM and

pufC (Wiessner, et al., 1990puhAposition is not in the same operon with the others
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Figure 34. The Ro-Fc electron density at 1level (in blue) and th&o-Fc density at 3 level (in
green-red) at the carotenoid binding site. Theipiehry RC model is shown in yellow (with
shortened carotenoid) while two published model3BRodes 1DXR and 1I5N are given in
magenta and cyan respectively. Residue Leu M7thetasvith the apparent carotenoid density
residue Ala M74 appears to not satisfy the existognsity (Roszak, et al., unpublished

observations)

49



Figure 35. Four examples of putative mistakes m phblished amino acid sequence identified
based on the electron density maps. Colour ideatifin as in Figure 34 (Roszak, et al., 2008). A)
The side chain of Thr residue at M164 lies outsigeelectron density (red). B) lle residue at C77
shows inappropriate positions where one methyl grouerlaps with the density (red) while

another density reveal at the other side (greenOi@ of the methyl group on the side chain of
Leu residue at C277 also lies outside the densdst) (and other place expect more side chain

(green), d) A larger amino acid residue structarexipected (green) rather than Ala for C43.
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3.2. Isolation of genomic DNA frorl. viridis

Initial attempts to isolate genomic DNA froBi. viridis using the original protocol
(described below) were not successful and gave pody quality fragmented DNA. The
experiments performed to improve and adapt thigirmal method forBl. viridis are
described in this section. The final, improved poaot for isolating bacterial genomic DNA
is outlined in Chapter 2.

Bl. viridis cells were harvested by as described in secti®ri.2The supernatant was
discarded and the cell pellet re-suspended in 1.Bppendorf tubes in a minimal volume
of liquid, either sterile water or TE was useddomparison.

For the next step, 200 ul of the harvested suspengas mixed 1:1 (v/v) with phenol-
chloroform. The sample was vortexed briefly, indeldafor 5 minutes at RT and
microfuged to separate the phases. The supernatenthen removed into a fresh 1.5 ml
Eppendorf tube and the volume measured. In thenatigrotocol, the clear supernatant
was washed, twice with the same volume of chlorofan order to remove the residual
phenol. For comparison, a single wash step was talso as it was hoped that fewer
manipulations would decrease DNA fragmentation. Tésulting viscous solution was
microfuged (4 min, 13,000 x g), the supernatanefcdly removed into a fresh 1.5 ml
Eppendorf tube and the volume measured.

The DNA sample was precipitated as described ini@e@.4 and the pellet re-
suspended in sterile water. To check the quantityquality of the obtained DNA, it was
run on an agarose gel as described in Section 2.5.

The initial protocol did not yield good quality,gi-molecular weight DNA, even after
repeating the experiment several times. Culturese vaedso re-grown and all chemical
stocks were re-made fresh. A gel illustrating tiéADobtained is given in Figure 36 and
the composition of each lane is given in Tabler2tHis Figure, it is apparent that re-
suspending the cells in TE buffer gives a greaieldyof fragmented DNA after the final
ethanol precipitation step compared with the expent that just used water. Why this
should be is not clear.

All lanes in Figure 36 had sheared DNA present ijjngigrom the large fluorescence
intensity at the bottom of the gel. It is only Aetbeginning of the isolation where any
difference is apparent. It can be seen that theslaontaining the DNA sample from cells
re-suspended with TE (E, F and G, H) contain rathere DNA than the lanes containing
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the DNA from cells re-suspended in,® (A, B and C, D), therefore, from this point
onward cells were always re-suspended after peilét TE buffer.

Literature studies on different DNA isolation metiscsuggested other steps that may
be worthwhile. The first isolation trial (describpdeviously in Figure 36) was conducted
without the use of any liquid )N SDS, Proteinase K and lysozyme. Liquid &hd SDS
(2%) are different methods used in order to phylsiaisrupt the cell wall and to digest
proteins released from the cell lysate. These staps be used before the phenol-
chloroform extraction. | therefore modified my ool to include these steps.

Harvested cells (200 pl) inside an Eppendorf tuleeewirozen in liquid Mfor 1 to 2
minutes, then, promptly heated to ®Din water bath for 2 minutes. This freeze/thawleyc
was repeated three times. Next, 25 ul of SDS (3! of Proteinase K (20 mg/mlin TE
buffer) and 80 pl of lysozyme (10 mg/ml) were addetb the cell suspension. The
mixture was gently inverted a few times by hand #reh incubated for 1 hour at 3C.
Lysozyme digests the polymeric compounds that nugkiine cell wall whereas Proteinase
K digests proteins. After this incubation the pombowas continued with the phenol-
chloroform treatment as described above for figstation trial. The results between the
second isolation trial (lane A (LDNA solution added) and B (9) and the first trial (lane
C (1 | DNA solution added) and D (b)) are compared ifigure 37.

In Figure 37 a comparison between the isolation that useddityy, SDS, Proteinase
K and lysozyme (Lane A and B) and the isolatiort thd not use these treatments (Lane C
and D) is presented. The result from both trials Weat no high-molecular weight DNA
was present. There is high intensity fluorescemesgnt at the bottom of the gel in Lanes
C and D suggesting that the DNA had been degrdumdever, there was no sign of any
DNA fragments at all in Lanes A and B. This reswlas worrying and so further
experiments were performed to see where the probl@snoccurring.

It was necessary to determine at which step innfe¢hod the DNA was being
degraded or lost. Samples were taken after eaphrstbe protocol and carefully analysed
by gel electrophoresis (Lanes E to H in Figure 8&he E is the sample obtained after N
SDS, Proteinase K and lysozyme incubation, lanes Fhe sample after phenol-only
extraction, lane G was sample after the first dflaim wash and lane H was the sample
after the second chloroform wash.

Lane E in Figure 37 shows that liquid,N6DS, Proteinase K and lysozyme treatment
results in the presence of high-molecular weightADIbut at low concentration. This is
evident from the low intensity band above 10 kbnfdun the lane (marked with a yellow
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arrow). Although it was difficult to load the sarepiollowing the phenol-only extraction
into lane F, high-molecular weight DNA can still besualised in lane F (Figure 37)
suggesting that this step did not result in anyraégtion. However, there is large
fluorescence intensity present from sheared DNlame G after the chloroform extraction.
In lane H no DNA fluorescence bands can be seeallasuggesting that the second
chloroform treatment results in the loss (degraxté®) of all DNA in the sample. This is
probably because it is degraded to such an exitetitt does not precipitate during the
ethanol precipitation step.

From Figure 37, it can be seen that the fragmemtaif the DNA occurs during the
chloroform extraction (lane G). For this reasoreréiiore, DNA isolation was attempted
with minimal chloroform washing. The sample was rasted using only phenol:
chloroform mixture (1:1) bought from Sigma. Theuiid N,, SDS, Proteinase K and
lysozyme treatments were removed from the prota®lthey did not provide any
significant improvement to the final result (seeda, B and C, D in Figure 37). Doing
this also minimises unnecessary steps that mayedserDNA yield. As a result of these
modifications, good quality high-molecular weighlB fragments could be obtained.

In (Figure 38 high-molecular weight DNA can be seen in all slet8h no significant
differences between the two duplicate samples ¢laAe B and lanes C, D). For
quantification purposes, the volume added to lahe€ (loading 0.5 ul) and lanes B, D
(loading 2 pl) was varied. Then fluorescence intgrs the high-molecular weight DNA
was compared with that from the DNA markers. Thecentration of the totdBl. viridis
genomic DNA obtained by this method, based on coispa with DNA marker

fluorescence, was ~80 ng/ul. Now | could proceeithéoPCR steps.

Table 2. The various volumes used for gel elecmogsis shown in Figure 36. The effect of using

water compared with TE buffer was tested.

H,O TE
A B C D E F G H
Volume of DNA solution (ul)] 1 2 1 2 1 2 1 2
Re-suspended cells used (ul) 80 100 80 100
TE Buffer - - 200 200
Water 200 200 - -
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M1 A B C D E F & M2

1k

1000 by

200 bp

Figure 36. An example of gel electrophoresis resuDNA isolation that compares the use of TE
buffer and water. The protocol used for each shotloe seen on Table 2. It is evident that no high-
molecular weight DNAs were obtained from this expeint. The sizes of markers used are 1 ul of

a 10 kb ladder (M1) and a 1.5kb ladder (M2) (ol@difrom New England Biolabs).
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Genomic

DNA Band 10 kb
Region
3 kb
200 bp

Broken fragments

Figure 37. Gel electrophoresis analysis of eagh atalysis of the DNA isolation. DNA samples
isolated using the liquid )NSDS, Proteinase K and lysozyme treatment is givdrane A (1 pl)
and B (5 pl). Lanes C (1 ul) and D (5 ul) are withthese treatments. The DNA extraction and
precipitation was conducted as described in se@idnThe results of sampling after each step are
shown in lanes E to H. Sample after liquig, SDS, Proteinase K and lysozyme incubation (E),
sample after phenol extraction (F), sample aftst ihloroform wash (G) and sample after second
chloroform wash (H) are shown. Only a small amafDNA can be seen in lane E. The size of
markers used (M1) were 1 pl of a 10kb ladder an@)(sl 1.5 kb ladder (obtained from New
England Biolabs).
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10 kb

Broken

Fraoment

Figure 38. Gel electrophoresis of total genomic DdbAained when the chloroform wash step was
omitted. For this experiment, liquid,NSDS, Proteinase K and lysozyme treatments wererait
used. The use of chloroform was also limited to phenol-chloroform extraction only. Genomic
DNA bands (more than 10 kb) can be clearly visealiin this picture. Lanes A, B and C, D are
duplicates from the same initial sample. Lanes & @rhave 0.5 ul while lanes B and D have 2 pul
sample. The markers used were 1 ul of a 10kb la@/dd) and 1 ul of a 1.5kb ladder (M2)
(obtained from New England Biolabs).

3.3. Primers and fragment amplification

The first important step in the process of amptifyDNA by PCR is to design good
quality primers. Primers are short oligonucleotsdeuences (around 15 — 25 bp), which
are used to begin the DNA synthesis. The GC contérthe primers will affect its
behaviour such as the annealing temperature opdssibility of producing secondary
structure, which is unwanted. The sequence of asymraa 500 bases can optimally be
determined by the Sanger dideoxy method (Bergl.e2@02). Therefore, the position of
the primers must be planned according to the seguancapability. Each primer has to

cover each of the approximately 500 bp sectiortbeéngene to be sequenced. Primers used
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for sequencing have to be positioned before, imiltelle and after the expected fragment.
The idea was to have all genes fully covered.

There are several important factors to be takea aunsideration when designing
good primers; they are GC content, fragment lergith melting temperature. Neglecting
these factors may result in bad amplification aradl [sequencing results. The worst
scenario will happen if there are no good positiamshe sequence, to design primers due
to such factors as too much GC content. The pti@geof the primers were checked by
using the online oligonucleotide properties caltarlawhich was obtained from the
Northwestern University, web tools website (Nortkteen University, 2008).

The primers were named based on the position optimers in the gene and their
role, either as forward or reverse primers. Fotainse, pufBvirF is primer that was
designed forBl. viridis pufB gene, positioned before the start codon of theegedhat
encodes -subunit and will replicate in forward direction’ ® 3’) whereaspufCvirRis
primer that starts at the last base of gene thebdas the C subunit and replicates in a
reverse complement direction. The reverse primes designed to be complementary to
the reverse complement strand (5’ to 3’) of thelentide sequence. Another example of a
reverse primer ipufL104virR.This primer starts at base number 104 in the dbat
encodes the L subunit and will replicate in a reggzomplement direction (5’ to 3’).

Fourteen primers were designed for the PCR andeheencing purposes (Table 3)
based upon the previous sequence information amtafrom Michelet al (1985 and
1986). The positions of these designed primerdivel@o the organisation of theuf and
puh operons can be seen in Figure 39. The primers Wleaeé used in the fragment
amplification will be described in section 3.3.1 exbas those used for sequencing in
Section 3.3.2.
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pufLvirF

—>
pufBvirF )
> pufL429virF pufM47virF pufC390virF
| | putB pufA pufL [ putM [ pufC
A A pufMvirR
pufL104virR pufL504virR pufC541virR ~ pufCvirR
puhAvirF
>
L] puhA [
-

PUbAVIrR

Figure 39lllustration of the primers position in the geneapmMarked position on DNA sequence
can be seen on appendix. Primers were checkedbfirsinplification for its quality before used for
sequencing. Amplified fragments that have poor igugrimers for sequencing has to be cloned

into a vector. Then, the cloned product was seqaby T7 and SP6 primers.

Table 3. List of all primers involved in PCR aml#tion and sequencing. In total, there are 14

primers that were designed for this research.

0
#5% " & %' +,,$ & :
0~ (*
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3.3.1. Amplification of the gene fragments

There were 10 primers used to amplify the requigghe fragments The
combinations of primers used, the predicted anditta length of the amplified products

are shown in Table 4.

Table 4. List of primers (in pairs) used in the #figations. There were 10 primers involved in

producing 5 fragments that were used as sequeternimgjates.

+" (*

" n y /1 #)
01 $ %% ¢ | ew | 2%

Ne)

The PCR procedure used is described in the follgwaxample for pufC
PufM478virF and pufCvirR primers were employed. The expected length frommRER
process was 1,564 bp (Figure 40, Figure 41, andr&ig2). However, before a high
concentration of this fragment could be obtainedugh PCR amplification, optimisation
of the protocol had to be conducted. In this céedffect of primer concentration was
tested.

Three concentrations of reverse primers were u8éd (M, 600 nM and 300 nM).
The concentration of forward primer was kept thes€900 nM) for each different reverse
primer concentration. The basic PCR conditions wieept the same. The annealing
temperature used was 80 and the extension time was 50 seconds. Detatlsegbrotocol
and the gel electrophoresis analysis of the resaltsbe seen in Table 5 and Figure 40.
Several DNA bands were found in each lane in tHe eere is band with the expected

size that can be seen in lane corresponding thigteest reverse primer concentration, 900
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nM (lane 1, Figure 40). The expected lengtlpofC fragment is 1,564 kb. Poor yields of
the expected product were found in other lanes. Higleest reverse primer concentration
was, therefore, used for the next trial (900 nM).

The next parameter that was optimised was the #@ngetemperature. In some
primers that have a GC content of more than 60%, temperature can lead to the
production of secondary products. In the case effittst trial with pufC (in Figure 40),
secondary products were detected in all lanes.afsbe seen in Table 3 and Table 4, the
GC content of the primers is at acceptable levéD(%). However, secondary products
were clearly a problem. For this reason, the ammgaémperature was increased b5
to 55°C. This modification resulted in a clear fluoresoeand for a DNA product with
the exact size of expectguifC fragment (Figure 41) with, in this case, no siigpaift
secondary products.

After the optimised protocol had been determidatge scale amplification of the
pufC fragment was performed in order get enough fouseqing. The result of thjgsufC
amplification can be seen in the gel in Figure ®2e concentration of the product obtained
from this amplification was, approximately, 50 nig/fihe amplification product was then
purified using the Qiaquick® spin kit before beswnt for sequencing.

All required gene fragments for use as sequencergplates were successfully
amplified by PCR. These amplification products suenmarised in Table 4. The next step

was to test the primers that were going to be frseskequencing.
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Table 5. PCR protocol for the isolation of {efC fragment.pufM478virFwas the forward primer

and pufCvirR the reverse primer. There were 3 variations oérsw primer concentrations (900,
600 and 300 nM) tested. The volumes of reverseqrifim ul) are highlighted in yellow. The
concentration of DNA template used was 8 ng/ul.tBesults were only found with Master mix 1,
where the expected product was produced. Howewgthefr optimisation of the annealing

temperature was required.

Cycler program:

Initial denaturation 98C, 1 minute

Denaturation 98C, 30 seconds
30x  Annealing 58C, 45 seconds
Extension 72C, 50 seconds
Final extension 7%C, 5 minute
Hold 40°c, ~
Master mix compositiorn
PCR mix volume 15 pl

Forward primer pufM478virE 900 nM

Reverse primer

pufCvirR 900 nM, 600 nM, 300 nM

s Primer concentral | Reverse 900 nM 600 nM 300 nM
Base plvol. | MASTER | MASTER | MASTER
Compositions per Mix 1 Mix 2 Mix 3
per sample| sample (uh (uh (uh
Sample amount 2 2 2
Buffer HF 5x conc. 3.00 6.00 6.00 6.00
dNTPs 10mM 0,2mM 0.30 0.60 0.60 0.60
Water 10.15 18.52 19.40 20.60
Primer f 20uM 200 0.1% 1.34 1.34 1.34
Primer r 20uM 200 0.15 1.34 0.90 0.45
DNA pol. Phusion
(2U/ ul) 0.10 0.20 0.20 0.20
Template DNA
(8ng/pl) 1.00 2.00 2.00 2.00
Suma 15.00 30.00 30.00 30.00
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+ 1.560 kb

Secondary

produc

Figure 40. Gel electrophoresis analysis of the dioalion of the pufC fragment (1,561 bp).
PufM478virFis the forward primer anpufCvirRis the reverse primer. Three variations in reverse
primer concentration were used in this amplificat{@®=900 nM, C= 600 nM and E=300 nM).
High intensity of secondary products was seen wébh variation. Slot numbers B, D and F are
negative controls where the reactions were cawigdin the absence of the genomic DNA. The
highest intensity of the expected product was foimdane A, where highest reverse primer
concentration was used. Clearly further optimisat®required. The marker (M) used was 1 ul of
a 1.5kb ladder (obtained from New England Biolabs).

62



+1,564 by

Figure 41. Gel electropnoresis analysis of the diogifion of thepufC fragment. The fragment has
size of around 1,564 bp. lane A used the optimjzetiocol (annealing temperature is %5 and
highest reverse primer concentration is 900 nMneL8 is the negative control with no added
genomic DNA. The marker used (M) was 1 pl of th&Gadder (obtained from New England
Biolabs).

1.5kb

500 bp

Figure 42. Gel electrophoresis analysis of thedatple amplification of theufC fragment (1,564
bp). Two different volumes were used to measurectirecentration (A) 1 ul and (B) 2 pl. The
fluorescence intensity of the product in lane B wglightly more intense than the bands in the
ladder (500 bp, 97 ng/ ul). The concentration irel® was therefore estimated to be approximately
100 ng/ 2 ul (50 ng/ pl). The marker used (M) wagl bf the 1.5kb ladder (obtained from New
England Biolabs).
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3.3.2. Testing the primers to be used for sequgncin

There were 10 primers designed to be used in theeseing. The quality of these
primers was tested using PCR prior to sending sesnfgd the sequencing service. The
same procedure as for the fragment amplificatios wsed. If the primers pairs did not
produce the exact size of fragment predicted therséquencing will not be a success. The
primer combinations, the target of the genes tesdmuenced, the predicted and obtained
length of the amplification products are shown able 6.

Almost all combinations successfully amplified thexjuired genes for sequencing.
There was only one combinatiqmyfC390virFandpufCvirR which was unsuccessful. The
predicted size for this pair was 680 BufC390virFwas designed to amplify the sequence
at the end opufC. Optimisation of the PCR protocols was tried, the results always
showed the presence of secondary products (FiggkeWhen the pfC390virF primer/
pufC DNA combination was sent for sequencing tiseiltevas very poor. This is shown in
Figure 44. This Figure compares an example of aessful sequencing run with this bad
one.

Unfortunately, a single primer could not replacefG890virF and provide the
coverage needed. Therefore, another method imglsioning was used to overcome this

problem.
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Table 6. List of primers involved in the sequencifithere were 10 primers involved in the
sequencing. Most of primers could be successfidgdun the sequencing reaction. The one pair

that failed is highlighted in red.

H"" (*
"o +9% , , / 1 #)
4 )y 31 Y0 $o (& & %' & %'
0
45
45 5
5
M1 M2 A |
600 bp
Product
+ 680 bp

Figure 43. Gel electrophoresis analysis of thelteguestingpufC390virFandpufCvirR primers.
The presence of secondary products is clear. Heeo$ithe expected product (Lane A) was 680 bp
(pointed by yellow arrow). Lane B is the negatiwnirol. The markers used were 1 pl of a 10kb
ladder (M1) and 1.5kb ladder (M2) (obtained fromaNEngland Biolabs).
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330 3u 350 360
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Figure 44. Examples of sequencing results thatimddaby Sanger’'s dideoxy method. Above: a

good sequence result. Bottom: a poor sequence @sigined with. Poor sequences have untidy

peaks resulting in difficulties in reading the ardéthe bases.

3.3.3. PCR products that required cloning befoey ttould be sequenced

As described above there were two parts of thegemée sequenced that needed to
be cloned before they could be sequenced. These therend part opufC where the
primers designed for the sequencing reaction faaled the whole opuhAwhere due to
the lack of previously available sequence dataas wot possible to design primers that
would give full coverage of the gene sequence Sgare 45).

The combination opufC138virFandpufCvirR did produce an amplification product
that contained the end partifC. This length of this fragment was 933 bp, see f@gib.
This fragment was inserted into the vector and ttlened intoE. coli. Therefore, the T7
and SP6 primers could be used to sequence thedcfaagment. More detail about cloning

will be discussed in section 3.4.

GAATTCCCCGGCTAGACAGITITCTGCCCACGGAGGTTCTTATGCTU®ATGI CGCTCAACATTTAGA
CATCGCACAACTCGTATGGTACGCGCAGTGGCTGGTCATCTGGAUGIEITEITACCTCCGCCGTGAG
GACCGTCGCGAAGGCTACCCGCTGGTCGAGCCGCTTGGTCTCCECHUEBGIEAAGACGGCCAGGTCT
ACGAGCTGCCCTATCCCAAGACGTTCGTGCTCCCGCACGGCGGCHTIGTCSCGTCGTCGTCCGGA
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AACCCGCGAACTGAAGCTGGCGCAGACCGACGGCTTCGAAGGCGCAGLGEGACCGGCAATCCGCTG
GTCGACGCCGTCGGCCCGGCTTCGTATGCCGAGCGTGCGGAAGIGGATUGATCTIGACGGCAAGGCCA
AGATCGTCCCGCTGCGCGTTGCGACCGACTTCTCGATCGCGGAAGGBBBCGCGTGGCCTGCCGGT
GGTTGCCGCTGACGGCGTCGAGGCTGGTACGGTTACCGACCTCTGGGTCGBAGCACTATTTCCGC
TACCTCGAGCTCTCGGTGGCCGGCAGCGCCCGCACCGCGCTGAAGCTHIIRCGACGTCAAGAAGG
ACAAGATCGTCGTGACGTCGATCCTGTCCGAGCAGTTCGCCAAGGIGIEINGAGCCGCGACCAGAT
CACGCTGCGCGAAGAAGACAAGGTGTCGGCCTACTACGCTGGCGATEGGACGCCGGAGCGTGCG
GAATCGTTGCTGTGAACGACGATTTCGA

puhAvirF: CEGETAGACAGTTITCTGC PUhAVirR GTTGCTGTGAACGACGA

Figure 45. Previous publishgguhA DNA sequence obtained from GeneBank under acaessio
number;BI. viridis, X02659. Start codon (ATG) and stop codon (TGAhighlighted in yellow.
Forward primer is highlighted in green while rewemimer in gray. ThipuhAgene has fragment
size of 800 bp. Around first part of 40 to 100 bBewery primer sequence will have bad result (see
Figure 44). Therefore, cloning this fragment iateector will be necessary.

1kb + 900 bp

Figure 46. DNA Fragment resulting from the ampéfion using thgufC138virFand pufCvirR
primers. PCR reaction was performed usngC fragment as the template. The product length
(Lane A and C) was expected at around 933 bp. LBreesd D are negative controls. The marker
used (M) was 1 ul of 10 kb ladder (obtained fronwNEngland Biolabs).
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The other case where a fragment could not be seqdeatirectly was theuhAgene.
The position of primers, which were designed to Eynthe puhAgene for cloning, can be
seen in Figure 45.

The optimised protocol for the amplification of thehAgene is given in Table 7. The
result of this optimised PCR reaction is shown iguFe 47. The result of the large scale
amplification of thepuhA gene is shown in Figure 48. This amplified prodweis then

purified by using the Qiaquick® spin. The concetmbra of this fragment was
approximately 50 ng/pul.

Table 7. PCR protocol fgguhAfragment isolationpuhAvirFwas used as forward primer whereas
puhAvirRas reverse primer. There were 3 variations of @réntoncentrations (400, 600 and 900
nM). Concentration of DNA template used was 8 ngAll variations have great results (Figure

47). Therefore, the lowest primer concentrationdde used for the amplification purpose.

Cycler program:

Initial denaturation 98C, 1 minute
Denaturation 98C, 30 seconds

30x  Annealing 48C, 45 seconds
Extension 72C, 30 seconds

Final extension 7%C, 5 minute

Hold 40°C, ~

Master mix composition

PCR mix volume 15 pl

Forward primer
Reverse primer

puhAvirF, 400 nM, 600 nM, 900 nM
puhAvirR 400 nM, 600 nM, 900 nM

as Primer
ion 400 nM 600 nM 900 nM
Base| ulvol.
Compositions per | MASTER | MASTER | MASTER
per sample| sample Mix 1 Mix 2 Mix 3
Sample amount 1 2 2 2
Buffer HF 5x conc. 3.00 6.00 6.00 6.00
dNTPs 10mM 0,2mM 0.30 0.60 0.60 0.60
Water 10.15 20.00 19.40 18.50
Primer f 20uM 200 0.15 0.60 0.90 1.35
Primer r 20uM 200 0.15 0.60 0.90 1.35
DNA pol. Phusion
(2U/ pl 0.10 0.20 0.20 0.20
Template DNA
(8ng/ pl) 1.00 2.00 2.00 2.00
Suma 15.00 30.00 30.00 30.00
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A B CDE M

800 bp

Figure 47. Gel electrophoresis analysis of thelt@dyprotocol optimisation of the amplification of
puhA (823 bp). Variations of primers concentration wesed in the amplification (400 nM; lane
A, 600 nM; lane C and 900 nM; lane E). All produbtsse clear and correct size. Unfortunately,
the primers, which were used for amplifications Idonot be used for sequencing purposes.
Therefore, cloning the fragment into plasmid wil becessary. The marker used (M) was 1 pl of
1.5 kb ladder (obtained from New England Biolabs).

A B M1 M2

800 bp

Figure 48. Gel electrophoresis analysis of the ltasfuthe large scal@puhA amplification. Fair
intensity is found in lane A (1 pl) while sharpénsity in lane B (2 ul). Product intensity in laBe
looks similar with the 3 kb band in the ladder. fineduct has concentration of approximately 100
ng / 2 pl (50 ng/ ul). Protocol used can be seemalrie 7. The markers used were 1 ul of a 1.5 kb
(M1) and 10 kb (M2) ladder (obtained from New EmgiaBiolabs).
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3.4. Fragment cloning

As also mentioned in previous section (3.3), tlagrinents that required cloning in this
study were end part gdufC andpuhA This section will describe how this cloning was
performed using puhA as an example. The clonindghatetan be divided into ligation and
transformation. Ligation is the part where PCR piigdpbuhAfor example, is inserted into
the cloning vehicle, the pGEM-T Easy® vector syst@mansformation is the insertion of
the cloning vehicle into th&. coli cells. The key components in ligation step are the
vector, the DNA ligation enzyme (ligase) and theRP@oduct. The ligation reaction was
performed by using a kit obtained from Promega. Tigation protocol can be seen in
Table 8.

The position where the PCR product will be inserted be seen in Figure 30 and
Figure31in Chapter 2.7. This pPGEM®-T Easy vector has a siz3 kb, including the T7
and SP6 replication site (178 bp). Thus in the adseuhA the ligation product should
give the new plasmid a total length of 3,8kb. Arfipdition using T7 and SP6 as primers
should then produce a fragment with the size otiaithkb (823bp fopuhA+ 178bp for T7
and SP6).

In the transformation step, the plasmid contaippngAwas inserted int&. coli cells
by heat shock, for 45 to 50 seconds, using a vz#r set at 43C. The ‘transformation’
cultures were then incubated at %7 for 1.5 hours. These putative transformed cudture
were aseptically inoculated onto LB media plates imcubated overnight (16-24 hours) at
37 °C for blue-white colour screening. Figure 49 shdtws result of this test. 9 white
colonies were selected from these two plates aed #septically inoculated onto a new
plate in order to obtain bigger amounts of the pdé ‘transformant’ cultures.

The presence of the correct insert in the plasmasl to be confirmed, either by the
Ruscony method or by PCR. Since the Ruscony metlasdquicker it was used first. This
was then confirmed by PCR, using T7 and SP6 asgpsim

All 9 white colonies were subjected to the Ruscoest as described in Chapter 2
(Section 2.7). The result of these tests is shawthe gel presented in Figure 50. Only one
of these colonies actually contained the correms$mid (lane I). This can be seen from the
size of the band, which is 800 bp bigger than ttiners. The other lanes show plasmids
that have sizes around 3 kb (lanes A to H) indicpthe absence of the required insert.

After the Ruscony test, the nine selected coloniese also used as the templates in
the PCR reactions. The PCR protocol used is gimehable 9. The results of these PRC
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reactions are shown in Figure 51. Lanes A-H shaothiecbresence of inserts but their sizes
are to small to have includgaihA Lane I, which should have contained the corneseiit
based on the Ruscony test, strangely did not shownsert. However when the PCR
reaction with this sample was given a longer extansme (lane K) the correct insert size
was found. This confirms that puhA had indeed belened in this white colony. The
plasmid was then isolated and purified using thAGEN® Plasmid purification kit. The
plasmid has an approximate concentration of 100uh@Figure 52) and was ready to be
sequenced.

This procedure was also used successfully to dlomend of pucC.

Table 8. Ligation protocol used fgruhA cloning. The puhA fragment was obtained from a
previous PCR amplification (Figure 48). Prior tangsthepuhAfragment the ligation protocol was

checked using the manufacturer’s test inserts. fEsisgave the expected results (data not shown).

Ligation Protocol - pGEM-T Easy Vector system

Vir-puhA PCR fragments
negative
. Vir puhA | Podtive contrd

Date: 28/04/2008 dongd | comrd  |(packgon
9

6 78

29+2 :1 (Y%0%$*

/8 1

$!.

+1.$%

$ 3"

Incubate at 37Cfor 2 h, or ar 4 T ovemight
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Figure 49. Pictures of the plates of the blue-whitdour screeningto test for successful
transformation opuhAin the pGEM®© T-Easy plasmid vector. (A) White auiles, pointed out by
black arrows, show positive clones. The blue casnare negatives clones. (B) The plate

containing the amplified selected white colonies.
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Other
plasmids and
genomic

DNA

3kb

Expected
product
+ 3.8 kb

Figure 50. A gel showing the results of the Rusctest on the white colonies, to test for the
presence of thpuhAinsert. Negative clones are found in Lanes A td kkere is only one positive
clone (Lane I). The size of this band is aroundkb.8The marker (M) used 1 ul of a 10 kb ladder

(obtained from New England Biolabs).
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Table 9. The PCR protocol for amplification of fmghAinsert. T7 was used as forward primer and
SP6 as reverse primer. The concentration of bathgps was 200 nM.

Cycler program:

Initial denaturation : 98C, 2 minute s
Denaturation 94C, 20 seconds
30x  Annealing : 48C, 30 seconds
Extension : 72C, 1.5 minutes
Final extension : 7%C, 5 minute
Hold : 4°C, ~
Master mix compositiorn
PCR mix volume : 15 pl
Forward primer : T7, 200M
Reverse primer : SP6, 26
Base| ulvol.
Compositions per | MASTER
per sample| sample Mix
Sample amount 9
Buffer HF 5x conc. 1.5 13.5
dNTPs 10mM 0,2mM 0.45 4.05
Water 10.15 91.35
Primer f 20uM 200 0.1% 1.35
Primer r 20uM 200 0.15 1.35
DNA pol. Phusion (2Upl) 0.10 9
Cells 0.00 0
Suma 15.00 135.00
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Figure 51. A Gel showing the analysis of the resaftthe PCR amplification of the inserts of the
plasmids that gave the white colonies shown in feéigtf. Nine samples (A to I), which gave the
white colonies were amplified using the T7 and pR@ers. Lanes A to H showed small inserts of
about 200bp that probably come from a direct jajrifithe two primers. The negative control is in
lane J. The w amplification from the white colomat showed the positive Ruscony test gave no
product. This clone was then tested with a londg@ngation time (2 min) and the result of this is
shown in lane K. The expected fragment (yellow&jris present at around 1 kb (800 bp for puhA
+ 200 bp for T7 and SP6 area). The marker (M) wgasl 1 pl of a 1.5 kb ladder (obtained from
New England Biolabs).
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3 kb; 125 ng

Figure 52. A gel showing the result of a largerlesgsolation of the plasmid that contained the
puhAinsert. The volume of the samples was (A) 1 pl @) pl. The marker (M) used was 1 pl
of 10 kb ladder (obtained from New England Biolali3)e concentration of the plasmid, estimated

from lane A, is 100ng/ul

3.5. Nucleotide sequencesmifB, pufA, puflL, pufM, puf@rdpuhA

The nucleotide sequences obtained were translatedhe corresponding amino acid
sequences, which were then compared with the presequences determined by Michel
(1982, 1985 and 1986). The nucleotide sequences tenslated using the Molbiol 6
frame translation program (Molbiol, 2008) and a#éigrby the ClustalW2 program (EBI,
2008). The previously published sequences werdr@atdrom their GenBank accession
numbers as followsBl. viridis M55261 for beta and alpha subunits, X03915 foint #
subunits, X02659 for the H subunit and X05768 e tytochrome subunit.

As mentioned previously in section 3.3, for eaausacing reaction both forward and
reverse primers were used. This then producesfidataboth strands of the DNA allowing
an internal check for each sequence i.e., theg@rglimentary and have to match.

The region of the genomic DNA that contains pléB andpufA genes was sequenced
using thepufBvirF and pufL104virR primers. The complete sequence of both of these

genes was obtained using thefBvirF primer. The sequence obtained using the reverse
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primer @pufL104virR yielded the identical (complimentary) sequendeese sequences are
shown in Figure 53. A comparison between this neguence data and the previous
published sequence is shown in Figure 54. In thsedhe new sequence confirms the
previous sequence.

The region of genomic DNA that contains {h&L gene (825 bp) was sequenced next.
The primers involved in sequencingufL gene werepufL504virR pufLvirF and
pufL429virk The 5-end ofpufL gene (start codon area) was sequenced by the same
primers that sequenced thefB andpufA genes (described above). Then the middle part of
the pufL gene was sequenced using paé_504virRandpufLvirF primers (Figure 55). The
sequences of the 5-end and the middle of pufL vgered quality. Finally, the 3’-end of
pufL was sequenced using thefL429virF primer (Figure 56). It can be seen in Figure 56
that the start of the pufL sequence was of poolityudélowever the later part of the gene
did sequence well and had sufficient overlap whih data shown in Figure 55 to allow the
two sequences to be successfully joined. The newesee ofpufL was identical to the
previous sequenced determined by Michel et al (1982

The primers involved in sequencing the region & genomic DNA that contains
pufM gene (975 bp) wengufL429virF, pufM47virFandpufC541virR The 5’-end opufM
gene (start codon area) was sequenced usinmuthd29virFprimer, while the middle part
of the gene was sequenced ugmdgM47virF (see Figure 56). These two sequences were
or high quality and cold be easily overlapped. Bhend part ofpufM gene was sequenced
using the reverse primpufC541virR(Figure 57). The 3'-end of pufM also sequenced wel
and provided an excellent overlap with the middéet pf the gene. The new sequence
showed 5 differences when compared with the prevémguence.

The sequence obtained using PefC541virRprimer described in the last paragraph
also contains the first part ptifC (start codon area). THeufC gene consists of 1,071 bp
(see below) but using this primer only allowed fingt 496 bp to be sequenced. The rest of
the pufC gene was then sequenced using the T7 and SPérprise® Figure 57) from the
remaining fragment that had been cloned into th&MG T-easy vector (described in
Section 3.4). The new sequenceafC had 8 differences when compared to the previous
sequence. All opuhAwas sequenced using the T7 and SP6 primers fnamA that had
been cloned into the pGEM T-easy vector (Figure 58gre were two differences in the
new sequence when compared with the previous olh&edn assembled sequences have
been translated into their corresponding amino sa@dd aligned with the previously
published sequences for comparison (see Figure$3p
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An overall summary of the differences between tlesv rsequence data and the
previous ones is provided in Table 10. The consecpgefor the structure of thad. viridis

RC when these changes are fitted into the electemsity map are presented in Chapter 4.

The DNA sequence of pufB and pufA obtained using pufBvirF (706 bp) as the

primer
CGGCGTGGTTTCGGCCACGTCGCATCCCTGCCGCGTGGGATATGCGCGGT
GACGGCCGCAAGGCCCGCATTGATGAGGGTATCAAA GACTTGAA
ACCGAGCCTGACAGGGTTGACGGAAGAAGAGGCGAAGGAGTTCCACGG™*
TCTTCGTGACCTCGACGGTTCTGTACCTCGCGACCGCCGTGATCGTFCA! pufE
TACCTGGTGTGGACGGCTCGTCCGTGGATCGCTCCCATCCCGAAGEGCTG
GGTGAATCTGGAAGGCGTCCAGTCGGCGCTTTCGTATCT@&EET
GGAGGACTGACAGGGCTACCGAATATCGCACTGCTTCCTGGAAGCTLCT
GGCTGATCCTGGATCCGCGCCGCGTTCTGACCGCTCTGTTCGTCTACCT™
ACGGTCATCGCTCTGCTCATCCACTTCGGTCTGCTCAGCACCGATCETC  PUufA
GAACTGGTGGGAATTCCAGCGCGGCCTTCCGAAGGCGGCGTCGCTICGTGG
TCGTTCCGCCGGCTGTCGGCRIGAAGCCCATTTTCGGGTGAATG
CGGGTGGTGGGCGAGGCCTAATGTGGCTTTGCCCGCCACCCAAATTCAGG
GGCGAGGTGGCGCTGGCAACGCCCCTCAAGCGGAGGM&G&@CA} pufL
CTGCTCAGCTTTGAGAGAAAGTATCGCGTCCGCGGGGGGACGCTGATCG _
TGGGGA

The DNA sequence of pufB and pufA obtained using pufL104virR (648 bp) as

the primer

AAGGCCCGCATTGATGAGGGTATEABSCTGACTTGAAACCGAGCCT
GACAGGGTTGACGGAAGAAGAGGCGAAGGAGTTCCACGGGATCTTCEGTC |
CCTCGACGGTTCTGTACCTCGCGACCGCCGTGATCGTTCACTACCTSGT PUfE
TGGACGGCTCGTCCGTGGATCGCTCCCATCCCGAAGGGCTGGGTGPATCT
GGAAGGCGTCCAGTCGGCGCTTTCGTATCTGGTBGBGAGGACTG
ACAQ\TGGCTACCGAATATCGCACTGCTTCCTGGAAGCTCTGGCTGAYCC
TGGATCCGCGCCGCGTTCTGACCGCTCTGTTCGTCTACCTGACGGTCATC
GCTCTGCTCATCCACTTCGGTCTGCTCAGCACCGATCGTCTGAACTGSTG PpufA
GGAATTCCAGCGCGGCCTTCCGAAGGCGGCGTCGCTCGTGGTCGTTCCGC
CGGCTGTCGGCTEATGAAGCCCATTTTCGGGTGAATGGTCGGGTGGIG
GGCGAGGCCTAATGTGGCTTTGCCCGCCACCCAAATTCAGGGGCGAGGT(
GCGCTGGCAACGCCCCTCAAGCGGAGGACAGBAGCACTGCTCAGC ;L pufL
AC

TTTGAGAGAAAGTATCGCGTCCGCGGGGGGACGCTGATCGGTGGA

Figure 53. Sequencing results mifB and pufA genes using both theufBvirF and pufL104virR
primers. The sequence obtained ugndBvirF (upper) covers 706 bp and that usjmgL104virR
(bottom) covers 648 bp. The start and stop codoer® wighlighted in yellow and the complete
genes in red. Both sequences when translated heta@drresponding amino acid sequence (see
Figure 54) are identical. These sequencing reactso revealed the first partymifL.
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PufB

>New MADLKPSLTGLTEEEAKEFHGIFVTSTVLYLATAVIVHYLVWRPWIAPIPKGWVNLEG 60
>0ld MADLKPSLTGLTEEEAKEFHGIFVTSTVLYLATAVIVHYLVWTRPWIAPIPKGWVNLEG 60

Kkkkkkkkkkkkkkkkk

>New VQSALSYLV- 69
>0ld VQSALSYLV- 69

*kkkkkkkk

PufA
>New MATEYRTASWKLWLILDPRRVLTALFVYLTVIALLIHFGLLSTBLNWWEFQRGLPKAAS 60
>0ld MATEYRTASWKLWLILDPRRVLTALFVYLTVIALLIHFGLLSTDRLNWWEFQRGLPKAAS 60

*kk Kkkkkkkkkkkkkkkkk

>New LVVVPPAVG- 69
>0ld LVVVPPAVG- 69

*kkkkkkkk

Figure 54. Comparisons between the newly obtaimat the previously published amino acid
sequences of the PufB aRdifA. Matching residues are indicated by a starapd it can be seen

that the new and old sequences are identical.

The DNA sequence of pufL obtained using pufL504virR (439 bp)as the primer

ATGGCACTGCTCAGCTTTGAGAGAAAGTATCGCGTCCEBCGGGGGGACGCT
GATCGGTGGAGACTTGTTCGATTTCTGGGTGGGGCCGTACTTTGTCEGCT
TCTTCGGAGTTTCGGCAATCTTCTTCATTTTCCTCGGCGTTAGTTTGATC
GGCTACGCGGCGTCACAAGGGCCCACCTGGGATCCCTTCGCCATCAGCAT
CAATCCCGCCCGACCTGAAGTACGGGCTCGGCGCGGCGCCGCTGCIC pufL
GGCGGCTTCTGGCAGGCGATCACCGTCTGCGCTCTTGGTGCGTTCATT
GTGGATGCTCCGTGAGGTCGAAATTTCCCGCAAGCTCGGAATTGGTIGGC
ACGTCCCGCTGGCCTTCTGCGTTCCGATCTTCATGTTCTGCGTTCTGCAG
GTTTTTCGCCCGCTGCTTCTCGGTTCGTGGGGTCATGCGTTTCCCTACGG
CATCCTGAGCCATCTRGA

The DNA sequence of pufL obtained using pufLvirF (492 bp) as the primer

EGACGCTGATCGGTGGAGACTTGTTCGATTTCTGGGTGGGGCCGTRACTTT
GTCGGCTTCTTCGGAGTTTCGGCAATCTTCTTCATTTTCCTCGGCGT[TAG
TTTGATCGGCTACGCGGCGTCACAAGGGCCCACCTGGGATCCCTTJGCCA
TCAGCATCAATCCGCCCGACCTGAAGTACGGGCTCGGCGCGGLCGLCLEGLTG
CTCGAGGGCGGCTTCTGGCAGGCGATCACCGTCTGCGCTCTTGGTGCGTT
CATTTCGTGGATGCTCCGTGAGGTCGAAATTTCCCGCAAGCTCGGARATTG
GTTGGCACGTCCCGCTGGCCTTCTGCGTTCCGATCTTCATGTTCTGEGTT
CTGCAGGTTTTTCGCCCGCTGCTTCTCGGTTCGTGGGGTCATGCGTHI( pufL
CTACGGCATCCTGAGCCATJJCGATTGGGTGAACAACTTCGGGTATEA(
ACCTTAACTGGCACTACAACCCGGGACACATGTCGTCCGTTTCGTTGCTG
TTTGTGAACGCGATGGCGCTGGGTCTGCACGGCGGTCTCATCCTGTICGGT
TGCCAACCCCGGCGATGGCGACAAGGTGAAGACGGCGGAACACGAGAACC
AGTACTTCCGTGACGTCGTCGGCTACTCGATCGGCGCGCTCAGCATITCAC
CGTCTGGGCCTGTTCCTGGCGTCGAACATCTTCCTGACGGGCGCCTTTGG
CACCATCGCTAGCGGTCCGTTCTGGACCCGCGGCTGGCCEERIATGTT
GCTGGTGGCTC

Figure 55. Sequencing results of {m&L gene usingufL504virR(upper) andgufLvirF (bottom).
The sequence obtained usipgfL504virRcovers 468 bp and that usipgfLvirF covers 747 bp.
The start codon gbufL is highlighted in yellow and the completpdfL gene in red. The overlap
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regions between these two primers are highlightegkéen and purple. The highlighted grey base
indicates the sequence continued by primét429virF(Figure 56).

The DNA sequence obtained using pufL429virF (808 bp) as the primer

TGAGCCATCTCGATTGGGTCACAGCTNNANGTATCAGTACCTTAACTGGC
ACTACAANNNGGGACACATGTCGTCCGTTTCGTTCCTGTTTGTGAACGCG
ATGGCGCTGGGTCTGCACGGCGGTCTCATCCTGTCGGTTGCCAACAC Difficult
CGATGGCGACAAGGTGAAGACGGCGGAACACGAGAACCAGTACTTQR tg read
ACGTCGTCGGCTACTCGATCGGCGCGCTCAGCATTCACCGTCTGGGC
TTCCTGGCGTCGAACATCTTCCTGACGGGCGCCTTTGGCACCATCGLTAG
CGGTCCGTTCTGGACCCGCGGCTGGCCGEASTBRETGGTGGCTC
ACATTCCGTTCTGGAGCTAAGGGGGCGCACAATGGCTGATTATCA@\’C pufl
TCTACAEGCAGATTCAGGCCCGCGGCCCGCATATCACTGTCTCCGGCGAG
TGGGGCGACAACGATCGCATCGGTAAGCCCTTCTATTCTTACTGGCTGGG
CAAGATCGGTGACGCGCAGATCGGGCCGATCTATCTGGGTGCTTCEGGAA
TCGCGGCGTTCGCCTTCGGCGCGACCGCGATCCTGATCATCGGGTTCAAC
ATGCTGGCCGAAGTCCACTTCGACCCGCTGCAGTTCTTCCGCCAGTPE puM
CTGGCTCGGCCTCTACCCGCCGAAGGCGCAGTACGGCATGGGCATECLLL
CGCTTCATGATGGCGGCTGGTGGCTTATGGCCGGCCTGTTCATGACGCTG
TCGCTTGGCTCCTGGTGGATCCGGGGTGTACTCGCGGGCCCGTGCETCTC
GGGCCTRT

The DNA sequence obtained using pufM47virF (737 bp) as the primer

BGCAGATCGGGCCGATCTATCTGGGTGCTTCGGGAATCGCGGCGTYCGCC
TTCGGCGCGACCGCGATCCTGATCATCGGGTTCAACATGCTGGCCGAAGT
CCACTTCGACCCGCTGCAGTTCTTCCGCCAGTTCTTCTGGCTCGGCCETCT
ACCCGCCGAAGGCGCAGTACGGCATGGGCATCCCGCCGCTTCATGATGGC
GGCTGGTGGCTTATGGCCGGCCTGTTCATGACGCTGTCGCTTGGCTCCTG
GTGGATCCGGGTGTACTCGCGGGCCCGTGCTCTCGGCCTTGGTACECACA
TCGCGTGGAACTTCGCTGCGGCGATCTTCTTCGTGCTGTGCATCGG
ATCCATCCGGCGCTTGTCGGCAGCTGGTCGGAAGGCGTTCCGTTC
CTGGCCGCACATCGACTGGCTGACCGCGTTCTCGATCCGCTACGGQAACT
TCTACTATTGCCCGTGGCACGGGTTCTCGATCGGCTTCGCCTACGGLTGC
GGCCTTTGTTCGCGGCTCACGGTGCGACCATCCTGGCCGTCGCTQGGTT
TGGCGGCGATCGCGAAATCGAGCAGATCACCGACCGCGGCACCGCGGTGG
AGCGTGCGGCTCTGTTCTGGCGCTGGACGATCGGCTTCAACGCCACQGATC
GAGTCTGTCCATCGCTGGGGCTGGTTCTTCTCGCTGATGGTGATGGTGTC
TGCGAGCGTCGGTATTCTTCTGACCGGCACAITCGTC

Figure 56. Sequencing resultsmffM gene usingufL429virF (upper) ancpufM47virF (bottom).
The sequence for 3'-end pfifL as well as 5’-end gbufM were obtained usingufL429virF The
stop codon opufL and start codon fopufM are highlighted in yellow and the completedfM
gene in red. The overlap region wjghfLvirF (Figure 55) is highlighted in gray whereas bas th
overlaps withpufM47virF (bottom) is highlighted in dark green and darkeblihe highlighted
cyan and bright green bases indicate the sequemt@wed bypufL429virFprimer (Figure 57).
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The DNA sequence obtained using puC541virR (668 bp) as the primer

GGGGCTGGTTCTTCTCGCTGATGGTGATGGTGTCTGCGAGCGTCGGTATT
CTTCTGACCGGCACCTT@GTCGACAACTGGTACCTCTG GTGTGTCAEE(‘A

TGGCGCTGCGCCGGACTATCCGGCTTATCTCCCCGCCACGCCTGATE( pufM
CCTCGCTGCCGGGAGCACCGAAATGAAACAGCTGATTGTTAATTCGGY I1G
CGACTGTCGCGCTGGCGTCTCTCGTGGCCGGTTGTTTCGAGCCGLCCQELCCG
GCGACCACGACCCAGACTGGTTTCCGCGGGCTGTCGATGGGTGAGGTTCT
TCACCCGGCGACCGTGAAGGCCAAGAAGGAGCGTGACGCGCAGTATECGC
CGGCGCTGCCGGCGGTGAAGGCGGAAGGCCCGCCGGTGTCGCAGGTC™ ™
AAGAACGTCAAGGTGCTCGGAAATCTGACCGAGGCCGAGTTCCTGCGE, pufC
CATGACGGCGATGACGGAATGGGTGTCGCCGGAGGAAGGCTGCACGTA <,
GCCACGACGAGAACAACCTCGCTTCAGAGGCCAAGTACCCGTACGTGITG
GCGCGTCGCATGCTCGAGATGACGCGTGCGATCAACACCAACTGGACGCA
GCACGTCGCCCAGACCGGTGTGACCTGCTACACCTGCCACCGTGGCACGC
CGCTCCCGCCGTAC@TCC

The DNA sequence obtained using SP6 (608 bp) as the primer
AAAGCCAAGAAGGAGCGTGACGCGCAGTATCCGCCGGCGCTGCCGEHCGGT
GAAGGCGGAAGGCCCGCCGGTGTCGCAGGTCTACAAGAACGTCAAGGTGC
TCGGAAATCTGACCGAGGCCGAGTTCCTGCGGACCATGACGGCGATIGACG
GAATGGGTGTCGCCGGAGGAAGGCTGCACGTACTGCCACGACGAGAACAA
CCTCGCTTCAGAGGCCAAGTACCCGTACGTGGTGGCGCGTCGCATGCTCG
AGATGACGCGTGCGATCAACACCAACTGGACGCAGCACGTCGCCCAGF — ~
GGTGTGACCTGCTACACCTGCCACCGTGGCACGCCGCTCCCGCCGTA( pufC
CCGGTACCTGGAGCCGACGCTGCCCCTGAACAATCGTGAGACGCCGAC L
ACGTCGAGCGGGTTGAGACCCGTTCGGGCTACETCGTCCGCCTCGAGAAG
TACACGGCCTACTCGGCTCTGAACTACGATCCGTTCACGATGTTCCTLGC
GAACGACAAGCGTCAGGTCCGTGTGGTGCCGCAGGACGGCGCTCC(CGCTT
GTCGGCGTCAGCCGCGGCAAGGAACGTCGCCCGCTGTCGGACGCCJTATGC
GACCTTlIG

The DNA sequence obtained using T7 (634 bp) as the primer

GCCACCGTGCACGCCGCTCCCGCCGTACGTCCGGTACCTGGAGCQGGACGC
TGCCCCTGAACAATCGTGAGACGCCGACCCACGTCGAGCGGGTTGAGACC
CGTTCGGGCTACGTCETCCGCCTCGCGAAGTACACGGCCTACTCGECTCT
GAACTACGATCCGTTCACGATGTTCCTCGCGAACGACAAGCGTCAGGTCC
GTGTGGTGCCGCAGACGGCGCTCCCGCTTGTCGGCGTCAGCCGCGGCAAG
GAACGTCGCCCGCTGTCGGACGCCTATGCGHCCTTCGCGCTGATGAT pufC
CATCTCTGACTCGCTCGGAACCAACTGCACGTTCTGCCATAACGCGL, v
CGTTCGAGACCTGGGGTAAGAAGAGCACGCCGCAGCGCGCCATCECTTGG
TGGGGCATTCGGATGGTTCGTGACATGAACATGAACTATCTCGCTCECGCT
GAACACCGTGCTGCCGGCCAGCCGTCTTGGCCGCCAGGGTGAGGETCCGC
AGGCCGACTGCCGCACCTGCCACCAGGGTGTGACGAAGCCGCTGTTCGGT
GCGTCCCGTCTCCAGGATTATCCGGAGCTGGGCCCGATCAAGGCTLCTGC
GAAGTAAATCGATTCCCGCGCCGCCATGCGGCC

Figure 57. Sequencing results of i&C gene using the following primemifC541virR(upper),

SP6 (middle) and T7 (bottom). The sequence fom@-ef pufM as well as 5-end gbufC were
obtained usingufC541virR The stop codon gbufC and start codon fgpufM are highlighted in
yellow and the completed pufC gene is in red. Therlap regions between the three sequences
obtained with these three primers are highlightedlive green and magenta. In the sequence data
from the run withpufC541virRthe stop codon fgoufM and the start codon f@ufC overlap. This
overlap region is highlighted in yellow.
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The DNA sequence of puhA obtained using T7 (634 bp) as the primer

GGCGGCGCGGGAATCGATTCGGCTAGACAGTTTTCTGCCCACGGAGGTTC
TTATGTATCACGGCGCTCTCGCTCAACATTTAGACATCGCCCAACTCGTA
TGGTACGCGCAGTGGCTGGTCATCTGGACGGTTGTCCTGCTGTACCTCCG
CCGTGAGGACCGTCGCGAAGGCTACCCGCTGGTCGAGCCGCTTGGTCTCG
TCAAGCTGGCGCCGGAAGACGGCCAGGTCTACGAGCTGCCCTATCCCAAG
ACGTTCGTGCTCCCGCACGEBILGGCACCGTCACCGTTCCGCGTCGTCGTCC
CGAGACCCGCGAGCTGAAGCTCGCGCAGACCGACGGCTTCGAGGGLCGCCC
CGCTGCAGCCGACCGGCAATCCGCTGGTCGACGCCGTTGGCCCGGLTTCG
TATGCCGAGCGCGCGGAAGTGGTCGACGCCACGGTTGACGGCAAGGCCAA
GATCGTCCCGCTTCGTGTTGCGACCGACTTCTCGATCGCGGAAGGCGACG
TCGATCCGCGTGGCCTGCCGGTGGTTGCCGCCGACGGCGTCGAAGCCGGT
ACGGTTACCGACCTCTGGGTCGACCGCTCGGAGCACTATTTCCGCTACCT
CGAGCTCTCGGTGGCCGGCAGCGCCCGCACCGCGCATCCCGC

The DNA sequence from puhA obtained using SP6 (608 bp) as the primer

BACCGTCACCGTTCCGCGTCGTCGTCCCGAGACCCGCGAGCTGBAGCTCGC
CAGACCGACGGCTTCGAGGGCGCCCCGCTGCAGCCGACCGGCHATCCGCTG
TCGACGCCGTTGGCCCGGCTTCGTATGCCGAGCGCGCGGAAGTGGTCGACG
CACGGTTGACGGCAAGGCCAAGATCGTCCCGCTTCGTGTTGCGACCGACTT
TCGATCGCGGAAGGCGACGTCGATCCGCGTGGCCTGCCGGTGETGCCGCC
ACGGCGTCGAAGCCGGTACGGTTACCGACCTCTGGGTCGACCGRTCGGAGC
CTATTTCCGCTACCTCGAGCTCTCGGTGGCCGGCAGCGCLCCGLCACCGLGLT
ATCCC@CTCGGCTTCTGCGATGTCAAGAAGGACAAGATCGTCGTBACGTCG
TCCTGTCCGATCAGTTCGCCAACGTGCCGCGTCTGCAGAGCCGUGACCAGA
CACGCTGCGCGAAGAAGACAAGGTGTCGGCCTACTACGCGGGOGGTCTGCT
TACGCGACGCCGGAGCGTGCGGAAGCGTTGACGAGEBAATCACTAGT
GAATTCGCGGCCGCCTGCAGGTCGACCATAT

Figure 58. Sequencing results of fiighAgene using the following primers T7 (upper) and SP6
(bottom). The sequence for 5’-endmffCwere obtained using7 while for 3'-end using SP@he

start and stop codon are highlighted in yellow #melcompleted pufC gene is in red. The overlap
regions between the sequences obtained usingtiheggimers are highlighted in bright green and

pink.
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PufL

New MALLSFERKYRVRGGTLIGGDLFDFWVGPYFVGFFGVSAIFRIEVSLIGYAASQGPTW 60
Old MALLSFERKYRVRGGTLIGGDLFDFWVGPYFVGFFGVSAIFFIEGVSLIGYAASQGPTW 60

Kkkkkkkkkkkkkkkkk

New DPFAISINPPDLKYGLGAAPLLEGGFWQAITVCALGAFISWMIE/EISRKLGIGWHVPL120
Old DPFAISINPPDLKYGLGAAPLLEGGFWQAITVCALGAFISWMLEVEISRKLGIGWHVPL120

Kkkkkkkkkkkkkkkkk

New AFCVPIFMFCVLQVFRPLLLGSWGHAFPYGILSHLDWVNNFGYQRWHYNPGHMSSVSF180
Old AFCVPIFMFCVLQVFRPLLLGSWGHAFPYGILSHLDWVNNFGYINWHYNPGHMSSVSF180

Kkkkkkkkkkkkkkkkk

New LFVNAMALGLHGGLILSVANPGDGDKVKTAEHENQYFRDVVIGARSIHRLGLFLASN240
Old LFVNAMALGLHGGLILSVANPGDGDKVKTAEHENQYFRDVVGEALSIHRLGLFLASN240

Kkkkkkkkkkkkkkkkk

New |IFLTGAFGTIASGPFWTRGWPEWWGWWLDIPFWS- 274
Old IFLTGAFGTIASGPFWTRGWPEWWGWWLDIPFWS- 274

Figure 59. Comparison between the newly obtainedl thie previously published amino acid
sequence of PufL. Matching residues are indicated Istar ) and it can be seen that these

sequences are identical.

PufM

New MADYQTIYTQIQARGPHITVSGEWGDNDRIGKPFYSYWLGKERNGPIYLGASGIAAF 60
Old MADYQTIYTQIQARGPHITVSGEWGDNDRVGKPFYSYWLGKISDIGPIYLGASGIAAF 60

Kkkkkkkkkkkkkkkkk

New AFGATAILIGFNMLAEVHFDPLQFFRQFFWLGLYPPKAQYGMEPLHDGGWWLMAGLF120
Old AFGSTAILILFNMAAEVHFDPLQFFRQFFWLGLYPPKAQYGMIBPLHDGGWWLMAGLF120

*kk *kk Kkkkkkkkkkkkkkkkk

New MTLSLGSWWIRVYSRARALGLGTHIAWNFAAAIFFVLCIGCIHRLVGSWSEGVPFGIWP180
Old MTLSLGSWWIRVYSRARALGLGTHIAWNFAAAIFFVLCIGCIHRFLVGSWSEGVPFGIWP180

kkkkkkkkkkkkkkk

New HIDWLTAFSIRYGNFYYCPWHGFSIGFAYGCGLLFAAHGATIMARFGGDREIEQITDR240
Old HIDWLTAFSIRYGNFYYCPWHGFSIGFAYGCGLLFAAHGATILXARFGGDREIEQITDR240

Kkkkkkkkkkkkkkkkk

New GTAVERAALFWRWTIGFNATIESVHRWGWFFSLMVMVSASYGGETFVDNWYLWCVKH300
Old GTAVERAALFWRWTIGFNATIESVHRWGWFFSLMVMVSASVGIGTFVDNWYLWCVKH300

Kkkkkkkkkkkkkkkkk

New GAAPDYPAYLPATPDPASLPGAPK- 324
Old GAAPDYPAYLPATPDPASLPGAPK- 324

Figure 60. Comparison between the newly obtainedl thie previously published amino acid
sequence of PufM. Matches between the old and eewesnces are indicated by sta) (vhereas
differences are given by a space and highlightegeitow. In total, 5 differences have been found
for this polypeptide at positions M29, M63, M70, #and M164.
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PufC

New MKQLIVNSVATVALASLVAGCFEPPPATTTQTGFRGLSMGEWATVKAKKERDAQYPP 60
Old MKQLIVNSVATVALASLVAGCFEPPPATTTQTGFRGLSMGEVPATVKAKKERDAQYPP 60

Kkkkkkkkkkkkkkkkk

New ALPAVKAEGPPVSQVYKNVKVLGNLTEAEFLRTMTAMTEWMSPETYCHDENNLASEA120
Old ALAAVKAEGPPVSQVYKNVKVLGNLTEAEFLRTMTAITEWVSEQCTYCHDENNLASEA120

*% Kkkkkkkkkkkkkkkkk

New KYPYVVARRMLEMTRAINTNWTQHVAQTGVTCYTCHRGTPMPRW.EPTLPLNNRETP180
Old KYPYVVARRMLEMTRAINTNWTQHVAQTGVTCYTCHRGTPLFRYLEPTLPLNNRETP180

kkkkkkkkkkkkkkkk

New THVERVETRSGYVVRLAKYTAYSALNYDPFTMFLANDKRQVRYVALPLVGVSRGKER240
Old THVERVETRSGYVVRLAKYTAYSALNYDPFTMFLANDKRQVRRQTALPLVGVSRGKER240

Kkkkkkkkkkkkkkkkk

New RPLSDAYATFALMMSISDSLGTNCTFCHNAQSFESWGKKSTRBR/WGIRMVRDMNMN300
Old RPLSDAYATFALMMSISDSLGTNCTFCHNAQTFESWGKKSTRQRWWGIRMVRDLNMN300

kkkkkkkkkkkk kkk

New YLAPLNTVLPASRLGRQGEAPQADCRTCHQGVTKPLFGASRIRHDGPIKAAAK 356
Old YLAPLNASLPASRLGRQGEAPQADCRTCHQGVTKPLFGASRMRELGPIKAAAK 356
* * *

kkkkkkkkkkkk

Figure 61. Comparison between the newly obtainedl thie previously published amino acid
sequence of PufC. The matches between the old ewdsequences are indicated by a star (
whereas the differences are given by a space ajididfited in yellow. In total, there were 8
differences found in this polypeptide at positiaté3, C77, C84, C252, C277, C287, C288 and
C323.

PuhA

New MYHGALAQHLDIAQLVWYAQWLVIWTVVLLYLRREDRREGYPLGEVKLAPEDGQVY60
Old MYHGALAQHLDIAQLVWYAQWLVIWTVVLLYLRREDRREGYPRMELVKLAPEDGQVY60

Kkkkkkkkkkkkkkkk

New ELPYPKTFVLPHGGTVTVPRRRPETRELKLAQTDGFEGAPLMHAIG/DAVGPASYAER 120
Old ELPYPKTFVLPHGGTVTVPRRRPETRELKLAQTDGFEGAPLQRREVDAVGPASYAER 120

Kkkkkkkkkkkkkkkk

New AEVVDATVDGKAKIVPLRVATDFSIAEGDVDPRGLPVVAADGGHENTDLWVDRSEHYF 180
Old AEVVDATVDGKAKIVPLRVATDFSIAEGDVDPRGLPVVAADGMERVTDLWVDRSEHYF 180

Kkkkkkkkkkkkkkkkx

New RYLELSVAGSARTALIPLGFCDVKKDKIVVTSILSDQFANVPRISRDQITLREEDKVSA 240
Old RYLELSVAGSARTALIPLGFCDVKKDKIVVTSILSEQFANVPRL@RDQITLREEDKVSA 240

kkkkkkkkkkkkkkk

New YYAGGLLYATPERAEALL 258
Old YYAGGLLYATPERAESLL 258

Kkkkkkkkkkkkkkkk *k

Figure 62. Comparison between the newly obtainedl thie previously published amino acid
sequence of PuhArhe matches between the old and new sequencesdicated by a star* |
whereas the differences are given by a space ajididfited in yellow. In total, there were 2

differences found in this gene at positions H216 IHA56.
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Table 10. Summary of all amino acid differencesaot#d from the new sequence data.

. Amino Acids
Gene Position
New Old

PufB No differences
PufA No differences

M29 lle Val

M63 Ala Ser
PufM M70 Gly Leu

M74 Leu Ala

M164 Ala Thr

C43 Pro Ala

Cc77 Met lle

c84 Glu GIn

C252 Ser Thr
PufC

c277 Met Leu

C287 Thr Ala

C288 Val Ser

C323 GIn Lys

H216 Asp Glu
PuhA

H256 Ala Ser
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Chapter 4 Fitting the new sequence data with the gh

resolution structure of Bl. viridis reaction centres

It is apparent that there are residue positiomsmMaich there are clashes within the
electron density map when the previously publispet/peptide sequences of the RC
polypetides are fitted into the 2.0 A newly refirteigh resolution structure (Roszak, et al.,
unpublished observations). The new sequence detemied in Chapter 3 has enabled a
careful re-examination of these residue positidies chapter presents the results of this
re-examination. All electron density maps showrthis chapter are contoured at the 3

level.
4.1. M-subunit

The new sequence of the M-subunit has 5 amino etihges compared with the
previously published sequence data (see TableH®y. each of these changes fit into the
new structural data is described below.

The carotenoid (1, 2-dihydroneurosporene) bindsitg in Bl. viridis RC is formed
mainly residues in the M-subunit. Figure 63A ilhases how the assignment of Leu in the
previous polypeptide sequence at position M70 predwa clash with the carotenoid if it is
fitted as a flat, planar molecule. As a result ¢heotenoid conformation in thgl. viridis
RC is strange when compared with that found in rolR€ structures or expected from
resonance Raman spectra (Robert, 1999). As caedpeirs the electron density, Leu at the
M70 position does not fit well into the new densibap. The new sequence, however,
shows that the residue at position M70 positioin ict Gly and not Leu. The presence of
the much smaller Gly residue removes the steridraimce that was caused by the bulky
Leu residue and provides a much better fit intod@esity. This then allows a fully planar
conformation of the carotenoid that also fits kreitéo the electron density (Figure 63B).
This new carotenoid conformation is also much nnalar to the carotenoid structures
found in the reaction centres Bb. sphaeroide$Roszak et al, 2004). These carotenoid
structures are compared in Figure 64. The prevabustures of the RC carotenoid from
Bl. viridis have a strong kink at one end compared with thah se Rb. sphaeroides

Fitting the new sequence data at this point remélvesink and in the new structure the
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carotenoid conformation is more reasonable. Intergly when the sequences of RC’s
from several other purple bacterial species, sicRw gelatinosisChr. tepidium Rsp.
molischianum Rsb. denitrificansand Rb. sphaeroidesare compared the position
corresponding to M70 is also occupied by a Glydesi(see Figure 65). This further
substantiates the new sequence data.

In the newly refined structure at position M74rthes an area of positive density in the
side chain part of the residue. This clearly shtvas the assignment of Ala in the previous
polypeptide sequence at position M74 does notéit into the electron density (see Figure
66A). The new sequence data places a Leu residhesaiosition. The assignment of Leu,
with its two additional methyl groups, instead dbAat position M74 results in a much
better fit into the density (see Figure 66B). Ndwre is no additional unfilled density.

When the previously published residue at positMé3 was fitted into the new
electron density map it did not give a good regkitjure 67A). Ser seems to be too big.
The new sequence places Ala at this position aisdagsignment produces a much better
fit than Ser (Figure 67B).

The old sequence has a Thr residue at the podiibé4. Again clearly this Thr
residue does not fit well into the density. Théneatthe bulky side chain results in a large
area of negative density (Figure 68A). The new sage data assigns Ala to this position.
The Ala side chain is smaller, as it lacks the byglt group and an additional carbon atom,
and as a result of this Ala provides a much béittevithin the electron density (see Figure
68B).

The previous sequence suggested that there i$ at Yasition M29. This residue can
be fitted nicely to the new electron density mamFe 69A). However, the new amino
acid sequence suggests that this position is Iidoftlnately this assignment of lle does
not improve the fit to the new electron densityg(Fe 69B). Due to this mismatch the
sequence of this part of the M subunit was repedikd same sequence was obtained the
second time. Furthermore, careful inspection ofsbguences of the M subunits from the
other species of purple bacteria shows enoughhiityaat this residue so that no decision
can be made about the correctness of the new segjaérthis position based on possible
homologies (Figure 65). There is however the pdgyithat there was an error in the PCR

reaction and this should probably be re-checked.
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CM1/600 NS5/M

e

Figure 63. The Ro-Fc electron density at llevel (in blue) and th&o-Fc density at 3 level (in
green-red) at the carotenoid binding site (Roseal)., unpublished observations). The fit of new
RC polypeptide sequence is shown in yellow, while previously published models, PDB codes
1DXR (Lancaster, et al., 2000) and 115N (Mustafigk, 2006), are shown in magenta and cyan
respectively. (A) Negative density was found at plesition where the Leu side chain is supposed
to be present (red). The Leu residue at M70 pasitioes not fit within the new density map.
Furthermore, some density was found suggestingltieatarotenoid has a planar structure (green).
However, the carotenoid was previously modelledhaikink to avoid clashing with the bulky Leu
residue. (B) The new sequence has Gly instead wfategosition M70. This residue removes the
steric hindrance and enables a much better fietoldtained within the density. This in turn enables

the carotenoid to be modelled as a flat, planaemde that also fits nicely within the density.

88



Figure 64. Comparison of carotenoid structures fdifferent crystal structures, Ball-and-stick
models of the 1,2-dihydroneurosporene (newly refioenformation as found in the reaction centre
from B. viridis (Roszak et al., unpublished observations) showyeiltow, and two conformations

from the published structures of reaction centoenfB. viridis, PDB codes 1DXR (Lancaster, et
al., 2000) in cyan, and 1I5N (Li, et al., 2006) nmgenta) superimposed with the model of
spheroidene (in red) found in the wild-type reattuentre fromRb. sphaeroidesstrain 2.4.1

(Fuijii, et al., unpublished observations). This chabf carotenoid molecules was obtained by

superposition of reaction centre protein chainsosunding the carotenoid binding site.
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M29

Bl. viridis (old) --MADYQTIYTQIQARGP-HITVSGEWGD--NDRVG-KPFYSY WLGKIGDAQIGPIYLGA 54
Bl. viridis (new) --MADYQTIYTQIQARGP-HITVSGEWGD--NDRIG-KPFYSY WLGKIGDAQIGPIYLGA 54
Rvi. gelatinosus --MAEYQNIFTRVQVAGPAHMGVPLPEQD--SPRTGKKPWQIHLLGEBMAQIGPIYLGP 56
Chr. tepidum --MPEYQNIFTAVQVRAPAYPGVPLPKGN--LPRIG-RPIFSYW  LGKIGDAQIGPIYLGL 55
Rsp. molischianum --MTEYQNIFNRVQIRGETYPGIALPDGN--DERFG-KGFFFYWVGKWRQIGPIYLGG 55
Rsb. denitrificans MMYPEYQNIFTQVQVRGTPEMGMDDAGNNMMEERVG-KPFFSTLGGLGBXYFGW 59
Rb. sphaeroides --MAEYQNIFSQVQVRGPADLGMTEDVN--LANRSG VGPFSTLLGMGNAQLGPIYLGS 55

vkk ke ok * % * *****

car.
M63 M70 M74

BI. viridis (old) SGIAAFAFGSTAILIILEFNMAAEVHFDPLQFFRQFFWLGLYPPKAQYGMBILHDGGW 113
BI. viridis (new) SGIAAFAFGATAILIGFNMLAEVHFDPLQFFRQFFWLGLYPPKAQYGMGIP-PLHDGGW 113
Rvi. gelatinosus LGILSIVFGSLAIMIIGFNMLASVGWNPIEFFRQFFWLALEPPSPKYGKLP-PLNDGGW 115
Chr. tepidum TGTLSIFFGLVAISIIGFNMLASVHWDVFQFLKHFFWLGLEPPP PQYGLRIP-PLSEGGW 114
Rsp. molischianum WGVASALCFGIAAAVYGLNFLAQVGWDWIQFVRQFFWLGLEPPLEBKPRLAEGGW 114
Rsb. denitrificans TSIVAFGTGIAWFVIVGFNMLAQVGWSIPQFIRQLFWLALEPPSPEYIBRSPLNDGGW 118
Rb. sphaeroides LGVLSLFSGLMWFFTIGIWFWYQAGWNPAVFLRDLFFFSLEPPAEH_‘BFAAPLKEGGL 115
. ke ok k% ** . k% **
BI. viridis (old) WLMAGLFMTLSLGSWWIRVYSRARALGLGTHIAWNFAAAIFR\CIGCIHPTLVGSWSEG 173
BI. viridis (new) WLMAGLFMTLSLGSWWIRVYSRARALGLGTHIAWNFAAAIFREMGCIHPALVGSWSEG 173
Rvi. gelatinosus WLMAGLFLTISILLWWVRMYTRARALGMGTHVAWAFAAAIWLY LVRB¥LMGSWSEA 175
Chr. tepidum WLIAGLFLTLSILLLWVRTYKRAEALGMSQHLSWAFAAAIFFYL VLGFIRPVMMGSWAKA 174
Rsp. molischianum WLITGFFLTASILCWWVRVYTRARALGLGTHVAWAFAAAIFFYLSLEPELMGSWGEA 174
Rsb. denitrificans YIIASFFLLVSVMTWLLRAYLLAEQHKMGKHIFWGFAAAVWLFLVL@RIERIGSWSEA 178
Rb. sphaeroides WLIASFFMFVAVWSWWGRTYLRAQALGMGKHTAWAFLSAIWLWARRIGMGSWSEA 175
TR * % % . % K ok skees 0 ek ek sakkk o
BI. viridis (old) VPFGIWPHIDWLTAFSIRYGNFYYCPWHGFSIGFAYGCGLLFAHGATILAVARFGGDRE 233
BI. viridis (new) VPFGIWPHIDWLTAFSIRYGNFYYCPWHGFSIGFAYGCGLLAHGATILAVARFGGDRE 233
Rvi. gelatinosus VPFGIFPHLDWTAAFSLRYGNLFYNPFHALSIAFLYGATLLFAMHGIARVSRFGGERE 235
Chr. tepidum VPFGIFPHLDWTAAFSIRYGNLYYNPFHMLSIAFLYGSALLFAM HGATILSVSRFGGDRE 234
Rsp. molischianum VPFGIFPHLDWTAAISIRYGNFYYNPFHALSIAFLYGSAVLFAMHGQRVSRYGGDRE 234
Rsb. denitrificans VPYGIFPHLDWTTAFSIRYGNLYYNPFHCLSIVFLYGSVLLFCMHGGAVMTRYGGDRE 238
Rb. sphaeroides VPYGIFSHLDWTNNFSLVHGNLFYNPFHGLSIAFLYGSALLFAMHBGAAVSRFGGERE 235
**:**:'*:** * :**::* *:* :** * ** ** **.*'*.*.*'** “kk
BI. viridis (old) IEQITDRGTAVERAALFWRWTIGFNATIESVHRWGWFFSLMWSBASVGILLTGTFVDNW 293
BI. viridis (new) IEQITDRGTAVERAALFWRWTIGFNATIESVHRWGWFFSLMVBASVGILLTGTFVDNW 293
Rvi. gelatinosus LEQIADRGTASERAQLFWRWTMGFNATTESIHRWAWWFAVLCPIGIBGEGTVVDNW 295
Chr. tepidum IDQITHRGTAAEGAALFWRWTMGFNATMESIHRWAWWCAVLTVAGIGILLSGTVVDNW 294
Rsp. molischianum LEQIVDRGTGVERAMLFWRWQLGFNATIESFHRWGYWFAVLTVLTAAIGTVVDNW 294
Rsb. denitrificans LEQIYDRGTATERAALFWRWTMGFNATMEGIHRWAWWFAVLTPITGRGEIVVDNW 298
Rb. Sphaeroides LEQIADRGTAAERAALFWRWTMGFNATMEGIHRWAIWMAVLVTLLGG.GSGTVVDNW 295
** *** * k kkkkk ***** * * o **** ** *kkk
BI. viridis (old) YLWCVKHGAAPDYPAYLPATPDPASLPGAPK-- 324
BI. viridis (new) YLWCVKHGAAPDYPAYLPATPDPASLPGAPK-- 324
Rvi. gelatinosus YLWAVKHGVAPSYPAVFAPTIDPATLQGVK--- 325
Chr. tepidum YLWAVKHGMAPAYPEVVTAVNPYETAAEVMQ-- 325
Rsp. molischianum YLWAVKHSFVPSYPPVEN-VADPALTSGVAQ-- 324
Rsb. denitrificans FIWAQEHHFAPMYDGSYGYEDYGSYEAFIGKEN 331
Rb. sphaeroides YVWGQNHGMAPLN--------mmmmemmam 308

CEERE ST 5 *

Figure 65. Multiple sequence alignment of M-suburiils of several species. DNA sequence data
were obtained from the gene bank under accessionbens: Bl. viridis (old), X03915; Rvi.
gelatinosus AB034704;Chr. tepidium D85518;Rsp. molischianumD50654;Rsb. denitrificans
CP000362;Rb. sphaeroidesCP000143. The newl. viridis sequence data is presented in bold
letters. Identical residues are shown with an esté€t). The positions where differences have been
found in the new sequence are highlighted in yellowly Bl. viridis (old) has a Leu (L) residue at
M70 (highlighted in green). Just as in the caseallothe sequences from the other species, the

newly obtained sequence has Gly (G) at M70.
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Figure 66. Electron density fitted with the old athe& new sequence data at position M74. The
colouring scheme is the same as previous figureP¢aviously unfitted electron density is shown
in green. The new density map suggests that Alduesat M74 position does not provide a good
fit due to the appearance of this positive denfirgen). (B) The new amino acid sequence for
position M74 confirms places a Leu at position MIZdu nicely fits the new, 2.0A electron density

map and removes the missing positive density.
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Figure 67. Electron density fitted with the old atheé new sequence data at position M63. The
colouring scheme is the same as the previous figéeThere is a large area of red, negative
density in the map when Ser from the previouslylishlbd amino acid sequence is fitted. (B) The
new amino acid sequence data changes the sequepaosition M63 from Ser to Ala. This new,

smaller residue nicely fits the electron densitypmramoving the red negative density.
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Figure 68. Electron density fitted with the old ahé new sequence data at position M164. The
colouring scheme is the same as the previous figd&geWhen the density is fitted with the old

sequence data a large area of negative densipp&ent (red). The amino acid at this position was
Thr in the previous sequence (B) The new amino seffience assignment for position M164 is

Ala, which fits much better into the new electransdity map.
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Figure 69. Electron density fitted with the old athe& new sequence data at position M29. The
colouring scheme is the same as the previous figdeThe previously published sequence has
Val at this position and it is apparent that thésidue fits very nicely into the new density.
However, the new amino acid sequence suggestdi¢haits at this position. (B) Ile at position
M29 could not fit well into the new 2.0 A electraiensity map. The additional side chain is not

contained within the new density.
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4.2. C-subunit

There are 8 amino acid positions in the C-subiinait were changed as a result of the
new sequencing data. Seven of the new assignme@#3aC77, C84, C252, C277, C287
and C323 (see Table 10) each resulted in muchrhi@geto the 2.0 A electron density
maps. However, the change at position C288, thoudjts well into the new electron
density, only appears to result in a rather minggrovement.

The new electron density map at position C43 durdit well if this residue is Ala
(Figure 69A). There is extra non-fitted positivendigy suggesting that C43 should be a
larger residue. The new sequence places a Prasghdhition. The cyclic structure of Pro
fits very nicely into the electron density map (g 69B), and ‘fills’ it appropriately.

In the new electron density map, the previousgassent of lle position C77 does not
fit well. This new sequence places a Met residudiatposition. One of the methyl groups
(-CHB) of lle lies outside of the electron densitgp (see Figure 70A) and there unfilled
density elsewhere. The new sequence shows thgtdkigson is Met. Met contains a large
aliphatic side chain that includes a thioether)(¢seup (Berg, et al., 2002). The structure
of Met fits into the new electron density very w@ée Figure 70).

At position C252, Thr present in the previousussge does not fit well into the new
electron density map (Figure 71A). Part of Thr lbegside the density. The new sequence
places Ser at C252. Ser at C252 fits the new densitch better than Thr (see Figure
71B). Ser lacks a methyl group on its side champmared to Thr.

The previous sequence had suggested that @ag7a Leu residue. One of methyl
groups on the side chain of Leu clearly lies owéithe new electron density while there
is also extra, unfiled, density present (see Figi#8). The new amino acid sequence
places Met at this position and this residue figgsyvnicely to the new electron density
(Figure 72B).

The electron density at C287 is clearly does narf Ala residue (see Figure 73A).
The new sequence places a Thr residue at thisgosithr fits into the density very well
as can be seen in Figure 73B. Another similar tesas found for next residue C288. The
electron density at this position C288 seems mppeapriate for bigger amino acid rather
than the Ser found in the previous sequence (sped-i74A). The new sequence replaces
Ser with Val. Difference between these two residadse size of the side chain. Val has
of two methyl groups whereas Ser has only one hydirgroup. Val fits the electron

density map much better than Ser (see Figure 74B).
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The new electron density shows that that C323tsLgs. The side chain of Lys lies
outside the electron density (see Figure 75A). & sequence found that C323 is GIn.
In compared with Lys, GIn has shorter side chailm. fizgs very nicely in the new electron
density (Figure 75B).

Finally, based on the new electron density magpoaition C84, the assignment of GIn
from the previously published sequence seems tdugm a reasonable fit (Figure 76A).
There is only a small amount of negative densitywklver, the newly obtained sequence
places Glu in this position. The difference betw&in and Glu is rather small. Glu can
also be fitted very nicely into the new electromsley (Figure 76B). In this case the
negative density is a little smaller. The sequep@hthis region of C was repeated with

the same result.

4.3. H subunit

There were only 2 changes found in the new seguehthe H subunit compared with
the previous sequence. These are at positions Bi2A6256. The residues placed at these
positions in the old sequence both appear to béipto fit into the new electron density
maps (see Figure 77A and Figure 78A, respectivdlgg previous assignments of Glu at
H216 and at H256 do not, therefore, seem to beecbrifhe new sequencing result places
an Asp at H216 (Figure 77B). Asp has is smallen tB&u. Asp fits very nicely to the new
density. The new sequence replaces Ser at H256 AlathAgain the smaller Ala much
better fits to the new electron density (78B).

4. 4. Conclusions

To summarise, in all but one case the new seqsesfdde RC polypeptides fit better
to the high-resolution electron density map of Bleviridis RC. The new sequence data
therefore has enabled a more accurate RC crystatste to be produced. In particular the
new structure reveals that the conformation of R carotenoid irBl. viridis is very
similar to that in other RC’s and that this meadmat tits structure is now also consistent
with the spectroscopic data. All alterations in @teucture apart from the one in the

vicinity of the carotenoid do not impact the comh@tion of theBl. viridis RC cofactors.
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Figure 69. Electron density fitted with the old ath& new sequence data at position C43. The
colouring scheme is the same as previous figurg¢.Tiere is a large putative mistake in the
previous amino acid sequence revealed in green.démsity has found that Ala residue at position
C43 position was not satisfying. The new amino aeiguence at position C43 confirms that Ala is
not present. (B) The new assignment of Pro at iposiZ43 is nicely fits to the new, 2.0A electron

density map.
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Figure 70. Electron density fitted with the old ath& new sequence data at position C77. The
colouring scheme is the same as previous figureWAen lle residue at C77 position is fitted into

the new density, there is a large unfilled regidrpositive density (green) and a large area of
negative density is apparent (red). The newly olethisequence suggests that this position is Met.

The new assignment of Met at the C77 (B) has nifitdyto the new electron density map.
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Figure 71. Electron density fitted with the old ah@ new sequence data at position C252. The
colouring scheme is the same as previous figureWhAen Thr residue from the previous sequence
was fitted into the new density, a large area @atige density is apparent. (B) The new amino

acid sequence assignment for position C252 is \Beich fits very nicely to the new electron

density map.
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Figure 72. Electron density fitted with the old athé& new sequence data at position C277. The
colouring scheme is the same as previous figurg.T(#ere is a large unfilled region of positive

density (green) and small negative density (regeaped when Leu from the previously published
sequence is fitted into the new density. The nmiwna acid sequence for this position is Met. The

new assignment of Met fits very nicely to the ndactron density.
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Figure 73. Electron density fitted with the old ath@ new sequence data at position C287. The
colouring scheme is the same as previous figure.Ttfe assignment of Ala from the previously
published amino acid sequence to the new densityitieg in the appearance of a large unfilled
positive density (green). (B) The new amino aciquemce assignment for position C287 is Thr,

which fits very nicely to the new electron densiigp.
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Figure 74. Electron density fitted with the old athé@ new sequence data at position C288. The
colouring scheme is the same as the previous figdeThe previously published sequence has
Ser at this position and it is apparent that tleésidue fits very nicely into the new density.
However, the new amino acid sequence suggestd/gladits at this position. (B) Val at position
€288 could not fit well into the new 2.0 A electrdansity map. The additional side chain is not

contained within the new density.
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Figure 75. Electron density fitted with the old athé@ new sequence data at position C323. The
colouring scheme is the same as previous figurg.Tle assignment of Lys residue from the
previously published amino acid sequence doesinutell to the new electron density. There is
too much carbon chain emerges from the electrorsigen(B) The new amino acid sequence

assignment GlIn at position C323 fits nicely to tieev electron density map.
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Figure 76. Electron density fitted with the old athe new sequence data at position C84. The
colouring scheme is the same as previous figure.T@# assignment of GIn from the previously
published sequence seems produce a reasonabléhditnew sequence data confirms that this
position belongs to Glu. (B) The new assignmernGhf residue at the C84 position also fits nicely

to the new electron density map.
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Figure 77. Electron density fitted with the old ath@& new sequence data at position H216. The
colouring scheme is the same as previous figureTtkere is a large area of red, negative density
in the map when Glu from the previously publishedre acid sequence is fitted. (B) The new

amino acid sequence data changes the sequenceigbrp®i216 from Glu to Asp. This new,

smaller residue nicely fits the electron densitypmramoving the red negative density.
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Figure 78. Electron density fitted with the old ath& new sequence data at position H256. The
colouring scheme is the same as previous figurgTtkere is a large area of red, negative density
in the map when Ser from the previously publishedna acid sequence is fitted. (B) The new
amino acid sequence data changes the sequencesiabrpdi216 from Ser to Ala. This new,

smaller residue nicely fits the electron densitypmramoving the red negative density.

106



References

Albert, B., Johnson, A ., Lewis, J., Raff, M., RdiseK., & Walter, P., 2008V olecular Biology of
The Cell.5th Ed. New York: Garland Science.

Rodriguez-Amaya, D. B., 2001. "A guide to carotehanalysis in foods." Washington: ILSI Press

Armitage, J. P., & Hellingwerf, K. J., 2003. “Ligimduced behavioral responses (‘phototaxis’) in
prokaryotes.’Photosynth. Re§¥6: 145-155.

Bahatyrova, S., Frese, R. N., Van der Werf, K.@itp, C., Hunter, C. N., & Olsen, J. D., 2004.
“Flexibility and size heterogeneity of the LH1 ligharvesting complex revealed by atomic force
microscopy: functional significance for bacteridioposynthesis.”J. Biol. Chem.279: 21327—
21333.

Balows, A., Truper, H. G., Dworkin, M., Harder, V& ,Schliefer, K., 1992The Prokaryotesvol.
2. Berlin: Springer-Verlag.

Barz, W. P., Vermeglio, A., Francia, F., Venturdl,, Melandri, B.A. & Oesterhelt, D., 1995.
“‘Role of the PufX protein in photosynthetic gromtth Rhodobacter sphaeroide2. PufX is
required for efficient ubiquinone/ubiquinol exchanigetween the reaction center QB site and the
cytochrome bcl complexBiochem 34: 15248—-15258.

Bauer, C., 1995. “Regulation of photosynthesis gexgression.” In Anoxygenic Photosynthetic
Bacteria, vol. 2. Advances in Photosynthesis (Btakép, R. E., Madigan, M. T., & Bauer, C. E.,
eds.), pp- 1221-1234. Dordrecht: Kluwer AcademibliBbers.

Becker-Andre, & Hahlbrock, K., 1989. “Absolute mRNg4uantification using the polymerase
chain reaction (PCR). A novel approach by PCR atdadscription assayNucl. Acids Resl7:
9437-9446.

Beekman, L. M. P., Van Mourik, F., Jones, M. R.s38ér, H. M., Hunter, C. N., & Van Grondelle,
R., 1994. “Trapping kinetics in mutants of the pisynthetic purple bacteriuRhodobacter
sphaeroidesinfluence of the charge separation rate and cpreseces for the rate-limiting step in
the light-harvesting procesfBiochem.33: 3143-3147.

Berg, J. Tymoczko, M. J., & Stryer, L., 20@ochemistry - 5th EdNew York: W. H. Freeman &

Company.

Bergstrom, H., Sundstrom, V., Van Grondelle, R.lIb&, T., & Cogdell, R., 1988. “Energy-
transfer dynamics of isolated B800—850 and B800-@gmMent-protein complexes 8hodobacter

107



sphaeroidesand Rhodopseudomonas acidophill®8iochim. et Biophys. Act. — Bioene@B6: 90—
98.

Bittl, R., Schlodder, E., Geisenheimer, I., Lubif¢,, & Cogdell, R. J., 2001. “Transient EPR and
absorption studies of carotenoid triplet formatiompurple bacterial antenna complexek.Phys.
Chem 105: 5525-5535.

Blankenship, R. E, 200R4olecular Mechanisms of Photosynthesigford: Blackwell Science.

Bose, S. K., 1963. In Bacterial photosynthesis {G¢s Ed). Yellow Springs: The Antioch Press.
pp 501-511.

Britton, G., 1998. “Overview of carotenoid biosye#lis.” In Carotenoids. (Britton, G., Liaaen-
Jensen, S., Pfander, H., eds.) Basel: Birkenhappef.33-180.

Brow, M. A. D, 1990. “Sequencing with Taq DNA polgnase.” IlPCR Protocols. A Guide to
Methods and Applicationginnis, M. A., Gelfand, D. H., Snisnsky J. J.V&hite, T. J., eds.) San
Diego: Academic Press. pp.189-196.

Brown, T., Hunter, C. N., Kneale, W. G., & Kennafal, 1986. “Molecular structure of the G-A
base pair in DNA and its implications for the meaubken of transversion mutationg?roc. Natl.
Acad. Sci83: 2402-2406.

Brown, T. A., 1990Gene Cloning - An IntroductiodManchester: Chapman & Hall.

Brunisholz, R.A., & Zuber, H., 1992. "Structurenfition and organization of antenna polypeptides
and antenna complexes from the three families afd@hpirillaneae.'J. Photochem & Photobiol
113-140.

Brunisholz, R. A., Zuber, H., Valentine, J., Lings&. J., Wooley, K. J., & Cogdell, R. J., 1986.
“The membrane location of the B890-complex frB rubrumand the effect of carotenoid on the
conformation of its two apoproteins at the cytoplassurface.Biochim. BiophysActa 849: 295-
303.

Brunisholz, R. A., Jay, F., Suter, F., & Zuber, ¥285. “The light-harvesting polypeptides of
Rhodopseudomonas viridiBiol. Chem Hoppe-Seyer336: 87-89.

Buggy, J. J., Sganga, M. W., & Bauer, C. E., 19@haracterization of a light-responding trans-
activator responsible for differentially controtljmeaction centre and light harvesting-1 gene
expression irRhodobacter capsulattisl. Bacteriol.176: 6936-6943.

108



Chory, J., Donahue, T., Varga, A. R., StaehelimAl. & Kaplan, S., 1984. “Induction of the
photosynthetic membranesRhodopseudomonas sphaeroid@®chemical and morphological
studies.”J. Bacteriol159: 540-554.

Choudhary, M., & Kaplan, S., 2000. “DNA sequencalgsis of the phorosynthetic region of
Rhodobacter sphaeroid@s4.1.”Nucl. Acid 28: 862-867.

Cogdell, R. J., Gall, A., & Kohler, J., 2006. “Thechitecture and function of the light-harvesting
apparatus of purple bacteria: from single moletali® vivo membranes Q.Rev. of Biophys
39:227-324.

Cogdell, R. J., Gardiner, A. T., Hashimoto, H., gobsudarmo, T. H. P., 2008. “A comparative
look at the first few milliseconds of the light odi@ans of photosynthesisPhotochem. &
Photobiol. Sci7: 1150-1158.

Cogdell, R. J., & Lindsay, G., 1998. “Can photosysis provide a "biological blueprint" for the
desing of novel solar cellsTibtech.16: 521-527.

Cogdell, R. J., Durant, |., Valentine, J., Linds&y, & Schmidt, K., 1983. “The isolation and
partial characterization of the light-harvestingrpent-protein complement &hodopseudomonas
acidophila” Biochim. Biophys. Act@22:427-435.

Cogdell, R, J, Isaacs, N., Howard, T. D., McLuske., Fraser, N. J., & Price, M. S., 1999. “How
Photosynthetic Bacteria Harvest Solar EnergjyBacteriol.181:3869-3879.

Cogdell, R. J., Zuber, H., Thornber, J. P., Dre#s,Ginras, G., Niederman, R. A., Parson, W. W.,
& Feher, G., 1985. “Recommendation for the namihghmtochemical reaction centres and light-
harvesting pigment-protein complexes from purpletpsynthetic bacteridBiochim. Biophis.
Acta.806: 185-186.

Cogdell, R. J., Fyfe, P. K., Barret, S. J., PriigelM., Freer, A. A., Isaacs, N. W., McGlynn, P., &
Hunter, C. N., 1996. “The purple bacterial photdkgtic unit.” PhotosynthesifRes 48: 55-63.

Cohen-Bazire, G., Sistrom, W. R., & Stanier, R.57. “Kinetics studies of pigment synthesis
by purple non-sulphur bacterial’” Cell. Comp. Physioll9: 25-68.

Davis, S. J., Vener, A. V., & Vierstra, R. D., 1998acteriophytochromes: Phytochrome-like
photoreceptors from nonphotosynthetic eubacte8ai.’286: 2517-2520.

Deisenhofer, J., 2008lobel Laurates: Johan Deisenhofer, 1988 Nobel HrizZ8hemistry.

Howard Hudges Medical Institute.

109



http://www.hhmi.org/research/investigators/figssggihofer_nobell.html (accessed January 6,
2009).

Deisenhofer, J., & Michel, H., 1989. “The Photostic Reaction Centre from the Purple
BacteriumRhodopseudomonas viridiEMBO J 8: 2149-2170.

Deisenhofer, J., Epp, O., Miki, K., Huber, R., &del, H., 1985. “Structure of the protein
subunits in the photosynthetic reaction centrRloddopseudomonas virica$ 3 A resolution.”
Nature 318: 618-624.

Deisenhofer, J., Epp, O., Miki, K., Huber, R., &dkel, H., 1984. “X-ray structure analysis of a
membrane protein complex: electron density mapAat@solution and a model of the
chromophores of the photosynthetic reaction cdntra Rhodopseudomonas viridisl. Mol. Biol
180: 385-398.

Drews, G., & Gieshrecht, 1966. “Structure of thetpin subunits in the photosynthetic reaction

centre ofRhodopseudomonas viridis 3 Angstrom resolutionNature 318: 618-624.

Drews, G, & Golecki, J. R., 1995. “Structure, mailee organization and biosyntheis of
membranes of purple bacteria.” Amoxygenic photosynthetic bacter{8lankenship, R. E., &
Madigan, M. T., eds.) Dordrecht: Kluwer AcademidRsher. pp.231-257.

Duysens, L. N. M., 195Zransfer of excitation energy in photosyntheBisctoral Thesis, State
University of Utrecht.

EBI. ClustalWw2,2008 European Bioinformatics Institute.

http://www.ebi.ac.uk/Tools/clustalw2/index.html.

Eraso, J. M., & Kaplan, S., 1996. “Complex regutgtactivities associated with the histidine
kinase PrrB in expression of photosynthesis gemBhodobacter sphaeroid@s4.1.”J. Bacteriol.
178: 7037-7046.

Eraso, J. M., & Kaplan, S., 1995. “Oxygen-insdusisynthesis of the photosynthetic membranes
of Rhodobacter sphaeroideA mutant histidine kinaseJ. Bacteriol.177: 2695-2706.

Erlich, H. A, 1989. “PCR technology: principle aapplications for DNA amplificatios” New

York: Stockton Press.

Evans, K., Fordham-Skelton, A. P., Mistry, H., Relgs, C. D., Lawless, A. M., & Papiz, M. Z.,
2005. “A bacteriophytochrome regulates the synthe$iLH4 complexes itrRhodopseudomonas
palustris” Photosynt. Res85: 169-180.

110



Fotiadis, D., Qian, P., Philippsen, A., Bullough, R., Engel, A., & Hunter, C. N., 2004.
“Structural analysis of the reaction center lightsresting complex | photosynthetic core complex

of Rhodospirillum rubrunusing atomic force microscopyd” Biol. Chem279: 2063—-2068.

Frank, H. A., & Cogdell, R. J., 1996. “Carotenad”hotosynthesisPhotochem. & PhotobioB:
257-264.

Frank, H, A., Young, J., Britton, G., & Cogdell, R, 2000. “The photochemistry of Carotenoids:

Application in Biology. " Kluwer Academic Publisher

Frank, H. A, Violette, C. A., Trautman, J. K., 8he, A. P., Owens, T. G., & Albrecht, A. C.,
1991. “Carotenoids in photosynthesis: structure @ratochemistry.Pure & Appl. Chem63:
109-114.

Freiberg, A., Allen, J. P., Williams, J. & Woodbuty. W., 1996. “Energy trapping and detrapping
by wild type and mutant reaction centers of purmea-sulfur bacteria.Photosynt. ResA8: 309—
319.

Fujii, R., Adachi, Shin-ichi, A., Roszak, A. W., @ner, A. T., Cogdell, R. J., Isaacs, N. W.,
Koshihara, S., & Hashimoto, H., 2006. “Precisedtite of a carotenoid bound to the reaction
centre from photosynthetically cultur&hodobacter sphaeroid@s4.1 revealed by the time-

resolved X-ray crystallography.” Abstract

Gardiner, A. T., Cogdell, R. J., & Takaichi, S.929“The effect of growth conditions on the light-
harvesting apparatus Rhodopseudomonas acidophil&hotosynth. Re88: 159-167.

Garrison, S. A., 2005%ynthesis and photophysical characterization ofrphgrin containing
supramolecular systems: Structural issues for pegrphphotophysics and electron transfer.
Doctoral Thesis. The Graduate Faculty of The Uritgiof Akron.

Gelfand, D. H., & White, T. J., 1990. “ThermostaBINA polymerase.” IlFPCR protocols. A
Guide to Methods and Applicatian#nnis, M. A., Sninnsky, J. J., & White, T. Jdse) San Diego:
Academic Press. pp. 129-141.

Gerken, U., Lupo, D., Tietz, C.,Wrachtrup, J., &dsh, R., 2003. “Circular symmetry of the light-
harvesting 1complex froRhodospirillum rubrums not perturbed by interaction with the reaction
center.”Biochem 42: 10354-10360.

Giraud, E., Fardoux, J., Fourrier, N., Hannibal, Genty, B., Bouyer, P., Dreyfus, B., &
Vermeglio, A., 2002. “Bacteriophytochrome contrgi$hotosystem synthesis in anoxygenic
bacteria.”Nature.417: 202—205.

111



Giraud, E., Zappa, S., Jaubert, M., Hannibal, brdBux, J., Adriano, J. M., Bouyer, P., Genty, B.,
Pignol, D., & Vermeglio, A., 2004. “Bacteriophytacime and regulation of the synthesis of the
photosynthetic apparatus Rhodopseudomonas palustrigitfalls of using laboratory strains.”
Photochem. Photobiol. S@: 587-591.

Giraud, E., Zappa, S., Vuillet, L., Adriano, J. Mdannibal, L., Fardoux, J., Berthomieu, C.,
Bouyer, P., Pignol, D., & Vermeglio, A., 2005. “Aew type of bacteriophytochrome acts in
tandem with a classical bacteriophytochrome to robntthe antennae synthesis in
Rhodopseudomonas palusttid. Biol. Chem280: 32389-32397.

Gomelsky, M., & Kaplan, S., 1998. “AppA, a redoguéator of photosystem formation in
Rhodobacter sphaeroid@s4.1, is flavoprotein identification of a noveAB binding domain.”J.
Biol. Chem 273: 35319-35325.

Gomelsky, M., & Kaplan, S., 1995. “Genetic evidetitat PspR fronRhodobacter sphaeroides
2.4.1 functions as a repressor of puc and bchFesgmn.J. Bacteriol 177: 1634-1637.

Gomelsky, M., Horne, I, M., Lee, H. J., Pemberthriyl.,, McEwan, A. G., & Kaplan, S., 2000.
“Domain structure, oligometric state, and mutatlaralysisof PspR, thehodobacter

sphaeroidesepressor of photosystem gene expressihrBacteriol.182: 2253-2261.

Gomelsky, M. K., & Kaplan, S., 1997. “Molecular gdic analysis suggesting intractions between
AppA and PspR in regulation of photosynthesis geqmression irRhodobacter sphaeroides
2.4.1.”J. Bacteriol.179: 128-134.

Gouterman, M., 1961. “Spectra of porphyrin.’Mol. Spec6: 138-163.

Gross, J., 1991. “Pigments in vegetables: Chlortbamgd Carotenoids.” New York: van Nostrand
Reinhold.

Gu, J., 1995. “In situ PCR - An Overview. In sitalfinerase Chain Reaction and Related
Technology (Gu, J., edBoston: Birkhauser. pp. 1-21.

Hartwell, H. L., Hood, L., Goldberg, L. M., ReynalcE. A., Silver, M. L., & Veres, C. R., 2008.

“Genetics - From Genes to Genomebklew York: McGraw-Hill.

Hess, S., Chachisvilis, M., Timpmann, K., Jones, R4, Fowler, G. J. S., Hunter, C. N., &
Sundstrom, V., 1995. “Temporally and spectrallyotesd subpicosecond energy transfer within
the peripheral antenna complex (LH2) and from LH® the core antenna complex in
photosynthetic purple bacterid?toc. Natl. Acad. Sci. USAR2: 12333-12337.

112



Higuchi, R., Dollinger, G., Walsh, P. S., & GrifiitR., 1992. “Simultaneous amplification and
detection of specific DNA-sequenceBib-Tech. 10: 413-417.

Hiraishi, A., 1997. “Transfer of the Bacteriochlptyll b-Containing Phototropic Bacteria
Rhodopseudomonas virididRhodopseudomonas sulfoviridesthe GenuslastochlorisGen.
Nov.” Int. J. Syst. Bacteriold7: 217-219.

Holt, S. C. M., & Marr, A. G., 1965. “Efect of lighntensity on the formation of intracytoplasmic
membrane irRhodospirillium rubruni J. Bacteriol.89: 1421-1429.

Hughes, J., Lamparter, T., Mittmann, F., HartmdanGartner, W., Wilde, A., & Borner, T., 1997.
“A prokaryotic phytochrome.Nature 386, 663.

Imhoff, J, F, 1995. “Taxonomy and Physiology of Rtimpic Purple Bacteria and Green Sulfur
Bacteria.” In Anoxygenic Photosynthetic BacteriBlahkenship, R., Madigan, M., & Bauer, C.,
eds.). Netherland: Kluwer Academic Publishers.1pp5.

Imhoff, J. F., & Truper, H. G., 1989. The purplewrsulphur bacteridn Bergey's Manual of
Systematic Bacteriology. (Stanley, J., Bryant, Rfenning, N., & Holt, J., eds.) Baltimore: Wiliam
and Wilkins. pp. 1658-1661.

Imhoff, J. F., 1984A. “Quinones of phototropic plerpacteria. FEMS Microbiol. Letts25: 85-
89.

Imhoff, J. F., 1984B. “Reassignment of the geBatothiorhodospiraceae Peld936 to a new
family Ectothiorhodospiraceatam. nov., and amended description of @@omatiaceae
bavendamni924.”Int. J. Syst. BacterioB4: 338-339.

Jaffe, B., 1976. “Crucibles: The story of chemistd)" Ed. Dover, New York.

Jaubert, M., Zappa, S., Fardoux, J., Adriano, J, Nannibal, L., Elsen, S., Lavergne, J.,
Vermeglio, A., Giraud, E., & Pignol, D., 2004. “lligand redox control of photosynthesis gene
expression in Bradyrhizobium — dual roles of twasRg J. Biol. Chem279: 44407-44416.

Jay, F., Lambillotte, M., Stark, W. & MuehlethaleK., 1984. “The preparation and
characterization of native photoreceptor units fithie thylakoids of Rhodopseudomonas viridis.”
EMBO J 3:773-776.

Jiang, Z. Y., Swem, L. R., Rushing, B. G., DevarathS., Tollin, G., & Bauer, C. E., 1999.
“Bacterial photoreceptor with similarity to photdi@e yellow protein and plant phytochromes.”
Science285: 406—409.

113



Karniol, B., & Viestra, R. D., 2003. “The pair ofatteriophytochromes from Agrobacterium
tumefaciens are histidine kinases with opposingaitiological properties.Proc. Natl. Acad. Sci.
USA.100: 2807-2812.

Karrasch, S., Bullough, P. A., & Ghosh, R., 199thé 8-5 A projection map of the light-
harvesting complex | frorRhodospirillum rubrunreveals a ring composed of 16 subunits.”
EMBO J.14: 631-638.

Kavarnos, G. J., & Turro, N. J., 1986. “Photoseraiion by Reversible Electron Transfer:
Theories, Experiment, Evidence, and ExampBhém. Rev36: 401-449.

Keppen, O, L, & Gorlenko, V. M., 1975. “A new spesiof purple budding bacteria containing
bacteriochlorophylb.” Mikrobiol. 44: 258-264.

Kobayashi, M., Akiyama, M., Kano, H., & Kise, HQ@7. “Spectroscopy and structure
determination. IrChlorophylls and Bacteriochlorophylls BiochemistBjpphysics, Functions and
Applications ” (Grimm, B., Porra, R. J., Rudiger, W., &Schddr, eds.) Netherlands: Springer.
pp. 79-94.

Kobayashi, M., Ohashi, S., Iwamoto, K., Shiraiwa, Kato, Y., and Watanabe, T., 2007. “Redox
potential of chlorophyltl in vitro.” Biochim. Biophys. Actdl767: 596-602.

Kubista, M., Andrade, J. M., Forootan, A., JonakLihd, K., Sindelka, R., Sjoback, R., Sjogreen,
B., Strombom, L., Stahlberg, A., & Zoric, N., 2008he real-time polymerase chain reaction.
Molecular Aspect of Medicine Mol. Aspects. Med3: 95-125.

Kyndt, J. A., Meyer, T. E., & Cusanovich, M. A., @ “Photoactive yellow protein,
bacteriophytochrome, and sensory rhodopsin in punphototrophic bacteria.’Photochem.
Photobiol. Sci3: 519-530.

Lancaster, C. R. D., Bibikova, M. V., Sabatino, ®esterhelt, D., & Michel, H., 2000. “Structural
basis of the drastically increased initial electribansfer rate in the reaction centre from a
Rhodopseudomonas viridimutant described at 2.00-A resolutiod.” Biol. Chem.275: 39364-
39368

Lancaster, D. R. C., 2008. “Structure of Reacti@nites in Anoxygenic Bacteria.” IRrimary
Processes of Photosynthesis-Par{Renger, G., ed.) Cambridge: RSC Publishing5pp6.

Lang, F. S., & Oesterhelt, D., 1989. “Microaerofhgrowth and induction of the photosynthetic

reaction centre iRhodopseudomonas viridis). Bacteriol 171: 2827-2834.

114



Lascelles, J., 1959. “Adaptation to form bacterloabphyll in Rhodobacter sphaeroide€hanges

in activity of enzymes concerned in pyrrole synihé®8iochem. J72: 508-515.

Law, C. J., & Cogdell, R. J., 2008. “Structure &uahction of Antenna System.” Primary
Process of Photosynthesis - PartRenger, G., ed.) Cambridge: RSC Publishing20p-260.

Lawyer, F. C., Stoffel, S., Saiki, R. K., Myambo,, ®Brummond, R., & Gelfand, D. H., 1989.
“Isolation, characterization and expressiotEstherichia coliof the DNA polymerase gene from
Thermus aquaticusJ. Biol. Chem264: 6427-6437.

Madigan, M.T., Martinko, J. M., & Parker, J., 199Brock Biology of Microorganism$ Upper
Saddle River, NJ: Prentice-Hall.

Marrs, B. G., & Gest, H., 1973. “Regulation of l&@ichlorophyll synthesis by oxygen in
respiratory mutants dthodopseudomonas capsulafa Bacteriol.114: 1052-1057.

McDermott, G., Prince, S. M., Freer, A. A., Hawthiovaite-Lawless, M., Papiz, Z., Cogdell, R. J.,
& Isaacs, N. W., 1995. “Crystal structure of aregral membrane light-harvesting complex from
photosynthetic bacteriaNature 374: 517-521.

Michel, H., 1982. “Three dimensional crystal of n@ane protein complex. The photosynthetic

reaction centre frorRhodopseudomonas viridis). Mol. Biol 158: 567-572.

Michel, H., Weyer, K. A., Gruenberg, H., & Lottspkj F., 1985. “The 'heavy' subunit of the
photosynthetic reaction centre fradodopseudomonas viridisolation of the gene, nucleotide

sequence and amino acid sequenE®/BO J.4: 1667-1672.

Michel, H., Weyer, K. A., Gruenberg, H., Dunger,®., & Lottspeich, F., 1986. “The "light and
"medium" subunits of the photosynthetic reactiont@fromRhodopseudomonas viridisolation

of the genes, nucleotide and amino acid seque&ddBO J 6: 1149-1158.

Miller, K. R., 1982. “Three-dimensional structuré a photosynthetic membrane.” Nature. 300:
53-55.

Miller, K. R., 1979. "Structure of a bacterial pheynthetic membraneProc. Natl. Acad. Sci.
USA 76: 6415-6419.

Mitchell, I. A., 2003.Structural Studies On Purple Non-Sulphur BacteRejment-Protein
ComplexesM. Sc. Thesis Departement of Chemistry. The Unsite of Glasgow.

Molbiol. Molbiol 6 Frame Translation2008. http://www.molbiol.edu.ru/eng/scripts/01_ft#l.

115



Monger, T. G., Cogdell, R. J., & Parson, W. W., @9TTriplet states of bacteriochlorophyll and
carotenoids in chromatophores of photosynthetiddac” Biochim. Biophys. Act. — Bioenerg.
449: 136-153.

Mullis, K. B., & Fallona, F. A., 1987. “Specific athesis of DNA in vitro via polymerase-
catalyzed chain reactionMethods Enzymoll55: 335-350.

Li, L., Mustafi, D., Fu, Q., Tereshko, V., Chen, D, Tice, J. D., & Ismagilov, R. F., 2006.
“Nanoliter microfluidic hybrid method for simultaoes screening and optimization validated with
crystallization of membrane protein®toc. Natl. Acad. Sci. USA03: 19243-19248

Nagarajan, V. & Parson, W. W., 1997. “Excitatioresgy transfer between the B850 and B875
antenna complexes Bhodobacter sphaeroidésBiochem 36: 2300-2306.

Northwestern UniversityOligonucleotide Properties Caculatovers. 3.23. Northwestern
University. 15 May 2008. http://www.basic.northwerst edu/biotools/OligoCalc.html.

Oelze, J., & Drews, G., 1972. “Membrane of Phottisgtic Bacteria.'Biochim. Biophys. Act&6:
209-239.

Oh, J. 1., Ko, I. J., & Kaplan, S., 2001. “The ddfsstate of the membrane-localized histidine
kinase PrrB oRhodobacter sphaeroid@s4.1 is in the kinase-positive modd."Bacteriol.183:
4044-4050.

Oh, J. I., Eraso, J. M., & Kaplan, S., 2000. “laieing regulatory circuits involved in orderly
control of photosynthesis gene expressioRwdobacter sphaeroid@s4.1.”J. Bacteriol.182:
3081-3087.

Old, W. R., & Primrose, B. S., 199Rrinciples of Genes Manipulation - An Introductiton
Genetic Engineeringsth Ed. Oxford: Blackwell Science Ltd.

Parkes-Loach, P. S., Law, C. J., Recchia, P. Aho€eJ., Nehrlich, S., Chen, J., & Loach, P. A,,
2001. “Role of the core region of the PufX protgirinhibition of reconstitution of the core light-
harvesting complexes drhodobacter sphaeroidesnd Rhodobacter capsulattisBiochem 40:
5593-5601.

Parson, W. W., 2008. “Functional Patterns of ReacGientres in Anoxygenic Photosynthetic
Bacteria.” In Primary Processes of Photosyntheais-B (Renger, G., ed.) Cambridge: RCS
Publishing. pp. 57-85.

116



Penfold, R. J. P., & Pemberton, J. M., 1994. “Seqing, chromosomal inactivation and functional
expression of ppsR, a gene which repress carotamoidbacteriochlorophyll synthesis in
Rhodobacter sphaeroidés). Bacteriol.176: 2869-2876.

Pfenning, N., 1978. “General physiology and ecolofjphotosynthetic bacteria.” In The
Photosynthetic Bacteria, (Clayton, R. K., & Sisttam. R., eds.) New York: Plenum Publishing
Corporation. pp. 3-18.

Pfenning, N., 1969.Rhodopseudomonas acidophip. n., a New Species of the Budding Purple
Nonsulfur Bacteria.J. Bacteriol 99: 597-602

Robert, B., 1999. “The Electronic Structure, Stehanisty and Resonance Raman Spectroscopy
of Carotenoids.” In The Photochemistry of Carotdsp{Frank, H. A., Young, A. J., Britton, G., &
Cogdell, R. J., eds.) Netherlands: Kluwer Acadeublisher. pp. 189-201.

Roszak, A.W., Gardiner, A. T., Moulisova, V., Puit@, A. D., Fujii, R., Hashimoto, H., Isaacs, N.
W., Cogdell, R. J., 2008. “New insight into theustiure of the carotenoid bound to the reaction

centre from Blastochloris viridis Abstract

Roszak, A. W., McKendrick, K., Gardiner, A. T., lelitell, I, A., Isaacs, N. W., Cogdell, R. J.,
Hashimoto, H., & Frank, H., 2004. “Protein Reguatbf Carotenoid Binding:Gatekeeper and
Locking Amino Acids Residues in Reaction CenterRlbbdobacter sphaeroidésStructure 12:
765-773.

Saiki, R. K., Gelfand, D. H., Stoffel, S., Sch&f,J., Higuchi, R., Horn, G. T., & Mullis, K. B.,
1988. “Primer-Directed Enzymatic Amplification ofNA with a Thermostable DNA polymerase.”
Science230: 487-491.

Shimada, H., Wada, T., Handa, H., Ohta, H., Mizbégud., Nishimura, K., Masuda, T., Shioi, Y.,
& Takamiya, K., 1996. “A transcription factor withleucine-zipper motif involved in light-
dependent inhibition of expression of the puf opdarothe photosynthetic bactriuRhodobacter
sphaeroides Plant Cell Physiol37: 515-522.

Scheuring, S., Francia, F., Busselez, J., MelariglriA., Rigaud, J. L., & Levy, D., 2004a.
“Structural role of PufX in the dimerization of tiphotosynthetic core complex &hodobacter
sphaeroides.J. Biol. Chem279: 3620-3626.

Scheuring, S., Rigaud, J. L. & Sturgis, J. N., 200%/ariable LH2 stoichiometry and core
clustering in native membranes®fodospirillum photometricuthEMBO J 23: 4127-4133.

117



Scheuring, S., Seqguin, J., Marco, S., Levy, D.,&plB. & Rigaud, J. L., 2003. “Nanodissection
and highresolution imaging of th@hodopseudomonas viridighotosynthetic core complex in
native membranes by AFMProc. Natl. Acad. Sci. USAQ0: 1690-1693.

Siebert, C. A., Qian, P., Fotiadis, D., Engel, Munter, C. N., & Bullough, P. A., 2004.
“Molecular architecture of photosynthetic membramesRhodobacter sphaeroidethe role of
PufX.” EMBO J.23: 690-700.

Stahlberg, H., Dubochet, J., Vogel, H. & Ghosh, F98. “Are the light-harvesting | complexes
from Rhodospirillum rubrumarranged around the reaction center in a squarmefey?”’J. Mol.
Biol. 282: 819-831.

Stark, W., Jay, F. & Muehlethaler, K., 1986. “Ldeation of reaction center and light harvesting
complexes in the photosynthetic unit Rhodopseudomonas viridisArc. Microbiol. 146: 130—
133.

Sundstrom, V., & Van Grondelle, R., 1995. “Kinetimsexcitation transfer and trapping in purple
bacteria.” In Anoxygenic Photosynthetic Bacteriapl.v2. Advances in Photosynthesis
(Blankenship, R. E., Madigan M. T., & Bauer, C, Eds.). pp. 350-372. Dordrecht: Kluwer

Academic Publishers.

Sundstrom, V., Van Grondelle, R., Bergstrom, H.késson, E., & Gillbro, T., 1986. “Excitation-
energy transport in the bacteriochlorophyll antersyatems ofRhodospirillum rubrumand
Rhodobacter sphaeroidestudied by low-intensity picosecond absorptioacsgpscopy.Biochim.
Biophys. Act. — Bioener@51: 431-446.

Takaichi, S., 1999. “Carotenoids and carotenogeniesianoxygenic photosynthetic bacteria. In
The photochemistry of carotenoids: Advances in éwithesis respiration.” (Frank, H. A.,
Young, A. J., Britton, G., & Cogdell, R. J., edSpringer Netherlands. Pp. 39-69.

Takemoto, J., & Lascelles, J., 1973. “Coupling kestw bacteriochlorophyll and membrane protein
synthesis irRhodopseudomonas spheroiddzroc. Natl. Acad. Sci. USAO: 799-803.

Valasek, A. M., & Repa, J. J., 2005. “The poweredl-time PCR.'Physiol Edu29: 151-159.

Van Grondelle, R., Bergstrom, H., Sunstrom, V., #lligo, T., 1987. “Energy transfer within the
bacteriochlorophyll antenna of purple bacteria/aky studied by picosecond absorption
recovery.”Biochim. et Biophys. Act. — BioeneB94: 313-326.

Van Grondelle, R., Dekker, J. P., Gillbro, T., &reistrom, V., 1994. “Energy transfer and
trapping in photosynthesisBiochim. Biophys. Act. — Bioenertl87: 1-65.

118



Van Neil, C. B., 1941. “The bacterial photosyntsesnd their importance for the general problem
of photosynthesidn Advance in Enzymology and Related Areas of Muolar Biology. ” (Nord, F.
F., & Werkman, C. H., eds.) Interscience Publisppr.263-328.

Visscher, K. J., Bergstrom, H., Sundstrom, V., HuntC. N., & Van Grondelle, R. 1989.
“Temperature dependence of energy transfer fromdhg wavelength antenna BChI-869 to the
reaction center ifRhodospirillum rubrumRhodobacter sphaeroidéw. t. and M21 mutant) from

77 to 177 K, studied by picoseconds absorptiontspemopy.’Photosynth. Re22: 211-217.

Westerhuis, W. H. J., Sturgis, J. N., Ratcliffe, &, Hunter, C. N., & Niederman, R. A., 2002.
“Isolation, size estimates, and spectral heterageé an oligomeric series of light-harvesting 1
complexes fronRhodobacter sphaeroidéBiochem 41: 8698—-8707.

Wiessner, C., Dunger, I., and Michel, H., 1990rt8ture and Transcription Genes Encoding the
B1015 Light-Harvesting Complex Beta and Alpha Sutsumnd the Photosynthetic Reaction
Centre L, M, and Cytochrome ¢ Subunits fréthodopseudomonas viridisJ. Bacteriol 172:
2877-2887.

Wilcox, J. N., 1993. “Fundamental PrinciplelofSituHybridization.”J. Histochem. & Cytochem
12: 1725-1733.

Willems, A., Gillis, M., & de Ley, J., 1991. “Trafes of Rhodocylus gelatinost® Rubrivivax
gelatinosisgen. nov., comb nov., and phylogenetic relatiguskithleptothrix, Sphaerotilus

natans, Pseudomonas saccharophéadAlcaligenes latu$ Int. J. Syst. Bacterio#1: 65-73.

Young, C. S., & Beatty, J. T., 2003. “Multi-levedgulation of purple bacterial light-harvesting
complexes.” In Light-harvesting Antennas in Photdkgsis, vol. 13. Advances in Photosynthesis
(Green, B. B., & Parson, W. W., eds.) pp. 449—-4x@rdrecht: Kluwer Academic Publishers.

Yuwono, T., 2006. Teori dan aplikasi Polymerasei€ReactionYogyakarta: Andi.

Zhang, F. G., Gillbro, T., Van Grondelle, R., & Sistrom, V., 1992a. “Dynamics of energy
transfer and trapping in the light-harvesting antenf Rhodopseudomonas viridis Biophys. J.
61: 694-703.

Zhang, F. G., Van Grondelle, R., & Sundstrom, \892b. “Pathways of energy flow through the
light harvesting antenna of the photosynthetic [murpacteriumRhodobacter sphaeroidés
Biophys. J61: 911-920.

Zeilstra-Ryalls, J. H., Gabbert, K., Kranz, R., &pan, S., 1997A. “Analysis of the fnrL genes
and its function irRhodobacter capsulattis]. Bacteriol.179: 6422-6431.

119



Zeilstra-Ryalls, J. H., & Kaplan, S., 1997B. “Abio and anaerobic regulationihodobacter
sphaeroide®.4.1: the role of the fnrL genel’ Bacteriol 179: 6422-6431.

Zeilstra-Ryalls, J. H., Gomelsky, M., Eraso, J. Meliseev, A., O'Gara, J., & Kaplan, S., 1998.
“Control of photosystem formation Rhodobacter Sphaeroidés). Bacteriol.180: 2801-2809.

Zeng, X. H., & Kaplan, S .,2001. “TspO as a modulaff the repressor/antirepressor
(PpsR/AppA) regulatory system Rhodobacter sphaeroid@s4.1.”J. Bacteriol.183: 6355-6364.

Zuber, H. and Cogdell, R. J. (1995). “Structure amdanization of purple bacterial antenna
complexes.” In Anoxygenic Photosynthetic BacteAdvances in Photosynthesis (Blakenship, R.
E., Madigan, M. T., & Bauer, C. E., eds.) Dordre&luwer Academic Publishers. pp. 315-348.

Zubritzky, E., 1999. “Widespread interest in genmamfification and high-throughput assays are
putting quantitative PCR back in the spotligitiialytical chemistry news and featur&94A.

120



Appendix 1 — Growh Media

Succinate media for growth ofBl. viridis

Per 1 liter of media

Concentrated base (see below) 20 ml
1M Dipotassium hydrogen orthophosphate 10 ml
1M potassium dihydrogen orthophosphate 10 ml
10% (w/v) ammonium sulphate solution 5 ml
1M sodium succinate 10 ml
Growth factors (see below) 1 mi
Casamino acids 1gr

The pH of the media was adjusted to 6.8 using H@l taen sterilized in the autoclave.

Concentrated Base

Per 1 liter of solution

Nitrilotriacetic acid 109
Magnesium sulphate 14.45¢g
Calcium chloride.2kD 3449
Ammonium molybdate 9.25 mg
Ferrous sulphate. 78 99 mg
Nicotinic acid 50 mg
Aneurine hydrochloride 25 mg
Biotin 0.5 mg
Metos 44 (see below) 50 ml

Growth Factors per 1 litre solution

Biotin 0.02 g
Sodium hydrogen carbonate 05¢g
Make up to 1 litre with deionised water to dissalythen add
Nicotinic acid 1g
Aneurine hydrochloride 05¢g
4-aminobenzoic acid 19

Boil to dissolve
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Metos 44

Per 100 ml of solution

Disodium EDTA 0.25¢g
Zinc sulphate 1.095¢g
Manganous sulphate.4,@ 0.154 g
Copper sulphate.5i® 39.2 mg
Cobaltous nitrate.6 O 24.8 mg
Ferrous sulphate.70 0.55¢
Di-sodium tetraborate.10.,0 17.7 mg

Make up to 100 ml with deionised water and adddpdiconcentrated sulphuric acid

SOC medium (Per 100 ml of solution)

Bacto®-tryptone 209
Bacto®-yeast extract 05¢g
1M NacCl 1ml
1M KCI 0.25 mi
2M Mg?* stock, filtersterilized 1ml
2M glucose, filter-sterilized 1mi

Add Bacto®-tryptone, Bacto®-yeast extract, NaCl &l to 97 ml distilled water. Stir to
dissolve. Autoclave and cool to room temperaturgéd AM Mcf* stock and 2M glucose,
each to a final concentration of 20mM. Bring to 1@0with sterile, distilled water. The
final pH should be 7.0.

LB medium (per liter)

Bacto®-tryptone 10g
Bacto®-yeast extract 5g
NaCl 59

Adjust pH to 7.0 with NaOH.
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LB plates with ampicillin

Add 15¢g agar to 1 liter of LB medium. Autoclave.lW the medium to cool to 50°C
before adding ampicillin to a final concentrationl®0 g/ml. Pour 30-35ml of medium
into 85mm petri dishes. Let the agar harden. Saré°C for up to 1 month or at room

temperature for up to 1 week.

LB plates with ampicillin/IPTG/X-Gal

Make the LB plates with ampicillin as above; tharp@ement with 0.5mM IPTG and
80 g/ml X-Gal and pour the plates. Alternatively, 10@f 100mM IPTG and 20 of
50mg/ml X-Gal may be spread over the surface of Brampicillin plate and allowed to

absorb for 30 minutes at 37°C prior to use.
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Appendix 2- Standard Solutions

TE buffer

10 mM Tris-Cl, pH 7.5
1 mMEDTA

From 1M stock of Tris-Cl (pH 7.5) and 500 mM stafkEDTA (pH 8.0)
10 ml 1M Tris-Cl pH 7.5 per L
2 ml 500 mM EDTA pH 8.0

1 M Tris (crystallized free base)

Tris (hydroxymethyl) aminomethane
FW 121.4 g/mol

60.57 g in 0.5L mqg water

pH to 7.5 using HCI

0.5M EDTA

Diaminoethane tetraacetic acid (diNa)

FW 372.2 g/mol

18.6 g in 100mI mq water

pH to 8 using NaOH

>> EDTA will not soluble until pH reaches 8.0

>> Use vigorous stirring, moderate heat (microwve2mins) then adjust pH to 8.0;

Calculation example for 250ml of TE buffer:
1000 mM Tris / 10 mM Tris (composition) = 100 X
250 ml / 100 = 2.5 ml of Tris buffer use
500 mM EDTA /1 mM EDTA (composition) = 500 X
250 ml /500 = 0.5 ml of EDTA use
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Ruscony Mix:

500 pl lysozyme solution (10 mg/ml)

500 ul 0.5 M EDTA

250 ul 1 M TRIS pH 8.0

100 pl RNase (10 mg/ml)

1.15 ml glycerol (87 %)

0.02 % Bromphenol Blue (end conc. 2 mg/10 ml)
7.5 ml of water

Total volume 10 ml; aliquots 1 ml and stored at °20

IPTG stock solution (0.1M)

1.2g IPTG

Add water to 50ml final volume. Filter-sterilisedagtore at 4°C.

X-Gal (per 2ml)

100mg 5-bromo-4-chloro-3-indolyl-D-galactoside

Dissolve in 2ml N,N’-dimethylformamide. Cover wiituminum foil and store at —20°C.
2M Mg?* stock
20.33g MgCI2 « 6H20

24.65g MgS0O4 « 7TH20
Add distilled water to 100ml. Filter-sterilise.
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Appendix 3 — PCR product (insert): vector Molar Raios calculation
(obtained from pGEM®-T Easy vectors handbook)

To calculate the appropriate amount of PCR prodinsert) to include in the ligation

reaction, the following equation was used:

Example:

How much 0.5kb PCR product should be added toadidig in which 50ng of 3.0kb
vector will be used if 3:1 insert:vector molar cais desired?

Answer: 25 ng of insert should be added to theibgamixture.
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Appendix 4 - Abbreviations and Masses of the aminacids

Name 3 letter 1 letter
abbreviation abbreviation
Alanine Ala A
Arginine Arg R
Asparginine Asn N
Cysteine Cys C
Glutamic Acid Glu E
Glutamine Gln Q
Glycine Gly G
Histidine His H
Isoleucine lle I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp W
Tyrosine Tyr Y
Valine Val Vv
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Appendix 5 — Primer Design Position in Previous DNAeguence;
Start and stop codons are highlighted in yellow, Rmers position are in
gray. (Michel, 1982; Michel, et al., 1985; Michelet al., 1986; Wiessner,

et al., 1990)

Puf operon (pufB, pufA, pufL, pufM and pufC)

AAGAGCGGGTGACGGTCGCGTGTGTTGCGCGTGCCCGTGCCGCTCTTGTC
GGGGGGCAGGCTGCGTGACGGGGGAGTTGCGCAATTTTTCCTCTCATCGG
TTCGACGAGGCGGTTTTCCGCAACGGCGAATCGAACCAAGAGTCTTTGCC  PUFBVIRF
CGGTTTTGCCGGGTGAAGAGTTCGACGTGGTTTCGGCCACGTCGATCCCT
GCCGCGTGGGATATGCGCGGTGACGGCCGCAAGGCCCGCATTGATGAGGG
TATCAAAATGGCTGACTTGAAACCGAGCCTGACAGGGTTGACGGAAGANG
AGGCGAAGGAGTTCCACGGGATCTTCGTGACCTCGACGGTTCTGTACCTC
GCGACCGCCGTGATCGTTCACTACCTGGTGTGGACGGCTCGTCCGTGGAT PUB
CGCTCCCATCCCGAAGGGCTGGGTGAATCTGGAAGGCGTCCAGTCGGEGC
TTTCGTATCTGGTCTGAGCGGGGAGGACTGACACATGGCTACCGAATATC
GCACTGCTTCCTGGAAGCTCTGGCTGATCCTGGATCCGCGCCGCGTTOTG
ACCGCTCTGTTCGTCTACCTGACGGTCATCGCTCTGCTCATCCACTTC
TCTGCTCAGCACCGATCGTCTGAACTGGTGGGAATTCCAGCGCGGCCTTC
CGAAGGCGGCGTCGCTCGTGGTCGTTCCGCCGGCTGTCGGCTGACCTHAA
ACCCACTTTTCGGGTGAATGGTCGGGTGGTGGGCGAGGCCCAATGTGGCT
TTGCCCGCCACCCAAATTCAGGGGCGAGGTGGCGCTGGCAACGCCCCTCA
AGCGGAGGACAGAGCAATGGCACTGCTCAGCTTTGAGAGAAAGTATGGCGTPUFLVIRF
CCGCGGGGGGACGCTGATCGGTGGAGACTTGTTCGATTTCTGGGTGGEGC
CGTACTTTGTCGGCTTNICEEACTIICEEEARTCTTCTTCATTTTCCT
GGCGTTAGTTTGATCGGCTACGCGGCGTCTCAAGGGCCCACCTGGGATCC
CTTCGCCATTAGCATCAATCCGCCCGACCTGAAGTACGGGCTCGGAGCGG
CGCCGCTGCTCGAGGGCGGCTTCTGGCAGGCGATCACCGTCTGCGCTLTT
GGTGCATTCATTTCGTGGATGCTCCGTGAGGTCGAAATTTCCCGCAAGCT
CGGAATTGGTTGGCACGTCCCGCTGGCCTTCTGCGTTCCGATCTTCATGT
TCTGCGTCCTGCAGGTTTTTCGCCCGCTGCTTCTTGGGTCGTGGGGTC
GCTTTCCCCTACGGCATCCTGAGCCATCTCGATTGGGTGAACAACTTCGG — PUFL429VIRF
GTATCAGTACCTTAACTIEGCACTATAACEEEEEACACATGTCGTCCGTTT  PUFL504VIRR
CGTTCCTGTTCGTGAACGCAATGGCGCTGGGTCTGCACGGTGGTCTGATT
CTGTCGGTCGCTAACCCGGGCGATGGCGACAAGGTCAAGACGGCAGAGCA
CGAGAACCAGTACTTCCGTGATGTCGTTGGCTATTCGATCGGCGCGCTEA
GCATTCACCGCCTGGGCCTCTTCCTCGCCTCGAATATCTTCCTGACAGGC
GCCTTTGGCACCATCGCTAGCGGTCCGTTCTGGACTCGCGGCTGGCQZGA
ATGGTGGGGCTGGTGGCTCGACATTCCGTTCTGGAGCTAAGGGGG?%AC PufM

PufA

PUFL104VIRR

PufL
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AATGGCTGACTATCAAACTATCTACACGCAGATTCAGGCCCGCGGCCCGC  PUFMA47VIRF
ATATCACTGTCTCCGGCGAGTGGGGCGACAACGATCGCGTCGGTAAGECC
TTCTATTCTTACTGGCTGGGCAAGATCGGTGACGCGCAGATCGGGCCGAT
CTATCTGGGTGCTTCGGGAATTGCGGCGTTCGCTTTCGGTTCGACCGC
TCCTGATCATCCTGTTCAACATGGCGGCCGAAGTTCACTTCGATCCTCT
CAGTTCTTCCGGCAGTTCTTCTGGCTCGGCCTTTATCCGCCGAAGGCG
GTACGGCATGGGCATCCCGCCGCTTCATGATGGCGGCTGGTGGCTTATEG
CCGGCCTGTTCATGACGCTGTCGCTCGGTTCCTGGTGGATCCGGGTGTAC
TCGCGGGCTCGTGCTCTCGGCCTCGGCACCCACATCGCGTGGAACTTCIGC
TGCGGCGATCTTCTTCGTGCTGTGTATTGGCTGCATCCATCCGACTCTG
TCGGCAGCTGGTCGGAAGGCGTTCCGTTCGGCATCTGGCCGCACATCG
TGGCTGACTGCGTTCTCGATCCGCTACGGCAACTTCTACTATTGCCCGT
GCACGGGTTCTCGATCGGCTTCGCCTATGGCTGCGGCCTGCTGTTCGCEG
CTCACGGCGCCACCATTCTGGCCGTTGCCCGGTTTGGCGGCGATCGCGAA
ATCGAGCAGATCACCGACCGCGGCACTGCGGTGGAGCGTGCGGCTCTGTT
CTGGCGCTGGACGATCGGCTTCAACGCCACGATCGAGTCTGTCCATCGET
GGGGCTGGTTCTTCTCGCTGATGGTGATGGTGTCTGCGAGCGTCGGTATC
CTTCTGACCGGCACGTTCGTCGACAACTGGTACCTCTGGTGTGTCAAGOA
TGGCGCTGCGOEEEACTATCEEEEHIATCTCCCCGCCACGCCTGATCCIG  PUFMVIRR
CCTCGCTGCCGGGAGCACCGAAATGAAACAGCTGATTGTTAATTCGGELG
CGACTGTCGCGCTGGCGTCTCTCGTGGCCGGTTGTTTCGAACCGCCGACG
GCTACCACGACCCAGACTGGTTTCCGCGGACTTTCGATGGGTGAGGTTET
TCACCCGGCGACCGTGAAAGCCAAGAAGGAACGTGACGCTCAGTATCCGC PUFCI138VIRF
CGGCTCTGGCCGCGGTGAAGGCGGAAGGCCCGCCCGTCTCGCAGGTCTAC
AAGAACGTCAAGGTGCTCGGGAATCTGACCGAGGCCGAGTTCCTGCGGAC
CATGACGGCGATCACGGAATGGGTGTCGCCTCAGGAAGGCTGCACGTACT
GCCACGACGAGAACAACCTCGCTTCCGAGGCCAAGTATCCGTACGTGGTG
GCGCGCCGCATGCTGGAAATGACGCGCGCTATCAACACCAACTGGACGCA PUFC390VIRF
GCACGTCGCCCAGACCGGTGTGACCTGCTACACCTGCCACCGTGGCACGC
CGCTCCCGCCGTACGTCCGGTACCTGGAGCCGACGCTGCCGCTGAACART
CGTGAGACGCCGACCCACGTCGAGCGGGTTGAGACCCGTTCGGGCTATET
CGTCCGCCTTGCGAAGTACACGGCCTACTCGGCTCTGAACTACGATCCGT
TCACGATGTTCCTCGCGAACGACAAGCGTCAGGTCCGTGTTGTGCCGCAG
ACGGCGCTTCCGCTGGTCGGCGTCAGCCGCGGCAAGGAACGTCGTCCGCT
GTCGGACGCCTACGCGACCTTCGCGCTGATGATGAGCATCTCTGACTCGC
TCGGCACCAACTGCACGTCTGCCATARCEEEEAGACCTTCGAGTCGTGG PUFC541VIRR
GGTAAGAAGAGCACGCCGCAGCGCGCCATTGCGTGGTGGGGCATTCGGAT
GGTTCGTGATCTGAACATGAACTATCTCGCTCCGCTGAACGCCTCGCTG
CGGCCAGCCGTCTTGGCCGCCAGGGTGAGGCTCCGCAGGCCGACTGCEGC
ACCTGCCACCAGGGTGTGACGAAGCCGCTGTTCGGTGCGTCCCGGCTGAA

GGATTATCCGGAGCTGGEEECCEATCARGEETEET GCGAAGTAA

PUFM478VIRF

PufM

PufC

VIRBFC

129



PuhA

GAATTCCCCGGCTAGACAGTTTTCTGCCCACGGAGGTTCTTATGTATCAC
GGCGCTCTCGCTCAACATTTAGACATCGCACAACTCGTATGGTACGCGCA
GTGGCTGGTCATCTGGACGGTTGTCCTGCTGTACCTCCGCCGTGAGGACC
GTCGCGAAGGCTACCCGCTGGTCGAGCCGCTTGGTCTCGTCAAGCTGGCG
CCGGAAGACGGCCAGGTCTACGAGCTGCCCTATCCCAAGACGTTCGTGCT
CCCGCACGGCGGCACCGTCACGGTTCCGCGTCGTCGTCCGGAAACCCGCG
AACTGAAGCTGGCGCAGACCGACGGCTTCGAAGGCGCCCCGCTGCAGCCG
ACCGGCAATCCGCTGGTCGACGCCGTCGGCCCGGCTTCGTATGCCGAGCG
TGCGGAAGTGGTCGACGCCACGGTTGACGGCAAGGCCAAGATCGTCCCGC
TGCGCGTTGCGACCGACTTCTCGATCGCGGAAGGCGACGTCGATCCGCGT
GGCCTGCCGGTGGTTGCCGCTGACGGCGTCGAGGCTGGTACGGTTACCGA
CCTCTGGGTCGACCGCTCGGAGCACTATTTCCGCTACCTCGAGCTCTCGG
TGGCCGGCAGCGCCCGCACCGCGCTGATCCCGCTCGGCTTCTGCGACGTC
AAGAAGGACAAGATCGTCGTGACGTCGATCCTGTCCGAGCAGTTCGCCAA
CGTGCCGCGTCTGCAGAGCCGCGACCAGATCACGCTGCGCGAAGAAGACA
AGGTGTCGGCCTACTACGCTGGCGGTCTGCTCTACGCGACGCCGGAGCGT

GCGGAATEGIIGE TG TGARGEACGATTTCGA
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Appendix 6 — Raw Sequencing Data of Primers

pufBvirF

CAGAGCTTTGCCGGCTTTGCTGCGTGAANTANNACGGCGTGGTIUGBUGEIAN C
CCTGNCCGCGTGGGATATGCGCGGTGACGGCCGCAAGGCCCGCGATTG GRITTHA
AATGGCTGACTTGAAACCGAGCCTGACAGGGTTGACGGAAGAAG G EITGARA
CGGGATCTTCGTGACCTCGACGGTTCTGTACCTCGCGACCGCCABALTBGTT
GGTGTGGACGGCTCGTCCGTGGATCGCTCCCATCCCGAAGGGCTGEEIANEG
CGTCCAGTCGGCGCTTTCGTATCTGGTCTGAGCGGGGAGGACTGATACKTGAA
TATCGCACTGCTTCCTGGAAGCTCTGGCTGATCCTGGATCCGCGCTEAIIGCT
CTGTTCGTCTACCTGACGGTCATCGCTCTGCTCATCCACTTCGGRGILICKIIAT
CGTCTGAACTGGTGGGAATTCCAGCGCGGCCTTCCGAAGGCGGGTEGECETT
CCGCCGGCTGTCGGCTGACCTGAAGCCCATTTTCGGGTGAATCGITGEBBETEAG
GCCTAATGTGGCTTTGCCCGCCACCCAAATTCAGGGGCGAGGTE&BBGGTEGC
TCAAGCGGAGGACAGAGCAATGGCACTGCTCAGCTTTGAGAGAAXETRIGCGG
GGGGACGCTGATCGGTGGGGAGACTTTGTTTCGATTTCTTGGGCTGREGEOET
CGGCTTCTTCGGAGTTTTCGGCAATCTTCTTCATTTTCTCGGCGTGABNTGGGG
CTACGCCGGGCGTCACACAAGGGCCCCAACCTGGAATCCCTTTGERZTATBAT
CCCGGCCCCGGAACCTTGGAAGGTTAACGGGGGCTCCGGCGCTERGTAECT
CGAAAGGGCCGGGNTTCTTGGCCAGGCANATCANCCGGCTTAGGGGTGCGITT
CACATTCCACGGGGATTCCCCGGAAGATCAAAATTCCCGCCGAGGUGIEIGASIGC
ACGTCCCCGTGCCTTTTGGCTCACACTTTTGTTTTNGNCTTCACGEINTBICTT
CTGCAGGGAGACT

PufLvirF

GCAACCCCCCNTAGCTTTGAGAGAAAGTATCGCCGTCCGGCGTTANIBEFTIAGG
TGGAGACTTGTTCGATTTTCTGGGTGGGGCCGTACTTTGTCGGCEBRGITTIGGG
CAATCTTCTTCATTTTCCTCGGCGTTAGTTTGATCGGCTACGCGGRAETE@BCCCA
CCTGGGATCCCTTCGCCATCAGCATCAATCCGCCCGACCTGAAGTNGGCETGG
CGCCGCTGCTCGAGGGCGGCTTCTGGCAGGCGATCACCGTCTCEBERIGTTGA
TTTCGTGGATGCTCCGTGAGGTCGAAATTTCCCGCAAGCTCGGABGRAGTGITCC
CGCTGGCCTTCTGCGTTCCGATCTTCATGTTCTGCGTTCTGCAGGLIOTECTGC
TTCTCGGTTCGTGGGGTCATGCGTTTCCCTACGGCATCCTGAGCRATEGGEGA
ACAACTTCGGGTATCAGTACCTTAACTGGCACTACAACCCGGGACSTATGITTT
CGTTCCTGTTTGTGAACGCGATGGCGCTGGGTCTGCACGGCGGTGTCAIET G
CCAACCCCGGCGATGGCGACAAGGTGAAGACGGCGGAACACGAHEAATCAI G
ACGTCGTCGGCTACTCGATCGGCGCGCTCAGCATTCACCGTCTAEGGTGBELT
CGAACATCTTCCTGACGGGCGCCTTTGGCACCATCGCTAGCGGCTREAITCECG
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GCTGGGCCGGAATGTTGGGGCTGGTTGGCTCGACATTTCCCGTEUIRNGAN®SEG
GCGCACAATGGCTGATTATTCAAACTTATCTAACACGCAGATTCAGGCCGGCAT
ATCCACTTGTCTTCCGCGAATTGGGGGCAACAACAATTGNANTCPRAGGTIATC
TATTTTAAACTGGGCTGGGACAAAACTCGGGTGAAACGCCCAAATRSIOBGACTC
TAANCNGGGGNNACTACCGGGAAACTCCCGGGTTTGCCNTTGGGGHGBBCAT
GAACAATCCGGTTCNAAANTTGGCCAAGATCCTTAGCACCCGTNGNTANKTT
GGTGCTCTCACCCCAGGAGGCGGAGAGTGGTGGACACCCCCCTRGGSATNGN
GANCGTTACACACACTTACGNCAGAGAGNGCGACGGGAGAAAGENIBAAGGT

pufL104virR

AAGCGACAAGTACGGCCCNCCCAGGATTAGAACAAGTCTCCACCEATTAGTCT
GCGGACGCGATACTTTCTCTCAAAGCTGAGCAGTGCCATTGCTCTGTITHEBGG
GGCGTTGCCAGCGCCACCTCGCCCCTGAATTTGGGTGGCGGGCUNPMEIEIACT
CGCCCACCACCCGACCATTCACCCGAAAATGGGCTTCAGGTCAGIITEENIAGAA
CGACCACGAGCGACGCCGCCTTCGGAAGGCCGCGCTGGAATT CIEIMEAIZACGAT
CGGTGCTGAGCAGACCGAAGTGGATGAGCAGAGCGATGACCGTCBSATAGAG
CGGTCAGAACGCGGCGCGGATCCAGGATCAGCCAGAGCTTCCABEBZ2ASAG
CGGTAGCCATGTGTCAGTCCTCCCCGCTCAGACCAGATACGAAAGITEREXTIECC
TTCCAGATTCACCCAGCCCTTCGGGATGGGAGCGATCCACGGATWENGBCGAG
GTAGTGAACGATCACGGCGGTCGCGAGGTACAGAACCGTCGAGGATBCCBAG
GAACTCCTTCGCCTCTTCTTCCGTCAACCCTGTCAGGCTCGGTTRGRCATTT
GATACCCTCATCAATGCGGGCCTTGGCGGCCGTCACCGCGCATATHEIAEGEGA
TCGACGTGGCCGAAACCACGCCGAACTCTTCACCCAGCAAAGCGG

pufL504virR

CAGTTAGGTACTGATACCGACAGTTGGTCGNTTCTAATCGAGAATEEXTBXCGT
AGGGAAACGCATGACCCCACGAACCGAGAAGCAGCGGGCGAAAAACCHBGBSGAAC
AACATGAAGATCGGAACGCAGAAGGCCAGCGGGACGTGCCAACBRBATTCCGG
GAAATTTCGACCTCACGGAGCATCCACGAAATGAACGCACCAAGACGGAGSTC
GCCTGCCAGAAGCCGCCCTCGAGCAGCGGCGCCGCGCCGAGCAGGTAGEIEL
GGGATTGATGCTGATGGCGAAGGGATCCCAGGTGGGCCCTTGTGABGCCGAT
CAAACTAACGCCGAGGAAAATGAAGAAGATTGCCGAAACTCCGABGBASAETA
CGGCCCCACCCAGAAATCGAACAAGTCTCCACCGATCAGCGT CERATIIHTREXT A
CTTTCTCTCAAAGCTGAGCAGTGCCATTESMEBCTCAGGATGCCGTAGGGAAACGC
ATGACCCCACGAACCGAGAAGCAGCGGGCGAAAAACCTGCAGAEBBTBGASBAT
CGGAACGCAGAAGGCCAGCGGGACGTGCCAACCAATTCCGAGCAAGIEGALA
CTCACGGAGCATCCACGAAATGAACGCACCAAGAGCGCAGACGGTGATAGBA
GCCGCCCTCGAGCAGCGGCGCCGCGCCGAGCCCGTACTTCAGGIGGETEG
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TGATGGCGAAGGGATCCCAGGTGGGCCCTTGTGACGCCGCGTASITIANIIZC
CGAGGAAAATGAAGAAGATTGCCGAAACTCCGAAGAAGCCGACAZ2GGIBACCC
AGAAATCGAACAAGTCTCCACCGATCAGCGTCCCCCCGCGGACATGATACAA
AGCTGAGCAGTGCCAT

pufL429virF

ATCTGAGCATCTCGATTGGGTCACAGTTTAAGTATCAGTACCTTAACTSGEACC
TCGGGACACATGTCGTCCGTTTCGTTCCTGTTTGTGAACGCGATGGIGTEGAC
GGCGGTCTCATCCTGTCGGTTGCCAACCCCGGCGATGGCGACAAGGEGRGAA
CACGAGAACCAGTACTTCCGTGACGTCGTCGGCTACTCGATCGGEEZGTTBC
CGTCTGGGCCTGTTCCTGGCGTCGAACATCTTCCTGACGGGCGRALCTGATGELC
TAGCGGTCCGTTCTGGACCCGCGGCTGGCCGGAATGGTGGGGCWEALIATGCT
GTTCTGGAGCTAAGGGGGCGCACAATGGCTGATTATCAAACTATCASBATCAG
GCCCGCGGCCCGCATATCACTGTCTCCGGCGAGTGGGGCGACANIIE?T /NG
CCCTTCTATTCTTACTGGCTGGGCAAGATCGGTGACGCGCAGATRABGRICEG
GGTGCTTCGGGAATCGCGGCGTTCGCCTTCHINIBBTGATCCTGATCATCGGGTT
CAACATGCTGGCCGAAGTCCACTTCGACCCGCTGCAGTTCTTCCGLMN&GECT
CGGCCTCTACCCGCCGAAGGCGCAGTACGGCATGGGCATCCCOIIGHEHTBG
CTGGTGGCTTATGGCCGGCCTGTTCATGACGCTGTCGCTTGGCTEATBEIGGG
TGTACFCGSCGGGCCCGTGCCTCTCGGGCCTTTGGGTTACCCAACATCGCGTGGAAACT
TCGCTTGGCGGGATCTTCTTTCGTGCTGTGCATCGGGTTGCCTCCATITGTCG
GGANGCTGGGTCAGGAANGGGTNCCGTC

pufM47virF

AGTGGGCGACACGATCGCATCGCCTAGCGCCTTCNNATTCTTACGGCSATSIECG
GTGATCGCGCAGATCGGGCCGATCTATCTGGGTGCTTCGGGAATTGGGGTIXZ
GGCGCGACCGCGATCCTGATCATCGGGTTCAACATGCTGGCCGARGEBCACG
CTGCAGTTCTTCCGCCAGTTCTTCTGGCTCGGCCTCTACCCGCCCAGTATESC
ATGGGCATCCCGCCGCTTCATGATGGCGGCTGGTGGCTTATGGCTCALRATGS
CTGTCGCTTGGCTCCTGGTGGATCCGGGTGTACTCGCGGGCCCGBECTTTGT
ACCCACATCGCGTGGAACTTCGCTGCGGCGATCTTCTTCGTGCTGGEEOATATC
CATCCGGCGCTTGTCGGCAGCTGGTCGGAAGGCGTTCCGTTCGGCAUABAGC
GACTGGCTGACCGCGTTCTCGATCCGCTACGGCAACTTCTACTATEGCBCGGG
TTCTCGATCGGCTTCGCCTACGGCTGCGGCCTTTTGTTCGCGGOICABGCGATC
CTGGCCGTCGCTCGGTTTGGCGGCGATCGCGAAATCGAGCAGATCAGGEMACC
GCGGTGGAGCGTGCGGCTCTGTTCTGGCGCTGGACGATCGGCTACBATGEAG
TCTGTCCATCGCTGGGGCTGGTTCTTCTCGCTGATGGTGATGGTSECBECGGT
ATTCTTCTGACCGGCACCTTCGTCGGACAACTGGTAACCTCTGGAGUATGAHGC
GCTGCGCCGGGACTATCCGGGCTTAATCTCCCCCGCCACGGCCHBGATCCTGC
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CGGAT

T7 primer for pufC fragment

CGATGGGCCGACGTCGCATGCTCCCGGCCGCATGGCGGCGCCHETAMOTIEAT
CAGCAGCCTTGATCGGGCCCAGCTCCGGATAATCCTGGAGACGGGABGRBCG
GCTTCGTCACACCCTGGTGGCAGGTGCGGCAGTCGGCCTGCGRAGILEHICBGC
CAAGACGGCTGGCCGGCAGCACGGTGTTCAGCGGAGCGAGATAEATIANIGAC
GAACCATCCGAATGCCCCACCAAGCGATGGCGCGCTGCGGCGCTEITITATGG
TCTCGAACGACTGCGCGTTATGGCAGAACGTGCAGTTGGTTCCEABEAEMITGC
TCATCATCAGCGCGAAGGTCGCATAGGCGTCCGACAGCGGGCGAGGTECGIEC
TGACGCCGACAAGCGGGAGCGCCGTCTGCGGCACCACACGGAJGIERIGCE
CGAGGAACATCGTGAACGGATCGTAGTTCAGAGCCGAGTAGGCCGTEBRGIGC
GGACGACGTAGCCCGAACGGGTCTCAACCCGCTCGACGTGGGTCEBEAITGIT
TCAGGGGCAGCGTCGGCTCCAGGTACCGGACGTACGGCGGGAGCGGIGEEA
GGGTTGTAAGCCAGGGTCCACACCCGGGTCTGGGCCGAACGTCOISGAITITIE
GGTGTTTGATCGGCAACGCCGTTCATCCTCGNAGGCATTGCGGAMXEARGBC
CGTTACGGGGTACTTGGGCCTCTTGAAGGCGAAGGTTTGTTCCTATGGECAAG
TACGTTGCAAGCCTTTCCTCCGGGGNAACCCCAATTTCCGGTATBIGCBNGGG
TCCCGAAGGGAACANTCGGCNTCGGGTCAGANTTTCCGAGAGCCACCT

SP6 primer for pufC fragment (end part)

GATTCATGCTATCNTTCCAACTGCGTTGGGAGCTCTCCCATATGEBIMIEL GG
CCGCGAATTCACTAGTGATTACCGTGAAAGCCAAGAAGGAGCGTEATTUGEGC
CGGCGCTGCCGGCGGTGAAGGCGGAAGGCCCGCCGGTGTCGCAGSATTACA
AGGTGCTCGGAAATCTGACCGAGGCCGAGTTCCTGCGGACCATGEBGGGBAT
GGGTGTCGCCGGAGGAAGGCTGCACGTACTGCCACGACGAGAATAAIICIATES
CCAAGTACCCGTACGTGGTGGCGCGTCGCATGCTCGAGATGACGECEAGATGRA
ACTGGACGCAGCACGTCGCCCAGACCGGTGTGACCTGCTACACGTGGCACGC
CGCTCCCGCCGTACGTCCGGTACCTGGAGCCGACGCTGCCCCTGABABATGC
CGACCCACGTCGAGCGGGTTGAGACCCGTTCGGGCTACGTCGTCGSAGTAGA
CGGCCTACTCGGCTCTGAACTACGATCCGTTCACGATGTTCCTCACSABCGTC
AGGTCCGTGTGGTGCCGCAGGACGGCGCTCCCGCTTGTCGGCEIGBSARGAA
CGTCGCCCGCTGTCGGACGCCTATGCGACCTTCGCCGCTGATGATGAGBEBTC
GCTCGGGAACCAACTGCAACGTTCTGCCATAACGCGCAGGTCCTWGAERFBGT
TAAAGAAAGAGCACACGCCGAAATCGCGCCATCGCTTGGGTCCEEBAMATEETT
CGTGGACATTGAACATTAAGCTTATCTCTCCGNTTCAGTGAACACCERBIGECCA
NACGTCTTTGGGCCGCAGGTGAAGGCTCCGGAAGCGATTGACGGCACNCTT

T7 primer for puhA fragment
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CAATGGGCCGACGTCGCATGCTCCCGGCCTGCATGGCGGCGCATGHSITIBRS
ACAGTTTTCTGCCCACGGAGGTTCTTATGTATCACGGCGCTCTCATTTABBCA
TCGCCCAACTCGTATGGTACGCGCAGTGGCTGGTCATCTGGACAGUIGIACC
TCCGCCGTGAGGACCGTCGCGAAGGCTACCCGCTGGTCGAG CCraGTITHAAEL
TGGCGCCGGAAGACGGCCAGGTCTACGAGCTGCCCTATCCCAABBCTITCGC
ACGGCGGCACCGTCACCGTTCCGCGTCGTCGTCCCGAGACCCNBEAKIITGAC
AGACCGACGGCTTCGAGGGCGCCCCGCTGCAGCCGACCGGCAATT ARG
TTGGCCCGGCTTCGTATGCCGAGCGCGCGGAAGTGGTCGACCURZE@GGAAGG
CCAAGATCGTCCCGCTTCGTGTTGCGACCGACTTCTCGATCGCGE2ABLEIXTC
CGCGTGGCCTGCCGGTGGTTGCCGCCGACGGCGTCGAAGCCGGTRAEGTTA
GGGTCGACCGCTCGGAGCACTATTTCCGCTACCTCGAGCTCT CGRIIARRRIRITLC
GCACCGCGCTGATCCCGCTTCGGCTTCTGCGAATGTCCANANGAEGAGTEC
GTGACGTCGATCTGTCCGGATCAAGTTCGCCAACGNTGCCGCCTRIGERAGAAC
CAGNATCACGCTGGCCGAAGAANACAAGGTGTCGGCCTATTAAGGIGATGAAL
AGAAGCCGAAACCTGNGGAAGCCGTGTT

SP6 primer for puhA fragment

AATCTAAGCTATGCATCCAACGCGCTTGGGAGCNTTTACCCATATEEI BIMSGC
GGCCGCGAATTCACTAGTGATTCGTCGTTCACAGCAACGCTTCCGCBGGGTCG
CGTAGAGCAGACCGCCCGCGTAGTAGGCCGACACCTTGTCTTCTHUGREFTAT
GGTCGCGGCTCTGCAGACGCGGCACGTTGGCGAACTGATCGCAUAGEMUTEA
CGATCTTGTCCTTCTTGACATCGCAGAAGCCGAGCGGGATCAGOEEGGEGHGC
CGGCCACCGAGAGCTCGAGGTAGCGGAAATAGTGCTCCGAGCEHEIAGATOEG
TAACCGTACCGGCTTCGACGCCGTCGGCGGCAACCACCGGCAGGRTIANEAITIE
CGCCTTCCGCGATCGAGAAGTCGGTCGCAACACGAAGCGGGACGABTOITGGT
CAACCGTGGCGTCGACCACTTCCGCGCGCTCGGCATACGAAGCCGGGGTBEA
CCAGCGGATTGCCGGTCGGCTGCAGCGGGGCGCCCTCGAAGCGEBIIRIAERIT
TCAGCTCGCGGGTCTCGGGACGACGACGCGGAACGGTGACGG TEAIHHEATRTA
CGAACGTCTTGGGATAGGGCAGCTCGTAGACCTGGCCCGTCTTW2AGBCEDG
ACGAGACCAAGCCGGCTCGACCAGCGGGTAGCCCTTCGGACNAGAIEIEITRFGA
AGGTACAGCAGGACAACCCGTCCAGATGACCAGGCACATCTGGBABTAGATITG
GCAGATGTCTAAATNNTTAGATAAAGCGCNGGATACATAAAACCTBICRIAARNAT
TGTTT
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Appendix 7 — Amino acids translation for the new sguence

PufB: 210 nucleotides
Translation in forward direction:

DNA: atggctgacttgaaaccgagcctgacagggttgacggaagaagag
AA: M. A.D.L.K.P.S.L.T.G.L.T.E..E..E.

DNA: ttcgtgacctcgacggttctgtacctcgcgaccgecgtgatcgtt
AA: F.V.T.S.T.V.L.Y.LA.T.A.V.L.V.

DNA: cgtccgtggatcgctcccatcccgaagggcetgggtgaatctggaa
AA: R.P.W.ILA.P.ILP.K.G.W.V.N..L.E.

DNA: tatctggtctga
AA: Y.L.V.*
PufA: 210 nucleotides

Translation in forward direction:

DNA: atggctaccgaatatcgcactgcttcctggaagctctggctgatc
AA: M.A.T.E.Y.R.T.A.S.W..K.L.W..L..I

DNA: accgctctgttcgtctacctgacggtcatcgctctgctcatccac
AA: T.AL.F.V.Y.L.T.V.ILA.L.L.ILH.

DNA: cgtctgaactggtgggaattccagcgcggccttccgaaggeggeg
AA: R.L.N.W.W.E..F.Q.R.G..L.P.K.A.A.

DNA: gctgtcggctga
AA: A V..G..x

PufL : 825 nucleotides
Translation in forward direction:

DNA: atggcactgctcagctttgagagaaagtatcgcgtccgcgggggg
AA: M.A.L.L.S.F.E.R.K.Y.R.V.R..G..G.

DNA: ttcgatttctgggtggggccgtactttgtcggcttcticggagtt
AA: F.D.F.W.V.G..P..Y..F.V..G..F..F..G..V.

DNA: ctcggcgttagtttgatcggctacgcggcgtcacaagggceccacc
AA: L.G.V.S.L.I.G.Y.A A.S.Q.G..P..T.

DNA: atcaatccgcccgacctgaagtacgggctcggegeggegecgcetg
AA: (I.N..P..P..D..L.K.Y..G..L.G..A.A.P..L.

DNA: gcgatcaccgtctgcgctcttggtgcegttcatttcgtggatgcetc
AA: A.LT.V.C.A.L.G.A.F.I.S.W.M..L.
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gcgaaggagttccacgggatc
ALKLE..F.H..G..l.

cactacctggtgtggacggct
HUOY.LLLV.W.T. A

ggcgtccagtcggcegctttcg
.G.V..Q..S.A..L.S.

ctggatccgegecgcegttetg
.L.D..P.R.R.V..L.

ttcggtctgctcagcaccgat
.F..G..L.L.S..T..D.

tcgetegtggtegttcegeeg
S.L.V.V.V.P..P.

acgctgatcggtggagacttg
.T.L..I.G..G..D..L.

tcggcaatcttcttcattttc
S.CALLFLFLLEF.

tgggatcccttcgecatcage
W..D..P.F..A..l..S.

ctcgagggceggcttctggeag
.L.E..G..G..F.W..Q.

cgtgaggtcgaaatttcccge
.R..E..V..E..I.S..R.



DNA: aagctcggaattggttggcacgtcccgctggcecttctgegticcg
AA: K.L.G.I.LG.W.H.V..P.L.A.F..C.V..P.

DNA: caggtttttcgcccgcetgcttctcggttcgtggggtcatgegtit
AA: Q.V.F.R.P.L.L.L.G..S.W..G..H.A..F.

DNA: ctcgattgggtgaacaacttcgggtatcagtaccttaactggcac
AA: L.D.W.V.N.N..F.G..Y..Q..Y..L.N..W..H.

DNA: tccgtttcgttectgtttgtgaacgcgatggcgcetgggtctgcac
AA: S.V.S.F.L.F.V.N.A.M.AL.G..L.H.

DNA: gccaaccccggcgatggcgacaaggtgaagacggcggaacacgag
AA: .A.N..P.G..D..G..D.K.V.K.T..A..E..H..E.

DNA: gtcggctactcgatcggegcegctcagcattcaccgtetgggectg
AA: V.G..Y.S..I.LG.A.L.S..I.LH..R..L..G..L.

DNA: ctgacgggcgcctttggcaccatcgctageggtccgttctggacc
AA: L.T.G.A.F.G.T.ILA.S.G..P..F.W.T.

DNA: ggctggtggctcgacattccgtictggagctaa
AA: .G.W.W.L.D.l.P..F.W..S..*.

PufM: 975 nucleotides
Translation in forward direction:

DNA: atggctgattatcaaactatctacacgcagattcaggcccgeggce
AA: M.A.D.Y.Q.T..L.Y.T.Q.Il.Q..A.R..G.

DNA: gagtggggcgacaacgatcgcatcggtaagcccttctattcttac
AA: E.W.G.D.N.D.R.I.G..K.P..F..Y..S..Y.

DNA: gcgcagatcgggccgatctatctgggtgcticgggaatcgcggceg
AA: A.Q.I.G..P.LLY.L.G.A.S..G..ILA A

DNA: atcctgatcatcgggttcaacatgctggccgaagtccacttcgac
AA: I.L.I.I.G..F.N.M..L.A..E..V..H..F..D.

DNA: ttcttctggctcggcectctacccgeccgaaggcgcagtacggcatg
AA: F.F.W.L.G.L.Y.P.P.K.A.Q..Y..G..M.

DNA: ggcggctggtggcttatggccggcectgttcatgacgctgtcgctt
AA: .G.G.W.W..L.M..A.G..L.F.M..T..L.S..L.

DNA: tactcgcgggcccgtgctctcggecttggtacccacatcgegtgg
AA: Y.S.R.A.R.A.L.G.L.G.T.H.lLA.W.

DNA: ttcgtgctgtgcatcggttgcatccatccggcegcettgtcggcage
AA: F.V.L.C.I.G..C.I.L.H..P..A..L.V..G..S.

DNA: ggcatctggccgcacatcgactggctgaccgcgttctcgatccge
AA: G.ILW.P.H.I.LD.W.L.T.A..F.S..I.LR.
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atcttcatgttctgcgttctg
J.F.M..F..C.V..L.

ccctacggcatcctgagcecat
P.Y..G..I.L.S..H.

tacaacccgggacacatgtcg
Y.N..P..G..H.M..S.

ggcggtctcatectgtcggtt
.G..G..L..l.L.S..V.

aaccagtacttccgtgacgtc
.N..Q..Y..F..R..D..V.

ttcctggcgtcgaacatctte
F..L.A..S..N..I.F.

cgcggctggecggaatgttgg
R.G.W..P.E.W..W.

ccgcatatcactgtctccgge
P.H.ILT.V.S.G.

tggctgggcaagatcggtgac
W..L..G..K..I.G..D.

ttcgecttcggegegaccgeg
F.A.F.G.A.T.A.

ccgctgcagttcttccgecag
P.L.Q.F.F.R..Q.

ggcatcccgccgcttcatgat
.G..I..P..P..L.H..D.

ggctcctggtggatcecgggtg
.G.S.W.W..Il.R..V.

aacttcgctgcggegatette
N..F.ALAA.IL.F.

tggtcggaaggcgttcegttc
W..S..E..G..V..P..F.

tacggcaacttctactattgc
Y..G.N..F.Y..Y..C.



DNA:

AA

DNA:

AA
DNA
AA:

DNA:

AA

DNA
AA

DNA:

AA

PufC

ccgtggcacgggttctcgatcggcttcgectacggetgeggectt
P.W.H.G..F.S..I.G..F.A..Y..G..C..G..L.

accatcctggccgtegcteggtttggcggegatcgegaaatcgag
T.L.LLA.V.A.R.F.G..G..D..R..E..l..E.

. gcggtggagegtgeggctetgttctggegetggacgateggctte
ALV.E.R.A.A.L.FW.R.W.T.I.G..F.

catcgctggggctggttettctcgctgatggtgatggtgtetgeg
H.R.W.G.W..F..F.S..L.M..V.M..V..S..A.

. ggcaccttcgtcgacaactggtacctctggtgtgtcaagcatgge
.G. T..F.V.D.N.W..Y..L.W..C.V..K.H..G.

tatctcccecgecacgcctgatcctgectegetgecgggageaccg
.Y.L.P.A.T.P.D.P.A.S.L.P.G.A.P.

: 1071 nucleotides

Translation in forward direction:

DNA:

AA

DNA:

AA:

DNA:

AA:

DNA:

AA:

DNA:

AA

DNA:

AA

DNA:

AA

DNA:

AA

DNA:

AA:

DNA:

AA:

DNA:

AA:

atgaaacagctgattgttaattcggttgcgactgtcgcgctggeg
.M..K..Q..L.I.LV..N..S.V.A.T.V.A..L.A.

gagccgccgecggegaccacgacccagactggtttccgegggctg
E.P.P.PATITIT.Q.T.G.F.R.G.L.
P.AT.V.K.A K.K.E.R.D.A.Q..Y..P.

gcggaaggcccgecggtgtcgcaggtctacaagaacgtcaaggtg
ALE..G..P.P.V.S.Q..V..Y.K.N..V..K..V.

gagttcctgcggaccatgacggcgatgacggaatgggtgtcgecg
.E.F.LLR.T.M.T.A.M..T..E.W..\V.S..P.

cacgacgagaacaacctcgcttcagaggccaagtacccgtacgtg
H.D..E.N..N..L..A.S..E.A.K.Y..P..Y..V.

atgacgcgtgcgatcaacaccaactggacgcagcacgtcgcccag
M. T.R.ALLN.T.N.W..T..Q..H..V..A..Q.

tgccaccgtggcacgccgctecccgecgtacgteecggtacctggag
.C.H.R.G..T.P..L.P.P.Y.V.R..Y..L.E.

cgtgagacgccgacccacgtcgagegggttgagacccgttcggge
R.E.T.P.T.H.V.E.R.V..E.T..R..S..G.

tacacggcctactcggctctgaactacgatccgttcacgatgttc
Y. T.A.Y.S.. A.L.N..Y..D.P.F.T.M..F.

gtccgtgtggtgccgecagacggcegcteccgcttgtcggegtcage
V.R.V.V..P.Q.T.A.L.P..L.V.G..V..S.
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ccggcgaccgtgaaagccaagaaggagcegtgacgegeagtateeg

ttgttcgcggctcacggtgeg
.L.F.ALA.H.G.A

cagatcaccgaccgcggcacc
.Q.I.T.D.R..G..T.
aacgccacgatcgagtctgtc
N.A.T.ILE..S..V.

agcgtcggtattcttctgacc
S.V..G..IlL.L.L.T.

gctgcgecggactatceggcet
ALAP.D.Y..P.A.

aaatga
K-

tctctegtggecggttgttte
.S..L.V.A..G..C..F.

tcgatgggtgaggticttcac
S.M..G..E..V..L.H.

ccggcgcetgecggeggtgaag
P.AL.P.A.V.K

ctcggaaatctgaccgaggec
.L..G..N..L.T..E..A.

gaggaaggctgcacgtactge
.E..E.G..C..T..Y..C.

gtggcgcgtcgceatgctcgag
V. A.R.R.M..L..E.

accggtgtgacctgctacacc
T.G.V.T..C.Y..T.

ccgacgctgcccctgaacaat
P.T..L.P..L..N..N.

tacgtcgtccgectcgegaag
Y.V.V.R..L.A.K.

ctcgcgaacgacaagcgtcag
.L.A..N..D..K..R..Q.

cgcggcaaggaacgtcgeccg
.R..G.K..E..R..R..P.



DNA: ctgtcggacgcctatgcgaccttcgcgctgatgatgagcatctct
AA: L.S.D.A.Y.A.T.F.A.L.M.M..S..I.S.

DNA: acgttctgccataacgcgcagtcgticgagacctggggtaagaag
AA: .T.F.C.H.N.A.Q..S..F.E.T.W..G..K.K.

DNA: gcttggtggggcattcggatggttcgtgacatgaacatgaactat
AA: AW.W.G.IL.R.M..V.R..D.M..N..M..N..Y.

DNA: ctgccggcecagecgtettggccgecagggtgaggctccgcaggcec
AA: L.P.A.S.R.L.G..R.Q..G..E.A..P..Q. A

DNA: ggtgtgacgaagccgctgttcggtgcgtcccgtctccaggattat
AA: .G.V.T.K.P.L.F.G.A.S..R..L.Q..D..Y.

DNA: gctgctgcgaagtaa
AA: ALALALKLE
PuhA: 777 nucleotides

Translation in forward direction:

DNA: atgtatcacggcgctctcgctcaacatttagacatcgcccaactc
AA: M.Y.H.G.A.L.A.Q..H..L.D..I.A..Q..L.

DNA: gtcatctggacggttgtcctgctgtacctccgecgtgaggaccgt
AA: V.L.W.T.V.V.L.L.Y.L.R.R.E.D..R.

DNA: gagccgcttggtctcgtcaagctggecgecggaagacggcecaggte
AA: E.P.L.G.L.V.K.L.A..P..E..D..G..Q..V.

DNA: acgttcgtgctcccgcacggcggceaccgtcaccgttccgegtegt
AA: T.F.V.L.P.H.G.G.T.V.T.V..P.R.R.

DNA: aagctcgcgcagaccgacggcttcgagggcegecccgetgcagecg
AA: K.L.A.Q.T.D..G..F..E..G..A.P..L.Q..P.

DNA: gccgttggcccggcttcgtatgccgagecgcecgeggaagtggtcgac
AA: A.V.G.P.A.S.Y.A.E.R.A.E..V..V.D.

DNA: aagatcgtcccgcttcgtgttgcgaccgacttctcgatcgcggaa
AA: K.ILLV.P.L.R.V.A.T.D..F..S..lLA..E.

DNA: ctgccggtggttgccgecgacggcegtcgaagcecggtacggttace
AA: L.P.V.V.A.A.D.G.V.E.A.G..T.V..T.

DNA: gagcactatttccgctacctcgagctctcggtggccggecagegcec
AA: E.H.Y.F.R.Y.L.E.L.S.V.A.G..S. A

DNA: ggcttctgcgatgtcaagaaggacaagatcgtcgtgacgtcgatc
AA: .G.F..C.D..V.K.K.D..K.I.V..V..T..S..I

DNA: gtgccgegtctgcagagecgegaccagatcacgctgcgcgaagaa
AA: V.P.R.L.Q.S..R.D..Q..I..T..L.R..E..E.
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gactcgctcggaaccaactgc
.D..S..L.G..T..N..C.

agcacgccgcagcgegecatc
S.T.P.Q.R.A.L

ctcgceteecgetgaacaccgtg
.L.A..P.L.N..T..V.
gactgccgcacctgccaccag
.D..C.R.T..C..H..Q.

ccggagctgggeccgatcaag
.P..LE..L.G..P.I.K.

gtatggtacgcgcagtggctg
V.W..Y.A.Q.W..L.

cgcgaaggctaccegetggte
.R.E..G..Y..P..L..V.

tacgagctgccctatcccaag
Y.E.L.P..Y..P.K.

cgtcccgagacccgegagctg
.R.P.E.T.R..E..L.

accggcaatccgetggtcgac
.T.G..N..P..L..V..D.

gccacggttgacggcaaggcec
ALT.V.D..G..K..A.

ggcgacgtcgatccgegtgge
.G..D..V.D..P..R..G.

gacctctgggtcgaccgceteg
.D..L.W..V.D..R..S.

cgcaccgcegctgatceegcte
R.T.A.L.ILP..L.

ctgtccgatcagttcgccaac
.L..S..D..Q..F..A..N.

gacaaggtgtcggcctactac
.D..K.V.S.ALYLY.



DNA: gcgggcggtctgctctacgcgacgccggagegtgcggaagcegtty ctgtga
AA: A.G.G.L.L.Y.A.T.P.E.R.A.E.A L. L.
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