STRUCTURE AND FUNCTION OF CYTOCHROME
c550 OF SYNECHOCYSTIS sp. PCC6803:
FACTORS CONTROLLING

REDOX POTENTIAL

By
HAEATHER L. ANDREWS
Bachelor of Science
Missouri Southern State University
Joplin, Missouri

2000

Submitted to the Faculty of the
Graduate College of the
Oklahoma State University
in partial fulfillment of
the requirement for
the Degree of
MASTER OF SCIENCE
December, 2003



STRUCTURE AND FUNCTION OF CYTOCHROME
¢550 OF SYNECHOCYSTIS sp. PCC6803:
FACTORS CONTROLLING

REDOX POTENTIAL

Thesis A d: -
esis pprt;y&» 7

0y
o 7%
,//

7
L~

/w/

/,,,5 Ve

s M'
Dea)f of the Graduate CT)llege



ACKNOWLEDGMENTS

I wish to express my sincere appreciation to my major advisor, Dr. Robert
Burnap, for his constructive guidance and input, encouragement, and for instilling
confidence in me to conduct my research. My sincere appreciation also extends to Dr.
Xhaolang Li for working by my side throughout my project as a mentor and educator. |
am in debt to him for being extremely patient and for providing extra guidance with
every aspect of my project whenever I needed it. My appreciation extends to my other
committee members, Dr. Robert Miller, and Dr. Jeffery Hadwiger, whose time, advice
and assistance were also invaluable. My appreciation extends to Dr. Mario Rivera who
was our collaborator, for dedicating hts time, expertise, and excellent guidance to my
project. 1also want to thank Dr. Rivera and his lab members for allowing me to use their
lab, while making it one of the most pleasurable working experiences. My thanks goes to
Adriana Altuve, Gregon Caignan, and Christopher Damaso, as all of your friendships and
assistance were greatly appreciated.

A special thanks is due to my colleagues and friends in Dr. Bumap’s lab: Dr.
Hong-Liang Wang, Bradley Postier, Jessica Klahn and Lori Impson for not only their
help in my research, but for creating an enjoyable and pleasant work environment.

I would also like to give a very special thanks to my parents and brother Adam

who have always been there for me under any circumstances and who have always



managed to keep me on track and help me to not lose site of my goals and dreams. I also
want to thank Ira Bumett who has been with me throughout my graduate experience for
being patient, kind and loving towards me. Your companionship has been essential in me
making it through this process. Lastly, I extend my appreciation to all of my other family
and friends. A person could not ask for a group of more supportive and loving

individuals, and I feel blessed to be surrounded by them,

v



TABLE OF CONTENTS

Chapter Page
1. GENERAL INTRODUICTIOM s 55 505 unvuommn s 55 5% 50w 52 5 8 5550 v 2 550008 5§ 5% aon wonem » 0 55 5608 565 5 2 § 506088 1
2. LITERATURE REVIEW . e e e e e e 3
PAOLOSYSIEm IL.. ..o o e e e e 4
Synechocytsis sp. PCUG8B03. . ... i s e i e 7
CVIOCHIOTE 350 . . ... .. ssenenns s s semnn e 5n s movairin s n 5 moncsst 5 5 5 25 m 5 cocimmnn o o 0 538 50606 § WA 8
Experimental background.................coooiiioii i e 12
Redox properties of cytochromes. .................... .o 16
Comparisons of c-type CYIOCRYrOMES . ..o i e e, 18
Selection of mutation targer SIes..................co.iiiiiiiii e, 25
3 OBIECTINVES . oo thssi .t 1555 omssion s 5555 ook £5 238 ammo » 55 o s son « 58 ¥ oo = o2 amossn b 5 #1088 3 Srmrnar 28
4 MATERIALS AND METHODS ... e e e, 29
Construction of pETCS50 plasmid Vector. ... ....vvviiiiieivenns oo e e 29
Mutagenic primer deSign...........ooiiii 31
Site-directed mutagenesis using polymerase chatn reaction (PCR)............... 32
Transformation of mutant PCR products into Epicurian Coli
XI.-1 Blue Supercompetent Cells............ooiiii i i e 35
Mini-plasmid preparations. ... ... ..o e 35
Restriction Enzyme DigestS. ... it e e e e e e 36
Transformation into BL-21 (DE3) E.coli containing pECR6.. ..................... 37
The over-expression of pETCS550 in BL-21 (DE3) £.coli with
PECEG. . 37
Periplasmic fraction preparation.........co..ccoveeiiiioiiaiiiiviis e i vee.. 38
Crude extract proteinl preparatlonl. ... ... ...veieieeom et e e e e e e, 39
Column chromatography protein purification....................oocoe .. .o, 39
SDS-page gel analysis.. ... 40
P ST O B POE ETTHS I W o 55155 ¢ s s 15 555 Ko 5 & HP0NR & %8 om0 5.5 05 S0KS5 £ 5 K wam . mrsons 40
5. EXPRESSION AND PURIFICATION OF CYT. €550.. ... cooeiiiii . 43
TS TG BB e s 5 5 2 5 somscmes 563 & 6 5 5 SOMORNLID 5 5 6 5 WSOSEA0 & 5 45 NEOHOHTH ¥ 0§ HASRS o G BOEOR 5 9 X3 5§ K55 m m s mem s o 43
PMIULAGETIISIS - oo i e e 44
Qver-expression of cyt. ¢550 using a binary plasmid system Iin E.cofi.......... 48



OptimiZALION Of BXPressiON ... oo i ot i it e ear s ens e 49
T o 17 L8 L) D 38
6. REDOX PROPERTIES OF CYTOCHROME ¢550 AND MUTANTS....coovvin. .. 64
IDrOAUCUION. .o et 64
Results and DiSCUSSION . .t « ottt e e 66
" W< T N 68
Cyt. €550-TABL. . oottt e, 72
Cyt. C850-L0 0. i s e e 74
O, BIFOHL. . .o oot £ 50545 S & m s mormimin s B B 65 5 BBERLAE + +  mcmomasnctamie 3 6 4 o 33 7 4 st 3 76
Cyt HE S S0 o e e e e e, 78
Cyt. 550-PO3A and PO3 G . oottt 82
Cyt. ¢550-N49L and N49D .. ... . e e 85
Cyl. 550-HOZM . it e e e e 89
T SUMM A R Y . oot e e e e 91
BIBLIOGR A P Y . oot e 96
AP PEIN DI X o ot e e 102

Vi



LIST OF TABLES

Table Page
Pl ST S 1 55555555558 m v < woecmsmsmonmmmonmons m s s n e mmmn En 6K o mmm o m o m o w8 6 6 AR 2]
Bacterial SIrallIS. ... . ... e e 31

. MUtagenic PIIMET AESIEN. .. uuun it iee it ierar et e etea et e ee et e teeanae e raenens 32
. Redox mediators used for spectoelectrochemistry. ........o.ovvventiiiieiiiaiiann 42
. Successfully mutagenized cytochromes. ...t 44
. Expression conditions of Cyt. €550. . ... e 50
. Concentrations and yields of the 3 column chromatography purification.......... 59

. Concentrations of proteins after crude extract purification........................... 63
. Results of the sodium dithionite titrations of cyt. ¢550 and mutants................. 68

Vil



LIST OF FIGURES

Figure

]

2.

Photosystem I1 comPlex ...o.oooiiii o e
Heme environment of cytochrome ©550..........oooiiiiiiiiiiiii i
Sequence alignment of cyt. ¢550 and veyt. C6....ovvniii e iiii e

. Structural alignment of cyt. ¢550 of Synechocystis sp. PCCG6803

and cyt. €O Of ArthrosSpira MAXIMA. . .....cccceoviiiiiioaiiiiiiii s et 21
5. Structural alignment of cyt. 550 of Synechocystis sp. PCC6803
and cyt. ¢6 of Arthrospira maxima with spacefill.................... ... 23
6. Cytochrorne ¢550 asparagine 49 mutant...............uueiecmniiee i e 26
7. Cytochrome ¢550 with bis-histidine axial ligation and bis-met axial ligation...... 27
8 Cyoehirorie 6550 prolitic 93 WLLEIE s s we oo vvessmumasissmmme sy s s iw ey e e mms s 3 27
9. pET22 with psbV INSert. ... 30
10. pETCSSO plasmid map. . ....oooii et e 30
11! Site-directed mutagenesis flow-charl............cooooiiiit e e 34
12. Restriction enzyme digest of Cyt. ¢550-N49D with Pst/. ... ..o 46
13. The pEC86 plasmid used to overexpress Cyt. c550mE.coli........................ 49
14 Characteristic spectra of periplasmic fration preparation after the addition
Of SOdiummn dithOMUtC. .ot e e e 5]
15. Absorbance of Cyt. ¢550-P93A under varying [PTG concentrations as a
PErCeNlage G THE GOTATO e . -« vy mmmun s o5 s mummsu s 27 wmmw g € 3o smmogs g a3 n s o vt 318 2 53

viii



16. The induction by IPTG given at varying concentrations on the expression
of Ciyt. ES00-POBA T Epolt 8t 2BYC w1506 sunss s mmmoe 11 135w 3 0 smwmen s - o s » e

17. The induction by IPTG given at varying concentrations on the expression
of Cyrt. e5FO-POIA fix BbOlT BLITOC....... . ocum ssims w0545 imns 5o i s 445 s 65 405550

18. The induction by IPTG given at varying concentrations on the expression
af Cyt. eSSO-HOIM it Bl aFTPC. .. ... oot soir o 6555 mina i 30 s 205 i s i w914

19. The induction by IPTG given at varying concentrations on the expression
of Cyt. €550-HO2M in E.coli at 28°C.....c.oiii it i e

20. The effects of 0.5mM PTG, 2.5mM Bettaine, and 300mM Sucrose on the
expression of Cyt. ¢550-HO2M in E.coli at 28°C ... v

21. lon exchange profile with S00mM NaCl salt gradient for Cyt. ¢550 after
purification through DEAE cellulose column. ..o iennn.

22. lon exchange profile for Cyt. ¢550 after purification through the DEAE
sephacel column. ...

23. Elution profile of Cyt. ¢550 after purification through the gel permeation
column (G-75 SUPErdeX).. . ...iuniie e e

24. SDS-page: FPLC purification of Cyt.C550 on Ni-NTA Superflow.................
25. Redox titration SPectruin At S50NML. « « .« su sm somems 3 5ons s s 555 55 6 o puniion £5 4 685 » 1 ¢ acorme elne

26. Graphs of spectroelecirochemical titration of cyt. ¢550 using sodium
QI T OMITE . .ottt s e e

27. Graphs of spectroelectrochemical titration of ¢yt. ¢550-T481 using sodium
P EEA N T T

28. Graphs of spectroclectrochemical titration of cyt. ¢550-L91Y using sodium
Pe (R8s 3Te3 s T 2= T

29. Graphs of spectroelectrochemical titration of cyt. ¢550H using sodium
L V9 0 a) £ 8« = ey

X



30.

3.

32.

33.

34.

36.

Effects of dithiothreito] comcentration and the position of his-tag on the
electrophoretic behavior of €yt €550, ... vt iiiiiii i

Graphs of spectroelectrochemical titration of cyt. Hc550 using sodium
AIURIORURE. ... L it et e e e e e e e e

MALDI-TOF mass spectra of cyt. ¢550 with a C-terminal his-tag and
a N-terminal his-tag from Synechocystis sp. PCC68B03............coooveiei. .

Graphs of spectroelectrochemical titration of cyt. ¢550-P93 A using sodium
AIENIOMNILE. . e e

Graphs of speciroelectrochemical titration of cyt. ¢550-N49L using sodium
A1t OmitC. . o e e

. Graphs of spectroelectrochemical titration of cyt. ¢550-N49D using sodium

o B 4 31003 111 (=S

Graphs of spectroelecirochemical titration of cyt. ¢550-H92M using sodium
AUENIONILE. L. e



ABBRFEVIATIONS AND SYMBOI §

L, PO s o0 v 608 0 e staindss #3555 wmme oo o diimmmrnminn v 5 x = 0§ kil i aimn e wms photagysten: B
B 55 S i, 5515 € m e w0 8 0 v o g ¢ g 48 €3 418 o i, eylochrome c530
B e o e e e s 5G40 1 4 88 A2 BB R 12 85 41 8 g cytochrome
A, PSS o e photosystern |
T = PP T oxygen evolving complex
T N | 41 T ST S P pano mole
B DOV s v v v s o s o 563 5 3 5 0 4 ORMIBIESRSISONIE R G € 22 § 5 % 906 SIS SIBRRPI 6 U2 5.4 £ £ £ 55 & 52 Sssmpmia vk milit mole
9. p.o..l i s § i B Wl £ £ 5 w0 e 0 3 mibibinsmmmsnnan i B o A o n x x n s S0 BRGNS 550G S PR 44N micro
L0, P E T CS50. ot et ettt e e pET22bCS550
I O B A . e oxygen evolving activity
P < i OSSPSR ——— e, killodalton
LS B, e« e o 50 658§ 2 4 5 S 5655 5 33§ RaOETLRORE § 562 11 2455 millivolts
L A Angstrom
DS O alpha
DB beta
16. NP imidazo)e
1 MP. o S midpoint potential

X1


http:lVLP"......�....,.�...�.............."�

CHAPTER 1

GENERAL INTRODUCTION

Photosynthesis 1S responsible for the conversion of the energy in sunlight into
usable forms of energy, therefore making it arguably the most important biological
process on earth. Photosynthesis converts carbon dioxide from the air into sugars,
starches and other high-energy carbohydrates while also releasing oxygen.
Photosynthesis directly or indirectly, fulfills all of our food requirements and many of our
needs for fiber and building materials. In addition, the energy stored in petroleum,
natural gas and coal all come from the sun via photosynthesis, as does the energy in
firewood, which i1s major source of fuel in many parts of the world. Hence, this
phenomenal process of liberating oxygen and fixing carbon dioxide has transformed the
world into the hospitable environment we live in today (Gust, 1996).

One of the reaction centers of oxygenic photosynthesis is photosystem II (PSI1I),
where light energy is used 1o split water into oxygen, protons and electrons. This process
can be studied in model organisms such as the cyanobacterium Synechocystis sp.

PCC6803 (Synechocystis 6803). One evolutionarily conserved protein of Synechocystis
PSII with an unknown function is cytochrome ¢550. This unique protein is a mono-heme
cytochrorme with bis-histidine coordination and an unusually low redox midpoint

potential of -250mV. Therefore, it is important to study c550°s structure to see how it

applies to this very negative redox potential. and to answer questions regarding the



unknown functional role of cyt. ¢550 in PSII, and additionally achieve a better

understanding of other redox proteins.



CHAPTER 2

LITERATURE REVIEW

Photosynthesis

Photosymthesis is responsible for the conversion of the energy in sunlight
into usable forms of energy, therefore making it arguably the most important biological
process on earth. Photosynthesis converts carbon dioxide from the air jnto sugars,
starches and other high-ecnergy carbohydrates while also releasing oxygen.
Photosynthesis directly or indirectly, fulfills all of our food requirements and many of our
needs for fiber and building materials. In addition, the energy stored in petroleum,
natural gas and coal all come from the sun via photosynthesis, as does the energy in
firewood, which is major source of fuel in many parts of the world. Hence, this
phenomenal process of liberating oxygen and fixing carbon dioxide has transformed the
world into the hospitable environment we live in today (Gust, 1996).

Oxygenic photosynthesis is the principal energy converter on earth, and in
plants, a 1gae and ¢ yanobacteria, itisdriven b y two reaction ¢ enter c ontaining i ntegral
memb'rane protein ¢ omplexes, photosystem I ( PSI) and photosystem 1] (PS LI). These
two large protein-cofactor complexes located in the thylakoid membrane are involved in
the initial steps of the conversion of solar energy into usable chemical energy that is
released into the biosphere (Zouni er al, 2000). It is therefore important to study
photosynthesis in simpler forms to find out more about the origin, evolution, and

influence of life on this planet. Fossil records show filamentous cyanobacteria of
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3.4x10% years ofage While the carth’s agejs4.4-48 x 10°. C yanobacteria and ¢ arly
eukaryotic algae produced oxygen and over several billion years, brought the atrnosphere
to i ts present condition in w hich life predominates. T he ¢ ytochromes t hat function 111
photosynthesis in cyanobacteria, algae and plants have, like other photosythentic catalysts,
been largely conserved in their structure and function during evolution (Rutherford &
Faller, 2001). By studying such intricacies of photosynthesis we can lcarn how 1o

enhance this process and harness it for the betterment of mankind.

Photosystem Il (PS11)

One key reaction center of photosynthesis is PSLL, which is the site of
photosynthetic water oxidation that accounts for nearly all oxygen in the atmosphere and
indirectly nearly all the biomass on the earth (Debus, 2000). PSII is variously referred to
as the oxygen-ecvolving complex, water-oxidizing complex or the water-plastoquinone
photo-oxidoreductase. PSII water oxidation, which takes place near the luminal surface
of the thylakoid membranes in plants, algae, and cyanobacteria, is catalyzed by the
oxygen evolving complex (OEC) (Meetam et al., 1999). Oxygenic photosynthesis
depends upon the ability of the PSII complex to utilize water as a source of electrons to
be used for reductive metabolism. Electrons are generated when water is cleaved and
molecular oxygen is produced in the water-splitting complex of PSIl (Katoh ez al., 2001).

The PSI complex is an integral membrane protein that uhlizes solar energy to
reduce plastoquinone to extract electrons and protons from water (Debus, 2000) with the
simuitaneous evolution of molecular oxygen. Therefore the oxygen evolution of PSII, in

order to evolve one molecule of oxygen, and two molecules of water, CO; must be



decomposed with the concomitant extraction of four electrons and four protons (Shen et
al., 1998). During each catalytic cycle, two plastoquinone molecules are reduced and
protonated, four p rotons a re r emoved from the stroma, and four p rotons are d eposited
into the lumen. These protons contribute to the transmembrane proton gradient that is
utilized for ATP formation. PSII therefore provides the reducing equivalents and much of
the electrochemical potential that is required for the synthesis of organic cormpounds from -
carbon d 1oxide (Debus, 2000). T he conversion of light to c hemical energy in PSIlis
associated with this charge separation across the thylakoid membrane (Zouni, et al.,
2000).

PSII is a large complex with many subunits, most of which are integral membrane
proteins and others which are peripherally located (Fig. 1) (Seidler, 1996). In vivo, the
PSIl complex contains nearly 30 different polypeptides, including those involved in light
harvesting. Of these polypeptides, about 25 are considered the PSII core proteins and are
encoded by the psb genes, most of which are located on the chloroplast genome (Debus,
2000). Although the minimum number of protein subunits required for water oxidation is
not currently confirmed, there are varying opinions regarding the matter. Both the PSII
complex es from cyanobacteria and higher plants consist of the DI and D2 reaction center
proteins, the 47 and 43 kDa CP proteins that serve as proximal antennae, the 33kDa
extrinsic protein that stabilizes the Mn cluster, the alpha and beta subunits of cyt. b559
and several other low molecular weight polypeptides whose functions are not well
established (Shen & Inoue, 1993). The extrinsic 33kDa protein is referred to as the
manganese-stabilizing protein (MSP) and is encoded for by the psbO gene. In addition to

membrane spanning polypeptides, it 1s believed that at least 3 extrinsic proteins including
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the aforementioned MSP, are required for optimum activity of the water oxidation
complex (FTaN2ao et al., 2001). in higher plants and green algae the other two extrinsic
proteins are the 24 and 18 kDa proteins encoded by the psbP and psb(Q genes respectively.
In cyanobacteria and non-green algae, the extrinsic proteins associated with the water
oxidation reaction are MSP, cytochrome ¢550 and an §-12kDa protein. Cyt. ¢550 and the
8-12 kDa protein are endoded by the psb¥ and psbU genes, respectively.

Photosynthetic oxygen evolution in cyanobacteria, algae and plants is catalyzed
by the tetranuclear Mn cluster iigated to several polypeptides of the PSI[ complex
(Franzao et al., 2001). The Mn cluster accumulates oxidizing equivalents in response to
photochemical events within PSI}, then catalyzes the oxidation of 2 molecules of water,
releasing one€ molecule of oxygen as a byproduct (Debus, 2000). There are three
inorgamic ions, rmanganese, calcium and chloride serve as the cofactors of the OEC

(Meetam ez al., 1999).



Figure 1: PSII complex. The PSI complex is composed of the DI and DIT reaction
center proteins, the CP43 and CP47 antennae proteins, the 33kDA manganese-stabilizing
protein (MSP), the 12kDa psbU protein, and cytochrome ¢550.

Synechocystis sp. PCC6803

Since PSI is functionally and structurally similar in the chloroplasts of
higher plants and in cyanobacteria (Pakrasi ef al., 1985), organisms such as Synechocystis
6803 can be used as easily engineered model systems to study this process. No such
methodology exists for molecular analysis of PSII in higher plants. Synechocystis 6803 is
a halotolerant cyanobacterium that is mesophilic. it serves as an excellent model to study
photosysthesis because it has a naturally occurring genetic transformation system and it
possesses the ability to grow photoheterotrophically on glucose (Williams, 1988). So far,
four specific c-type cytochromes have been isolated from Synechocystis 6803; cyt. f, cyt.

¢6, cyt. ¢550 and cyt. Cm of which has an unknown function. The particular cytochrome



of interest to my project is the low-potential cyt. ¢550. By using site-directed
mutagenesis, genes in cyt ¢550 can be deleted and replaced with modified copies to study

the molecular processes of photosynthesis in a cyanobacterium.

Cytochrome c550 (cyt. ¢550)

Cytochromes are hemoproteins, the activity of which depends on an
association between the cofactor and the polypeptide chain. C-type cyts. can be defined
as having one or several hemes bound to the protein moiety by one, or more thioether
bonds involving sulthydryl groups of cysteine residues and the propionate groups of the
heme moiety (Dolla et al.,, 1994). Based on this characterization, four classes of c-type
cyts. have been identified. Class I includes classical soluble cyt. ¢ of mitochondria and
bacteria, with the heme binding site towards the N- terminus and the sixth axial ligand
provided by a methionine residues (Dolla ef al., 1994). Class II inciudes cyts. having their
heme binding site close to the C-terminal part, and are typically found as the high spin
state of the heme iron. Class III are distinguished by their multi-heme nature and very
low redox potentials, while class IV involves complex proteins having distinct prosthetic
groups in the same molecule. C-cytochromes are one of the most thoroughly documented
oxidoréductase proteins (Dolla et al., 1994). One unique c-type cytochrome is ¢550
which is essential to the structure of PSII (Shen & Inoue, 1993) and has been found in
cyanobacteria and algae but not in higher plants. Cytochrome ¢550 is one of the major c-
type cytochromes found in cyanobacterial cells when whole cell extracts are
electrophoretically separated and viewed by heme staining (Shen et al., 1995). Cyt. ¢550
has been found in Synechococcus vulcanus (Shen et al., 1992) the red algae Cyanidium

caldarium (Enami et al., 1995) and in our model organism, Syrechocystis 6803 (Shen et



al., 1995). C550 functions in PSIl and is encoded for by the psb¥ gene which has been
sequenced by Shen er al. From the most probable start codon, gene psb¥ codes for 160
amino acid residues which includes a cleavabie N-terminal leader sequence of 25
tesidues. The leader sequence has an Arg-Asn-Arg sequence immediately before the
cleavage site that is characteristic of transit peptides in prokaryotes (Shen er al., 1995).
This transit sequence is responsible for directing the newl]y synthesized cyt. into the
thylakoid Jumen.

Some unique features of the water soluble ¢S50 as seen tn (Fig. 2), are ifs
single heme with low-spin bis-histidine coordination at the fifth and sixth axial ligands,
(Diner & Babcock, 1996) and a very Jow reduction potential of -250mV, therefore
classifying it as a low-potential c-cytochrome (Shen et al., 1995). Thus far, ¢550 has the
lowest redox potential of any monoheme cytochrome (Sawaya et al., 2001). Cyt. ¢550
shows a maximum absorption between 548 and 550nm in it’s reduced form
corresponding to the alpha band (Frazao ef «/., 2001) and has an acid isoelectric point of
3.9 (Navarro ef al., 1995). Cyt. ¢550 is an extrinsic prolein associated with PSI{ in
cyanobacteria and lower eukaryotic algae and has been proposed to play an important
role in the water splitting reaction (Kerfeld and Krogman, 1998, Shen ef al, 1992).
However, the physiological function and physical Jocalization of ¢550 inside the cells are

still controversial (Navarro et al., 1995).
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Figure 2: Heme environment of cytochrome ¢550. Shown above are two different views
of the heme environment of cyt. ¢550. 2A: Labeled are the heme with iron, the bis-
histidine (His41 & His92) axial ligation, the heme consensus binding sequence (CXXCH),
and the heme propionates. The dotted lines labeled by letters A and B represent the thio-
ether bonds from the two cysteines (Cys38 & Cys40) to the heme, that were not drawn in
on the original (PDB 1E29) obtained from the entry by Sawaya ez al. 2B: A different
view of the heme environment that also shows the heme with iron, the bis-histidine
coordination of the heme, and the heme propionates. Once again the dotted lines labeled
by letters A and B represent the thio-ether bonds from Cys37 and Cys 40 of the
consensus binding sequence to the heme.

A number of roles have been proposed for ¢550: as an electron carrier in
cyclic photophosphorylation (Kienzl ef al., 1983), sulfide oxidation (Ho ef al, 1979), and
nitrate reduction (Alam ef al., 1984) and as enzyme with peroxidase activity (Kang ef al.,
1994). Krogman et al, and Kang et al,, have proposed a role for ¢550 in unicellular
cyanobacteria as an electron carrier between reduced ferredoxin or flavodoxin and
hydrogenase during the fermentative process that occurs under prolonged periods of dark
and anaerobiosis. It has additionally been proposed that the membrane bound cyt. ¢550 is
involved in regulation of S-state transitions in the water-splitting reaction of PSII
(Navarro ef al., 1995). Cyt. ¢550 has been shown to accept electrons from ferredoxin 11
in cell extracts in the presence of dithionite in vitro. Therefore, c550 could function in

removing excess electrons generated in cells grown under anaerobic conditions by

reducing ferredoxin (Shen & Inoue, 1993).
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Since many questions exist in the research community regarding cyt. ¢550,
a number of experiments have been completed to provide further insight into its structure
and function. Furthermore, its unique low redox potential raises fundamental questions
on the factors governing redox potential in heme proteins. The crystal structure of cyt.
¢550 has been solved by Frazao et al., at 1.21 A resolution confirming that ¢550 is the
first structural cyt. of a momodomain, monoheme soluble ¢ cyt. with bis-histidine axial
coordination.. The resolved structure shows c¢550 with 1104 N or O atoms plus 1 Fe and
2S atoms. The Fe atom is coordinated by a heme porphyrin which, in turn, is covalently
attached to the characteristic Cys-Gly-Gly-Cys-His sequence motif via two thoether
linkages with the cysteines. The model contained 227 solvent molecules initially
assigned as w aters where three near the protein surface at the first solvent layer w ere
assigned as calciums. A hairpin motif, an anti-parallel B-sheet connected by a B-hairpin is
found near the N-terminus. Since mono-heme c-cyts. are almost exclusively a-helical
structures, this seems to be an unusual feature (Frazao et al., 2001).

Amino acids that are highly conserved in the primary structures of ¢550
cluster into three different regions of the protein. Most of these are found in the interior
of the protein near the N-terminus, where many of these residues may be involved in
stabiliéing interhelical interactions (Sawaya et al., 2001). The structure of ¢550 shows
the typical hydrophobic inner core of monoheme c cyts. with three helices forming a nest
for the prosthetic heme group (Frazao et al., 2001). Cyt. ¢550 heme nestles in an
essentially conserved hydrophobic pocket but exposes one of its edges to the solvent, for
9.7% (Sawaya et al., 2001) of heme surface exposure. As mentioned above, the ¢550

heme is covalently bound to the polypeptide chain through cysteines (Cys37 & Cys40)
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which are Jocalized within the conserved C-X-X-C-H binding motif, while the heme iron
coordintes t© His41 and His92. The only other known structure of a monoheme cyt. with
bis-histidine coordination is €yt. cd1, which is found in the nitrite reductase complex of
Thioshpaera panthotropha. The stereochemistry of the imidazole planes of His41 and
His92 are maintained by h-bonds between ND1 of their imidazole rings to carbonyls of
Lys45§ or Pro93 respectively. A large number of bis-histidine ¢-cyts. have been
characterized, but are not related to ¢550 as they harbor several beme groups and show
different folding features, while one property in common is a very low redox potential

(Frazao et al, 2001).

Experimental Background

A number of studies have been completed which have unveiled some
Interesting experimental results regarding the function of photosynthetic cyt. ¢550. Shen,
Inoue, and their colleagues have isolated a PSI core comnplex from Synechococcus
vulcanis, while retaining the PSII extrinsic proteins using gentle detergents (Shen et al.,
1993). A fter a wash with high salt concentration, three extrinsic proteins were released
from the particles. The released proteins include a 33kDa protein found in higher plants
and two other unigue proteins of 17 and 12kDa. The 33kDa protein is the manganese
stabilizing protein while the 1 7kDa protein is representative of cyt. ¢550. It is likely that
these two proteins replace the 23 and 17kDa proteins found in higher plants since features
of binding of the 17 and 12kDa protein 1o cyanobacterial PSII resemble those of the
extrinsic 23 and 17kDa proteins to higher plant PSII (Finazzi er al., 1997). There are

some functional similarities between the two cyanobacterial proteins and the two higher



13

plant proteins. Both of them play some regulatory roles in oxygen evolution, while the
underlying nature of their function varies, and ¢550 and thel2kDa protein may be
functional equivalents in cyanobacteria to the 17 and 23kDa proteins in higher plaots
(Shen & Inoue, 1993). However, there is no sequence similarity between the two small
extrinsic proteins of cyanobacteria with those from higher plants (Kerfeld & Krogman
1998).

In rebinding studies, c550 has been found to bind appreciably to the PSII
core in the absence of the 33 and 12kDa proteins, but their presence facilitates full
rebinding (Shen & Inoue, 1993). Cyt. ¢550 can rebind to PSII in spite of the absence of
the 12 or 33kDa proteins, whereas rebinding of the 12kDa protein requires co-rebinding
of the 33kDa and 17kIDa (¢550) proteins. These results are fully conststent with the PSII
crystal siructure which shows that the 12kDa protein binds into a crevice formed by the
33kDa and c550 proteins. Cyt ¢550 is unable to restore oxygen evolving activity (OEA)
alone, however, if the 33kDa protein is present, partial restoration occurs and when the
33kDa and }2kDa proteins were both present, maximum restoration of OEA close to the
original level is obtained (Shen & Inoue, 1993). Based on its close interaction with the
33 and 12kDa proteins in rebinding to the PSII core complex, ¢550 is Jikely associated
with PSH at the luminal surface of the thylakoid membrane (Shen & Inoue, 1993).
Therefore, ¢550°s transport into the lumen likely contributes to the optimal functional
stability of PSII in cyanobacteria (Shen ez al,, 1995). In addition, single-particle image
analysis of PSII has shown ¢550 at the luminal side and in cJose contact with the core and
the 12 and 33kDa proteins (Kuhl ez @/., 1999). The finding of ¢550 as an extrinsic protein

functioning at the donor side of PSII may suggest a possible evolutionary Jlink at the
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donor side of reaction centers between photosynthetjc purple bacteria and cyanobactena.
In purple bacteria it is known that cyt. C2 functions at the donor side of the reaction
center (Shen et al., 1995).

[n cross-linking studies by Han er o/, ¢550 has been found to cross link to
both the 12 and 33kDa proteins and to both the 12kDa and the D2 proteins that holds
elements of the reaction center. Cyt. ¢550 is ltkely very close to the electron transfer
catalysts in PSII, but no evidence exists thus far indicating that it undergoes any
reduction or oxidation in this location (Kerfeld & Krogman, 1998). That is why ¢550’s
electron transfer activity, which involves an association between the heme group and the
polypeptide chain, therefore corresponding to the redox potential of the heme group, is an
important feature to experimentally investigate.

Mutant strains with either insertion or deletion of ¢550 (psb¥) seem to be
capable of photoautotrophic growth but at a reduced rate, while they contain only half the
amount of PSII found in the wild type. On a chlorophyll basis, oxygen evolving activity
of the mutant was found to be around 42% of the wild type (Seidler, 1996). This major
reduction of OEA is due to decreased stability of the PS1] reaction center, and the activity
per reaction center is not, or only slightly diminished (Shen er a/., 1995). Therefore.
rather than ¢550 being directly involved in enzyme activity itself, it seems to be
necessary for the conformational integrity and stability of PSII. Additionally, the ¢550
deletion mutant was unable to grow in the absence of Ca”” and CI in growth medium and
showed a rapid deactivation of OEA in the dark that could be photoactivated upon light
illumination with a very high efficiency (Shen er ¢/-, 1998). In algal PSII, ¢550 has becn

shown to maintain optimal concentrations of Ca>” and CI” ions near the Mn cluster and



15

protect the Mn cluster from endogenous reductants to stabilize and optimize its catalytic
activity (Debus, 2000). A similar role for ¢550 could be hypothesized.

The results of double deletion studies of both psb¥ (¢550) and psbO
(33kDa) results suggest a role for ¢550 in cyanobactertal PSII to support oxygen
evolution and photoautotrophic growth that can bind and function independently. The
double deletion mutants show almost no OEA and are unable to grow photoautotropically.
With one or the other protein present, oxygen evolution still exists, but both are required
for a normal, maximal rate of OEA in cyanobacterial PSIL. It was also found that the
destabilizing effect caused by the loss of ¢550 1s more pronounced in the absence of the
33kDa protein (Shen et al., 1995). These results do indicate that ¢550 has a functional
role in OEA, although its direct function 1n the electron transfer reaction mechanism of
water-oxidation seems unlikely.

In Synechococcus vulcanus, ¢550 has been detected only in the thylakoid
membrane fraction being tightly bound to thylakoids, where removal has required
sonication in the presence of 1M CaCl,. Upon further fractionation of the thylakoids into
PSI and PSII, ¢550 is exclusively concentrated in the crude PSI fraction together with
cyt. f, with no significant amount being detected in PSI Therefore, ¢550 binds
stoicﬁiometrica]ly to the cyanobacterial PSI] core complex and enhances oxygen
evolution. This finding is significant in that it has confirmed the idea that there is only
one species of ¢550 n cyanobacterial cells and ¢550 1s exclusively assocrated with PSH
as a functional component for OEA (Shen & Inoue, 1993).

Although many significant studies have been completed, it 1s still not clear

if and how the low potential heme of cyt. ¢550 functions in PSII. Cyt. ¢550 could have
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protective electron transfer function in addition to its structural role in the PSII reaction
center. It can be noted that this hemo-protein would unlikely be evolutionanly conserved
for such a long time if it was providing ng advantage to the cetl through a redox function
(Kerfeld & Krogman, 1998). Therefore, further investigation into the structure and

function of low-potential c550 is 1mperative.

Redox Properties of Cytochromes

Fermentation, respiration and photosynthesis are the three main
bioenergetic mechanisms whereby cells obtain the energy necessary for their metabolic
processes. In both of the latter mechanisms, synthesis of ATP is coupled to the electron
transfer processes in which oxidoreduction proteins are involved (Dolla, er al., 1994).
The wide range of redox potentials found in c-type cytochromes extends from -400mV to
+400mV and can be functionally correlated with the involvement of these proteins in
various metabolic processes that yield products having a different oxidoreduction powers.
The most well characterized class of electron transfer proteins thus far are cytochromes.
They are widespread molecules which exist not only in aerobic mitochondrial and
bacterial respiratory chains, but also in prokaryotic electron transfer systems including
those involved in anaerobic respiration and photosynthesis (Dolla er al., 1994). A
cytochrome’s electron transfer activity, which involves an association between the heme
group and the polypeptide chain, is correlated with the redox potential value of the heme
group. One of the main roles of the polypeptide moiety consists of modulating the redox
potential of the heme group (Dolla et al., 1994). The polypeptide moiety of c-type cyts.

contains the consensus heme binding sequence, C-X-X-C-H, where C represents cysteine,
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H represents histidine, and X represents any residue (Fig. 2). Only a few deviations from
this consensus sequence have been found (Jungst ef al., 1991). Depending on the nature
of the sixth axial ligand residue of the heme iron atom, several subclasses of c-type cyts.
can be defined. Either a nitrogen atom of a histidine residue or a sulfer atom of a
methionine residue can serve to fill the sixth position of the heme iron atom. The
differences in the electron donor-acceptor power (ie. the electronegativity) between the

ligands in the axial positions will influence the redox potential value (Dolla ef al., 1994).

The term redox couple refers to a specific donor-acceptor pair and each
couple has a characteristic redox potential difference that depends upon the electron
affinities of each member of the couple. The term redox potential refers to the tenancy of
a redox group to donate or accept electrons. This value reflects the relative stability of
the reduced and oxidized states of a protein. Therefore, any factors which tend to
stabilize the oxidized form make the couple a better electron donator and give rise to a
more negative redox potential and vice-versa (Moore et al., 1990). Hence, maintaining
the redox potential of a cytochrome is one of the main functional roles of the polypeptidic
moiety of the molecule. This in turn is imperative for the regulation of the electron flow
through the redox partners of the cytochrome (Dolla et al, 1994). In general, it is
assumed that midpoint potential is established by several factors; polarity of heme
environment (Kassner, 1973), accessibility of heme to solvent (Stellwagen, 1978),
strength of axial ligand field (Moore & Williams, 1977), and electrostatic interactions of
the heme and its propionates (Moore, 1983). Therefore, it is important to further
investigate how each of these factors contributes to the wide range of redox values

observed in cytochromes.
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Comparison of c-type Cytochromes

When comparing the sequence of cyt. ¢550 1o other ¢550 cytochomes and
¢yt ¢6, many sequence similarities and conserved residues can be found. As seen in (Fig
3), all of the organisms share the same consensus heme binding sequence (CXXCH) and
the Hisd]' axial ligand. Also conserved among all but one of the cytochomes (Anabaena
c6) is the proline residue at position 93. One notable difference between the cytochomes
1s the sixth axial ligand at position 92. Although all of the represented ¢550's have a
histidine residue at position 92, the cyt. c6 representatives have a methionie residue at
this posttion, therefore leading to histidine-methionine (His-Met) axial Jigation of the
heme iron instead of histidine-histidine (bis-histidine).

Two cyts. that can be studied comparatively to learn more about the
factors controlling midpoint potential, are cyt. ¢550 and cyt. ¢c6 of Arthrospira maxima.
These two cyts. have been found to share much sequence similanty. Although cyt. ¢6
and cyt. ¢550 are not found in higher plants, they are both found in cyanobacteria and
algae where they appear to support multiple functions. Cyt ¢6 functions in PS] 10 transfer
electrons from the membrane bound cyt. b6f complex to PSI, while cyt. ¢550 is involved

in PSII oxygen evolution by functioning as one of the exstrinsic subunits,

' Numbering system Is based upon the mature Synechocystis 6803 cyt. ¢S50 sequence.
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Figure 3: Sequence alignment of eyt. ¢550 and cyt. ¢6. Alignment of Odontella c550,
Cryptomonas ¢550, Porphyra c¢550, C.paradoxa ¢550, Cyanidium c550, Anabaena c¢550,
Nostoc punctifo. c550, Synechocystis ¢550, A.maxima c550, Thermosynechococcus ¢550,
Thermosynechococcus c6, A. maxima c6, Synechocystis c6 and Anabaena c6. Labeled, is
the characteristic c-type cyt. CXXCH (C= cysteine, H=histidine, X= any residue)
consensus binding sequence that binds the fifth axial histidine ligand to the heme iron.
Additionally, at position 92 is the sixth axial ligand of various cytochromes, some
cousisting of a histidine residue at this position, while others have a methionine residue.
Also shown is the evolutionarily conserved Pro93 as well as the other targets for site-
directed mutagenesis (T48, N49, and L91).

Both are monohome cytochromes, and while cyt. c6 is composed of 89 amino
acid residues, cyt. ¢550 is larger with 130 amino acid residues. Two regions of sequence
similarity between the primary structures of cyt. ¢550 and cyt. c6 have led (o the
suggestion that the two could have descended recently from the same ancestral gene, but

diverged to carry out different functions. The most notable difference between the two is
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the near 600mV difference in their respective midpoint potentials. Cyt. ¢550 seems to be
extremely morTe negative with a midpoint potential of -260mV compared to the positive
cyi. ¢6 with a midpoint potential of +314mV.

A prominent difference between the two is the nature of the sixth axial ligand
which is His92 in cyt. ¢550 and Met61 in cyt. c6 (Figs. 3 & 4). However both cyts., c550
and ¢6, do have the C-X-X-C-H (C- cysteine, H=histidine, X=any residue) heme
consensus binding sequence (Figure 3). Both cyts. also have the evolutionarily
conserved proline residue at position 93. In addition to having a different sixth axial
ligand, cyt. ¢550 has an additional N-terminal 22 residues as compared to cyt. ¢6. Also,
there is an insert in the primary structure of cyt. ¢550 that is not found in cyt. ¢6 between
residues 89 and 103.

In addition to sharing sequence similarity, ¢550 also sharecs some structural
similanity with cyt. ¢6. The crystal structures of cyt. ¢6 and cyt. ¢550 have been
determined from the cyanobacterium Arthrospira maxima and have been found to be
remarkably similar (Figure 4 & 5). Comparison of the two 3-D structures suggests that
the difference in midpoint might be attributed to any or all of the following factors:
solvent exposure of the heme, electrostatic environment of the herne propionates, and/or
herﬁe-iron ligation (Sawaya et al., 2001).

Comparisons of the heme environment of cyt. ¢550 and cyt. ¢6 offers several
structural clues as to the control of midpoint polential (Fig. 4). Cytochromes with His-

Met axial coordination have redox values ranging from +400-OmV while bis-histidine
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coordinated cyts. typically have potentials ranging from 0 to -400Mv (Dolla ef al.,, 1994).

Figure 4. Structural alignment of cyt. c550 of Synechocystis sp. PCC6803 and cyt. c6 of
Arthrospira maxima. Cyt. ¢c550 (blue) (PDB 1E29) and Cyt. ¢6 (red) (PDB 1FIF). The
heme wron (orange sphere) coordinated from the lower axial position by histidine 92
(His92, cyt. c550) or methionine 41 (cyt. c6) colored green and yellow, respectively.
Therefore it can be noted that c550 has a bis-histidine axial ligation of the heme iron,
while c6 has a met-his axial ligation of the heme iron.

Typically, bis-histidine (Fig. 4) coordination correlates with a more negative
midpoint potential like that of ¢550. Experimentally it has been found that when Met is
substituted for His at the sixth axial position in cyt. ¢3, there is an increase of 150mV in
midpoint potential. This increase is hardly enough to account for the entire 600mV
difference between cyt. ¢550 and cyt. c6 so obviously other factors contribute to midpoint
potential (Sawaya ef al., 2001). Additionally, the protein backbone conformation in the
region adjacent to the sixth axial ligand (His92 in ¢550 & Met61 in c6) in the two

structures are quite dissimilar (Sawaya ef al., 2001). It is not clear if the differences are

due to insertion or deletion.
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Syucturally, eyt, 6 ig composed of four &e-helices which enclose all but 6% of the
surface of the hieme prosthetic group. The four a-hetical core structurcs of 4. maxima cyt.
¢550 and cyT. €6 are very similar. The longest helical segments of the core of ¢yt. ¢S50
closely superimpose on the four hehces of cyt. ¢6 (Figs. 4 & 5). Additionally, the fold in
the vicinity of the first axial ligand (His41 in ¢550 & His18 in c6) are strikingly similar.
When companng the primary steuctures of cyt. ¢550 and cyt. ¢6, therc is a 32% identity
between the two while they superimpose (over 263 backbone atoms) with an rmsd of
3.4A (Figure 4 & 5). When compared with other Class T cytochromes, cyt. ¢550
supenmposes On yéasl Cyt. ¢ with an rmsd of 4.2A (over 28t backbone atoms).
Rhodepseudomonas viridis cyt. ¢2 with an rmsd of 3.5A (over 28] backbone atoms). and
Pseudomonas cyt. €551 with an rmsd of 3.5A (over 273 backbone atoms). Therefore it
would seem that cyts. with very di fferent midpoint potentials are actually close structural
relatives (Sawayva et a/., 2001).

Besides the nature of the axial ligands, another contributing factor controlling
midpoint potential is the polarity of the side chaing around the heme. In this respect, the
structures o f cyt. ¢6 and cyt. c550 are very similar. There are several hydrophobic amino
acids that are conserved structurally in the two proteins: Leu54, LeuS9 and Valll4 of

¢550 superimpose on Leu3 1, Leu36, ValS$ and Va)77 of cyt. ¢6 (Sawaya er al., 2001).
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Figure S. Structural alignment of cyt. ¢550 of Syrnechocystis sp. PCC6803 and cyt. ¢6 of
Arthrospira meaxima with spacefill. Cyt. ¢6 is composed of 89 amino acid residues and
cyt ¢550 is larger with 130 amino acid residues. There is a 32% identity between the two
cytochromes, while they superimpose (over 263 backbone atoms) with an rmsd of 3 4A.
The heme is colored white. The hatched red molecular surface of cytochrome c6
occludes the heme edge to a greater extent, where the surface exposure of the heme
prosthetic group is 6.6% for cyt. ¢6, and 9.7% for the more surface exposed cyt. ¢550.
Mutations in threonine 48 (T48) and leucine 91(1.91) colored light blue, were originally
produced to alter heme exposure, but recent modeling and redox data suggests that these
changes do not accomplish this. Proline 93 of cytochrome ¢550 (P93, pink below heme)
hydrogen bonds to the imidazole nitrogen of axial ligand H92. Asparagine 49 (N49, pink
above heme) forms hydrogen bonds via its side chain amide nitrogen to heme propionate
D oxygen.

Hydrogen bonding to axial ligands is also a likely contributor to midpoint
potential, more specifically the hydrogen bond to the N atom of the fifth axial ligand. In
cyt. ¢6, the atom forms a hydrogen bond to the carbonyl oxygen atom of Arg22, whereas
in cyt. €550, the hydrogen bonds to the same backbone atom of Val4S. The electrostatic
effects from the side chains of these two residues may contribute to the greater stability
of cyt. ¢6 in it’s reduced state. The analogous hydrogen bond to the histidine N§ atom in
cyt. c2 and mitochondrial cyt. ¢ is forrned with the carbonyl oxygen atom of a conserved

proline residue. It is unclear why this amino acid side chain in this position is conserved
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in these species. It should be noted that in cyt. ¢550, the carbonyl oxygen atom of
conserved Pro93 forms a hydrogen bond with the N§ atom of His92 (Sawaya er al., 2001).
Different solvent exposure of the propionate D oxygen atoms might also
differentiate midpoint potentials between various cyts. (Sawaya er al., 2001). The
propionate D oxygen environment differs between the two cyts., while in cyt. ¢550 one of
the propionate D oxygen atoms is solvent exposed, in cyt. ¢6, both propionate D oxygen
atoms are surface exposed. This increased exposure of the propionate oxygen atoms may
lead to an increase of midpoint potential. However this seems to be opposite of the ideas
proposed by and increased heme exposure leading to a reduce midpoint potential.
Solvent accessibility of the heme prosthetic group is known to play a role in different
midpoint potentials. The surface exposure of the heme prosthetic group of cyt. c6 is
6.6% as compared to the more surface exposed c¢550 of 9.7%. Typically, increased
surface exposure correlates with reduced midpoint potential which 1s in fact seen in the
-260mV value of cyt. ¢550 as compared to the more positive +340mV of cyt. c6 (Sawaya
et al., 2001),

Last, it is proposed that the hydrogen bonding to the propionate D oxygen
atoms might also affect midpoint potential. In cyt. ¢6, the propionale oxygen atoms are
hydrogen bonded to the positively charged Lys29 and Lys59. This positive charge may
help to stabilize the electron gained by reduction of the heme and thus lead to the higher
midpoint potential of ¢6 as compared to ¢550. In cyt. ¢550, the propionate D oxygen
atoms are hydrogen bonded to the amide backbone of Tyr82 and water which results in
no electrostatic balance for the reduced heme. Mutagenesis studies which alter the

electron-withdrawing character of a side chain, hydrogen bonded to a propionate group,
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have been shown to change the midpoint potential in mitochrondrial cyt. ¢ by nearly

50mV (Cutler et al., 1989).

Selection of Mutation Target Sites

A number of target amino acids in eyt. ¢550 were selected for site-directed
mutagenesis based on the factors discussed above (Fig. 5). These targeted mutagenesis
sites can also be seen in the sequence alignment in (Fig. 3). Threonine 48 as well as
Asn49 are involved in shielding the pyrrole A, D, and C rings of the heme and would be
surface exposed in a cyt. ¢550 monomer. Leu9] is considered a highly conserved residue
and it has a side chain exposed to solvent and is also involved in hydrogen bonding. The
interface in the crystal structure of eyt. ¢S50 is predominantly hydrophobic, except for a
hydrogen bond network formed between Thrd8, Asn49, a propionate D oxygen atom, and
Glu90. Thr48 and Leu91 were chosen as mutation target sites to try to reduce heme
solvent exposure and because of their involvement in the hydrogen bonding network (Fig.
5). Thr48 and Leu9 1 were both mutated to an isoleucine since it has a non-polar, longer
side chain. Asn49 was selected as a target site due to its hydrogen bonding via its sidc
chain amide to the heme propionate D oxygen atom (Fig. 6) (Sawaya ef al., 2001). The D
propionate forms hydrogen bonds with the solvent-accessible amide of the Asn49 side-
chain and three water molecule (Frazao e «/., 2001). His92 is the sixth axial ligand
contnbuting to the bis-histidine coordination of the heme prosthetic group, so it was
mutated to a methionine which is a common sixth axial ligand in other c-type
cytochromes (Fig. 7). Pro93 is conserved in cyt. ¢550 and was selected as a target site

since it forms a hydrogen bond with the (imidazole) N3 atom of His92 (Fig. 8) (Sawaya
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et al., 2001). His92 is actually hydrogen bonded between ND1 of its imidazole ring to

carbonyls of Pro93 and Lys45 (Frazao ef al., 2001).

Figure 6. Cytochrome c550 asparagine 49 mutant. 6A: Cyt. c550 with the axial ligands
(His 41 & His92) and the Asparagine (Asn 49) site labeled. The dotted lines represent

the hydrogen bond formed between Asn 49’s side chain amide to the heme propionate D
oxygen atom. 6B: Is a replication of the picture in 4A, only with an aspartic acid residue
substituted for the asparagine at residue 49. This causes a loss of the hydrogen bond with
the heme propionate D oxygen atom. 6C: Is also a replication of the picture in 4A, only
with a leucine residue substituted for the asparagine at residue 49. This also causes a loss
of the hydrogen bond with the heme propionate D oxygen atom. (*Mutated amino acids
have been substituted into the crystal structure of cyt. c550 (Sawaya et al.,) and no
molecular simulations of the mutations using energy minimizations have been performed).
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Figure 7. Cytochrome c550 with bis-histidine axial ligation and his-met (H92M) axial
ligation. 7A: Cyt. ¢550 showing the substitution of a histidine for a methionine at residue
92 (H92M) therefore resulting in a His-Met axial ligation of the heme iron. 7B: Cyt.
¢550 showing the wild-type bis-histidine (His41 & His92) axial ligation of the heme iron.

Figure 8. Cytochrome ¢550 proline 93 mutant. 8A: Cyt. ¢550 with the axial ligands
(His41 & His92) as well as the wild-type proline (Pro93) site. Pro93 forms a hydrogen
bond with the (imidazole) N& atom of His92 that is shown by the dotted line. 8B: Cyt.
¢550 with the proline residue substituted for an alanine at residue 93. Even with the
substitution, the hydrogen bond represented by the dotted line is still formed.



CHAPTER 3

OBJECTIVE

The overall objective of my project was to investigate the factors that
contribute to the unusually low redox potential of cyt.c550. For this work,
five amino acid targets were mutagenized including the sixth axial histidine
ligand. Using a binary plasmid system in Eschericia coli, these mutations
were expressed under varying protocols to find optimal expression and then
purified by column chromatography. Using spectroelectrochemistry, e ach
of the cytochromes was analyzed for changes in their redox potential, which
may unveil information contributing to an understanding of the functional

role of cyt. ¢350 and basic information regarding redox proteins.

28
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CHAPTER 4
MATERIALS AND METHODS

Construction of pETCS550 plasmid vector

The gene encoding cyt. ¢550, psbV, was ligated into the pET-22b(+) vector to
give the plasmid pETC350 (Table 1 & Fig. 10). The expression plasmid pET22bC550
was constructed as shown in (Fig. 9) (From Dr. Li, Stillwater, OK). The encoding
sequence of mature Cyt. ¢550 from Synechocystis sp. PCC6803 was amplified by PCR
using T urbo P _f2« p olymerase (Stratagene, La Jolla, C A). T he forward primer 5’ GCT
CCC ATG GTG GAG TTA ACC GAA AGC 3’ which introduced a Nco I site (in bold)
_ and the reverse primer 5° GCG CGG ATC CCT AGA AGT AGA TGG TGC C 3’ which
introduced a BarnH I site (in bold) were used to amplify the encoding sequence of mature
Cyt.c550. The PCR products were inserted into the Nco I and BamH 1 sites of the pET-
22b (+) vector (Novagen, Madison, WI) to create expression plasmid pET22bC3550
(pETCS50). The fusion product of the psbV gene and the pelB signal sequence allows
he!érologous expression in E.coli under the control of T7 promoter and fast purification

by affinity chromatography.
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Figure 9. pET 22 with psbV insent. The ligation of psb¥ into the pET22b{+) plasmid
vector to create the plasmid pETCS550. The psbV gene was ligated into pET22b(+)
plasmid vector between the Ncol and BamH]/ restriction enzyme sites behind the pelB
leader and downstream of the T7 promotor/lac operator.

Figure 10. pETC550 plasmid map. Plasmid map of psb¥ ligated into the pET22b(+)
plasm.ld VeCtor to create the plasmid pETCS550 which is ~5.9kB. As labeled on the map,
there is an ampicillin resistance cassette, a T7 promotor, a lac operator, a pelB leader
sequence, the mature psdV, an origin of replication, and a lac/ site. Also labeled on the
map are S0me various restriction enzyme cut sites.

- amamm i ma a
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Plasmids Description Reference
pET-22b(+) a Amp®, N-terminal pelB _ Novagen (Madison, W1)
signal sequence
pETCS50 Amp®, psbV gene Burnap Lab, (Li et al,, in
prep.) (Stillwater, OK)
pEC 86 ccmABCDEFGH cloned  Thony-Meyer, L. (Zurich,
into PACYC184, Cm" Switzerland), (Arslan et al.,
1998)

Table 1. Plasmids. The table shows the plasmids used for the mutagenesis and
expression of cyt. c550.

Bacterial strains Description Reference
BL2HDE3) E.coli Host for heterologous Stratagene (La Jolla, CA)

gene expression

Epicurian Coli XL-1 Blue Supercompetent cells Stratagene (La Jolla, CA) )

Table 2. Bacterial strains. The table shows the bacterial strains used for the mutagenesis
and expression of cyt. ¢550.
Murtagenic Primer Design.

The mutagenic pnmers were designed following the Stratagene Quikchange
Stte-Directed Mutagenisis protocol (La Jolla, CA). Each pnmer was between 30-45
bases in length with a GC content of at least 40%. Each primer contained at least 10-15
bases of correct sequence on both sides of the engineered mutation and terminated in one
or more G or C bases. A silent mutation was also introduced into each of the primers to
add an additional restriction enzyme cut site for verification of the mutation after
transformation. The DNA oligonucleotide primers were synthesized in approximately

100nmole batches oblained from Integrated DNA Technologies, Inc. (Coralville, [owa).
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Each primer was 5” phosphorylated and was purified by the manufacturer by

polyacrylamide gel electrophoresis (PAGE). The primer designs can be seen in (Table 3).

Mutation | Primer Palra (Forward and Reversa) Rastriction
Enzyme

TASI P-GCACCCAATGTCACCTGCAGGGTAAAACCAAAATTAATAATARCG | PstT
R-CGTGGGTTACAGTGGACGTCCCATTTTGGTTTTAATTAT TAT TGC
TOCHLQGKTKINNN

L91T F-CTATTCGGBEAATACATCCCARTATTTCTAGACCCGACATCTAC Xbal
R-GATABGCCTTTATGTAGGGTTATAAAGATCTGEGCTATAGATG
YSETHPNISRPDIY -

P93A F - GACTATTCGGAGCTCCATGCCAATATTTCC Sacl
R-CTGATAAGCCTCGAGGTACAGTTATAAAGG

| DYSELHANIS

N43SL F-CCAATGTCACCTGCAGGGTAAAACCAAAACTCTTRATAACGTTAG PstY
R-GGTTACACTGGACGTCCCATTITTGGTTTIGASGAATTATTGCAATC
| QCHLOKTKTLNNVSL

N49D F-CCAATGTCACCTGCAGGGTAAAACCAAARACTGATAATAACGTTAG PstI
R-GGTTACAGTGGACCTCCCATTTTACTTTTCACTATTATTGCAATC
QCHLQKTKTDNNVSL

H92M F-GACTATTCGGAGCTCATGGCCAATATTTCC Sacl
R-CTGATRAAGCCTCGAGTACCGGTTATAAAGG
DYSELMPNIS

Table 3. Mutagenic primer design. Sequences of primers and restriction enzyme cut sites
used to amplify amino acid mutations in psb¥ of Synechocystis sp. PCC 6803. Boldface
denotes nucleotides that were mutated while underlines denote restriction enzyme cut
sites created by introduction of silent mutations. The intended amino acid sequence after
mutagenesis is below each primer set in italics.

Site-Directed Mutagenesis using Polymerase Chain Reaction (PCR)
Directed mutations were introduced into plasmid vector pETC550 using the
polymerase chain reaction in conjunction with the mutagenic primers show in Table 3.
An outline of this procedure is shown in detail in (Fig. 11). Reactions of 50ul were set
up separately for the forward and reverse primers of each mutant, and then PCR was run

in a two step format. The extension reaction was run for 30s at 95°C, 1’ at 55°C, 18’ at
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68°C, and repeated three times. At the conclusion of the extension teaction, the forward
and reverse primers were combined. PCR was continued for the hybridization reaction,
that was 30s at 95°C, 17 at 55°C, 18’ at 68°C, and was repeated 30 times. PCR products
were then anal yzed on a 1% agarose gel. Afler confirmation of the correctly sized
fragment, PCR products were digested for four hours at 37°C with 1yl Dpnl, which was
added to digest the methylated, nonmutated parental DNA. Afier digestion, PCR
products were ethanol precipitated in two volumes of ethanol, and then re-suspended in

an appropriate amount of TE buffer pH 8.0.



[LEGEND: mmmmmm  poentol DNA plasmid
S 1: Plasm epara > “ G vl
Mutated DNA plasmid
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Step 2: Temper e ling [PCR
Denature plasmid and anneal oligonucleotide
primers with desired mutation using PCR
(30s @ 95C: 30s @ 95C: 1" @ 55C: 18; @ 68C:
3x)
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@

Methyiated, nonmutated parental DNA template
is digested with Dpn | at 37C
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|
|

Nonstrand-displacing action of PfuTurtbo DNA
polymerase extends and incorporates mutagenic
prmers resulting in Nicked circudar strands

(30s @ 95C: 1' @ 55C: 18 (@ 68C: 30x)

Mutated plasmid with
nicked circular strands

St 4T & on Chreutar, nicked dsDNA Is transformed into
XL1-Blue supercompetent cells

After ransformation, the XL1-Blue

supercompetent cells repalr the nicks in the
mutated plasmid

Figure 11. Site-directed rutagenesis flow-chart. The following chart outlines the steps

taken in the mutagenesis and PCR, for creating mutations in pETC550 vector. Diagram
adapted from Stratagene Quick-Change Site-Directed Mutagenesis Kit.
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Transformation of mutant PCR products into Epicurian Coli XL-1 Blue
Supercompetent Cells

To transform the PCR products into Epicuridn Coli XL-1 Blue Supercompetent
cells (Table 2) (Stratagene, La Jolla, CA), 1uL of Dpn/ treated PCR product and lui’ of
control pETC550 plasmid were aliquoted to SOul of supercompetent XL-1 Blue Cells,
The mixture was gently swirled to mix and then incubated on ice for 30 minutes. The
transformation mixture was then heat pulsed at 42°C for 45 seconds and then placed on
ice for two minutes. Next, 0.5 ml of NZY™ broth at 42°C was added and the
transformation reactions were allowed to incubate at 37°C for one hour with shaking at
225-250g. The transformation reactions were then plated on Luria Broth (LB) plates
containing (100pg/ml) Amp. The entire contents of the sample reaction were plated,
while 10uL of the pETC550 control reaction were plated. Plates were allowed to
incubate at 37°C over night. Afier incubation, successful transformants were counted,
and individual colonies were plated on a fresh LB amp plates in quadrants and allowed to

incubate over night.

Mini- Plasmid Preparations
Plasmid DNA was purified using a commercial variant of the alkaline mini-
preparation procedure of Sambrook e al. Mini-plasmid preparations were performed by’
inoculating 10 falcon tubes each containing 2ml of LB and 4ul (100 pg/ml) Amp with
one colony from separate quadrants of the LB plates described above. The mixture was
then incubated at 37°C while shaking at 250g overnight. The following day, 1.5mL of
overnight culture was transferred to a microcentrifuge tube and centrifuged at 12,000g for

30 seconds at 4°C to pellet. After removing the supematant fuid, the pellet was



36

resuspended in 1004 of ice-cold Qiagen solution I by vigorous vortexing. Then 200pl of
Qiagen solution IT was added and mixed by inverting the tube rapidly 5 times. 150pl of
ice-cold Qiagen solution III was added and mixed by inverting for 10 seconds and then
stored on ice for 3-5 minutes. The mixture was then centrifuged at 12,000g for 5 ninutes
at 4°C and the supernant fluid was transferred to a fresh tube. The DNA was then
precipitated by the addition of two volumes of ethanol at room temperature followed by
vortex mixing. After the mixture stood at room temperature for two minutes, it was
centrifuged at 12,000g for five minutes at 4°C, followed by removing the supernatant
fluid and allowing the pellet to dry. The peliet was rinsed with 1ml of 70% ethanol and
centrifuged again. After the pellet was allowed to re-dry, it was resuspended in 50ul of
TE (pH 8.0) and the plasmid preparations were then analyzed by restriction enzyme

cutting and agarose gel electrophoresis.

Restriction Enzyme Digests

To perform restriction enzyme analysis on the plasmid preparations, a master
enzyme mix was made containing 24l enzyroe, 121 buffer, and 60l ddH20 (enough
for ten reactions, a control and one extra reaction). After 2l of each plasmid was added
to ten tubes, 8l of the master mix was added. A control of pETC550 was also made in
the same fashion to give a total of 11 tubes. Each of the tubes were vortexed, spun down
and then allowed to incubate at 37°C for 4 hours. The digests were then confirmed on a
1% agarose gel. Restriction digests revealing the expected pattern due to the introduction

of new cut sites during mutagenesis, were sent to the Oklahoma State University core
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facility for DNA sequencing. Preparations that retumned from sequencing With the

confirmed sequence were stored in 20% frozen glycerol at -20°C.

Transformation into BL-21(DE3) E.coli containing pEC86

Mutants confirmed by DNA sequencing were transformed into the BL-21(DE3)
E.coli vector containing plasmid pEC86 (Tables | & 2). Competent cells were prepared
using 2 0.1M CaCl, wash and were resuspended in 0.1M CaCl;/20% glycerol solution.
1ul of mutant plasmid and ul of control pETC550 plasmid were aliquoted to 50pul of
BL-21(DE3)/pEC86. The mixture was gently swirled to mix and then incubated on ice
for 30 minutes. The transformation mixture was then heat pulsed at 42°C for 45 seconds
and then placed on ice for two minutes. Next, 0.5 mL of NZY" broth at 42°C was added
and the transformation reactions were allowed to incubate at 37°C for one hour with
shaking at 225-250g. The transformation reactions were then plated on LB plates
containing (100mg/ml) Amp. The entire contents of the sample reaction were plated,
while 10pl of the pETC550 control reaction were plated. Plates were allowed to incubate

at 37°C ovemight.

The over-expression of pETCS550 in BI-21(DE3) E.coli with pEC86.

A unique binary plasmid system was used o over-express cyt. ¢550 that is
responsible for the covalent attachment of the heme to make the mature ¢550. This
plasmid system is discussed in detail in the results section. A 100ml overnight Terrific
Broth (TB) culture was innoculted with cells, (30mg/ml) chloramphenicol, (100mg/ml)

ampicillin, and depending on the particular mutant, glucose or sucrose. The culture was
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incubated overnight while shaking at 250g at the appropriate temperature (37°C or 28°C).
The following moming Sm) were transferred to (20) 250ml flasks or (2) 1 liter flasks with
100ml of TB and the appropriate antibiotics and glucose or sucrose. The cultures were
then once again incubated with shaking all day. If [PTG was added, jt was added when
the ODgpp ~ 0.8-1.0 and the induction was allowed to proceed in the shaker for
approximately three-four hours. All cell cultures were combined at the end of the day

and placed at 4°C ovemight.

Periplasmic fraction preparation.

During production of mature cyt. ¢550, the PelB leader sequence directs ¢550
from the cytoplasm into the periplasm (discussed in detail in Chapter 3). Therefore, to
obtain the periplasm containing cyt. ¢550, cells underwent osmotic shock. Cell cultures
that were refrigerated at 4°C overnight, where harvested by centn fugation at 4°C, 6000g
for ten minutes the following day. Bactenal pellets were incubated in 1ml osmotic buffer
(50mM Tns/HCI, pH 8.0, 20% sucrose, ImMMEDTA) per 100ml of cell culture and left on
ice for 15 minutes. Nanopure water was then added at the same volume of osmotic
buffer and the cell suspension remained on ice for another 15 minutes. The culture was
then centrifuged at 4°C and 11,000g for 15 minutes and the supernatent fluid
(periplasmic fraction) was collected. The concentration of recombinant cyt. in the
periplasmic fraction was then determined by visible spectroscopy. Quantitation relied on
the absorbance changes that occur upon reduction of the ¢yt., when sodium dithionite
crystals, which act as a reducing agent, were added to the fraction and the protein was

observed for absorbance at 407 nm and 550nm.
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Using the spectral data at 550nm, the concentration of protein in the fraction

could be estimated by using the following formula: A= Ebc. This formula could be

rearranged to calculate for the concentration: C= (Dilution factor) (Assq) / (E)b)

A= absorbance

b= path length in cm

¢ concentration in mM

E= extinction coefficient of cyt. ¢550 (25x10° mole/cm)

The protein was then stored at -20°C until further use.

Crude extract protein preparation

A crude extract of protein was prepared strictly for redox titrations using the
following methodology. After the periplasmic fraction was prepared, 10mM, pH 7.0
streptomycin suifate was added and then the solution was allowed to stir for 1 hour at
4°C. After stiming, the solution was put on ice for | hour and then spun down at 11,000g
for ten minutes at 4°C. Afler centrifugation, 75% ammonium sulfate was added and the
solution was stirred for 1 hour at 4°C and then spun down once again as above. The
resulting pellet was dissolved in 0.1mM sodium phosphate buffer pH 7.0 and

concentrated to 2-3ml.

Column chromatography protein purification
Purification of cyt. ¢550 was completed using a three column chromatography
system. First, the protein was dialyzed against 20mM Tris/HCI buffer pH 8.0 and then
applied to the DEAE cellulose column (XK 26/20) and Cyt. ¢S50 then was eluted with 0-
500mM NaCl gradient in Tris/HC! pH 8.0. The fractions containing cyt. ¢550 were then
collected and concentrated by ultrafiltration (Amicon model 8200 with YM 10 membrane)

to 10ml. The protein was once again dialyzed against 20mM Tris/HC1 pH 8.0 and loaded



into the DEAR sephacel column (XK 16/20). Cyt. ¢550 was eluted with 150-500raM
NaCl gradient in. Tris/HCl pH 8.0. The fractions containing cyt. ¢550 were then collected
and concentrated by ultrafiltration (Amicon model 8200 with YM 10 membrane) to 2-3ml.
Last, the Superdex G-75 gel permeation column was loaded and cyt. c550 was eluted

with 50mM Tris/HCI buffer pH 8.0. The fractions containing cyt. ¢550 were then
collected and concentrated by ultrafiltration (Amicon model 8200 with YM 10 membrane)

to 2-3ml. Then cyt. ¢550 was exchanged into 0.1mM sodium phosphate buffer pH 7.0

and stored at -80°C until further use.

SDS-PAGE gel analysis

After cyt. ¢550 was purified through the three column chromatography system, it
was analyzed on a 12% acrylamide gel containing 6M urea. A 20ml TMBZ gel soak
solution was made by dissolving 26mg of 3°,3°,5°,5" tetramethylbenzidine in 0.5ml
DMSO. Then, 4.0ml of 95% ethanol, 100% glacial acetic acid, and 5.5ml of water were
added to the TMIBZ/DMSO soak solution. The SDS-PAGE gel was then soaked in the
TMBZ solution for one hour at room temperature with gentle agitation. The staining
reaction is then initiated by adding H,0; to 1% v/v. The reaction was then monitored for
the visible blue bands. Once the blue bands were detected, the SDS-PAGE could be

viewed for the respective single band representing each purified cytochrome.

Spectroelectrochemistry
Redox titrations for cyt. ¢550 were completed using a custom-made cell (SEC
cell) with 2 quartz cuvette (1.0 cm path-length) fused to a custom made set of ports

through a gradient coupling. (OSU Glass Shop, Stiliwater, OK). The cell was comprised
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of a platinum working electrode, an Ag/AgCl reference electrode and a magnetic stirrer.
A Rotaflow stopcock attached to a Schlenk line served as an inlet for argon to keep the
inside of the cell oxygen free. The small port in the front of the cell was for the addition
of mediators and protein and was filled with a rubber septum prior to the onset of the
titrations. The cell was placed in a cuvette holder (OSU Physics and Chemistry
Instrument Shop, Stillwater, OK) with internal channels designed to accept a constant
temperature shource of 24°C with the aid of a refrigerating ciculator. The cuvette holder
was on top of a stir plate so constant stirming could be maintained throughout the
experiment. Sodium phosphate buffer was added to the cell in addition to the redox
mediators added at 20uM (Table 4), glucose oxidase and catalase. This solution was
bubbled with argon for 45 minutes and then 10pM of protein was added to the cell with a
Hamilton gas tight syringe and the cell was sealed with a septum. After the cell was
pumped and purged with argon three-four times to remove any residual oxygen, 2M
glucose was added to ensure the environment is anaerobic. The titrations were then

- carried out by adding the appropriate amount of a 1 mM solution of sodium dithionite by
syringe, while simultaneously monitoring the UV/VIS spectrum of the protein for shifis

at 550nm and taking the respective potential with the voltmeter.



Mediators

Compound
1,2-Napthoquinone™
Toluylene Blue®*
Duroquinone*
Pentaaminechlororuthenium
(I17) di-chlonde*
2,5-dihydroxy-p-benzoquinone
2-hydroxy-1,4-napthoguinone
Anthraquinone-2.6-disulfonic
acid
Anthraquinone-2-sulfonic acid
Methylviologen
Lumiflavine

Redox Potential

(vs. NHE)
0.157
0.115
-0.005
-0.040

-0.060
-0.130
-0.180

-0.250
-0.440

(A7)
Ag/AgCl
-0.04
-0.082
-0.192
-0.237

-0.257
-0.334
-0.381

-0.449
-0.646
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Table 4. Redox mediators used for spectroelectrochemistry. The following are the redox
mediators that were added to the cell for the sodium dithionite titrations. *Denotes more

positive mediators used only for the titration of Cyt. ¢550-H92M.
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CHAPTER &

EXPRESSION AND PURIFICATION OF CYTOCHROME ¢550

L Introduction
The goal of my overall project was to create mutations in cyt. ¢550 from
Synechocystis 6803 which would then be charactetized to test the hypothesis: Flow

do these specific mutations effect redox potential? In this chapter, I will describe and

discuss the results of all of the steps taken to express ¢yt. ¢550 in E.coli: mutagenesis,

expression and optimization, and purification. 1have exhibited how the pET system
can be used along with BL21(DE3) £.coli housing the pEC86 plasmid, to over-
express heme containing protein in E. coli. The T7 polymerase-based pET system is
one of the most powerful and widely used expression systems available for
prokaryotes. This expression system is now widely used because of its ability to
mass-produce proteins, the specificity involved in the T7 promoter which only binds
T7 RNA polymerase, and also the design of the system which allows for the easy
manipulation of how much of the desired protein is expressed and when that
expression occurs. (Unger, 1997; Novagen, 2002-2003). Once pETC550 is
transformed into the BL21(DE3) E.coli harboring the pEC86 plasmid, the binary
plasmid system leads to a covalently attached heme and therefore a mature cyt.. ¢550.
This process will be discussed in detail in the following section.

Additionally addressed in this chapter will be a number of different strategies
that were used to optimize expression conditions for cyt. ¢550. Since expression

levels were not the same for each of the mutagenized cyts., specific expression
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protocols had 10 be re-designed so we could obtain sighificant yields of each of the
proteins for further experimentation. Last, will be the discussion of the purification
of eyt. ¢550 nsing a three column chromatograpby purification technique, as well as a

crude extract preparation, which proved sufficient for the redox titrations.

II.  Reswuits and Discussion

A. Mutagenesis

I have used a PCR-based site-directed mutagenesis procedure {o introduce amino
acid substitutions into the cyt. ¢550 protein. The PCR procedure is based upon the
Stratagene Quick-change site-directed mutagenesis kit and is outlined in (Fig. 3) of
materials and methods. A detailed description of this procedure can also be found in the
matenals and methods. The PCR resulted in the snccessfitl mutagenesis of five of the
eight amino acid targets in the pETC550 vector (Table 5). Confirmation was done by 1%

agarose gel analysis. After plasmid preparation, approximately 0.10-0.90 pg/ul of DNA

was isolated.
Mutant primer | Successful Amount of
Mutants- DNA
(0.8] isolated
(ng)
| Cyt. ¢550-T48I X 67.5
Cyt. ¢550-L.911 X 45.0
Cyt. ¢550-P93A X 52.5
Cyt. ¢550-P93G
Cyt. c550-N49L X 72.3
Cyt. ¢550-N49D X 75.1
Cyt. ¢550-H9ZM

Table 5. Successfully mutagenized cytochromes. All mutation target sites attempted and
those that were successful after confirmation of two-step PCR by 1% agarose gel analysis.
Also shown is the amount of total DNA (ug) isolated afier plasmid preparation.
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PCR was used for the mutagenic primers to ensure proper elongation and
hybridization (Fig.11). First, PCR was used to denature the pETC550 plasmid and anneal
the oligonucleotide primers that contained the desired mutation. At the conclusion of this,
the oligonucleotide primers had been annealed separately to the forward and reverse
primers, and then were combined. PCR was then used again, and the nonstrand-
displacing action. of PfuTurbo DNA Polymerase (Stratagene) extended and incorporated
the mutagenic primers. The successfully incorporated mutants were confirmed on 2 1%
agarose gel with pETCS550 serving as a control.

Since the PCR regenerates the original plasmid, atbeit with a mutation, it is then
possible to replicate the products by transformation into F.cofi. After transformation of
the PCR products into competent XL-1 Blue £.coli cells (XL 1 Supercompetent,
Stratagene), individual colonies were grown in culture overnight and were then used for a
small plasmid preparation the following moming. After the content of the plasmid
preparation was confirmed on a 1% agarose gel, the plasmid samples were digested with
the appropriate restriction endonucleases for identification of plasmids containing the
mutated sequence. Since a silent mutation was introduced into all of the mutagenic
primers, success ful transformants showed an additional restriction enzyme cut site when
compared to that of the pETC550 control plasmid (Fig. 12). This served as a very
efficient marker for successful mutagenesis so we did not proceed with experiments if the

mutation was not indeed present.

L SO
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Figure 12, Restriction enzyme digest of cyt. c550-N49D with Pstl. A: . HindlIIl DNA
ladder, B: pETC550 control, C~J: Cyt. c550-N49D. Lanes C,E,F,H,], and J all show
successful mutants that demonstrate the additional cut site introduced with the silent
mutation in the mutation target sequence. Therefore there are two fragments of ~1.7kB
and 4.2kB (lanes C,E,F,H,I and J) as compared to the one cut site shown in lanes
B,D,and G.

If a particular plasmid did not show an additional cut site, it was evident that the
mutated primer sequence had not been incorporated into the parent plasmid and therefore
no further analysis was done. Transformants yielding plasmids with the expected new
restriction site were sent to the OSU core facility for DN A sequencing, and results were
then compared to the nucleotide sequence of pETCS30 for confirmation. It should be
noted that although PCR can be erroneous, all sequences were confirmed for the entire
psbV gene, and therefore the absence of unintended mutations was ensured.

For the initially unsuccessful mutagenesis reactions, some changes to protocol
were made in an attemnpt to optimize PCR conditions. Different volumes of template
DNA (0.5ul, 1Tl and 2ul) were used in addition to an increased second round annealing
temperature of 57°C instead of 55°C without success for the cyt. ¢550-MetD mutant. For

Cyt. ¢550-P93G and cyt. ¢550-H92M, the experiment was done in quadruplicate to

ensure a higher yield of amplified DNA, and then the entirety of the products were used
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1o transform into competent XL-1 Blue E.coli cells (XL1 Supercompetent, Stratagene).
With more DNA present, it was hoped that the competent cells would be more hikely to
pick it up and incorporate it. However, this did not prove to be any more successful in
attaining transformants than doing the procedure following the 1x standard protocol.
After transformants were obtained for cyt. ¢550-P93G and cyt. ¢550-H92M, restriction
analysis indicated that only a few plasmids were positive for carrying the mutated
sequence. After the plasmids were sent o sequencing, the confirmed nucleotide
sequence indicated that the mutated sequences were actuatly not present for either Cyt.
€550-P93G or cyt. ¢550-H92M. Since restriction analysis suggested otherwise, we
suspected that the problem could be coming for the plasmid preparation. Therefore, the
plasmids of cyt. ¢550-P93G and cyt. ¢550-H92M were re-prepared using a large scale
plasmid preparation protocol (Qiagen, Valencia, CA) which used a column for
purification, and then were resent to sequencing. Although the overalt DNA nucleotide
sequence was more accurate, the mutated sequences were still not present. For the cyt.
c550-P93A mutant, the DNA nucleotide sequencing after the small plasmid preparation
showed some missing bases throughout the sequence like that of cyt. ¢550-P93G and cyt.
c550-H92M. However, a large plasmid preparation utilizing the column was performed,
and then the sequence was accurate when compared to that of the control plasmid
pETC550, and additionally contained the mutated sequence. The large plasmid
preparation obviously led to a cleaner preparation since it makes use of a filtration
column, and therefore a higher yield of purified DNA. Afler many trials with cyt. ¢550-
MetD, cy1. 6550-P93G and cyt. ¢550-H92M without any success, we continued with the

other prumers to attain mutants. Many speculations can be made in regards to why only
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three of the pnmers were not amplified using this technique. One possibility exists that
these primers did not recognize the annealing sitc, so therefore they were not
incorporated. This could be due to the substitution of some bases, which causes the
polymerase to have trouble recognizing the annealing site. The plasmids with a
confirmed DNA nucleotide sequence were transformed into the binary expression
plasmid BL21(DE3)/pEC 86. The cyt. ¢550-H92M mutant was obtained from Dr. Li

(Burnap Lab, OSU).

B. Overexpression of cyt. ¢550 using a binary plasmid sysiem in E.coli

For overexpressing cyt. ¢550, a binary plasmid system in E.co/i BL21(DE3),
consisting of the pEC86 plasmid and the pETC550 plasmid was used. Although a
variety of plasmid vectors exist for the overexpression of ¢-type cytochromes in E.coli
(Price er al,, 2000, Sanders & Lill, 2000), for overexpressing cyt. ¢550 we used the
binary plasmid system consisting of the pEC86 and pETC550 plasmids. The pEC86
plasmid (Fig. 13) is harbored by the £.coli BL21(DE3) host strain and was obtained from
Dr. Linda Thony-Meyer (Mikrobiologisches Institut, Zunch, Switzerland). Once the
mutagenized plasmids were confirmed by sequencing, they could be transformed into the
E.coli BL21(DE3) strain where they would be housed with the pEC86 plasmid. This
system is considered to be binary since both plasmids play a role in producing the
covalently attached holo-cyt. ¢550. The pETC550 plasmid is responsible for the
production of apo-cyt. ¢550 with a cleavable pelB leader sequence that directs the
cytochrome across the cytoplasmic membrane and into the periplasm. The pECB6
plasmid contains the genes ccmARCDEFGH cloned in pACYC184 in the direction of the

tet promoter. It allows for a high copy number expression of the cem genes which are
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required for formation of c-type cytochromes. Cytochrome ¢ maturation is actually
thought to be catalyzed by the ccm membrane complex consisting of these eight proteins.
CembD is responsible for the delivery of heme to CcmE where heme binds transiently in
the periplasm. CcmE then functions as a heme chaperone by facilitating the transfer and
preventing aggregation or non-specific interactions of the heme. Once the apo-cyt. ¢550
has been directed into the periplasm, the heme will become colvalently attached to the
apo-cyt. ¢550 via two thioether bonds at the conserved CXXCH binding motif, therefore

resulting in holo-cyt. ¢550 (Arslan et al., 1998).

cemABC D E F o H

pACYC184

pPECS86

Figure 13. The pEC86 plasmid used to overexpress cyt. ¢550 in E.coli. The genes
ccmABCDEFGH are cloned in pACYC184 in the direction of the tet promoter (Thony-
Meyer et al., 1994 & Fee et al., 2000).. This allows constitutive high copy number
expression of the ccm genes, which are required for formation of ¢-type cytochromes.
C. Optimization of expression

An important goal of the project was to maximize the expression conditions of cyt.
¢550 in E.coli since only variable success has been achieved in the overexpression of ¢c-
type cytochromes in £. coli thus far (Thony-Meyer, et al., 1994). The combined

periplasmic fraction preparations yielded a sufficient amount of recombinant cyt. ¢550

for protein purification using column chromatography. As discussed below, it was found
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that crude protein extracts could also be used for redox potential determinations. The
amounts of cyt. in the extracts were determined using the published extinction co-
efficient for the heme of cyt. ¢550 (Table 6). Also included in Table 6 are the culturing

conditions for cyt. ¢550 and the cyt. ¢550 mutants.

Cytochrome Volume | Concentration With Without With and
- 550 (ml) (uM) IPTG, IPTG, without
Sucrose, & | Sucrose, & IPTG,
Betaine Betaine Sucrose
and
Betaine
ETCS50 420 27 X
Cyt. ¢550-T481 500 26 X
Cyt. ¢550-L911 200 20 X
Cyt. ¢550-P93A 445 22 X
Cyt. c550-N49D 200 21 X
Cyt. c5S50-N4SL 240 29 X
Cyt. ¢550-H92M * * X

Table 6. Expression conditions of cyt. ¢550. Cyt. ¢550 and mutants with overall final
volume and concentrations obtained from periplasmic fraction preparations. Also
included are the expression conditions of the each cyt. *Denotes preparation by Dr. Z.L.
Li., OSU).

To culture cyt. ¢550 in £.coli, we used a standard protocol of TB broth with the
respective antibiotics and 2M glucose for pETC550, cyt. ¢550-T481 and cyt. ¢550-L911.
After being cultured all day, samples were taken out of the shaker and put at 4°C over-
night. This seemed to give us a higher yield of covalently attached hemo-protein as
compared to cultures that were prepared that evening. It’s possible that the longer time is
helpful for apo-cyt. ¢550 export into periplasm and/or heme attachment. After the
periplasmic fraction was prepared, we developed a quick test to estimate the amount of

recombinant protein present based on the spectroscopic properties of the heme. By

adding a small amount of dithionite and then using spectroscopy to scan from 400-700nm
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we could use the spectral value at 550nm (a-band) (Fig. 14) and an equation including
the extinction coefficient for cyt. c350 to calculate the protein concentration. The
dithionite served as a reductant by donating an electron to the heme iron, producing an
increase in light absorbance at 550nm. When the population of cyt. molecules in the
cuvette are all oxidized, the ODssg is minimal, whereas when it is fully reduced, the
absorbance is maximized. Because the extinction coefficient for ¢550 is known, it is
possible to quantitate the amount of ¢550 by the absorbance change, following the

addition of excess dithionite.
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Figure 1 4. C haracteristic difference s pectrum o f p eriplasmic fraction p reparation a fter
the addition of dithionite. The fraction was scanned from 400 to 700nm so that all three
regions of the spectra, A: a-band at 550nm, B: B-band at 522nm, and C: soret band at
417nm could be viewed. Both the sample and reference cuvettes contained the
periplasmic extract. Spectrum was recorede following the addition of sodium dithionite
to the sample cuvette.

Although the standard protocol involving the TB, antibiotics and 2M glucose
worked for the expression of several of our mutant cyts., some mutant proteins prdved

more difficult to express in sufficient quantities. Therefore, expression conditions had to
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be revisited. A variety of conditions exist for optimizing the expression of covalently
attached hemo-proteins. Based on the expression protocol used in our collaborators lab,
Dr. Mario Rivera (OSU Chemistry Department), for the expression of cyt. b5, we
attempted to induce the growth of cyt. €550 with the addition of IM IPTG, (100mg/ml)
FeSOq, and (17mg/ml) ALA at O.D.600 =1, but saw no difference in growth as compared
to the standard procedure already being employed in our lab. Additionally, we tried to
supplement our growth protocol with the addition of FeSO4 and ALA alone and together,
without any IPTG. We found that this actually lowered our yield of protein as compared
to the yield of our control preparation with none of the above supplements added. The
theory behind the addition of IPTG is that it will induce the T7 RNA polymerase from
E.coli BL21(DE3) to induce production of the cyt. The pET vector contains a lac I gene
which codes for the lac repressor, a T7 promotor which is specific to only T7 RNA
polymerase (not bacterial RNA polymerase) and a lac operator (Blaber, 1998). When the
T7 RNA polymerase is present and the /ac operator is not repressed, transcription
proceeds very rapidly as long as the T7 RNA polymerase is present (Campbell, 20003).
IPTG is also responsible for displacing the lac repressor and initiating the lac genes since
it 1s an analogue of lactose (Blaber, 1998). Since there are lac operators on both the gene
encoding T7 polymerase and psbV, IPTG activates both genes (Campbell, 2003).
Therefore, when IPTG is added to the cell, the T7 polymerase is expressed, and quickly
begins to transcribe psbV which is then translated. The FeSO, 1s added as an additional
source or iron since heme requires iron in its structure. Last, ALA was added because it
serves as a precursor for heme biosynthesis. Without heme biosynthesis, there will be no

heme produced, and hence, no holo-cyt. ¢550.
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Since we were having extremely low yields for the expression of cyt.
c550-P93A, we then tried to supplement our procedure by inducing growth with only
IPTG when O.D 600 = 1, after approximately three-four hours of growth. By varying
concentrations of IPTG (0.5mM, 2.5mM, 5mM, and 10mM) we found that 0.5mM PTG
helped to increase the expression of this cyt. ¢550 three-fold as compared to the control

with no IPTG (Fig. 15).
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Figure 15. Absorbance of cyt. ¢550-P93A under varying IPTG conditions as a
percentage of the control. When 0.5mM IPTG was added to the culture at an ODggo=1
after three-four hours of growth, a three fold increase was observed in the expression of
cyt. ¢550 at 37°C, as compared to the control with OmM IPTG.

It was obvious that the IPTG was indeed inducing the T7 RNA

polymerase present in E.coli BL21(DE3) therefore leading to the production of more cyt.
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¢550. Additionally, when we varied the cultivating temperature from 37°C to 28°C with

0.5mM IPTG we saw a three-fold increase in the expression of cyt. ¢550 (Figs. 16 & 17).

0.12

0.1

0.08

0.06

0.04

0.02

Absorbance (nm)

-0,02 L IR W TSP TP Aa
400 450 500 550 600 850

Wavelength (nm)

Figure 16. The induction by IPTG given at varying concentration on the expression of

cyt. ¢550-P93A in E. coli at 37°C. (e) Control, 0 IPTG, (m) O.5mM IPTG, (¢) 2.5mM
[PTG, (a) 5mM IPTG, (@) 10mM IPTG. Induction of 0.5mM PTG (=) at 37°C showed
the best yield. Difference spectra were recorded as in Figure 14.
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Figure 17. The induction by IPTG given at varying concentrations on the expression of
cyt. ¢550-P93A in E. coli at 28°C. (e) Control, 0 IPTG, (») O.5mM IPTG, (4) 2.5mM
IPTG, (&) SmM IPTG, @) 10mM IPTG. Induction of 0.5mM IPTG at 28°C showed the
best yield for cyt. c550-P93A giving a near three-fold increase over cyt. ¢550-P93A
grown with 0.5SmM IPTG at 37°C. Difference spectra were recorded as in Figure 14.

It was evident that the cyt. ¢550 mutants had some sensitivity to temperature and
preferred to be cultured at 28°C. This was evident as seen in (Fig. 8) when cyt. ¢550-
P93 A under induction by 0.5mM IPTG grown at 28°C, as opposed to 37°C, showed a
near three-fold increase in expression. Additionally, in the past it had been virtually
impossible to express the cyt. ¢550-H92M mutant since it is so unstable. Once the sixth
axial ligand is mutated from a histidine to a methionine, the protein becomes unstable
because the covalent attachment of the heme is more difficult to achieve (see below).
However, when we supplemented the media with 0.SM TPTG at 28°C we found a four-

fold increase in the expression of cyt. ¢550-H92M as compared to cyt. ¢550-H92M

grown with only 0.5mM IPTG at 37°C (Figs. 18 & 19).
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Figure 18. The induction by IPTG on the expression of cyt. ¢550-H92M in E. coli at
37°C. (o) Control, 0 IPTG, (w) O.5mM IPTG, (¢) 2.5mM IPTG, (4) 5mM JIPTG. There
are no peaks observed in the 550nm region at any of the varying concentrations of IPTG.
Difference spectra were recorded as in Figure 14.
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Figure 19. The induction by IPTG on the expression of cyt. ¢550-H92M in E. coli at
28°C. (e) Control, 0 IPTG, (® 0.1mM IPTG () O.5mM IPTG, (¢) 2.5mM IPTG,

@) 5SmM IPTG. At 28°C, there is a four-fold increase in the expression of cyt. ¢550-
H92M when the media is supplemented with 0.5mM IPTG (#). Difference spectra were

recorded as in Figure 14.
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Although adding 0.5mM IPTG did increase our expression for cyt. c550-
P93 A and cyt. c550-H92M, we were still interested in optimizing the conditions further
to achieve yields similar to that of pETC550 and the two other mutants cyt. ¢550-T48I
and cyt. ¢550-1.911. Based on work done by Bourot, ef al., and Sosa-Peinado, ef al., we
additionally supplemented our expression medium with 2.5mM betaine and 300mM
sucrose. With the addition of these two osmolytes and 0.5mM IPTG at 28°C, we saw a
four-fold increase in the expression cyt. ¢550-H92M as compared to the control with only

0.5mM IPTG and no betaine or sucrose, (Fig. 20).
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Figure 20. The effects of 0.5mM IPTG, 2.5mM betaine and 300mM sucrose on the
expression of cyt. ¢550-H92M in E.coli at 28°C. (8) 0.5mM IPTG, (o) 0.5mM IPTG,
2.5mM betaine, (a) 0.5mM IPTG, 300mM sucrose, (o) 0.5mM IPTG, 2.5mM betaine,
300mM sucrose. With the addition of the two osmolytes, betaine and sucrose, and
0.5mM IPTG (), a four-fold increase was seen in the expression of cyt. ¢550-H92M as
compared to a control (@) with no addition of osomolytes. Difference spectra were
recorded as in Figure 14.
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We were also able to see similar results for cyt. ¢550, cyt. ¢550-P93A, cyt. ¢550-
N49D and cyt. cS50-N49L. It is likely that these two growth additives aid cyt. ¢550 in
protein folding which could in tum result in more protein stability and a stable heme
environment and attachment in the holo-cyt. ¢550. It should be noted that an increase in
protein expression was also seen for pETCS550 under these same conditions.

Additionally, we found that flask sizes had an influence on the amount of

protein expression. All of the mutants seemed to grow better in large 21 flask, with an
exception of H92M which grew much better in 20 (100 ml) flask. This likely related to

the oxygen requirements of cells expressing each of the different cyt. mutants.

D. Purification

Two purification techniques were utilized to purify the cyt. ¢550 in E.coli,
and each yielded a significant amount of protein to perform the redox titrations. The first
method punfied cyt. ¢550 by using a three column chromatography system. With this
method, the periplasmic fractions could be directly added to the first column, the DEAE
cellulose, which is an anion exchange column. Since cyt. ¢550 is an anion, it bound to
the positively charged column matrix, and when rinsed with 500mM NacCl, the Cl” anions
released the protein by competing for the positive charge. After fractions were collected
and concentrated, they were added to the second column, the DEAE sephacel, which
once again allwed cyt. €550 to be purified based on charge differences. The fractions
were collected and concentrated from the DEAE sephacel and added lastly to the third

column, the G-75 Superdex, which is a gel permeation column. The gel beads in the
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column trapped cyt. ¢S50 while allowing larger substances to pass on through. The
smaller eyt. ¢550 was then washed out of the beads and collected as purified protein.

The three column chromatography protein purification was carried out and
rendered sufficient yields of cyt. ¢550 for the redox titrations (Table 7). Characteristic
spectras of our collected fractions from each of the three columns can be viewed in the
(Figs. 21-23). Each of the collected fractions were scanned at 280nm and 407nm to
detect the protein present in the fraction (280nm) and to detect the soret band (407nm) of
cyt. ¢550. By utilizing this spectral data shown in these figures, we could determine in

exactly what part of the fraction our cyt. was, so that we could collect it for concentration.

Cytochrome CS50 | Protein concentration | Volume | Molar concentration Yield
(mg/ml) (mI) (nM) (ng
Wild Type 1.87 1.95 118 140
7481 1.88 2.75 118 215
L9l 1.87 1.85 118 247
1

Table 7: Concentrations and yields of the three column chromatography
purification. Shown above are the respective protein concentration, volume, molar
concentration and yield for cyt. ¢550, cyt. ¢550-T481 and cyt. ¢550-1.911. Yields for the
proteins were sufficient to perform re-dox measurements. Other.proteins were purified
using the crude extract protein purification procedure for redox titrations.



60

Y ——
1500 2
1 8
— ] 0
£ 1 400
£ i g
§ 1300 2
[0} ] 3
g {200 §
a ]100 S
< 1 —
] 3
o =
-1 :...Ll.“‘h. -100

0 50 100 150 200 250 300
Eiution Volume {mL)

Figure 21. Ton exchange profile with 500mM NaCl salt gradient for cyt. ¢550 after
purification through the DEAE cellulose column. The collected fractions were scanned
at 280nm (—) and 407nm ¢-9. The diagonal line { -7) demonstrates the elution of cyt.
¢550 from 0-500mM NaCl. Fractions were collected where the peaks at 280nm and
407nm coincide (Peak 2 of 280nm).
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Figure 22. Jon exchange profile for cyt. ¢550 after purification through the DEAE
sephacel column. The collected fractions were scanned at 280nm (=) and 407nm-¢--).
Fractions were collected where the peaks at 280nm and 407nm coincide (Peak 2 of
280nm).
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Figure 23. Elution profile of cyt. ¢550 after purification through the gel permeation
column (G-75 Superdex). The collected fractions were scanned at 280nm (—) and
4070m ¢--). Cyt. ¢550 was eluted where the peaks at 280nm and 407nm coincide (Peak
2 of 280nm).

The cyts. purified by column chromatography were analyzed on a SDS-
polyacrylamide gel with TMBZ and Coomassie Blue staining to confirm the one
homologous band representative of purified cyt. ¢550 (Fig. 24). The first gel (A) is
stained only with the Coomassie, while the second gel (B) has been stained additionally
by TMBZ. The Comassie stain is responsible for staining all of the proteins present,
while the TMBZ stain is selective for heme-containing proteins. The one homologous
band viewed in each of the gels in lanes labeled (E) is representative of the purified Cyt.
c550. Since there is only one band present in these lanes, no other heme-containing

proteins are likely present, therefore ensuring that our cyts. were purified.
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Figure 24. SDS-PAGE: FPLC purification of cyt.C550 on Ni-NTA Superflow. SDS-
PAGE was performed at 12% acrylamide including 6M urea. A: Coomassie-stained SDS
gel; B: the same gel with TMBZ staining. M: prestained SDS-PAGE standards (Bio-
Rad); P: periplasmic fraction; F: flow through; W: wash; E: elutes (purified cyt. ¢550).

In addition to the three column chromatography purification technique, a
purification protocol was designed using the crude extracts of the proteins to save time
and expense, which yielded a comparable value to that achieved by the columns. [t
should be noted that the crude extract of protein was prepared strictly for redox titrations
and was not used for other procedures. Additionally, the titrations using the crude extract
of protein gave us the same results when compared to titrations using the column purified
protein. To accomplish this simple purification technique, the periplasmic fraction was
prepared, and then streptomycin sulfate was added to precipitate nucleic acids. This was
followed by a simple protein purification step involving the same concentration of
ammonium sulfate used for our column purified proteins. The procedure is discussed in
detail in the materials and methods. Although this procedures was likely not as pure as

the protein purified through the three columns, it is unlikely that there were any other
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interfering redox proteins present since the entire titration spectra looked identical for the

column purified protein and the crude extract purified protein. The concentration of

protein obtained from the crude purification can be seen in (Table 8).

Cytochrome ¢550 Volume (ml) | Concentration(uM) |

pET c550 2.85 88

pET Hc550 4 93.6

pETc550H 3.8 118.8

cyt. ¢550- P93A 48 106

cyt. ¢550- N49D 3.4 101

cyt. c550-N49L 43 112.5

cyt. ¢550- H92M 3.5 96

Table 8. Concentration of proteins after crude extract purification. Shown are the overall
volumes and concentrations that were obtained after the crude purification of the
perplasmic fraction preparation. Crude purified protein was used only for

clectrochemistry.
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CHAPTER 6

REDUCTION-OXIDATION (Redox) PROPERTIES OF CYTOCHROME ¢550
AND ¢S50 MUTANTS

Introduction

Redox titrations can be carried out to determine the concentration and
midpoint potential(s) of one or more species in a solution. A titration is done to obtain
quantitative information about the sample, by adding a certain volume of reactant whose
concentration is known. By adding a known concentration of reactant, at consjstent
intervals, data can be collected to make a titration curve. To determine the formal
reduction potential of cyt. ¢S50, we nsed the reactant sodium dithiorute. Sodium
dithionite serves as a reductant by adding electrons to the electrochemical cell, which are
then picked up by the redox mediators in the cell that in turn, transfer the electrons to the
heme iron of cyt. ¢550. During this process, the redox potential in the titration cell
becomes progressively more negative which is measured with a Ag/AgCl electrode. This
is a stepwise process, which allows for a gradual reduction of cyt. ¢S50 with each
addition of sodium dithionite, so sufficient data can be collected at each progressively
more negative potential. As the cyt. becomes reduced it undergces absorbance changes
which allow us to determine the fraction of the cyt. population in the solution that has
become reduced. It was very important for us to have the correct balance of mediators
for each of the different proteins, so they could provide a buffering capacity around the
actual redox value of the respective protein, and electrons could be slowly delivered to

the heme iron of the cyt.
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As sodium dithionite was added to each titration, the concentration of the reduced
and oxidized states of the redox protein in the cell, are determined from the optical
absorption spectrum of the solution in the cell. Each new spectrum following each
addition of sodium dithionite to the cell was saved, and the absorbance value at 550nm
was documented. As more sodium dithionite was gradually added to the gell, the peak at
550nm went from completely oxidized (flat) to partially oxidized (semi-curved), to

completely reduced (curved) as can be seen in (Fig. 25).
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Figure 25. Redox titration spectrurm at 550nm. Shown in this figure is the absorbance at
550nm for A: the fully oxidized protein, B: the partially oxidized protem, and C: the
completely reduced protein.

The spectral information from each addition of dithionite is then correlated with
the simultaneously determined reduction potential of the cell, as measured by the

electrode, in which the values were recorded from the potentiostat. Therefore, each data

point on the titration curve represents the absorption spectrum of the titration solution at
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550nm and the respective redox potential at that absorption. Once it was ensured that the
solution in the cell was completely reduced, these two pieces of information were
interpreted through the Nernst equation (Eq. 1) to find the formal redox potential (E) by
detenmining the ratio of [ox]/[red] at the electrode surface.

Equation 1. E(mV)= E°+59%log[ox]/[red]

In calculating the formal reduction potential, we had to convert our potential
values obtained from our Ag/AgCl reference electrode to the standard NHE reference
value, since this value is usually used in the literature and since our Ag/AgCl electrode
was giving us a midpoint potential in regards to the affinity for electrons to Ag/AgCl,
whereas the NHE value indicates the affinity for protons and electrons to make hydrogen.
The following formula describes the relationship between the Ag/AgCl value and the
NHE value:

Equation 2. (NHE) formal redox potential = (Ag/AgCl) redox potential - 197mV

Results and Discussion of Redox Tirations
The reduction potential of cyt. ¢550 and eight mutants have been

measured using an anaerobic spectroelectrochemical cell, by adding the reductant sodium
dithionite. Before beginning experiments for cyt. ¢550 and mutants, cyt. b5 from Dr.
Mario Rivera’s lab was measured. Since potentiometric titrations had been performed on
cyt. b5 before, and their value published, this served as a control for our experiments.
After the published redox value for cyt. bS of -100mV was obtained using the
potentiometric procedure, the titrations for cyt. c550 were begun. Afier a struggle with a

number of different redox mediators and keeping the environment in the electrochemical
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cell completely anaerobic, we determined that the potentiometric titration (i.e. using a
working electrode to supply electrons instead of dithionite) would not work for cyt. ¢550.
This could be due to a number of reasons, but because of cyt. ¢550’s extremely negative
potential, it was always very difficult and time consuming to get cyt. 550 to it’s
completely reduced state. If a completely reduced state was achieved, the _protein would
gradually re-oxidize spontaneously leading us to conclude that there was also some
Interference with oxygen, despite repeated efforts to improve the sealing of the system.
Therefore, I decided to use a different, but still reliable method employed by other groups
(Navarro et al., 1995), to do the titrations, by scrupulously adding small amounts of a
stock solution of 1mM sodium dithionite to the cell and not applying any potential
(voltage). This seemed to work much more efficiently in achieving the desired titration
results, and we were able to get cyt. ¢550 fully reduced much more rapidly and reliably,
than with the potentiometric titrations. The overall results of the spectroelectrochemical
titrations using sodium dithionite proved to be very interesting and can be seen in (Table

9). The results and discussion for each specific cyt. that was measured will follow.



Cytochrome C550
Triat 1 -250.00
Trial 2 -253.00
Trat3  -253.00
Average Potential -252.00
Standard Deviation 212
Difference from wild type 0.00
Cytochrome P93A
Trial 1 -238
Trial 2 -233
Trial 3 -238
Trial 4
Avegage Potential -236.33
Standard Deviation 3.54
Difference from wild type -15.67

T48l L91I HC550
~-253 -253 -243
-253 -251 -240
253 -253 -241
-253.00 -252.33 -241.33
0.00 1.41 2.12
1.00 0.33 -10.67
N49D N49L H92M
-242 -239 -178
-241 -234 ~176
-246 -233 -178
-243 -175
-243.00 -235.33 -177.33
0.71 3.54 1.41
-9.00 -16.67 -74.87

Table 9. The results of the sodium dithionite titrations of cyt. ¢550 and mutants.
Included for each cyt. are the average potential, standard deviation and difference in
redox potential from the wild type redox potential. All titrations were carried out with
~10mM protein in 200mM sodium phosphate buffer pH 8.0, 24C°. The titrations were
monitored by following the intensity of the absorbance of the oxidized o- band (550nm)
of the cyt. being measured and the equilibrium potential resulting from each addition of
ImM sodium dithionite (measured by the potentiostat).

Cytochrome c550

68

The average midpoint potential determined for cyt. ¢550 was -25242.12mV vs.

NHE. 1was very pleased to get this value because it agrees with previously published

redox values for cyt. ¢c550 by Roncel ez al., and Navarro ef al. This therefore proves that

cyt. ¢550 can be expressed in E.coli and the product produced is consistent with native

cyt. purified from native sources, as indicated 1n the literature (Navarro ef al., 1995,
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Roncel ez al., 2003). Additionally, this replicated redox value indicated that I had been
able to achieve the same thioether linkage to the heme by expression in E.coli. This
result is also supported by SDS-page of the protein purified from E.coli that resernbles
the wild-type and shows no unbound heme (Fig. 24). Last, the redox value indicates that
the same hydrogen bonding interactions are intact in the £.coli expressed protein, as are
present in the pative expressed protein (Sawaya ez al., 2001).

A characteristic sigmoidal titration curve can be seen for cyt. €550 in (Fig. 26A).
The sigmoidal curve for cyt. ¢c550 and each of the other cyts. was fitted (as indicaf.e.d in
each figure) using the Nernst equation so that the slope of the curve was a consistent
value of 59mV for each Cyt. (Eq. 1). The sigmoidal curve is significant because it relates
the fraction of the oxidized mediators to the reduction cell, controlled at the indicated
potentials. The formal redox potential can be obtained from the titration curve by going
about half-way up the (y-axis) fraction oxidized (~0.5), and then straight over on the (x-
axis) titration curve to read the potential value.

The entire spectra of the sodiurn dithionite titration of cyt. ¢550. can also be seen
in (Fig. 26B). There are two regions in the spectrum that can be focused on to monitor
the reduction of the protein. The first region of the spectrum indicating the reduction of
cyt., is a shift in the soret band from 407nm to 417nm. The shift in this region is shown
in figure 12, where the fully oxidized protein has a peak at 407 nm, while the fully
reduced protein has a peak 417 nm. The second region that can be observed in the
spectrum is that of the a-band at S50nm. This was the region of focus for cyt. ¢550
because the absorbance values at 550 nm were recorded in conjunction with the

respective potential. In (Fig. 26B), the big pcak is representative of the fully reduced
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protein and the fully oxidized protein is the flat curve at the bottom. The inset of (Fig.
26B) is a logarithmic Nemnst plot for cyt. ¢550 where the potential vs. the log[ox]/[red]
has been plotted. By plotting this information, a straight line is obtained with a slope
equal to 59mV (Eq. 1) and the y-intercept, at zero, equal to the formal midpoint potential

of the redox couple in solution.
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Figure 26. Graphs of spectroelectrochemical titration of cyt. ¢550 using sodium
dithionite. (~10uM protein in 200mM sodium phosphate buffer pH 8.0, 24° C).

A. Titration curve of cyt. ¢550. The fraction of oxidized cyt. ¢550 is plotted against the
corresponding potential at that time during the titration (®). The Nemnst equation was
used to fit the titration curve with a consistent slope of 59mV (0). After three trials, the
redox potential of cyt. ¢c550 was deterruined to be -252 +/- 2,12 mV vs. NHE.

B. Complete spectrum showing the completely oxidized form of cyt. ¢550 (—) with no
peak at 550nm, and the completely reduced form of cyt. c550 (ma) with a large peak at
550nm. The inset of the figure is a logarithmic Nemst plot derived from the change in
absorbance at 550nm which also indicates a redox potential of ~252 mV vs. NHE.
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Figure 26. Graphs of spectroelectrochemical titration of cyt. ¢S50 using sodium
dithionite. (~10puM protein in 200mM sodium phosphate buffer pH 8.0, 24° C).

A. Titration curve of cyt. ¢550. The fraction of oxidized cyt. ¢550 is plotted against the
corresponding potential at that time during the titration (@). The Nemst equation was
used to fit the tifration curve with a consistent slope of 59mV (D). After three trials, the
redox potential of cyt. ¢550 was determined to be -252 +/- 2,12 mV vs. NHE.

B. Complete spectrum showing the completely oxidized form of cyt. ¢550 (=) with no
peak at 550nm, and the completely reduced form of cyt. ¢550 (=s) with a large peak at
550nm. The inset of the figure is a Jogarithmic Nemst plot derived from the change in
absorbance at 550nm which also indicates a redox potential of ~252 mV vs. NHE.
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Cytochrome c550-T481

The average midpoint potential for cyt. c550-T481 was 2531+0mV vs. NHE,
which was very consistent with the cyt. ¢550 value of -25242.12mV vs. NHE. Although
heme solvent exposure has long been recognized as a major contributing factor to
midpoint potential (MP), Mao et al., indicate that it is probably multiple factors that lead
to a change in MP where solvent exposure is concemed. They also note that typically the
addition of surface groups covering the heme will raise the MP, because the heme will
now be buried and the MP will increase irregardless of solvent. Howewer, the T481
target, which was selected primarily to aid in covering the solvent exposed heme, (Fig.
27), did not allow for significant enough coverage to result in a change in midpoint
potential upon the substitution of threonine for isoleucine. Additionally, Mao et al.
indicate that mutations of charged surface groups nsually yield changes in MP of only
~15mV, if at all, since solvent screening makes their electrostatic potential negligible at
he heme. The surface charges are instead needed for binding the correct reaction partners

(Tiede et al., 1993).
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Figure 27, Graphs of spectroelectrochemical titration of ¢cyt. ¢550-T48] using sodium
dithionite. (~10uM protein in 200mM sodium phosphate buffer pH 8.0, 24° C).

A. Titration curve of cyt. ¢550-T481. The fraction of oxidized cyt. ¢550-T48l is plotted
against the corresponding potential at that time during the titration (e ). The Nernst
equation was used 1o fit the titration curve with a consistent slope of 59mV (D). After
three trials, the redox potential of cyt. ¢550-T48] was determined to be -253 +/- 0 mV vs.
NHE. B. Complete spectrum showing the completely oxidized form of cyt. ¢550-T481
(—) with no peak at 550nm, and the completely reduced fonm of cyt. ¢550-T481 (m) with
a large peak at 550nm. The inset of the figure is a logarithmic Nemst plot derived from
the change in absorbance at $50nm which also indicates a redox potential of ~253 mV vs.
NHE.
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Cytochrome c550-L911
Cyt. ¢550-L911 which had a midpoint potential of -252.33+1.41mV vs,
NHE, was once again nearly the same as cyt. c550. The L91I site was also selected to try
to cover the heme from solvent exposure (Fig. 28), but obviously the susbstitution of
luecine for isoleucine did not help in the coverage significantly enough to render a

change in redox value for the same reasons at the c550-T48] mutant.
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Figure 28. Graphs of spectroelectrochemical titration of cyt. ¢550-L91] using sodium
dithionite. (~10uM protein in 200mM sodium phosphate buffer pH 8.0, 24° C).
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A. Titration curve of cyt. ¢550-L911. The fraction of oxidized cyt. €550-L911 is plotted

against the corresponding potential at that time during the titration (®). The Nemnst
equation was used to fit the titration curve with a consistent slope of 59mV (a). Afler
three trials, the redox potential of cyt. ¢550-L91 1 was determined to be -252.33 /- 1.4]
mV vs. NHE. B. Complete spectrum showing the completely oxidized form of cwt.
¢550-L911 (=) with no peak at 550nm, and the completely reduced form of cyt. ¢550-

L91I (w) with a large peak at 550nm. The inset of the figure is a logarithmic Nemst plot
derived from the change in absorbance at $50nm which also indicates a redox potential of

~252 mV vs. NHE.
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Cytochrome c550H
Out of curiosity, we tested cyt. ¢550H (from Dr. Li), which was His-tagged at the
C-terminus. Cyt. ¢550H, was also much like cyt. ¢550, as it resulted in a midpoint
potential of -250.33+5.66mv vs. NHE as seen in (Fig. 29). This was anticipated since 1t
would not be likely that a His-tag would change the redox potential of a protein.
Additionally, the SDS-page of the cyt. ¢550H protein showed a band that was identical to
the wild-type cyt. ¢550 (Fig. 30). However, I did not see the same results when I tested

the N-terminal His-tagged c550.
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Figunre 29. Graphs of spectroelectrochemical titration of cyt. ¢550H using sodium
dithionite. (~10puM protein in 200mM sodium phosphate buffer pH 8.0, 24° C).

A. Titration curve of cyt. ¢550H. The fraction of oxidized cyt. ¢c550H 1is plotted against
the corresponding potential at that time during the titration (@ ). The Nernst equation was
used to fit the titration curve with a consistent slope of 59mV (o). Afier three trials, the
redox potential of cyt. c550H was determined to be -250.33 +/- 5.66 mV vs, NHE.

B. Complete spectrum showing the completely oxidized form of cyt. ¢5§50H (—) with no
peak at $50nm, and the completely reduced form of cyt. ¢cS50H (wm) with a large peak at
550nm. The inset of the figure is a logarithmic Nemnst plot derived from the change in
absorbance at 550nm which also indicates a redox potential of ~250 mV vs. NHE.
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Cytochrome Hc550

A somewhat unexpected result was found for cyt. Hc550 which yielded a
midpoint potential of -241.33+2.12mV vs. NHE, a near -10.67 vs. NHE difference from
the midpoint potential of wild-type cyt. ¢550 (Fig. 31). Obviously in this situation, the
His-tag was responsible for this small, but significant shift in midpoint. We speculate that
the His-tag destabilizes the three~-dimensional structure such that hydrogen bonding to the
heme is altered. Data supporting this conjecture was seen on the SDS-page (Fig. 30B),
where there was a shift in the mobility of the N-terminus His-tagged protein as compared
to the band of wild-type cyt. ¢550 and the C-terminus His-tagged ¢550. Additionally
seen in (Fig. 30A), is the 2 conformations of cyt. c550H, the reduced and oxidized form,

upon the addition of dithiothreitol.

Figure 30. Effects of dithiothreito]l concentration and the position of his-tag on the
electrophoretic behavior of eyt. ¢550. SDS-PAGE was performed at 12% acrylamide
including 6M urea, the gel was stained by Coomassie Brilliant Blue R-250. A: profile of
cyt.c550H in the presence of 40 mM DTT, Red., reduced cyt.c550H, Ox., oxidized
cyt.c550H; B: profile of native and His-tagged cyt.c550 protein in the presence of 150
mM DTT. Cyt.c550: cytochrome c550. cyt.c550H: His-tag located at C-terminus of
cytochrome ¢550, cyt.He550: His-tag located at N-terminus of cytochrome ¢550.
Prestained SDS-PAGE standards (Bio-Rad) was used as molecular weight marker and 1
ug protein was loaded (Dr. Ly, OSU).
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Figure 31. Graphs of spectroelectrochemical titration of cyt. H¢550 using sodium
dithionite. (~]10uM protein tn 200mM sodium phosphate buffer pH 8.0, 24° C).

A. Titration curve of cyt. Hc550. The fraction of oxidized cyt. Hc550 is plotted against
the corresponding potential at that time during the titration (e ). The Nemst equation was
used to fit the titration curve with a consistent slope of 59mV (a). Afier three trials, the
redox potential of cyt. c550H was determined to be -241.33 +/- 2,12 mV vs. NHE.

B. Complete spectrum showing the completely oxidized form of cyt. Hc550 (—) with no
peak at $50nm, and the completely reduced form of cyt. Hc550 (wm) with a large peak at
550nm. The inset of the figure is a logarithmic INernst plot derived from the change in
absorbance at 550nm which also indicates a redox potential of ~241 mV vs. NHE.
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Based on this information, we can conclude that He550 may have two
discrete mobility forms that possibly correspond to two conformations of the protein,
which could additionally attribute to the difference seen in redox potential. Consequently,
there js no difference in mass when compared to cyt. ¢c550H as determined by MALDI-
TOF (Dr. Li) (Fig. 32). So although the two His-tagged proteins have the same
molecular mass, placement of the His-tag at the alternative ends of the polypeptide.likely
results in differences m the secondary or tertiary structure of the two proteins. This
evidence is supported by Mao ef al., who report how cytochromes with different folds
contro] heme redox potentials, based on differences in stabilization of the buried, cationic,

oxidized heme by proteins in different motifs (Churg et al., 1983).
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Figure 36. MALDI-TOF Mass Spectra of cyt.c550 with a C-terminal His-tag and a N-
terminal His-tag from Synechocystis sp. PCC6803. Matrnix-Assisted Laser
Desorption/lonization Time-of-Flight (MALDI-TOF) mass spectrometric analyses were
Carried out with a Applied Biosystems Voyager DE-PRO mass spectrometer (PerSeptive
Biosystem, Framingham, USA) using a 25kV accelerating voltage. The samples werc
Tun in the linear mode. The protein solutions (50 mM MES, pH6.5) were diluted 1:1 (v/v)
With the mattix solution of sinapinic acid at 10 mg/ml in 50% acetonitrile containing
0.1% TFA, 1 pl of the mixture was deposited on the sample target and then allowed (o
Air-dry. Bovine serum albumin (664299 Da) was used for extermal calibration. The
Spectrum was acquired in the linear mode. Predicted molecular mass for both His-tag
forms is 16688.5 daltons (Dr. Li, OSU).
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Cytochromes ¢550-P934 & c550-P93G

Cyt. ¢550-P93A yielded a midpoint potential of -236.33+£3.54mV vs. NHE as
shown in (Fig. 33). This value was different from the wild-type cyt. ¢550 by -15.67mV
vs. NHE. Although this particular mutation was initially selected for it’s involvertent in
hydrogen bonding (Fig. 8A), since proline forms a hydrogen bond to the IN§ atom of
His92, upon the substitution of proline93 for an alanine (Fig. 8B), this hydrogen bond is
not lost since the peptide backbone carbonyl is involved and not the side-chain. The
alanine substitution for proline does not remove the hydrogen bond, however it may
change the geometry of the hydrogen bonding, which may force a carbonyl oxygen
location that is undersirable, therefore accounting for the -15.67mV vs. NHE shifi in
redox potential. As evidenced by Mao et al., cyts. with different folds and protein
conformations can lead to changes in MP for a number of reasons. They report that
nonpolar residues change MP indirectly by helping define the protein conformation,
limiting the position of polar residues, and keeping water out of the protein core.
However, they go on to state that changes in the backbone geometry, site ionization, or
buria} of polar or charged groups can Jead to unpredictable effects where hydrophobic
residues are changed. Since proline is hydrophobic, as is alanine, the change in MP is
likely not due to the positioning of the residues, but the new backbone geometry that the
cytochrome assumes upon the mutation. Since the internal hydrogen bonds of a protein
provide a structural basis for its native folding pattem, if a protein folds in a way that
prevents some of its internal h-bonds from forming, their free energy would be lost and

such conformations would be less stable.
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Although 1 was unable to get the cyt. ¢550-P93G mutant, it Jikely would bave had
less effect on the redox potential becauge glycine has a hydrogen side-chain as opposed to
the methyl side-chain of alanine. A hydrogen side-chain would have likely allowed

backbone rearrangements more easily than the methyl group of alanine.
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Figure 33, Graphs of spectroelectrochemical titration of cyt. ¢5S50-P93 A using sodium
dithionite. (~10uM protein in 200mM sodium phosphate buffer pH 8.0, 24° C).

A. Titration curve of cyt. ¢550-P93A. The fraction of oxidized cyt. ¢550-P93A is plotted
against the corresponding potential at that time during the titration (). The Nernst
equation was used to fit the titration curve with a consistent slope of 59mV (o). After
three trnials, the redox potential of cyt. c550-P93 A was determined to be -236.33 +/- 3.54
mV vs. NHE. B. Complete spectrum showjng the completely oxidized form of cy1.
c550-P93 A (—) with no peak at 550nm, and the completely reduced form of cyt. ¢550-
PO3A (s=) with a large peak at 550nm. The inset of the figure is a logarithmic Nemst plot
derived from the change in absorbance at $50nm which also indicates a redox potential of
~236 mV vs. NHE.
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Cytochromes c550-N491 & c550-N49D

In addition to the shift in midpoint potential seen in the cyt. ¢550-P93A mutant,
the cyt €550- N49L and cyt. ¢550-N49D mutants also resulted in a shift in midpoint. The
cyt. c550-N49L mutant yielded a midpoint potential of -235.331+3.54mV vs. NHE which
was a difference from the wild-type cyt. ¢550 of -16.67mV vs. NHE as shown in (Fig.
34). This is in accordance to claims that changes in the propionate ionization are the
most important response to oxidation in many cytochromes (Rogers er al., 1995). This
was a significant difference that could be attributed to Asn49's invoivement in the
hydrogen bonding network that shields the pyrrole A, D, and C rings of the heme (Fig.
6A). Additionally Asnd9 is solvent exposed and involved in the hydrogen bonding
network to a propionate D oxygen atom. Asn49’s amide side-chain is hydrogen bonded
to the D propionate. Therefore upon the mutation of asparagine (Asn) to leucine (Leu)
(Fig. 6C), the polar amide side-chain of Asn is lost and now the nonpolar ethyl side-chain
of Leu is left to hydrogen bond to the propionate D oxygen atom instead. Since
propionates are always close to the hemme (~8 A°), and partially buried in the protein, they
usually do modify MP based on differences in their onization states and sovent exposure
(Mao et al., 2003). Since leucine is nonpolar, 1t might actually assume a position closer
to the core of the protein, which could aid in solvent exposure of the heme.

A change in midpoint potential was also observed for the cyt. ¢550-N49D mutant,
which yielded a midpoint potential of -243+0.71mV vs. NHE which was -9mV different
from the midpoint potential of wild-type cyt. €350 (Fig. 35). The difference in midpoint
potential seen from the substitution of Asn to aspartate (Asp) (Fig. 6B) is a little less than

the value seen upon the substitution for Asn to Leu, but once again, Asp has a charged
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polar ester side-chain, which would be capable of hydrogen bond formation in contrast to
the Leu’s nonpolar ethyl side-chain. However, since Asp is polar, it might not be buried

as well as the nonpolar leucine.
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Figure 34. Graphs of spectroelectrochemical titration of cyt. ¢550-N49L using sodium
dithionite. (~10puM protein in 200mM sodium phosphate buffer pH 8.0, 24° C).

A. Titration curve of cyt. €550-N49L.. The fraction of oxidized cyt. c550-N49L is
plotted against the corresponding potential at that time during the titration (e). The
Nemst equation was used to fit the titration curve with a consistent slope of 59mV (o).
After three trials, the redox potential of cyt. ¢550-N49L was determined to be -235.33 +/-
3.54 mV vs. NHE. B. Complete spectrum showing the completely oxidized form of cyt.
c550-N49L (—) with no peak at 550um, and the completely reduced form of cyt. c550-
N49L (wm) with a large peak at 550nm. The inset of the figure is a logarithmic Nemnst plot
derived from the change in absorbance at 550nm which also indicates a redox potential of
~235 mV vs. NHE.
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Figure 35. Graphs of spectroelectrochemical titration of cyt. c550-N49D using sodium
dithionite. (~10uM protein in 200mM sodium phosphate buffer pH 8.0, 24° C).

A. Titration curve of cyt. ¢550-N49D. The fraction of oxidized cyt. ¢550-N49D is
plotted against the corresponding potential at that time during the titration (e). The
Nemst equation was used to fit the titration curve with a consistent slope of 59mV (a).
Afler three trials, the redox potential of cyt. ¢550-N49D was determined to be -243 +/-
0.71 mV vs. NHE. B. Complete spectrum showing the completely oxidized form of cyt.
¢550-N49D (=) with no peak at 550nm, and the completely reduced form of cyt. ¢550-
N49D (ws) with a large peak at S50nm. The inset of the figure is a logarithmic Nernst
plot derived from the change in absorbance at 550nm which also indicates a redox
potential of ~243 mV vs. NHE.
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Cytochrome c550-H92M

Lastly, and most significantly, was the change in midpoint potential observed in
the Cyt. ¢550-H92M mutant. The H92M substitution (Fig. 7B) resulted in a midpoint
potential of -177.33+1.41mV vs. NHE (Fig. 36) which was -74.67 vs. NHE different
from the wild-type cyt. ¢550 value (Fig. 7A). Obviously this value can be attnbuted
somewhat to the fact the His92 is the sixth axial ]igand, and as reported in literature
(Dolla et al., 1994), substitution of Met for His at the sixth axial position usually results
in a positive shift in midpoint potential. Axial ligands are assumed to influence heme MP
primarily through bonding, not electrostatic interactions. The heme-ligand complex is
treated as a single unit to be modified as a whole by the protein (Mao er al., 2003). His-
ligands in proteins are found to lie in a narrow range of orientations, which maximizes
the hydrogen bonding at the distal positions (Zaric et al., 2001). It appears that Met is
electron withdrawing, which increases MP, while His 1s electron donating. This 1s
justified since Met has a higher affinity for Fc (IT) than Fe (I[I), while His has the
opposite preference (Nesset ef al., 1996), therefore accounting for the positive shifl in MP
upon substitution of His for Met. Jt was expected to see a shift of close to -150mV as
reported by Dolla ef al., in Cyi. ¢3, but the shift that I got was about half of that. There
may have been less of a positive shift in midpoint as a result of much of ¢yt. ¢550's heme
stil] being exposed to solvent, versus the heme of Cyt. ¢3 (Dolla et al., 1994). It is also
possible that the new conformation of the protein assumed upon the change in axial
ligation (from bis-histidine to His-Met), or the new orientation of the heme, did not allow

for that large of an increase in MP.
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Figure 36. Graphs of spectroelectrochemical titration of cyt. ¢550-H92M using sodium
dithionite. {(~10uM protein in 200mM sodium phosphate buffer pH 8.0, 24° C).

A. Titration curve of cyt. ¢550-H92M. The fraction of oxidized cyt. c550-N49D is
plotted against the corresponding potential at that time during the titration (®). The
Nernst equation was used to fit the titration curve with a consistent slope of 59mV (o).
After three trials, the redox potential of cyt. ¢550-H92M was determined to be -177.33+/-
1.41 mV vs. NHE. B. Complete spectrum showing the completely oxidized form of cyt.
¢550-H92M (=) with no peak at 550nm, and the completely reduced form of cyt. ¢550-
H92M (wm) with a large peak at 550nm. The inset of the figure is a logarithmic Nemst
plot denved from the change in absorbance at 550nm which also indicates a redox
potential of ~177mV vs. NHE.
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CHAPTER 7

SUMMARY

The most well-characterized class of electron transfer proteins thus far are
cytochromes. They are widespread molecules which exist not only in aerobic
mitochondral and bacterial respiratory chains, but also in prokaryotic electron transfer
systems including those involved in anaerobic respiration and photosynthesis (Dolla et al.,
1994), Cytochrome c550 of Syrechocystis 6803 functions in PSII of photosynthesis and
is encoded for by the psb¥ gene. Cyt. c550 is a very unique cytochrome because it has a
singe heme with bis-histidine axial ligation, and an unusually negative redox potential of
-250mV.

Since ¢550°s unique low redox potential raises fundamental questions on
the factors governing redox potential in heme proteins, we have successfully mutagenized
several amino acid target sites to further investigate the factors controlling redox potential.
A number of factors such as axial ligation, hydrogen bonding, heme solvent exposure and
heme propionates are all known to contribute to redox potential. Therefore amino acid
sites were selected to target each of these goveming factors. The cyt. ¢550- T481 and cyt
¢550-L911 mutants were selected to help cover the heme and shield it from solvent
exposure, while cyt. c550-P93 A was selected because of its hydrogen bond to the sixth
axial his ligand. The cyt. ¢550-N49D and cyt. ¢550-N49L mutants were selected because
of their hydrogen bonding to the heme propionate D oxygen atom. Additionally, we

tested cyt. ¢c-550 with a His-tag on the C-terminus and c-550 with a His-tag on the N-
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terminus, simply out of curiosity of the effects of His-tags on proteins. PCR was used to
successfully amplify each of these mutations in the plasmid vector pETCS550.
Following the successful amplification of each mutant, we were able to demonstrate how
a c-type cytochrome can be over-expressed using a binary plasmid system in E.coli.

While over-expressing the various cyt. ¢550 mutants in E.coli, we were
forced to optimize some of our expression conditions so we would get significant yields
of each protein. We found that by supplementing our growth medium with 0.5mM IPTG
for three-four hours until ODgsy=1, adding 2.5mM bettaine, and 300mM sucrose that our
expression Jevels were increased nearly four-fold. We also found that after the culturing
process was complete, instead of immediately preparing the periplasmic fraction, leaving
it at 4°C over-night increased expression levels. It is likely that allowing the culture to sit
in the cold over-night facilitates the covalent attachment of the heme, therefore leading to
a more stable protein. To purify the protein, column chromatographys was used as well
as a crude extract protein purification technique using only ammonium suolfate. Since the
column chromatography was so time-consuming, and significant amounts of protein were
needed for the spectroelectrochemistry, we used a crude extract punification technique to
obtain protein strictly for redox titration experiments. The crude-purified protein showed
the same redox valnes as protein purnified by the columns, and therefore provided us a
reliable alternative.

The spectroelectrochemical titrations using sodium dithionite yielded
some very interesting results. We were able to obtain a redox potential value for eyt
€550 of -252mV vs. NHE which was in agreement with the value in the literature (Roncel

et al., & Navarro et al). The cyt. c550-T48] and cyt. c550-L911 mutants that were
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selected to shield the heme from solvent exposure seemed to have no effect redox
potential, as both of them yielded values nearly identical to wild-type ¢550. It was
interesting to find that the N-terminal His-tagged protein showed a redox value nearly the
same as the wild-type, while the C-terminal His-tagged protein showed a redox potential
nearly 11mV more positive. This is likely attributed to differences in the secondary or
tertiary structures of the two protejns. The cyt. ¢550-P93A mutant gave a redox value of
-236.66mV vs. NHE which was nearly 16mV more positive than the wild-type.
Althought this site was selected because of the hydrogen bond to the sixth axial ligand,
His 92, the alanine substitution for proline doesn’t remove the hydrogen bond. However,
1t may change the geometry of the hydrogen bonding, which may force a carbonyl
oxygen location that is undersirable, therefore accounting for the change in redox. Cyt.
¢550-N49D gave a redox value of

-242 mV vs. NHE while cyt. ¢550-N49L gave a value of -235.33mV vs. NHE. We were
expecting to see a change in redox at this location because of the relationship of the N49
site with the propionate D oxygen atom of the heme. Last, and most significant, was the
change in redox that occurred upon the substitution of the sixth axial ligand from
histidine to methionine. The cyt. ¢550-H92M mutant gave a redox value of -177.33 mV
vs. NHE which was 75mV more positive than the wild-type. Although we were
expecting to see more of a posttive shift upon this mutation, it is possible that the new
conformation of the protein assumed upon the change in axial ligation (from bis-histidine
1o His-Met), or the new orentation of the heme, did not allow for that large of an increase

in MP.



94

Overall this research is significant for a number of reasons; first, site-
directed mutatagenis can be used to create mutations, by PCR amplification, in
cytochrome c¢550, second, cyt. ¢550 can be over-expressed in a binary-plasmid vector,
responsible for the synthesis of apo-cytochrome and the covalent attachment of the heme,
harbored in E.coli BL-21(DE3), third, protein expression conditions can be enhanced
with the addition of IPTG, beftaine and sucrose, and after protein purification,
spectroelectrochemical redox titrations, using the reductant sodium dithionite, can be
done to acquire data to make a redox titration curve and therefore determine the redox
potential.

The selection of the mutation target sites in cytocrhome ¢550 did allow the
vertfication of a number of factors controlling redox potential: hydrogen bonding to
propionate oxygen atoms, hydrogen bonding to axial ligands, and the nature of the axial
ligation itself (bis-histidine or histidine-methionine). This is significant because it
contributes to previous findings that these factors are important in redox potential.
Addtionally, future research may atlow for different amino acids to be substituted into the
mutation target sites in cyt. ¢550, or other cytochromes could be mutagenized, to find out
if these same factors govern redox potential in other cytochromes, as they do in c-type
cylochromes.

However, the function of cyt. ¢550 still remains enigmatic as the findings of this
study alone do not unveil enough information to make a conclusion. The redox findings,
albest significant to this study, can not venfy that ¢550 plays a role in electron transport.
Other studies in our Jab by Dr. Li have shown that cyt. ¢550 effects the calcium

requirement of the water oxidation reaction. It is possible that cyt. ¢550 binds something
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toxic, like superoxide, which would be facilitated if one of the histidine ligands would
leave the heme iron and allow the toxicant to bind. To test this hypothesis, the cyt. ¢550
spectrum was monitored at differenct pH’s (3.5-9.0) (Appendix), but there was no change
observed at any of these values. [f one of the histidine ligands would have become
protonated at a Jow pH, a changed in the spectrum would have been evident. However,
we did not see anything to indicate that either histidine ligand got protonated in the
spectrum, so without furthere analysis, we cannot conclude that cyt. ¢550 functions to
bind toxicants. Insight could possibly be gained as to a functional role of cyt. ¢550 if the
mutants created in this study were actually put back into the wild-type cyt. ¢550.
Hopefully with future experiments such as this, more light will be shed on the actual

function of this very unique and evolutionarily conserved protein.
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APPENDIX

PH experiment
A general experiment was performed to see if alterations in pH had any
effect on the spectrum of cyt. ¢550. To perform the experiment, 20pL of cyt. €550 was
added to 580uL of each buffer and scanned from 260-700nm. None of the different pH
values had an effect on the spectrum of cyt. ¢550 as compared to the control at pH 7.0,
which preliminarily indicates that there are no ionizable groups that change the

coordination of the heme. The following table shows the pH buffers used to test cyt. ¢550

absorbance.
pH value  Buffer Effect on spectrum
of Cyt. ¢550
3.5 Citrate and Sodium Citrate None
45 Citrate and Sodium Citrate None
35 Citrate and Sodium Citrate | None
6.5 Phosphate None
7.0 Phosphate None
8.0 Phosphate None
9.0 TAPS/KOH None

Table 1. Effect of different pH's on the absorbance of cyt. ¢550 from 260-700nm.
From the pH values of 3.5-9.0, there was no effect on the spectrum of cyt. c550 as
compared to the control at pH 7.0
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