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ABSTRACT

THE EFFECTS OF REPLACEMENT OF FIVE HIGHLY CONSERVED
AMINOACIDS OF SUBUNIT-I IN CBB;-TYPE OXIDASE OF

RHODOBACTER CAPSULATUS

Oztiirk, Mehmet
Ph.D., Department of Biology
Supervisor: Prof. Dr. Ekrem GUREL
Co-Supervisor: Assoc. Prof. Dr. Sevnur MANDACI

December 2005, 168 pages

The heme-copper oxidases are the terminal elements of the membrane-
bound respiratory chains that catalyze the reduction of molecular oxygen to water
and pump protons across the membrane. Analysis of the amino acid sequences
alignment of subunit I from different families of heme-copper oxidases showed
that some of the amino acids, serine 333 (S333), serine 340 (S340), threonine 350
(T350), asparagine 390 (N390) and threonine 396 (T396) (R. capsulatus
numbering) are almost strictly conserved. This work was undertaken to determine
the relationships between these amino acids and the activity and assembly of the

cbbs oxidase in R. capsulatus.

iii



For this aim, 2.8 kbp fragment of the previously cloned pOX15, containing
structural gene (ccoNOQP) of cytochrome cbb; oxidase of R. capsulatus, was
subcloned into pBluescript vector. The new clone, pMOZI, was used to substitute
conserved amino acids for alanine by site-directed in vitro mutagenesis and the
integrity of each of these mutations was checked by sequencing. The mutated
plasmids each of which carries one of the desired substitutions on structural gene
of the cbb; oxidase were transferred into R. capsulatus strain, GK32. While the
effects of the mutations on cytochrome ¢ oxidase activity were evaluated by
NADI plate assays, the structural integrity of the mutant oxidases were
determined by separation of chromatophore membrane proteins on Schigger-type

poly acrylamide gel stained with 3,3’,5,5’-tetramethylbenzidine (TMBZ).

While serine and threonine mutants (S340A, T350A and T396A) had the
same activity with wild-type, serine 333 mutation (S333A) decreased the enzyme
activity and asparagine mutation (N390A) led to a complete loss of the cbbs
oxidase activity. When cytochrome ¢ profiles of mutants were examined, it was
found that cytochrome cbb; profiles of S333A, S340A, T350A and T396A
mutants were the same to that of the wild-type, however the ¢, subunit of cbb;
oxidase was missing and the amount of the ¢, subunit was decreased in N390A
mutant. The results indicated that S333 and N390 are very critical residues for

activity or assembly of the chbs-type cytochrome oxidase in R. capsulatus.

Keywords: Rhodobacter capsulatus, respiration, cytochrome cbbs type oxidase
activity, site-directed mutagenesis, chromatophore membrane protein isolation,

SDS-PAGE and TMBZ staining.
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OZET

RHODOBACTER CAPSULATUS’UN CBB; TiPi SITOKROM OKSIDAZ
ENZIMINiN L ALT UNiTESINDEKi KORUNMUS BES AMINO ASIiTiN

DEGISTIRILMESININ ENZIME ETKIiLERi

Oztiirk, Mehmet
Doktora, Biyoloji Boliimii
Tez Danismani: Prof. Dr. Ekrem GUREL
Yardimci Tez Danismani: Dog¢. Dr. Sevhur MANDACI

Aralik 2005, 168 sayfa

Demir-bakir oksidazlar, oksijeni suya indirgeyen, hiicre zaria gomiilii ve
zar boyunca proton pompalayan solunum zincirinin son elemanlarndir. Farkli
tirdeki Demir-bakir oksidazlarin 1. alt {initelerine ait amino asit dizileri
eslestirildiginde, R. capsulatus ta bulunan cbb; oksidaz’a ait serine 333 (S333),
serine 340 (S340), threonine 350 (T350), asparagine 390 (N390) ve threonine 396
(T396) amino asitlerinin, korunmus oldugu goriilmiistiir. Bu calismada, R.
capsulatus’a ait cbbs tipi oksidazda korunmus olan bu amino asitlerin, enziminin

yap1 ve islevine etkileri arastirilmistir.



Bu amagla, cbb; oksidazin ccoNOQP yapisal genini tagiyan rekombinant
pOX15 DNA’sinin 2.8 kbp’lik parcasi pBluescript vektoriine klonlanmig ve elde
edilen pMOZI klonu kullanilarak hedeflenen amino asitler yonlendirilmis in vitro
mutagenez ile alanine doniistiiriilmiistiir. Mutasyonlar DNA dizi analizi ile
dogrulandiktan sonra, korunmus amino asitler den birisini tasiyan her bir plazmid,
R. capsulatus’un GK32 susuna aktarilmistir. Elde edilen mutantlarin enzim
aktivitesine etkileri NADI boyama ile gozlemlenirken, mutasyonlarin enzim
iizerindeki yapisal etkileri kromatofor zar proteinlerinin Schégger-tipi
polyakrilamid jel de ayristirilmasi ve jelin 3,3°,5,5-tetrametilbenzidin (TMBZ) ile

boyanmis ile tespit edilmistir.

Serin ve tironin mutantlar1 (S340A, T350A ve T396A) yaban tip ile aym
aktiviteye sahipken, serin 333 mutasyonu (S333A) enzim aktivitesini azaltmus,
asparajin mutasyonu (N390A) ise enzim aktivitesini tamamen yok etmistir.
Mutantlarin hiicre zar1 proteinlerindeki sitokrom c profilleri incelendiginde, S333A,
S340A, T350A ve T396A mutantlar1 yaban tip ile ayni profilleri vermis, ancak
N390A mutantinda sitokrom cbbsz oksidazin ¢, alt iinitesine rastlanmamis ve c, alt
tinitesinin de azaldigi goriilmiistiir. Aragtirma sonugclari, serine 333 ve asparagine
390 amino asitlerinin R. capsulatustaki cbbs tipi sitokrom oksidazin aktivitesi yada

yapisi iizerinde kritik 6neme sahip oldugunu gostermistir.

Anahtar Kkelimeler: Rhodobacter capsulatus, solunum, cbbs tipi sitokrom c
oksidaz aktivitesi, yonlendirilmis mutagenez, kromatofor zar proteini izolasyonu,

SDS-PAGE ve TMBZ boyama.
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ABBREVIATIONS

AmpR: Ampicilline resistance

ATP: Adenosine triphosphate

bp: Base pair

BSA: Bovine serum albumin

COOH: Carboxy

CIAP: Calf intestinal alkaline phosphatase

Cyt: Cytochrome

DMSO: Dimetyl sulfoxide

ETC: Electron Transfer Chain

HEPES: N-(2-hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid)
ICM: Intracytoplasmic membranes

IPTG: Isopropyl —p-D-thiogalactopyranoside

Kan®: Kanamycin resistance

kbp: Kilo base pair

kDa: Kilo Dalton

LB: Luria Bertani Media

LHI and LHII: Light harvesting I and II complexes

MCS: Multiple cloning sites

MOPS: 3-(N-morpholino) propanesulfonic acid

NH,: Amino

NAD: Nicotinamide adenine dinucleotide

NADH: Nicotinamide adenine dinucleotide, reduced form
NADP: Nicotinamide adenine dinucleotide phosphate
NADPH: Nicotinamide adenine dinucleotide phosphate, reduced form

ORF: Open reading frame
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PAGE: Polyacrylamide—gel electrophoresis

PC: Plastocyanin

PCR: Polymerase chain reaction

PEG: Polyethylene glycol

PQ: Plastoquinone

Ps: Photosyntetic

PSI and PSII: Photosystem I and II, respectively

Q: Quinone pool

QA and QB: Primary and secondary quinine acceptors of the RC, respectively
Qo: Ubihydroquinone oxidizing site of the cytochrome bc; complex
Qox: Quinol oxidase

RC: Photochemical reaction center

Rc and Rs: Rhodobacter capsulatus and Rhodobacter sphaeroides, respectively
Res: Respiratory

RT: Room temperature

SDS: Sodium dodecyl sulfate

Tet®: Tetracycline resistance

TBE: Tris/borate/EDTA (buffer)

TM: Transmembrane helix

TEMED: N,N,N’ N’-tetrametyletylenediamine

TRICINE: N-tris(thydroximetyl)metylglycine

Tris: tris(hydroxymetyl)aminomethane

UV: Ultraviolet

v/v: volume/volume

w/v: weigh/volume

X-gal: 5-brome-4-chloro-3-indolyl-B-D-galactopyranoside

S: Serine (Ser)
N: Asparagine (Asn)
T: Threonine (Thr)
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INTRODUCTION

1.1 Energy Transfer, Bioenergy

All organisms require energy to survive and keep their reproduction. The
energy originates either from sunlight or reduced chemical compounds. The
conversion of energy occurs through the formation of an electrochemical gradient
across the energy transducing membranes. Multi-subunit redox enzymes that are
embedded either in the mitochondrial inner membrane, the thylakoid membrane,
or in prokaryotic cell membranes cooperate to carry out energy transduction of

photosynthetic and respiratory electron transport chain (ETC).

The universal cellular energy vector, ATP, is synthesized by three
metabolic pathways: respiration (Res) (aerobic and anaerobic), photosynthesis
(Ps) and fermentation. Contrary to fermentation, respiration and photosynthesis
involve electron carrier chains formed by transmembrane complex connected by
lipid (quinone) and water soluble diffusible components (cytochrome). These
photosynthetic and respiratory chains catalyze electron and proton transport across

the membrane and induce the formation of a transmembrane potential.

Oxidative phosphorylation and photophosphorylation are the most
important forms of energy transduction in the biosphere. In both process, electrons

flow through a chain of redox intermediates containing several membrane-



associated, multi subunit pigment proteins linked to each other by water soluble
electron carriers and lipid. Electrons flow spontaneously from serially ordered
lower oxidation potential carrier complex to higher oxidation potential carrier
complexes in ETC. This downhill (exorgonic) electron transfer coupled to the
uphill (endorgenic) transport of protons to cross a proton-impermeable membrane

yielding a transmembrane electro-chemical potential.

The energy of the proton gradient is known as the chemiosmotic potential,
or proton motive force (PMF). This potential is the sum of the concentration
difference of protons across the membrane and the difference in electrical charge
across the membrane. The transmembrane difference in the electrochemical
potential of hydrogen ions (AuH") is generated across the coupling membranes of
bacteria, chloroplasts and mitochondria in eukaryotes by redox- or light-driven

proton pumps.

1.2 General Properties of Electron Transfer Chain

Electron transfer components are involved in production of energy which
is essential for cell survival. They are responsible for translocation of protons
across the cellular membrane to produce a proton gradient which is then used for
ATP synthesis. The energy transduction complexes contain c-type cytochromes
(cyt) which are embedded into inner mitochondrial membrane or bacterial plasma
membrane with their covalently bound heme groups facing to periplasm; catalyze

respiration by using oxygen as the terminal electron acceptor. The free energy



from oxidation of hydrogen containing substances is converted into a

transmembrane proton electro-chemical gradient by these respiratory enzymes.

In mitochondrial respiratory chain, NADH-1 type dehydrogenases transfer
electrons from NADH to lipid soluble quinone, yielding ubiquinol. Ubiquinol is
oxidized by complex III, also known as the cyt bc; complex, and the electrons are
transferred to cyt c. The bc; is oxidized by complex IV, the cyt ¢ oxidase (Cyy);
the electrons are used to reduce molecular oxygen, and water is formed (Figure

1.1.A) [Ostermier et al., 1996].

The light reactions bring about the conversion of the light energy to
chemical energy in the form of ATP. In eukaryotes, photosynthesis is associated
with special intracellular organelles, the chloroplast. The chlorophyll pigments are
attached to sheet like membrane structures of chloroplast. The photosynthetic
membrane systems are called thlakoids. Oxygenic phototrophs such as
Cyanobacteria, algae and plants contain two photo systems PSI homologous to the
RC of green bacteria, and PSII, homologous to that of purple bacteria. The
photosynthetic apparatus of purple bacteria consists of four membrane-bound
pigment-protein complexes plus an ATPase complex that allows ATP synthesis at
the expense of a proton gradient. Three of the four complexes specific to
photosynthesis are the reaction center, light harvesting I, and light-harvesting I1
components. The fourth complex of the PS apparatus, the bc; complex, is common
to both respiration and photosynthetic electron flow (Figure 1.1.B) [Madigan et

al., 1997].



In prokaryotes, chloroplasts are not present, photosynthetic pigments are
integrated into inter membrane systems that arise from invagination of the
cytoplasmic membrane and it is called as an intra cytoplasmic membrane (ICM)
which absorbs energy and transfer it to reaction center. Most of the anoxygenic
phototrophic purple bacteria have ICM which are also described as
chromatophores. The major components of the ICM are the membrane-bound
energy transducing complex including the PS apparatus, and the interior of the
ICM structure is equivalent to the extra-cytoplasmic or periplasmic space
[Madigan et al,. 1997]. A good example of organism that exhibits such respiratory
flexibility is the soil bacterium P. denitrificans which has gene that encode three
biochemically distinct oxidases [de Gier et al., 1994]. Most microorganisms
including photosynthetic bacteria posses alternate quinol oxidases which transfer
electrons directly from the quinol to oxygen. On the other hand, the Res pathways
are often branched at the UQ pool and contain several terminal oxidases thought
to work at different oxygen tensions. R. capsulatus has a quinol oxidase (Q.x) and
Cox of cbbs- type (Figure 1.1.C) while R. sphaeroides also has an additional cyt ¢

oxidase of aas-type.
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1.3 R. capsulatus as a Model Organism to Study cbb;-Type Cytochrome

Oxidase

Structural studies and nucleotide sequence data revealed remarkable
similarities between ETC complexes in higher organisms and in bacteria [Youvan
et al., 1989]. Photosynthetic prokaryotes that offer several experimental
advantages over eukaryotic organelles have been used as a model system for

studies on biological energy transduction [Nitschke et al., 1995].

Anoxygenic phototrophic bacteria can be grouped into four categories:
(1) the purple sulfur, (2) purple non-sulfur, (3) green sulfur and (4) green non-
sulfur bacteria according to their phenotype. On the other hand the phylum of the
purple bacteria, defined on the basis of 16S r-RNA analysis, is subdivided into
five subgroups, labeled alpha to epsilon. Alpha, beta, and gamma subgroups
contain photosynthetic as well as non-photosynthetic representatives
[Stackebrandt et al., 1988]. The group of the purple non-sulfur bacteria
(Rhodospirillaceae) is by far the most diverse group of the phototrophic purple
bacteria. The alpha division includes species of the genera Rhodospirillum,
Rhodopila, Rhodopseudomonas, Rhodomicrobium and Rhodobacter [Prince et al.,

1990].

R. capsulatus is a member of the Rhodospirallaceae family and it belongs
to the genus Rhodobacter. R. capsulatus is a gram negative, purple non-sulfur and
facultative phototrophic soil bacterium. It has a rod-like cell shape with a diameter
of 0.5-1.2 um. R. capsulatus has highly branched electron transfer pathways that

allow it to sustain various growth modes. Rhodobacter species, R. capsulatus and



its close relative R. sphaeroides, are excellent model organisms for studying
cellular energy transduction [Zannoni, 1995]. They have versatile growth modes
and are capable of both unoxygenic phototrophic (Ps) and vigorous respiratory
(Res) growth in the presence of oxygen. They contain a photochemical reaction
center (RC) [Williams et al., 1986; Youvan et al.,, 1984], a ubihydroquinone:
cytochrome ¢ (cyt ¢) oxidoreductase (cyt bc; complex) [Daldal, et al., 1987;
Daldal, et al., 1986], and a c-type cytochrome as a mobile electron carrier [Daldal,
et al., 1986; Donohue, et al., 1988], but their Ps and Res electron transport chains

are different [Zannoni, 1995; Donohue, et al., 1988].

Under anaerobic photosynthetic conditions, the soluble cyt ¢, and/or the
membrane anchored cyt ¢, mediate light driven cyclic electron transfer between
the photochemical reaction center and the bc; complex [Zannoni and Daldal,
1993]. Under respiratory growth conditions, R. capsulatus can grow using a
pathway reminiscent of the mitochondrial electron chain. The pathway involves
the bcy complex, cyt ¢; or ¢y, and cbbs—type cyt ¢ oxidase. This oxidase contains

two c-type cyts, ¢, and cp, as subunits [Gray et al., 1994; Koch et al., 1998a].

Other aerobic electron transport chain called alternate respiratory pathway
also exists in R. capsulatus. It is independent of all c-type cyts and uses the quinol
oxidase that is thought to contain cyts b and d. R. capsulatus can also sustain
growth under anaerobic dark conditions by using various compounds such as
dimethyl sulfoxide, triethylamine oxide or nitrous oxide as terminal electron
acceptors. This metabolic diversity allows cultivation of mutants with pleiotropic

cyt ¢ deficiency. The presence of functional c-type cytochromes can be readily



detected phenotypicaly by the ability of cells to sustain photosynthetic (Ps+)
growth and to catalyze the reaction (&-Naphtol + dimetylphenylene diamine + O,
— Indophenol blue + H,O) via an active cyt ¢ oxidase (NADI"). The absence of
cytochromes c¢; and/or co/cy abolishes photosynthetic (Ps) growth whereas absence
of cytochromes ¢, and/or ¢, abolishes the activity of the cyt ¢ oxidase (tested by
the NADI reaction). Thus, R. capsulatus mutants, defective cbbs-type oxidase, do
not show cyt ¢ oxidase activity (NADI). Yet these mutants can grow aerobically
via an alternate respiratory pathway. This facilitates the isolation and detection of
cbbs-type oxidase mutants. A wide variety of growth modes allow R. capsulatus
to survive in case of a lethal mutation that occurs in a given mode. Moreover,
chromatophore vesicles, containing all of the components of energy transduction
pathways in large quantities, can be easily prepared. In addition, almost all of the
R. capsulatus genome has already been sequenced which should be helpful in
identifying novel components. Therefore, these bacteria provide excellent model

system to understand bioenergetics process and their components.

1.4 Respiratory and Photosynthetic Growth of R. capsulatus

1.4.1 Photosynthetic Electron Transfer Pathway in R. capsulatus

Ps electron transport pathway is cyclic in purple non-sulfur facultative
phototrophs. R. capsulatus’s light-driven photosynthetic electron transfer pathway
is a cyclic process between the photochemical reaction center and the
ubihydroquinone cyt ¢ oxidoreductase (cyt bc; complex) [Meyer, et al., 1995].

During the Ps growth of R. capsulatus, electrons are conveyed from the cyt bc;



complex to the RC either by the lipid soluble quinine (Q) and well-studied mobile
electron carrier cyt ¢, [Daldal, et al., 1986], or the more recently discovered

membrane-anchored electron carrier cyt ¢y [Jenney, et al., 1993].

The photosynthetic RC consists of several integral membrane proteins and
number of pigment molecules. RC contains three polypeptides, designated L, M,
and H subunits. These proteins are embedded in the photosynthetic membrane.
They bind the RC photochemical complex which consists of one carotenoid
molecule, two molecules of bacteriochlorophylls, one ubiquinone as primary
electron acceptor Q. one non-heme iron, and another ubiquinone as a secondary
electron acceptor Qg. L and M subunits which are core for RC, posses five
membrane spanning helices each [Debus, et al., 1985]. During the photosynthesis,
light induced oxidation of RC bacteriochlorophyl dimmer (P*) reduces a Q
molecule to hydroquinone (QH;), which is subsequently oxidized by the cty bc;
complex [Amesz et al., 1988]. The bc; complex contains four metal redox centers:
cytochrome by, and cytochrome by, both located within the cytochrome b subunit,
cytochrome c¢; and the riske 2Fe-2S cluster, which are each located on a separate
subunit [Gennis, et al., 1993]. The bc; complex is similar to the cyt bgf complex of
chloroplast, but it differs in that a monomeric cyt b in the bc; complex is split into
o, B dimmer in the bgf complex [Saribas, et al., 1999]. The cyt bc; complex directs
a quinone cycle, in which the endorgonic transport of protons across the

membrane is coupled to the exorgonic transport of electrons.



1.4.2 Respiratory Electron Transfer Pathway in R. capsulatus

The gram-negative facultative photosynthetic bacterium R. capsulatus has
a highly branched electron transport chain, resulting in its ability to grow under a
wide variety of conditions [Zannoni, 1995]. When light is unavailable, R.
capsulatus species use alternate energy transduction pathways to ascertain their
growth both in the presence or absence of molecular oxygen. Under aerobic
growth conditions electrons are transferred via respiratory ETC from respiratory
dehydrogenases to the Q pool, the cty bc; complex, and again using soluble or
membrane bound electron carriers to the terminal oxidases that ultimately convert
0, to H,O [Koch, et al., 1998] (Figure 1.2). On the other hand, the respiratory
electron transfer pathways of R. capsulatus are branched after the quinone pool
and contain two different terminal oxidases, previously called cyt b4jo (cyt c
oxidase) and cyt byey (quinol oxidase) [Zannoni, et al., 1976; Myllykallio, et al.,
1999]. The branch involving cyt ¢ oxidase is similar to the mitochondrial electron
transfer chain in that it depends on the cyt bc; complex and a c-type cyt acting as
an electron carrier. The quinol oxidase branch circumvents the cyt bc; complex
and the cyt ¢ oxidase by taking electrons directly from the quinone pool to reduce
0O, to H,O (Figure 1.3). Respiratory electron transport pathways of R. capsulatus
and R. sphaeroides are also similar but not identical [Baccarini-Melandri, et al.,
1973]. Both species contain a respiratory electron transport pathway that is
branched after the quinone pool. One of these branches contains hydroquinone
oxidases (Qox) commonly found in microbes, while the other one harbors a
mitochondrial-like cyt ¢ oxidase(s) (Cox) converting oxygen to water [Garcia-

Horsman, et al., 1994]. While R. capsulatus contains only one cbbs-type Cox (cbbs-
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Cox) [Gray, et al., 1994], both an aas-type Cox [Hosler, et al., 1992; Sasaki, et al.,
1970], and a cbb3-Cx [Garcia-Horsman, et al., 1994] are presentin R. sphaeroides.
In the latter species, the cbbs-Cox is predominant in micro aerobic or Ps-grown
cells, while the aas-C,x becomes a major component under high O, tension

[Shapleigh, et al., 1992]. In both species, the nature of the Qo is not well known.

NADH NAD*

Sk

4H*

4H*

Figure 1.2: Aerobic respiration in R. capsulatus.
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Figure 1.3: Photosynthetic and respiratory electron transport pathways of
R. capsulatus. DH, Qpoo1, bc1, RC, Qoy, €yt ¢, Cyt ¢y, and cbb3-Cyy correspond to
the respiratory NADH and succinate dehydrogenases, membrane quinone pool,
cyt bc; complex, photochemical reaction center, hydroquinone oxidase, soluble
electron carrier cyt ¢, membrane-attached electron carrier cyt ¢y, and cbbs-type
cyt ¢ oxidase, respectively. Dotted arrows highlight the electron transfer pathways
catalyzed by cyt c,. During the photosynthetic growth electron flow is cyclic;
electrons originating from the photo-activated reaction center (RC) flow through
the ubiquinone pool (Qpool), the cytochrome bc; complex (bcy complex), and the
electron carrying c-type cytochromes (soluble cytochrome ¢, and membrane-
attached cytochrome c¢y) and back to the RC. During respiratory growth various
respiratory dehydrogenases (RDH) replenish the Q pool. From the Qpool,
electrons can flow through either of the two branches. One of these is reminiscent
of the mitochondrial electron transport chain and involves the bc; complex,
cytochrome ¢, or ¢y and the cbbs-type cytochrome ¢ oxidase. The second branch
involves the ubihydroquinone oxidase (Qox) that does not contain any c-type

cytochromes.
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1.4.3 Other Metabolic Pathways in Non-Sulfur Purple Bacteria

Purple non-sulfur photosynthetic bacteria are probably the most versatile
of all microorganisms. Besides growing photoautotrophically  or
photoheterophically, they can also develop chemotrophically in darkness under
aerobic conditions. Moreover, some of these bacteria are capable of dark
anaerobic respiration. The major of the purple non-sulfur bacteria utilize a variety
of different organic carbon source. This organism can grow photoautotrophically
with sulfide or hydrogen as the electron donor, chemoautotrophically with
hydrogen, photohetotrophically with a variety of organic compounds as electron
and carbon sources, chemohetetrophically at the expense of respiratory electron
transport-driven energy generation with oxygen, nitrate, nitrous oxide,
dimethylsulfoxide to TMAO as electron acceptors, and finally also by
fermentation of organic substrates (Figure 1.4). The pronounced metabolic
versatility, including the ability to grow under dark, anaerobic conditions [Yen, et

al., 1977], makes these purple non-sulfur bacteria.
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1.5 Heme-Copper Oxidase Super Family

Heme-Copper Oxidases (HCOs) are the terminal enzyme in the respiratory
chains from bacteria, archaea and eukarya [Michel, et al., 1998]. The terminal
oxidases are integral membrane protein complexes, which are the last components
of the respiratory chains in aerobic organisms where they catalyze the reduction of
molecular oxygen to water (O, + 4¢” + 4H" — 2H,0). Most members of this
family of enzymes are redox-driven proton pumps, the O, reduction reaction is
energetically coupled to proton translocation across the membrane [Namslauer, et
al., 2003]. They possess a unique bimetallic active site consisting of a heme and a
closely associated copper atom where O, is reduced. The HCO super family is
therefore also called the heme-copper super family [Ferguson-Miller, et al., 1996].
Super family of the copper oxidase is divided into two major groups, the quinol
oxidases and cyt ¢ oxidases, which have distinct substrate specificities [Zufferey,

et al., 1996].

The eubacterial HCOs can be divided into two main groups: quinol
oxidases, for example E. coli cytochrome bos oxidase and cytochrome ¢ oxidases,
such as the cyt aas oxidase from P. denitrificans, R. sphaeroides and bovine
mitochondria, The main difference between the two types of oxidase is the
presence of a fourth metal centre, known as Cua or purple copper, in the
hydrophilic domain of subunit II of cyt ¢ oxidases. Cu, contains two copper atoms
in a mixed valence configuration [Ferrar et al., 1996] and is the primary acceptor
of electrons from cyt ¢ [Hill, 1993]. Quinol oxidases combine the redox chemistry

mediated by both the cyt bc; and cytochrome ¢ oxidase complexes; however they
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do this far less efficiently than cyt ¢ oxidases, with respect to overall energy

transduction [Saraste, 1990].

This superfamily is quite diverse in terms of electron donors, subunit
composition and heme types. Three main families of oxygen reductases are
identified on the bases of common features of the core subunits, constituting three
lines of evolution: (i) type A (mitochondrial-like oxidases, aas), (ii) type B (bas-
like oxidases), and (iii) type C (cbbs-type oxidases). The first group can be further
divided into two subfamilies according to the helix VI residues at the hydrophobic
end of one of the proton pathways (so called D-channel): (i) type A1, comprising
the enzymes with a glutamate residue in the motif - XGHPEV-, and (ii) type A2,
enzymes having instead a tyrosine and a serine in the alternative motif -YSHPXV-

[Pareira et. al., 2001].

Eukaryotic HCO complexes contain three mitochondrially encoded
subunits (I, II and III) and up to ten unclearly-encoded subunits. All prokaryotic
members of the HCO super family contain homologues of subunit I and most also
contain homologues of subunits II and III. The E. coli homologue, an ubiquinol

oxidase, cytochrome b,, has homologues of subunits I, II and III.

The most important features of the subunit I and II allow the establishment
of a structural and functional classification of the oxidase families. Only subunit I
is common to all heme-copper oxidases. The super family is defined by the
presence, in subunit I, of a six-coordinated, low-spin heme and a unique bimetallic
center composed of a high-spin heme and a copper ion, Cug. The low-spin heme is

the immediate electron donor to the binuclear center, where the catalytic reaction
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takes place. A broad subdivision of this super family was previously established,
on the bases of amino acid sequence alignments more similar to the mitochondrial
cytochrome oxidase, and (ii) a highly divergent group, the fixN type, also named
cbbs oxidases [Garcia-Horsman et al., 1994]. The HCO-type oxidases have a
second subunit, with one of two transmembrane helices and a peripheral domain:
in cytochrome and HPIP (High potential iron-sulfur protein) oxidases this domain
contains a mixed-valence binuclear copper site (Cuy), while in quinol oxidases
this center is absent. The members of the cbb; family, apart from subunit I, have
two other subunits containing C-type hemes: a monohaemic and dihaemic
cytochrome [Thoney-Mayer et al. 1994]. The prokaryotic oxidase may contain
quite diverse hemes: Heme A, B, O and derivatives of the heme A and O [Lubben,

et al., 1994].

Despite these conserved metal ligands and a conserved secondary
structure, CcoN subunit of the chbs oxidase contains neither heme O nor heme A
in the active site. Several analyses of the noncovalently bound hemes present in
the cbb; oxidase complex by high-performance liquid chromatography (HPLC)
have shown that only heme b is present [Gray et al., 1994]. Consequently the
dinuclear centre of cytochrome cbb; oxidases must consist of a b-type heme, heme

b3, magnetically coupled to Cug.

In spite of differences in their affinity of oxygen, cofactor composition and
immediate electron donors, all members of the HCO super family contain a highly
conserved catalytic subunit (Subunit I) [Castresana et al., 1994; van der Oast et al.,

1994; Pereira et al., 2001]. Subunit I comprises at least 12 transmembrane helices
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and contains the active site, a dinuclear centre formed by the iron of a high-spin,
penta coordinated heme, to which substrate and other exogenous ligand can bind,
and an adjacent copper ion (Cug) [Bobcock and Wikstrom, 1992]. This center
seems to be designed to prevent the escape of partially reduced oxygen species.
Also found in subunit I is the binding site for a second heme that is six coordinate,
which serves to transfer electrons to the active site. Transmembrane helices 11, VI,
VII and X of subunit I harbor six absolutely conserved histidine residues that are
diagnostic of the entire super family and which serve to ligate both heme irons and

Cug [Saraste, 1990]

1.5.1 Proton Translocation Mechanism

The enzyme takes up eight protons from the N-site for each cyt ¢ turnover: Four
chemical protons and four pumped protons. As the electrons and protons used to
form water come from opposite sites of the membrane, a total of eight charges are
translocated across the membrane during the catalysis. Rich (1995) proposed that
translocation is driven by the requirement for electroneuratically at the dinuclear
centre. A conformational switch connects the pump site with the P-side of the
membrane and opens the dinuclear centre to protonation [Wikstrom, 2000]. These
protons are stored around the heme propionates and electrostatically expelled into
the P-site by other protons approaching the catalytic site. It was originally thought
that, to efficiently capture the energy released by the oxygen chemistry for proton
translocation, the proton pumping steps occur exclusively during the oxidative

phase P - F — F — O [Wikstrom, 1989].
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The D-pathway is the only channel used during the reaction of the fully
reduced enzyme with molecular oxygen molecule and there is general agreement
that all of the pumped protons travel through this channel. Conserved glutamate
(E286) of aas-type oxidase in R. sphaeroides has been proposed to act as proton
shuttle, which can assume two different conformations, related by a 180° rotation
of the carboxylate group. It has been suggested [Michel, 1999] that this switch is
triggered by electric fields, and allows the delivery of the chemical and pumped
protons to the dinuclear centre and heme propionate groups, which are in contact

with the proton exit channel [Puistinen and Wikstrom, 1999], respectively.

1.6 cbbs. Type Terminal Cytochrome ¢ Oxidase in R. capsulatus

In recent years a third highly diverged group of HCO, the cytochrome cbb;
oxidases, has been described in the Proteobacteria [Myllykallio et al., 2000].
Cytochrome cbbs oxidases have been purified from several species of
Proteobacteria including P. denitrificans [de Gier et. al., 1996], R. sphaeroides
[Garcia-Horsman et al., 1994], R. capsulatus [Gray et al., 1994] and B.
Japonicum [Preisig et al., 1996a] and P. stutzeri [Urbani et al., 2001]. Rather poor
yields and a tendency for the complex to dissociate have made detailed
biochemical characterization difficult, and a structure is not yet available,
although crystallization conditions have been reported [Urbani et al., 2001]. The
cyt ¢ oxidase of R. capsulatus has been purified previously and characterized as
being a novel cbbs-type cyt ¢ oxidase without a Cuy center [Gray et al., 1994]. It is

composed of at least a membrane-integral b-type cyt (subunit I [CcoN]) with a
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low-spin heme b and a high-spin heme b3;-Cug binuclear center, and two
membrane-anchored c-type cyts (CcoO and CcoP). It has a unique active site that
possibly confers a very high affinity for its substrate oxygen [Wang et al., 1995].
Cyt cbbs oxidases are quite distinct from other bacterial HCOs in terms of
their strategy for receiving electrons, the heme prosthetic group present in the
active site and their affinity for oxygen. Despite these conserved metal ligands and
a conserved secondary structure, CcoN contains neither heme O nor heme A in the
active site. Several analyses of the noncovalently bound hemes present in the cbbs
oxidase complex by high-performance liquid chromatography (HPLC) have
shown that only heme B is present [Gray et. al., 1994; Wang et al., 1995].
Consequently the dinuclear centre of cytochrome cbbs oxidases must consist of a

b-type heme, heme b3, magnetically coupled to Cug

1.6.1 Cytochrome cbb; Oxidase Operon

Genes encoding a cytochrome cbbs oxidase were initially isolated and
identified from Rhizobium species, Bradyrhizobium japonicum and designated
fixNOQP (ccoNOQP) since their expression is required to support symbiotic N,
fixation [Preisig et al., 1993]. More recently, homologous genes have been
identified in other Proteobacteria, for example R. capsulatus [Thony-Meyer et al.,
1994 and George et al., 1998], Azorhizobium caulinodans [Mandon et al., 1994],
and five human pathogens Campylobacter jejuni [Parkhill et. al., 2000],
Helicobacter pylori [Tomb et. al., 1997], Pseudomonas aeruginosa [Stover et al.,

2000], Vibrio cholerae [Heidelberg et al., 2000] and Neisseria meningitides, in
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which cytochrome chbs is the only respiratory oxidase, were encoded by the
genome. The structural genes of this enzyme (ccoNOQP) have been sequenced in
last decade from R. capsulatus 37b4 [Thony-Meyer et al., 1994] and aligned to the
partial amino acid sequence of the purified enzyme from R. capsulatus MT1131

[Gray et. al., 1994 and George et al., 1998].

The biogenesis of a multisubunit protein complex containing several
prosthetic groups, such as cyt chbs oxidase, is likely to require many accessory
proteins involved in various posttranslational events, including protein
translocation, assembly, cofactor insertion, and maturation [Thony-Meyer et al.,
1997]. The ccoNOQP operon is always found close to a second gene cluster,
known as fixGHIS (ccoGHIS) whose expression is necessary for the assembly of a
functional cbb; oxidase [Preisig et al., 1996; Koch et al., 2000] (Figure 1.5-A).
The ccoGHIS operon comprises four tightly linked open reading frames first
identified, cloned and sequenced in Sinorhizobium meliloti [Kahn et al., 1989].
Like the ccoNOQP operon, expression is strongly induced in cells grown under
microaerobic or anaerobic conditions. On the basis of their derived amino acid
sequences each of the four proteins encoded by the ccoGHIS operon are thought to
be membrane-bound and it has been suggested that they may function in concert
as a multisubunit complex [Preisig et al., 1996]. Biochemical and genetic
characterizations of these mutants reveal that at least four additional gene products
are required at some posttranslational steps for the presence of an active cyt cbbs

oxidase in R. capsulatus [Aygiin, 1999 and Koch et al., 2000].
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In P. denitrificans and R. sphaeroides, other oxygen response regulators,
the fnr-like genes fnrP and fnrL, respectively, are located upstream of ccoNOQP
[de Gier et al., 1994; Zeistra el al., 1995]. In addition, Fnr binding consensus
sequences have been identified in the intergenic region between ORF277 and ccoN
in both organisms [de Gier et al., 1994; van Spanning et al., 1997; Zeilstra el al.
1995; Zeilstra et. al.,, 1996] (Figure 1.5-B). Putative Fnr binding sequences
(TTGAT-N4-GTCAA at positions 91 to 108 and TTGAC-N4-ATCA at positions
168 to 181 from the first ATG codon of ccoN) are also present in the ORF277-
ccoN intergenic region of R. capsulatus. However, in contrast to the other related
species, an ORF containing a gene coding for a possible Fnr-like protein is absent
upstream of ccoNOQP in R. capsulatus. Interestingly, no Fnr binding site is
present in the ccoP-ccoG intergenic region of R. capsulatus. Considering that in
many facultative aerobes an oxygen or redox-regulated switch may turn on and off
various cyt ¢ oxidases with different oxygen affinities [Bosna et. al., 1987; de Gier
et. al.,, 1996; van Spanning et al., 1997], it is tempting to speculate that cyt cbbs
oxidase in R. capsulatus supports aerobic growth under both high and low oxygen

concentrations.

In some rhizobial species, fixNOQP genes are not regulated by a genuine
Fnr but by a paralogue, called FixK, that also binds Fnr boxes [Batut et al., 1989;
Fischer, 1996] but does not carry any [4Fe—4S] cluster and whose activity is not
regulated by O, [Soupéne et al., 1995]. In these cases, regulation by O, instead
occurs at the level of fixK transcription, which is regulated by the FixLJ two-
component regulatory system. Under O, limitation, the FixL. hemoprotein kinase

autophosphorylates and then transfers its phosphate group to the FixJ
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transcriptional regulator protein. Phosphorylated FixJ then activates transcription
of fixK. It was predicted that the primary function of the FixLJ-FixK system in
these bacteria is to regulate ccoNOQP expression under O,-limiting conditions. It
is possible of course that FixLJ-FixK regulates additional functions in these

bacteria, as it does for nitrogen fixation in some rhizobia [Pitcer, et. al, 2003].
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Figure 1.5: Organization of the ccoNOQP Operon in R. capsulatus. Comparison
of the genetic organization of the cco(fix) NOQP operons and their flanking
regions in different organisms [Koch et al., 1998]. FNR indicates the presence of
possible Fnr-binding sites in the intergenic regions upstream and downstream of
the cco(fix)NOQP operons. The hisAFE genes are involved in histidine
biosynthesis, and firL and furP are fur-like genes most likely involved in oxygen-
or redox-regulated expression of cyt cbb; oxidase. fixJ, fixK, and fixL code for
oxygen response elements in B. japonicum. hemZ and hemN correspond to the
genes encoding the anaerobic coper-hydrinogen III oxidase. R.c., R. capsulatus;
R.s., R. sphaeroides; P.d., P. denitrificans; B.j., B. japonicum; R.m., R. meliloti.
Arrows indicate direction of the transcription
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1.6.2 Organization of the Cytochrome cbb; Oxidase Complex in R. capsulatus

The cbbs-type cyt ¢ oxidase encoded by the ccoNOQP operon is composed
of four subunits [Zufferey et al., 1998].The ccoN gene encodes the catalytic
subunit of the oxidase, which is homologous the subunit I of aa; oxidase. The
ccoO and ccoP genes encode two membrane anchored c-type cytochromes. These
are the monoheme CcoO (28 kDa) and diheme CcoP (32 kDa), one or both of
which may serve to transfer electrons derived from the bc; complex to CcoN the
catalytic subunit (Figure 1.6). The cytochrome cbbs oxidase operon includes a
fourth gene: ccoQ that is predicted to encode a small membrane bound

polypeptide.

periplasm

Figure 1.6: Organization of the ccoNOQP subunits of cbbs-type oxidase in R.
capsulatus. The ccoNOQP operon of R. capsulatus encodes the four structural
proteins that comprise the cytochrome cbbs oxidase complex. Although CcoQ is
shown as an integral part of the complex there is no evidence for its presence in
the cytochrome cbb; oxidase purified from R. capsulatus which is a three subunit
(CcoNOP) complex. It was modified from thesis of Aygiin, S. (1999).
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1.6.2.1 Subunit I of the cbb; Oxidase

The first gene of the ccoN encodes a basic membrane protein of 532 amino
acid residues, with a predicted molecular mass of 45 kDa. The highly hydrophobic
CcoN protein has 14 transmembrane segments with both N and C termini facing
the cytoplasmic side [Gray et al., 1994]. It is a highly homologous to fixN gene
product of B. japonicum, R. meliloti and A. caulinodans (62-77% positional amino
acid identity and 79-84% similarity) This subunit is predicted to bind the low spin
heme b, the high spin heme b3 and the Cug, which have been spectroscopically
detected [Thony-Meyer et al., 1994; Varotsis et al., 1995]. From 12 histidine
residues (H) in the sequence, only six are conserved in all the CcoN/FixN
sequences reported. By comparison with the location of the histidine ligands in
cytochrome aaj crystal structure, it is most likely that H114 and H404 are the
ligands for the low spin heme b, and His 402 the axial ligand for the high spin
heme b;. H264, H314 and H315 are probably ligands of Cug. The H394 might be
equivalent to the conserved H403 (P. denitrificans cytochrome aas) which is a
ligand for the magnesium ion. Otherwise, alignments of the ccoN sequences with
subunit I of the main heme-copper oxidase family indicate that there is little
homology between them. For example, residues suggested to be involved in H*
conduction (asparagine (N124), glutamine (Q278), lysine (K354), Leucine (1.393)
and asparagine (N399) in P. denitrificans cytochrome aas), or in H bonding to the
Cug histidine ligands (threonine (T344) and tyrosine and (Y280)) are missing in
the cyt cbbs sequences, or placed in other positions. However, [Zufferey et al.,
1996] showed evidence which suggests that these two helices in B. japonicum

FixN may be peripheral facing the cytoplasm. These two helices might not have a
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role in the function/structure of the oxidase since they are missing in the

Helicobacter pylori ccoN sequence [Thony-Meyer et al., 1994].

1.6.2.2 Subunit II of the cbb3 Oxidase

The ccoO gene encodes for a 242 amino acid polypeptide with a calculated
molecular mass of 28 kDa, which is predicted to be a c-type membrane bound
cytochrome. It is 61-73% identical and 77-85% similar to the corresponding
Rhizobial fixO gene product. Hydropath analysis shows that CcoO probably has a
single membrane-spanning domain near the N terminus, and a hydrophilic
domain, which is most probably exposed to the periplasmic side where heme c is
attached. A predicted totally conserved heme ¢ binding site (C-Y-V-C-H- at
position 68-72 and M at position 140 found in this region [Thony-Meyer et al.,

1994].

1.6.2.3 Subunit III of the cbb; Oxidase

The ccoQ gene codes for a 58 amino acid residues with a calculated
molecular weight of 6.5 kDa. It does not share much amino acid sequence identity
(22-40%) with in the four species; however, the similarity is in the range of 53-
60%. It has a high hydrophobic amino acid stretch near the N terminus, and a
charged motif at the C terminus as previously suggested, in which high percentage
of charged amino acid residues are present [Thony-Meyer et al., 1994]. The

presence of CcoQ in purified complex has so far only been demonstrated
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immunologically in B. japonicum (Zufferey et al., 1998) and its function remains
unclear. In frame deletion mutants of ccoQ constructed in B. japonicum [Zufferey
et al., 1996b] and R. sphaeroides [Oh and Kaplan, 1999] have no apparent effect
upon the assembly or the activity of cytochrome cbb; oxidase although the
cytochrome ¢ quantity appeared somewhat decreased in the ccoQ mutant of B.
Jjaponicum [Zufferey et al., 1996b]. Recent evidence suggest that in R. sphaeroides
CcoQ serves as a transporter in signal transduction pathway that controls the
expression of photosynthesis-related genes in response to the flux of electrons
through the cytochrome cbbs oxidase. It has also been suggested that this specific
role for CcoQ may perhaps be related to the presence of two histidine residue that
are conserved in R. sphaeroides and R. capsulatus, but which are not present in
non-photosynthetic species [Oh and Kaplan, 1999; Eraso and Kaplan, 2000]. The
corresponding polypeptide is apparently not present in the purified preparation
[Garcia-Horsman et al., 1994], and protects the core complex, in the presence of
0O,, from proteolitic degradation by a serine metalloprotease in cbbs oxidase of R.

sphaeroides [Oh et al., 2002].

1.6.2.4 Subunit IV of the cbb; Oxidase

The last gene, ccoP, codes for an acidic membrane protein of 297 amino
acids and calculated Mr of 32 kDa. Hydropathy profiles predict two main
domains: a hydrophobic transmembrane domain near to the N terminus, and a
hydrophilic domain most probably facing the periplasmic side. Two heme C

binding motifs can be found in this domain (-C-A-Q-C- at position121-125, and
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M at position 174; C-A-S-C-H at position 219-223 and M at position 264. CcoP
shares 45-51% identical and 61-64% similar amino acid with its Fix P
homologous. Considering that only CcoN, CcoO, and CcoP are part of the

functional cyt cbb; [Thony-Meyer et al., 1994].

1.7 Proton-Conducting Pathways

1.7.1 Proton Input Channels

Three putative proton-conducting input pathways have been identified in
the X-ray structures of aas-type oxidase [Tsukihara et al., 1998; Gennis, 1998].
These are called the K-channel, D-channel and the H-channel. The names are
derived from conserved amino acid residues within each of the putative channels.
The H-channel is proposed to be important for conveying pumped protons across
the membrane, but only for the oxidases of animals [Tsukihara et al., 1998]. The
K-channel and the D-channel, on the other hand, are observed in both the
prokaryotic and eukaryotic oxidase structures [Tsukihara et al., 1996 and 1998;
Ostermeier et al., 1997], and the importance of these two channels in proton input

to the enzyme is supported by extensive functional analysis of mutants.

The key residue of the K-channel, found in pore B, is a highly conserved
lysine (K362 in the R. sphaeroides ) on the cytoplasmic surface of the enzyme,
which is in the neutral unprotonated state in both the oxidized and reduced forms
of the enzyme [Kant et al., 1998]. Equivalent mutations on the highly conserved

K362 in R. sphaeroides [Konsatantinov et al., 1997], P. denitrificans [Pfitzner et
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al., 1998] and E. coli [Thomas et al., 1993] resulted in almost complete loss of
oxidase activity. Moreover analysis of K362 mutations demonstrated K channel is
necessary for the reduction of the dinuclear centre prior to oxygen binding
[Konstantnov et al., 1997]. This channel includes threonine (T359) and leads to
the hydroxyl group of tyrosine (Y288) at the active site. Since Y288 (cross-linked
to active site, it is reasonable to consider this is a proton pathway for the delivery
of at least one of the substrate protons. The cbb;-type oxidases seem to have only
part of the alternative K-channel conserved with serine and tyrosine in the place of
the P. denitrificance threonine (T351) and serine (S291). It is remarkable that an
equivalent to Y288 is not present in these enzymes. None of the canonical

residues of the D-channel is present for these oxidases [Michel, 1998].

In the absence of either a three-dimensional structure of a cbbs-type
oxidase or experiments that inform on the roles of conserved residues in CcoN, it
is not yet possible to conclude whether cyt chbs oxidases have independently
evolved a distinctive method for coupling oxygen reduction to proton
translocation. Alternatively, the mechanism of energy transduction might be
functionally conserved in the cbbs-type oxidases, even though key residues of the
D- and K-channels are apparently missing. However, there is a further difference
between the cyt chb; oxidases and all other HCOs, including the enzymes found in
R. marinus and T. thermophilus that might suggest that the mechanism of energy
transduction evolved independently in cytochrome cbbs [Pitcher et al., 2003]. The
cbbs-type oxidases contain a b-type heme rather than a-type or o type heme in the
dinuclear centre which is not only the site of oxygen reduction but is also

proposed to be the site of proton-pumping in the aas-type oxidases. Analysis of
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the bacterial [Iwata et al., 1995; Soulimane et al., 2000] and mitochondrial
[Tsukihara et al., 1996] CcoO structures implicates the hydroxyl group of the
heme a3 hydroxyethylfarnesyl (hydroxyethylgeranylgeranyl in the case of cyt bas
oxidase of T. thermophilus) side chain in a pathway that may be involved in

conducting protons to the dinuclear centre [Blomberg et al., 2000].

1.7.2 Proton Exit Channels

A putative water and/or proton exit channel has been suggested based on
their mammalian and bacterial cyt ¢ oxidase X-ray structures. It was suggested
that this pathway serves as an exit for the water produced [Tsukihara et al., 1996],
while Iwata (1995) preferred a role in the pathway of pumped protons from the
dinuclear centre to the outside. This channel proceeds from the dinuclear centre to
the outside of the membrane via a number of hydrophilic residues from both
subunit I and subunit II and the Mg2+ binding site, located at the end of this
proposed channel. Crystalographycally well-defined water molecules provide
three other ligands of the Mg2+ site. Further more deuterium exchange between
water molecules closely associated with this site and bulk solvent has been
demonstrated at a rate consistent with a role for this region in product release
during catalytic turnover [Florens et al., 2001]. However the route(s) to which the
water and/or protons access the Mg2+ site and whether or not access to them are

controlled remains unclear.
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1.8 Site-Directed in vitro Mutagenesis

Site-directed in vitro mutagenesis is an invaluable technique for studying
protein structure-function relationship, gene expression and vector modification.
PCR based site-directed mutagenesis is used to amplify circler plasmid and to
insert a mutation anywhere in the plasmid with no requirement for convenient
restriction enzyme sites. In this technique, the initial rounds of amplification are
directed by two primers located ‘back-to-back’ on the opposing DNA strands. One
primer contains one or a few mismatches which will generate the site-directed
mutation. The first cycle of PCR generates linear plasmid molecules, from one or
both circular template strands. Subsequent rounds of PCR further amplify the
linear plasmid sequence generated by the first PCR cycle, which is then isolated,
ligated and used for transformation. This method has the advantage of introducing
mutations at any desired site regardless of restriction sites are present in the

surrounding sequence.

The method of site-directed in vitro mutagenesis, which substitutes
specific amino acid residues by genetic methods, is ideal for addressing these
questions of cytochrome ¢ structure and function [Pielak et al., 1985; Caffrey,
1994; Caffrey et al., 1994]. R. capsulatus and R. sphaeroides have been
genetically modified to allow site-directed in vitro mutagenesis and a number of
single site mutants have been obtained in each of the three subunits. In recent
years, the analysis of site directed in vitro mutants has led to the identification of
the ligands to the metal cluster, general location of the sites of the quinone

interaction and more accurate folding models of the individual subunits of the
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complex [Gray et al., 1995]. It is anticipated that further application of the site-
directed in vitro mutagenesis technique to numerous species of cyt ¢ will better
define the roles of conserved and non-conserved residues in the structure and

function of cyt c.

The cyt cbbs structural genes have been cloned in a broad host range
plasmid, pOX15/HB101. The mutations are often generated by in vitro
mutagenesis techniques. Any desired mutation can therefore be efficiently
constructed and introduced into R. capsulatus using the system. We used the

plasmid pBluescript II SK+ as a template DNA for site-directed mutagenesis.

1.9 Conjugation (Triparental Mating)

Plasmid DNA can be introduced into Rhodospirillacea by conjugation
[Simon et al., 1988]; transformation [Fornari et al., 1982] and electroporation
[Timothy et al., 1991]. Transformation system may be difficult to obtain in
photosynthetic bacteria owing to intrinsic properties of their membranes,
restriction endonucleases or other unknown factors. Electroporation with pRK404
or pRK415 has not been successful in Rhodobacter genera. The most efficient and
generally applicable system for introducing plasmid DNA into purple bacteria is

conjugation.

Plasmids pRK404 [Dita et al., 1985] and pRK415 [Keen et al., 1988] were
initially used for such purposes in R. sphaeroides and other RK2 derivatives are

known to be used in R. capsulatus. RK2 plasmids and its derivatives are stable in
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R. sphaeroides as long as selective pressure is maintained [Davis et al., 1988;
Brander et al., 1989]. Another conjugative plasmid, RP1::Tn501, was derived
from RP1 via the insertion of the mercury-resistance transposon Tn501.
Chromosome mobilization activity has been demonstrated in R. capsulatus with
the conjugative plasmid pBLM2 and pTH10 which appear to initiate chromosome

transfer from multiple sites of origin.

Transfer can take place both between E. coli and the purple bacteria and
among various purple species. Mating are performed by mixing the donor and
recipient cells and plating on a solid surface, such as an agar plate or a membrane
filter, incubating for several hours to overnight, and then replica plating, replating
or overlaying onto a selection medium [Donohue et al., 1991]. Selection for the
recipient over the donor strain is usually accomplished by antibiotic resistance

markers in the recipient or auxotrophic markers in the donor.

Most engineered plasmid systems utilize a mobilizable but not self-
transmissible plasmid vector, with the transfer functions provided in frans either
from a helper plasmid such as pRK2013, a derivative of RK2, in a triparental
mating [Ditta et al., 1980]. In this work, the mobilizable site-directed mutant of
pOX15 amplified in HB101 E. coli HB101 was transferred to GK32 strain
A(ccoNO::kan) of R. capsulatus in the presence of pRK2013 helper cells by

triparental mating.
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1.10 Aim of the Study

Amino acid sequences are known for cyt ¢ oxidase subunit I of many
prokaryotic and eukaryotic organisms. Alignments of these sequences among 26
different species revealed that they possess sixteen highly conserved amino acids
in all subunit I of heme copper oxidases (HCO) although subunit I of the ccbs-type
oxidase has a lower degree of similarity at the amino acid sequence level being
less than 20% [Pereira, et al., 2001]. Six of these sixteen highly conserved amino
acids in subunit I of the HCOs are histidines. They are predicted to serve as the
cofactor ligands. Besides these histidines, ten conserved amino acids are strictly
conserved (Table 1). The residues valine (V279), tryptophane (W272) and
arginine (R474) (P. denitrificans numbering) have been pointed out to be critical
for the key process of oxygen diffusion, proton pumping and electron transfer. A
few other residues, serine (S333), serine (S340), threonine (T350) in helix VIII,
asparagine (N390) and threonine (T396) amino acids located the loop between
helix IX and X (R. capsulatus numbering) are almost strictly conserved in all

oxidases reported so far (Figure 1.7 and Figure 1.8).

Substitutions on these amino acids indicate that most of these amino acids
are important for integrity, assembly and activity of cyt ¢ oxidases. For example,
three substitutions examined for threonine amino acids, threonine (T352) and
threonine (T359), on subunit I of the bo; quinol oxidase in E. coli and it was
pointed out that T352 and T359 residues appeared to be strictly important for
catalytic function of the oxidase [Thomas et al., 1993]. Several mutations on

asparagine at N399 position of P. denitrificans of aas-type cyt ¢ oxidase led to
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complete inhibition of proton pumping [Pfitzner et al., 2000]. However, in the

position of T350 and T396 in R.

so far, for any type of the cyt

capsulatus, there is no mutagenesis data, reported

¢ oxidases. It is not known why they had been

conserved during evolutionary period for almost all types of cyt ¢ oxidase, thus it

has not been possible to infer their possible functions from the structural data. This

work conducted to determine the possible involvements of the amino acids, serine

(S333), serine (S340), threonine (T350), asparagine (N390) and threonine (T396)

respectively, in terms of the activity and the assembly of the cbbs-type oxidase in

R. capsulatus.

Table 1: Conserved residues in
ligands.

heme-copper oxidase subunit I, besides the metal

Residue

Function

Valine (Vall-279)

O,-chanel

Tryptophane (Trpl-272)

interaction with HisI-326

Arginine (Argl-474)"

H-bond to x-propionate of the low-spin heme

Arginine (Argl-54)

H-bond to formyl group of heme a

Aromatic (TrpI-87)

H-bond to one of the propionates of the low-spin heme

Threonine/Serine (Thrl-344)

H-bond to HisI-325

Aspartate/Asparagine(Aspl-399)

H-bond to one of the propionates of the high-spin heme

Phenylalanine (Phel-412)°

Possible electron transfer between the hemes

Threonine/Serine (Thrl-361)

Unknown

Threonine/Serine (ThrI-405)

Unknown

*Only in heme a low spin-containing
Anaboena sp. form Pereira et al; 2001.

oxidases. "Absent in chb; oxidase and in the oxidase from
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Figure 1.7: Topological model of subunit I (ccoN) of cbbs-type oxidase in R. capsulatus. Circles represent conserved
and mutated amino acids present in subunit of all heme-copper oxidase. S: Serine. T: Threonine, N: Asparagine, M:
Membrane.
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Thermus thermophilus
Deinococcus radiodurans
Aquifex aeolicus Al

Synechosystis acidocaldarius:

Aquifex aeolicus A2
Natronobacterium pharaonis
Thermus thermophilus
Aeropyrum pernix 2
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Helicobacter pylori cbb3
Bradyrhizobim japonicum
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Rhizobium meliloti
Azorhzobium caudinolans
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HHLIYST-VPDWVQTLSSVFSVVLILPSWGTAINMLLTMRGQWHQLKES————————————————————— PLIKFLVLASTFYMLSTLEGSIQAIKSVNALAHFTDWIIGHVH?>®
HHLHYTA-LPDWTQTLGMTFSIMLWMPSWGGMINGLMTLSGAWDKLRTD————————————————————— PVLRMLVVSVAFYGMSTFEGPMMS TKVVNSLSHYTDWT I GHVH**®
HHLHYTA-LPDWASTLGMVMSVILWMPSWGGMINGLMTLSGAWDKLRTD————————————————————— PVIRMMVVSIGFYGMSTFEGPMMS IKAVNSLSHYTDWT IGHVH??
HHLHYTA-LPDWAQTLGMVEFSIMLWPMSWGGMINGLMTLSGAWDKIRTD————————————————————— PVVRMMVMAVAF YGMATFEGPMMS TKTVNSLSHYTDWT I GHVH®%?
HHLHYTA-LPDWAQTLGMTFSIMLWMPSWGGMINGLMTLSGAWDKLRTD————————————————————— PIIRMMVVAVAFYGMATFEGPMMSVKSVNSLSHYTEWGIGHVH?!’

* * * * *
CuCu T/S T/S T/S N/D T/S aza

Figure 2: Some part of the amino acid sequence alignment of subunit I of heme-copper oxidase. P., Paracoccus (P082837), E., Escherichia (P18400), Bo., Bos
(P00396), B., Bacillus (subtilis caas, P24010, stearothermophilus bas, 082837), M., Mycobacterium (053290), A., Aeropyrum (1,Q9YDX6, 2, BAA80883), S.,
Sulfolobus (SoxM, p39481, SoxB, S21042), R., Rhodothermus (CACO8532), A., Anabaena (Anabaena sp. Strain PCC 7937, Z 98264), Sy., Synechosystis
(Synecosystis sp. Strain PCC 6803, Q06473/P73261), T., Thermus (caas, P98005, ba;, CAB06339), D., Deinococcus (G75251), Aq., Aquifex (Al, C70488, A2,
E70488), N., Natronobacterium (CAAT1525), A., Acidianus (CAA69980), H., Helicobacter (AADO0571), Br., Bradyrhizobim (Q0373), Rhd., Rhodobacter
(AAC46108), Rh, Rhizobium (A39988), Az., Azorhzobium (CAAS52429). Strictly and almost strictly conserved amino acid residues are shaded in black. The
histidine ligands to low- and high-spin hemes and to Cug are indicated by a, a; and Cu, respectively. It was modified from Pereira et al., 2001.
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MATERIALS AND METHODS

2.1. Bacterial strains and growth conditions

The bacterial strains and plasmids used in this work are listed in Table 2.1.
Escherichia coli strains were grown in Luria-Broth (LB) medium supplemented
with appropriate antibiotics (ampicillin, 100ug/ml; kanamycin, 50ug/ml;
tetracycline, 12.5 pg/ml per ml, respectively) for plasmid selection and
maintenance as described previously [Daldal et al., 1986; Jenney and Daldal,

1993] (Appendix C).

R. capsulatus strains were grown on Sistrom's minimal medium A (Med
A) [Sistrom, 1960] or MPYE enriched growth medium [Daldal et al., 1986]
supplemented with appropriate antibiotics (supplemented with tetracycline,
2.5png/ml; kanamycin, 10 pg/ml; or ampicillin, 10 pg/ml as needed) [Daldal et al.,
1986] at 35 °C chemoheterotrophically under aerobic conditions in the dark on

plates or liquid cultures (shaken at 40-50 rpm).
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Table 2.1: Bacterial strains and plasmids used in this study

Strains Genotype Phenotype Reference
E. coli
XL1-Blue rec A end A 1 gyr A986 thi-1hsdrl17supE44 Stratagene
rel Al lac [F' proAB laclqg AM15 Tn 10(Tetr)]
XL1-Blue/pMOZI 2.8 kbp Xhol ccoNO’ fragment in pBluescript SK+ DNA Amp' This work
XL1-Blue/pMOZIS333A Amp' This work
XL1-Blue/pMOZIA340A Amp' This work
XL1-Blue/pMOZIT350A Amp’ This work
XL1-Blue/pMOZIN390A Amp’ This work
XL1-Blue/pMOZIT396A Amp’ This work
HB101 F-proA2 hsdS20 (Rb-, mB-) recA13 aral4 lac Y1 Sambrook et. al.,
(1989)

HB101/pACYC177 xy15 galK?2 rpsL.20 supE44 rpsL.20 supE44 proA2 mtl-1 Amp’, Kan"  Biolabs
HB101/pMOZII 2.8 kbp Xhol ccoNO’ fragment in pACYC177 DNA Amp' This work
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Strains Genotype Phenotype  Reference

HB101/pMOZIIS333A Amp' This work
HB101/pMOZIIS340A Amp' This work
HB101/pMOZIIT350A Amp’ This work
HB101/pMOZIIN390A Amp' This work
HB101/pMOZIIT396A Amp' This work
HB101/pOX15 4.7 kbp BamHI ccoNOQP fragment in pRK404 Tet' Koch et al. (1998)
HB101/pOX15S333A Tet' This work
HB101/pOX15S340A Tet' This work
HB101/pOX15T350A Tet' This work
HB101/pOX15N390A Tet' This work
HB101/pOX15T396A Tet' This work
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Strains Genotype Phenotype  Reference
R.capsulatus

MTI1131 crtD121 Rifr Wild-type Daldal et al., (1986)
MT1131/pOX15 Tet' Koch et. al., (1998)
GK32 A(ccoNO::kan) Kan' Koch et. al., (1998)
GK32/pOX15S333A GK32, complemented with pOX15S333A Tet" This work
GK32/pOX15S340A GK32, complemented with pOX15S340A Tet" This work
GK32/pOX15T350A GK32, complemented with pOX15T350A Tet" This work
GK32/pOX15N390A GK32, complemented with pOX15N390A Tet" This work
GK32/pOX15T396A GK32, complemented with pOX15T396A Tet" This work
Plasmids Genotype Phenotype Reference
pBluescript SKII+ Amp' Stratagene
pMOZI pBlue Script SK+ with a 2.8-kbp Xhol insert Amp' This work
pMOZIS333A Substitution of serine 333 by alanine Amp’ This work
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Plasmids

pMOZIS340A
pMOZIT350A
pMOZIN390A
pMOZIT396A
pACYC177
pMOZII
pMOZIIS333A
pMOZIIS340A
pMOZIIT350A
pMOZIIN390A
pMOZIIT396A

pOX15

Genotype

Substitution of serine 340 by alanine
Substitution of threonine 350 by alanine
Substitution of asparagine 390 by alanine

Substitution of threonine 396 by alanine

pACYC177 with a 2.6-kbp Xhol insert

pMOZII replaced 0.6-kbp BsaAl fragment of pMOZIS333A
pMOZII replaced 0.6-kbp BsaAl fragment of pMOZIS340A
pMOZII replaced 0.6-kbp BsaAl fragment of pMOZIT350A
pMOZII replaced 0.6-kbp BsaAl fragment of pMOZIN390A
pMOZII replaced 0.6-kbp BsaAl fragment of pMOZIT396A

pRK404 with 4.7-kbp BamH]-EcoRI fragment
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Phenotype Reference

Amp’ This work

Amp’ This work

Amp’ This work

Amp' This work

Amp’, Kan" New Englend Biolabs
Amp' This work

Amp' This work

Amp' This work

Amp' This work

Amp' This study

Amp' This work

Tet' Koch et. al., (1998)



Plasmids
pOX15S333A
pOX15S340A
pOX15T350A
pOX15N390A

pOX15T396A

pRK2013

Genotype

pOX15 replaced 2.8-kbp Xhol fargment of pMOZIIS333A
pOX15 replaced 2.8-kbp Xhol fargment of pMOZIIS340A
pOX15 replaced 2.8-kbp Xhol fargment of pMOZIIT350A
pOX15 replaced 2.8-kbp Xhol fargment of pMOZIIN390A

pOX15 replaced 2.8-kbp Xhol fargment of pMOZIIT396A
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Tet' This work
Tet' This work
Tet' This work
Tet' This work
Tet' This work
Kan', helper Ditta et al.(1985)



2.2. Molecular Genetic Techniques

2.2.1. Plasmid DNA Isolation

5-10 ml culture of each sample was prepared and grown at 37 °C, with
shaking at 200-225 rpm for 12-16 hs. 5 ml cultures were prepared for the strains
containing high copy and 10 ml cultures were used for low-copy number of
plasmids. DNAs were isolated using Wizard SV Minipreps DNA Purification Kit

and the protocol of manufacturer was followed (Promega cat. #: A1330).

2.2.2. Enzyme Digestion

Insert and plasmid DNAs were cut using the appropriate endonucleases
(Fermantase) according to the Manufacturers’ instruction. For cloning, 2 pg
plasmid DNA was digested with 1 pl of restriction enzymes (10 U/ul) in 50-60 pl
final volume at 37 °C for 1-2 h. For double digestion, 5 pg plasmid DNA was
digested with 2 ul of restriction enzyme in 100 pl of final volume at required
temperature for 2 hours or more. The name and catalog number of restriction
endonucleases are listed at Appendix E. The pOX15 was digested at 37 °C for 30
minutes and dephosphorylated at 37 °C for 45 minutes because pRK derivative
vectors are sensitive to heating. For the insert control 200 ng of plasmid DNA was
digested with 0.5 pl of restriction enzymes (5 U/ul) in 20 pl of final volume at 37

°C for 1 h.
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2.2.3. Purification of Digested DNA Samples

Plasmid DNAs isolated from the transformants and to be used for
sequencing were purified and concentrated by Promega SV Minipreps DNA
purification System (cat. #: A1330). Final volume of the sample was adjusted

according to the concentration of the DNA.

2.2.4. Isolation of DNA Fragments from Agarose Gel

The QIAGEN QIAquickR Gel Extraction Kits (cat. #: 28704) was used and
the protocol of the Manufacturer was followed to isolate DNA fragments from the
agarose gel. Digested DNA solution was loaded on 1% agarose gel and the gel
was run to separate reaction products. Agarose gel bands containing the desired
DNA was excised (minimization of UV exposure was taken care to protect DNA).
The approximate volume of gel slice was determined by its weight (1 g equals
approximately 1 ml) and placed into 1.5 ml eppendorf tube. 3 volumes of buffer
QG to one volume of the gel (100 mg = 100 ul) was added and incubated at 50 °C
for 10 minutes to dissolve agarose. To help dissolve gel, it was mixed by
vortexing the tube every 2-3 min during the incubation. After silica gel was
dissolved completely, one gel volume of isopropanol was added to the sample and
mixed. (This step increase the yield of DNA fragments <500 bp and > 4 kbp). To
bind DNA was transferred to the QIAquick column, and centrifuged for 1 minute.
Liquid was discarded flow through and QIAquick column was placed back in the
same collection tube. To wash the QIAquick column, 750 ml PE buffer was added

which was then centrifuged for 1 min. After liquid was discarded, the QIAquick
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column was centrifuged for an additional 1 min at 13.000 g. Finally to elute DNA,
50 ul EB buffer (10 mM Tris-HCI, pH 8.5) or H;O was added to center of the
QIAquick membrane and centrifuged for 1 min at maximum spread. (Sometimes

to increase DNA concentration, it was occasionally eluted in 30 pl of the buffer).

2.2.5. Ligation Reaction

MBI Fermentas T4 ligase (cat. # EL0331) was used for ligation reaction.
Concentration of vector and insert are determined by either OD ,4) measurement
or comparing visually for its value with 1 kbp marker on agarose gel. Amount of
the vector and insert as a pmol were calculated by pmol =1.52 pmol X pg of
DNA/kbp of DNA equation. Ligation reaction mixture should contain an equal or
higher (generally 4-fold was used) concentration of foreign DNA termini than that
of vector DNA. In micro centrifuge tube: X pmol vector, 2 pl 10x ligation buffer,
4x pmol insert and 2U-4U T4 Ligase are combined and final volume are
completed to 20 pl with ddH,O. The ligation mixture was incubated at 22 °C for
1-2 h when working with pBluesicript and pACYC177 derivative vectors, but
ligation mixture was incubated on ice overnight and then at 22 °C for 30 minutes
while working with pOX15 DNA. T4 DNA ligase was inactivated by heating

reaction mixture at 65 °C for 10 minutes.
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2.2.6. Competent Cell Preparation and CaCl, Transformation

For E. coli HB101 and XL1-Blue competent cells, 50 ml LB in a 500 ml
flask were inoculated with 500 ul overnight culture of E. coli HB101 and XL-Blue
strains respectively. The inoculated cultures were incubated at 37 °C with shaking
until ODggo= 0.4-0.5 (it takes nearly 2 h) and then cells were taken on ice. From
this point, the cells must be on ice until heat shock step. Cells were centrifuged for
10 minutes at 5000 rpm at 4 °C. Supernatant was discarded and pellet was
resuspended in 25 ml (1/2 of the culture volume) of ice-cold 100 mM CaCl, and
incubated on ice for 30 minutes. Cells were centrifuged for 10 minutes at 5000
rpm at 4 °C. Supernatant was discarded and pellet was resuspended in 2.5 ml
(1/20 of the culture volume) of ice cold 100 mM CaCl, Competent cells were
aliquoted 100 pl into Eppendorf tubes. For stock competent cells, glycerol was
added (10% of final conc.). DNA was added to 100 ul competent cells which were
then incubated on ice for 45 min. Heat shock was applied to the sample for 5
minutes at 37 °C. 1 ml LB was added and cells were incubated for 1 h at 37 °C
with shaking. Cells were centrifuged for 1 minute at 5000 rpm at RT and
resuspend in 100 pl LB. Cells were plated on a selection plate and incubated

overnight [Davis et al., 1986].

48



2.2.7. Construction of pMOZI

The 15.3 kbp pOX15 plasmid DNA, constructed by Koch et al., 1998
containing 4.7 kbp ccoNOQP operon of the cbbs-type oxidase (Figure 2.1), was
digested with Xhol. Resulting fragments, 12.5 kbp and 2.8 kbp, were separated on
a 1% agarose gel by electrophoresis (Figure 2.2). The 2.8 kbp fragment was
isolated from the agarose gel using the QTAGEN QIAquick® Gel Extraction Kits
(cat. #: 28704) and were kept at -20 °C. Then 2.9 kbp pBluescript vector digested
with Xhol at 37 °C for two hours (Figure 2.3). After two hours Calf intestine
alkaline phosphatase (CIAP) was added for 1 hour to dephosphorylate both ends
to prevent self ligation of the vector during the ligation reaction. Digested samples
were loaded and electrophoresed on agarose gel to separate digested and
undigested DNAs. Then linear vector DNA was isolated from the gel using a
QIAGEN QIAquick® Gel Extraction Kit (cat. #: 28704). 2.8 kbp NO’ fragment
was inserted into Xhol site of dephosphorylated 2.9 kbp pBluescript vector (Affix
G), (Figure 2.4). 5 ul ligation reaction was transformed into CaCl, treated XL.1-
Blue cells. Transformants were selected in the presence of ampicillin (100pg/ml).
The clone, 5 kbp in size, was also tested with Sacl which cuts the plasmid once
resulting in a 5.7 kbp fragment. The new subclone obtained was designated as

pMOZ1.

ORF277 ccoN ccoO ccoQ  ccoP
<+« > > > ———»

Xhol Xhol

v

ccoNOQP operon

Figure 2.1: The map of the pOX15 DNA carrying ccoNOQP, 4.7 kbp.
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4.7 kbp NOQP insert

v

pOX15 digestion with Xhol

v

Tet
125kbp_ Xhol ~— + T

2.8 kbp NO’ fragment of pOX15

v

Separation of fragments and isolation of 2.8 kbp fragments from 1%
agarose gel

Figure 2.2: Isolation of 2.8 kbp and 12.5 kbp fragments of Xhol digested pOX135.

Amp

2.96 kbp ‘
‘ pBluescript, .

Xhol digestion

|

Amp 2.9kbp

pBluescript

|

Loading on % agarose gel and Separating of
2.9 kbp fragment

Figure 2.3: Linearization of pBluescript DNA.
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Linearized and dephosphorylated
2.8 kbp fragment of pOX15 Bluescript DNA

= + Amp @'@

L |

)

|

Ligation

Transformation to XL1- Blue competent
cells and selection of transformants.

Figure 2.4: Strategy for construction of the pMOZI.

2.2.8 PCR-Based Site-Directed Mutagenesis

The Quick Change Site-Directed Mutagenesis (Stratagene) protocol was
used to make mutations. This method was performed using Pfu DNA polymerase
(MBE Fermantas) and a thermal temperature cycler (Appendix F). Pfu DNA
polymerase replicates both plasmid strands with high fidelity and without
displacing the mutant oligonucleotide primers. The basic procedure utilizes a
supercoiled double-stranded DNA vector with an insert and two synthetic
oligonucleotide primers containing the desired mutation. The oligonucleotide
primers each of which complementary to opposite strands of the vector are

extended during temperature cycling by using Pfu DNA polymerase.
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The pMOZI DNA was used as the template to substitute five target amino
acids, serine (S333), serine (S340), threonine (T350), asparagine (N390) and
threonine (T396), respectively, for alanine by Quick Change™ Site Directed
Mutagenesis protocol using forward and reverse primers for each mutations.
Forward and reverse mutagenic primers, designed based on nucleotide sequence
(Table 2.2a) of subunit I of cbb; oxidase in R. capsulatus, were listed on Table
2.2b. Two types of PCR reactions defined on Table 2.3 were prepared for each
mutation, the sample reaction as well as the control reaction which does not
contain Pfu DNA polymerase. All reaction mixtures were incubated at the
conditions defined Table 2.4. Following temperature cycling, 10 pl of PCR
products from sample and control reaction to replace five amino acids, S333A,
S$340, T350, N390 and T396, were loaded on 1% agarose gel and electrophoresed

for 1 h to visualize the PCR product.

The PCR products were treated with Dpnl, specific for methylated and
hemimetylated DNAs, to digest the parental template DNA and to select the PCR
synthesized DNA. Following PCR product digestion, The Dpnl treated PCR
product was transformed into XL-1 blue cells. Finally, to find transformants that
had desired mutations, DNA was isolated from four transformants for each
mutation to be sequenced. The strategy used to select transformants was

summarized in (Figure 2.5).
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Table 2.2: Nucleotide sequence of the subunit I of the cbbs type oxidase and
primers.

a) Nucleotide sequence of subunit I of the cbbs-type oxidase in R. capsulatus®.

>RRC04162 1D09-1F02_110436_112031
ATGTGGGATTACGTCAAGCTTGTCGCGCTTGGCGTCGTGGTGGCTATTGCCGCTTACGCC
GCCAGTCAGGCGCGAGATTTGCCGTATATGGTGAACATGGTCGAGGTCGCGCTGGCGGCC
GTGATCGCGTTCATCTGGGTGCTGCGCACCATGGGGGACGCCAAACCCTCGAAAGACGAG
TATTTCGACGGCGTGATCCGCGCCGGCGTGATCGCAACCACCTTCTGGGGGATCGTCGGC
TTTCTCGTGGCCGTCATCATCGCCTTCCAGCTTGCCTTCCCCGCGCTGAACCTTGAATTC
GGCAACGGGATGCTGAACTTCGGGCGCCTGCGTCCGCTGCACACCTCGGCGGTGATCTTC
GCCTTTGGCGGCAACGCCCTGATCGCCTCGGCCTTCTATGTCGTGCAGCGCACCTCGGCG
GCGCGTCTCTTCGGGGGCACGGCGCTTGGCTGGTTCGTGTTCTGGGGCTGGCAGCTGATC
ATCGTCACCGCCGCGACCTCCTATCTGCTGGGCGGCTCGCAGGGCAAGGAATATGCCGAG
CTGAACTGGCATCTCGACATCCTCGTCGCGATCGTCTGGGTGGCCTATCTGATCGCCTTC
CTCGGCACGATCTTCAAGCGCAAGGAACCCCACATCTACGTGGCGAACTGGTTCTACCTG
TCCTTCATCGTGACGATCGCCATGTTGCACATCGTCAACAACCTGGCCGTTCCGGTCTCG
ATCTTCGGCACCAAATCGGTGCAGCTGATGGCGGGCGTGCAGGATGCGATGACGCAATGG
TGGTACGGCCACAACGCCGTGGGCTTCTTCCTCACCGCGGGCTTTCTGGGCATGATGTAT
TACTTCGTGCCGAAACAGGCCGAGCGTCCCGTCTATTCCTACAAGCTCTCGATCGTCCAC
TTCTGGGCGCTGATCTTCCTCTACATCTGGGCCGGTCCGCACCACCTGCATTATACCGCG
CTGCCCGACTGGGCCTCGACGCTGGGCATGGTGATGTCGGTGATCCTGTGGATGCCGTCC
TGGGGCGGCATGATCAACGGCCTGATGACGCTTTCGGGCGCCTGGGACAAGCTGCGCACC
GATCCGGTGATCCGGATGATGGTGGTTTCGATCGGCTTTTACGGCATGTCGACCTTTGAA
GGCCCGATGATGTCGATCAAGGCGGTCAACTCGCTCTCGCACTACACGGACTGGACCATC
GGTCACGTGCATTCGGGCGCGCTGGGCTGGAACGGCATGATCACCTTCGGCATGCTCTAC
TTCCTGACGCCGCGCCTGTGGGGCCGTTCGGGGCTTTACTCGCTGAAACTGGTCAGCTGG
CACTTCTGGCTCGCCACCATCGGGATCGTGCTTTACGCCTCCTCGATGTGGGTGTCGGGC
ATCATGGAAGGCCTGATGTGGCGTGAAGTCGATGCGCAGGGCTTCCTGGTGAACGGTTTC
GCCGACACCGTGGGCGCCAAGTTCCCGATGAACGTCGTGCGTGGCGTCGGGGGTGTGCTG
TATCTGACCGGCGGTCTGATCATGGCCTACAACCTTTGGGCCACGGTCGCGAAACAACCG
AAGACGGCCAATCTCGCCGTTGCGGTTCCGGCGGAA

*Codons of the target conserved amino acids, S333, S340, T350, N390 and T396, respectively
were highlighted.
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Table 2.2: b) Forward and reverse primers used for substituting desired amino
acids for alanine.

Primers Sequence of the primers

S333AF 5'-CTG GGC ATG GTIG ATG GCC GTG ATC CTG TGG ATG-3'
S333AR 5'-CAT CCA CAG GAT CAC GGC CAT CAC CAT GCC CAG-3'
S340AF 5'-G ATC CTG TGG ATG CCG GCC TGG GGC GGC ATG-3'
S340AR 5'-C ATG CCG CCC CAG GCC GGC ATC CAC AGG ATC 3!
T350AF 5'-G ATC AAC GGC CTG ATG GCG CTT TCG GGC GCC TGG G-3'
T350AR 5'-C CCA GGC GCC CGA AAG CGC CAT CAG GCC GTT GAT C-3'
N390AF 5'-G TCG ATC AAG GCG GTC GCC TCG CTC TCG CAC TAC-3'
N390AR 5'-G TAG TGC GAG AGC GAG GCG ACC GCC TTG ATC GAC-3'
T396AF 5'-CG CTC TCG CAC TAC GCG GAC TGG ACC ATC GG-3'
T396AR 5'-CC GAT GGT CCA GTC CGC GTA GTIG CGA GAG CG-3'

Table 2.3: Reaction condition’s of site-directed in vitro mutagenesis.

Reactants Sample Reaction Control Reaction

Template DNA (50 ng/ 1l 1wl

Buffer (10X Pfu pol. buffer) Sul Sul
Primers (Forward, 125 ng/ul) 1l 1ul
Primers (Reverse, 125 ng/ul 1wl 1ul
ddH,O 40ul 41u

dNTP mix (10 mM) 1ul 1ul
Enzyme (Pfu DNA pol. 5 u/ul) 1ul -

Total reaction volume 50ul 50ul

Table 2.4: Cycling parameter’s for the Quick Change site-directed in vitro

mutagenesis method.

Reactant Temperature and cycle numbers | Time

Initial denaturation 95 °C 1 min.
Denaturation 95 °C 30 sec
Annealing 60 °C 1 min.
Extension 72 °C 14 min.
Go to cycle 2

Cycle number 16

Hold at 4°C

Pfu synthesizes 2 kbp DNA/min.
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S C

@—bsom @—» 50 ul
- T /

PCR

Loading of 10 pl of sample (S) and control (C) reactions on 0.8 % agarose to
see PCR product

S+Dpnl S C+Dpnl C
— _
——

Transformation of the 5 ul of S, S+Dpn I, C, and C+Dpn I reactions to
competent XL-1 blue cells

S S+Dpn 1 € CiDpnl
Plenty of colonies ~ Few colonies Many colonies 1 colony

Figure 2.5: Strategy for selecting mutagenized transformants.

2.2.9 DNA Sequencing

To ensure that unintended mutations are not responsible for the observed
phenotypes and to see desired mutations, pMOZIS333A, pMOZIS340A,
pMOZIT350A, pMOZIN390A and pMOZIT396A DNAs were partially
sequenced (0.6 kbp part of the 2.8 kbp NO’ insert DNA fragment of pOX15) using
the primer 578-F (5’- GGT GGGC CTA TCT GAT CG- 3°) by MWG-BIOTECH

AG (Germany) and Iontek (Istanbul).
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2.2.10 Construction of pMOZII

Because sequencing of the five 2.8 kbp NO’ fragment as a whole will be
expensive and time consuming, first the 2.8 kbp NO’ insert was checked by DNA
strider program to find suitable restriction enzyme sites with the aim of producing
smaller fragments. It was found that BsaAl RE cuts 2.8 kbp insert two times,
resulting in a 0.6 kbp smaller and convenient fragment, while cutting the vector
once. In this situation, to replace 0.6 kbp fragment of pMOZI with that of
pMOZI* (containing mutation) would be impossible, therefore the 2.8 kbp NO’
fragment needed to be cloned into the vector having restriction site for Xhol. It
was found that pACYC177 vector DNA, 4.0 kbp, is a good vector for this purpose

(Affix G).

To clone 2.8 kbp NO’ fragment into Xhol site of pACYCI177 vector,
pACYC177 DNA was digested with Xhol at 37 °C for two hours (Figure 2.6).
Xhol digested sample DNA was dephosphorylated with calf intestine alkaline
phosphatase (CIAP, MBI Fermantase) to prevent self ligation of linear vector
during the ligation reaction for 1 hour at 37 °C. Digested and undigested DNAs
were separated on 1% agarose gel. The 4.0 kbp linear vector was isolated from the
agarose gel by QIAquick gel extraction kit. The NO’ fragment was inserted into
Xhol site of pACYC177 vector at 22 °C overnight (ON) (Figure 2.7). 5 ul of
ligation mix was transferred into CaCl, treated HB101 cells. Transformants were
selected based on ampicillin resistance and kanamycin sensitivity. The new clone

was named as pMOZII/HB101, 6.8 kbp in size.
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PACYCI177

4.0 kbp

Xhol digestion and
dephoshorylation of pACYC177 with CIAP

}

Amp

Linear
pACYC177

4.0 kbp

|

Fragment isolation from 1% agarose gel

Figure 2.6: Linearization of pACYC177 vector.

2.8 kbp fragment of pOX15

W —
pACYC177,

l

Ligation

Amp" pMOZII
6.8 kbp

!

Transformation to HB101 cells
Transformant selection

Figure 2.7: Preparation of pMOZII vector for subcloning.
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2.2.11 Replacement of the 0.6 kbp N’ Fragment with the mutated one

To replace the 0.6 kbp fragment of pMOZII with that of the mutant
(pMOZI*, corresponding one of the five mutants), pMOZI* and pMOZII DNAs
were digested with BsaAl (Figure 2.8 and 2.9) respectively. Before separation of
fragments on the agarose gel, BsaAl digested sample was dephosphorylated by
CIAP to prevent self ligation of vector. Then fragments obtained from both of the
digested samples were separated on a 1 % agarose gel. The 0.6 kbp mutated
fragment from pMOZI*s and the 6.2 kbp fragment from pMOZII were isolated
from agarose gel by QIAquick gel extraction kit. The 0.6 kbp mutated fragment
was inserted into BsaAl site of the 6.2 kbp vector at 22 °C for two hours (Figure
2.10). Finally 5 pl of the ligation mixture was transformed into HB101 cells.
Transformants were selected as based on the size of the clone, 6.8 kbp, and

ampicillin resistance and kanamycin sensitivity phenotypes.
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Digestion of pMOZ1*s with BsaAl

1. Situation 2. Situation
2.2 kbp + 0.6 kbp + 3.0 kbp 1.1 kbp + 0.6 kbp + 4.0 kbp
fragments fragments

Figure 2.8: Digestion of pMOZI* DNA with BsaAl.

Ampf PMOZII
6.8 kbp

v

BsaAl digestion and dephosphorylation

v

6.2 kbp

R [c—
Amp Linear +
pMOZII 0.6 kbp fragment
of pMOZII

Isolation of 6.2 kbp dephosphotrylated linear
DNA fragment from 1% agarose gel

Figure 2.9: Digestion of pMOZII with BsaAl.
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0.6 kbp DNA fragment
6.2 kbp of pMOZ1*
AmpR Fragment " [
of pMOZI v
Ligation
v
Transformation to HB101
Selection of transformants containing
correct oriented insert using Sal 1.

Figure 2.10: Replacement of the 0.6 kbp pMOZII fragment with that of pMOZI .
Sign “*” corresponds to one of the target mutations, S333A, S340A, T350A,
N390A and T396A.

2.12 Control of the 0.6 kbp Insert Orientation

Since insert and vector were digested with BsaAl, 0.6 kbp fragment could
be inserted into vector in two orientations. To select the clone that have correct
oriented insert, plasmid DNAs were isolated from three transformants and
digested with Sall at 37 C for 2 hours. Sall cuts once vector and once insert
resulting 1.5 kbp and 5.3 kbp fragments if insert is correct oriented and 1.1 and 5.7

kbp fragments if insert is wrong oriented (Figure 2.11). The new clones each of
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which contains one of the five desired mutations were saved and designated as
HB101/pMOZIIS333A, HB101/pMOZIIS340A, HB101/pMOZIIT350A, HB101/

pMOZIIN390A and HB101/pMOZII T396A at -80 °C.

Amp"® le\gokin + Amp® pMOZIL
K0P 6.8kbp /¥

Sall digestion Sall digestion

| |

If insert is in right orientation, If insert is not in right orientation
1.5 kbp and 5.3 kbp fragments appear 1.1 kbp and 5.7 kbp fragments appear

Figure 2.11: Control of the 0.6 kbp insert orientation. The pMOZII* DNA was
digested with Sall to select transformant having correct oriented insert.

2.2.13 Replacement of the 2.8 kbp NO’ Fragment with the Mutated One

To replace 2.8 kbp fragment of pOX15 with the 2.8 kbp mutated insert that
contains one of the five desired mutations, pMOZII*s plasmid DNA containing
one of the desired mutations were digested with Xhol restriction enzyme.
Resulting fragments, 2.8 kbp and 4.0 kbp fragments were separated on 1 %
agarose gel by electrophoresis (Figure 2.12). Then 2.8 kbp fragment was isolated
from the agarose gel using QIAquick gel extraction kit and also amount of the

DNA was determined by loading of 1 ul DNA on 1% agarose gel. On the other
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hand, 15.3 kbp pOX15 DNA that contains 4.7 kbp structural gene of cbbs oxidase
was also digested with Xhol restriction enzyme at 37 °C for two hours and then
Xhol digested vector was also dephosphorylated with CIAP to prevent self ligation
of vector. Xhol digested and dephosphorylated DNA sample was loaded on 1 %
agarose gel to separate 12.5 kbp and 2.8 kbp fragments. 12.5 kbp fragments were
isolated from agarose gel and amount of the 12.5 kbp fragment was determined.
Gel purified 2.8 kbp fragment was inserted in 12.5 kbp dephosphorylated vector in
20 pl volume on ice overnight and at 22 °C for 30 minutes (Figure 2.13). Then
half of the ligation mixes were transformed into 100 ul HB101 cells to increase

transformation efficiency. Transformants were selected based on clone size, 15.3

Xhol cut

v

Isolation of 2.8 kbp DNA fragment containing
Desired mutation from 0.8% agarose gel

Figure 2.12: Digestion of pMOZII* with Xhol.
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2.8 kbp fragment of TetR
Xhol digested pMOZIT*
I

|

Ligation

\\ POXIS* }

Transformation to HB101 competent cells

Figure 2.13>:k Replacement of the 2.8 kbp parental fragment of pOX15 with that of
the pMOZII .

2.2.14 Control of the 2.8 kbp Insert Orientation

To select the pOX15*clones that have correct oriented insert, plasmid
DNAs were isolated from three transformants then they were digested with
Hindlll RE at 37 °C for 1 hour. Hindlll cuts once vector and once insert
resulting 3.6 kbp and 11.7 kbp fragments if insert is correct oriented but 2.8 kbp
and 12.5 kbp fragments if the insert is wrong oriented (Figure 2.14). The new
clones each of which contains one of the five desired mutations were saved and
named as HB101/pOX15S333A, HB101/pOX15S340A, HB101/pOX15T350A,

HB101p/OX15N390A and HB101/pOX15T396A at -80 °C.
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pOX15*
15.3 kbp //

HindIlI digestion HindIll digestion
3.6 kbp and 11.7 kbp 2.8 kbp and 12.5 kbp
fragments appear fragments appear

Figure 2.14: Digestion of pOXlS* with HindIIl.

2.2.15 Conjugation (Triparental Mating)

The most efficient and generally applicable system for introducing plasmid
DNA into R. capsulatus is conjugation. The E. coli donors contain chromosomal
copies of the trans-acting elements that mobilize oriT-containing plasmids. The
most commonly used vector system for complementation is those based on the
RK2 replication. Plasmid pRK404 and pRK415 are used for such purposes in both
R. sphaeroides and R. capsulatus. RK2 plasmids are stable in R. capsulatus as

long as selective pressure is maintained (Figure 2.15).

R. capsulatus GK32 strain, lacking ccoNOQP gene, complemented with
five recombinant plasmids in E. coli strain, HB101, and each of which containing
desired mutation by using Triparental Mating procedure as described in [Ditta et
al., 1980]. Two days before the cross, 1 ml Med A + kanamycin was inoculated

with single colony of the recipient R. capsulatus GK32 strain, which lacks ccoNO’
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(ccoNO’::kan), from a fresh plate and incubated overnight (18-24 hs) at 35 °C with
shaking. The day before the cross 1 ml culture was added to 10 ml Med A +
kanamycin and incubated overnight (16-18 hs) at 35 °C. At the same day, 2 ml LB
+ kanamycin culture was inoculated directly from the glycerol stock of the helper
strain pRK2013/HB101. 2 ml LB+ tetracycline or kanamycin, depending on the
vector, was inoculated with the donor strain pOX15*/HB101 from single colony
on a fresh stock plate and grown overnight (12-16 hs) at 37 °C with shaking. The
required numbers of MedA plates (number of crosses plus a control) were dried in
the incubator for 30 min. The cell density of each culture was determined by using

the following conditions [Ditta et al., 1980].

R. capsulatus: 7.5x10® cells/ml at ODg30= 1

E. coli - 5.0X108 cells/ml at ODggo= 1

It is best to take OD at 1/10 dilution so that the value is well below 1. The
cells were centrifuged for 10 min at 5000 rpm at RT. The cells were washed twice
with 1 ml Med A to remove all antibiotics. The cells were resuspended in a
volume of Med A that the final density was 10'%ml. In the middle of Med A plate,
100 pl of recipient R. capsulatus was pipetted; to the spot 20 ul of each and donor
E. coli were added and mixed well. Plates were waited for absorption of the spot
into the agar completely before placing it in the incubator for overnight. The
control plates made with just the recipient/helper and recipient/donor in the spot as
the control. Approximately 24 hs later, the cells were collected from each spot in 1
ml MedA and transferred to eppendorf tubes. The cells were centrifuged for 1 min

at 13000 rpm at RT. The supernatant was discarded, and the cells were washed in
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1 ml Med A. Washed cells were resuspended in 400 ul Med A. 10 ul and 100 pl
of the cell suspension were plated on Med A plates with appropriate antibiotics; as
for the control, 100 ul of the recipient/helper and recipient/donor were plated on a
selection plate were incubated for 2-3 nights (Figure 2.16). At least 4
transconjugants from each cross were purified by picking from the center of well-
separated colonies and streaked on MPYE or Med A plate with appropriate

selection.

Thus the pOX15* plasmid DNA, which is in HB101 strains, was
transferred into GK32 strain of R. capsulatus that lacks ccoNOQP structural gene
of cbbs oxidase by three parental mating in the presence of HB101/pRK2013 cells.
Transconjugants were selected based on tetracycline resistance. Transconjugants
were selected and kept for further analysis such as cbbs; oxidase respiratory

phenotype by NADI staining.
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pRK2013

Self-

Step 1 .

Step 2

transmissible ©

plasmid

pOX15%

Recipient strain

GK32

Figure 2.15: Triparental mating among the pRK2013, pOX15* and GK32.

Donor cells
Recipient cells
Helper cells

Cros plates

100 pl recipient (R)
20 pl donor (D)
20 wl helper (H)

: E. coli pOX15/HB101, Tet®
: R. capsulatus strain, GK32, [ A( ccoNO’::kan) ]
: E. coli pRK2013/HB101, Kan®

pOX1 /GK32
"
v
Minimal medium Med A+Antbiotics
(Med A) (Tet+Kan)

Figure 2.16: Complementation of the GK32 strains of R. capsulatus with pOX15"

Mutants:  pOX15S333,
pOX15T396.

pOX15S340, pOX15ST350, pOX15N390
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2.3  Analysis of the Cytochrome cbb; Oxidase Activity and Assembly

2.3.1 NADI Test

The presence of only one-type of cyt ¢ oxidase in R. capsulatus allows
efficient utilization of the NADI (a-Naphthol + DMPD + O, — Indophenol Blue
+ H,0) reaction [Keilin, 1966] for identification of mutation affecting cyt cbb;
oxidase activity. pOX15S333A, pOX15S340A, pOX15T350A, pOX15N390A and
pOXI15T396A plasmids were introduced into GK32 mutants cbbs type oxidase of
which was inactivated, A(ccoNO’::kan) by triparental mating. Transconjugants
were tested for their cyt ¢ oxidase activity by being overlaid with a 1:1 (v/v)
mixture of 35 mM =-naphthol in ethanol and 30 mM N,N-dimethyl-p-phenylene
diamine in H,O [Keilin, 1966]. Colonies grown on MedA medium turn blue

within 30 seconds if they contain an active cyt chb; oxidase.

2.3.2 Chromatophore Membrane Protein Preparation

Three days before the chromatophore isolation, 1 ml MPYE+ tetracycline
is inoculated with a single colony of the MTI1131, GK32, GK32/pOXI15,
GK32/pOX15S333A, GK32/pOX15S340A, GK32/pOX15T350A, GK32/pOX15-
N390A and GK32/pOX15T396A strains of R. capsulatus from a freshly streaked
plate and incubated over night (18-24 hs) at 34 °C with shaking at 150 rpm. Next
day, 1 ml culture is added to 10 ml MPYE+ tetracycline and incubated overnight
(16-18 hs) at 34 °C. The day before starting chromatophore isolation, 10 ml

cultures were transferred to 250 ml MPYE + tetracycline medium in 11t flasks
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shaking at 150 rpm and incubated overnight (16-18 hs) at 34 °C. Streaking from
cultures was made appropriate control to check their NADI phenotypes. Optic
density of the cultures at 630 nm was checked periodically. When growth of
cultures was appeared to expected value, > 0.6 at ODgqo, all cultures were kept on

ice until chromatophores to be isolated.

The cells were centrifuged at 5000 rpm and at 4 °C for 15 minutes. The
supernatants were discarded, and cells were resuspended in 10 ml 50 mM MOPS/
1 mM KCI buffer (pH: 7). Resuspended solutions centrifuged again at 5000 rpm
and 4 °C for 15 minutes and supernatants were discarded. Washing process was
repeated twice. Befo