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ABSTRACT

USE OF MUTAGENESIS, NOVEL DETERGENTS, AND LIPID ANALYSIS

TO OPTIMIZE CONDITIONS FOR ACHIEVING HIGH RESOLUTION

3-DIMENSIONAL CRYSTAL STRUCTURE OF RHODOBACTER

SPHAEROIDES CYTOCHROME C OXIDASE

By

Yasmin Hilmi

Aerobic respiration is the most common means by which non-photosynthetic

organisms convert carbohydrates, fats and proteins, into a biologically useful form of

energy. In this process, electrons are released and passed through a series of enzymes

known as the respiratory electron transport chain. This process is coupled to proton

translocation from the mitochondrial matrix to the intermembrane space, leading to

generation of a membrane potential, which can be used to drive the synthesis of ATP.

In mammalian systems the ability to produce heat, instead of ATP, and to respond

to signals of too much stored energy, are important physiological functions. In the case of

cytochrome c oxidase, knowing the proton and electron pathways and the mechanism of

coupling may lead us to an understanding of how oxidase can be uncoupled, and thus

contribute to the controlled production of heat instead of stored energy (fat).

Understanding the mechanisms of electron transfer and proton pumping at a molecular

level requires a structure at high resolution.

Rhodobacter sphaeroides cytochrome c oxidase was used as a good model for the

mitochondrial enzyme, and many efforts were made to optimize conditions for achieving

a high resolution structure. Different purification protocols were used, and the enzyme

purified with Ni2+-NTA affinity chromatography followed by Mono Q ion-exchange

chromatography was the most suitable for crystallization.



In order to standardize the crystallization conditions, associated membrane lipids

were analyzed by thin layer chromatography, mass spectrometry and phosphate analysis.

PE, PC, PG, sulfolipid and omithine lipids were found in the membranes and at all

purification steps. The two major lipid components in Rs. cells, PE and PC, were also

found in the re-dissolved crystal. These results suggest the importance of these membrane

lipids, and their retention, for getting a high resolution structure.

As another approach to improve the crystallization of cytochrome c oxidase, the

protein was stabilized and the hydrophilic surface was increased by forming a covalently

linked Cc/CcO complex. For this study R.s. cytochrome c; was engineered by putting in

the missing lysine 13 that is found to be important for high affinity binding. This step

improved the binding between cytochrome c and the oxidase significantly. Site-directed

mutagenesis was used to form cysteine mutants on cytochrome c to cross-linked with

cysteine mutants on subunit II of the oxidase. These mutations were made based on a

computational model of the binding site between cytochrome c and cytochrome c

oxidase. Purification and yield of cytochrome c mutants was improved significantly when

we introduced a 5 histidine-tag at the C-terminus of cytochrome c and used Ni2+-NTA

affinity chromatography as a purification system. All mutants have wild type

characteristics and the formation of the complex was accomplished.

The results of these studies further our understanding of the nature of the C c/CcO

complex and define the lipid content of the purified oxidase through to the crystal form.

The lipid content of the purified enzyme is representative of the Rs. membranes,

suggesting the importance of a number of different lipids in the native structure.
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CHAPTER I

LITURATURE REVIEW



Mitochondria play an important role in energy transduction and energy balance.

The synthesis of ATP, the major energy source for cells, occurs by oxidative

phosphorylation in mitochondria. This process involves five mitochondrial inner

membrane complexes: complex I (NADH: ubiquinone oxidoreductase), complex 11

(succinate dehydrogenase), complex 1]] (cytochrome bcl), complex IV (cytochrome c

oxidase) and complex V (ATP synthase) (Figure 1.1). Electrons produced from

degradation of foodstuffs during glycolysis, fatty acid oxidation and the citric acid cycle

are transferred from complex I and complex 11 through complex [[1 to complex IV where

molecular oxygen is reduced to water; therefore complexes 1, H, 111 and IV are known as

the electron transport chain or respiratory chain. Complexes 1, III and IV also serve as

proton pumps, using the energy of electron transfer to translocate protons from the matrix

of the mitochondrion to the cytosol, to produce and sustain an electrochemical gradient

across the inner membrane. Under normal physiological conditions, complex V uses the

free energy released from the flow of protons back across the membrane in order to

perform an endothermic reaction of producing ATP from ADP and inorganic phosphate.

The processes of ATP production, utilization and energy storage as fat, are highly

regulated to achieve energy balance by mechanisms yet to be elucidated.

In our lab we focus on studying electron transfer and proton pumping in

Rhodobacter sphaeroides cytochrome c oxidase as an excellent model for mitochondrial

cytochrome c oxidase, since these proteins are highly homologous. The goal of my

doctoral studies was to optimize conditions for achieving high-resolution 3-dimensiona1

crystal structures of the oxidase and the cytochrome c/ cytochrome c oxidase complex.

One of the most critical steps in crystallizing membrane proteins is their solubilization



Figure 1.1 Respiratory chain complexes. The three-dimentional crystal structure of

complexes II, III, IV, V and cytochrome c are shown. The blue boxes represent NADH:

ubiquinone oxidoreductase or complex I because the crystal structure for it is not

available yet. The figure was created by D. Mills using the computer program Rasmol

and the coordinates from fumarate reductase or complex II (Iverson et al, 1999), bovine

bcl complex or complex III (Iwata et al, 1998), horse cytochrome c (Bushnell et al,

1990), Rhodobacter sphaeroides cytochrome c oxidase or complex IV (Svensson-Ek et

al, 2002) and yeast ATP synthase or complex V (Stock et al, 1999).
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and isolation. In order to solubilize these proteins without affecting the stability and the

nature of the enzyme and to get diffracting crystals, I used different detergents to

exchange for the natural lipid bilayer that surrounds the membrane protein, and

monitored the structural and functional characteristics of the protein under different

conditions. Then I identified the lipids composition after protein isolation and after each

step of purification to help determine at which level of detergent/lipid content the protein

will give the best crystals.

My second approach was to use mutagenesis as a tool to test the predicted

docking site of cytochrome c on the oxidase and produce a cross-linked complex with

potential for crystallization. This involved changing residues of both cytochrome c and

cytochrome c oxidase at the proposed binding site to form a disulfide bond between

them.

In this chapter I will discuss some of the previous work that relates to my current

projects in the following order:

1- Background on cytochrome c oxidase: electron transfer and proton pumping

mechanisms.

2- Crystal structures of cytochrome c oxidase from different species.

3-Substrate docking on cytochrome c oxidase.

4-Different types of cytochromes c and which one is the physiological substrate for M3

cytochrome c oxidase.

5- Importance and classification of membrane lipids.

6- Statement of problem.



1. Background on Cytochrome c Oxidase: Electron Transfer and Proton Pumping

Mechanisms

1.1 Aerobic Respiration

Aerobic respiration is the most common means by which non-photosynthetic

organisms convert carbohydrates, fats and proteins derived from photosynthetic

organisms into a biologically useful form of energy. In this process high-energy electrons

are released and passed through a series of enzymes known as the respiratory electron

transport chain. In eukaryotes, these enzymes are located within the inner membrane of

mitochondria. In prokaryotes, they are located in the inner cytoplasmic membrane. The

enzymes of the respiratory chain contain redox centers of increasingly positive reduction

potential, and the final electron acceptor in aerobic respiration is dioxygen, which

provides the driving force for the flow for electrons through the entire electron transport

chain because of its high positive reduction potential.

Electrons are transferred from NADH or FADHz, which are formed in glycolysis,

fatty acid oxidation and the citric acid cycle, to oxygen through four protein complexes in

the respiratory chain (Stryer, 1995). Under normal physiological conditions, this process

is coupled to proton translocation from the mitochondrial matrix to the intermembrane

space, leading to generation of a membrane potential which can be used by ATP synthase

to drive the synthesis of ATP from ADP and inorganic phosphate (Gennis and Ferguson-

Miller, 1995).



1.2 Regulation of efficiency by uncoupling mechanism

In mammalian systems the ability to produce heat, instead of ATP, and to respond

to signals of too much stored energy, are important physiological functions. One

regulatory mechanism may involve less efficient proton pumping (uncoupling) to

produce less stored energy and more heat. Uncoupling can be defined as intrinsic

uncoupling (fewer proton pumped per electron transfered) or extrinsic uncoupling, in

which there is an increase of the leakiness of the membrane (Figure 1.2).

The recent discovery of two new mammalian mitochondrial proteins with

homology to the brown fat uncoupling protein suggests the involvement of mitochondria

from tissues other than brown fat in regulation of body weight and energy balance.

It is now understood that adipose tissue secretes a peptide hormone, leptin, which

is the product of the ob gene. Leptin circulates in the blood where its level may correlate

with the level of stored fat. Leptin binds to receptors on the hypothalamus and is

hypothesized to inhibit eating and activate the release of norepinephrin to the adipose

tissues. When the latter binds to B3-adrenergic receptors on fat cells, it stimulates

uncoupling of mitochondria by mechanisms not yet understood, but likely both intrinsic

and extrinsic processes. This burns fat and releases energy in the form of heat (Ezzell,

1995). In the case of cytochrome c oxidase, the final electron acceptor in the respiratory

chain, knowing the proton and electron pathways and the mechanism of coupling may

lead us to an understanding of how oxidase can be uncoupled, and thus contribute to the

controlled production of heat instead of stored energy (fat).



Figure 1.2 The role of mitochondria in energy balance. The mitochondrial electron

transport chain (green) transfers electrons from the degradation of food stuffs to the final

electron acceptor (molecular oxygen) which is reduced to water. This process is

accompanied by either coupling or uncoupling mechanisms where protons can be used by

ATP synthase (blue) to produce ATP or by uncoupling proteins UCPs (red) to produce

heat (“extrinsic” uncoupling), respectively. “Intrinsic” uncoupling due to uptake of

protons from outside, will also produce heat (Ferguson-Miller and Babcock, 1996). Both

are reactions that could be normally controlled by leptin. The figure was created by S.

Ferguson-Miller using the computer program Canvas (Ferguson-Miller, S., 1999)
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1.3 Cytochrome c Oxidase

Cytochrome c oxidase is a protein complex that is embedded in the inner

mitochondrial membrane of eukaryotes and in the cytoplasmic membrane of many

bacteria. It catalyzes the final step in the electron transfer chain to reduce molecular

oxygen to water.

Four electrons are transferred from cytochrome c and four protons are taken up

from the matrix to fully reduce oxygen to water. An additional four protons are

translocated from the matrix to the cytosolic side of the membrane (Wikstrom, 1988).

The overall reaction catalyzed by terminal oxidases is:

46. + 02 + 8H+in -) 2H20 + 4H+out

where electrons are donated by cytochrome c and Hfin and H+om indicate that the protons

are taken up and released on different sides with respect to the respiratory membrane

(Ferguson-Miller and Babcock, 1996).

Cytochrome c oxidases are members of a superfamily of heme-copper oxidases.

Although the substrates (cytochrome c or quinol) and the heme types (A, B, D or O) vary

among different members of this superfamily, this group of enzymes has in common a

heme-copper binuclear center that is diagnostic of this superfamily. The enzymes

belonging to this superfamily are structurally homologous and share the same functional

core (Calhoun et al, 1994).
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1.3.1 Subunits of Cytochrome c Oxidase

Mammalian cytochrome c oxidase contains 13 subunits (Kadenbach et al., 1983;

Tsukihara and Yoshikawa, 1996). Ten subunits are encoded in the nuclear genome and

three, which constitute the catalytic core of the enzyme, are encoded by mitochondria

(Capaldi, 1990; Takamiya et al., 1987). The enzyme contains four redox active metal

centers: heme a, heme a3, Cut, and Cut; (Chan et al., 1990; Brown et al., 1993). Heme a

is a low-spin six coordinate heme, while heme a3 is a high-spin five coordinate heme with

an open coordination site. This type of oxidase is known as an aa3-type cytochrome c

oxidase, and it is found in mitochondria and some bacteria including Rhodobacter

sphaeroides. In addition to aag-type oxidase, some aerobic bacteria have other types of

oxidases. Naming of these oxidases refers to the hemes that they contain. One of the

well-described oxidases is cytochrome 1903 from E.coli, which contains hemes b and 0

and transfers electrons directly from quinol to oxygen (Trumpower and Gennis, 1994).

In addition to the four redox centers, mammalian cytochrome c oxidase contains

one atom of zinc and one atom of magnesium per molecule of enzyme, whereas bacterial

oxidases have only Mg. In addition a new calcium-binding site was identified from the

crystal structures of both bacterial and mammalian oxidases. The functional significance

of these metals is not well understood yet.

Electron transfer into cytochrome c oxidase is initiated by binding of cytochrome

c to subunit II on the external side of the membrane. Most studies on electron transfer

indicate a linear sequence of events from cytochrome c through the metal centers:
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Cytochrome c -) Cull-9 heme a -) heme a3 -) CuB -) 02 (Hill, 1993)

Heme a, heme a3 and Cut; are located in subunit I while Cu is located in subunit

Four genes for the aa3-type cytochrome c oxidase subunits from Rhodobacter

sphaeroides genome have been cloned and sequenced (Shapleigh and Gennis, 1992; Cao

et al., 1992). Subunits I, II and 111 genes of the aa3-type cytochrome c oxidase show a

high degree of homology to the equivalent mitochondrial genes and the subunit IV gene

is only homologous to the Paracoccus denitrificans gene. The DNA-derived amino acid

sequences of Rhodobacter sphaeroides subunits I, II and III show identity to bovine

oxidase of 52% for subunit 1, 39% for subunit II and 49% for subunit III. The

Rhodobacter sphaeroides oxidase, like the mammalian enzyme, contains heme a and

heme (13, Cu, Cut; and Mg and Ca”, but it lacks zinc. This similarity and simplicity of

Rhodobacter sphaeroides cytochrome c oxidase make it an excellent model of the

mammalian cytochrome oxidase for studying energy transduction and proton

translocation (Hosler et al, 1992).

1.3.1.1 Subunit I

Subunit I is the largest and most conserved subunit of cytochrome c oxidase. It

has twelve transmembrane helices and plays a central role in reduction of oxygen to

water at the binuclear center, heme a3- Cug (Shapleigh and Gennis, 1992). Besides the

binuclear center, subunit I contains both hemes, magnesium and the recently discovered

calcium site. The Mg site is located at the interface between subunit I and subunit H with

ligands from the two subunits. It lies at the bottom of a proposed water channel
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Cytochrome c 9 CuA9 heme a 9 heme a3 9 Cut; 9 02 (Hill, 1993)

Heme a, heme a3 and Cut; are located in subunit I while CuA is located in subunit

Four genes for the aa3-type cytochrome c oxidase subunits from Rhodobacter

sphaeroides genome have been cloned and sequenced (Shapleigh and Gennis, 1992; Cao

et al., 1992). Subunits I, II and III genes of the aa3-type cytochrome c oxidase show a

high degree of homology to the equivalent mitochondrial genes and the subunit IV gene

is only homologous to the Paracoccus denitrificans gene. The DNA-derived amino acid

sequences of Rhodobacter sphaeroides subunits I, II and HI show identity to bovine

oxidase of 52% for subunit 1, 39% for subunit II and 49% for subunit III. The

Rhodobacter sphaeroides oxidase, like the mammalian enzyme, contains heme a and

heme (13, Cut, Cut; and Mg and Ca”, but it lacks zinc. This similarity and simplicity of

Rhodobacter sphaeroides cytochrome c oxidase make it an excellent model of the

mammalian cytochrome oxidase for studying energy transduction and proton

translocation (Hosler et al, 1992).

1.3.1.1 Subunit I

Subunit I is the largest and most conserved subunit of cytochrome c oxidase. It

has twelve transmembrane helices and plays a central role in reduction of oxygen to

water at the binuclear center, heme a3- CuB (Shapleigh and Gennis, 1992). Besides the

binuclear center, subunit I contains both hemes, magnesium and the recently discovered

calcium site. The Mg site is located at the interface between subunit I and subunit [1 with

ligands from the two subunits. It lies at the bottom of a proposed water channel
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(Tsukihara et al., 1995; Florens et al., 2001), 12 A from the surface of the protein. The

function of the magnesium site is not known but it is found to be important for stabilizing

the overall structure. It is also possible that it is involved in proton/water exit (Ferguson-

Miller and Babcock, 1996; Florens et al., 2001).

The new Ca site was discovered when the high resolution crystal structures of

bacterial and bovine oxidases were solved (Osterrneier et al., 1997; Yoshikawa et al.,

1998), and was also detected by spectroscopic measurements (Saari et al., 1989; Riistama

et al., 1999; Lee et al., 2002). This metal is located at the periplasmic outside end of the

first transmembrane helix of subunit 1, with five oxygen atoms as direct ligands. It is

close to the Cu). and heme a centers but its function is yet unknown.

Alignment of 75 subunit I sequences reveals six completely conserved histidine

residues which were proposed to be ligands of the redox centers in subunit I (Saraste,

1990), subsequently confirmed by mutagenesis (Shapleigh et al., 1992; Hosler et al.,

1993) and crystallography (Tsukihara et al., 1995). His333 in Rhodobacter sphaeroides is

one of the Cu}; ligands that was suggested to have a role in a histidine shuttle model, a

model of direct coupling of electron transfer and proton translocation (Morgan et al.,

1994; Iwata et al., 1995).

Another ligand of Cug, His284, has a covalent linkage with Tyr288. This tyrosine

is also hydrogen-bonded through a water to the OH group of the farnesyl moiety of heme

a3, and possibly to the bound 02 at heme a3, suggesting it may be involved in the oxygen

reduction mechanism (Yoshikawa et al., 1998) possibly through formation of a radical

(Proshlyakov et al., 2000).
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1.3.1.2 Subunit II

Subunit H from most heme-copper oxidases has two parts: an N-terminal

hydrophobic transmembrane domain and a C-terrninal soluble domain. Both N and C

termini are on the outside of the cytoplasmic membrane (Chepuri and Gennis, 1990).

There are two transmembrane helices near the N-terminus. In the C-terminal domain

there are two conserved histidines, two cysteines, a methionine and a peptide carbonyl

shown by crystallographic and mutational studies to be ligands of the two copper ions

that make up the Cult center.

The subunit H C-temiinal domain has been suggested to be the substrate binding

site (Steinrucke et al., 1987), this is supported by chemical modification (Millett et al.,

1983) and mutational studies which indicated that some of the carboxyl residues are

involved in cytochrome c binding (Witt et al., 1995; Zhen et al., 1999; Wang et al.,

1999), as well as computational modeling (Roberts and Pique, 1999).

Subunit H overlaps with subunit I and is bound to it in part by a shared

magnesium ion, which has a carboxyl ligand from subunit 1.

1.3.1.3 Subunit III

Subunit HI of dog cytochrome c oxidase contains seven transmembrane helices. A

highly conserved residue Glu98 which resides in helix III has a high reactivity with N,N-

dicyclohexyl carbodiimide (DCCD). Modification of the oxidase with DCCD leads to the

loss of proton translocation activity. For this reason, subunit III was suggested to play a

role in proton pumping (Casey, 1981; Prochaska et al., 1981). However mutational
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analysis of Glu98 in Paracoccus denitrificans showed retention of proton pumping

(Haltia et al., 1991). This conclusion was originally made on the basis of the observation

that a subunit HI depleted enzyme can still pump protons (Gregory and Ferguson-Miller,

1988). The role of subunit H1 is still unknown, but its cleft may be a docking site for

other membrane proteins (Iwata er al., 1995) or a storage site for oxygen. It is also

suggested to maintain the functional integrity of the enzyme complex (Bratton et al.,

1999) and may form the entrance to a proposed oxygen channel (Riistama et al., 1996).

Evidence from a gene interruption experiment gives an alternative function for subunit HI

as an assembly factor (Haltia et al., 1991).

1.3.1.4 Subunit IV

In Rhodobacter sphaeroides subunit IV was discovered recently because of its

presence in a high-resolution crystal structure (Svensson-Ek et al., 2002) but a

homologue was already found in the Paraccocus denitrificans enzyme. It has no

homology to the ten small subunits in the bovine oxidase, it has only one transmembrane

helix, and its function is unknown. The deletion of this subunit from Paracoccus

denitrificans has no obvious effect on the catalytic function of the enzyme (Witt and

Ludwig, 1997).

1.3.2 Electron pathways and control of electron transfer

Electron transfer is central to biological organisms’ ability to manage energy. In

oxidative phosphorylation in mitochondria, a series of protein complexes catalyze

electron transfer events, coupled to proton transfers that build up the chemisomotic
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gradient, which drives ATP synthesis. The way the amino acids and cofactors of these

protein complexes control electron flow has been the subject of much theoretical and

experimental work (Marcus and Sutin, 1985; Stuchebrukhov and Marcus, 1995)

Cytochrome c oxidase plays an important role in these processes. It catalyzes the

final step in electron transfer, where oxygen is reduced to water at the active site of the

enzyme. The entry of electrons from cytochrome c to cytochrome c oxidase appears to

occur through the unique binuclear CuA center located in subunit H close to the outside

surface of the protein where cytochrome c must approach (Hill, 1991; Zhen et al., 1999).

Some analyses suggest a pathway for electrons through Cu to heme a and then to

the heme a3-Cu3 center, but the question of whether this electron transfer is facilitated by

specific bonds, or alternatively is insensitive to the precise protein structure between

metal centers, remains unsolved. Recently a number of mutants have been made in the

vicinity of Cu or the predicted pathway to heme a (Zhen et al., 1999; Zhen et al., 2002).

The four surface carboxylate mutants (E157Q, D214N, D195N and E148Q) result in

altered binding, as well as steady-state and time resolved kinetics with cytochrome c,

indicating their involvement in the cytochrome c binding domain. The mutation of the

direct ligands of Cu (H260N and M263L) caused a severe inhibition of overall electron

transfer rates. The crystal structure of the wild type oxidase indicates that H260 is

hydrogen-bonded to a highly conserved pair of arginines in subunit I which is proposed

to form part of a through-bond electron transfer pathway from Cup, to heme a (Iwata et

al., 1995; Ramirez et al., 1995; Tsukihara et al., 1996). Mutation of this residue (H26ON)

disrupts the hydrogen bonds and would be expected to give lower electron transfer rate, if

the through-bond path is important. Indeed, a pathway to heme a is supported by the
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much more inhibited intrinsic electron transfer rate from Cu to heme a in H26ON,

compared to mutant, M263L, which is not in the path to heme a (Zhen et al., 2002; Wang

et al., 2002). The results from these mutational studies support that Cut is the input site

for electrons from cytochrome c and its dinuclear character is important for rapid transfer

to heme a.

In spite of all these efforts in studying the electron input site and electron pathway

through cytochrome c oxidase, the mechanism of electron transfer from electron donor

(D) to electron acceptor (A) has remained controversial. Several models have been

proposed, including the “through-space” or distance dependent model (Hopfield, 1974;

Moser et al., 1992; Moser et al., 1995) and “through-bond” or pathway model (Beratan et

al., 1992; Onuchic et al., 1992; Curry et al., 1995).

1.3.2.1 ”Through-space” model

Electron transfer rates relative to the distance between electron donor and

acceptor in the bacterial reaction center have been investigated (Moser et al., 1992). A

linear relationship between the distance and the logarithm of electron transfer rate was

found. Based on these results, the investigators conclude that electron transfer rates are

strongly dependent on distance, along with the difference in free energy between an

electron donor and acceptor (-AG°) and the reorganization energy (A), but that the

chemical structure of the medium in-between is not a major determinant of the electron

transfer rate. This theory implies that proteins present a relatively uniform barrier (or

support) to electron tunneling, and that the specific amino acid bonding structure of the

intervening protein does not affect the coupling between the redox centers. In summary,
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this model indicated that there is no specific pathway involved in electron transfer

between donors and acceptors. The directional specificity for an electron from donor to

acceptor depends on the nuclear factors.

1.3.2.2 “Through-bond” model

Beratan and Onuchic have developed a tunneling-pathway model to describe

electron coupling between redox sites (Beratan et al., 1991). In this model there are three

basic elements in the electron transfer pathway: covalent bonds, hydrogen bonds and

through-space jumps. The through-covalent bonds tunneling is the most effective way,

with lower tunneling barriers and smaller decay factors (electrons propagate faster and

longer), while the through-space jumps have higher tunneling barriers and larger decay

factors. A critical aspect of the pathway model is the important role of hydrogen bonds as

tunneling mediators (Curry et al., 1995). The hydrogen-bond interactions are reported as

good tunneling mediators because they allow relatively small through-space gaps (Regan

et al., 1995). Considerable experimental evidence has been obtained to support a

facilitating role for through-bond electron tunneling (Gray and Winkler, 1996)

1.3.3 Proton Pathway and control of pumping efficiency

For the function of cytochrome c oxidase, protons are required for two different

purposes: chemical protons are consumed upon reduction of oxygen to water, and

pumped protons are translocated from the matrix (or cyt0plasm in bacteria) to the

intermembrane space, but it is not known whether both types of protons move through

the protein via the binuclear center (direct coupling mechanism) or whether the pumped
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protons take a separate pathway (indirect coupling mechanism). At least three pathways

for protons have been proposed; one pathway (D-pathway) involves residues in helices H,

HI and IV in subunit I ending at an internal carboxyl (E286) in helix VI; the second (H-

pathway) is located mainly between helices XI and XH of subunit I ending at an external,

but not conserved, carboxyl (D51), and the third one (K-pathway) involves helices VI

and VH1 of subunit I ending at the heme a3-Cu3 center. Neither the K nor the H proton

pathways are clearly observed in the crystal structure of mammalian oxidase, but by

proposing water linkages, all can be envisioned (Iwata et al., 1995).

Tsukihara and colleagues recognize the possible proton channel (H) in the crystal

structure that does not go to the a3-Cu3 center (Tsukihara et al., 1996). This supports an

indirect coupling mechanism. Other pathways, D and K, approach the active site

supporting a direct coupling mechanism such as a ligand switching model (Rousseau et

al., 1993; Wikstrom et al., 1994). The direct coupling mechanism makes use of the

ligands to the metal centers as carriers for protons; with such a model it is harder to

account for uncoupled activity (electron transfer without proton pumping). However,

many studies have indicated that there are conditions under which the proton to electron

ratio (H‘Ve’) can differ from the normal 1:] (Papa et al., 1991; Frank and Kadenbach,

1996).

1.3.3.1 Proton Pathways in Rhodobacter sphaeroides

Although proton pathways and the mechanism of proton pumping is still

controversial, three proton pathways have been proposed in both mammalian and

bacterial cytochrome c oxidase (Figure 1.3).
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Figure 1.3 Possible proton pumping pathways. K-path and residues involved with it

are shown in green, D-path and residues involved with it are shown in red and yellow

represents the H-path and the residues involved with it. Yellow balls are used for Cut and

Cug, a magenta ball for magnesium and red balls for heme irons. The figure was created

by D. Mills using the computer program Rasmol (Mills et al., 2002) with modification.
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1.3.3.1.] D-pathway

In Rhodobacter sphaeroides this proton channel involves an aspartate residue

(D132) hence the name D-pathway. This aspartate is located near the inside surface of the

protein between helix mm of subunit 1, close to the beginning of a hydrogen-bond

network with numerous internal water molecules (resolved in the crystal structure) that

leads to a glutamate residue (E286) which is about 10A away from the heme-copper

center. The proton pathway beyond E286 is not clear, but it is possible that both pumped

as well as chemical protons are translocated through this channel to E286 (Gennis, 1998).

Site-directed mutagenesis provides strong evidence that the D-channel is critical to

delivery of protons for the oxygen chemistry following the binding of dioxygen and is

critical for pumping protons (Lee et al., 2000). Some mutants in this pathway have

severely reduced enzymatic activity and the residual activity is decoupled from proton

pumping (Thomas et al., 1993; Fetter et al., 1995). When D132 is mutated to any non-

carboxylate residue such as alanine, the residual activity is only 5% of wild type. The

activity of these mutants can be increased by increasing the membrane potential, positive

on the outside of the membranes, leading to a phenomenon of “reverse” respiratory

control; the normal wild type activity is dramatically decreased by a membrane potential.

The normal pKa for the wild type is also not evident in the D132A mutant; the rate

increases exponentially with decreasing pH on the outside of the vesicles, showing that

availability of protons from the outside is rate-limiting in this mutant (Mills et al., 2000).

In the wild type enzyme, protons are rapidly supplied from the inside through the D-

channel, but when this path is blocked, the external supply of protons becomes rate
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limiting, presumably through reversal of the exit pathway. Regulation of reversibility of

the proton exit path could be a normal regulatory mechanism and explain how “intrinsic

uncoupling” or lowering of the normal proton to electron stoichiometry might occur

under physiological conditions (Ferguson-Miller and Babcock, 1996).

Using a fully reduced enzyme in flow-flash transient absorption spectroscopy

measurements, Brezinski’s group found that the D-proton channel is required for

kinetically competent complete turnover, perhaps because a proton transfer is needed for

the movement of an electron from Cu to heme a (Srnirnova et al., 1999).

1.3.3.1.2 K-Pathway

This pathway lies directly below the active site where oxygen is reduced to water,

and contains a lysine (K362), two threonines (T359 and T352) above it, as well as a

serine (8299) (Branden et al., 2001) and a glutamate (E101) in subunit H, (Ma et al.,

1999) below it. These residues could connect via waters directly to tyrosine (Y288) that

is covalently bound to a histidine ligand of Cut; (Buse et al., 1999). This tyrosine is

proposed to donate substrate protons; originally this pathway was designated as the

substrate proton channel (Thomas et al., 1994).

The very small residual activity of the K362 mutant (0.02% of the wild type

activity) increases when the membrane potential is dissipated, both in steady-state

measurements of oxygen consumption and in pre-steady-state stopped-flow

measurements of cytochrome c oxidation (Mills et al., 2000). This observation indicates

that impaired proton uptake in the K-pathway cannot be overcome by protons supplied

from the exterior, as is the case in the D-pathway. Thus the K-pathway does not appear to
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lead to an externally accessible site, supporting its proposed role as a substrate proton

channel

1.3.3.1.3 H-Pathway

A third putative proton pathway was first suggested by the bovine crystal

structure (Tsukihara et al., 1995) and later was also identified in the Paracoccus

denitrificans structure (Ostemeier et al., 1997). A conserved histidine H472 in

Rhodobacter sphaeroides (H456 in Paracoccus denitrificans and H429 in bovine

oxidase) is found in this channel, hence the name H-pathway. This channel is proposed to

be specifically for pumping protons in the mammalian oxidases, and does not lead to the

heme-copper center but, instead comes in contact with heme a.

The functional importance of residues lining the putative H-channel was

examined by site-directed mutagenesis (Lee et al., 2000). Results from this study

suggested that the H-channel is not functionally important in the prokaryotic oxidase, in

agreement with the conclusion from previous work from Paracoccus denitrificans

(Pfitzner et al., 1998).

1.3.3.2 Proton Pumping Models

Two mechanisms of coupling of electron transfer and proton translocation have

been proposed: direct and indirect coupling models.
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1.3.3.2.] Direct Coupling Model

In the direct coupling model, the pumped proton channel would transfer protons

to a metal center, where they would bind to metal ligands at stages during the redox

chemistry and be released into a proton exit channel. (Ferguson-Miller and Babcock,

1996).

Most of the models proposed are based on this direct coupling mechanism. The

first well-developed model, ligand-exchange model, was proposed by Chan and

coworkers (Chan and Li, 1990). They suggested that a redox active metal could

accomplish proton pumping by undergoing ligand exchange, dependent on the redox state

of the metal. In this model the reduction of Cu causes a conformational change in the

Cup, site from planar to tetrahedral. This change draws in a nearby tyrosine residue to

ligate CuA, while one of its cysteine ligands is lost. This ligand exchange enables the

tyrosine proton, which is from the inside of the membrane, to be transferred via the

displaced cysteine residue to the outside of the membrane when the cysteine ligates back

to Cu site releasing a proton. In this model, each electron transfer step is coupled with

one pumped proton.

Another model of a direct coupling mechanism was proposed by Wikstom and

colleagues (Wikstrom et al., 1994). This model involves a histidine that is a Cu}; ligand

and hence the name histidine-cycle model. In this model, histidine was proposed to cycle

between imidazolium (Ime) and imidazolate (1m), and two protons would be pumped

in each cycle. Two separate proton uptake channels were proposed, a substrate proton

channel and a pumped proton channel. At the beginning of the cycle, the histidine in the

imidazolate form binds to C113. Then Cut; is reduced, and a negatively charged oxygen
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intermediate binds to heme 03. To balance the negative charge, two protons are taken up

from the matrix, and the histidine is converted to the imidazolium state. It dissociates

from CuB but retains some electrostatic interaction with the negatively charged oxygen

intermediate. At this point, two substrate protons are taken up and a water molecule is

formed. The electrostatic stabilization is no longer needed; therefore, two protons are

released to the other side of the membrane, and the histidine returns to the imidazolate

state and binds to Cu}; as a ligand and the cycle begins again.

Another model (Rousseau et al, 1993) involved a tyrosine (Y422) which was

proposed to substitute for the histidine legand of heme a3 (H419); in this case the

histidine (H419) would act as the proton transfer element. This model was tested by

mutation of the tyrosine (Y422) and was ruled out by Ferguson-Miller and coworkers

(Mitchell et al., 1996).

1.3.3.2.2 Indirect Coupling Model

In this model, electron transfer is proposed to be the driving force for proton

movement by inducing a conformational change at a distance from the site where the

redox changes occur. Yoshikawa and coworkers identified a conformational change in

the reduced compared to the oxidized form of the bovine oxidase. In the basis of this

change they have formulated an indirect coupling model involving the change of pK of

D51 (not conserved in other oxidases) on the outside and its connection to the inside

through a hydrogen-bonded path. (Yoshikawa et al., 1998; Tsukihara et al., 1996). They

suggested that a proton conducting path may start at the aspartate (D132), as in the direct

model, but not go through the glutamate (E286) and not access the heme a3-Cu3 site.
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Instead two possible hydrogen-bonded networks involving residues in helices [H and IV,

or helices XI and X11, in subunit I were initially proposed to facilitate the proton

translocation.

Hofacker and Schulten proposed that glutamate (E286), is the key residue in the

coupling mechanism, as in the histidine cycle, but suggested that a proton is delivered

directly to a heme a3 propionate group (Hofacker and Shulten, 1998), rather than a metal

center ligand, to accomplish proton pumping. Alternatively, this glutamate can deliver a

proton to the binuclear center or to the heme a3 propionate group by flipping itself, so this

model is known as a flipping model. A proton is transferred from the D channel to the

propionate group of heme a3 through flipping of the glutamate side chain. Two water

molecules produced during the reduction of oxygen are suggest to form a hydrogen-

bonded connection between the propionate group of heme a3 and glutamate (E286)

stabilizing E286 in the flipped position. Uptake of a substrate proton from the K channel

would drive the release of a proton from E286. This mechanism can transfer only one

proton at a time.

1.3.3.3 Control of pumping efficiency

The efficiency of energy transduction in mitochondria depends on protons

pumped per electron transferred and on the “leakiness” of the membrane. Evidence from

mutant bacterial oxidases suggests that inefficient (uncoupled) activity can be supported

by reversal of the normal exit pathway for protons, even though this route for uptake of

protons is only observed when the path from the interior is blocked (Fetter et al., 1995).

In mammalian oxidase, uncoupled electron transfer is observed in the presence of a high
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ATP concentration (Kadenbach et al., 1997). The crystal structure of cytochrome c

oxidase shows a likely ATP binding site on subunit VIa, which directly interacts with

residues that form a possible proton exit site. Thus an ATP-induced conformational

change in this region could allow increased reversal of the proton exit channel. This

provides a hypothesis for regulation of efficiency in cytochrome c oxidase (Ferguson-

Miller and Babcock, 1996).

28



2. Crystal Structures of Cytochrome c Oxidases from Different Species

2.1 Importance of the Crystal Structures

As a prerequisite for understanding the molecular mechanism of oxygen reduction

and its coupling to proton pumping by cytochrome c oxidase, the crystal structures at

high resolution of many different states of the oxidase are required. The understanding of

the energy transduction mechanism will lead to knowledge of the regulatory processes

that govern cytochrome c oxidase activity and efficiency of energy production in

eukaryotic cells.

Due to the difficulty in isolating many membrane proteins with the purity,

stability and in the quantities demanded for structural analysis, besides the difficulty in

overexpressing and crystallizing them, only a few families of membrane proteins have

given 3D crystals of a quality allowing structure determination at atomic resolution. The

structures of all the currently known polytopic membrane proteins from inner membranes

of bacteria and mitochondria and from eukaryotic membranes; and from the outer

membrane of gram negative and related bacteria have been reported at this web site

(http://www.mpibpfrankfurt.mpgde/michel/public/memprotstruct.html), along with

monotopic membrane proteins (proteins that are inserted into, but not crossing the

membrane).

Yoshikawa and coworkers successfully crystallized and analyzed the 3D structure

of cytochrome oxidase from bovine heart initially at 2.8 A, more recently at < 2.0 A

resolution, in a long-term effort that took twenty years (Tsukihara et al. 1995). In contrast

to Yoshikawa's group who produced crystals by conventional methods, Michel's group

introduced a novel approach in which a monoclonal antibody fragment is bound to the
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membrane complex with the idea of extending the hydrophilic domain of the membrane

protein and fixing a conformation. Their antibody recognizes a discontinuous epitope on

the surface-exposed domain of cytochrome c oxidase, and it can be assumed to stabilize

one conformation of the complex. Michel’s group crystallized cytochrome oxidase from

Paracoccus denitrificans (Iwata et al. 1995).

Recently the crystal structure of Rhodobacter sphaeroides cytochrome c oxidase

has been solved to 2.3 A resolution for a wild type and E286Q mutant at two different pH

values: 6 and 10 (Svensson-Ek et al., 2002).

2.2 Crystal Structure of Paracoccus denitnficans Cytochrome c Oxidase

The crystal structure of cytochrome c oxidase from the soil bacterium Paracoccus

denitrzficans (Iwata et al., 1995; Ostermeier et al., 1997), provided new information and

confirmed previous spectral and mutagenesis studies on protein structure including the

protein subunits, metal centers and proton pathways.

The location of the redox active metal centers have been identified for

Paracoccus denitrificans. The structure of the four subunit-enzyme was solved to 2.8 A

resolution (Iwata et al., 1995), and the structure of the two subunit form (subunits I and

H) was solved to 2.69 A resolution in 1997 (Ostermeier et al., 1997). The crystal

structure indicated a high level of structural homology between the bacterial and

mitochondrial oxidases in the regions of the redox active metal centers and confirmed the

dinuclear nature of the Cu». center (Abrarnson et al., 2001).

Two major domains are present in the crystal structure of Paracoccus

denitrtficans oxidase, a small extra-membrane domain and a large membrane-spanning
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domain. The former domain is derived from subunit H, contains a binuclear CuA center,

and is the site at which cytochrome c interacts with the oxidase. Excluding subunit IV,

the membrane-embedded core of cytochrome c oxidase consists of 21 transmembrane

helices, four of which provide ligands for the three other metal centers: a low-spin heme

a, a high spin heme a3 and C113. These metal centers lie deep within the membrane-

spanning regions of the enzyme. The path of electron transfer through the enzyme, as

proposed by Hill (Hill, 1994) involves electrons entering via CuA, which is in rapid

equilibrium with cytochrome c, passing to heme a and then to the binuclear center heme

a3-Cu3 where dioxygen is reduced to water. This path is consistent with the observed

structure.

Two possible proton transfer pathways are also observed in the protein structure.

These show good agreement with the results of site-directed mutagenesis experiments for

bacterial oxidases (Iwata et al., 1998). One pathway, the K-channel, leads up the

conserved polar face of the transmembrane helix VIH to the binuclear center. It also

includes the hydroxyl group of the hydroxethyl farnesyl side chain of heme 03, a tyrosine

residue and bound water molecules.

A second pathway, the D-channel, starts at the conserved aspartate located at the

entrance of the pore formed by helices H-VI and leads into a polar cavity containing

several water molecules. A conserved glutamate residue is found at the end of the cavity

(E278 in Paracoccus denitrificans and E286 in Rhodobacter sphaeroides). Beyond this

glutamate, the proton pathway is not clear, but various studies invoke transient water

connections with the active site or the outside (Hofacker and Schulten, 1998).
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2.3 Crystal Structure of Bovine Heart Cytochrome c Oxidase

The crystal structure of bovine heart mitochondrial cytochrome c oxidase was

initially reported to a 2.8 A resolution (Tsukihara et al., 1995), and it has been greatly

improved with the published structures of fully oxidized to 2.3 A, fully reduced to 2.35

A, azide bound to 2.9 A and carbon monoxide bound to 2.8 A resolution (Yoshikawa et

al., 1998), as well as an unpublished 2.0 A structure, in which many waters have been

defined (Yoshikawa, personal communication). The three core subunits with the redox

active metal centers show remarkable, almost superimposable, similarity to the three

major subunits of the bacterial enzyme.

In addition to the K—channel and D-channel, which are found in the Paracoccus

denitrificans oxidase, a third proton pathway, the H-channel, is suggested in this higher

resolution structure. This channel starts at an aspartate residue and involves seven polar

side chains, several water molecules and one main chain peptide bond, as well as the low-

spin heme a. The hydroxyl group of the farnesyl chain of heme a has hydrogen bonds to a

serine residue and a water molecule with additional hydrogen bonds to serine and

threonine residues. This hydrogen bond network and associated waters are part of the H-

channel, which ends at an aspartate 51 (bovine) that is not conserved in any of the

bacterial enzymes.

The crystal structure indicates that heme a3 is facing heme a at an angle of 104° as

in the Paracoccus denitrificans structure. Heme a3 has the predicted histidine axial

ligand; Cut; is coordinated by the three predicted histidine residues. The distance between

heme a3 and Cu]; varies depending on the redox state and the presence of a bound ligand.

According to Yoshikawa and his colleagues, the position of heme a3 is always fixed but
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the position of Cut; differs depending on either the oxidation state of the metal sites or the

binding of a ligand (Yoshikawa et al., 1998).

The Cu site located in subunit H shows the identical structure, as found in the

Paracoccus denitrificans oxidase and predicted from the sequence, liganded by two

cysteines, two histidines, a methionine and a peptide carbonyl of a glutamate.

In addition to the redox-active centers, the enzyme also contains tightly bound

nonredox-active metal centers: magnesium, sodium and zinc. The zinc ion is bound by a

nuclear encoded subunit Vb on the matrix side of the membrane, whereas the other non-

redox-active metals are bound within subunit 1. The magnesium-binding site as in

Paracoccus denitrificans, is observed at the interface between subunit I and H. Its ligands

as defined by mutagenesis in Rhodobacter sphaeroides oxidase (Fetter, 1995) were

identified as a histidine and aspartate in subunit I, a glutamate from subunit H (shared

with Cu) and three water molecules. The site could have a structural role for

stabilization of the interface between these two subunits, and also could be important for

proton pumping since it is located in the vicinity of a possible proton or water exit

pathway.

A sodium (or calcium) binding site is not identical in its ligation to the bacterial

version. It is formed by a loop between the transmembrane helices I and H on the outer

side surface of subunit 1. The function of this site is not known, but it could be also

involved in the exit pathway of the pumped protons (Riistama et al., 1999).

In the published bovine structure (Yoshikawa et al., 1998) eight phospholipids,

five phosphotidylethanolamines and three phosphatidylglycerols, were observed to be

associated with each monomer of the oxidase. The lipids are oriented so that the
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phosphorus atoms are located at the membrane surface, either the intermembrane space

or matrix side, and the hydrocarbon tails are directed towards the inside of the

transmembrane region. The resolved chain lengths of the lipid hydrocarbon tails range

from 10-20. Two phosphatidylethanolamines and one phosphatidylglycerol form a lipid

pool near subunit 1]]. Three phosphatidylethanolamines and two phosphatidylglycerols

surround the transmembrane surface of subunit 1 on the side opposite to subunit H]. A

higher resolution structure (Yoshikawa, personal communication) at 2.0 A reveals 19

phospholipids per monomer, including cardiolipins binding at the interface between the

two monomers in the dimer.

2.4 Crystal Structure of Rhodobacter sphaeroides Cytochrome c Oxidase

The structure of the Rhodobacter sphaeroides cytochrome c oxidase has been

solved at 2.3 A (Svensson-Ek et al., 2002) (Figure 1.4). Although it is highly similar to

the mammalian and Paracoccus denitrificans structures, this high-resolution structure

reveals atomic details including water molecule positions and a potential oxygen

pathway, which has not been reported in any other oxidase structures. The structure of the

mutant enzyme, E286Q, is reported by the same group. Analysis of the latter structure

indicated that structural rearrangement around E286 residue could be key in proton

transfer in this enzyme.

The overall structures of subunits I, H and H] are very similar to those of

Paracoccus denitrificans and to the core subunits of the bovine heart enzyme (subunits I,

H and HI), except some differences at the C-termini and the N-termini and some inserted

loops. Subunit IV, which had not been reported before in the literature for the
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Figure 1.4 Crystal structure of Rhodobacter sphaeroides cytochrome c oxidase and

the associated lipids. Helices of subunit I, H, IH and IV are shown in yellow, blue, red

and green, respectively. Green balls represent Cu and Cug, magenta ball for magnesium

and red balls for heme irons. Associated lipids (phospholipids) are shown in black. The

figure was created using the Rasmol program using coordinates from (Svensson-Ek er al.,

2002).
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Rhodobacter sphaeroides enzyme, was found in the crystal structure. Isolation of its gene

from Rhodobacter sphaeroides (Hiser, unpublished) shows it is similar (50% sequence

identity) to subunit IV of Paracoccus denitrzficans and its function is also unknown.

Four phosphatidylethanolamines are clearly identified in the structure. Two other

phospholipids are also identified, but their electron densities are disordered and the type

of lipids is not clear. Two of the six phospholipids are found in the cleft formed by the

two-helix bundles of V-shaped subunit IH; one of these lipids interacts with subunit 1.

The other four lipid molecules exist at the interface between subunit IV and subunits I/HI,

separating subunit IV almost entirely from the rest of the enzyme.

A total of 218 water molecules per monomer are resolved in the structure. The

majority of the water molecules were found on the surfaces exposed to solvent, but many

of them are also observed within the molecule in water channels such as the D-channel

that are likely to be essential for proton translocation.

The crystal structure of Rhodobacter sphaeroides cytochrome c oxidase reveals a

possible oxygen entry pathway for the first time. Two xenon molecules were identified in

a hydrophobic cavity indicating a possible oxygen channel leading to the binuclear

center. The entrance of the oxygen is suggested to be in the membrane-spanning region

about 30 A from the top surface of the protein, between helices H and H1 in subunit 1. It

had been previously suggested that the entrance to the oxygen channel was through

subunit IH (Hofacker and Schulten, 1998).

A comparative study of the structures at pHs 6 and 10 indicate that the side chain

of E286, at the interior end of the D pathway, can adopt two different positions
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depending on its protonation state. The connection of the D-pathway to the active site or

to the external site of the membrane above E286 is still not clear.

2.5 Importance of Available and Future Crystal Structures

A major advance in cytochrome c oxidase research was made with the X-ray

structures of mitochondrial and bacterial enzymes. Analysis of these structures showed a

high degree of similarity between the three functional subunits of the mitochondrial

enzyme and subunits I, H and HI from the bacterial enzyme (both Paracoccus

denitrificans and Rhodobacter sphaeroides), indicating similarity of heme environments

and the binuclear center where reduction of oxygen to water takes place. This confirmed

the usefulness of the bacterial enzyme as model for the mammalian oxidase.

The magnesium and calcium sites were identified in the structure, and the

similarities and differences could be recognized.

In spite of considerable insights gained from the structural studies, the proton

pumping mechanism of the oxidase remains largely unsolved. Crystal structures of many

forms and at higher resolution are needed to define water positions important in the

pathways and mechanism of proton movement.
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3. Substrate Docking on Cytochrome c Oxidase:

3.1 Protein-Protein Interactions

Protein-protein interactions are found in biological systems for different reasons.

One protein connects with another in order to pass along information, catalyze or inhibit

a reaction, or to form a larger structure. These interactions occur with some affinity and

specificity that can range from weak and non-specific to very tight and very specific. The

affinity is most often expressed in terms of a binding constant (or dissociation constant),

which reflects the change in free energy that occurs during the association. This free

energy change is composed of underlying thermodynamic terms, enthalpy and entropy

changes that largely depend upon the fit between the structures of the molecules

involved.

Inter-protein electron transfer requires a specific type of protein-protein

interaction that is important for energy transduction in biological systems. There are

many examples of such protein-pairs including cytochrome c oxidase and its substrate

cytochrome c.

The reaction between these two proteins is initiated by cytochrome c docking to

the external surface of subunit H of cytochrome c oxidase. The docking interaction is

primarily electrostatic and can be eliminated with increasing ionic strength.

Chemical modifications of horse cytochrome c showed that several lysine

residues (Ly58, 13, 27, 72, 86 and 87) are involved in the interaction between cytochrome

c and cytochrome c oxidase (Smith et al., 1977; Ferguson-Miller et al., 1978; Osheroff et

al., 1980). Consistent with these studies, crystallographic analysis reveals similar

interaction sites for both yeast (Cc(Y)) and horse cytochromes c (Cc(H)) with
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cytochrome c peroxidase (CcP) (Pelletier and Kraut, 1992). The crystal structures of

CcP:Cc(H) and CcP:Cc(Y) were resolved under different conditions. They revealed the

involvement of several lysines (Lys 8, 13, 72 and 87) of horse and yeast cytochromes c in

hydrogen-bond interaction with CcP in the CcP:Cc complex.

In the case of cytochrome c oxidase, there is evidence for two cytochrome c

binding sites, a low affinity site and a high affinity site, based on kinetics and binding

studies (Ferguson-Miller et al., 1976; Ferguson-Miller et al., 1978); the biphasic kinetic

plots yield Michaelis constant values of Kmt = 5 X 10'8 and Km; = 0.35 to 1 X 1045 M for

horse cytochrome c with cytochrome c oxidase. Similarly, high and low affinity sites

have been suggested for the 1:1 cytochrome c and cytochrome c peroxidase complex

based upon crosslinking and kinetic experiments (Wang and Margoliash, 1995). For both

these enzymes it is still not clear what the significance of a second interaction is.

Carboxylate groups on subunit H of cytochrome c oxidase were found by

chemical modification to be involved in the interaction between cytochrome c and

cytochrome c oxidase (Millett et al., 1983). Recent mutagenesis studies have tested a

series of carboxylic acid residues in the same region to determine their role in binding the

positively charged lysine groups in cytochrome c. Mutants in both Rhodobacter

sphaeroides and Paracoccus denitrificans have been generated at the cytochrome c

binding site and Cup, site, and characterized by spectroscopy, electron paramagnetic

resonance (EPR), resonance Raman analysis (RR), fast kinetics analysis and metal

analysis (Zhen et al., 1999; Wang et al., 1999; Witt et al., 1995).The results defined a set

of these highly conserved carboxyls that are involved in cytochrome c binding.
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3.2 Definition of the Interaction Domain for Cytochrome c on Cytochrome c

Oxidase

Efficient electron transfer between cytochrome c and cytochrome c oxidase

requires both rapid complex formation and rapid dissociation. Determination of the

structure of the complex formed between the two proteins would reveal possible paths for

intermolecular electron transfer. Intensive effort has been applied to define the interaction

domain. Among these efforts is a computational search method based on static

crystallographic structures (Roberts and Pique, 1999). Roberts and co-workers use the

docking program DOT (Daughter of TURNIP) that provides a complete search of all

orientations between two rigid molecules by systematically rotating and translating one

molecule about the other. Using this program, an electron transfer complex between

bovine cytochrome c oxidase and horse cytochrome c was predicted. Energies for over

thirty six billion configurations were calculated, providing a free energy landscape

showing guidance of positively charged cytochrome c to the negative region on the

cytochrome c oxidase surface formed by subunit H. In a representative of the set of

lowest energy configurations, the solvent-exposed cytochrome c heme edge is within 4 A

of the indole ring of Trp104 of subunit H (Trp 143, Rhodobacter sphaeroides

numbering), indicating a likely electron transfer path. These two groups are surrounded

by a small, hydrophobic contact region, which is surrounded by electrostatically

complementary hydrophilic interactions. Cytochrome c-cytochrome c oxidase

interactions of Lysl3 with Asp119 (Glu157 in Rhodobacter sphaeroides), Lys72 with

Gln103 (Gln142 in Rhodobacter sphaeroides) and Asp158 (Asp214 in Rhodobacter

sphaeroides), Ly586 with Glu109 (Glu148 in Rhodobacter sphaeroides) and Lys8 with
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Asp139 (Aspl95 in Rhodabacter), are the most critical interactions due to their charge/

charge proximity to the hydrophobic region and exclusion from bulk solvent (Figure 1.5a

& 1.5b). The predicted complex matches previous mutagenesis, binding and time-

resolved kinetic studies that implicate Trp104 (Trpl43) in electron transfer and show the

importance of specific charged residues to protein affinity (Wang et al., 1999; Zhen et al.,

1999).

In Rhodobacter sphaeroides, a number of conserved carboxyl residues in subunit

two were mutated to neutral forms (Zhen et al., 1999). A highly conserved tryptophan,

Trpl43 (Trp104 in bovine cytochrome c oxidase) was also mutated to phenylalanine and

alanine. Spectroscopic and metal analysis of the surface carboxyl mutants revealed no

overall structural changes. The double mutants D188Q/EIS9N and D151/EISZN

Rhodobacter sphaeroides oxidase exhibit similar steady-state kinetic behavior as wild-

type Rhodobacter sphaeroides oxidase with horse cytochrome c showing that these

residues are not involved in cytochrome c binding. The single mutants E148Q, E157Q,

D195N and D214N have decreased activities and increased Km values, indicating they

contribute to the cytochrome czcytochrome c oxidase interface. However, their reactions

with horse and Rhodobacter sphaeroides cytochromes c are different, as expected from

the different distribution of surface lysines on these cytochromes c. Mutation of Trpl43

severely inhibits activity without changing the Km for cytochrome c or disturbing the

adjacent CuA center. These data provide important information about cytochrome c

binding area on cytochrome c oxidase with Trpl43 and Asp214 close to the site of

electron transfer and Glu148, Glu157 and Aspl95 providing electrostatic guidance. The
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results are completely consistent with time-resolved kinetic measurements (Wang et al.,

1999) and with the prediction by Roberts and Pique (Roberts and Pique, 1999).
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Figure 1.5 Model for the docking site of cytochrome c and cytochrome c oxidase.

The computational model for the binding site between horse cytochrome c (blue) and

Rhodobacter sphaeroides cytochrome c oxidase (subunit I is green, subunit H is magenta,

subunit H1 is yellow and subunit IV is red) was made by (Roberts and Pique, 1999). The

lysine residues on cytochrome c that involved in the binding (Ferguson-Miller et al.,

1978) are shown in yellow and the carboxylate residues on subunit H of the oxidase that

are found to be important for the binding (Zhen et al., 1999) are shown in black. The

tryptophan that is involved in the electron transfer between cytochrome c and the oxidase

(Zhen et al., 1999) is shown in black. Coppers are cyan balls. The figure was made with

Rasmol. Figure 1.5a shows the whole structure, whereas figure 1.5b shows only the

binding site between cytochrome c and subunit H of the oxidase.
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Millett’s group studied the reaction between cytochrome c and the above mutants

of cytochrome c oxidase of Rhodobacter sphaeroides using a horse cytochrome c

derivative labeled with ruthenium trisbipyridine at lysine 55 (Ru-SS-Cc) (Wang et al.,

1999). The effects of cytochrome c oxidase mutations on the kinetics follow the order

D214N > E157Q > E148Q > D195N > D151N/EISZQ z D188N/E189Q 2 Wild type,

indicating that the acidic residues Asp214, Glu157, Glu148 and Aspl95 on subunit H

interact electrostatically with lysines surrounding the heme crevice of cytochrome c.

Mutating the highly conserved tryptophan residue, Trpl43, to phenyalanine or alanine

decreased the intracomplex electron transfer rate constant by 450 and 1200 fold

respectively, without affecting the dissociation constant, KD. It therefore appears that the

indole ring of Trpl43 somehow mediates electron transfer from the heme group of

cytochrome c to CuA, consistent with its predicted van der Waals contact with the edge of

cytochrome c heme (Roberts and Pique, 1999).
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4. Different c-Type Cytochromes : Which One is The Physiological

Substrate For aa3 Oxidase?

4.1 Background on Cytochrome c

Cytochromes are central figures in the process of electron transfer during energy

metabolism. These heme-containing proteins are so ubiquitous that the name,

“cytochrome”, which means cellular pigment, was given when Keilin found them in

every organism he tested including bacteria, yeast, higher plants, insects, amphibians,

birds and mammals (Keilin, D. 1925). Cytochromes comprise a diverse group of proteins

with respect to structure and function, but the presence of a heme group, a redox-active

iron-containing porphyrin, is common to all. The heme group is, in fact, what gives these

proteins their characteristic absorbance spectrum, and as Keilin noted, their visible color.

The heme iron serves as an electron transfer center by changing its valence state from +3

to +2 as it accepts an electron from another redox center. The iron atom returns to the

ferric state when the cytochrome is oxidized and the electron is donated to an acceptor

molecule. In a particular electron transfer chain the redox midpoint of the components

will often indicate the direction of electron flow. Among these cytochromes, several c-

type cytochromes have been found to be important in shuttling electrons between

membrane-bound complexes (Meyer and Cusanovich, 1985).

Typically cytochrome c is a small, basic, heme-containing protein with a single

iron porphyrin covalently attached through two cysteine amino acids. The iron is

coordinated to four nitrogen atoms in the porphyrin ring. The axial positions are

coordinated by the sulfur of methionine and a nitrogen of one histidine. Eukaryotic

cytochromes c are commonly composed of 103-113 amino acids (molecular weight of
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12,000 g mol") with redox potentials around 260 mV, and overall charge of +7 at pH 7.0

(Pelletier and Kraut, 1992). They are essential components of the terminal segment of the

mitochondrial respiratory chain. Mitochondrial cytochrome c is a highly charged, water-

soluble protein of the mitochondrial intermembrane space. Its major function is to

transfer electrons from cytochrome c reductase (cytochrome be, complex) to cytochrome

c oxidase. The implication is that the function of cytochrome c is critically dependent on

its relatively high mobility, which allows it to shuttle electrons between these two

relatively immobile membrane protein complexes (Gupte and Hackenbrock, 1988).

Studies have shown that at the high ionic strength of the mitochondrial intermembrane

space, cytochrome c has rapid three-dimensional mobility compared to its membrane

bound redox partners. The high mobility of cytochrome c, and its high concentration in

this enclosed space, shows an increased rate of electron transfer between the cytochrome

bc, complex and cytochrome c oxidase compared to low ionic strength conditions under

which the movement of cytochrome c is confined to two dimensions (Gupte and

Hackenbrock, 1988). An alternative view is that cytochrome c functions in the respiratory

chain most efficiently when its mobility is restricted to two-dimensions (Ferguson-Miller

et al., 1986; Craig and Wallace, 1993). Cytochrome c also functions as an electron

transfer carrier for other reductases that are not part of the inner membrane; for this

function, three-dimensional mobility of cytochrome c is required (Pettigrew and Moore,

1987). This mobility of cytochrome c is in contrast to some prokaryotic cytochromes c,

such as Bacillus subtillis cytochrome c, which are integral membrane proteins. Indeed, in

Paraccocus denitrificans an active complex between bcl complex, c552 and am oxidase

has been isolated (Berry & Trumpower, 1985). The existence of a similar membrane-
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bound cytochrome cy in Rhodobacter sphaeroides raises the question of functional

aggregates in the system.

Other mobility studies in mammalian mitochondria have led to the concept of a

“dynamic aggregate model” of the electron transfer chain (Hockman et al, 1985;

Ferguson-Miller et al., 1986) which suggests a combination of two dimensional, three

dimensional and “solid-state” electron transfer in the respiratory chain under different

conditions.

The amino acid sequences of cytochrome c from over 100 eukarytic species have

been determined (Moore & Pettigrew, 1990), and the atomic resolution 3D structures of

the proteins from many species have been determined by x-ray crystallography (Tanaka

et al., 1975; Swanson et al., 1977; Takano & Dickerson, 1981; Ochi et al., 1983; Louie er

al., 1988; Louie & Brayer, 1990; Bushnell et al., 1990; Sanishvili et al., 1995).

4.2 Mitochondrial cytochromes c

The crystal structures of the proteins from horse (Sanishvili et al., 1995), tuna

(Takano and Dickerson, 1981), bonito (Matsuura et al., 1979), rice (Ochi et al., 1983)

and yeast iso-l (Louie and Brayer, 1990) have been detemiined revealing that the

“cytochrome c fold” remains the same for all. The crystal structures showed that the

heme location and the polypeptide chain conformation are identical for both horse and rat

cytochrome c. Also comparison of the reduced and oxidized forms of tuna cytochrome c

(1‘akano and Dickerson, 1981) showed that the redox-linked conformation change is

small.
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The typical cytochrome c fold has the polypeptide chain organized into a series of

OL-helices and fairly extended loop structures (Sanishvili et al., 1995). The polypeptide is

folded in such a way that the heme is sandwiched between the “right side” and the “left

side”, leaving the heme edge exposed to solvent, thus defining the front surface of the

molecule. The majority of the heme prothetic group is buried within a hydrophobic

pocket formed by the polypeptide chain. The vinyl side chains of pyrrole rings I and H of

the heme group are covalently attached to the polypeptide chain via two thioether bonds

to the side chains of two cysteine residues. This covalent bond attachment is suggested to

be an important factor in establishing the heme conformation, which is distorted into a

saddle shape with the front and rear edges of the heme deviating toward the right, and the

top and bottom edges toward the left of the molecule. The two heme propionate groups

are buried within the protein matrix and form a number of hydrogen bonds with nearby

polar groups. The posterior heme propionate carboxyl atom also forms a charge

interaction with the guanidinium group of an arginine residue as in cytochrome c oxidase;

this interaction is mediated by one or two of the internal water molecules. Thus, while

internally positioned, these propionate groups occupy a local environment that is clearly

hydrophilic in character. The heme ion is held in the center of the heme by six coordinate

ligands. The fifth and sixth ligands are provided by the imidazole nitrogen of a histidine

residue on the right and the sulfur atom of a methionine residue on the left side of the

molecule, respectively, while the other four are from the heme itself (Figure 1.6).
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Figure 1.6 Crystal structure of horse cytochrome c. The heme (red) and heme ligands,

methionine (yellow), two cysteines (magenta) and histidine (green) are shown. The

lysines residues that are involved in binding with cytochrome c oxidase are shown in

black.
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Figure 1.6
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4.3 Bacterial cytochrome c

In the mitochondria of higher eukaryotes a single cytochrome c species mediates

the electron transfer between cytochrome c reductase (complex TH) and cytochrome c

oxidase (complex IV). In bacteria due to the branching of the electron transport chain,

many cytochromes are found. They appear to be involved in different electron transfer

processes.

Many of the crystallized bacterial cytochromes c are globular structures with

more than 40% tat-helical content, which is similar to that seen in mitochondrial

cytochromes c, but the greater diversity in the structure of bacterial cytochrome c reflects

the diverse composition of bacterial respiratory systems. Bacterial respiratory systems are

more complex than the mitochondrial system, some containing more than one terminal

oxidase, which differ from the mitochondrial type and may utilize a terminal electron

acceptor other than oxygen (Thony-Meyer, 1997).

Rhodobacter sphaeroides, as many other bacteria, contains more than one c-type

cytochromes that serve as either electron donors or acceptors in different electron transfer

chains. The aa3-type oxidase that is the experimental system in our labotatory, accepts

electrons from cytochrome c, but which cytochrome c is its physiological substrate has

been a debated issue for a long time. The dag-type oxidase is present at higher levels

when the cells are grown aerobically. To qualify for the physiological substrate of

oxidase, the c-type cytochrome should be present at higher levels under the same

conditions. However, more than one cytochrome c show high expression levels during

aerobic growth and mutagenesis studies of some of these cytochromes c that argue
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against this importance for the function of the aa3—type cytochrome C oxidase, as will be

discussed later in this section.

The solubility, stability, ease of purification and manipulation, spectral

characteristics and relative abundance of cytochrome C have caused it to be one of the

most studied proteins. In the next section I will discuss different C-types cytochromes in

the purple, non-sulfur photosynthetic bacterium, Rhodobacter sphaeroides and which one

is likely to be the physiological substrate for aa3-type oxidase. (Table 1.1) summarizes

the different Rhodobacter sphaeroides C-type cytochromes and their characteristics.

4.3.1 Soluble cytochrome c of Rhodobacter sphaeroides and Related Bacteria

Most of the known soluble cytochromes in Rhodobacter sphaeroides are C-type

cytochromes, those with propionate side chains on the tetrapyrrole ring and two covalent

attachments sites to the polypeptide. The physical properties of many of these soluble C-

type cytochromes from Rhodobacter sphaeroides have been examined.

4.3.1.1 Cytochrome c554

Cytochrome 6554 is the major soluble C-type of Rhodobacter sphaeroides under

aerobic conditions. When reduced, this protein exhibits an (it-maximum at approximately

554 nm. The redox potential of cytochrome C554 is 203 mV at pH 7. This type of

cytochrome is found to be located to the periplasm (Flory and Donohue, 1995). It has a

low spin heme, with a methionine residue as the distal ligand near the N-terminus (Meyer

and Cusanovich, 1985).
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It has high expression level during

aerobic respiration, but has no

C554 554 14 + similarity with mitochondrial

(Soluble) cytochrome C in arrangement of charge

residues, which makes its function

unclear.

Shuttles electrons between bcl complex

C2 550 14 + and Cbb3 oxidase, and transfers

(Soluble) electrons from bcl to the photosynthetic

reaction center.

Substitute for cytochrome C2 in
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(Soluble)

C551 551 16 Unknown
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C552 552 22 to (tag oxidase in Paracoccus

(membrane denitrificans.
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Transfers electrons from be; to Cbb3

Cy 552 24 + and 003 oxidases in Rhodobacter

(membrane sphaeroides.

bound)

C’ 552 14 Unknown
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Results of amino acid sequence analysis of cytochrome C554, indicated that the

protein is 14 kDa (Bartsch et al., 1989), whereas Meyer and Cusanovich found that this

cytochrome C had a molecular weight of 44 kDa, suggesting that the protein is present as

a trimer (Meyer and Cusanovich, 1985).

When the abundance of the protein was estimated by the available methods, it

appeared that cytochrome C554 was most abundant at high oxygen tensions, with low

levels under anaerobic conditions. The first reported preparation containing cytochrome

C554 was made from cells grown photosynthetically under semiaerobic conditions

(Orlando and Horio, 1961). Orlando followed this study with another one, and he found

that cytochrome C554 is at approximately four-fold higher levels in cells grown by aerobic

respiration than by photosynthesis (Orlando, 1962); therefore he suggested that it may

play a role in the aerobic respiratory pathway. Meyer and coworkers were able to purify

enough cytochrome C554 from photosynthetic cultures to perform amino acid sequencing

(Meyer and Cusanovich, 1985). Beside its relatively high expression level during

photosynthetic growth, the protein sequence analysis indicated that there is no similarity

between cytochrome C554 and the mammalian cytochrome C, therefore it may not be the

substrate for the M3 oxidase.

4.3.1.2 Cytochrome C2

Cytochrome C2 is a well-studied cytochrome that is a bacterial homologue of

mitochondrial cytochrome C (Rios-Velazquez et al., 2001). It is a soluble component of

photosynthetic and aerobic respiratory electron transfer in Rhodobacter sphaeroides; it

functions as a mobile periplasmic redox carrier (Prince et al., 1975). In cells grown
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chemoheterotrophically with high oxygen tensions, cytochrome C2 has been thought to

transfer electrons from the membrane-bound cytochrome bC, complex to a terminal

cytochrome aa3 oxidase (Gennis et al., 1982). Under photoheterotrophic conditions,

cytochrome C2 has been considered to complete the cyclic photosynthetic chain by

transferring electrons from the cytochrome bC, complex to the oxidized reaction center

(Prince et al., 1974). It has an absorption maxima of 550 nm, so it is also known as

cytochrome 6550.

The crystal structure of cytochrome C2 shows that a number of lysine side chains

are found on the front face of the protein close to the heme edge. These lysine residues

corresponding to Lys 8, 13, 72, 73, 86 and 87 of horse cytochrome C that are found to be

important for interacting with its electron transfer partners (Smith et al., 1977; Ferguson-

Miller et al., 1978): the Rhodobacter sphaeroides cytochrome C2 does not have the

counterparts of the most critical lysines, Lys 13 and Lys 72 (Figure 1.6). Although

Rhodobacter sphaeroides cytochrome C2 is acidic overall, the protein itself is a dipole,

with most of the positively charged residues located at the front surface (Koppenol et al.,

1978), where the heme edge is exposed. Cytochrome C2 has been found to use this

positively charged face to interact with its physiological partners (Long et al., 1989).

The expression levels of Rhodobacter sphaeroides cytochrome C2 have been

found to be approximately four to seven fold higher under phototrophic growth

conditions than aerobic growth (Brandner et al., 1989) suggesting a more important role

in photosynthetic electron transfer. In a recent study Daldal and coworkers demonstrated

that cytochrome C2 is able to carry electrons efficiently from the bC, complex to either the

cytochrome Cbb3 oxidase or the cytochrome aa3 oxidase during respiratory growth of
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Rhodobacter sphaeroides (Daldal et al., 2001), but an earlier study involving deletion of

the cytochrome C2 gene showed no obvious effect on the cell’s aerobic growth (Donohue

et al., 1988; Rott and Donohue, 1990). This evidence argues against the physiological

involvement of cytochrome C2 in mediating electron transfer to the M3 oxidase.

4.3.1.3 Isocytochrome C2

Isocytochrome C2 is another periplasmic redox carrier. It is about 14 kDa and

highly homologous to cytochrome C2. It has a redox potential of 294 mV. Despite an

extensive analysis of photosynthetic membrane function in Rhodobacter sphaeroides, the

potential for isocytochrome C2 to serve as an alternative electron donor to reaction center

complexes was not uncovered until a cytochrome C2 deficient mutant was made. This

mutation showed an increase in isocytochrome C2 in the absence of cytochrome C2 (Rott

and Donohue, 1990). Although there is no evidence that isocytochrome C2 is involved in

electron transfer to the am oxidase, being structurally related to bovine cytochrome C and

having a high redox potential that is close to the mitochondrial one make it a possible

electron donor to the M3 oxidase. However, it too lacks the most critical lysines for that

function.

4.3.1.4 Cytochrome C’

Cytochromes C’ are predominantly high-spin cytochromes (Maltempo et al.,

1974) with heme covalently bound to the peptide chain, as in all other C-type

cytochromes. Most cytochromes C’ have been isolated in a dimeric form, with molecular

weights in the range of 28-30 kilodaltons (Cusanovich, 1971).
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A number of cytochromes C’ have been crystallized from several strains (Weber et

al, 1980; Yasui et al., 1992), including Rhodobacter capsulatus (Tahirov et al., 1996), a

strain closely related to Rhodobacter sphaeroides. Although cytochrome C’ from different

bacteria show very little sequence similarity, X-ray crystallography indicates that the

tertiary structure is conserved in all the known structures. Despite widespread occurrence

and the fact that the structure is conserved, the functional roles of cytochrome C’ remain

unknown.

The redox potential of cytochrome C’ is about 30 mV at pH 7.0, much lower than

that of mitochondrial cytochrome C (Meyer and Cusanovich, 1985). The redox potential

and the fact that the expression levels of cytochrome C’ during the aerobic growth are

very low suggest that it is not the substrate for the aa3-type oxidase.

4.3.1.5 A diheme cytochrome

These proteins have not received as much attention as have high-potential

cytochromes and no sequences had been reported until recently (Devereese et al., 2000).

These low-redox potential cytochromes have been reported in a number of purple

phototrophic bacteria. In RhodobaCter sphaeroides these cytochromes have two heme-

binding sites per 126 residues (Vandenberghe et al., 1998). One of the heme-binding sites

is located near the N-terminus and the other one more distinctly near the C-tenninus

separated by 101 residues, and the conserved histidines and methionines are located

between the two hemes.

In Rhodobacter sphaeroides this type of cytochrome C is encoded by gene cyCG

and located in the same operon as cytochrome C554 and is transcriptionally linked to it;



and even the discovery of this diheme cytochrome occured during the process of cloning

cytochrome C554 (Flory and Donohue, 1995). This protein has not been purified and its

spectroscopic, structural and functional properties are unknown.

4.3.1.6 Cytochrome 6551

Rhodobacter sphaeroides cytochrome 6551 is a 16 kDa protein, which contains

two hemes (Meyer and Cusanovich, 1985). One heme is near the N-terminus and the

other is near the C-terminus. It consists of 138 residues and it has a high redox potential

(254 mV), and has two histidines ligands for each heme. This type of cytochrome has not

been found in any other species so far, and the sequence shows that it is not related to any

known cytochrome (Van Beeumen, 1991). It is found in small amounts in RhodobaCter

sphaeroides and its function is not known, and it is unlikely to be the physiological

substrate for the M3 oxidase.

4.3.1.7 Sphaeroides heme proteins (SHP)

Rhodobacter sphaeroides produces a heme protein (SHP), which is an unusual

green C-type cytochrome capable of transiently binding oxygen during autooxidation. The

absorption maxima for the reduced form are at 548 nm for the a peak and 429 for the

Soret peak. The absorption peak changes in different buffers, reflecting the binding of

small ligands to the high spin heme (Meyer and Cusanovich, 1985).

The three-dimensional structures of SHP in the oxidized state at 1.82 A, the

reduced state at 2.1 A, the oxidized molecule liganded with cyanide at 1.9 A and the

reduced molecule liganded with nitric oxide at 2.2 A resolution have been solved (Leys et
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al., 2000). The SHP structure represents a new variation of the cytochrome C fold. The

oxidized state reveals a novel sixth ligand, Asn, which moves away from the iron upon

reduction or when small molecules bind. The distal side of the heme has a striking

resemblance to other heme proteins that bind gaseous compounds.

The expression level of this type of cytochrome C during respiration is very low;

therefore it is unlikely to be the physiological substrate for cytochrome C oxidase.

4.3.2 Membrane bound cytochromes C of Rhodobacter sphaeroides and Related

Bacteria

Until recently no membrane-bound cytochrome C had been purified or had its

gene cloned from Rhodobacter sphaeroides, but some had been discovered and

characterized earlier in Paracoccus denitnficans (cytochrome c552), a species that is

closely related to Rhodobacter sphaeroides (Turba et al., 1995), and in Rhodobacter

capsulatas cytochrome Cy (Jenney and Daldal, 1993)

4.3.2.1 Cytochrome C552

Among the C-type cytochromes found in Paracoccus denitrificans the membrane-

bound cytochrome C552 is most likely the mediator between cytochrome bcl and

cytochrome aa3. Under certain conditions of solubilization and purification, a

supercomplex containing these complexes together with cytochrome C552 can be isolated

(Berry and Trumpower, 1985; Haltia et al., 1988). The high internal electron transfer

rates in this complex indicates the functional importance of cytochrome C552.
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The gene for cytochrome C552 (cyCM) has been cloned and sequenced (Turba et

al., 1995). The N-terminal portion of cytochrome C552 contains a hydrophobic segment

which functions as a membrane anchor, while the C-terminal part is similar to that of

mitochondrial cytochrome C. The primary structure shows the presence of many acidic

residues resulting in an unusually low isoelectric point. The crystal structure of the

soluble domain of the membrane bound cytochrome C552 from Paracoccus denitrificans

was determined at 1.5 A for the oxidized and at 1.4 A for the reduced state (Harrenga et

al., 2000). In general, the structure has the same features as known eukaryotic

cytochromes C. However; cytochrome C552 has a strongly negatively charged surface on

the back side, and a smaller positively charged area on the front side around the solvent-

exposed heme group but this area contains most of the lysines that are important in the

oxidase binding (Lys 8,13,72 and 86). Reduction of the oxidized crystals does not

influence the conformation of the protein, in contrast to eukaryotic cytochrome C,

although the oxidized form appears to be more flexible than the reduced one.

The isolation of the complex between bcl, cytochrome C552 and (tag oxidase (Berry

and Trumpower, 1985), along with the similarity to the mammalian cytochrome C as well

as high expression levels during aerobic growth, suggest the importance of this

membrane-bound cytochrome C in shuttling electrons from the bC. complex to the M3

oxidase, perhaps in a solid-state mode where no diffusion is required (Ferguson-Miller et

al, 1986; Berry and Trumpower, 1985).
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4.3.2.2 Cytochrome Cy

In Rhodobacter capsulatus, a species that is closely related to Rhodobacter

sphaeroides but without an aa3-type oxidase, there are two electron carriers that transfer

electrons from the bcl complex to the cytochrome Cbb3 oxidase; these are a soluble

cytochrome C2 and a membrane-bound cytochrome Cy (Gray et al., 1994). Until recently it

was thought that Rhodobacter sphaeroides lacked cytochrome Cy, but a gene highly

homologous to Rhodobacter capsulatus cyCY (encoding cytochrome Cy) was identified in

Rhodobacter sphaeroides (Zeillstra-Ryalls and Kaplan, 1995). Daldal and coworkers

found the polypeptide corresponding to Rhodobacter sphaeroides cytochrome Cy and

characterized its functional properties (Myllykallio et al., 1999). Their study shows that

cytochrome C3, is a membrane-attached electron carrier that participates only in

respiratory electron transfer, unlike in the Rhodobacter capsulatus counterpart, which is

functional for both photosynthetic and respiratory electron transport. Furthermore, using

chimeric cytochrome Cy constructs, they established that the different photosynthetic

capabilities of these cytochromes are related, at least partly, to their redox active domains

as well as the length of the flexible attachment region between the soluble part and the

membrane domain.

In a recent study, Daldal and coworkers demonstrated that cytochrome Cy is able

to carry electrons efficiently from the bcl complex to either cytochrome Cbb3 oxidase or

cytochrome aa3 oxidase during respiratory growth of Rhodobacter sphaeroides (Daldal et

al., 2001). Results from these studies and the high homology between cytochrome Cy and

cytochrome C552 of Paracoccus denitrificans make Cy a strong candidate for the

physiological substrate of aa; oxidase.



4.4 Summary

In bacteria, including Rhodobacter sphaeroides, several aerobic and anaerobic

electron transfer chains are used under different growth conditions. The multiple electron

transfer chains create a physiological need to transfer electrons to their appropriate

destinations. Thus in these bacteria, unlike mitochondria which have one conserved

cytochrome C, multiple cytochromes C function in parallel as electron carriers.

In Rhodobacter sphaeroides a number of the C-type cytochromes are expressed at

different levels during photosynthetic and aerobic growth. This may suggest their

involvement in photosynthesis and aerobic respiration, respectively. However,

mutagenesis studies of some of the cytochromes C under both growth conditions argue

against any simplistic assignment, and the question of who is the physiological substrate

of the ad; oxidase remains. However most of the evidence points to cytochrome Cy as the

likely the substrate, since it participates only in the respiratory electron transfer

(Myllykallio et al., 1999) and it is highly homologous to the C552 of a closely related

species, Paracoccus denitrzficans, which is involved in electron transfer to M3 oxidase in

that bacterium.

It therefore seems that, although the Rhodobacter species simultaneously

expresses several highly homologous electron carriers, they also have endowed them with

pronounced specificity towards their redox partners to direct electron flow efficiently to

the different branches of their electron transfer chains, therefore maximally supporting

their physiological needs.
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Knowing the right substrate is very important for understanding the binding and

kinetics and for obtaining the correct complex between the enzyme and the substrate that

could be used for crystallization.
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5. Importance and Classification of Membrane Lipids

5.1 Importance of Membrane Lipids

The most striking feature of membrane lipids is their enormous diversity.

Although the multiple roles of lipids are well known, the reason for this diversity is not

clear. Certainly a major role of membrane lipids is to form the bilayer matrix with which

membrane proteins interact (Gennis, 1988).

Biological protein/lipid membranes partition cells and organelles into separate

aqueous compartments with unique environments. The hydrophobic bilayer phase

supports a wide range of important metabolic processes, including energy transduction,

solute transport, protein transport, signal transduction and motility (McAuley et al.,

1999).

Although many studies have been done investigating membrane lipids, still the

importance of those lipids in the structure of membrane proteins was underestimated until

recent crystal structures showed that lipids are resolved in the crystal structure from

bacterial and mammalian enzymes even after the processes of protein isolation and

purification (Yoshikawa, 1998; Luecke et al., 1999). These results imply that lipids may

play an integral role in membrane protein structures, stabilizing a homogenous

conformation at the molecular level (Garavito and Ferguson-Miller, 2001). The X-ray

structure of Rhodobacter sphaeroides oxidase dramatically illustrates the critical role of

lipids, showing six phospholipids deeply embedded in the subunits (Figurel.4). Since one

of my goals is to establish conditions for crystallization of cytochrome C oxidase, I did

lipid analyses of the membranes of Rhodobacter sphaeroides as well as lipid analyses for

the purified enzyme at different purification levels and compared the lipid composition at
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each stage. Many of the major lipid classes were found in Rhodobacter sphaeroides

membranes and remained associated with cytochrome C oxidase at different ratios

through the purification and crystallization.

The major lipid classes and their involvement in Rhodobacter sphaeroides

membrane structures will be discussed below.

5.1.1 Glycerophospholipids

The glycerophospholipids are the most commonly found membrane lipids in

eukarytes and prokaryotes. One of the glycerol hydroxyls is linked to a polar phosphate-

containing group and the other two hydroxyls are linked to fatty acid chains giving it the

required amphipathic character.

Most phosphoglycerides have the phosphate at the sn-3 position of glycerol. The

phosphate is usually linked to one of the several hydrophilic groups such as choline,

ethanolamine, inositol, serine and glycerol to form phosphatidyl choline (PC),

phosphatidyl ethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS) and

phosphatidylglycerol (PG) respectively. Phosphatidylcholine is a major component in

animal cell membranes, whereas phosphatidylethanolamine is often a major component

in bacterial membranes.

5.1.2 Phosphosphingolipids

Phosphosphingolipids are not derived from glycerol like other phospholipids in

membranes. Instead, the backbone in phosphosphingolipids is sphingosine, an amino

alcohol that contains a long unsaturated hydrocarbon chain. Sphingomylin or ceramide 1-
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phosphorylcholine is a phosphosphingolipid that is widely found in animal cell plasma

membranes. Other phosphosphingolipids are also found in different quantities in animal

cells such as ceramide l-phosphorylethanolamine and ceramide l-phosphorylinositol.

Phosphosphingolipids in general are rarely found in plants or bacteria.

5.1.3 Glycosphingolipids

This type of lipid has a glycosidic linkage to the terminal hydroxyl of ceramide.

The classification scheme is according to the carbohydrate moiety, which can range from

a single sugar to very complex polymers. The glycosphingolipids are found on the outer

surface of animal cell plasma membranes and form an important components of lipid

“rafts” domains involved in signaling (Xu et al., 2001). Monogalactosyl ceramide is the

largest single component of the myelin sheath of nerves. In some cases, the

glycosphingolipids are present in intracellular membranes rather than in the plasma

membrane. In erythrocyte membranes the glycosphingolipids carry blood group antigens

(Gennis, 1988). Glycosphingolipids are not found in bacteria.

5.1.4 Glycoglycerolipids

Glycoglycerolipids are polar lipids in which the sn-3 position of glycerol forms a

glycosidic link to a carbohydrate such as galactose. Glycoglycerolipids are predominant

in the chloroplast membrane and are also found in substantial quantities in blue-green

algae and bacteria. The main types of lipids in this class are: monogalactosyldiglyceride

(MGD), digalactosyl diglyceride (DGD) and sulfoquinovosyl diacylglycerol (SL).
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Monoglactosyl diacylglycerol has been termed “the most abundant polar lipid in nature”

since it comprises half of the lipid in chloroplast thylakoid membrane.

5.1.5 Sterols

Sterols are found in many plant, animal and microbial membranes. Cholesterol is

the most commonly found sterol. This molecule is a compact, rigid hydrophobic entity

with a polar hydroxyl group. Cholesterol is found in animal cell plasma membranes,

lysosomes, endosomes and Golgi. It forms 30% of the mass of the membrane lipids of

many animal cell plasma membranes and appears to play an important role in forming

“rafts”, membrane domains involved in signaling (Xu and London, 2000; Barenholz,

2002). Other sterols such as sitosterol and stigmasterol are found in higher plants whereas

hopanoids, which are steroid-like lipids, are found in bacteria and some plants.

5.2 Membrane lipids in Rhodobacter sphaeroides

The membranes of Rhodobacter sphaeroides are commonly known to contain two

classes of polar lipids: phospholipids and nonphosphorous glycolipids including

sulfolipids. In addition, omithine-containing lipids as well as betaine lipids can be present

in substantial amounts (Benning et al., 1995). The growth conditions can affect the lipid

composition, and the abundance of polar lipids as well as other lipids is highly variable

under respiratory or photosynthetic growth, although results of lipid analysis, in our lab,

from cells grown photosynthetically and under high oxygen showed almost the same lipid

composition under each growth conditions.
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5.2.1 Phospholipids

The structure of phospholipids that are found in Rhodobacter sphaeroides is

characterized by a l,2-diacyl-3-phospho-sn-glycerol, also known as the phosphatidyl

moiety, and a variable headgroup attached to the phosphate.

Under different growth conditions the membranes of Rhodobacter sphaeroides

contain substantial amounts of phosphatidylethanolamine. Four

phosphatidylethanolamines and two other unidentified phospholipids were clearly

identified in the crystal structure of cytochrome C oxidase from Rhodobacter sphaeroides

(Svensson et al., 2002) and five phosphatidylethanolamines were observed in the crystal

structure of the bovine heart cytochrome C oxidase (Yoshikawa et al., 1998).

Phosphatidylglycerol is found in significant amounts under photosynthetic growth

conditions, and also found under respiratory growth conditions in variable amounts. The

crystal structure of bovine heart cytochrome C oxidase identified three

phosphatidylglycerol associated with the enzyme. Diphosphatidylglycerols, also known

as cardiolipins, are present in high levels in mitochondria and strongly associated with

cytochrome oxidase such that their removal can cause loss of activity. They are also

found in Rhodobacter sphaeroides membranes.

Phosphatidylcholine is rarely found in membranes of bacteria; however, it is

present in many species of purple nonsulfer bacteria including Rhodobacter sphaeroides.

The presence of phosphatidylinositol is not very common in bacteria, and it is only well

studied in the photosynthetic bacteria Chloroflexus aurantiacus.
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5.2.2 Glycolipids

Typical glycolipids found in bacterial membranes do not contain phosphorus and

are characterized by a 1,2-diacyl-sn-glycerol moiety to which a mono- or a disaccharide

is attached at the sn-3 position.

Under different growth conditions, Rhodobacter sphaeroides membranes contain

different types as well as different amounts of glycolipids. The sulfolipid

sulfoquinovosyldiacylglycerol in Rhodobacter sphaeroides is identical to that of the

sulfolipid present in chloroplasts of higher plants, with the exception of the fatty acid

substituents. The two major fatty acids found in the sulfolipids in higher plants are

palmitic and linolenic, whereas in Rhodobacter sphaeroides vaccenic acid, a

monosaturated 18-carbon fatty acid commonly found in bacteria (18:1, cisAll) is

substituted for the linolenic fatty acid (Gage et al., 1992). For a long time it was thought

that this sulfolipid was important for photosynthesis, but a study by Benning and

colleagues shows that it is not required for photosynthetic electron transport in

Rhodobacter sphaeroides but enhances growth under phosphate limitation. It represents

between 2% and 16% of polar lipids depending on the growth conditions (Benning et al.,

1993).

Several glycolipids containing galactose have been reported in Rhodobacter

sphaeroides membranes. Monogalactosyldiacylglycerol (MGD) and [3-

digalactosyldiacylglycerol (DGD) are the most common ones, especially under

phosphate—limited growth (Benning er al., 1995).
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5.2.3 Other Polar Lipids

These are unusual lipids which cannot be classified as phospholipids or

glycolipids, or which are only conditionally synthesized in some species including

Rhodobacter sphaeroides.

5.2.3.1 Omithine Lipids

Omithine lipids are phosphorus-free, omithine-containing membrane lipids. The

characteristic feature of these lipids is the long chain 3-hydroxy fatty acid attached via an

amide bond to the (it-amino group of omithine. A second long-chain fatty acid is

esterified to the 3-hydroxy group of the first fatty acid.

5.2.3.2 Betaine Lipids

Betaine lipids were previously assumed to be restricted to algae and lower plants

(Siegenthaler and Murata, 1998). Recently this lipid was discovered in RhodobaCter

sphaeroides cells that are grown under phosphate limitation (Benning et al., 1995).

5.2.3.3 Xenobiotic Lipids

Xenobiotic lipids are synthesized in Rhodobacter sphaeroides using unnatural

chemicals as head groups of the buffer substance Tris (Donohue et al., 1982). The

synthesis of this xenobiotic lipid phosphatidyl-Tris is a good example for the remarkable

metabolic flexibility of bacteria and their ability to tolerate drastic changes in membrane

lipid composition.
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5.2.4 Fatty Acids Composition in Rhodobacter sphaeroides

Saturated and monounsaturated fatty acids are the dominant components in

Rhodobacter species. Sixteen and eighteen-carbon fatty acid chains are the majority in

this species, whereas fatty acids shorter than fifteen-carbon are present in specific strains

and in trace amounts below 0.1% of the total fatty acids (Imhoff, 1991). Imhoff’s study

showed that Rhodobacter sphaeroides fatty acid composition as follows: more than 70%

C18:1, 11-16% C1820, 4-8% C16:0, 1-2% C16:1 and traces of C14:0, C14:1, C17:0 and

C20: 1.

5.3 Factors Affecting Membrane Lipid Composition

The composition of the membrane lipids in bacteria is highly affected by two

major factors: the subcellular location of the lipids and the growth conditions of the

bacterial cells.

Polar lipids are synthesized by enzymes that are associated with the cytoplasmic

membrane. Differences in the polar lipid composition in the cytoplasmic membranes,

intracytoplasmic membranes and outer membranes might be expected in bacterial species

as in eukaryotes, but some data for Rhodobacter sphaeroides suggested that there is no

major differences in polar lipid composition of the cytoplasmic membrane and the

intracytoplasmic membrane (Siegenthaler and Murata, 1998).

In Rhodobacter sphaeroides as well as in many other bacterial species, the

membrane lipid composition is affected by different growth conditions such as oxygen

concentration, light intensity, phosphate limitation, and addition of medium such as Tris
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buffer and salt concentration. The effect of chemotrophic versus phototrophic growth is

controversial; some studies showed no difference in lipid composition between these two

growth conditions, whereas another study suggested that the relative amounts of

phosphatidylethanolamine and phosphatidylglycerol increase with increasing light

intensity (Siegenthaler and Murata, 1998).

Phosphate-limiting growth conditions result in the accumulation of novel lipids in

Rhodobacter sphaeroides. Under these conditions, the relative amount of phospholipids

decreases, but that of sulfoquinovosyl diacylglycerol and omithine lipid increases. In

addition monogalactosyldiacylglycerol as well as the betaine lipid accumulate (Benning

er al., 1995). The observed changes in lipid composition can be viewed as a requirement

of the cell to maintain certain ratios of negative to positive charge, and bilayer to non-

bilayer forming lipids, in order to provide a functional membrane.

In our studies, unusual growth conditions were used to maximize respiration

versus photosynthesis, including high oxygen concentration, high pH and minimal carbon

sources. These factors could affect the lipid composition in the membranes, therefore we

analyzed our membranes and compared them with those obtained under photosynthetic

conditions.
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6. Statement of Problem

Cytochrome C oxidase, the terminal enzyme in the respiratory chain, is involved

in electron transfer, which is coupled to proton pumping across the membrane, generating

a membrane potential and synthesis of ATP. The overall goal of the research in our

laboratory is to elucidate the mechanism and regulation of energy conserving electron

transfer in cytochrome oxidase from Rhodobacter sphaeroides, which is highly

homologous to the mammalian oxidase, but simpler and mutatationally accessible.

To understand the molecular mechanism of electron transfer and proton pumping,

crystal structures at high resolution are required. My goal was to optimize conditions for

achieving high resolution 3-dimensional crystal structure for wild type and different

mutant forms of Rhodobacter sphaeroides cytochrome C oxidase. The structure of

oxidase mutants may help us to know how residues in the vicinity of the reactive center

and in the proton pathways are involved in the functions of the enzyme.

The first approach was to produce the enzyme and isolate it with the purity,

stability and in the quantities that are demanded for structural analysis. Our initial

hypothesis was that the type and purity of detergent and the purity and the homogeneity

of the protein were critical factors in obtaining good crystals. Using new and very pure

detergents from the Anatrace company designed for membrane protein crystallization, I

attempted to crystallize the Rhodobacter sphaeroides enzyme, both wild type and stable

mutants such as H333N, a CuB ligand mutant whose alteration inhibits the activity of the

enzyme without destabilizing the structure. In order to reach this goal I tried a variety of

purification and crystallization conditions.
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The crystal structure of several membrane proteins were reported at very high

resolution and showed that lipids are associated with the protein subunits, suggesting the

importance of lipids in the protein structure. This observation lead to a new hypothesis,

that in order to obtain high resolution x-ray structure, lipids may need to be retained. In

order to investigate this hypothesis and to standardize our crystallization procedure, in

my second project I attempted to define how the various steps of purification affected the

lipid contents of Rhodobacter sphaeroides cytochrome C oxidase and its ability to form

good crystals.

A further hypothesis that was considered was that, obtaining good crystals may

also depend on the size of the protein domain external to the membrane. To address this

idea, I attempted to develop a method to allow the crystallization of the oxidase with its

soluble substrate, cytochrome C2, bound. One of the efforts in our lab in collaboration

with Dr. Leslie Kuhn in the Biochemistry Department and Dr. Victoria Roberts at

Scripps, was to apply computational and mutational methods to assist in accurately

defining the binding site between cytochrome C and cytochrome C oxidase. With that

information my goal was to redesign Rhodobacter sphaeroides cytochrome C2 to produce

a better binding substrate to maximize the chances of producing a stable complex that

may be useful for crystallization. This was done by mutation to lysines of specific

residues at the binding site, residues 13 and 72, which are proposed to be important for

binding and are lacking in cytochrome C2. In addition, I attempted to produce covalent

cytochrome c—cytochrome oxidase complexes by introduction of sulfliydryl groups at the

binding site of both cytochrome C and cytochrome C oxidase to enable cross-linking

between the protein.
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CHAPTER II

PURIFICATION AND CRYSTALLIZATION OF RHODOBACTER

SPHAEROIDES CYTOCHROME C OXIDASE

78



INTRODUCTION

The cytochrome C oxidases are members of a large superfamily of heme and

copper containing terminal oxidases. Members of this superfamily, both eukaryotic and

prokaryotic, are redox driven proton pumps that couple the reduction of molecular

oxygen to translocation of protons across the membrane. The active transport of protons

generates a proton and voltage gradient that is converted to more useful energy forms, via

energy conserving systems such as ATP synthase, or to heat by uncoupling proteins.

During the past 15 years, many site-directed mutagenesis studies combined with

spectroscopy have been performed to reveal the structure-function relationships in

bacterial cytochrome C oxidases, which serve as models for the this key mitochondrial

enzyme. In spite of all these efforts, the mechanism of energy transduction involving the

coupling of proton translocation and electron transfer is not understood at a molecular

level. As a prerequisite for understanding this mechanism, the crystal structure at high

resolution of many different states of the oxidase is required. In this chapter we report

several strategies to purify and characterize the wild type enzyme and the H333N mutant,

which is a ligand of the copper atom at the binding site where oxygen is reduced to water.

This mutant is completely inactive without global disruption of the structure. It is a good

candidate for crystallization because its structure may help us to know how changes of

residues in the vicinity of the reactive center could affect the function of the enzyme. We

also show the effect of different detergents on the stability and crystallization of the

enzyme. Finally, we show crystallization results using different purification protocols and

crystallization conditions.
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MATERIALS AND METHODS

Growth of Rhodobacter sphaeroides

Cells were grown on Sistrom's plates with 50 rig/ml spectinomycin, SOug/ml

streptomycin and 1 jig/ml tetracycline pH 7.0 at 30°C for 3 days. Cells were inoculated

in 6X100 ml flasks of Sistrom's media with the same antibiotics and grown for two days

at 30°C. These starter cultures were used to inoculate 12 Fembach flasks with 800 ml

Sistrom's media containing 1 rig/ml tetracycline. The cultures grew at 30°C with vigorous

swirling in New Brunswick shakers for two days or until the absorbance reading at 660

nm was about 1.7, which indicates that the cells are near the end of the exponential phase.

Cells were harvested by centrifugation in a GS-3 rotor at 14,000x g for 20 minutes at

4°C. The pellets that contained whole cells were saved at —80°C.

Membrane preparation

Cells were resuspended by gentle swirling in 50 mM KH2PO4 and 1 mM EDTA

with 50 rig/ml DNase I at pH 6.5, then homogenized and broken with two passages

through the French press at 18,000 psi. Whole cells and debris were removed by

centrifugation at 20,000 x g for 30 minutes at 4°C. The supernatant was centrifuged at

200,000x g for 1.5 hour in the ultracentrifuge. The pellet was frozen and stored at -80°C

without detergent; this step is critical for crystallization. The pellets were resuspended in

six volumes of 10 mM Tris, 40 mM KCl, 1% lauryl maltoside final concentration, at pH

8.0.
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The mixture was homogenized and stirred at 4°C for 20 minutes. The sample was

centrifuged again at 200,000x g for 1 hour at 4°C and the supernatant containing

cytochrome oxidase was used immediately for chromatography.

Protein Purification

Protocol 1:

Ni2+-NTA aff'mity chromatography

This is a rapid and highly efficient affinity purification scheme using Ni-

nitrilotriacetic acid agarose and a six histidine-tag fused to subunit I of the oxidase. This

improved purification technique was developed for the aa3-type cytochrome oxidase

from Rhodobacter sphaeroides with the aim of providing a convenient protocol to obtain

a sufficient supply of the enzyme for experiments (Mitchell and Gennis, 1995).

The amount of cytochrome oxidase present in the membrane preparation is

estimated spectroscopically by taking reduced minus oxidized difference spectra on the

solubilized membranes. The Ni2+-NTA resin was added at a ratio of 0.5m] resin for 1mg

enzyme. Irnidazole (IOmM final concentration) was also added to inhibit non-specific

binding and stirred for 1 hour at 4°C for binding. The mixture was loaded onto a gravity

-flow column and washed with 5 column volumes of 10 mM Tris-HCl pH, 40 mM KC1,

0.1% lauryl maltoside and 10 mM imidazole pH 8.0. This was followed by 5 column

volumes of 20 mM imidazole, 200 mM KC], 10 mM Tris-HCl and 0.1% lauryl maltoside

pH 8.0. Then the imidazole was washed away with 5 column volumes of 10 mM Tris, 40

mM KC] and 0.1% lauryl maltoside pH 8.0. The sample was eluted with 100 mM

histidine, 10 mM Tris-HCl, 40 mM KC] and 0.1% lauryl maltoside pH 8.0, then
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concentrated with a Centricon concentrator (molecular weight cut off 50,000). The

contaminating histidine-nickel complex was washed away with three volumes of 10 mM

Tris-HCl, 40 mM KC] and 0.1 % lauryl maltoside pH 8.0.

FPLC-DEAE Ion Exchange Chromatography

Approximately 15 mg of Ni2+-NTA purified cytochrome oxidase was loaded onto

two tandem DEAE-SPW columns (8 mm x 7.5 cm, TosoHaas) connected to an FPLC

system. The columns were pre-equilibrated with 10 mM KH2P04, 1 mM EDTA and

0.2% lauryl maltoside pH 7.5. The enzyme was eluted with a 45 ml of linear gradient

from 0-1M KC] in the same buffer at a flow rate of 0.5 ml / min. One ml fractions were

collected and the enzyme concentration was determined from an absolute reduced

spectrum measured with a Perkin-Elmer spectrophotometer from 400—700 nm, the

extinction coefficient is AEtoooow m) = 40 cm"1 mM". The purified enzyme was

concentrated and stored at -80°C.

Protocol 2:

Mono Q Anion Exchange Chromatography

Approximately 15 ml of sample containing 10-20 mg oxidase, purified with Ni”-

NTA affinity column similarly to the first protocol, was loaded onto the MonoQ column

(HR 10/ 10). The column was pre-equilibrated, before loading the sample, with 40 ml of

10 mM Tris, 0.05% lauryl maltoside, pH 8.0, then with 80 ml of 10 mM Tris, 0.5 M KC1,

0.05% lauryl maltoside, pH 8.0 and finally with 40 m] of 10 mM Tris, 0.05% lauryl

maltoside, pH 8.0 at a rate of 4 ml/ min. The sample was loaded at a rate of 2m]/ min.
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The protein was eluted with 20-25 column volumes of 005 M KC1 gradient in the same

buffer. The sample was washed and concentrated in 10 mM Tris and 0.24%

decylmaltoside pH 8.0.

Protein Assay

BCA wicinchoninic acid) protein assay system from Pierce was used to determine

the total protein contents in the sample (Smith et al., 1985). Bovine serum albumin

(BSA) was used as the standard. BSA and all the oxidase samples were diluted with

10mM Tris, 40mM KC], 0.25% deoxycholate, pH 11.2 and then mixed with 2m] working

buffer (a mix of reagent A (1% BCA-Na2, 2% Na2-CO3.H2O, 0.16% Na2.tartrate, 0.4%

NaOH, 0.95% NaHCO3, pH11.25) and reagent B (4% CuSO4.5 H2O in ddH2O) in 50:]

ratio), followed by incubation at 60°C for 30 min. The absorbance at 562 nm for the

samples was measured on Perkin-Elmer A 40P-UV/visible spectrometer.

Visible spectra

Visible spectra for the protein were detected with a Perkin-Elmer A 40P UV-

visible spectrophotometer. The protein was diluted in 50 mM KHzPO4 pH 7.2, 0.1%

lauryl maltoside. Samples were scanned from 700 nm to 400 nm and the amount of

enzyme was estimate using the extinction coefficient: AE(606-640 m) = 40 cm'1 mM‘1 for

an absolute spectra of dithionite reduced enzyme, and AE (606-640 m) = 24 cm'1 mMJ for

dithionite reduced minus ferricyanide oxidized difference spectra.
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SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis was used to detect the

number of subunits of the protein and the impurities contained in the sample.

Approximately 10 ug of protein in sample buffer (25 mM Tris pH 6.5, 40% glycerol, 8%

SDS and 0.08% bromophenol blue) was loaded on an 8% acrylamide stacking gel at pH

6.8 and 14% acrylamide separating gel at pH 8.8. The gel was polymerized for 2 hours

and run for 1 to 1.5 hours at 200V using a BioRad mini-Protean H apparatus. The gel was

then stained with Coomassie blue in 7% glacial acetic acid and 50% methanol, and

destained with 7.5% glacial acetic acid. Polypeptide sizes were estimated from low-

molecular weight range markers from Bio-Rad.

Activity measurement

Oxygen consumption was measured polarographically using an oxygen electrode

at 25°C in 50 mM KH2PO4 pH 6.5 containing 2.8 mM ascorbate, 1.0 mM TMPD (N-N-

N’-N’ Tetramethyl-p-phenylene diamine) 0.05% LM, 4 mg/ml phospholipids and 30 11M

horse heart cytochrome C. The turnover number (molecular activity) was calculated as

electrons per second per molecule of oxidase.

pH-Dependence Assay

Oxidase activity at different pH values was measured polarographically under the

same conditions as the previous protocol but using buffers with different pK values as

follows: sodium cacodylate buffer (50 mM) was used for pH ranges of 5.0, 5.2 and 6.0;
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potassium phosphate buffer (50 mM) was used for pH 6.5, 7.0 and 7.5; Tris buffer

(50mM) was used for pH 7.5, 8.0, 8.5 and 9.0.

CO-binding Assay

The CO-binding ability of the oxidase was measured from the CO difference

spectrum of CO bound form minus the reduced form of the oxidase. To prepare CO

bound oxidase, the enzyme at a concentration of about 1 11M in a solution of 100 mM

Tris, pH 8.0, 0.1% LM was reduced with dithionite, and a reduced spectrum was taken.

Then 1 ml of CO was bubbled slowly (5min total time) into 1 ml of the dithionite-

reduced oxidase at 25°C, and a second spectrum was taken. The CO binding is monitored

at 447 nm in the difference spectrum using the extinction coefficient AE (447-475 nm, of 80

mM'lcm" (Hosler et al, 1992).

Detergent Exchange by Gel Filtration

When exploring crystallization conditions, a variety of detergents need to be

tested. The exchange of one detergent for another is therefore an important step in

preparation of most membrane proteins for crystallization. A Pharmacia Hi Prep 16/60

Sephacryl S-200 column with fractionation range of 5000- 250,000 molecular weight was

connected to a Pharmacia FPLC system and used to exchange detergents. Purified

sample was stirred in 0.6% of the detergent of interest and loaded into the Sephacryl

column, which was pre-equilibrated with 10 mM Tris-HCl, 40 mM KC1 pH 7.5 and 0.2%

detergent. The sample was collected with a flow rate of 1 ml/ min and concentrated
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using a Centricon concentrator (50,000 M.wt. cut off) by spinning at 2000 x g. The final

sample concentration was about 10 mg/ml.

Spin column

Detergent concentration is very critical in crystallizing membrane proteins. Spin

column chromatography was used to adjust the detergent concentration. A 3 ml G-75

Sephadex column was pre-equilibrated with 10 mM Tris-HCl, 40 mM KCI pH 7.5 and

0.2% detergent. The column was first partially dried by spinning at 2,000 rpm for 8

minutes to avoid dilution of the sample. After loading the sample (500111 of 10mg/ ml

protein solution), the column was centrifuged again at 2,000 rpm for 7 minutes, and the

sample was collected and saved for crystallization. During this process, the sample buffer

was exchanged for the column buffer, and excess detergent was removed.

Thin Layer Chromatography

The enzyme was checked for the composition of detergents that it contained after

gel-filtration and spin column. The protein sample concentration was lOmg/ml. A 201]]

sample was added to 75p] methanol/chloroform in a 1:1 ratio. The mixture was vortexed

for 30 seconds, spun down at 13000 rpm for 2 minutes and the supernatant was dried and

re-dissolved in 40p] chloroform. Then the sample was applied slowly as a small spot to a

pre-activated Silica gel plate that had been heated for 3 hours at 120°C (Benning and

Somerville, 1992). The solvent system was 130 ml of acetone! toluene] water (91:3028).

Then the plate was dried, and stained with a- naphthol for sugars to determine the

position of detergents.
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Stability of cytochrome C oxidase in different detergents

The enzyme, which was purified in 0.1% lauryl maltoside, was incubated in

excess of each of the four detergents to be tested (0.6%), which are lauryl maltoside,

decyl maltoside, CYMAL-6 and Empigen. The incubation time was 72 hours at room

temperature, or 120 hours at 4°C. Fifty mM Tris-HCl at pH 7.5 was used as buffer. The

structural and functional integrity of the enzyme was investigated by spectroscopy and

oxygen consumption activity respectively.

Melting Temperature Assay

Cytochrome C oxidase denaturation experiments were conducted as another way

of measuring the stability of the enzyme in different detergents. The enzyme was purified

in dodecyl maltoside and decyl maltoside separately. Approximately 1.7 uM of the

sample in 50 mM potassium phosphate buffer (40011] total volume) was used.

Denaturation was monitored from 30°C to 80°C, with the rate of 1°C/ min, by measuring

the absorbance at 420 nm in 0.5 m] quartz cuvettes (path length = 1.0 cm), using

Beckman DU650 spectrophotometer equipped with a Peltier heating system. Spectra for

samples were recorded and the transition phase was determined.

Crystallization

The hanging drop vapor diffusion method was used in which 2 u] of 10-20 mg/ ml

protein was mixed with 2 u] of reservoir solutions on a well-siliconized cover slips and

inverted over the wells that contain reservoir solutions (from Hampton company) such as

PEG (polyethylene glycol) and ammonium sulfate which function as precipitants. The
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wells are covered and sealed using vacuum grease, and incubated at constant temperature

(room temperature and 4°C). Water vapor leaves the less concentrated drop and enters

the reservoir. The drop components concentrate as the volume decreases. This continues

until the drop and the reservoir vapor pressure are equilibrated. During the equilibration

period as the protein very slowly becomes insoluble and leaves the solution, crystals will

form.

The other protocol that we adopted from the Swedish group who succeeded in

crystallizing Rhodobacter sphaeroides oxidase at 2.3 A was also a hanging drop method.

The drop consisted of 2p] protein solution (15 mg/ml cytochrome C oxidase purified by

protocol 2), lul reservoir solution that include 21-23% PEG400, 100 pl of 1 M sodium

citrate and 50 pl of 2M sodium chloride to a 1m] total volume, pH 5.6 and 5.7. One

microliter of (0.1 M MgCl2, 15% heptanetriol and 10 x CMC (critical mice]

concentration) lauryl maltoside 1:1:1 mixture) were also added. The wells were covered

and sealed using vacuum grease, and incubated at 14°C for 12 hours and gradually the

temperature was decreased to 4°C in another 12 hours and kept at constant temperature at

4°C for about two weeks.

Images in this thesis are presented in color.
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RESULTS

Growth of Rhodobacter sphaeroides

The plasmid pYJ-pRK123H was used and transformed into Rhodobacter

sphaeroides 18100 which had subunit I deleted from its genome to create the

overexpressing strain YZ100 (Zhen er al., 1998). In that strain, three genes for the

structural subunits of cytochrome C oxidase and two assembly genes are linked together

in the multicopy plasmid pRK 415-1 plasmid. This strain when grown aerobically gives

4-5 fold higher production of the enzyme than the parent Ga strain. The expression of

cytochrome M3 was compared by the ratio of absorbance at 606 nm to that of 560 nm

(cytochrome a/ cytochrome b or a/b ratio). The wild type non-overexpressed strain gave

an expression of a/b ratio of 0.2 while a/b ratio for YZ100 the overexpressed strain was

0.8 (Figure 2.1). Using this strain increased the yield dramatically and ten liters of media

after two days gave approximately 50g wet cells, which contained about 60 mg of

oxidase.

The expression level of H333N is much lower than YZ100 wild type, because it is

not in an overexpression strain and the yield is about 10-15 mg oxidase/ 10L culture.

Purification with Ni2+-NTA

Approximately 90% of wild type and mutant cytochrome oxidase from the

membranes was recovered from Ni2+-NTA purification. Addition of 10 mM of imidazole

to the solubilized membrane eliminated the non-specific binding. An additional step of

using a
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Figure 2.1 Comparison between the expression level of the wild type strain (CY91)

and wild type overexpressed strain (YZ100). The expression was measured as

cytochrome a/cytochrome b or a/b ratio and calculated as Amt/A550
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relatively high salt (200 mM KCl) wash, after the first low salt wash (40 mM KCl) and

before the elution step, minimized the impurities (Figure 2.2). On an SDS gel the enzyme

that was washed with high salt (200 mM KCl) shows a more pure fraction than the one

that was washed with low salt buffer (40 mM KCl) only. The wash did not contain a

significant amount of the enzyme and did not result in loss of any of the subunits. The

gel also shows an extra band representing a 63 kDa polypeptide which is not removed

with this purification system, and probably represents a dimer of subunit I and H that may

be prevented from forming at high ionic strength.

Due to the high selectivity of the histidine-tag, contaminants were efficiently

removed; neither photosynthetic pigments, nor other membrane proteins had any

apparent effects on the binding or purity of the histidine-tag oxidase. This purification

took about 6-7 hours and yielded about 4-5 mg oxidase/ 1L culture.

To get a more reproducible enzyme preparation for crystallography, the protein

concentration was determined by the protein assay as mentioned in the Materials and

Methods, and the protein/detergent ratio was calculated. The best crystals were achieved

at lSmg/ml protein and 1.5 % lauryl maltoside when used in dissolving the membrane

pellet for application to the Ni2+-NTA column (Qin, personal communication).

DEAE anion exchange chromatography

When using a DEAE column for further purification, 70-75% of the oxidase was

recovered. The sample eluted at 250 mM KC1. The ratio of A230 to A420 (total protein per

oxidase ratio) for enzyme purified through both metal-affinity and DEAE columns is 1.8,

compared to 2.2 for the enzyme purified with NiZT-NTA alone, suggesting that combining
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Figure 2.2 Combination of Ni2+-NTA and FPLC columns as well as using relatively

high salt wash (200 mM KCI) to improve the enzyme purity.
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the two methods result in a better purification system and pure enzyme that may be

suitable for crystallization, but the fact that these columns cause a significant lipid

depletion that may be important for crystallization process.

Visible spectra

Visible spectra can detect impurities and the overall structural integrity of the

protein. The spectra for the purified wild type and H333N mutant showed a highly pure

enzyme with no b or C cytochromes. The reduced wild type oxidase had peaks at 444 nm

and 606 nm, which are the soret and (1 absorption regions for heme a and heme a3; and

the spectra for H333N mutant have the same absorption maxima in the or and the soret

regions indicating that the heme sites of this mutant were not altered (Figure 2.3).

After bubbling 1 ml of CO into dithionite-reduced cytochrome oxidase, 100% of

the wild type was converted to the CO-bound form, compared to 60% for H333N, which

suggested that by changing a histidine to asparagine at this position, a conformational

change at the binuclear center has occurred, though not detectable by the visible

spectrum.

SDS-PAGE

Polyacrylamide gel electrophoresis of the purified wild type oxidase (Figures 2.2

& 2.4) showed 3 distinct bands representing the three subunits of the enzyme with

apparent molecular masses of 42-44, 32-34 and 19 kDa. The gene for subunit H codes for

a 35 kDa protein after an N-terminal leader sequence is removed. The C-terrninal of

subunit H is also subject to processing, but processing is incomplete, resulting in two
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Figure 2.3 Checking the native structure of the wild type and the mutant H333N by

monitoring the absolute reduced spectra at the soret (444nm) and a (606nm)

absorption regions for heme a and heme a5,
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Figure 2.4 Improving the homogeneity of the enzyme. Lane 1 of the SDS gel is for

Niz+-NTA column purified wild type oxidase showing both processed and unprocessed

forms of subunit H, with apparent molecular weights of 34 and 36 respectively. Lane 2

shows NiZI-NTA column purified wild type oxidase with only the processed form (short)

of subunit H, created genetically by altering the gene for subunit H. Identification of

subunit polymers based on specific fluorescence labeling of all subunit (Schmidt,

personal communication).
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bands for subunit H of 34-36 & 32 kDa. Carrie Hiser in our lab engineered a gene for

subunit H that is artificially processed by a 2 kDa segment (Figure 2.4). This version of

the enzyme is more homogenous and a better candidate for crystallization. Variable

amounts of contaminants or polymerized forms in the 63-70 kDa range, are also seen in

the SDS gel (Figures 2.2 & 2.4).

Gel Filtration

SDS-PAGE of a purified wild type oxidase that ran through a Sephacryl S—200 gel

filtration column to exchange detergent, showed three bands representing the three

subunits of cytochrome C oxidase (Figure 2.5), and the visible spectra shows the two

normal peaks at 606 nm and 444 nm indicating that the enzyme was not changed

structurally. Approximately 75% of the enzyme was recovered.

Spin column chromatography

Five hundred microliters of approximately 10mg/ m] protein (wild type) was

loaded to the Sephadex column and the recovery ranged between 80-95%. The enzyme

activity was decreased, but the spectrum and the enzyme subunit composition remained

unchanged (Figure 2.5).

After gel-filteration and the spin column, the sample was applied to a TLC plate

to determine what types of detergents were in the sample. By running a control of both

lauryl maltoside(LM) and decyl maltoside (DM), it was very clear that a major part of

LM was exchanged with DM after the spin column (Figure 2.6), but by no means

complete exchange was obtained.
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Figure 2.5 SDS-polyacrylamide gel electrophoresis (14% separating and 8%

stacking) of oxidase purified with different columns. First and second lanes show wild

type oxidase, purified with Ni2+-NTA and FPLC, in two different concentrations (10 and

20 pg). Third lane shows the oxidase after gel filtration that was used to exchange

detergents, and the last lane shows the oxidase after a spin column was used to adjust the

detergent contents in the protein sample.
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Figure 2.6 Measurement of detergent content by thin layer chromatography (TLC).

Decyl maltoside and lauryl maltoside were run along with protein samples before and

after gel filtration and spin column, to examine the efficiency of the detergent exchange

process. In this experiment the sample was purified in lauryl maltoside, and the detergent

exchanged with decyl maltoside by gel filtration and spin column procedure. Before

detergent exchange, the sample was concentrated 10 fold and the concentrated lauryl

maltoside appears as large spot on the TLC plate overlapping somewhat with the position

of decyl maltoside. Detergent concentration was adjusted by spin column and on the gel

there are two bands for lauryl maltoside and decyl maltoside showing that complete

exchange was not obtained.
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Activity assay

The turnover number of the purified enzyme was approximately 1800 s‘1 at pH

6.5 in KH2PO4 buffer with lipids. The enzyme lost some activity after gel filtration

where the turnover number decreased to 1600 3‘], whereas after spin column the turnover

number was 1400 5-1, probably due to loss of lipids during the stages of purification.

To determine a maximum turnover a pH- dependent experiment was made, and

we found that the highest activity can be determined at pH 6.5 (Figure 2.7).

Stability of the enzyme in different detergents

The stability of the wild type oxidase was determined functionally by measuring

the oxygen consumption using the polarograph, and structurally by spectral analysis. The

enzyme behaved differently in different detergents at different temperatures. When

incubated at room temperature for three days the enzyme lost ~50% of its activity in

lauryl maltoside, 90% in CYMAL-6 and 85% in decyl maltoside. When incubated at

4°C, the enzyme lost 25% activity in lauryl maltoside or CYMAL, and 20% in decyl

maltoside (Figure 2.8)

Results from the melting temperature assay shows that Tm for the enzyme

purified in lauryl maltoside was 658°C, whereas the Tm for the one purified under the

same conditions in decyl maltoside was 608°C, which means that enzyme purified in

lauryl maltoside was more stable (Figure 2.9).
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Figure 2.7 Effect of pH on cytochrome C oxidase activity.
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Figure 2.8. Stability of the enzyme in different detergents. Figure A shows the effect

of detergents on the stability of the enzyme at room temperature where the enzyme lost

50- 90% of its activity depending on the detergent type. Figure B shows the loss of

activity of the oxidase when incubated in different detergents at 4°C resulting in an

activity loss of 20-25 %.

TN: Turnover number.

108



T
N

(
5
6
6
1
)

T
N
(
s
e
t
)

A: Assay at Room Temperature

 
 

 
 

 
 

 

 

 
   

A Decyl maltosmc

1200 .—

0
CYMAL

F\\A- »7‘
- \\

-Q

\
lllll

-

e
T“

800 r—

\\\“\\
e

T\\

A

\
\
T
\

o -
.

- \400 --

e

A

‘0.

0

l
l

l
I A i I

0

20

40

60

80

Time (hrs)

0

B: Assay at 4 C
1500

‘ A4 A..- .. ., .

A
‘

_ e. - I
A

WM4344?:

I; - I I

1000 .1
Q

0-.
,. -.._- a, -\\\i

O

500 —i

‘ Decyl maltoside

at

-
LM

0 cYMAL

0

t

'

'
I

r

I

'

o

40

80

120

Time (hrs)

Figure 2.8

109

 

 

  



Figure 2.9 Enzyme stability measured by melting temperature assay. Enzyme

purified with either lauryl maltoside or decyl maltoside was used for the denaturation

experiment to measure the stability of the enzyme under each condition. Denaturation

was monitored from 30°C to 80°C by measuring the absorbance at 420nm.
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Crystallization

After screening more than 1000 variations, including several precipitants and

precipitant concentrations, different additives, different pHs and two temperatures,

microcrystals were observed after two weeks under 10 of these conditions. The common

precipitant in all 10 wells that had crystals was polyethylene glycol (PEG) and the pH

range for the reservoir solutions was 6.5-7.5. Crystals of wild type oxidase grew at both

room temperature and 4°C, and in both lauryl maltoside and decyl maltoside. In order to

improve the quality and the size of the crystals, modifications of the previous extreme

conditions, used for the initial screening, was required. Using mild conditions such as

lower PEG concentration, created a protein instability problem. Use of protein inhibitors,

forrnate and azide, was tried to overcome this problem. The protein was more stable

when using the inhibitors, but the crystal formation did not improve.

In parallel with our efforts, a group in Sweden (Svensson Ek, M. and Iwata, S.)

were successful in achieving crystals of Rhodobacter sphaeroides oxidase that diffract at

2.3A resolution. Their procedure differed importantly in the purification method, using

Mono-Q instead of DEAE-SPW and not as vigorous detergent exchange, by using an

Amicon concentrator instead of the gel filtration and spin columns in our protocol. They

crystallized the protein in 0.24% decyl maltoside detergent and the protein concentration

was 15-20 %.

By using this protocol we were able to see crystals after 2-3 days and they can

grow bigger for about another 10 days (Figure 2.10). So far the best diffraction has been

achieved to 3.2 A. Efforts continue toward achieving higher resolution.
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Figure 2.10. Crystal of Rhodobacter sphaeroides wild type cytochrome C oxidase.

Crystals were grown under conditions mentioned in the Materials and Methods section

and the overall dimensions are 0.3 x 0.3 x 0.15 mm.
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DISCUSSION

Despite the increasing number of membrane protein structures solved by X-ray

crystallography, crystallizing membrane proteins remains a challenging task; this is due

to the fact that straight-forward, reliable methodologies and strategies for obtaining X-ray

quality crystals of integral membrane proteins do not exist yet. As a general rule in

crystallizing membrane proteins, the critical factors in determining the success of the

crystallization experiments are the purification and preparation of membrane protein

samples. Another important factor is the role of detergent in the stability and aggregation

of membrane proteins, as well as the colloidal properties of protein-detergent complexes

that need to be controlled before and during the crystallization trials. Further it has

recently become apparent that complete removal of lipids may be neither possible nor

desirable (Garavito and Ferguson-Miller, 2001).

In order to follow these general rules and in our first attempts to crystallize

Rhodobacter sphaeroides cytochrome C oxidase, we purified the enzyme with affinity

chromatography combined with DEAE ion-exchange chromatography. Ni2+-NTA affinity

chromatography is known to be the most effective method for separating cytochrome C

oxidase from other proteins; and DEAE ion-exchange chromatography is capable to a

large extent in separating the two forms of the enzyme with long and short subunit H.

This problem of having two forms of subunit H is due to the presence of a proteolytic

cleavage site located at the C-terminal of subunit H (Hosler er al., 1992; Rumbley et al,

1997). This site is subjected to partial processing during growth, resulting in two forms of
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the enzyme. Combining these two methods of purification improved the purity and

homogeneity of the enzyme remarkably.

Then gel filtration was used to exchange detergents. The protein sample was very

diluted after gel filtration and the concentration process concentrates the detergent as well

as the enzyme, and since the detergent concentration is very critical in crystallizing

membrane proteins, a spin column was then used to adjust the detergent concentration.

These procedures also cause lipid depletion, where naturally associated lipids were

substituted with detergents.

Further, the enzyme was analyzed by thin layer chromatography, which revealed

that the detergent exchange was not complete, even with the gel filtration and spin

column. Since most membrane protein purification] crystallization methods do not

determine extent of exchange, thin layer assay was used as a valuable tool for monitoring

the detergent content and lipid composition in order to standardize procedures.

Although incubation of the enzyme in any of the different detergents caused some

decrease in activity with time, still after three days at room temperature and five days at

4°C the enzyme remains active. Lauryl maltoside kept the enzyme more active at room

temperature whereas decyl maltoside kept it more active at 4°C. Incubation in CYMAL-

6 has the lower activity, but the enzyme is still active and it could be considered for

crystallization.

The initial screening involved searching for the parameters and optimum

conditions for crystals growth. As for many other membrane proteins, PEG proved to be

the best precipitant for Rhodobacter sphaeroides cytochrome oxidase. The enzyme in

both lauryl maltoside and decyl maltoside formed crystals although in lauryl maltoside
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more successes were observed. Unexpectedly the microcrystals grew at both

temperatures, leading to a perhaps wrong conclusion that temperature had little effect, but

later studies revealed that it is a critical factor in getting large and stable crystals useful

for X-ray analysis. The fact that the enzyme had highest activity at pH 6.5 and that

crystals grew at pH range of 6.5-7.5, seemed to be a reasonable result, though this is by

no means a common observation.

After purification the enzyme showed a satisfactory purity, homogeneity and

activity to be crystallized. It also showed a reasonable stability while growing crystals.

These were encouraging results for proceeding with crystallizing this membrane protein,

but after continuous efforts we were not able to improve the size and the quality of our

crystals.

As part of a collaboration between our lab and a Swedish group in Uppsala, we

modified our purification protocol and crystallization conditions to match their protocols

since they had succeeded to solve the crystal structure of Rhodobacter sphaeroides

cytochrome C oxidase at 2.3 A. In their protocol, the enzyme was purified with N1-

affinity chromatography as above but using an imidazole gradient to elute rather than

100mM histidine. The next purification step used a Mono Q column instead of

DEAE/SPW-HPLC ion-exchange column. These two columns have the same DEAE ion-

exchange chemistry but a different resin is used as a support. No gel filtration or spin

column was used for detergent exchange, just a concentrator-filtration method. This

lesser level of manipulation and different DEAE resins may be critical for maintaining

the necessary native lipids.
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By using more and different column systems (affinity chromatography, DEAE

ion-exchange chromatography, gel-filtration and spin column, compared to use affinity

chromatography and Mono-Q column) we were achieving higher purity, homogeneity

and detergent exchange, but undoubtedly we were losing more of the native membrane

lipids. The maintenance of some lipid-protein interactions may be critical for

crystallization (Garavito and Ferguson-Miller, 2001). As many as 19 lipids were resolved

in the 2.0 A resolution structure of bovine cytochrome oxidase (Yoshikawa, personal

communication), and six were resolved in the Rhodobacter sphaeroides structure

(Svensson-Ek et al., 2002). Eighteen lipids were also found associated with

bacteriodopsin at 1.55 A resolution (Luecke et al., 1999). Nussberger and colleagues

document the requirement of 4 molecules of digalactosyl diacyl glycerol lipids per

molecule of plant light harvesting complex to achieve 2—dimentional crystallization.

Another example of the importance of lipids in crystallizing membrane proteins is the

requirement of re-addition of lipids in crystallizing the sarcoplasmic Ca“ pump

(Toyoshima et al, 2000). Therefore, even when reasonably active forms of the enzyme

are isolated, solubilized and purified by using non-ionic detergents such as lauryl

maltoside to substitute for the lipid bilayer, still the structural integrity and homogeneity

of the membrane proteins may be influenced by retained lipids.

Using the Swedish purification protocol and a hanging dr0p method for

crystallization under modified conditions, as mentioned in the Materials and Methods

section, we were able routinely to get crystals as large as 0.3 X 0.3 X 0.15 mm in our lab.

This encourages us to continue with our efforts at refining the method to crystallize

mutant forms and in the future of forming and crystallizing a complex between
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cytochrome C- cytochrome C oxidase to reveal more information about the binding sites

and the process of electron transfer between the two proteins.
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CHAPTER III

USE OF THIN LAYER CHROMATOGRAPHY AND MASS SPECTROMETRY

TO ANALYZE MEMBRANE LIPIDS FROM RHODOBACTER SPHAEROIDES

MEMBRANES
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INTRODUCTION

Membrane lipids play a variety of key roles in biomembrane function. Although

very little is known about the molecular basis of these lipid-protein interactions, it is well

understood that a major role of membrane lipids is to form the bilayer structure that

provides the immediate environment for the integral membrane proteins, allowing them

to perform important physiological processes such as photosynthetic and respiratory

energy transduction (Gennis, 1988; McAuley, 1999).

The membranes of Rhodobacter sphaeroides are commonly known to contain two

classes of polar lipids: phospholipids and non-phosphorous glycolipids (Benning et al.,

1995). Growth conditions can affect the lipid composition: the abundance of polar lipids,

as well as other lipids, changes under respiratory or photosynthetic growth.

Under all growth conditions the membranes of Rhodobacter sphaeroides contain

substantial amounts of phosphatidylethanolamine. Four phosphatidylethanolamines and

two other unidentified phospholipids were clearly seen in the crystal structure of

cytochrome C oxidase from Rhodobacter sphaeroides (Svensson et al., 2002). For

comparison, five phosphatidylethanolamines were observed in the crystal structure of the

bovine heart cytochrome C oxidase (Yoshikawa et al., 1998) as well as three phosphatidyl

glycerols. In Rhodobacter sphaeroides, phosphatidylglycerol is found in significant

amounts under photosynthetic growth, and also found under respiratory growth in

variable amounts. Diphosphatidylglycerol, also known as cardiolipin, is also found in

Rhodobacter sphaeroides membranes. There is strong evidence of the functional

importance of some anionic membrane lipids, in particular cardiolipin, which is found to
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be associated with the oxidase even after the protein isolation and purification (Robinson

et al., 1980).

In this section we analyzed for the presence of the major lipids, such as the

phosphorus-containing and non-phosphorus-containing lipids: phosphatidylglycerol,

phosphatidylethanolamine, phosphatidylserine, phosphatidylcholine and cardiolipin

sulfolipids and omithine lipid that associated with Rhodobacter sphaeroides cytochrome

C oxidase, during different purification steps and in the crystals. Thin layer

chromatography and mass spectrometry were used to identify and quantify the lipid

content. The goal was to establish the nature of the lipid retained during purification and

to determine the importance of lipid in obtaining crystals with good diffraction

characteristics.
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MATERIALS AND METHODS

Growth of Rhodobacter sphaeroides

Cells were grown on Sistrom's plates with 50ug/ml spectinomycin, 50pg/ml

streptomycin and 1 rig/ml tetracycline pH 7.0 at 30°C for 3 days. Cells were inoculated

in 6X100 ml of Sistrom's media with the same antibiotics and grown for two days at

30°C. These starter cultures were used to inoculate 12 Fembach flasks with 800 ml

Sistrom's media containing the same antibiotics. The cultures grew at 30°C with vigorous

swirling to achieve maximum aeration in New Brunswick shakers for two days or until

the absorbance reading at 660 nm was about 1.7, which indicates that the cells are near

the end of the exponential phase.

Cells were harvested by centrifugation in a GS-3 rotor at 14,000x g for 20

minutes at 4°C. The pellets contained whole cells were saved at -80° C.

Basic Lipid Extraction

The protein sample concentration was lOmg/m]. 20p] sample (membranes or

purified enzyme) was added to 75p] methanol/chloroform in a 1:1 ratio. The mixture was

vortexed for 1 minute, spun down at 13000 rpm for 2 minutes and the supernatant

containing lipids was saved for further analysis.

Acetone Extraction of Lipids

Approximately 100111 sample containing 10mg/ml was lyophillized and 10 times

volume of anhydrous acetone was added. Sample was vortexed for 1 minute and kept in
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ice for I hour. The mix was spun at 2500 rpm for 3-5 minutes and the supernatant was

removed, dried and re-dissolved in 40 it] chloroform/methanol 1:1 ratio. Then the pellet

was extracted with 75p] chloroform/methanol 1:1 ratio, vortexed for 1 minuet and spun at

13000 rpm for 2 minutes. The supernatant was dried and re-dissolved in 40 1.11

chloroform/ methanol 1:] ratio.

Ammonia Extraction

An approximately 100p] sample containing 10mg/ml was lyophillized and a 10

times volume of acetone was added. The sample was vortexed for 1 minute and kept in

ice for I hour. The mix was spun at 2500 rpm for 3-5 minutes and the supernatant was

removed, dried and re-dissolved in 40 it] chloroform/methanol 1:1 ratio. The pellet was

then extracted with chloroform/methanol 2:1 twice, ethanol/diethylether 1:] once and

finally with chloroform/methanol/ammonia (100: 50: 2) twice to extract the cardiolipin.

The supernatant from all extraction steps were kept together and evaporated with nitrogen

gas, then dissolved in 40 u] chloroform/methanol 1:1 ratio and saved for further analysis.

Thin Layer Chromatography (TLC)

Samples that were either extracted with chloroform/methanol, acetone or

ammonia were applied to a pre-activated Silica gel plate treated with sulfuric acid and

heated at 120°C for 3hours (Benning and Somerville, 1992). The solvent system that used

was 128 ml of acetone/ toluene! water (91:30:7). The plate was run for about 50 minutes,

dried and stained with iodine for all lipids and with 01- naphthol for sugars to determine
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the existing detergents, as well as molybdenum blue for phosphate groups to confirm

phospholipids bands.

Some of the bands were cut and the Silica was precipitated by adding 200p]

chloroform, vortexed for 1 minute and spun at 2500 rpm for 3-5 minutes. The supernatant

was removed, dried with argon gas and re-dissolved in 10-20111 chloroform to be

analyzed by mass spectrometry.

Fast Atom Bombardment Tandem Mass Spectrometry (FAB)

FAB mass spectra were obtained using a JEOL HX-110 double-focusing mass

spectrometer (JEOL USA, Peabody, MA) operating in +/- ion mode. Ions were produced

by bombardment with a beam of Xe atoms (6 keV). The accelerating voltage was lOkV

and the resolution was set at 1000. For FAB-CAD-MS/MS, helium was used as the

collision gas in a cell located in the first field-free region. The helium pressure was

adjusted to reduce the abundance of the parent ion by 50%. A JEOL data system

generated linked scans at a constant ratio of magnetic to electrical fields (B/E). The

instrument scanned from 50-1500 rn/z.

Approximately 0.1ug of lipids extract was mixed with 11.11 of matrix, either

triethanolamine or glycerol, and injected into the system.

Matrix-Assisted Laser Desorption Ionization Mass Spectrometry (MALDI)

The matrix 2,5-dihydroxybenzoic acid was purchased from Aldrich (Milwaukee,

W1). A matrix solution with a concentration of 25 mg/ml was prepared using a 1:1

acetonitrile/water solution. Lipids were dissolved in chloroform and samples were
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prepared by spotting l u] of matrix solution on a gold sample plate, air-dried and then In]

of the analyte was added.

For whole protein analysis (protein and associated lipids), 1 111 sample was

cocrystallized with the matrix and then injected into the system.

Reflectron and post- source decay (PSD) MALDI mass spectra were recorded on

a PerSeptive Biosystems (Farmingham, MA) Voyager STR delayed extraction time-of-

flight linear (TOF) mass spectrometer equipped with nitrogen laser (337 nm, 3 ns pulse).

Analysis of mass spectrometry data was facilitated by using calculated molecular

weights for lipids with different acyl groups as shown in Table 3.1.

Phosphate Analysis

Typical samples used were 101.1] of 60mg/ ml protein. Water was added to 2m]

final volume. Samples and a blank (2ml water) were heated in a preheated oven at 150-

160°C for at least 3 hours. Then 50p] of phosphorous-free hydrogen peroxide were added

to each sample and incubated for another 1.5 hour to complete the combustion and to

decompose all the peroxide. Then 0.2m] of 5% ammonium molybdate and 0.2m] of

Fiske-SubbaRow reagent (15g anhydrous sodium bisulfite, 0.25g 1-amino-2-naphthol-4-

sulfonic acid, 0.5g anhydrous sodium sulfite in 100 ml water) were added, mixed

thoroughly and heated for 10 minutes in a boiling water bath. The tubes were cooled

down and the absorbance at 830nm was recorded by using a Perkin Elmer UV/VIS

Lambda 40 spectrometer.

For the standard curve, tubes containing 0.02, 0.04, 0.06, 0.08, 0.1 and 0.12umole

phosphate were prepared and 0.5m] 10 N H2SO4 was added and vortexed. Then the
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Table 3.1 Molecular Weights of Major Lipids in Rhodobacter

 

 

 

 

 

 

 

  

sphaeroides

Lipid Head Head + Head + Head + Head + Head + Head + Head +

Acyl Acyl Acyl Acyl Acyl Acyl Acyl

groups groups groups groups groups groups groups

18:0 18:1 18:0 18:1 18:1 16:0 16:1

18:0 18:1 16:0 16:0 16:1 16:0 16:1

Phosphatidyl 154 777 773 749 747 745 721 717

glycerol (PG)

Phosphatidyl 124 747 743 719 717 715 69] 687

ethanolamin

(PE)

Phosphatidyl 167 790 786 762 760 758 734 730

serine (PS)

Phosphatidyl 166 789 785 761 759 757 733 729

choline (PC)

Sulfoquinovosyl 226 849 845 821 819 817 793 789

diacylglycerol

(SL)

Omithine Lipid 131 680 676 652 650 648 624 620

Diphosphatidyl 216 1462 1458 1434 1432 1430 l 350 1 346

glycerol

(Cardiolipin)          
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molybdate and the Fiske-SubbaRow reagent were added, mixed, heated and the

absorbance was recorded as mentioned above.
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RESULTS

Lipid Extraction

Membranes and purified enzymes from wild type cells grown under the

conditions indicated in the Materials and Methods section, initially were extracted with

chloroform-methanol (2:1 by volume), a solvent universally used for lipid extraction.

This system was efficient in extracting most of the polar lipids (phospholipids and

glycolipids) as well as the neutral lipids including detergents. Since our purified enzyme

contains significant amounts of detergents that extract along with other lipids and

interfere with further lipid analysis, this method was not very useful for our purposes.

Acetone pre-extraction was used as an alternative method. This is the simplest

and often the most efficient procedure for separating polar lipids from neutral lipids and

detergents. The method depends on the general insolubility of polar lipids in cold, dry

acetone, and the fact that other neutral lipids and detergents are soluble in cold, dry

acetone (Awasthi et al., 1971). It was found that this method of separation was only

successful if the sample was lyophilized before acetone extraction to maintain a

minimum water content in the sample that could affect lipid extraction and separation by

TLC. By using this method, followed by the basic chloroforrn- methanol system, we were

able to separate polar lipids from neutral lipids (pigments and detergents) to a great

extent.

One of the important polar lipids in Rhodobacter sphaeroides membranes is the

tightly bound diphosphatidyl glycerol (cardiolipin). The chloroform/methanol method

partially extracted this lipid. Therefore we used another system to extract cardiolipin:
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acetone extraction to remove detergents, followed by chloroform/ethanol (2:1), then

ethanol/diethyl ether (1:1) and finally chloroform/ methanol/ ammonia (100: 50: 2) to

ensure the extraction of cardiolipin. When analyzing this extract we were able to detect

cardiolipin by mass spectrometry (Figure 3.1), even though it tended to run off the top of

the plate in the thin layer system used.

Combining acetone pre-extraction with ammonium extraction is a good procedure

to get a high yield of lipid contents without interference from detergents and pigments

that might affect the lipid analysis.

Thin Layer Chromatography

To examine the lipids that associate with Rhodobacter sphaeriodes oxidase, wild

type membranes and purified enzyme were extracted and separated by thin layer

chromatography. This separation revealed a consistent pattern of polar lipids in all

samples and showed phospholipids as a major class of lipids under our growth

conditions. Phosphatidylethanolamine was found to be the most abundant lipid in the

extract; this is in agreement with a previous study (Benning et al, 1995).

Phosphatidylcholine and phosphatidylglycerol were also found in significant amounts.

Phosphatidylserine appears as a small spot running close to and sometimes co-migrating

with phosphatidylethanolamine. All these lipids were confirmed with lipid standards

(Figure 3.2).
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Figure 3.1 MALDI spectra (Matrix-Assisted laser Desorption Ionization Mass

Spectrometry) showing the presence of cardiolipins with a molecular weight of 1458

kDa, corresponding to cardiolipin with 4(18:1) alkyl chains. Sample was extracted

first with acetone to remove detergents and the pellet was further extracted with

chloroform/ethanol 2:1 twice; ethanol/diethyl ether 1:1 once and chloroform]

methanol/ammonium 100:50:2 once, to extract the tightly bound cardiolipins.
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Figure 3.2. Thin layer chromatography (TLC) of membrane and purified enzyme

extracts. Samples and lipid standards were applied to TLC plate, run for 50 minutes and

stained with iodine. Both samples contained phosphatidylglycerol (PG),

phosphatidylethanolamine (PE), phosphatidylcholine (PC), sulfolipids (SL) and omithine

lipid. The Mono-Q purified sample showed an extra band (yellow), between omithine

lipid and sulfolipid, that represents detergents since membranes samples do not contain

any detergents.
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Sulfolipids and omithine lipids were also identified in our samples. These are

phosphorus-free lipids are found in wild type Rhodobacter sphaeriodes cells under

normal growth conditions (Benning, 1997) (Figure 3.2).

Diagnostic spray reagents specific for phosphate groups (molybdenum blue), for

sugar residues (tr-naphthol reagent) and for free amino groups (ninhydrin) were useful

tools to provide more information about specific bands (Figure 3.3). These stains were

particularly useful for distinguishing the sulfolipids band from omithine lipid and

phosphatidylserine.

Thin layer chromatography is a semi-quantitative method; when we apply the

same amounts of samples, we get almost the same size of bands for each type of lipid

(Figure 3.4). Therefore we used the thin layer chromatography technique to determine the

relative amounts of lipids that associated with the oxidase in the membranes and after

each purification step. The same types of lipids were found in membranes and after all

purification stages, but with decreasing amounts (Figure 3.5). To maintain a more

quantitative measure of lipids, these samples were further analyzed for their phosphate

contents. Over 70 phosphate-containing lipids per average protein molecule (50kDa)

were found in membranes, whereas only 16-23 and 8-11 phospholipids] oxidase molecule

were found after Ni2+-NTA purification and after a Mono-Q column respectively. This

value does not include the non-phospholipids that are clearly present in the TLC analysis.

These results suggest that 10-15 lipids may be associated with a single oxidase at the time

of crystallization.

An interesting result was found when membranes from cells grown

photosynthetically and cells grown under high oxygen were extracted and analyzed with
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Figure 3.3 Diagnostic spray reagents for specific groups. Membrane extracts,

chloroform/methanol extract (lane 1 of each set) and the prior acetone extract (lane 2),

were applied to a TLC plate and stained with molybdenum blue for phosphate groups:

phosphatidyleglycerol (PG), phosphatidylethanolamine (PE) and phosphatidylcholine

(PC). tit-naphthol (outer panel) was used to detect the sugar-containing lipids (sulfolipids

SL). Ninhydrin (right panel) stain is specific for free amino groups. This stain over-

reacted and all bands showed up including the expected omithine lipid and

phosphatidylserine. Cardiolipin (CL), heme and photosynthetic pigments co—migrate at

the top of the plate.
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Figure 3.4 Semi-quantitative analysis for membrane lipids by Thin Layer

Chromatography. Membrane samples, containing 1 mg cytochrome C oxidase, were

extracted with acetone and then with chloroform/methanol 1:1 and applied to TLC plate.

The same amount of sample was applied to each lane and the band positions, densities

and sizes are almost the same in each extract, showing the consistency of the method in

relative quantification of lipid composition.
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Figure 3.5 Comparison of lipid composition in membranes and after each stage of

purification. Rhodobacter cells were either grown photosynthetically (first lane) or

under high oxygen (second lane). Cytochrome C oxidase from aerobic cells purified with

Niz+-NTA affinity chromatography (third lane) followed by Mono Q column (last lane)

were extracted and applied to a TLC plate. All samples have the same types of lipids with

variable amounts. Known amounts of the extract of cytochrome C oxidase were applied to

each lane: amount of cytochrome C oxidase in the membranes sample was 0.1 mg, in

Ni+2-NTA purified enzyme was 0.5 mg and in the Mono-Q column purified enzyme was

1 mg.
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TLC. There was no significant difference in lipid composition in each extract except for

the presence of variable amounts of phosphatidyl serine in cells grown under high oxygen

(Figure 3.5, first lane).

Mass Spectrometry

The presence of phosphatidylethanolamine, phosphatidylglycerol, phosphatidylcholine

and sulfolipid was further verified by FAB and MALDI mass spectrometry. The FAB

mass spectrum in either the positive or negative ion mode showed high-mass ions

indicative of the molecular weights corresponding to the above lipids. In the FAB-mass

spectrometry profile, significant peaks were identified at 743, 773, 789 and 819 m/z.

These signals represent phosphatidylethanolamine, phosphatidylglycerol,

phosphatidylcholine and sulfolipid, respectively (Figure 3.6). Some of these peaks were

also confirmed by the presence of characteristic fragments due to the loss of a head group

or acyl group.

Significant charged peaks with molecular masses of 253, 255, 281 and 283 are

also present in the low mass region representing acyl groups with different carbon chain

lengths and different degree of saturation. These peaks are equivalent to the calculated

molecular weights for the following fatty acids: 16:], 16:0, 18:1 and 18:0, respectively

(Figure 3.7). This result is consistent with a previous study on fatty acid composition in

Rhodobacter species where they found that the dominant fatty acids are long chains with

16 and 18 carbon atoms (Imhoff, 1991).

MALDI mass spectrometry was used as another powerful technique to analyze

lipids without requiring previous sample extraction. This method provides useful data on
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Figure 3.6 Membrane lipid analysis by Fast Atom Bombardment Tandem Mass

Spectrometry (FAB). Rhodobacter sphaeroides membranes were extracted with acetone

followed by chloroform/methanol 1:1 ratio and analyzed by FAB mass spectrometry to

reveal the presence of phosphatidylthanolamine (PE), phosphatidylglycerol (PG),

phosphatidylcholine (PC) and sulfolipids (SL). The numbers (underlined) indicate the

mass and the calculated alkyl chains.
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Figure 3.7 Fatty acid composition by Fast Atom Bombardment Tandem Mass

Spectrometry (FAB). The underlined numbers indicate the mass of the peak, followed

by the type of the alkyl chain.
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lipid composition, consistent with previous results from TLC and FAB techniques. With

MALDI we were able to see the association between lipids and the protein subunits such

as the association between cardiolipin and subunit IV of the oxidase (Figure 3.8). In

addition, MALDI has the power of showing the intact protein with lipids associated

(Figure 3.9), although this does not give quantitative information about relative amounts

of the different lipids. A combination of TLC chromatography and MALDI spectrometry

was also performed. Extracted samples were separated on a TLC plate, and each band

from the plate was further analyzed with MALDI. These peaks were identified at 777,

745 and 787 m/z representing PG, PE and PC, respectively (Figure 3.10).

A more detailed mass spectrum (ms/ms) of a specific region provides more

information about fragmentaion of certain molecules, for example, the 184 mlz peak is a

characteristic peak for the head group of phosphatidyl choline (Figure 3.10).

Interesting results were found when one crystal was re-dissolved and analyzed

with MALDI (Figure 3.11). It was clear that the crystal contains phosphatidylcholine and

it also contains phosphatidylethanolamine as reported in the crystal structure of

Rhodobacter sphaeriodes cytochrome C oxidase (Svensson-Bk et al., 2002) (Figure 1.4).
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Figure 3.8 The association between cardiolipin and subunit IV of RhodobaCter

sphaeroides cytochrome C oxidase. The analysis was made by Matrix-Assisted Laser

Desorption Ionization Mass Spectrometry (MALDI). Cardiolipin (CL) bound to the long

form of subunit IV, and phosphatidylcholine (PC) bound to the short form of subunit IV.

A potassium adduct was also detected (subunit IV + potassium ion).
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Figure 3.9 Analysis of NiZT-NTA purified cytochrome C oxidase by MALDI mass

spectrometry. Whole purified enzyme was analyzed with MALDI and

phosphatidylethanolamine (PE), phosphatidylglycerol(PG) and sulfolipids (SL) were

detected, with the indicated alkyl chain.
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Figure 3.10 Combining Thin Layer Chromatography and MALDI mass

spectrometry for lipid analysis. Membranes of Rhodobacter sphaeroides were

lyophilized, extracted with acetone followed by chloroform/methanol extraction and

applied to TLC plate. Specific bands were scratched from the plate and the silica was

precipitated by centrifugation. The lipids were dissolved in chloroform and analyzed with

MALDI. Top panel contains phosphatidylglycerol (PG) and band B contains

phosphatidylethanolamine (PE). A more detailed spectrum (ms/ms) for band C showed a

peak for phosphatidylcholine and a characteristic peak for its head group at 184 m/z.
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Figure 3.11 Lipid composition of a re-dissolved crystal analyzed with MALDI. This

data shows the presence of two major lipid components in Rhodobacter sphaeroides:

phosphatidylcholine (PC) and phosphatidylethanolamine (PE), in a re-dissolved crystal,

the crystal spectrum also contains sulfolipids (not shown in this figure). The crystal was

dissolved in 10 pl of 10 mM Tris, 0.1% LM and directly analyzed with MALDI. In the

crystallization procedure we use polyethylene glycol (PEG), as a protein precipitant, it

shows strong peak signals in the spectrum.

154



 

 

2
5
2
:
»
;

N
E

m
m
»

m
2

m
2
.

m
u
»

m
:

_
.
K
.

b
b

3
.
3
5
.
—

2
3
.
3
5
.
—

U
A
—

Kusuaml

 0%.

 
 

155



DISCUSSION

Fast atom bombardment and matrix-assisted laser desorption ionization mass

spectrometry are powerful methods for directly characterizing underivatized lipids, even

in mixtures. These methods show mass ions indicative of the molecular weights of each

of the molecular species present in the sample as well as fragments derived from

elimination of the head groups or acyl groups. However, it is difficult to obtain

quantitative information and to characterize the structure of some molecular species in a

mixture with these methods, because the amount of each species desorbed from the probe

is not proportional to the amount in the sample. In addition, the molecular ions of

isomeric species overlap and fragments may be attributable to more than one molecular

species. Therefore in this study we used mass spectrometry along with thin layer

chromatography and phosphate analysis to analyze the lipid composition of Rhodobacter

sphaeroides membranes and each stage of the oxidase purification.

Spectra from MALDI and FAB mass spectrometry show consistent peaks at

certain regions that are equivalent to the calculated molecular weights for

phosphatidylethanolamine, phosphatidylglycerol, phosphatidylcholine, cardiolipin and

sulfolipid. The same samples were separated by a TLC method that provided an efficient

separation, but since it is hard to control differences in humidity that allow lipids to

migrate differently, we used standard lipids to confirm the types of lipids present in each

sample at each condition.
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Lipid analysis by thin layer chromatography and FAB mass spectrometry and in

some cases by MALDI requires lipid extraction. The extraction efficiency is a major

factor in lipid determination. When we used chloroform/methanol alone versus combined

with ammonium extraction, tightly bound cardiolipin was resolved from the latter

extraction method, but not detected in the former extract.

Another important factor is the water content in the sample, which is a variable

that affects the lipid extraction and migration in thin layer chromatography; therefore all

through our study we used lyophilized samples to contol the water content. This was

particularly important in permitting the extraction of detergents with dry acetone: if water

was present in the sample, the acetone was not dry, and most of the lipids were extracted

along with the detergent.

The purification method can be critical in permitting lipid retention. In order to

maintain lipids that may be critical for crystallization, purification needs to be conducted

very carefully with special attention to the nature and concentration of the detergent and

the type of resin used. Ion exchange columns are not all alike, even when they have the

same active groups. Both Mono Q and DEAE SPW resins have the same ion-exchange

chemistry, but are attached to different supporting matrices. Evidence suggests that the

SPW resin strips off more lipids than Mono Q (Hosler et al., 1992).

In order to purify cytochrome c oxidase, as other membrane proteins, it must be

solubilized with detergent to substitute for the native lipid bilayer where the membrane

protein is naturally found. If too much or too strong detergent is used, more lipids may be

removed. Hence it is sometimes necessary to sacrifice yield of oxidase by using a
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relatively mild detergent and in lower concentration in order to retain the lipids (Qin,

personal communication).

1..

From this study we can conclude several major points:

Significant amounts of lipids remain bound to the oxidase after purification, at the

level of about 10-15 molecules of lipids/molecule of oxidase from phosphate analysis

and thin layer chromatography. Phosphate analysis shows 8-11 molecules

phospholipids per purified oxidase, and TLC shows, besides the phospholipids, non-

phosphorous containing lipids: sulfolipids and omithine lipids.

Membranes from Rhodobacter sphaeroides cells that are grown under low and high

oxygen contain the same type of lipids, though with slightly different ratios, with the

exception of phosphatidylserine, found in the high oxygen conditions.

MALDI data provides interesting results on the association of certain lipids with

specific subunits; for example, the association between the long form of subunit IV

with cardiolipin, and the short form of subunit IV with phosphatidylcholine. In the

unit cell of the crystal structure, subunit IV and subunit 11 form the major contacts

between monomers of the oxidase. These lipids may thus be critical in maintaining

the right form to allow crystal formation. In bovine heart oxidase structure at 2.0K

resolution, lipids were found associated with specific subunits. For example, five

cardiolipins were found at interfaces between different subunits, III-VIa, III-VIIa, I-

II-Vc, I-VIIc and I—II-IV. They also found one phosphatidylcholine, three

phosphatidylethanolamine and five phosphatidylglycerol each at subunit interfaces.

(Yoshikawa, personal communication). This further emphasizes that lipids are

integrated in the protein molecules, apparently maintaining a stable homogenous
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structure, and not just randomly distibuted on the surface. A similar integration of

lipid into the Rhodobacter sphaeroides oxidase structure is found in the crystal

structure Oiigure 1.4).

4- Purification of Rhodobacter sphaeroides oxidase affects the amounts of lipids

associated with these proteins but not the types of lipids remaining even after several

purification steps. This might seem somewhat surprising, but in fact it is consistent

with the finding in the high resolution structure bovine oxidase that all the major

lipids were found to co—crystallize with the protein each at different, highly specific

sites.

In bacteriorhodopsin, a light-driven ion pump, 18 lipid molecules/protein

monomer were identified in the crystal structure at 1.5 A resolution (Luecke et al., 1999).

Crystals of this membrane protein were grown in lipidic cubic phase, a novel approach

for crystallizing membrane proteins. The system consists of lipids (monooleoylglycerol

and palmitoyl-lysophosphatidylcholine for two different phases), water (buffer) and

protein in certain proportions to form a structured three-dimensional lipidic array that

keeps the protein in a more membrane-like environment all through the crystallization

process (Landau and Rosenbusch, 1996). In spite of this, the lipid that is found in the

crystal, is that which had copurified from the native membrane, not that which had been

added. In some other cases, as in crystallization of Ca+-ATPase, a membrane protein that

transfers ions across the membrane against a concentration gradient, lipid

(phosphatidylcholine) was added to achieve a crystal structure at 2.6131 resolution,

providing further evidence for the importance of lipids in achieving high resolution

structures of integral membrane proteins.
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The results of these studies, and results from crystallizing other membrane

proteins, suggest a new paradigm for membrane protein structure: Lipids of many

different kinds associate smcifically, not randomly, with the protein structure and are

important for maintaining a molecularly homogeneous configuration suitable for

crystallization at high resolution (Garavito and Ferguson-Miller, 2001).
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CHAPTER IV

ENGINEERING OF RHODOBACTER SPHAEROIDES CYTOCHROME C2

7 TO TEST THE MODEL OF THE Cc/CcO COMPLEX BY

MAKING A COVALENT COMPLEX

161



INTRODUCTION

Cytochrome c is a soluble, highly charged, small (12 kDa), heme-containing

protein that is an essential component of the terminal segment of the mitochondrial

respiratory chain.

Mitochondria of higher eukaryotes contain a single, soluble and a highly

conserved cytochrome c that functions as an electron carrier between the membrane-

associated cytochrome be, complex and cytochrome c oxidase, in the linear electron

transfer chain of aerobic respiration. On the other hand, in some bacteria such as

Rhodobacter sphaeroides, which are used widely for functional and structural studies on

biological energy transduction, several aerobic and anaerobic electron transfer chains are

used under different growth conditions. In these bacteria the presence of multiple electron

transfer chains creates a physiological need to funnel electrons specifically to appropriate

destinations. Thus in these species, unlike mitochondria, multiple cytochromes c function

in parallel as electron carriers with seemingly overlapping function.

Photosynthetic and respiratory electron transfer chains of Rhodobacter

sphaeroides provide a useful model system for studies on cellular energy transduction. In

this species photosynthetic growth depends on the cyclic electron transfer between the

photochemical reaction center and the cytochrome be, complex. In this process

cytochrome C2 or its functional analogue isocytochrome c are needed as an electron

carrier between the two proteins. During aerobic respiratory growth Rhodobacter

sphaeroides appears to use a membrane bound cytochrome cy as an electron carrier

between the be, complex and cytochrome c oxidase (Myllykallio et al., 1999). A recent
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study provides some evidence of the involvement of cytochrome C2 as well as

cytochrome cy in the electron transfer process during the respiratory growth (Daldal et

al., 2001).

In this study we used cytochrome C2 as a substrate, since it is a soluble protein and

the gene sequence for it is available, and we had access to an overproducing strain so that

we could obtain adequate amounts for our studies. On comparison between cytochromes

c from different species, we found that some of the lysine residues that are important for

specific binding between cytochrome c and cytochrome c oxidase were missing in

Rhodobacter sphaeroides cytochrome C2 (Figure 4.1). Therefore we modified cytochrome

Cz by putting back Lys 13 and Lys 72 for a better binding (Figure 4.2). Then we

introduced a histidine-tag at the C-terminus of the protein to facilitate the purification of

the enzyme (Figure 4.2) We also introduced a cysteine residue (Cys 39 and Cys 60) at the

back of the molecule to attach a ruthenium group to study the rapid electron transfer

process between cytochrome c and cytochrome c oxidase and thus test our success in

creating a good interaction with cytochrome oxidase (Figure 4.2).

A goal of this study was to use a further modified cytochrome C2 to obtain a stable

complex between cytochrome c and cytochrome c oxidase to serve as an effective tool for

crystallizing the oxidase and to test the accuracy of the predicted native interaction of

cytochrome c with the oxidase. This study involved insertion of cysteines in cytochrome

C2 and in the oxidase, guided by a computational prediction of the docking interaction

between cytochrome c and cytochrome c oxidase done by Roberts and coworkers

(Roberts and Pique, 1999). Using this model, the best position in the two proteins for

creating inter-molecular disulfide bond were between Ala 83 of cytochrome c and Ala213
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Figure 4.1 Comparison of lysine residues on the front face of cytochromes C from

horse, Rhodobacter sphaeroides and Paracoccus denimficans. The conserved lysine

residues that have been shown to be critical for cytochrome C structure and binding are

labeled in horse numbering: Lys 8 (gold), 13 (light blue), 27 (brown), 72 (yellow), 73

(black), 79 (dark blue), 86 (green), 87 (red). The heme edge is bright green. The

corresponding lysines are similarly color in Rhodobacter sphaeroides C2 and Paracoccus

denitrificans 6550. The missing Lysl3 is indicated as white circle in Rhodobacter

sphaeroides C2, while the missing Lys72 is indicated by the lack of the yellow residue

close to the black Lys73. Other lysines that are not conserved or critical are indicated in

magenta. This figure was made by Dr. Y. Zhen (unpublished).
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Figure 4.2 Crystal structure of horse cytochrome C. The lysines that are involved in

binding with oxidase are shown in yellow and magenta. The yellow ones (Lys 8, Lys 86,

Lys 87 and Lys 73) are found in Rhodobacter sphaeroides cytochrome C2, whereas LyslB

and Lys72 are not. Residues 13 and 72 were changed to lysines as mentioned in Materials

and Methods. Cys 39 and Cys 60 (green) indicated the position of cysteine mutations at

these positions (in two different mutants) to measure the intrinsic electron transfer by

attaching ruthenium groups at these positions. This figure also shows the C-terminal

where the five histidines were inserted to facilitate the purification process by Ni affinity

chromatography.
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of the oxidase on one hand, and Gln 12 of cytochrome C and Tyr 159 of the oxidase on

the other (Figure 4.3). We changed each of these pairs of residues to cysteines in order to

form a covalent cytochrome C/cytochrome C oxidase complex, assuming that the

predicted complex is correct and therefore the engineered cysteine pairs will be brought

into close proximity.
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Figure 4.3 Cysteine mutants at the interface between cytochrome C and subunit II of

the oxidase. The coordinates for the position of cytochrome C (red) and subunit II of the

oxidase (green) are from (Roberts and Pique, 1999). Two residues on cytochrome C,

glutamine 12 (blue) and alanine 83 (blue), and two residues on the oxidase, tyrosine 159

(black) and alanine 213 (black), were changed to cysteines to test for sulfhydryl linkage

between the two proteins. For cytochrome C the horse numbering is used and for oxidase

residues Rhodobacter sphaeroides numbering is used.
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MATERIALS AND METHODS

Site-Directed Mutagenesis on Cytochrome C2

The Rhodobacter sphaeroides cytochrome C2 mutants were made by a PCR

overlapping method (Ho et al., 1989). For each mutant four oligo primers were

synthesized and used (Figure 4.4). The plasmid pC2PH19 containing cyCA, a gene

encoding cytochrome C2, was used as a template (Donohue et al., 1988). The 1583 bp

PCR product containing the mutation was digested with PstI/HindIII restriction enzymes,

subcloned into the plasmid pUC19 and sequenced to confirm the mutation. Then the

pUC19 plasmid was digested with EcoRl/HindIII and a 1605 bp fragment carrying the

mutated gene was subcloned to pRK415 plasmid and transformed into JM109 and S 17-1

E.coli strain. Finally 817-] was conjugated with Rhodobacter sphaeroides CYCAl, a

cytochrome C2 deleted strain.

Insertion of Histidine-Tag in Cytochrome C2 Gene

The Rhodobacter sphaeroides cyCA gene, encoding for cytochrome C2, which is

contained on a 1538 bp PstI/HindIlI restriction endonuclease fragment, was subcloned

into pUC19 plasmid. A PCR-based mutagenesis method (Ho et al., 1989) utilizing Pfu

polymerase was used to insert 5 histidine residues at the C-terminus. The primers that

were used for the mutation were synthesized by The Michigan State University

Molecular Structural Facility and are shown in (Figure 4.5). The fragment containing the

mutation was subcloned into the plasmid pUC19 after it was digested with PstI/Hind III
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Figure 4.4 Oligonucleotide sequences of wild type and mutants of Rhodobacter

sphaeroides cytochrome C2.
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Q13K

T72K

N12C

K83C

T39C

5’- TTC AAC CAG TGC CAG ACC TGC CA - 3’

5’- TTC AAC AAG TGC CAG ACC TGC CA - 3’

5’ - GAT CCG ACC AAG TTC CTG AAG G — 3’

5’ - GAT CCG AAG AAG TTC CTG AAG G - 3’

5’ — G GCC TTC AAC CAG TGC CAG AC — 3’

5’ — G GCC TTC TGC CAG TGC CAG AC — 3’

5’—GATGACCTTCAAGCTGAAGAA—3’

5’ —G ATG ACC TTC TGC CTG AAGAA—3’

5’ —TC GTGGGC CGC ACC GCG GGC—3’

5’—TCGTGGGCCGCTGCGCGGGC-3’

Figure 4.4
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Figure 4.5 Wild type and histidine-tag insertion Oligonucleotide sequences of

Rhodobacter sphaeroides cytochrome C2
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WT 5’- AG CAG GTC GCC GTC CGG CCC TGA — 3’

His-tag 5’-AG CAG GTC GCC GTC CGG CCC CAC CAC CAC CAT CAT TGA—3’

Figure 4.5
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restriction enzymes, and sequenced. After successful insertion of a histidine tag, the

fragment containing the CycA gene was subcloned to pRK415 plasmid and transformed to

JM109 and 817-1 E.coli strains and finally conjugated with Rhodobacter sphaeroides

CYCAl, a cytochrome C2 deleted strain.

Prediction of Positions for Cysteine Interactions

Based on the original computational model for the cytochrome c/cytochrome C

oxidase complex by Roberts and coworkers (Roberts and Pique, 1999), Hespenheide

searched for all the possible pairs of disulfide forming residues in this complex using the

computer program Insight 11. His search resulted in four possibilities: CC 12 with CCO

159, CC 83 with CCO 213, CC 83 with CCO 214 and CC 77 with CCO 183. These pairs

were identified by searching for any pair of Cu atoms between the Rhodobacter

sphaeroides oxidase and the docked cytochrome c that were at a distance of 4-7.5 A

(Hespenheide, personal communication).

Cell growth and Membrane Preparation

Rhodobacter sphaeroides cytochrome C2 was isolated from a cytochrome C2

overexpression strain CYCAl (pC2P404.l) (Brandner et al., 1989). The cells were grown

photosynthetically to maximize cytochrome C2 expression, and harvested at late

exponential phase; this increases cytochrome C2 yield by 2—4 fold. The harvested cells

were resuspended in a solution of 100 mM KH2PO4, pH 7.0, in the presence of small

amounts of DNase and RNase, and were broken by two passages through a French

pressure cell at 20,000 psi. Whole cells and debrise were removed by centrifugation at
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20,000 g for 20 min. The supernatant was centrifuged again at 45,000 g for 1 hour. The

red photosynthetic pigments and membranes were precipitated in this step. The

supernatant containing cytochrome c was saved in a —80°C freezer.

Hydroxylapatite Column

The supernatant from the ultracentrifugation was loaded onto a hydroxylapatite

column pre-equilibrated with 10 column volume of 10mM KH2PO4 pH 7.0. After loading

the sample the column was washed with 100 mM KH2PO4, pH7.0, and cytochrome C2

was eluted with 150 mM KH2PO4, pH 7.0. The fractions containing cytochrome C2 were

washed and concentrated in 5 mM Tris, pH 7.0 to be further purified with DEAE-

cellulose column

DEAE-Cellulose Column

The fractions containing cytochrome C2 were loaded onto a DEAE-cellulose

column pre-equilibrated with 5 mM Tris, pH 7.0. The column was washed with 5 mM

Tris, 25 mM NaCl, pH 7.0. Cytochrome C2 was eluted with 5 mM Tris, 100 mM NaCl,

pH 7.0. The sample was then concentrated and kept in —80°C.

Ni’z-NTA Affinity Chromatography Column

A supernatant from membrane preparation was mixed with Ni resin (1 ml resin/ 2

mg protein) and stirred for one hour at 4°C. The mixture was loaded onto a gravity

column and washed with 5 mM imidazole, 10 mM Tris, 40 mM KCl, pH 8.0.
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Cytochrome C was eluted with 100 mM imidazole, 10 mM Tris, 40 mM KCI, pH 8.0. The

eluant was washed and concentrated in 10 mM Tris, 40 mM KC], and stored at a —80°C.

In the case of cysteine mutants, all buffers contained 5 mM dithiothreitol reducing agent

(DTT) to prevent dimerization.

Visible Spectra

Visible spectra for cytochrome C2 were detected with a Perkin-Elmer Lambda 4OP

UV—visible spectrophotometer. The protein was diluted in 50 mM KH2PO4 pH 7.0 and

scanned from 700 nm to 400 nm and the amount of enzyme was estimated using the

extinction coefficient: AE(550_600 m) = 28 cm‘1 mM'l for dithionite reduced spectra and

AE(550-540 m) = 16.5 cm'1 mM'1 for dithionite reduced minus ferricyanide oxidized

difference spectra.

To compare the purity of cytochrome C with different purification methods,

absorbance of total protein at 280 nm was recorded and A2go/A410 was calculated.

Activity measurement

Oxygen consumption was measured polarographically using an oxygen electrode

at 25°C in 50 mM KH2P04, pH 6.5 containing 2.8 mM ascorbate, 1.0 mM TMPD, 0.05%

LM, 4 mg/ml phospholipids and 20 M horse heart cytochrome C in 1.8 ml total volume.

The turnover number (molecular activity) was calculated as electrons/second/molecule of

oxidase. For analysis of steady— state kinetics, 0.05 n moles of M3 and a range of

concentrations of cytochrome C2 (1- 22 uM) were used.
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Spin Column

A spin column was used to wash the dithiothreitol, a reducing agent, from the

proteins. A 1 ml syring was used and 0.5 ml of G-lO Sephadex resin was loaded into the

column. The column was then washed with 10 mM Tris, 10 mM KCl, 0.15% lauryl

maltoside, pH 7.0, and spun for 5 minutes at 3000 rpm to partially dry the column. 40 uM

cytochrome c and 40 uM cytochrome C oxidase in a total volume of 100 u] were loaded

into the column. The column was spun for another 5 minutes at 2500 rpm to elute

cytochrome C and cytochrome C oxidase leaving behind the dithiothreitol. The eluant was

incubated for one hour at 4°C before loading onto a second gel-filtration column to test

for the formation of the cross-linkage between the two proteins.

Gel-filtration Column

The eluant from the spin column (100 uL) containing approximately 30 pM of

each proteins was loaded onto a 20 cm x 0.5 cm column containing 2.5 ml Sephadex G-

75 resin in it. The column was pre-equilibrated with 5 column volume of 10 mM Tris,

100 mM KH2PO4, 0.15% lauryl maltoside, pH 7.0. The sample was eluted with 10 mM

Tris, 100 mM KH2PO4, 0.15% lauryl maltoside, pH 7.0 into 100 11] fractions and spectra

were taken for each fraction. High ionic strength was used to insure that any complex

observed was covalently bound, not just electrostatically.

SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis was used to detect the

subunits of the oxidase and cytochrome C contained in the sample. Approximately 10 pg
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of sample, dissolved in 0.08% SDS in 0.5M Tris buffer, were used with an 8% stacking

gel at pH 6.8 and 14% separating gel at pH 8.8 with conditions as described (Hiser et al.,

2001). The gel was polymerized for 2 hours and run for 1 to 1.5 hours at 200V. The gel

was stained with TMB (3,3’,5,5’-Tetramethy1benzyidine) (Daldal et al., 2001) for

peroxidase activity associated with bound heme, to detect the positions of cytochrome C,

then de-stained with sodium sulfide and stained again with Coomassie blue in acetic acid

and methanol for the oxidase subunits.

MALDI Mass Spectrometry

MALDI mass spectra experiments were performed by using a Voyager-DE STR

MALDI-TOF mass spectrometer (PerSeptive Biosystems, Framingham, MA) equipped

with delayed ion extraction. The samples were irradiated with a N2 laser at 337 nm,

producing 3 ns wide pulses. The spectra were acquired in positive-ion linear mode at 25

kV initial acceleration voltage.

Samples were prepared with the dried-droplet method, mixing 1 1.11 of sample,

diluted in 60% formic acid, with 1 u] of sinapinic acid solution [10 mg/ml in acetonitrile-

0.1% trifluoroacetic acid 1:1 (v/v)] and applied directly to the probe.
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RESULTS

Design of The Mutants

To improve the binding ability between cytochrome C2 and the oxidase to make it

better resemble the substrate used in docking analyses (horse cytochrome C) and the

likely physiological substrate Cy, we introduced lysine residues at two different positions:

Gln 13 and Thr 72 in cytochrome C2. These lysines residues have been shown to play an

important role in binding between cytochrome C and cytochrome C oxidase (Ferguson-

Miller et al, 1978; Zhen et al., 1999). The effect of the mutations was determined by

measuring the activity and kinetics of each mutant with the oxidase. Introduction of Lys

72 by itself did not change the binding affinities estimated by the apparent Km of the

steady-state kinetics, whereas the introduction of a lysine at position 13, improved the

binding significantly (Figure 4.6). As a further test of the interaction, cysteine residues

were introduced at positions 39 and 60 (in different molecules) at the backside of

cytochrome C mutant Q13K. These mutations were made to enable the measurement of

rapid electron transfer between cytochrome C and the oxidase within the complex, by

allowing the attachment of a ruthenium group as a photo-activated electron donor to

cytochrome C. Our collaborators at University of Arkinsas are attempting to label the

T39C/Q13K and D60C/Q13K mutants with ruthenium as an electron donor, although a

high tendency to self dimerize has so far made the experiments difficult.

To test the computational model of the docking site of cytochrome C on the

oxidase we created two cysteine mutants K83C and N12C on cytochrome C to form a

cross-linkage with cytochrome C oxidase cysteine mutants (A213C and Y159C,
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Figure 4.6 Steady-state kinetics of Rhodabacter sphaeroides C2 wild type and mutants

with Rhodobacter sphaeroides cytochrome C oxidase. Horse cytochrome c was used as

a control that has higher affinity for binding with Rhodobacter sphaeroides oxidase than

its own wild type R.s. cytochrome C2. In this figure the steeper the curve the lower the

apparent Km, which appears to reflect higher binding affinities. All mutants that contain

Lysl3 showed higher affinity than the wild type. The curve in this Eadie-Hofstee plot can

be analyzed as two different interactions of cytochrome C with the oxidase, one high

affinity, one low affinity (Ferguson-Miller et al., 1978; Zhen et al., 1999). The

introduction of lysine at position 13 appears to increase both affinities.
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respectively). Also double mutants were made with Lys 13 as follows: Q13K/K83C and

Q13K/N12C. (Table 4.1) shows all mutants that were made for these studies.

All the mutations were done successfully and sequencing of the region of the

mutation showed no secondary mutation was introduced in any case. All the mutants

were expressed in Rhodobacter sphaeroides with expression levels similar to wild type,

except some of the cysteine mutants, especially (T39C), where the expression level was

significantly lower (50% of the wild type).

Purification

The common method that has been used for cytochrome C purification was

hydroxylapatite followed by DEAE-cellulose ion-exchange chromatography (Meyer and

Cusanovich, 1995). Hydroxylapatite chromatography is an efficient technique for

separating different cytochromes C from other proteins and each other, but the end

product is not very pure and needs further purification. DEAE-cellulose ion-exchange

chromatography increased the purity significantly, but the yield decreased dramatically.

Although a combination of these two methods gave a pure sample, the yield was very low

especially for the cysteine mutants.

Ni2+-NTA affinity chromatography has been known to be a very rapid and

efficient procedure for purifying histidine-tagged proteins. Therefore we fused five-

histidine residues to the C-terminus of cytochrome C and used the Ni-column system for

purification. The histidine-tagged protein was examined structurally and functionally and

it behaves like the non-histidine-tagged wild type.
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Table 4.1 Characteristics of Cytochrome C2 Mutants From

Rhodobacter Sphaeroides

 

 

 

Horse CC R.s. CC Mutation Optical Purity Yield

Residue Residue Spectra A230/A416 (%)

at Same (nm)

Position

Kl3/his Q14 Q 9 K 550 0.25 70

K72/his T84 T 9 K 550 0.25 75

Q12 N13 N 9 C 550 2.5 18

A83 K103 K 9 C 550 3.0 24

K39 T47 T 9 C 550 NA <5

K60 D72 D 9 C 550 3.0 20

Kl3/K39/his Q14/T47 Q/T9 K/C 550 0.15 50

K13/ K60/his Q14/D72 Q/D9 K/C 550 0.14 70

Kl3/ Q12/his Q14/N13 Q/N9 K/C 550 0.13 70

K13/ A83/his Q14/K103 Q/K9 K/C 550 0.13 75      
 

R.s. Rhodobacter sphaeroides

CC cytochrome C

his histidine-tag
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This method is faster (takes about 4 hours compared to two full days for

hydroxylapatite and ion-exchange chromatography), and has higher purity and higher

recovery than the other two methods. Comparison between these methods is shown in

(Table 4.2). Spectral analysis shows that Ni-affinity chromatography is a procedure that

can result in a protein with very high purity (Figure 4.7).

Visible spectra and activity

In the reduced form, wild-type cytochrome C2 from Rhodobacter sphaeroides has

characteristic absorbance peaks at 416 nm and 550 nm, known as the Soret and a-bands,

respectively. All the mutants have the wild-type spectral characteristics (Figure 4.8)

indicating that there is no global change in the protein structure.

The maximum turnover numbers of the cytochrome c with cytochrome C oxidase

have been measured using wild-type cytochrome C2 from Rhodobacter sphaeroides and

cytochrome C2 mutants (Q13K, T72K, N12C, K83C, Q13K/T39C, Q13K/K60C,

Q13K/K83C and Q13K/N12C) from the same species at high concentration (20uM) of

cytochrome C2. All the mutants have the wild-type turnover at high concentrations

(Figure 4.6)

Steady-State Kinetic Assay

The steady-state kinetics of wild-type and mutant cytochromes C2 with

Rhodobacter sphaeroides cytochrome C oxidase have been measured polarographically.

At high level of cytochrome C (ZOuM) all mutants show high activity with the oxidase,

whereas at low cytochrome C concentration, only mutants that contain LyslB (Q13K,

Q13K/K83C and Q13K/N12C) gave a high turnover with the oxidase compare to horse
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Table 4.2 Comparison Between Different Purification

 

 

Techniques

MCthOd Purity Ago/Ana YICId %

Hydroxylapatite 3 24%

DEAE-Cellulose 0.25 12%

Ion-Exchange

Chromatography

Ni2+-NTA Affinity 0.13 75% Chromatography    
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Figure 4.7 Spectral analysis to test the efficiency of NiH-NTA method in comparison

with other purification methods. Samples were purified with Hydroxylapatite column,

DEAE-Cellulose ion-exchange chromatography and Ni2’-NTA affinity chromatography.

The latter method gave the highest purity, measured as A230/A416.
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Figure 4.8 Visible spectra for wild type and mutants of cytochrome C2 from

Rhodobacter sphaeroides. Dithionite-reduced absolute spectra of the purified enzyme

were recorded with Perkin-Elmer Lambda 40P UV-visible spectrophotometer, showing

characteristic peak at 550 nm for cytochrome C2.
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cytochrome C, indicating increased affinity for binding of these mutants with the enzyme.

This is evidence for the importance of Lysl3 in the binding between the two proteins

(Figure 4.6).

Complex Formation

Using cysteine mutants for this experiment, we were faced with dimerization of

cytochrome c. In order to keep this protein in its monomer form we used a reducing agent

(DTT) through all the purification steps. This prevented dimerization to some extent but

it also prevented the cysteines on cytochrome C from forming cross-links with cysteine

residues on the oxidase. Therefore we used a spin column to wash out the reducing agent

only after the two proteins were mixed.

After one-hour incubation, without reducing agent, a solution containing

cytochrome C2 and cytochrome C oxidase cysteine mutant-pairs was loaded onto a gel

filtration column to separate unbound cytochrome C from oxidase and oxidase with

cytochrome C covalently attached (the latter two species are expected to elute together).

The spectra and elution profiles provided evidence that separation between oxidase and

free cytochrome c was sufficient to detect whether there was bound cytochrome C (Figure

4.9, Figure 4.10 & Figure 4.11). By plotting the data for CC12/CC0159 (Figure 4.10) and

for CC83/CCO213 (Figure 4.11) and comparing it with the data for the wild type oxidase

and wild type horse cytochrome C in high salt to prevent complex formation (Figure

4.12), it clearly indicated formation of a cytochrome C/cytochrome C oxidase complex.
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Figure 4.9 Elution profile for different fractions from gel-filtration column for

cytochrome C cysteine mutant (N12C) with cytochrome c oxidase subunit II cysteine

mutant ('I‘159C). Ni2’-NTA purified cytochrome C and cytochrome C oxidase (4O uM

each) were incubated for one hour and loaded onto sephadex G-75 gel-filtration column.

Fractions containing cytochrome C oxidase (plus any complex) eluted first, followed by

fractions containing free cytochrome C.
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Figure 4.10 Gel-filtration for cytochrome C cysteine mutant (N12C) with cytochrome

C oxidase subunit II cysteine mutant ('1‘159C). Elution volume was plotted versus

absorbance at 416 nm for cytochrome C and 444 nm for the oxidase. Each point on the

oxidase plot represents the actual absorbance at 444 nm of the specific elution fraction

(100 [41). For the cytochrome C plot data were corrected and the absorbance of the oxidase

at 416 nm was subtracted using this formula:

Cytochrome C absorbance at 416 = absorbance at 416 — (absorbance at 444 nm X 0.32)

where 0.32 = absorbance at 416nm lAbsorbance at 444 nm for oxidase alone.
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Figure 4.11 Gel-filtration for cytochrome C cysteine mutant (K83C) with

cytochrome C oxidase subunit II cysteine mutant (A213C). Elution volume was plotted

versus absorbance at 416 nm for cytochrome C and 444 nm for the oxidase, as in the

previous figure. The cytochrome c mutant (K83C) was chromatographed separately,

under the same conditions as the complex, to determine the position of free cytochrome

C2 on the column.
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Figure 4.12 Gel-filtration for horse cytochrome C with wild type Rhodobacter

sphaeroides cytochrome c oxidase. Elution volume was plotted versus absorbance at

416 nm for cytochrome C and 444 nm for the oxidase. The high ionic strength conditions

(100 mM KPO4) would have prevented any non-covalent complex from being maintained

during gel filtration.
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The fractions from gel filtration that contained the complex (plus uncomplexed oxidase)

were run on an SDS-Page gel and stained with TMB for peroxidase activity to determine

the position of cytochrome C by virtue of its covalently bound heme, which should be

retained even in an SDS-PAGE gel. This was followed by Coomassie staining to

determine the positions of the oxidase subunits. Results from this experiment and

calculations based on the expected cross-linkage products between cytochrome C and

subunit II of the oxidase using a molecular weight curve (Figure 4.13), indicated

cytochrome C, if cross-linked with subunit II, should be at a position equal to 44 kDa on

the gel. Unfortunately, this position is where a broad band of subunit I is also located, and

the heme of subunit I appears also to be somewhat retained. Therefore the identification

of the cytochrome C complex with subunit II was not posSible by this approach (data not

shown).

To obtain further evidence of complex formation, MALDI mass spectrometry

analysis was performed on the band eluted from the gel. Analysis with MALDI shows a

species that corresponds to cytochrome C bound covalently to subunit H of the oxidase.

Cytochrome C2 molecular weight is 14.7 kDa and the molecular weight of the naturally

processed subunit II is 29.4 kDa and the expected molecular weight of the complex is

44.2 kDa. The species that were obtained by MALDI are shown in (Figure 4.14).
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Figure 4.13 The Log of molecular weights of the marker proteins were plotted

versus the position on the SDS gel (actual distance from the top of gel), to calculate

the position of the subunits of cytochrome oxidase and the expected position of the

complex between cytochrome C and subunit II of the oxidase. Subunits of cytochrome

oxidase do not run according to their actual molecular weights (63 for subunit 1, 29.4 and

30.6 for short and long subunit II and 30 for subunit 1H) because of their hydrophobic

character. The apparent molecular weights on SDS gel are: 44.5 kDa for subunit 1, 32

kDa and 33.5 kDa for short and long subunit II, respectively and 19 kDa for subunit HI.

Cytochrome C2 runs close to its actual molecular weight (14 kDa), and on the gel it is 13.

The complex should therefore runs at 44-47 kDa, in the same region as subunit 1.

Polymer forms of subunits I, II and III are present at the top of the gel.
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Figure 4.14 MALDI analysis to confirm the formation of the complex. 100 uL of

sample [40 11M cytochrome C2 mutant (N12C) and 40 11M oxidase mutant (Y159C)] were

incubated for one hour without reducing agent and loaded onto a gel filtration column to

separate the unbound cytochrome C from oxidase and oxidase bound covalently to

cytochrome c. A fraction from the gel filtration column that appears to contain the

covalently formed complex, was analyzed with MALDI mass spectrometry. Data shows

peaks at 14,787, 29,467 and 44,254 rn/z that correspond to the actual molecular weights

of cytochrome C2, subunit II of the oxidase and the subunit H + cytochrome c2 (complex),

respectively.

204



205

Minn

p

Ov-

  :1

7
7
C
y
t
c
2

2
9
4
6
7
S
u
b
u
n
i
t
1
1

x
5

C
y
t

c
2
+

S
u
b

I
I

4
4
2
5
4

 

 
 

 
1
5
0
0
0

2
0
0
0
0

2
5
0
0
0

3
0
0
0
0

3
5
0
0
0

4
0
0
0
0

4
5
0
0
0

F
i
g
u
r
e
4
.
1
4

8
0
0
0
0



Discussion

Prediction of protein-protein interaction sites is currently of great interest because

understanding the nature of protein-ligand association is crucial both to drug design and

to the ability to predict potential binding sites in physiological reactions. Computer

docking has gained recognition over the past years, with interest currently shifting from

the analysis of protein interactions with small ligand towards the understanding of

protein-protein interactions, often involved in complex signaling pathways.

Crystallization of electron transfer complexes is extremely difficult, as the

kinetics of the interaction is fast and the association is transitory and has to be stabilized

during crystallization. This makes electron transfer systems are attractive for theoretical

studies, and a large number of available docking programs, including DOCK and DOT,

have been used for these studies.

A cytochrome C/cytochrome C oxidase complex computational model was

developed by Roberts and coworker (Roberts and Pique, 1999). Knowing the docking site

of cytochrome C on the oxidase is very important in understanding the details of the

electron transport mechanism. In this study we attempted to test the docking model by

designing covalent linkages between cytochrome C and the oxidase based on the

theoretical model. Successful crosslinkage would not only confirm the model, but might

provide a stable complex suitable for crystallization.

Having access to the overproducing strain and the availability of the gene

sequence, in addition to the fact that it is soluble, makes cytochrome C2 a suitable

candidate for this study; However, lack of Lys 13 and Lys 72 which are important for the

binding with the oxidase (Ferguson-Miller et al., 1978), makes it a less good candidate.
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Using site-directed mutagenesis we made two mutants: one with Lys 13 and the other

with Lys 72. Introduction of Lys 13 improved the binding between the two proteins

significantly whereas addition of Lys 72 didn’t have much effect. Lys 72 is surrounded

by a number of positively charged residues, which may make addition of another positive

charge less critical, whereas Lys 13 is not. Introducing a positive charge at position 13

made a dramatic difference in the binding ability of this cytochrome c (cyt C2),

confirming the previous results regarding the importance of this residue in the binding

between cytochrome C and the oxidase (Ferguson-Miller et al., 1978; Smith et al., 1977;

Brautigan et al., 1977; Roberts and Pique, 1999). Due to the importance of this mutant

(Q13/K), all mutants made for this study were made as double mutants with Q13K.

Measuring the intrinsic electron transfer in the Q13K mutant by attaching a

ruthenium group, as an electron donor to cytochrome C, requires the presence of cysteine

at positions 39 or 60 (Geren et al., 1995). We made and characterize the double mutants

Q13K/K39C and Q13K/K60C, which behave like wild type but have a little less activity,

probably due to dimer formation, and lower expression level in the case of Q13K/K39C

(50% of the W.T). Unfortunately Millett’s group found that self-dimerization made

labeling of these mutants with ruthenium a very difficult experiment. Efforts continue

with the use of reducing agents, such as DTT and anaerobic conditions, to prevent

dimerization.

Based on the computational model of the docking site of cytochrome C and

cytochrome c oxidase (Roberts and Pique, 1999; Hespenheide, personal communication),

cysteine mutants of cytochrome C (Q13K/N12C and Q13K/K83C) were successfully

made, purified and characterized. Using the traditional purification methods
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(hydroxylapatite and DEAE ion-exchange chromatography) was not the best choice to

have a good yield of cysteine mutants. Therefore we fused a histidine-tag to the C-

terminal of cytochrome C and used Ni2’-NTA affinity chromatography, which is

increased the yield as well as the purity remarkably.

Cysteine mutants in subunit II of the oxidase (Y159C and A213C) were also

made in our lab, designed to form a covalent cytochrome C/ cytochrome c oxidase.

Complex formation was confirmed, at least partially, by gel-filtration. Elution

profiles provided evidence that separation between the oxidase and free cytochrome C

was sufficient to indicate whether there is formation of a covalent cytochrome

c/cytochrome c oxidase complex. SDS-PAGE was used as another confirmatory test.

Unfortunately the calculated molecular weight for the complex (cytochrome C and

subunit II of the oxidase) runs at the same position on SDS gel as subunit 1, which makes

the presence of the complex difficult to detect. In order to solve this problem we used

TMB stain (Daldal et al., 2000) that is specific for heme staining, but heme a in subunit I

is also retained in the SDS gel, even though it is not covalently linked, making subunit 1

alone stain with TMB. Therefore the SDS gel and heme staining method does not provide

conclusive evidence for complex formation.

MALDI mass spectrometry was used to analyze the trypsin-digested band from

the SDS gel that was expected to contain both subunit I and the complex. Specific peaks

were identified that indicated the presence of cytochrome C and subunit II along with

subunit I at that position. This result gave another piece of evidence of the complex

formation, although the peaks from the band confirming the mixed species did not match

the theoretical predicted trypsin fragments. However, they did match the fragments
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actually found in trypsin-digested subunit 1, subunit II and cytochrome C, separately.

MALDI was also used to analyze the elution fraction from gel-filtration that appears to

contain the complex. Analysis detected low levels of cytochrome C2 bound to subunit 1]

of the oxidase (44.2 kDa). This low yield could be due to self-dimerization of cytochrome

C or to dissociation or oxidation of the complex subsequent to gel filtration. Another

possibility is that the “perfect fit” necessary to make these disulfides may not be obtained

with this engineered cytochrome C2.

It is now possible to produce horse cytochrome c in E. coli (Patel et al., 2001) and

it may be possible to test the model more definitively by making the cysteine mutants in

this system.
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SUMMARY AND CONCLUSION

1- Purification and crystallization of Rhodobacter sphaeroides cytochrome c oxidase.

In attempts to crystallize Rhodobacter sphaeroides cytochrome c oxidase, we

purified the enzyme with affinity chromatograph combined with DEAE ion-exchange

chromatography. Then gel filtration was used to exchange detergents from lauryl

maltoside that is used for isolation and purification, to decyl maltoside that is used for

crystallization. This process dilutes the protein sample; in the concentration process the

protein along with detergent concentrated to 10 fold. Since detergent concentration is

very critical for crystallization, spin column was used to adjust detergent concentration.

By using many column systems, we were achieving high purity, homogeneity and

detergent exchange, but undoubtedly we were loosing more of the native membrane

lipids. The maintenance of some lipid-protein interactions may be critical for

crystallization (Garavito and Ferguson-Miller, 2001; Yoshikawa et al, 1998; Luecke et al,

1999; Toyoshima et al, 2000). Therefore, even when reasonably active forms of the

enzyme were isolated, solubilized and purified by using non-ionic detergents to substitute

for the lipid bilayer, still the structural integrity and homogeneity of the membrane

proteins may be influenced by lack of native lipids. By using this purification system and

a hanging drop method for crystallization, only microcrystals were formed.

As part of a collaboration between our lab and a Swedish group in

Uppsala, we modified our purification protocol and crystallization conditions to match

their protocols since they had succeeded to solve the crystal structure of Rhodobacter

sphaeroides cytochrome C oxidase at 2.3 A. In their protocol, the enzyme was purified
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with Ni-affinity chromatography as above but using an imidazole gradient to elute rather

than 100mM histidine. The next purification step used a Mono Q column instead of a

DEAE/SPW-HPLC ion-exchange column. These two columns have the same DEAE ion-

exchange chemistry but a different resin is used as a support. No gel filtration or spin

column was used for detergent exchange, just a concentrator-filtration method. This

lesser level of manipulation and different DEAE resins may be critical for maintaining

the necessary native lipids.

Using the Swedish purification protocol and a hanging drop method for

crystallization under modified conditions, we were able routinely to get crystals as large

as 0.3 X 0.3 X 0.15 mm in our lab with deffraction of up to 3.0A. This encourages us to

continue with our efforts at refining the method to crystallize mutant forms and in the

future of forming and crystallizing a complex between cytochrome C- cytochrome C

oxidase to reveal more information about the binding sites and the process of electron

transfer between the two proteins.

2- Use of thin layer chromatography, mass spectrometry and phosphate analysis to

analyze lipid contents of Rhodobacter sphaeroides cytochrome C oxidase.

Lipid contents in membranes and after each purification step through to the

crystal forms of Rhodobacter sphaeroides cytochrome C oxidase were analyzed with

different methods. Thin layer chromatography provided considerable information about

lipid contents, but the results are dependent on the extraction process. In this study we

extracted the protein samples with dry acetone that extracts detergents and pigments,

which distorts the analysis. Then chloroform/methanol system was used to extract polar
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lipids. To extract the tightly bound cardiolipin that is thought to be important for the

enzyme function, ammonium extraction was used. These extraction systems were

efficient and reproducible. However, in some cases the TLC method did not provide

conclusive identification. Therefore mass spectrometry was pursued in parallel.

Fast atom bombardment (FAB) and matrix-assisted laser desorption ionization

(MAIDI) mass spectrometry are powerful methods for directly characterizing

underivatized lipids, even in mixtures. These methods show mass ions indicative of the

molecular weights of each of the molecular species present in the sample as well as

fragments derived from elimination of the head groups or acyl groups

FAB provided detailed knowledge of the fatty acid components and characteristic

fragments of each type of lipid, whereas MALDI enable us to analyze the intact protein

without relaying on solvent extraction. MALDI is unique in showing the association of

some lipids with specific protein subunits, such as the association between cardiolipin

and phosphatidylcholine with two different forms of subunit 1V. Also with MALDI we

were able to analyze lipid contents of a single crystal. This analysis may enable us to

correlate lipid contents with high resolution data as a unique way to improve the

crystallization conditions.

From this study we can conclude that significant amounts of lipids remain bound

to the oxidase after purification, at the level of about 10-15 molecules of lipids/molecule

of oxidase from phosphate analysis and thin layer chromatography. Phosphate analysis

shows 8-11 molecules phospholipids per purified oxidase, and TLC shows, besides the

phospholipids, non-phosphorous-containing lipids, sulfolipids and omithine lipids.

MALDI shows cardiolipn and PC associated with subunit IV. In bovine heart oxidase at
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2.8A resolution, 9 phosphlipids were identified. At 2.0A resolution, many more lipids

were resolved and seem to be associated with specific subunits. For example, five

cardiolipin were found at interfaces between different subunits, III-VIa, III-VIIa, I-II—Vc,

I-VIIc and I-II-IV. They also found one phosphatidylcholine, three

phosphatidylethanolamine and five phosphatidylglycerol, each at subunit interfaces.

(Yoshikawa, personal communication). This further emphasizes that lipids are integrated

in the protein molecules, apparently maintaining a stable homogenous structure, and not

just randomly distributed on the surface. A similar integration of six lipid into the

Rhodobacter sphaeroides oxidase structure is found in the 2.3A crystal structure; more

are likely to be resolved as better structures are achieved.

Purification of Rhodobacter sphaeroides oxidase affects the amounts of lipids

associated with these proteins, but not the types of lipids remaining even after several

purification steps. This might seem somewhat surprising, but in fact it is consistent with

the finding in the high resolution structure of bovine oxidase that all the major lipids were

found to co-crystallize with the protein each at different, highly specific sites.

In bacteriorhodopsin, a light-driven ion pump, 18 lipid molecules/protein

monomer were identified in the crystal structure at 1.5 A resolution (Luecke et al., 1999).

In some other cases, as in crystallization of Ca’-ATPase, a membrane protein that

transfers ions across the membrane against a concentration gradient, lipid

(phosphatidylcholine) was added to achieve a crystal structure at 2.6A resolution,

providing further evidence for the importance of lipids in achieving high resolution

structures of integral membrane proteins.
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The results of these studies, and results from crystallizing other membrane

proteins, suggest a new paradigm for membrane protein structure: Lipids of many

different kinds associate smcifically, not randomly, with the protein structure and are

important for maintaining a molecularly homogeneous configuration suitable for

crystallization at high resolution.

3- Engineering of Rhodobacter sphaeroides cytochrome C2 to test the model of the

CCICCO complex by making a covalent complex.

As another way to optimize conditions for crystallization and to test the

computational model of the cytochrome C /cytochrome C oxidase complex, we attempted

to increase the hydrophilic surface area of the oxidase by making a covalent complex

between a soluble cytochrome C2 and cytochrome C oxidase.

Dr. Roberts and coworkers at Scripps institute predicted a docking site of horse

cytochrome C on bovine cytochrome C oxidase. In this study we used cytochrome C2 as a

substrate for many reasons: it is a soluble protein; its sequence is available; we have

access to the overexpressed strain and it was thought to be the physiological substrate.

However, activity and binding studies show that it has lower binding affinity with the

Rhodobacter sphaeroides oxidase than the horse C that is used in the model. This is

consistent the fact that Rhodobacter sphaeroides cytochrome C2 is lacking lysine l3 and

lysine 72 which are known to be important for binding from mutation and chemical

modification studies.

Introduction of LyslS improved the binding between cytochrome C2 and the

oxidase significantly, consistent with the predicted importance of that lysine in the
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cytochrome C/ cytochrome C oxidase complex; it also made cytochrome C2 more like the

horse c on which the prediction was based.

In order to improve the purification system for cytochrome C2 wild type and

mutants, we inserted a histidine-tag on cytochrome C2 gene and used Ni-affinity

chromatography as a purification method. Using this system improved the yield by 3—4

fold and improved the purity remarkably.

This study involved insertion of cysteines in cytochrome C2 and in the oxidase,

guided by a computational prediction of the docking interaction between cytochrome C

and cytochrome C oxidase. Using this model, the best positions in the two proteins for

creating inter-molecular disulfide bonds were between Ala 83 of cytochrome C and

Ala213 of the oxidase on one hand, and Gln 12 of cytochrome C and Tyr 159 of the

oxidase on the other. We changed each of these pairs of residues to cysteines in order to

form a covalent cytochrome c/cytochrome C oxidase complex, assuming that the

predicted complex is correct and therefore the engineered cysteine pairs will be brought

into close proximity.

Cysteine mutants were made, purified and characterized and used for making a

covalent complex by incubation of cytochrome C2 mutants with their predicted partner

mutants of the oxidase and then separate the bound form from the unbounded cytochrome

C2 by gel filtration. Gel filtration analysis and mass spectrometry provide evidence of

formation of covalent cytochrome C/ cytochrome C oxidase. The results of these studies

support the computational model, and suggest that making a covalent complex for

crystallization is feasible.
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