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ABSTRACT

THE ROLE OF SUBUNIT II IN CYTOCHROME ¢ OXIDASE IN
CYTOCHROME ¢ BINDING AND ELECTRON TRANSFER

By

Yuejun Zhen

Subunit I of cytochrome ¢ oxidase (CcO), contains a unique binuclear Cu,
center that is the entry site for electrons from cytochrome ¢ (Cc). In order to use site-
directed mutagenesis techniques to define the protein structure of Cc binding, to clarify
the function of Cu,, and to test various models of electron transfer (ET), a strain of
Rhodobacter sphaeroides was engineered with a chromosomal deletion of the entire
coxll gene, part of the coxIII gene, and two intervening open reading frames (orfl and
orf3) contained in the same operon. This resulted in the loss of the aa,-type oxidase
from the membrane of the deletion strain (YZ200). Upon complementation of YZ200
with the entire coxII/III operon in a multicopy plasmid (pRK415-1), the aa;-type
oxidase was restored. Two mutagenesis systems have been established, which,
together with the YZ200 strain, enable all the residues in subunit II to be mutated.

CcO from R. sphaeroides is a good model system for the homologous
Mammalian oxidase. To take full advantage of this bacterial system, the wild-type CcO
gene was overexpressed at levels up to seven-fold higher than in native strains by
ligating the two operons for the CcO genes together and reintroducing them into R.
Sphaeroides, and by growing cells at a high pH (pH 8.0). The enzyme from the
Overexpression strain has properties identical to the native wild-type enzyme. A high-
Yield protocol for purifying homogeneous CcO by coupling metal-affinity chromatography

and anion-exchange chromatography is also described.




A number of mutants were designed to create different forms of the Cu, site by
altering its ligands. H260N and M263L, while retaining two copper atoms at the Cu,
center, lost the electronic coupling between the two coppers, resulting in an increase of
its redox potential and severe inhibition of ET from Cu, to heme a. In spite of their low
activity, these two mutants still retain the ability to pump protons. The results suggest
that the unique binuclear character is important for rapid ET from Cu, to heme a, but it
is not required for proton pumping.

To define the interaction domain for Cc, a number of carboxylated residues on
subunit II were changed to neutral residues, creating E148Q, D151N/E152Q, E157Q,
D188N/E189Q, D195N, D214N, D229N and E254A. The mutants were characterized
by UV-Vis and EPR spectroscopies, ultracentrifugation binding assays, steady-state
and time-resolved kinetics. In all these mutants, except D229N and E254A, all of the
metal centers are undisturbed, indicating localized effects. The mutants of internal
residues, D229N and E254A, have altered heme centers and fail to bind Mg/Mn atoms.
Analysis of intrinsic ET rates by a photo-induced ET assay revealed inhibition of
intracomplex and second-order rates in the order of greatest to least: D214N > E157Q
> E148Q > D195N > D1SIN/E152Q > D188N/E189Q = wild-type. The effects of the
mutations on the binding of Cc to CcO complex were measured using analytical
ultracentrifugtion and steady-state kinetics. The degree of inhibition followed the same
order. These results indicate that Asp-214, Glu-157, Glu-148 and Asp-195 are at the
interface where Cc binds, while Asp-151, Glu-152, Asp-188, and Glu-189 are not.

In W143A and W143F mutants, the ET rate from Cc to Cu, is severely inhibited
(1:1000 of wild-type), indicating that Trp-143 is the specific conduit for delivering
electrons into Cu,, and that Cu, is the sole electron acceptor from Cc. The results favor

a through-bond mechanism of ET.
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CHAPTER 1

Literature Review



One of the striking features of living organisms is their active engagement in energy
transformation to maintain homeostasis and movement. However, most of them cannot
use solar energy directly through photosynthesis, like plants do; instead, they acquire
energy through metabolizing foodstuffs and storing it in the form of fat and carbohydrate.
The major energy form that living organisms use directly is the chemical energy stored as
ATP. There are generally three steps for converting energy from foodstuffs into ATP: 1)
Glycolysis, where the foodstuffs are degraded to smaller building blocks; 2) Tricarboxylic
acid (TCA) cycle, in which the small building blocks from glycolysis are further degraded
to CO, and H,0 with the production of a reducing agent, NADH; 3) Oxidative
phosphorylation, in which the electrons from NADH are fed into a chain of membrane-
bound complexes, the respiratory chain (Figure 1.1), and are eventually accepted by
oxygen and some other inorganic molecules. In the process of electron transfer through
the respiratory chain, the energy is stored in the form of a transmembrane potential,
which drives ATP synthesis (Mitchell & Moyle, 1965; Mitchell, 1976).

The enzyme that I have worked on is cytochrome ¢ oxidase (CcO), a complex that

belongs to the respiratory chain. The function of CcO is to reduce oxygen to water by
accepting electrons from it substrate, cytochrome ¢ (Cc), meantime, contributing to the
establishment of the transmembrane potential. So in this chapter, I am going to review
some related issues with CcO as listed below:

1) Respiratory chain and CcO.

2) Electron transfer theories.

3) The interaction of Cc with its redox partners.

4) C-type cytochromes in R. sphaeroides.
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5) Research significance.

I Respiratory chain and CcO

1 The respiratory chain

The respiratory chain produces the most energy of all the three steps listed above.
Electrons from NADH are first transferred to complex I and complex II, also known as
NADH:ubiquinone oxidoreductase (or NADH dehydrogenase) and succinate:quinone
oxidoreductase (or succinate dehydrogenase), and then are used to reduce ubiquinone.
The lipophilic ubiquinone further transfers electrons, through complex III (cytochrome
bc, complex), to Cc, which shuttles electrons to complex IV (CcO), where oxygen is
reduced. In this whole process, protons were translocated from the inside (matrix of
mitochondria or cytoplasm of bacteria) to the outside (intermembrane space of
mitochondria or periplasmic space in bacteria). The proton translocation, together with
proton consumption from the inside due to water formation, creates a transmembrane
electrochemical proton potential, which is the driving force for ATP synthesis.

The four complexes in the respiratory chain have been isolated from mitochondria
(Hatefi, 1985), and they have also been found in many aerobically growing prokaryotes
(Trumpower & Gennis, 1994). The complexes from prokaryotes are structurally and
functionally homologous to their mitochondrial counterparts, but structurally simpler
with fewer subunits in most complexes, making them ideal systems to study using

molecular genetic techniques. In the past decades, the studies on the prokaryotic systems
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have greatly advanced our understanding of energy conservation in the respiratory chain,
but our understanding of each complex varies greatly due to their different complexities

and the amount of structural information available.

1.1 Complex I (NADH:ubiquinone Oxidoreductase)
Complex I is the initial electron acceptor from NADH and catalyzes electron

transfer from NADH to ubiquinone in a reaction that is coupled with proton translocation

across the membrane with a stoichiometry of 4H"/2e".

Complex I is the largest complex in the respiratory chain, with about 43 subunits
in bovine mitochondria; as a result, it is also the least well understood. In this complex,
there is one flavin mononucleotide (FMN) and unknown numbers of iron-sulfur groups.
Two dimensional structure studies using electron microscopy suggest that the protein has
an overall L-shaped structure, with one arm located in the membrane and the other one in

the matrix side (for review see Friedrich et al., (1998)).

1.2 Complex II (Succinate:quinone oxidoreductase)

Complex II is the only protein that is involved in both the TCA cycle and the
respiratory chain. It catalyzes the oxidation of succinate and produces fumarate.
Because of the low redox potential change in the overall reaction, there is not enough
energy to drive proton translocation, as the other three complexes in the respiratory chain
do. Itis interesting to notice that quinone:fumarate reductase, while catalyzing the
opposite reaction as complex II, is structurally similar to complex II.

Complex II from different species have three to four subunits, including a

flavoprotein subunit with a flavin adenine dinucleotide (FAD) prosthetic group, and an



iron-sulfur subunit with three Fe-S groups. These two subunits form the cytoplasm (or
matrix) domain of the protein, while the rest of the subunit(s) is(are) located in the

membrane with one or two cytochrome b groups (for review see Hagerhall, (1997)).

1.3 Complex III (Cytochrome bc;)
The cytochrome bc) complex is one of the most well studied complexes in the
respiratory chain. It catalyzes the oxidation of ubiquinone and transfers electrons to c-

type cytochromes, coupled with proton translocation across the membrane at a

stoichiometry of 4H*/2e- (Trumpower, 1990(a); 1990(b)). This complex is involved in
both anaerobic photosynthesis and aerobic respiration processes, by transferring
electrons to either reaction centers or CcO, respectively.

It has been found that the bc, complex is composed of at least four subunits in
Rhodobacter sphaeroides (Yu et al., 1984), and as many as eleven in mammalian
mitochondria (Schigger et al., 1986; Iwata et al., 1998). All of the bc; complexes from
different species have four redox centers: a low () and a high potential (b;) cytochrome
b, a "Rieske" iron-sulfur [2Fe-28] cluster and a membrane-bound cytochrome c;. The b;
is located at the middle of the membrane, and by close to the cytoplasmic surface. The c-
type heme group of cytochrome c, and the iron-sulfur cluster are located at the periplasm
(or intermembrane space), anchored to the membrane through transmembrane helices.

Recently, several cytochrome bc, crystal structures have been resolved, including a
1.5 A resolution structure of the soluble domain of the Fe-S protein from the beef heart
(Iwata et al., 1996), a 2.9 A structure of the bc, complex from bovine heart (Xia et al.,

1997), several structures from chicken heart (3.0 A), beef heart (3.8 A, in a different space



group from Xia's crystal) and rabbit (3.5 A) (Berry et al., 1998; Zhang et al., 1998) and a
3.0 A bovine structure (Iwata et al., 1998), which resolved all the eleven subunits. These
crystallographic studies confirm most of the early biochemical and biophysical study
results, regarding the locations and arrangements of the prosthetic groups in the protein.
But the big surprise is the distance between the Fe-S cluster and cytochrome c;, which,
when measured from the crystal structure, is too long to explain the kinetic study data.
More interestingly, the distances calculated from different crystals vary significantly. It
has been suggested that the Fe-S protein can be rotated, and this movement is a necessary

part of the turnover cycle of this complex (Zhang et al., 1998).

1.4 Complex IV (CcO)

CcO sequentially accepts four electrons from four Cc and uses them to reduce
oxygen molecules to water (Saraste, 1990). In addition to the electron transfer and the
consumption of protons from the cytoplasm (or matrix) side, CcO also pumps protons at
a stoichiometry of 4H"/4e~ (Wikstrdm, 1977; 1984).

CcO, with thirteen subunits in bovine heart and three to four subunits in some
bacteria (Kadenbach et al., 1983; Hosler et al., 1992; Iwata et al., 1995; Tsukihara et al.,

1996), belongs to the heme-copper oxidases family.

2 Heme-copper oxidases
Heme-copper terminal oxidases catalyze the four electron reduction of oxygen to
water, coupled with the generation of an electrochemical gradient across the membrane in

which they are embedded (Garcia-Horsman et al., 1994a). The distinct characteristics of



all the members of this superfamily are that the subunits I are homologous to each other,
and in this subunit there is always a heme-copper binuclear site, where the oxygen
reaction takes place. Besides the heme groups at the binuclear centers, which are high
spin five coordinate hemes, there is usually another low spin heme located in subunit I
close to the high spin heme at the binuclear center. Most of the terminal oxidases found
so far belong to this family, the only exception being the cytochrome bd oxidase, where
the oxygen reduction site is a d-type heme with no associated copper (Junemann, 1997).
In mammalian mitochondria, the only type of oxidase present is the aa;-type
oxidase, characterized by the presence of two heme A groups in subunit I. This aa;-type
oxidase, together with several alternative oxidases from this superfamily, is also found in
some bacteria, and they are inducible by oxygen in the environment. In R. sphaeroides,
three respiratory oxidases have been identified: aa;- and cbb;-type CcOs and a bb;-quinol
oxidase (Hosler et al., 1992; Garcia-Horsman et al., 1994b; Yun et al., 1994). At high
oxygen tension (under aerobic growth conditions), the aa;-type oxidase is the dominant
form, while at low oxygen tension (semi-aerobic conditions), the cbb;-type oxidase is
induced and the aas-type oxidase is repressed. The presence of more than one kind of
terminal oxidase enables organisms to survive under different environmental conditions.
Although all the members from the heme-copper oxidase family have a similar
Structure in subunit I, they are diversified in several aspects:
1) Substrate: Substrate utilization for the members of the heme-copper oxidase
family differ, and can be categorized into two groups: CcOs use soluble or membrane-
bound Ce as their substrate, while quinol oxidases use membrane-bound quinol, rather

than Ce, as the electron donor.



2) Prosthetic groups: So far four types of heme groups have been found among
the members of the heme-copper oxidases family: A-, B-, C-, and O-type hemes. These
four types of heme groups all share the same basic tetrapyrrole porphyrin rings structure,
but their differences lie in the types of the side chains, which also impart to them
different visible absorption spectra. Among these four types of heme groups found in the
heme-copper oxidase family, only hemes A, B and O are found to be present at the
binuclear center. The c-type hemes are only found covalently linked to subunit II of
some members of the family, like caa;- and cbb; -type oxidases (Mather et al., 1993;
Garcia-Horsman et al., 1994b). In these types of oxidases, the covalently bound c-type
hemes, acting as the substrates for the oxidases, can transfer electrons directly to the
oxidases (Nicholls & Sone, 1984).

Besides the variation of the heme components, another difference among the
prosthetic groups is the presence or absence of a Cu, site among the heme-copper
oxidases. In most CcOs, Cu,, as the initial electron acceptor from Cc (see below), is
located at the C-terminus of subunit II. This copper site is found to be present in aa;-,

caa;- and bajz-type CcO, but not in any known quinol oxidases or other CcOs, including
the cbb;-type oxidases (Garcia-Horsman et al., 1994a). The membrane-bound feature of
quinol may enable it to transfer electrons directly to the low spin hemes in subunit I of
the quinol oxidases, in the absence of a Cu, site. In this regard, the covalently bound C-
type hemes in the cbbs-type CcO may also transfer electrons directly to the low spin
hemes at sybunit I.
3) Proton pumping capability: Although heme-copper oxidases have been

found in Mmany species, few have been purified and very well characterized, especially for
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their proton pumping activities. Among them, the aa;-type CcO and the bos-type quinol
oxidases are the most well understood. The proton pumping activities of the oxidases do
not correlate with the substrates used, either Cc or quinol. Both aas-type CcO and bo;-
type quinol oxidases show proton pumping activities; so do the cbb;-type CcO found in
R. sphaeroides and Paraccous. denitrificans (de Gier et al., 1996). The bb; -type CcO
from Thermophilic bacterium PS3 (Sone et al., 1990) and the ba3-type CcO from
Thermus thermophilis (M. Denise and S. Ferguson-Miller, unpublished) have not been

demonstrated to pump protons.

3 The structure of cytochrome aa; oxidase and the prosthetic groups

3.1 Structural information
The aa;-type CcO is the best characterized among the heme-copper oxidases.
Most of the early work on this enzyme was done on the enzyme isolated from bovine
heart using a variety of spectroscopic and biochemical techniques (Wikstrém et al., 1981).
Inbovine heart, CcO has thirteen subunits (Kadenbach et al., 1983), with the three largest
encoded by mitochondria, and the other ten by nucleus. In contrast, the aas-type
oxidases from bacteria have a much simpler structure, with three to four subunits, and the
three largest ones from bacterial oxidases are highly homologous to the three largest
Subunits in mammalian oxidases (Cao et al., 1991; Shapleigh & Gennis, 1992).
Extensive mutagenesis has been done on the gene encoding subunit I of CcO from
R. sphaeroides and the homologous subunit in the E. coli bo; quinol oxidase (Hosler et al.,

1993). The combination of biochemical, biophysical and spectroscopic analyses correctly
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predicted the structures of the metal centers (except the newly discovered Ca site) in
subunit I and their arrangements in the membrane. In 1995, a landmark time for CcO
research, two crystal structures were resolved simultaneously from different species: a
thirteen subunit bovine heart oxidase (Tsukihara et al., 1995; 1996) and a four subunit
oxidase from P. denitrificans (Iwata et al., 1995), with the three largest subunits in both
oxidases sharing almost identical secondary structures and local metal structures. It is
noteworthy that, although mammalian and prokaryotes are evolutionarily distantly
related, the features of the core structures in the aa;-type CcO are essentially identical in
both systems. The crystal structures, besides confirming results of early studies, provide
more detailed structural information for further functional analysis. The following review
is based on the information from these two crystal structures and their newly refined
versions (Ostermeier et al., 1997; Yoshikawa et al., 1998), with emphasis on the three
core subunits. All the residue numbers, unless otherwise specified, are based on the R.
Sphaeroidles oxidase system (for a more general review, see Ferguson-Miller & Babcock,

(1996)).

3.1.1 Subunit I

Subunit I, being the most conserved subunit in CcO, has twelve transmembrane
helices, as suggested by amino acid hydropathy plot analysis (Hosler et al., 1993), with
the exceptions that the helices from the structures are generally longer than predicted and
are more tilted in the membrane.

With the discovery of the new Ca site, there are five metal centers in this subunit:

theredox active heme a, heme a3 and Cup sites, and the non-redox active Mg and Ca
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sites. The overall arrangements of these sites, together with Cu, located in subunit II, are
shown in Figure 1.2. The low spin heme a is ligated by two histidine residues, His-102
and His-421, from helix II and helix X, respectively, while the high spin heme a3 uses
another histidine residue (His-419) in helix X as its ligand. This arrangement puts the two
heme centers in close proximity, with an edge to edge distance between the two hemes of
4.7 A in the bacterial oxidase, and an iron to iron distance of 13.2 A in the P. denitrificans
oxidase (14 A in the bovine oxidase). The heme planes are almost perpendicular to each
other with the interplanar angles of 108° and 104°, respectively, for the P. denitrificans
and bovine oxidases. As suggested from spectroscopic analyses, the heme a3 and Cup are
located in close proximity at about 5.0 A apart (4.5 A in bovine and 5.2 A in P.
denitrificans), with Cup ligated by three histidine residues, His-284, -333 and -334. The
high spin heme a3 and the Cugp are strongly electronically coupled, rendering both of them
EPR invisible.
The non-redox active Mg site is located at the interface between subunit I and II.
As the mutagenesis and spectroscopy studies suggested (Espe et al., 1995; Hosler et al.,
1995; Witt et al., 1997), this metal center has an octahedral structure with side chains of
His-411 and Asp-412 from subunit I and the carbonyl oxygen of Glu-254 from subunit II
as ligands (F igure 1.3). The other three ligands are water molecules, with one of them
hydrogen-bonded to Asp-229 in subunit II. This Mg site has been found to be important
for stabilizing the overall structure and modulating the redox potentials of the neighboring
metal centers (Florens et al., 1998). Its possible involvement in proton/water exit has also

been proposed (Ferguson-Miller & Babcock, 1996).



Met263 o/ His217
®
Cys256 Yoz Cu,
His260 Asp229
1\1
Argal\A, 8
Arg482<}“" A“P"pﬂs«m j e

&)

Glu254

Figure 1.2 The metal centers and their ligands in cytochrome c oxidase.
The structure is from Ostermeier (1997) with modification.
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With the availability of the two-subunit structure of the bacterial oxidase
(Ostermeier et al., 1997) and the refinement of the bovine oxidase to 2.3 A resolution
(Yoshikawa et al., 1998), a new Ca site has been discovered in both systems. This metal
site is located at the periplasmic end of the first transmembrane helix of subunit I, with
five oxygen molecules as direct ligands. It is noteworthy that, although the new Ca sites
were identified at roughly the same positions in subunit I of the two oxidases, the
resolved ligands in the two structures are not all the same. In the two-subunit oxidase
from P. denitrificans, the five oxygen molecules are from the carbonyl oxygen of Ala-57
(His-59 in P. denitrificans), Glu-54 and Gly-59, as well as the side chain oxygens of Glu-
54 and GIn-61 (Figure 1.4), while in the bovine oxidase, they are from the carbonyl
oxygens of Glu-54, Gly-59 and Ile-484 (Ser-441 in bovine oxidase), the side chain of Glu-
54 and one water molecule (Figure 1.4). The center to center distances from Ca to Cu,
and heme a in P. denitrificans oxidase from is about 18 A and 17 A, respectively. The
function of this Ca site is unknown so far.

Another unexpected result from the high resolution structures is the presence of a
covalent bond between the highly conserved Tyr-288 and His-284, one of the Cup ligands
(Ostermeier et al., 1997; Yoshikawa et al., 1998). The electron densities between them
have been interpreted as a hydrogen bond in early structures, while the high resolution
structures clearly show the presence of a covalent bond. It previously had been noted
that substitutions of this tyrosine residue in the oxidases from R. sphaeroides and E. coli
result in disruption of the heme a3-Cug center, suggesting its importance in stabilizing this

copper site (Hosler et al., 1993; Thomas et al., 1994). The function of this linkage is still
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Figure 1.4 Stereoview of the calcium site in cytochrome c oxidase.
All the numbers are from R. sphaeroides oxidase numbering,
unless otherwise specified. Panel A and B are the Ca structures
from P. denitrificans and bovine oxidases, respectively. In
R sph ides the eqival idues to His-59 in P. denitrificans
and Ser-441 in bovine are Ala-57 and Ile-484, respectively.
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elusive, but clearly, it will change the charge distribution around the Cup site, which will
influence the oxygen reduction. It has been proposed that this Tyr-His dimer may
become a tyrosine radical at the "peroxy stage" during the oxygen reaction (see below),
and involved in electron transfer and protonations of the oxygen intermediates
(Ostermeier et al., 1997; Yoshikawa et al., 1998). Obviously, more experimental work is
needed to address this issue.

The involvement of tyrosine (or tryptophan) radicals in oxygen reactions are not
without precedents. In CcP (Millett et al., 1995), prostaglandin synthase (Dietz et al.,
1988), and photosystem II (Babcock et al., 1997), a tyrosine (or tryptophan) residue has
been found to be essential for the oxygen reaction. The identification of the Tyr-His
dimer near the binuclear center in CcO undoubtedly will provide new insights for

studying the oxygen chemistry in this system (Proshlyakov et al., 1998).

3.1.2 Subunit II
Subunit IT has only two transmembrane helices, located at the N-terminus of this

subunit. The hydrophilic C-terminal part of the protein forms a globular domain, which

consists of a ten-stranded B-barrel, similar to the blue copper protein structures. This C-

terminal domain is the substrate binding site and also the place where Cu, resides.
Among all the aa;-type CcO, several features are conserved in all known subunit II
sequences (Figure 1.5 ):

1) Cu,: Cu, is a binuclear center with a mixed-valence state [Cu(1.5)-Cu(1.5)].
The ligands of the two copper atoms are two histidine residues (His-217 and -260), two

cysteines (Cys-252 and -256), a methionine (Met-263) and the backbone carbonyl oxygen
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of Glu-254 (Figure 1.6), which is also ligated to the Mg atom using its carboxyl side chain.
All the Cu, ligands are highly conserved in all the oxidases with a Cuy site. The two
cysteines bridge the two copper atoms, while the two histidine residues provide terminal
ligands. Glu-254 and Met-263 ligate one Cu ion each in a symmetric configuration. The
distances between the two copper atoms are in the range of 2.5 to 2.7 A in different
species and among different crystal forms (Iwata et al., 1995; Tsukihara et al., 1995;
Wilmanns et al., 1995; Ostermeier et al., 1997), consistent with strong electronic coupling.

2) Conserved residues in the transmembrane region: Subunit II of the aa;-
type CcO has two transmembrane helices at the N-terminus, which anchor the C-terminal
soluble domain to the membrane. In the second helix, there are several invariant residues
(Glu-101, Trp-104, Thr-105, Pro-108 and Ile-121) in close contact with helix VIII in
subunit I, and among them, Pro-108 is within van der Waals distance from the farnesyl
group of heme a3. These same residues are also present in the homologous cytochrome
bo; oxidase. In the space-filling model of the oxidases, the faresy tail can be seen from
the cleft of the two transmembrane helices in subunit II. An oxygen channel has been
proposed to reach Cup by way of the farnesyl group (Tsukihara et al., 1996), which puts
these conserved residues in subunit II in the vicinity of this proposed oxygen channel.

No mutagenesis has been reported for this group of residues.

3) Aromatic stretch: Another striking feature in subunit II of CcO is the stretch
of well-conserved aromatic residues (Trp-43, Tyr-144, Trp-145, Tyr-147, and Tyr-149)
(Figure 1.5). In a early study, these residues had been suggested to be involved in electron
transfer (Steffens & Buse, 1979b). The more recent crystal structure from P. denitrificans

indicates that Trp-143 is in van der Waals contact with one of the Cu, ligands, Met-263,



20

3SBPIXO0 2 3WOAYD0IAD Uy YIS YD) 3y} JO MIIA0INS 9] amsig




-~

>
S

-\




21

and is also hydrogen-bonded to His-217 (Iwata et al., 1995), which places it in a favorable
position for transferring electrons from Cc to Cu,. It is interesting to notice that,
although cytochrome bo; oxidase does not have a Cu, site and uses quinol, rather than Cc,
as substrate, this stretch of aromatic residues is also present in this quinol oxidase.

4) Carboxyl residues: The subunit II C-terminal domain has been suggested to
be the substrate binding site (Steinrucke et al., 1987). Moreover, chemical modification
studies indicated that some of carboxyl residues are involved in Cc binding (Millett et al.,
1983; Witt et al., 1995). As a matter of fact, in this domain, beside the Cu, ligands and
the aromatic residues, several carboxyl residues (Glu-148, Glu-152, Glu-157, Asp-195,
Asp-214 and Asp-229) are also highly conserved in most aa;-type CcO, but not in

cytochrome bo; oxidase (Figure 1.5), implying a functional importance for them.

3.1.3 Subunit ITI

Subunit I1I has seven transmembrane helices, which form two bundles; one
containing helix I and II, and the other one helices III to VII. These two bundles form a V-
shaped structure with each bundle as an arm. The function of subunit III is still not clear,
and the evidence against its involvement in proton pumping is strong (Thompson et al.,
1985; Haltia et al., 1991). The gene of subunit III from R. sphaeroides has been deleted,
which results in a two-subunit oxidase in which the binuclear center is undergoes rapid
inactivation (J. Hosler, personal communication), suggesting that subunit III may be
involved in protein assembly or stability. Structural analysis also suggests that subunit
III may provide a reservoir for efficient oxygen diffusion from the membrane to the
binuclear center in subunit I (Tsukihara et al., 1996). In the space-filling model of the

oxidases, Glu-286, a conserved residue close to Cup, can be seen from the cleft in subunit
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III. The blockage of this channel by introducing a bulky side chain has been found to

sterically hinder the oxygen diffusion (Riistama et al., 1996).

3.1.4 Other subunits

A fourth subunit, has been resolved in the crystal structure of P. Denitrificans
oxidase, with one transmembrane helix and in contact with all the other three subunits
(Iwata et al., 1995). This subunit shows no homology to the ten small subunits in the
bovine oxidase. The function of this small subunit is unknown, and the deletion of this
subunit from P. denitrificans has no obvious effect on the catalytic functions of the
enzyme (Witt & Ludwig, 1997).

CcO in bovine heart has been crystallized as a dimer, with the ten nuclear-encoded
subunits surrounding the three core subunits. Seven of the ten nuclear subunits have
transmembrane regions which vary in length. Subunit VI3 is found to be involved in
stabilizing the dimer structure. A zinc site, with four cysteine ligands, is located at the

matrix side of subunit Vi, forming a tetrahedral structure. Subunits VI3 and VIp, together

with subunit II and the top of subunit I, form a concave surface, which has been suggested
to be the Cc binding site in the bovine oxidase (Tsukihara et al., 1996). ADP and ATP
have been shown to regulate allosterically the oxidase activity (Anthony et al., 1993,
Frank & Kadenbach, 1996), and two possible ADP binding sites have been located by
their resemblance to cholate binding sites in the bovine oxidase structure, with one of
them interacting with subunits I and III at the cytosolic side, while the other interacts

with subunit VIa toward the matrix (Tsukihara et al., 1996).
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3.2 The oxygen reactions

The overall reaction catalyzed by CcO involves transferring electrons from Cc to
oxygen, according the following scheme:

4 Cc (Fe'l) + 02+ 8H';, — 4 Cc (Fe') + 2H,0 + 4H" (Eq. 1)

The evolutionary choice of using oxygen as the electron acceptor is due to its high redox
potential, which will maximize the free energy production. The energy produced from
this reaction is not solely dispersed as heat, but is efficiently stored as the transmembrane
electrochemical proton gradient. For the reduction of one oxygen molecule, four electrons
are required, which results in four protons being consumed from the matrix to form water;

concomitantly, four (H',,,) are pumped across the membrane.

In the process of reduction of oxygen, several events occur: electron transfer,
protonation, and oxygen bond cleavage. Any of these events can be the overall rate-
limiting step, which will result in different reaction kinetics. Unlike cytochrome P450
enzymes, in which electron transfer is the rate-limiting step and the oxygen intermediates
are transient, CcO shifts the rate-limiting step to proton transfer (Ferguson-Miller &
Babcock, 1996). This proton-transfer control ensures that the protons are loaded at the
proton-pumping site before the electron transfer event takes place, enabling the proton
pumping to be tightly coupled with electron transfer. Moreover, this proton control
feature allows the oxygen intermediates to build up to substantial levels to be
characterized spectroscopically.

The reaction of CcO with oxygen is so fast that conventional stopped-flow
techniques are impractical; To overcome this problem, Gibson & Greenwood, (1963)

invented the flow-flash technique by using CO-bound oxidase. After mixing CO-inhibited
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oxidase with oxygen, the reaction can be initiated using a laser to photodissociate CO
from the reduced oxidase. This technique can essentially completely convert the CO
complex to the oxygen complex, and it has been used widely in combination with other
spectroscopic techniques to detect the oxygen reaction intermediates. These techniques
include the low temperature optical and EPR trapping measurement (Chance et al.,
1975(a);1975(b); Hansson et al., 1982), time resolved resonance Raman (Han et al., 1990;
Varotsis & Babcock, 1990; Ogura et al., 1991; Varotsis et al., 1993; Proshlyakov et al.,
1994; 1996), and time-resolved optical absorption techniques (Georgiadis et al., 1994;
Bose et al., 1997). By slowing down the reaction progress at low temperatures, Chance et
al. (1975) first identified several reaction intermediates. On the other hand, Georgiadis et
al. (1994) used time-resolved optical absorption techniques combined with singular value
decomposition and global exponential fitting analysis to pull out the spectra of several
oxygen species in the overall reaction. Optical spectroscopy provides information about
the kinetics of the internal electron transfer processes, but the uncertainty of the
theoretical spectra of some of the oxygen intermediates that are used in the analyses may
undermine their assignments. Time-resolved resonance Raman, coupled with isotope and
model compound studies, provides more definitive information, and a number of oxygen-
isotope sensitive Raman bands have been observed in the reaction. But the shortcomings
of this technique are that it is less quantitative and the assignments of the isotope-
sensitive bands sometimes are not straightforward.

Besides the technical aspects, there is also a variety of ways to study the oxygen
reaction using enzymes in different redox states. The fully reduced and mixed-valence

oxidases can react with oxygen directly, while the fully oxidized enzyme can react with



e
-

33
v

e




25

hydrogen peroxide to produce some compounds with similar spectroscopic properties to
the intermediates formed in the oxygen reaction with the fully reduced oxidase. Wikstrém
(Wikstrdm, 1989; Wikstr6m & Morgan, 1992) has studied the same reaction in “reverse”
in the whole mitochondria. He noticed that under highly oxidizing conditions with a high
electrochemical proton gradient created by hydrolysis of ATP, one or two electrons can
flow back from water through enzyme to form the “peroxy” intermediate, similar to the
oxygen intermediate observed in the forward reaction.

By using the different biochemical and spectroscopic methods listed above in
different laboratories, the oxygen reaction with CcO has been studied thoroughly, and a
consensus of the reaction scheme has begun to emerge, although there is still controversy
(Babcock & Wikstrdm, 1992; Ferguson-Miller & Babcock, 1996). A simplified reaction
scheme for the oxygen reaction with CcO is shown in Figure 1.7. In the fully reduced
state, oxygen was found to bind to Cup first, before forming the oxy form in which
oxygen binds to heme a3 in an end-on configuration. The initial oxy form and the last
hydroxyl form are the best resolved intermediates in the whole reaction cycle. In the
subsequent steps following oxygen binding, the oxy form is reduced to the peroxy ("P")
form first, and then to the ferryl ("F") form, where the oxygen bond is broken, and finally
to the hydroxy form after the third and the fourth electrons are transferred into the

binuclear center, respectively. It is only the last two steps in the oxygen reaction that are

coupled with proton pumping activity with a stoichiometry of 2H*/e" for each electron
(Wikstrdm, 1989). Peroxy and ferryl forms have been identified using different

techniques and different redox stages of the oxidases; the controversies associated with
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these two forms are the detailed structure and the time-sequence of the intermediates that

occur.

3.3 Proton pumping

3.3.1 Characteristics of proton pumping

One intrinsic property of CcO is its proton-pumping function. When one
molecule of oxygen is reduced, besides four protons consumed for water formation, four
more protons are pumped across the membrane. The proton pumping activity of the
oxidase is tightly coupled with the electron transfer activity, with the proton pumping
controlling the overall activity under most conditions. The principle underlying this tight
coupling is electroneutrality, as advanced by Rich (1995). The essence of the principle is
that the movement of negative electrons into a region of low dielectric is always
compensated by protonation, which will decrease the electrostatic energy created by
electron movement. To keep the overall charge balance, the theory suggests that
protonation of the oxygen intermediates to form water will repulse an equal number of the
protons (brought in to neutralize the electron events) from the binuclear center areas to
the outside of the membrane, and result in proton pumping. This electroneutrality theory
is supported by the experimental facts that many of the electron transfer steps are pH
dependent and show a D/H isotope effect (Oliveberg et al., 1991; Héllen & Nilsson,
1992). The pumping of four protons is not coupled uniformly with the input of four
electrons; only the last two electron transfer events that convert the peroxy to the ferryl
and the ferryl to the hydroxy forms are coupled to the translocation of two protons at

each step (Wikstrdm, 1989). This result was further confirmed from the study of oxidase
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with hydrogen peroxide, which, bypassing the first two electron transfer steps, and
shows that a total of four protons are pumped in the last two electron transfer steps
(Konstantinov et al., 1997). A successful model about CcO proton pumping mechanism

has to implement all these requirements.

3.3.2 Proton pumping models

Since the discovery of the proton pumping activity associated with the oxidase,
several models have been proposed to explain the pumping mechanism. They generally
can be categorized into two kinds, direct and indirect coupling mechanisms.

The indirect coupling mechanisms propose that electron transfer causes an overall
conformational change, causing protons to be pumped at some sites at a distance from the
site where the oxygen chemistry occurs. A representative of these models is the two-
conformation model proposed by Brzezinski & Malmstrém (1986), based on the biphasic
steady-state kinetics of CcO. This model suggested that CcO has two conformations, the
non-proton-pumping and the proton-pumping conformations. With the electron transfer,
one conformation switches to the other. From analyzing the bovine oxidase structure,
Yoshikawa et al. also observed a hydrogen-bonded network involving some residues from
helices III and V in subunit I, remote from the binuclear heme a3;-Cug centers (Tsukihara
etal,, 1996; Yoshikawa et al., 1998). They suggested that conformational change will
induce a unidirectional proton transfer along this hydrogen bond network.

In the latest 2.3 A resolution structures of the bovine oxidase (Yoshikawa et al.,
1998), an asparate residue (Asp-51 in bovine) located at the periplasmic side of subunit I
is found to change conformations associated with the changes of the redox states of the

oxidase, and a hydrogen-bond network has been identified, which connects this residue,
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through hydrogen-bonds to heme a and eventually to the bulk solution at the matrix side.
An indirect proton-pumping mechanism associated with this residue has been proposed,
but inconsistent with such a model, this residue and some other residues involved in the
proposed proton-pumping model are not conserved in a number of oxidases.

Most of the models proposed are based on a direct coupling mechanism, using one

or more of the redox active metal centers as the coupling site. The first well developed
model was proposed by Chan et al.(Chan & Li, 1990), who based it on the unusual
spectral characteristics of the Cu, (At that time, the binuclear nature of the Cu, was not
known). In this “ligand-exchange” model, the reduction of Cu, causes a structural
conformational change in the Cu, site from planar to tetrahedral, and drawing in a nearby
tyrosine residue to ligate Cu,, replacing one of its cysteine ligands. This ligand exchange
enables the tyrosine proton, which is from the inside of the membrane, to be transferred
to the displaced cysteine residue. In turn, when the cysteine ligates back to the Cu, site,
it releases the proton to the outside of the membrane. In this model, each electron
transfer step is coupled with one pumped proton. Babcock & Callahan (1983) also
proposed that a change in the hydrogen binding of the formy! group of heme a, in
response to its redox state, controls the proton pumping. Arguments against ‘these
models are based on the facts that quinol oxidases, which are homologous to CcOs but do
not have the Cu, site or the formyl substituent of heme a, can pump protons.
The latest direct coupling models are focused on the binuclear site, where the
oxygen reaction takes place, and a ligand-shuttling mechanism resembling the model of
Chan e al. was adopted to Cug. Woodruff (1993) proposed that when oxygen binds to

Cup, one of its ligands with a labile proton can dissociate and bind to the distal position
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of heme a;, replacing the proximal histidine; and in the meantime, the labile proton is
released. Subsequent protein conformational change enables the proximal histidine, now
with a proton from the inside of the membrane, to reprotonate the shuttling Cupg ligand
and dissociate it from heme a;. In this model, the proton pumping does not couple with
the electron transfer reaction, but rather with the initial oxygen binding. A similar model
was proposed by Rousseau ef al. (1993); rather than using the Cup ligand, they
proposed that the conserved Tyr-422 was involved in ligand exchange with the proximal
ligand of heme a;. Mutagenesis study of this tyrosine residue in R. sphaeroides has ruled
out this possibility (Mitchell et al., 1996).

A current working model is the “Histidine-cycle” model, involving Cup ligands,
first proposed by Wikstrdm (Morgan et al., 1994; Wikstrém et al., 1994), and further

modified by Iwata et al.(1995), based on the crystal structure of the P. denitrificans

oxidase. This model fits with the electroneutrality principle, the 2H"/e” stoichiometry for

the third and fourth electrons, and the known oxygen reaction scheme. The essence of the
model is that histidine, functioning as a 2H" carrier, can cycle between imidazolate (Im”),

imidazole (ImH) and imidazolium (ImH2+) states. At the ImH," state, the histidine ligand

dissociates from Cup and assumes another configuration. The protonation of the peroxy

and ferryl intermediates will repulse the two protons from the ImHzJr to the proton exit
channel. From the peroxy form to the ferryl and from ferryl to the hydroxy! states
(Figure 1.7), the Cup will be reduced twice; as a result, two water molecules are formed,
and four protons are translocated. In this model, the proton translocation is directly

associated with the oxygen reaction. In the original crystal structure of the oxidized form
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of P. denitrificans oxidase, the electron density of His-333 was not resolved, suggesting
the presence of multiple conformations for this residue. Thus, Iwata et al. (1995) used
this residue, rather than His-284, the one Wikstrém originally proposed in his early model
(Wikstrdm et al., 1994), as the shuttling ligand in their modified version. Recently, this
“Histidine-cycle” proton-pumping models has lost some attraction due to the fact that in

all the latest structures, whether reduced or oxidized, the electron densities for the Cup

ligands are all clearly resolved.

3.3.3 Proton channels

In the oxygen reaction, two kinds of protons are required: substrate protons for
water formation and pumped protons. To make sure no proton short-circuiting takes
place at the binuclear center, protonic insulation is required; otherwise, the pumped
protons may be used for water formation. As a result, the presence of two proton
channels have been suggested, one for the pumped protons and one for the substrate
protons. In order to acquire protons from the cytoplasmic side, the two channels have to
originate from the cytoplasmic side and lead the substrate protons to the binuclear center,
and the pumped proton eventually to the proton exit channel. Studies on
bacteriorhodopsin suggest that a hydrogen-bond network involving water molecules and
protonable residues is a good relay system for proton movement (Krebs & Khorana,
1993). Much effort has been spent on trying to identify polar residues important for
proton pumping (Fetter et al., 1995).

Mutation of Asp-132 in R. sphaeroides, or the equivalent residue in cytochrome

bo3 oxidase in E. coli, completely abolishes the proton pumping activities, but the
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enzyme can still turn over, albeit at a slower rate (Thomas et al., 1993; Fetter et al., 1995;
Garcia-Horsman et al., 1995). The proton pumping activity of this mutant can be
restored by placing a carboxyl group near Asp-132 (Garcia-Horsman et al., 1995). The
straightforward explanation for these results is that Asp-132 is involved in proton
pumping. A hydrogen-bonded network for pumped protons has been identified in the
bacterial oxidase structure, which starts from Asp-132, involving several water molecules,
and leads to Glu-286 in the interior of the protein on helix VI (Iwata et al., 1995). A
similar pathway for the substrate protons in the structure was also suggested, beginning
at Lys-362 and leading to the hydroxyl group of heme a;. This identification of a
substrate proton pathway was also originally suggested by mutagenesis results, which
showed that the mutation of Lys-362 caused complete inactivation of the oxidase (Hosler
et al., 1993; Junemann et al., 1997) .

Glu-286 is one of the highly conserved residues in heme-copper oxidases;
replacement of this residue in CcO from R. sphaeroides and cytochrome bo3 oxidase from
E. coli almost completely inactivates the enzymes (Puustinen et al., 1992; Hosler et al.,
1993; Puustinen et al., 1997). Modeling of the position of water in the structure indicates
that Glu-286 could be hydrogen bonded to a water molecule, and further connect to His-
334, the Cup ligand (Puustinen et al., 1997). The movement of the side chain of Glu-286
during proton transfer, coupled with the switching of one of the histidine ligands, has

been suggested to be the proton translocation mechanism. In Wikstrém's latest model, the
ligand involved in the histidine shuttle is proposed to be residue His-334, due to its

closeness to Glu-286 (Puustinen et al., 1997).
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Based on computational simulation analysis of the bacterial oxidase structure with
the placement of water molecules, Schulten and co-workers (Hofacker & Schulten, 1997)
suggest a pumping-proton channel which also involves the movement of the side chain of
Glu-286. In this model, the protonated glutamic acid side chain can flip upwards and
deliver the pumped protons to the propionate group of heme a3, which is located at the
bottom of the suggested proton exit channel. A change in the environment of the Glu-286
carboxyl, consistent with both these models, is supported by FTIR analysis (Puustinen
etal,, 1997; Behr et al., 1998; Hellwig et al., 1998)

The proton exit channel has been suggested to be located at the interface of
subunits I and II, where the Mg is located (Iwata et al., 1995). A negative charge cluster
has been found in this area, which consists of some carboxy! residues from subunits I and
II. The recent high resolution structures from both P. denitrificans and bovine identify
several water molecules in this area, which, together with the carboxyl residues, the
propionate groups of heme a3 and His-334 (Cup ligand), form a extended hydrogen

bonded network, making it a likely candidate for the proton exit pathway.

4 Cu, center

4.1 General characteristics of copper proteins

Copper is one of the essential trace elements for living organisms. As a cofactor,
it is present in many enzymes that carry out biological oxidation-reduction reactions,
either simple electron transfer, as in blue copper proteins, or oxygen binding and

activation, as in hemocyanin and Cw/Zn superoxide dismutase which binds superoxide
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(Adman, 1991). The aa;3-type CcOs have two copper sites, with Cu, involved in
electron transfer, and Cup in oxygen reduction. Historically, the copper proteins have
been categorized into three kinds based on their spectroscopic properties and structures:
the type I (or blue) copper proteins, type II (or normal) copper proteins and the type III
coupled binuclear copper proteins. With the discoveries of new kinds of copper centers,
including the Cu, sites in CcO and nitrous-oxide reductase (N,OR) (Kroneck et al., 1989),
and the multicopper sites in ascorbate oxidases (Avigliano et al., 1983), this list was
further expanded.

The type I copper proteins, including plastocyanins and azurins, exhibit strong
absorption in the 600 nm region, giving these proteins an intense blue color (Solomon &
Lowery, 1993). The electron paramagnetic resonance (EPR) spectra of the blue copper
proteins have smaller parallel hyperfine splitting (A;; < 70 G) compared to the type II
copper proteins. The typical structure of the blue copper site has two histidine ligands
and one cysteine ligand coplanar with the copper atom and a methionine as a weak axial
ligand. The strong absorption at 600 nm is due to the metal to ligand charge transfer
between the copper atom and the cysteine ligand. In the blue copper proteins, the copper
atoms are in a distorted tetrahedral geometry, which is intermediate between that
preferred by Cull (square planar) and Cul (tetrahedral). As a result, the structure of blue
copper sites show little change on reduction, which lowers the reorganization energy and
favors rapid electron transfer.

The type II copper proteins, such as Cu/Zn superoxide dismutase, exhibit distinct
EPR spectra with larger parallel hyperfine splitting (A;;> 120 G). The absorption

spectra in the visible region is much weaker than that of blue copper proteins due to the
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weak ligand field transition. In Cu/Zn superoxide dismutase, the copper atom is ligated
with four histidines and one water molecule.

The type III coupled binuclear copper proteins, including hemocyanin, can bind
oxygen reversibly, as reviewed by Solomon et al. (1996). In the oxygenated form of
hemocyanin, where the two Cu atoms are 3.6 A apart from each other and each Cu atom
is ligated with three histidine residues, the oxygen binds to the two Cull in the peroxide
form in a side-on geometry (Magnus et al., 1994). Because of the strong
antiferromagnetic coupling between the electrons on each copper atom, the oxygenated
form, with an weak absorption band at 600 nm and an intense band at 350 nm, does not
have an EPR signal. In the deoxygenated form, the two copper atoms are in the reduced
form, which is also EPR silent.

Multicopper proteins, like ascorbate oxidase (Avigliano et al., 1983), have more
than two copper atoms. These copper atoms usually are a combination of the three
types of copper centers discussed above. In the case of ascorbate oxidase, the four
copper atoms in each monomer of the enzyme form a mononuclear and a trinuclear
species. The mononuclear copper, which is involved in transferring electrons from the
substrate to the trinuclear center, has two histidines, one cysteine, and one methionine as
ligands, as a typical type I copper. The trinuclear site, with 8 histidines as ligands, is the

oxygen binding site.

4.2 Cu, site in CcO
Now it is general understood that there are two copper centers, Cu, and Cug, in
the aas-type CcOs, with Cu, being a dinuclear copper site with each metal in a mixed-

valence state. In the past half century, since Keilin and Hartree first discovered copper in
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CcO in the 1930s (Keilin & Hartree, 1939), until the emergence of the crystal structures
several years ago (Iwata et al., 1995; Tsukihara et al., 1995), the studies of Cu, have
always been associated with controversies. Is copper a functional part of the oxidase and
how many are there? Is there one or two copper atoms in the Cu, site? What is the
structure of the Cu, site? All these questions have puzzled people through these years.
The study of Cu, has also demonstrated the importance of developing new
methodologies for solving problems. The unfolding of the Cu, history has been recently

related by H. Beinert, a pioneer in this field (Beinert, 1997).

4.2.1 Spectroscopic studies and chemical analyses
When copper atoms were first found to be present in CcO samples, their true

identities were not clear. Are they an intrinsic and functional part of the oxidase or just
fortuitously bound? Early studies showed that the Cu to Fe ratio in CcO was
approximately 1:1, with two Cu and two Fe ions per monomer (Griffiths & Wharton,
1961; Li et al., 1987b; Naqui et al., 1988). Although most of these studies observed
slightly higher Cu/Fe ratios than 1:1, it was generally attributed to contaminating copper
atoms in the samples. Several groups later also observed slightly higher Cu/Fe ratios with
5 Cu/4 Fe per dimer of bovine oxidase (Einarsdottir & Caughey, 1984; 1985; Moubarak et
al., 1987; Yoshikawa et al., 1988; Pan et al., 1991b), and suggested that the “extra” copper
was important for the dimerization of the enzyme. A few groups using different
techniques, including inductively coupled plasma atomic emission spectroscopy (ICP-
AES) (Steffens et al., 1987), proton induced X-ray emission (PIXE) spectroscopy

(Bombelka et al., 1986), and energy dispersive X-ray fluorescence (EDXRF)
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spectrometry (Oblad et al., 1989), found a 3:2 ratio for the Cu and Fe. The inconsistency
of metal analysis results laid the ground for the controversies about the structure of Cu,.

The copper atoms in CcO were found early not to be removed during the enzyme
purification and by EDTA dialysis (Griffiths & Wharton, 1961). The final proof that
copper atoms are a functional part of the oxidase came from EPR studies, which showed
that the copper signals disappeared upon substrate addition, and this disappearance was
reversible. Moreover, the oxidation states of the copper paralleled that of the EPR-visible
heme, suggesting that EPR-visible copper is involved in electron transfer (Beinert et al.,
1962).

EPR spectroscopy was used intensively in early CcO studies (Malmstrom &
Vangard, 1960; Beinert et al., 1962; Aasa et al., 1976; Froncisz et al., 1979), but the Cu,
EPR spectra showed no similarity with those of known copper proteins. At X-band
frequency, unlike other copper proteins which showed hyperfine splitting in the g,
region, the hyperfine splitting in CcO is not resolved due to the overlap with low spin
heme signal; furthermore, it has an unusually low g value (g = 1.99) at the g, region. EPR
analysis also revealed that the low spin heme represents only about 50% of the total
heme content (Beinert et al., 1962). The quenching of one of the two hemes was
suggested to be the result of the antiferromagnetic coupling between this heme and a
copper ion (Cup). Indeed, the g = 2 signal of CcO accounts for only about 40% of the
intrinsic copper (Beinert et al., 1962). This antiferromagnetic coupling idea was
subsequently confirmed by magnetic circular dichroism (MCD) studies (Babcock et al.,

1976). MCD studies also revealed that the absorption at around 830 nm is an attribute of
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the Cu, site (Greenwood et al., 1983; 1988) and thereby provided a Cu, optical marker
for further kinetics studies.

Redox titration of CcO suggests that Cu, functions as a one electron carrier (Blair
et al., 1986). This result, together with the early metal analyses which indicated the
presence of a 1:1 ratio of Cu/Fe, led to general acceptance that there were two copper
atoms in CcO, one at Cu, and one at Cug (Wikstrdm et al., 1981).

To identify the ligands of Cu,, yeast CcO was labeled with [1,3-'°N;]histidine or
[B,B-2H;]cysteine, and was studied using EPR and electron nuclear double resonance

spectra (ENDOR) techniques (Stevens et al., 1982). It was concluded that there are at
least one cysteine and one histidine as Cu, ligands. This result was further supported by
copper extended X-ray absorption fine structure (EXAFS) study (Li et al., 1987a),
which, by using Cu,-depleted, Cu, modified, and intact oxidase, showed that there are
two histidine and two cysteine ligands. Based on these studies, a model of Cu, was
proposed with two histidines and two cysteines as the ligands, with delocalization of the
unpaired electron in the Cu ion to the two cysteine ligands, to account for the unusual
EPR signal (Stevens et al., 1982; Martin et al., 1988). With the availability of more
protein sequences for CcO from different species, two cysteine residues in the C-
terminus of subunit II were found to be highly conserved (Saraste, 1990). The similarity
of the Cu, binding and the blue copper sequences gave further support to the idea that
Cu, was a mononuclear center with two cysteine ligands, and together with the protein
sequence information, the Cu, site was assigned to be located at the C-terminus of

subunit IT (Holm et al., 1987).
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An unexpected breakthrough in the Cu, study came from unrelated studies of
N20R. N7OR is a terminal enzyme in the energy-conserving denitrification process of
many denitrifying bacteria; it converts N2O to N3 in the last denitrification step by
accepting electrons from Cc (reviewed by Zumft (1997)):

N0 + 2H" +2 Cc(Fell) —» N +H0 + 2 Ce(Felll) (Eq. 2)
N20R from most species is a homodimer with 4 Cu ions per monomer. The Cu, center in
N20R is found to be the electron transfer site, while another copper center, Cuz, is the
substrate binding site. In the resting state of the reductase, Cuz is EPR silent due to the
presence of two antiferromagnetically coupled copper ions at this site. Because of the
lack of interference from other metal centers, a seven line hyperfine pattern was observed
for N2OR at X-band frequency, which was interpreted as arising from a mixed-valence
[Cu(1.5)-Cu(1.5)] binuclear center.

N2O0R, like CcO, has a broad absorption band around 830 nm, that is distinct from
other type I and type II copper proteins (Malmstrom & Aasa, 1993). Based on the
similarity of X-, S- and C-band EPR spectra between N2OR and beef CcO (Antholine et
al., 1992), Kroneck et al. (1988; 1989) proposed that the Cu, site in CcO was also a
binuclear center with mixed-valence states . Although this suggestion was immediately
received with skepticism (Li et al., 1989), the relationship between N2OR and CcO was
cemented by the availability of the amino acid sequences of NoOR (Scott et al., 1989;
Zumft et al., 1992; Hoeren et al., 1993). These sequences clearly showed that the Cu,
binding domain in the C-terminus of N2OR is highly similar to that in CcO, with all the

potential ligands, two histidines, two cysteines and one methionine, present in both
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enzymes (The peptide carboxyl of glutamate as a ligand in CcO was replaced by a
tryptophan carboxy!l group in N2OR in most species).

It is noteworthy that, early on, the small hyperfine splitting of CcO had been
resolved at 2 to 4 GHz in EPR spectra (Froncisz et al., 1979), but unfortunately it was
interpreted as arising from the interaction of Cu, and heme a. Beinert et al. (1962) in
their early paper suggested that the unusual EPR copper spectrum of CcO could be
interpreted as arising from two copper ions in close proximity, but this idea was largely

ignored because of inadequate support from early metal analyses.

4.2.2 Molecular biology studies

With the advances in molecular biology techniques, substantial progress was made
on the Cu, studies. To eliminate the interference of the low spin heme on the Cu, optical
and EPR spectra, the soluble Cu, domains from P. denitrificans (Lappalainen et al.,
1993), Bacillus subtilis (von Wachenfeldt et al., 1994) and Thermus thermophilius (Slutter
et al., 1996) were engineered to be overexpressed in bacteria. The Cu, sites were
reconstituted by incubating these protein domains in the presence of Cul and Cull. Metal
analyses and EPR studies on these proteins have unambiguously shown that the Cu, site
consists of two copper ions. The optical spectrum of Cu, has also been resolved with
absorption at 530 and 480 nm, in addition to the weak one at around 830 nm, as suggested
from MCD studies (Greenwood et al., 1983), which is very similar to the absorption
reported for NoOR (Zumft, 1997). Without the interference of heme a, the hyperfine
splitting at the g;; region has also been partially resolved. An EXAFS study of the

recombinant Cu,-domain from B. subtilis, in comparison with a directly-bonded Cu(1.5)-
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Cu(1.5) inorganic model complex, revealed a Cu-Cu distance of 2.5 A, suggesting a direct
metal-metal bond (Blackburn et al., 1994).

Another important development in Cuy, study has been the restoration of the Cuy
site in the CyoA subunit of E. coli cytochrome bo3 quinol oxidase (van der Oost et al.,

1992). Quinol oxidases do not have the Cuy site in subunit I, nor its ligands. However,

circular dichroism (CD) study has indicated that the cupredoxin fold, a Greek key B-

barrel, is present in both the soluble Cu, domain of CcO and the CyoA domain of quinol
oxidase (Wittung et al., 1994). By introducing back these ligands at the corresponding
positions in the CyoA sequence, van der Oost ef al. (1992) have successfully restored the
Cu, site, with an EPR spectrum similar to the native Cu, site in CcO. This study also
further confirmed the binuclear characteristic of the Cu, site. Mutagenesis studies using
this system identified two cysteines, two histidines, and one methionine as the ligands for
this engineered Cu, center (Kelly et al., 1993). Meanwhile, this work has provided the
source for a high-resolution Cu, crystal structure (Wilmanns et al., 1995). The ability to
reintroduce the Cu, center to quinol oxidase further supports the notion that CcO and
quinol oxidase are evolutionarily related and the quinol oxidase resulted from the loss of
the Cu, site (Saraste et al., 1989).

The type I copper proteins have only one copper atom, with one histidine ligand
remote in the primary sequence from all the others, which are located in a short loop.
This structure is similar to the Cu, binding domains in CcO, except that one cysteine is
missing in the blue copper proteins and the loop is longer in CcO. By replacing the short
loop in blue copper proteins with a corresponding longer one from CcO, the blue copper

sites in amicyanin (Dennison et al., 1995) and azurin (Hay et al., 1996) have been
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converted to a Cu,-like centers. Spectroscopic analyses of the engineered Cu, centers in
amicyanin and azurin show that they are similar to the native Cu, sites in CcO, with two

copper ions at the engineered Cu, sites.

4.2.3 Crystallographic studies

Although the binuclear characteristics of Cu, was firmly established and the
potential ligands have been identified, the actual structure of the Cu, site was still an
open question before the crystal structures were obtained. Several models were proposed
with no bridging ligand between the two Cu ions (Blackburn et al., 1994; Farrar et al.,
1995; Larsson et al., 1995), or one cysteine (Kelly et al., 1993; Steffens et al., 1993), or
two cysteines (Lappalainen & Saraste, 1994; Farrar et al., 1995) as bridging ligands. But
none was correct as revealed by the crystallographic studies.

The purple CyoA domain with the engineered Cu, center was crystallized at 2.3
A (Wilmanns et al., 1995), and CcOs from P. denitrificans and bovine heart at 2.8 A
(Iwata et al., 1995; Tsukihara et al., 1995). The Cu, structures revealed by the three
different crystals were almost identical, with two thiolate groups from the two cysteines
(Cys-252, -256) bridging the two Cu ions, and two histidines (His-217, -260) as the
terminal ligands for each Cu (Figure 1.6). The sulfur group from the methionine (Met-
263) and the carbonyl oxygen from glutamate-264 symmetrically bind one Cu atom each.

The Cu-Cu distance and the bond lengths are slightly different in each structure.
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4.2.4 The advantages of being a binuclear center

As the detailed Cu, structure has emerged, new questions have arisen with it.
What are the advantages of being a binuclear center for electron transfer versus the
mononuclear center in blue copper proteins? What are the electronic properties of Cu,?

In small electron-transfer proteins, like Cc and azurin, electrons generally enter
and leave the redox centers through the same path. The binuclear character may enable
Cu, to receive and donate electrons using separate pathways, enhancing electron transfer
rates, as suggested by Larsson et al. (1995). Malmstrém and colleagues also suggested
that the delocalization of one electron over two nuclei centers will result in the reduction
of the reorganization energy to 25% of that of the mononuclear copper center (Larsson et
al,, 1995; Ramirez et al., 1995). The decrease of the reorganization energy will enable

rapid electron transfer from Cu, to heme a.

4.2.5 Mutagenesis studies on Cu,

To study the structure and function of the Cu, site, several mutants have been
made on the engineered Cu, site at CyoA domain (Kelly et al., 1993), the soluble Cu,
domain (Farrar et al., 1995), and the holoenzyme from P. denitrificans (Zickermann et al.,
1995; 1997). In CyoA domain studies, the mutation of Glu-254 to alanine does not cause
a dramatic change of the copper content, consistent with the fact that the backbone
carbonyl oxygen, rather than the side-chain, of the residue at this position is the ligand.

Studies in both the engineered CyoA domain from the E. coli quinol oxidase and
the soluble Cu, domain from P. denitrificans have shown that mutation of the ligands in

H217N and M263T completely abolish Cu binding, while mutation of the same residues
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in the holoenzyme from P. denitrificans had no obvious effect on the copper content of
the Cu, site, which may indicate stability differences between these two Cu, centers.
The M263I mutation in the holoenzyme of P. denitrificans did not change the Cu
stoichiometry, but EPR studies indicated that the two Cu ions are decoupled, with the
unpaired electron localized at one of the copper ions (Zickermann et al., 1995).
Mutation of the cysteine ligand, C252, produced a mononuclear site in both

soluble domains and in the holoenzyme (Zickermann et al., 1997).

5 Kinetics studies

CcO catalyzes the oxidation of reduced Cc to oxidized Cc and subsequently
reduces oxygen to water. This reaction has been investigated extensively using different
techniques to study the rates of Cc oxidation, electron transfer (rates and pathways) in

the oxidase and the oxygen reaction process as discussed above.

5.1 Steady-state kinetics

The electron transfer rate from Cc to the oxidase is very fast, and traditional
techniques are impractical to follow a single turnover of the reaction. At steady-state,
where the Cc concentration is at least 100 times that of the oxidase, the enzyme is
continuously turned over on a relatively longer time scale, and the reaction can be
followed (reviewed by Cooper, (1989); Millett, (1996)).

Traditionally, two methods have been used to study the steady-state kinetics:
either by following the Cc oxidation spectrophotometrically (Errede et al., 1976; Smith et

al., 1981; Sinjorgo et al., 1984; 1986), or by following the oxygen consumption
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polarographically (Ferguson-Miller et al., 1976; 1978; Millett, 1996). In the
spectrophotometric assay, pre-reduced Cc is mixed with the oxidase and electrons
subsequently are transferred from Cc to the oxidase, and the ET rate was measured by
following Cc oxidation; while in the polarographic assay Cc is kept reduced in the
presence of ascorbate and N,N,N’,N’-tetramethylphenylenediamine dihydrochloride
(TMPD) is used as an artificial donor to Cc, and the oxygen consumption rate was
measured. Although the two systems differ in getting the ET rate, similar events take
place in a turnover cycle in both systems. First, reduced Cc approaches the oxidase
through electrostatic interactions forming a complex; then, electron transfer takes place
within this complex; finally, the oxidized Cc dissociates from the complex before another
reduced cytochrome binds to it.

Although the approaches differ in their methods to study the steady-state
kinetics, both methods show saturation kinetics. At low ionic strength, the kinetics
measured using both methods exhibit two phases in the Eadie-Hofstee plots: a high
affinity phase with smaller Ky, and V. values, and a low affinity phase with larger Ky

and Vi, values. The Ky, value of the high affinity phase, measured using both methods,

is about 5 x 108 M . But the Vmax value for the high affinity phase measured from the
polarographic assay is much larger than the one measured from the spectrophotometric
assay. This difference has been suggested to be due to the presence of a different rate-
limiting step in each method. In the spectrophotometric assay, the
association/dissociation of ferri-Cc is often rate-limiting, while in the polarographic assay
these steps are bypassed because TMPD can reduce Cc directly while it is bound to the

oxidase in the high affinity site. Thus the rate-limiting step in the high affinity phase of
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polarographic assay can be the reduction of bound Cc by TMPD, as evidenced by the
fact that the Vs, of the high affinity phase increases with the increase of TMPD
concentrations, and the TMPD reduction rate has been found to be significantly faster
than the dissociation rate, accounting for the larger Vjpax observed in the polarographic
assay.

In the polarographic assay, the high-affinity Kj, value has been found to be similar
to the Kp, value for the binding of the first Cc to the high-affinity site, as measured by gel-
filtration and ultracentrifugation methods (Ferguson-Miller et al., 1976; Osheroff et al.,
1980). This phenomena can be explained by the fact that in the polarographic assay, the
Vmax of the high-affinity phase is proportional to the amount of complex present, so the
Eadie-Hofstee plot is analogous to the Scatchard binding plot. The direct binding assay
also shows that the Kp, of binding the second molecule is similar to the Ky, values (10-5 -
10-6 M) of the low affinity phases measured polarographically and
spectrophotometrically (Brautigan et al., 1978; Ferguson-Miller et al., 1978). Ina
practical way, the polarographic assay becomes an easy method (though not rigorous) for
measuring the binding strength of Cc to CcO.

The interaction between Cc and the oxidase has a large electrostatic component,
and thus is ionic strength and pH dependent. At above 100 mM ionic strength, the
reaction becomes monophasic, with a straight line in the Eadie-Hofstee plot, and this
phase has been suggested to reflect the high-affinity reaction (Sinjorgo et al., 1986). Upon
raising of pH, the Vo for both the high- and the low-affinity phase reactions increase in
both the spectrophotometric and the polarographic assays. However, the contradictory

effects on the K values persist. Polarographic assays have shown that the Ky of the
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high-affinity phase did not change in the pH range examined (Ferguson-Miller et al.,
1976), while the spectrophotometric assay has shown a decrease of the high-affinity Ky
in the similar pH range (Sinjorgo et al., 1986). The K of the low affinity phase is even
more complicated; it is affected not only by the ionic strengths and pH, and also by the
kinds of ions present in the solution, either cations or anions (Ferguson-Miller et al.,
1976).

The steady-state reaction between Cc and the oxidase is easy to follow, but the
interpretation of the biphasic kinetics is not so straightforward. Several models have
been proposed to explain the biphasic kinetics behavior. Early models have proposed
that there are two Cc binding sites with different binding affinities and turnover rates
(Ferguson-Miller et al., 1976). This two binding site model is consistent with the direct
binding assays which show that the binding stoichiometry between Cc and the oxidase is
2:1. This model has been further supported by the kinetic studies of cytochrome caa;
oxidases (Nicholls & Sone, 1984). The caaj; oxidase is homologous to the aa; type
oxidase, except that a c-type cytochrome has been covalently linked to the C-terminus of
subunit II. This covalently-linked Cc, in the absence of external Cc, can efficiently
transfer electrons from TMPD to Cu, and heme a. Additional Cc, in the presence of
TMPD, can only slightly increase the turnover rate. Furthermore, the reaction with
external Cc displays monophasic kinetics, which suggests that the high affinity site has
been occupied by the intrinsic Cc in the caa; oxidase, and the external Cc can only bind
to the low affinity site and transfer electrons.

The second class of models proposes that there is only one electron transfer site,

but two Cc binding sites (Garber & Margoliash, 1990). The presence of the second
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molecule, although not involved in electron transfer directly, will decrease the binding
affinity of the first molecule through electrostatic repulsion and increase the dissociation
rate, which will result in high turnover rate. This model is supported by the fact that Cc
can bind to lipids, and different lipid compositions of the oxidase will affect the low
affinity phase reaction (Bisson et al., 1980).

The third class of models correlates the biphasic kinetics with the proton pumping
function of the oxidase (Brzezinski & Malmstrém, 1986). It suggests that the oxidase has
two conformations, a proton-pumping conformation and a non-pumping conformation,
and that each conformation has different binding affinities for Cc, resulting in biphasic

kinetic plots. So far there is no direct experimental data to support this.

5.2 Rapid kinetics studies

The internal electron transfer rates in CcO are very fast, and these rates cannot be
measured using the conventional steady-state kinetics assay or stopped-flow methods.
Understanding the internal electron transfer rates and pathways is critical for
understanding the overall enzymatic function. Over the past two decades various
techniques have been used to address these issues.

Stopped-flow techniques: Early studies on the electron transfer have been carried
out using stopped-flow apparatus under anaerobic conditions (Wilson et al., 1975;
Antalis & Palmer, 1982). At low ionic strength, a second-order rate constant of 3 x 107
M's has been observed for the reaction of Cc and the oxidase. Only two electrons were
found to be transferred to each oxidase molecule, distributed equally between heme a and

Cu,. The observed similar rates for the oxidation of Cc, monitored at 550 nm, and the
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reduction of heme a, followed at 605 nm and 443 nm, promoted the early suggestions that
heme a was the initial electron acceptor from Cc.

Flow flash with fully reduced oxidase: Hill (1991; 1994) has studied the electron
transfer events using fully reduced CO-bound oxidase under single turnover conditions .
After mixing reduced Cc, CO bound oxidase and O,-containing buffer, and then

photodissociating the CO from the binuclear center, two electrons are transferred to the

binuclear center at a rate of 6 x 104 s™!. In addition, these investigators observed the
concomitant oxidation and then re-reduction of heme a, which suggests that heme a is the
electron mediator between Cu, and the binuclear center.

Flash photolysis of the mixed-valence oxidase: Similar to Hill’s experiment, the
Malmstrém group uses “mixed-valence” CO-bound oxidase in which Cu, and heme a are
oxidized and heme a; and Cug are reduced with CO bound to a3 (Brzezinski &
Malmstrom, 1987; Oliveberg & Malmstrém, 1991), rather than the fully reduced oxidase.
After dissociation of the CO from heme a; by a short laser flash, the redox potential of
heme a3 drops, resulting in electrons at the binuclear center flowing back to heme a and
Cu,. The rate constants for electron transfer from heme a;3 to heme a and from heme a to
Cuy, were found to be 2 x 10° and 1.3 x 10% s™!, respectively. The slower rate from heme a
to Cu, , compared to the reverse reaction, indicates an equilibrium in favor of heme a and
suggest that Cu, is the initial electron acceptor in the normal electron transfer sequence.

Carboxymethylated cytochrome ¢ (CmCyt. c) and Zn-cytochrome c: Brzezinski et
al. (1995; 1997) use both CmCyt. ¢ and Zn-Cc to inject electrons into the oxidase . In the
CmCiyt. ¢ system, the methionine-80 ligand of the heme is carboxylmethylated, so it can

not bind to the heme iron anymore, which allows CO to bind to this five-coordinated
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heme. The reduced CO-bound form of CmCyst. ¢ has a higher redox potential, and upon
rapid photodissociation of CO, the redox potential of the five-coordinated heme
dramatically decreases, which makes it a good electron donor. A rate constant of 104 s™!
has been observed for delivering electrons to the oxidase using this system (Brzezinski &
Wilson, 1997).

It is well known that iron in the heme of Cc can be replaced by Zn ions, and the
triplet state Zn-Cc can be an efficient electron donor. At low ionic strength and with the
oxidized oxidase, biphasic triplet decay kinetics are observed with rate constants of 2 x
10° and 2 x 10° s to the oxidase (Brzezinski et al., 1995).

Ruthenium-cytochrome c: Electron injection was also studied using an artificial
electron donor, tris(2,2’-bipyridyl)ruthenium(II) (Nilsson, 1992). After a laser flash,
electron transfer from the photoexcited ruthenium to the oxidase occurs within 1 ms, and
the rapid heme a reduction is observed with a rate constant of 2 x 104 s™'. By following
the 830 nm band, a rapid reduction followed by an oxidation is observed for the Cu,
center, suggesting that Cu, is the initial electron acceptor.

Millett et al. used a technique which allows the (bipyridine)ruthenium group to be
singly linked to the lysine or cysteine groups in Cc (Pan et al., 1988; 1991a; 1993;
Durham et al., 1989; Geren et al., 1995). This system allows electrons to be injected into
the oxidase rapidly from its own substrate, avoiding the traditional rapid mixing methods.
Early studies suggested that Cc uses several lysine residues located at the upper left on
the front face to interact with CcO (see below); so linking the ruthenium group at the back

of the molecule would not interfere with its interaction with the oxidase. The rate

constants for the photoinduced electron transfer from the excited Ru'! on different lysine
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positions to the Cc are in the range of 10° to 107 s™!. A rate constant of greater than 10° s°
! has been observed for electron transfer from horse Cc, labeled at the 7, 39, 55, or 60
positions, to Cu,, and the rate constant from Cu, to heme a is about 2 x 10* s”!. These
studies again suggest that Cu, is the initial electron acceptor from Cc.

Now it is generally accepted that Cu, is the initial electron acceptor from Cc (Hill,
1993), which is in agreement with its location at the periplasmic surface, close to the
likely Cc binding site (Millett et al., 1983). The electron transfer sequence in CcO is
believed to be from Cc, to Cu,, to heme a, and then to the binuclear center, where Cug
has been suggested to be the initial acceptor followed by transfer of electrons to heme as.
The rate constants from Cc to Cu, are in the range of 10* to 10° s™', and the rate from Cu,
to heme a has been measured in the range of 10° to 10* s™!, or even 10° s, as our recent
data in R. sphaeroides oxidase indicated (See Chapter IV). This explains why the
measured rates for Cc oxidation and heme a reduction are similar, due to the fact that the
rate-limiting step in the sequential transfers is from Cc to Cu,. The electron transfer rates
from heme a to the binuclear center have the widest variation, ranging from 3 s to 10° s™!
(Greenwood & Gibson, 1967; Antalis & Palmer, 1982; Hill, 1991; Oliveberg &
Malmstrém, 1991), and this rate has been shown to be sensitive to the overall redox
states of the metal centers and is likely to be controlled by protonation and deprotonation
events. No direct electron transfer between Cu, and heme aj; has been reported, although
there are similar distances between Cua-heme a (19.5 A) and Cus-heme a3 (22 A). The
lack of direct electron transfer from Cu, to heme a3 has been suggested to be due to the

larger reorganization energy associated with heme a; than with heme a (Brzezinski, 1996).
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II Electron transfer (ET) theories

Electron transfer processes are essential for biological systems. In the respiratory
system, the energy released from the ET is indirectly used to drive biological functions.
The ET theory has been thoroughly reviewed by Marcus (Marcus & Sutin, 1985), and
two experimental groups (Gray, H & Dutton, P) have further studied the influences of
protein structures on ET rates. This review briefly summarizes the main points of their

theories.

1 Marcus Theory
In biological systems, the electron donor and acceptor are usually far away from

each other (> 10 A), and ET is an “out-sphere” reaction, in which the two reactants do
not share a common atom, and the interaction of the relevant electronic orbitals of the two
reactants is usually weak. In the ET process, the environments of the two reactants will
reorganize to facilitate the electron transfer.

In Marcus’ quantum-mechanical theory (Marcus & Sutin, 1985), the nuclei of
reactants and products, together with their environment, are treated as two harmonic

oscillators. The potential energy surface of the reactants and the products are shown in
Figure 1.8, with the lowest energies as the equilibrium positions (DAeq and D‘*‘A'eq).

The rate of the ET is given by

k o< (electronic coupling)? (nuclear factor) (Eq. 3)

k= i 2 _1_ ¢ (AG? + MHF4ART
h (4 ;‘RT)IIZ (Eq. 4)
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Figure 1.8 Potential energy diagram for electron transfer between two
nearly equivalent complexes. DAeq and D*A"eq correspond
to the equilibrium configurations of the reactant and product
complexes, respectively. AG* reflects the activation energy,
AGDO the driving force, A the reorganization energy.
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le)A = H(z) * e-B(rDA - I van der Waals) (Eq. 5)

where Hpaj, is the electronic coupling element, describing the electronic coupling of the
reactants’ electronic states with the products, and reflecting how readily the protein
allows an electron to leak across the protein from donor to acceptor. The rate of electron
tunneling through the protein matrix is expected to decay exponentially with increasing
distance (rpA) between donors and acceptors according to the Eq. 5, where H2 is the
maximum electronic coupling when the donor and the acceptor are within van der Waals
distance. The parameter B reflects the effectiveness of the protein in mediating ET.

The nuclear factor is associated with the activation barrier. This barrier arises
because the nuclei around the redox groups adjust their position to accommodate the

change of the redox states. The energy required for reorganizing the ligands to overcome

the activation barrier and to reach the crossing point (IP in Figure 1.8) is denoted A;;

When the redox state of the redox centers changes, the solvent molecules around the redox

centers will also need adjustments, and the energy required for rearranging the solvent

molecules is denoted Ag. The value of A, together with that of A, forms the term of

reorganization energy (A = Aj + Ag), which is the amount of the energy that must be

added to the reactant at its potential minimum to bring the nuclei into the geometry

resembling the product at its potential minimum without transferring the electron.
The factor of AG? in Eq. 4 is the total free energy change for the ET reaction
(Figure 1.8), equivalent to the energy difference between reactant and product states. It is

also the driving force for the reaction to take place. When -AG%= A (in Figure 1.8, AG™
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= 0), the ET reaction has the maximum rate. The Gaussian dependency of ET rate

versus -AG? allows the estimation of the value of A, which is equivalent to the - G

at the maximum rate.

2 Dutton’s Distance Dependent Theory

In Marcus’ ET theory, the ET rates are affected by the nuclear factor, including
the total free energy (-AGP), the reorganization energy (A), and the electronic factor H12)A,

in which the dominant factor is the donor-acceptor distance (rpa) (see Eq. 5 above).

The electronic effects on ET can be separated from the nuclear effects, when

comparing electronic effects on electron transfer rates, by keeping the nuclei effect

constant at the conditions where -AG? = A.
Under this principle, Dutton and coworkers have systematically studied the

donor-acceptor distance effects on the maximum ET rates (when the free energy (-AGY

matches the reorganization energy (A)) in biological systems, and in some synthetic and

semi-synthetic compounds in a wide range of separation (from 5 to 25 A ) between
centers (Moser et al., 1992; 1995). Comparing the maximum rates in a variety of
reactions at different distances allows evaluation of the distance effects on the ET rate.
The biological systems that Dutton and coworkers have used in their studies are
the reaction centers from R. sphaeroides and R. viridis, which have been crystallized

(Deisenhofer et al., 1984; Allen et al., 1986; Chang et al., 1986). In these systems, the

photo-reduced bacteriopheophytin, BPh-, can transfer an electron to the quinone at the

QA site. This rate can be altered by replacing the native quinone at the Q4 site with



56

artificial quinones with different redox potentials, which results in a change of the free

energy (- GO). In their survey, some ruthenated Cc data have also been included (see
below).

By plotting the free energy dependence of electron transfer rates, the maximum
ET rates at specific distances (measured from the crystal structures) can be determined.
Dutton and coworkers found that the logarithms of the maximum ET rates compiled from

different proteins are linearly dependent on the edge-to-edge distances (R) between

donors and acceptors, with a B value of 1.4 Al which is intermediate between the values

for a vacuum (2.8 A™) and for covalent systems (0.7 A™"). An empirical equation which

includes all three parameters for ET has been proposed (Moser et al., 1995):
log k = 15 - 0.6*R-3.1(AG0 + A)2/A (Eq. 6)

Dutton’s theory implies that the proteins present a uniform barrier to electron
tunneling, and the specific amino acid bonding structure of the intervening protein does
not affect the coupling between the redox centers. In this ET model, there is no specific
pathway involved in ET between donors and acceptors, and electrons tunnel into the
protein medium in all directions and in large regions between cofactors. The directional

specificity for an electron from donor to acceptor rests on the nuclear factors.

3 Tunneling-pathway model

A dramatically different model of the protein matrix effect on ET, compared to
Dutton’s model which describe that the protein matrix as homogenous for ET, has been
proposed by Onuchic and Beratan: a tunneling-pathway model (Onuchic et al., 1992;

Cury et al., 1995). The essence of this model is that there are three basic elements in ET
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pathways: covalent, hydrogen-bonded, and through-space interactions. Each of these
elements is associated with different decay factors. The through-covalent-bonds
tunneling is the most effective way, with lower tunneling barriers and smaller decay
factors (electrons propagate faster and longer). In contrast, the through-space jumps have
the highest tunneling barriers with larger decay factors which are explicitly distance
dependent. Because of the difference between these two types of ET mediators,
generally electronic coupling interactions mediated through-bonds are longer range than
those mediated through space. The hydrogen-bond interactions are also excellent
tunneling mediators because they introduce relatively small through-space gaps (Regan et
al,, 1995).

Because of the above differences in the way the protein matrix is treated in the
two different models, the logarithms of maximum ET rates in Onuchic and Beratan's
model are not linearly dependent on the edge-to-edge distance, as in Dutton’s model;
instead, they are linearly dependent on the so-called effective tunneling lengths (s™),
which is determined by calculating the number of covalent bonds that are energetically
equivalent to the shortest pathway through the protein via covalent and hydrogen bonds
and through space jumps, and then multiplying the effective number (nonintegral number)
of bonds in a pathway by an average bond length of 1.4 A.

This model has been experimentally tested by Gray and coworkers by attaching
ruthenium groups to proteins via surface histidines (Bjerrum et al., 1995; Langen et al.,
1995; Regan et al., 1995; Gray & Winkler, 1996). The systems that they used are

ruthenated-Cc and ruthenated azurins. In these systems, photoexcitation of the Ru

groups can result in rapid ET from Rull to the Felll in Cc or Cul! in azurins. The
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combination of photoexcitation and bimolecular quenching reaction (flash-quench
procedure) allows them to measure the reverse electron transfer rates from Fell to Rulll
and from Cul! to Rulll. The distances between donors and acceptors can be varied by
placing the ruthenium group at different positions on the protein surface, and the driving
force can be changed by using ruthenium groups with different ligands.

The Ru-modified-proteins studies give strong support to the tunneling pathway

model, and further indicate that there is no universal B value in proteins. The balance of

through-bond and through-space contacts between donors and acceptors have been
proposed to set the coupling strength. It is noteworthy that in Dutton’s survey, some of
the data from ruthenium-Cc has also been included, and among these ruthenium-Cc

systems, the edge-to-edge distances are found to be linearly related to the effective

tunneling lengths (o-1), but the difference between the two different theories is the

values they found, and whether edge-to edge or center to center distance are used.

III The interactions of cytochrome c with its partners

Cytochrome c is one of the most versatile proteins in its redox activities. In the
respiratory system, it shuttles electrons from the cytochrome bc; complex to a variety of
oxidases belonging to the heme-copper oxidase family. It also transfers electrons to
reaction centers and nitric oxide-reducing systems, in some species, involved in
photosynthesis and denitrification processes. In the yeast system, ferro-Cc can also be

oxidized by CcP and sulfite reductase. Besides these physiological reactions, this protein
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shows reactivities with a large number of nonphysiological redox partners, including
cytochrome bs, and plastocyanin (for review see Margoliash & Schejter (1996)).

A variety of techniques have been used to study the interaction of Cc with its
partners, and to try to answer the following questions: What surface area of Cc is
involved in docking with other proteins? Does Cc use the same, or a different, binding
surface to interact with its different redox partners? Answering these questions is
important for understanding the electron transfer process. This section briefly
summarizes several well studied cases, including chemical modification studies and

interactions with plastocyanin and CcP.

1 Chemical modification studies

The interactions between Cc and its partners have a significant electrostatic
component, which is affected by the ionic strength of the reaction medium. In bovine Cc,
the importance of the lysine residues in the interactions of Cc with its partners was
recognized early. To understand which specific residue was important for the binding,
chemical modification studies were done with several reagents, including 4-carboxyl-2,5-
dinitrophenyl (CDNP) (Brautigan et al., 1978; Osheroff et al., 1980), trifluoracetyl (TFA)
(Staudenmayer et al., 1976) and trifluoromethylphenylcarbamoyl (TFC) (Smith et al.,
1977), to modify the lysine residues.

The singly labeled cytochrome species were separated through several rounds of
chromatography, and the specific location of the chemical reagents on the proteins were
identified through protease digestion, two-dimensional thin-layer peptide mapping and

coupled with amino acid sequence analysis or other techniques. Spectroscopic analyses



of these Cc derivatives indicated that the chemical modifications had little effect on the
overall conformation and redox properties of Cc, making the interpretation of the kinetic
analyses of these derivatives much easier.

The reactions of these Cc derivatives have been tested under steady-state
conditions either spectrophotometrically or polarographically (Smith et al., 1977,
Ferguson-Miller et al., 1978; Osheroff et al., 1980). Early studies suggested that the K
of the high affinity phase in the oxidase reaction is equivalent to the Kp of the binding
strength between Cc and oxidases (Ferguson-Miller et al., 1976; Smith et al., 1981), so
measuring the K values of these derivatives allowed a semi-quantitative measurement of
the modification effects on their interactions with the oxidase. The results from different
laboratories using different reagents all showed that the modifications of Lys-8, -13, -27, -
72, -86, and -87 in horse Cc have the most dramatic effects on its binding to the oxidase,
mégesting that these lysine residues (of a total of 19) are important in binding Cc to the
oxidase. These six derivatives also show the biggest effects in their reactions with
cytochrome bc; (Smith et al., 1981) and CcP (Smith & Millett, 1980), suggesting that Cc
uses the same patch on its surface to interact with its various redox partners.

A different approach, called differential protection technique, has also been used
to address the same issue (Rieder & Bosshard, 1980). In this experiment, the reactivities
of the chemical modification reagents with the lysine residues, in both free and complexed
cytochromes c, have been compared. In the complexed Cc, the lysine residues important
for the interaction will be protected from the modification, because they are located at the
bimolecular interface. It is reassuring that this study also points to the same residues

suggested from chemical modification studies as important for Cc binding. Now it is
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generally accepted that the upper-left of the “front” face of Cc, close to where the heme is

exposed, is involved in its interactions with its redox partners.

2 The interaction of cytochrome ¢ with CcP — A case study

The reaction between Cc and cytochrome ¢ peroxidase (CcP) from yeast has been
a good model system for studying long-range electron transfer in a biological system.
Unlike other physiological partners of Cc in mammalian systems, which are usually
membrane-bound, CcP is a small soluble protein with a molecular weight of 34.2 kDa and
a single heme group. In addition, the high-resolution crystal structure of CcP is available
(Poulos et al., 1980). Pelletier and Kraut (1992) have also resolved the crystal structures
of horse Cc/CcP complex (CcP:Cc(H)) and yeast iso-1-Cc/CcP complex (CcP:Cc(Y)),
which makes it an even more favorable system for testing the electron transfer theories

and available computational docking methods.

2.1 Crystallography studies

The crystal structures of CcP:Cc(Y) and CcP:Cc(H) were resolved under different
conditions with CcP:Cc(H) at low ionic strength (5 mM) and CcP:Cc(Y) at high ionic
strength (150 mM). Although they were crystallized under different conditions, the two
complexes are similar, with CcP using a similar domain to interact with Cc(Y) and Cc(H).
In CcP:Cc(H), the interaction domain can be considered in term of three regions of CcP
making contact with Cc(H). The first region includes Glu-290, which is hydrogen-bonded
with Lys-72 from Cc. The second region has several carboxyl residues, including Glu-32,
Asp-33, Asp-34 and Glu-35, with Glu-35 forming a hydrogen-bond with Lys-87 of

Cc(H). The crystal structure also shows that the carboxyl side-chain of Asp-34 may
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form potential hydrogen-bond with the side-chain of Lys-13 of Cc(H). In the second
region, Asn-38 from CcP is also hydrogen-bonded with Lys-8 of Cc(H). Itis
noteworthy that the lysine residues (Lys-8, -13, -72 and -87) in horse Cc that have been
identified to be involved in hydrogen-bond interactions with CcP in the CcP:Cc(H)
crystal structure are the same residues that have been suggested from early chemical
modification studies (Kang et al., 1978), and these residues were also determined to be
important for the interaction between Cc and CcO (Smith et al., 1977; Ferguson-Miller et
al., 1978; Osheroff et al., 1980). The third region of interaction between horse Cc and
CcP is between the heme methy] group of Cc(H) and Ala-193 and Ala-194 of CcP.
Overall the predominant forces holding the CcP:Cc(H) complex together appear to be
hydrogen-bonds and van der Waals interactions.

The overall structure of the CcP:Cc(Y) complex is similar to that of CcP:Cc(H),
and CcP uses similar regions to interact with Cc(Y). The most noticeable difference
between them is the slight relative rotation-translation of Cc molecule, which results in
different hydrogen-bond interactions in two complexes (Pelletier & Kraut, 1992). In
CcP:Cc(Y), the three interaction regions in CcP are similar to those in the CcP:Cc(H)
complex, with potential hydrogen bonds between Glu-290 (CcP) and Lys-73 and Asn-70
of Cc(Y). Ala-193 and Ala-194 from CcP are again in van der Waals contact with the
methyl group in the heme group of Cc(Y). An electron transfer pathway, which is also
the shortest straight line between the two hemes groups, has been identified in the
CcP:Cc(Y) complex: it involves the backbone chains of Ala-194, Ala-193, Gly-192 and
Trp-191 (Pelletier & Kraut, 1992). The indole ring of Trp-191, in van der Waals contact

with the peroxidase heme, is located at one end of the chain, while Ala-193 and Ala-194,
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in van der Waals distance with the methyl group of the Cc heme, are located at the other
end. Because of the slight differences between the two cytochromes c in the two
complexes, there is a gap of 7 A between Ala-193 and Ala-194 and the methyl group of

the c-type heme in the CcP:Cc(H) complex, suggesting a less efficient ET complex.

2.2 Mutagenesis studies

One of the biggest concerns regarding the crystallography studies is whether the
crystallized complexes represent the solution interaction which is required for rapid
electron transfer. The crystallography studies of cytochromes ¢ and CcP raise another
question: is the geometry difference between the two cytochromes in CcP:Cc(H) and
CcP:Cc(Y) due to the different crystal growth conditions or because of the intrinsic
difference between the two cytochromes? These questions have been addressed through
mutagenesis and kinetics studies (Wang et al., 1996).

Before talking about the experimental approach, it is worthwhile to discuss the
reactions that CcP catalyzes. The overall reaction that CcP catalyzes is the reduction of

hydrogen peroxide by ferro-Cc, according the following schemes (Millett et al., 1995):
CcP (Felll, R) + H,0, ——> CMPI (FelV=0, R**) + H,0 (Eq.7)
CMPI (FelV=0, R‘+) + Ccll —> CMPII (FelV=0, R) + Cclll (Eq. 8)

CMPII (FelV=0, R) + 2H* ——> CMPII (Fell, R**) + H,0 (Eq. 9)

CMPII (Felll, R**) + Ccll ——> CcP (Felll, R) + Celll (Eq. 10)
The resting ferric state of CcP is oxidized to CMPI (Fe!V=0, R**), which contains an

oxyferryl heme, FelV=0, and Trp-191 cation radical, R**. The CMPI is reduced to

CMPII after the cation radical is reduced by an electron from ferro-Cc . In CMPII, the



intramolecular electron transfer converts CMPII (FelV=0, R) to CMPII (Felll, R*+),
which is further converted to the resting ferric state after accepting the second electron.

In these schemes, Trp-191 is the initial electron acceptor, which is consistent with the
crystallography studies, which indicate that Trp-191 is closer to the c-type heme than the
peroxidase heme.

To probe the Cc binding site on CcP, mutants have been made at the three contact
regions in CcP. These include E32Q, D34N, E35Q, E290N and E291N, which convert
the carboxyl groups to amide groups, and A193F and A193C-MPB (the cysteine was
labeled with a bulky group of 3 -(N-maleimidylpropionyl)biocytin) (MPB), which
introduced a bulky group at the interface (Fishel et al., 1987; Miller et al., 1994;1996).
The mutational effects on electron transfer from Cc(Y) have been measured using the
ruthenium-Cc photolysis technique. The rate constants of keta for D34N, E290N and
A193F were found to decrease 2 to 4-fold, and the binding constants (Kp) of these
mutants decreased from 6 to 15-fold, while the mutations E32Q and E291Q had no
obvious effect on both keta and Kp (Wang et al., 1996). These results are consistent with
the use of the binding domain identified by crystal structures. The modification of Cc-
A193C with a bulky reagent, MPB, resulted in a decrease of keta about 150-fold, in
agreement with the crystal structure analysis, which shows that Ala-193 is located at the

electron transfer interface. The mutational effects on keth were about the same as the
effects on keta, suggesting that the two Cc involved in each turnover cycle use the same
binding site in CcP.

To answer the question of whether the different conformations of Cc in

CcP:Cc(Y) and CcP:Cc(H) are due to the different crystal growth conditions, as suggested
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by the authors, or because of the intrinsic difference between the two cytochromes, a
technique was developed to introduce a bulky MPB group at position 193, the point of
closest contact between Cc and CcP (Miller et al., 1996). The introduction of MPB
presumably weakens the binding of Cc due to steric effects. But because of the
orientational differences between CcP:Cc(Y), where Ala-193 is in van der Waals contact
with c-type heme, and CcP:Cc(H), where Ala-193 is 7 A away from the c-type heme, the
introduction of MPB will affect the electron transfer rates in the two complexes to
different degrees. Indeed, the modification causes a 20 to 100-fold decrease in transient
and steady-state electron transfer rates with yeast Cc in buffers of 20-160 mM ionic
strength, while only 2-3-fold decrease in the reaction with horse Cc. This suggests that
the geometry difference observed in the crystal structures is also present in solutions and
this difference is due to the intrinsic difference between the two cytochromes, not a result
of the crystallographic or ionic strength effects.

Bound water molecules are ubiquitous in protein-protein interfaces, and are
important in mediating the interaction by forming hydrogen bonds. In the 2.3 A structure
of CcP:Cc(Y), 21 interface water molecules have been resolved. Thermodynamic analyses
of the mutational effects on complex formation show that the mutations E291Q and
E35Q have no effects on either the enthalpy and entropy of the reactions (Erman et al.,
1997), which is consistent with the rapid kinetics assays and the crystal structure
analysis, indicating that they are not involved in the binding. The entropies of E35Q,
A193F, D34N and E290N decrease, with no dramatic changes in their enthalpies. The
complex formation between Cc and CcP is endothermic, and the formation of hydrogen

bonds contribute to the enthalpy changes. In E35Q, D34N and E290N, the small
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enthalpy changes observed in the reactions suggest that the substituted amide groups can
still form the hydrogen bonds, like the carboxyl groups do in wild-type CcP. In the
process of complex formation, some water molecules are released, which contribute to the
increase in entropy for the reactions. Due to the charge differences between the carboxyl
and amide groups, the hydration states for each of them are different. As a result, the
degree of water exclusion from amide groups is less than the corresponding carboxyl
groups, which accounts for the decrease of the entropy for E35Q, D34N and E290N. It
is suggested that the lower affinity for these mutants is also mainly due to a decrease of
the entropy changes upon complex formation.

The mutagenesis analyses support the crystal structure results, and vice verse,
the mutagenesis results were also validated from the crystallography studies. This gives

us confidence in using similar approaches to study the interaction of Cc with CcO.

IV C-type cytochromes in R. sphaeroides

R. sphaeroides, a purple nonsulfu bacterium, has been a popular subject for
biochemical, biophysical and genetic studies of photosynthesis and respiration processes.
This microorganism can grow chemoheterotrophically in the dark under aerobic
respiration conditions or photoheterotrophically in the light under anaerobic
photosynthesis conditions; some species can grow anaerobically in the dark using N,O as
electron acceptor Because of its versatile growth conditions, the cells have adapted
branched electron transfer systems to support their growth under different environments

(Figure 1.9). Among these branched electron transfer systems, several c-type
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cytochromes have been found to be important in shuttling electrons between membrane-
bound complexes (Meyer & Cusanovich, 1985).

Cytochromes c are very small, stable proteins and can be purified relatively easily
in large amounts; moreover, they are present ubiquitously in most organisms. Because of
these features, cytochromes ¢ have been a favorite protein for multidisciplinary research,
which has led to a wealth of information about them (Bartsch, 1978; Meyer & Kamen,
1982; Pettigrew & Moore, 1987; Moore & Pettigrew, 1990; Scott & Mauk, 1996). This
discussion will focus on the different c-type cytochromes found in R. sphaeroides, with
emphasis on their biochemical properties. The question regarding which protein is the
physiological electron donor to the aa; oxidase is also addressed. Although a number of
cytochromes have been identified over several decades, the functional roles of most of

them are still elusive.

1 Properties of cytochromes ¢

Cytochromes c are electron transfer proteins that have protoheme covalently
attached via two thioether bonds between two cysteine residues of the apoprotein and the
vinyl side chains of the heme. No other types of heme are known to be covalently bound,
and cysteine is the only amino acid residue which is known to covalently bind heme.
Because of this unique characteristic of Cc, almost all the c-type cytochromes have a
CxxCH heme binding motif in their sequences (Meyer & Kamen, 1982), but not all

sequences with this motif bind heme; some Fe-S proteins also share this binding motif.

1.1 Cytochrome c,

Cytochrome c; is a subunit of the bc; complex, not a soluble protein, and it has
been isolated from the complex using Triton X-100 and shown to have a molecular weight
of 30 kDa (Yu et al., 1986). Sequence analysis indicates that it consists two parts
(Gabellini & Sebald, 1986; Xia et al., 1997): an N-terminal hydrophilic domain located at
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the peripheral side of the membrane and a hydrophobic membrane-spanning segment near
the C-terminus. Heme c, is located in the N-terminal domain. The bc, complex from
bovine heart mitochondria has been crystallized at 2.9 A (Xia et al., 1997), but because of
the poor quality of the crystals at this region, the detailed structure of the N-terminal
domain was not clearly resolved. Based on sequence analysis and a more recent high
resolution bc, structure (Iwata et al., 1998), the two cysteines that covalently bind the
heme to the protein are established as Cys-37 and Cys-40 in bovine (Cys-58 and Cys-61
in R. sphaeroides). The two axial ligands are His-41 and Met-160 in bovine (His-62 and
Met-207 in R. sphaeroides).

The functional role of cytochrome c, is to transfer electrons from bc; complex to
soluble Cc (Trumpower, 1990(b)), which is analogous to the role of cytochrome f a
component of the chloroplast cytochrome bgf complex. The primary difference between
cytochrome ¢, and cytochrome f'is that the axial ligands to the c-type heme are histidine
and methionine and those to the /type heme are histidine and the amino group of the N-
terminal tyrosine (Cramer et al., 1994; Martinze et al., 1996).

Cytochrome c, from R. sphaeroides has a redox potential of 228 mV (Yu et al.,
1986), identical with that of isolated mammalian cytochrome c,, and also similar to the
redox potential of soluble mitochondrial Cc. Its reduced optical spectrum has an a-peak

at 552.5 nm, and the Soret absorption maximum at 417 nm.

1.2 Cytochrome c,

Cytochrome c;, is also known as cytochrome csso, because its reduced a-peak is at
550 nm. This low spin cytochrome is one of the bacterial counterparts of mitochondrial
Cc with a similar molecular weight of 14 kDa. Cytochrome c, from R. sphaeroides has
been crystallized (1cxa.pdb), and the crystal structure reveals that its overall structure is
similar to that of bovine Cc, with the heme surrounded by 5 helices and the N-terminal

and C-terminal helices interacting with each other, a typical "cytochrome c fold"
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structure. All the residues conserved in mammalian Cc and important for keeping the
overall structure are also present at R. sphaeroides cytochrome c, (Figure 1.10). The
heme binding motif CXXCH is located at the N-terminus of the protein, and the sixth
ligand, Met-100, is located at the C-terminus. Because of the presence of insertions, R.
sphaeroides cytochrome c; is slightly larger than the mammalian proteins.

Unlike mitochondrial Cc, cytochrome c, from R. sphaeroides has a high redox
potential of 356 mV (versus 260 mV for bovine Cc) and a low pl value of 5.5 (versus 10
for bovine Cc) (Meyer & Cusanovich, 1985), reflecting the differences in the heme
environment and the surface charge of these two proteins. The nine lysine residues in
bovine Cc (Lys-8, 13, 25, 27, 72, 73, 79, 86, 87), which are important for interacting
with its electron transfer partners (Smith et al., 1977; Ferguson-Miller et al., 1978; Rieder
& Bosshard, 1980), are not all present in R. sphaeroides cytochrome c, (Figure 1.10).
The counterparts of Lys-13 and Lys-72 in bovine Cc are missing, while the rest of the
conserved lysine residues and some additional amino acids surrounding the exposed heme
edge, remain. Although R. sphaeroides cytochrome c; is acidic, and has more negatively
charged residues overall, the protein itself is a dipole, with most of the positively charged
residues located at the front surface, where the heme edge is exposed. Cytochrome c;, has
been found to use this positively charged face to interact with its physiological partners
(Long et al., 1989). The insertions in R. sphaeroides are located outside the front face,
and these extra residues will not likely interfere with its interaction with other proteins.

Cytochrome c; is one of the major c-type components in R. sphaeroides, and it
tends to stay reduced when isolated (Meyer & Cusanovich, 1985). The expression levels
of the gene encoding R. sphaeroides c, have been found to be approximately four- to
seven-fold higher under phototrophic growth condition than growing aerobically
(Brandner et al., 1989).

The primary function of cytochrome c; is in cyclic electron transfer from the

cytochrome bc; complex to the photooxidized reaction center (Overfield et al., 1979;
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Figure 1.10 Sequence alignments of c-type cytochromes.
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Chory et al., 1984). In this process, light causes electrons to transfer from the reaction
center to the ubiquinone pool; in the meantime, protons are taken from the cytoplasmic
side. The electrons lost in the reaction center are replaced later by electrons coming from
the cytochrome bc, complex carried by soluble cytochrome c,. Evidence supporting the
involvement of cytochrome c; in cyclic electron transfer comes from a genetic study
(Donohue et al., 1988). When the cytochrome c, gene was deleted from R. sphaeroides,
the deletion strains could not grow photosynthetically, but a photosynthetic phenotype
of the deletion strain could be restored when a plasmid-born copy of the cytochrome ¢,
gene was introduced. However, recent experiments also indicate that cytochrome c; is
dispensable for photosynthesis because an alternative c-type cytochrome, isocytochrome

C,, can substitute it (Rott & Donohue, 1990; Rott et al., 1992).

1.3 Isocytochrome c,

A cytochrome c, deletion strain of R. sphaeroides cannot sustain phototrophic
growth; however, spontaneous mutations (spd mutants) suppress this photosynthesis
deficiency and have led to the discovery of a new cytochrome, isocytochrome ¢, (Rott &
Donohue, 1990). When spd mutants are grown under photosynthetic conditions,
isocytochrome c;, is present at 20 to 40% of the level of cytochrome ¢, in wild-type, and
the highest level of isocytochrome c; is found when the spd mutants are grown under
aerobic conditions (Rott et al., 1992). Detailed analysis also reveals that isocytochrome
c, is also present at lower levels in wild-type strains.

Isocytochrome c; has been purified and its gene has been cloned (Fitch et al.,
1989; Rott et al., 1993). The size of the mature isocytochrome c,, deduced from the
nucleotide sequence, is about 14 kDa, about the same as cytochrome c,. It is also highly
homologous to cytochrome c,, sharing 44% identical residues (Figure 1.10).

With fewer internal insertions, isocytochrome c; is more structurally related to

horse Cc than cytochrome c; is, however, the counterpart of Lys-72 in horse Cc is
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missing. But unlike horse Cc and cytochrome c;, isocytochrome c; from R. sphaeroides
has absorption maxima of 552 nm and 415 nm for the a and Soret peaks, respectively,
and it has more negatively charged residues (pl 4.5) than cytochrome c,. The redox
potential for isocytochrome c; is 294 mV, lower than that of cytochrome ¢, (Fitch et al.,
1989).

1.4 Cytochrome ¢’

Cytochrome c¢' is widely distributed in purple phototrophic bacteria and some
nonphotosynthetic bacteria (Amber et al., 1981), and its synthesis is regulated by the
oxygen levels (Cusanovich, 1971). Under aerobic growth conditions, the expression level
of cytochrome ¢’ in wild-type R. sphaeroides strains is almost undetectable. Instead, it is
present in appreciable amounts in photosynthetically grown cells (Meyer & Cusanovich,
1985; Rott & Donohue, 1990).

In R sphaeroides, cytochrome ¢’ is present as a homodimer with a molecular
weight of 28 kDa (Cusanovich, 1971; Meyer & Cusanovich, 1985). The two subunits
can be dissociated in the presence of 6 M guanidine and each monomer has 130 residues in
R. sphaeroides. A number of cytochromes c' have been crystallized from several strains
(Weber et al., 1980; Yasui et al., 1992), including from Rhodobacter capsulatus (Tahirov
et al., 1996), a strain closely related to R. sphaeroides. Although cytochromes ¢’ from
different bacteria show very little sequence similarity (Amber et al., 1981), X-ray
crystallography indicates that the tertiary structure is conserved in all the known
structures. Despite its widespread occurrence and the fact that the structure is conserved,
the functional roles of cytochrome ¢’ remain unknown.

The structure of cytochrome ¢’ is different from mitochondrial Cc or bacterial

cytochrome c; in the following aspects:
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(1) It has a four parallel helical bundle with a covalently bound heme group in the
center, and with the binding motif CXXCH located at the C-terminus of the protein rather
than at the N-terminus, as in mammalian Cc.

(2) The heme iron is penta-coordinated, with the histidine residue ligated to the
fifth position, and the six position open. The sixth empty coordination site faces the
protein interior and the access to this site is hindered primarily by the side chains of
aromatic residues. Because of the special heme environment, most of the small molecules
which can bind to hemoglobin, such as O, CN-, N3-, cannot bind to cytochrome ¢’ the
exceptions are carbon monoxide for the reduced form and nitric oxide for the oxidized
form.

(3) The absorption spectra of reduced cytochrome ¢’ has a pronounced splitting
of the Soret peak around 425 nm and a single broad peak for the a- band around 552 nm.
As is typical of the cytochrome c’, the Soret absorption maxima changes with pH. The
redox potential of cytochrome ¢’ is about 30 mV at pH 7.0, much lower that of
mitochondrial Cc (Meyer & Cusanovich, 1985),

1.5 Cytochrome cssq

When photosynthetically grown, R. sphaeroides cells are switched to aerobic
growth conditions, the type of cytochrome that is induced most is cytochrome css4,
which is five- to eight-fold more abundant in aerobically cultured cells than those grown
anaerobically in the light (Meyer & Cusanovich, 1985; Bartsch et al., 1989). The level of
cytochrome css4 is about three times that of cytochrome c, under aerobic condition. As
its name indicated, the absorption spectrum of the reduced cytochrome css4 has a
wavelength maxima of 554 nm for the a-peak and 419 nm for the Soret peak. The redox
potential of cytochrome css4 is 203 mV at pH 7.0. Cytochrome css4 is found to be located
in the periplasm (Flory & Donohue, 1995).
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The gene of R. sphaeroides cssq has been cloned and the deduced protein sequence
is homologous to that of cytochrome ¢’ from R. sphaeroides with 36% identity (Flory &
Donohue, 1995). Like cytochrome c’, the single heme in cytochrome css;, is attached at
the C-terminus of the protein. Instead of being a high spin heme, as in the case of
cytochrome c’, the c-type heme in cytochrome css4 is low spin, with the sixth ligand being
Met-16 near the N-terminus.

Cytochrome css4, with a pl of 4.1, binds much tighter to a DEAE-cellulose column
than any other soluble cytochrome components due to its acidic nature. The mature
cytochrome css4 has 133 residues with a molecular weight of about 14 kDa, but the native
size of purified css4 is 44 kDa, suggesting that the protein is present as a trimer (Meyer &
Cusanovich, 1985).

1.6 A diheme cytochrome

In the process of cloning cytochrome css4 from R. sphaeroides, a new Cc was
discovered (Flory & Donohue, 1995), which is encoded by cycG, and is located in the
same operon as cytochrome css4 and is transcriptionally linked to it. The predicted gene
product for cycG is a diheme Cc with a subunit molecular weight of 32 kDa. The two Cc
binding motifs, CXXCH, are located in the middle of the protein, 145 residues from each
other. The sixth ligand, if there is one, has not been identified yet. This cytochrome has
been shown to be located in the cytoplasmic membrane with its N-terminal 20 residues as
the anchor. This protein has not been purified, and its spectroscopic and structural

properties are unknown.

1.7 Cytochrome css; s
Under photosynthetic conditions, R. sphaeroides also synthesizes a small amount
of cytochrome css; s with an absorption maxima at 551.5 nm for the a peak and 419 nm

for the Soret peak (Meyer & Cusanovich, 1985). In this 16 kDa protein, two c-type
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hemes are found to bind at each end of the molecule. The redox potential of cytochrome
Css1.5 (about -254 mV) is the lowest among all the c-type cytochromes known so far.
Cytochrome css; s has not been found in any other species, and it is not related to any

other protein.

1.8 Sphaeroides heme protein (SHP)

This green-colored heme protein is present in small amounts in R. sphaeroides
grown anaerobically in the light, and was the first to come out from a DEAE-cellulose
purification column (Meyer & Cusanovich, 1985). SHP, with a high-spin heme, is more
like myoglobin in spectral properties, and binds oxygen and carbon monoxide. But unlike
myoglobin, the absorption intensity of the Soret band decreases when the protein is
reduced from the oxidized form. 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.

1.9 Cytochrome cbb; oxidase

Cytochrome cbb; oxidase belongs to the heme-copper oxidase family (Garcia-
Horsman et al., 1994a) and has been found in several species (Thony-Meyer et al., 1994;
de Gier et al., 1996; Kaminski et al., 1996), including R. sphaeroides (Garcia-Horsman et
al., 1994b). This enzyme is induced at low O; condition and is important for N fixation
for some species (Kaminski et al., 1996).

The subunit II of cbb3 oxidase has an N-terminal transmembrane region and a
hydrophilic C-terminal domain. Unlike aa;-type oxidase, cbb; oxidase does not have a
Cua, site at the C-terminus of subunit II; instead, it has two covalently bound c-type

cytochromes with methionines as the sixth ligands (Garcia-Horsman et al., 1994b; de Gier



78

etal., 1996). The subunit III of cbb; oxidase has another covalently bound c-type
cytochrome in the middle of the protein. All three c-type cytochromes in cbb; oxidase
have predominantly negatively charged residues, and all the conserved lysine residues in
mammalian Cc are not present, suggesting that difference forces, other than electrostatic
interaction, are involved in stabilizing these cytochromes and the oxidase. How electrons
are transferred within these three cytochromes is still unknown.

The purified cbb; oxidase from R. sphaeroides has characteristics of a c-type
cytochrome with an absorption maxima of 551 nm for the a band and a Soret peak of 415
nm (Garcia-Horsman et al., 1994b). The redox potential of the Cc in subunit III from R.
capsulatus has been reported to be 320 mV and this heme has been suggested to be the

direct electron donor to the b-type hemes in subunit I (Gray et al., 1994).

2 Which cytochrome c is the physiological substrate for aa;-type oxidase in R.

sphaeroides?

2.1 Soluble cytochrome ¢

Although aas-type CcO in R. sphaeroides has been very well characterized, little
is known about its physiological substrate. Among several c-type cytochromes known
so far (see above), the real substrate for the aa;-type CcO is still an open question. The
motivation to address this question has been reduced by the fact that bovine Cc is an
excellent substrate for bacterial CcOs, but solving this basic problem is important in
understanding electron flow in the respiratory chain and its physiological regulation.

The aas-type oxidase is present at higher levels when the cells are grown
aerobically in the dark. Under these conditions, the synthesis of photosynthetic
pigments is suppressed. To qualify for the physiological substrate of aa;-type oxidase,
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the c-type cytochromes have to be present at relatively higher levels under aerobic
conditions too. In all the c-type cytochromes discussed above, only two of them meet
this criteria: cytochrome c, and cytochrome csss.

2.1.1 cytochrome ¢’ and cytochrome css; s In aerobically grown wild-type
cells, the expression levels of cytochrome ¢’ and cytochrome css s are very low, and also
they have the lowest redox potentials among all the known Cc in R. sphaeroides. All
these facts suggest that they may not be the substrates for the aas-type oxidase.

2.1.2 isocytochrome c; Isocytochrome c; is also presented at a very low level
in wild-type cells, although under aerobic growth conditions the expression level
increases. The low abundance of isocytochrome c; may not be enough to support cell
growth by aerobic respiration. So far there is no evidence that isocytochrome c; is
involved in electron transfer to the aas-type oxidase, but this does not exclude the
possibility that it can transfer electrons to the oxidase. Isocytochrome c,, having less
internal deletions and insertions, is more structurally related to bovine Cc than
cytochrome c,. Besides the fact that the redox potential of isocytochrome c; is closer to
that of bovine Cc, the important lysine residues (Lys-13, 27, 73, 79, 86, 87 in bovine Cc)

are also present in isocytochrome ¢, (Figure 1.10), so it will not be surprising to see that
| it can transfer electrons effectively to the aa; oxidase.

2.1.3 cytochrome csss Cytochrome cssy4 is the most abundant c-type
cytochrome under aerobic respiration (Bartsch et al., 1989; Flory & Donohue, 1995).
Based solely on its high expression level under aerobic growth conditions, it is suitable as
a candidate for the oxidase substrate; but little is known about it besides its sequence, and
its deletion has no effects on cell growth photosynthetically or aerobically, making
deciphering its function more difficult.

The oxidases from both R. sphaeroides and bovine are very similar. Based on the
similarity of the oxidases, it is reasonable to speculate that the substrate for R.

sphaeroides CcO should also share similarity with mammalian Cc, which is a good
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substrate for both oxidases. In this regard, cytochrome css4 may be not the substrate for
aa; oxidase. Protein sequence analysis indicated that there is no similarity between
cytochrome css4 and mammalian Cc, except for the presence of the heme binding motif.
In cytochrome css4 (a type II cytochrome), the heme binding motif is located at the C-
terminus, whereas in bovine Cc (a type I cytochrome) it is located at the N-terminus.
Although there are several lysine residues in cytochrome css4, it is difficult to correlate
them to the lysine residues in bovine Cc without structural information.

2.1.4 Cytochrome c; When aas-type oxidase was identified early in R.
sphaeroides, cytochrome c, was found to transfer electrons to the oxidase in vitro,
although with a much lower rate than with bovine Cc does (Kituchi et al., 1965). In
steady-state assays with R. sphaeroides wild-type oxidase, the maximum turn-over rate
with R. sphaeroides cytochrome c;, is about one-fourth of that of bovine Cc.

Although cytochrome ¢, can transfer electrons to the oxidase in R. sphaeroides,
the deletion of the cytochrome ¢, gene (except to abolish the strain's photosynthetic
growth capability) has no obvious effects on the cells' aerobic growth rate (Donohue et
al., 1988; Rott & Donohue, 1990), and the deletion strain has a similar generation time as
wild-type strains. In the deletion strains, isocytochrome ¢, might substitute for
cytochrome c; in electron transfer to aa; oxidase as in the case of the photosynthesis
process, but the deletion of both cytochrome ¢, and isocytochrome ¢, genes still has no
major effect on cells aerobic growth (Rott et al., 1993). The expression levels of the aa;-
type oxidase and the potential effects of the deletion on the oxidase expression has not
been addressed in the papers.

An alternative approach to study the electron transfer activity of cytochrome c,
from R. sphaeroides has been to measure the steady-state kinetics of its interaction with
bovine CcO and cytochrome bc, complex. It has been found that R. sphaeroides
cytochrome c, reacts at 1% of the rate of bovine Cc with bovine CcO (Errede & Kamen,

1978). The different reactivity of R. sphaeroides cytochrome c, and bovine Cc with
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bovine CcO suggests that the protein structures and heme electronic structures are
different. Although the overall secondary structure is conserved in both R. sphaeroides
and bovine Cc, other changes are present. Lys-13 in bovine Cc has been identified to be
important in its interaction with its physiological partners (Ferguson-Miller et al., 1978).
It is located next to the heme binding motif in the protein sequence, and located in the
heme exposed front face on the 3-D structure, which was used to interact with other
proteins. The equivalent residue of Lys-13 in R. sphaeroides is replaced by an glutamine
residue (Figure 1.10), which can partially explain its low reactivity due to its expected
wrong binding orientation. Similarly, Lys-72 was identified as critical in horse Cc binding,
but is missing in R. sphaeroides c,t0o0. Moreover, the difference in redox potentials
between R. sphaeroides and bovine Cc may also contribute to the low reactivity.

Meanwhile, it is interesting to notice that R. sphaeroides cytochrome c; reacts
equally well as bovine Cc with bc, complex (Errede & Kamen, 1978). The high reactivity
of with R. sphaeroides cytochrome c, with bovine bc; complex, in contrast to its low
reactivity with bovine oxidase, suggests that cytochrome ¢, has evolved the characteristics
required for rapid electron transfer from the bc, complex, but not for the electron transfer
to the oxidase, which is also supported by the established fact that cytochrome c; is
important for photosynthesis but not for the aerobic respiration. These studies also
suggest that R. sphaeroides cytochrome c; may use some different residues to interact
with the bc, complex and the oxidase.

All this evidence speaks against the involvement of cytochrome ¢, in mediating
electron transfer from the bc, complex to aa; oxidase under physiological conditions. It is
more likely important in mediating electron transfer from the bc, complex to the reaction

center than to the aa; oxidase.
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2.2 Membrane bound cytochrome ¢

Cytochrome c;, a membrane-bound cytochrome, is the direct electron donor to
cytochrome(s) ¢, which then transfer(s) the electron to the reaction center or the CcO.
Besides cytochrome c,, another membrane-bound Cc, cytochrome css;, was discovered in
P. denitrificans (Turba et al., 1995) and R. capsulatus (Jenney Jr. & Daldal, 1993), two
strains closely related to R. sphaeroides.

2.2.1 cytochrome css; In P. denitrificans, a complex with cytochrome bc),
cytochrome aa; oxidase and cytochrome css; has been isolated (Berry & Trumpower,
1985). This complex can oxidize ubiquinone rapidly in the absence of soluble cytochrome
>, and the activity is not significantly enhanced by added horse Cc. Anti-css; antibody
was found to inhibit the electron transfer in the wild-type P. denitrificans membrane
(Smith & Davies, 1991; Steinriicke et al., 1991; Turba et al., 1995). All these experiments
suggest the importance of membrane-bound Cc in shuttling electrons from the bc,
complex to the aa; oxidase.

The genes for cytochrome css; have been cloned from P. denitrificans (Turba et al.,
1995), R. capsulatus (Jenney Jr. & Daldal, 1993), and Bradyrhizobium japonicum (Bott et
al., 1991), and the protein has been purified from P. denitrificans (Turba et al., 1995).

The molecular weights are about 20 to 22 kDa, larger than that of bovine Cc. Amino acid
sequences, translated from nucleotide sequences, indicate the presence of a hydrophobic
N-terminal domain and a C-terminal globular domain. The N-terminal 30 to 40 residues
will form a transmembrane helix and anchor the proteins to the membrane. The C-
terminal domain is highly homologous to bovine Cc, with less internal insertions and
deletions than cytochrome ¢, from both P. denitrificans and R. sphaeroides. With most of
the important residues conserved, this C-terminal domain will likely to form the typical
"cytochrome ¢ fold" structure. The lysine residues conserved in mammalian Cc are
retained in the Paracoccus css; and to different degrees among species. The neck region

between the N-terminal transmembrane region and the C-terminal domain is rich in alanine
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and negatively charged residues, which may give the C-terminal domain flexibility to
interact with the bc; complex and the aa; oxidase.

2.2.2 cytochrome cy R. capsulatus and R. sphaeroides are closely related
phylogenetically, but each of them still has its own distinct genetic characteristics. It has
been found that the R. capsulatus strains lacking cytochrome c, can still grow
phototrophically (Daldal et al., 1986), while R. sphaeroides lacking cytochrome c; is
unable to do so (Donohue et al., 1988). The difference is also indicated by the fact that R.
capsulatus does not have the aas; oxidase, as R. sphaeroides does; instead, the terminal
oxidase identified in R. capsulatus is a cbbz oxidase.

The reason for the ability of the cytochrome c; deletion strain of R. capsulatus to
grow photosynthetically is because of the presence of a membrane-bound Cc, cytochrome
¢y (Jenney Jr. & Daldal, 1993). Double deletion of both cytochrome c; and cytochrome c,
from R. capsulatus completely abolishes its ability to grow phototrophically. This
double deletion strain can be complemented to grow phototrophically with either
cytochrome ¢, or cytochrome ¢y genes, indicating that either cytochrome c; or cytochrome
¢y is essential for photosynthesis only in the absence of the other. More interestingly, it
has been found that the cytochrome c), gene from R. capsulatus can also enable the
cytochrome c,-lacking strain of R. sphaeroides to grow phototrophically, further
suggesting that cytochrome ¢y can shuttle electrons from bc, complex to the reaction
center.

The capability of growing aerobically for the cytochrome c; and cytochrome ¢,
double deletion strain of R. capsulatus, suggests that there must be present another
electron mediator between the bc; complex and the cbb3 oxidase in this strain. The cbb;
oxidase has two covalently bound cytochromes c at the C-terminus of subunit II, and
another one at subunit III. One of them may shuttle electrons from the bc; complex to

the oxidase itself, although more experimental data is needed to prove it. However, one
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fact needs to be pointed out; that subunit III of the cbb3 oxidase and cytochfome cy from
R. capsulatus show little similarity.

In Bradyrhizobium japonicum, the insertional inactivation of membrane-bound
cytochrome also renders the strain an aa; oxidase-negative phenotype (Bott et al., 1991).
The authors explain that the assembly of the aa; oxidase is dependent on the
incorporation of the membrane bound cytochrome to the cytoplasmic membrane. The
effect on the aa; oxidase of the deletion of cytochrome c), from R. capsulatus is not
discussed in that paper.

2.2.3 Is there a membrane-bound cytochrome c in R. sphaeroides? Although
membrane-bound cytochrome c, from R. capsulatus can enable the cytochrome c;, deletion
strains of R. sphaeroides to grow phototrophically, the membrane-bound cytochrome c,
from R. sphaeroides, if there is one, has not been purified and its gene has not been
cloned. Its presence in R. sphaeroides has been suggested from kinetics study by
measuring the TMPD oxidase activity with the cytoplasmic membranes (Hosler et al.,
1992). A substantial oxygen consumption rate has been observed when TMPD was
added to the membranes. However, this result is complicated to interpret because of the
presence of the cbb3 oxidase in R. sphaeroides. The cbbj oxidase in R. sphaeroides,
having three covalently attached c-type cytochromes, can efficiently accept electrons
from TMPD and reduce oxygen.

Footnote: The membrane-bound cytochrome cy in R. sphaeroides was cloned
after this chapter was finished (F. Daldal, personal communication), and found to be
highly similar to the css; from P. denitrificans, with a transmembrane domain at the C-
terminus of the protein. The lysine counterparts for Lys-8, -13, -72, -79, -87 in horse Cc
are present in ¢, from R. sphaeroides too, while the lysine residues equivalent to Lys-27,

-86, -88 are missing (Figure 1.10).
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3 Summary

To accommodate its versatile growth conditions, R. sphaeroides cells have evolved
several electron transfer systems. These systems are branched at the quinone pool and
after the bc; complex. Both the photosynthesis and respiration processes share the bc,
complex, which enables the cells to adapt from one environment to another very rapidly
by using already established complexes. Among these systems, cytochromes c are
involved in transferring electrons. Several c-type cytochromes have been identified in R.
sphaeroides, and it may be expected that more will be discovered. In wild-type cells, the
primary function for cytochrome c;, is transferring electrons from the bc; complex to the
reaction center. In vitro experiments also indicate that it can transfer electrons to the aa;
oxidase at a much slower rate than bovine Cc.

A membrane-bound Cc has been identified in several systems, including R.
sphaeroides. Except for having an N-terminal transmembrane region and a neck region,
these membrane-bound cytochromes are highly homologous to the mammalian Cc.
Genetic studies found that these membrane-bound cytochromes ¢ can transfer electron
rapidly to the aa; oxidase in the cytoplasmic membrane, and it is probably the
physiological substrate for the aa; oxidase.

Chemical modification studies have indicated that mammalian Cc using similar
residues to interact with the bc, complex and CcO, and electrons enter and exit by that
same way. As the physiological substrate for the aa; oxidase, the membrane-bound Cc
will interact with the bc, complex and the aa; oxidase through lateral diffusion, rather than
free diffusion. The transmembrane region of the membrane-bound Cc will anchor itself to
the membrane, and the neck region, acting as a hinge, would moves the C-terminal globular
domain back and forth from the bc, complex to the aa; oxidase. The localization of
membrane-bound Cc close to both the bc; complex and the aa; oxidase will enable more

efficient electron transfer to take place.
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V. Research significance

Previous studies have shown that subunit II of CcO is the primary Cc binding
site, and the Cu, center in CcO has resolved to be a binuclear center, but the exact binding
site for Cc and the functional significance of the binuclear character of the Cu, center are
still not clear. In this study, site-directed mutagenesis, in combination with biochemical
and biophysical techniques, was used to address these questions.

In order to use site-directed mutagenesis technique to study related issues
associated with subunit II, the gene encoding subunit II of CcO in R. sphaeroides has to
be deleted from the chromosome. The procedure for the deletion of the coxII/III operon
was described in chapter II. The deletion of coxII/III operon in strain YZ200 was
confirmed through genetic and spectral analyses. More important, this deletion strain,
YZ200, can be complemented with the coxII/III operon through plasmid pRK415-1,
which making it a good system for mutational analysis of subunit II of CcO.

The expression level of CcO in wild-type R. sphaeroides strains are very low, and
the levels in some of the low activity mutant strains are even lower, making the
purification of CcO even difficult. In chapter III, several strategies for attempting to
overexpress CcO in R. sphaeroides were described, including the method by ligating the
two operons of CcO gene together and introducing them back into R. sphaeroides through
a multicopy plasmid pRK415-1, which yielded up to seven-fold production of CcO. A
high-yield protocol for purifying homogeneous oxidase was also reported.

With the establishments of the coxII/III deletion strain and the CcO overxpression
systems, a number of residues in subunit II of CcO in R. sphaeroides has been mutated
and the oxidases have been purified in a large amount for biochemical and biophysical
studies, which is reported in chapter IV and V.
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Chapter IV describes the mutational studies on Cc binding. Several mutants were
created, and characterized using optical spectra, EPR spectroscopy, metal analysis,
steady-state and rapid kinetics. These studies suggest that Glu-148, Glu-157, Asp-195
and Asp-214 in subunit II of CcO are involved in Cc binding, and Trp-143 is the electron
entry site to CcO.

The Cu, ligands were mutated and the analysis of these mutants were described in
chapter V. In this study, the binuclear character of Cu, center was found to be important
for maintaining the right redox potential for rapid electron transfer from Cu, to heme a,
while it is not required for proton pumping.

The overexpression system described here not only enables this study to be
finished, but will also provide materials for other studies on CcO, including x-ray
crystallography. The definition of the Cc binding site in subunit II and the study on the
functional significance of the binuclear character of Cu, will enable us to further

understanding the energy conservation mechanism of this important enzyme.



CHAPTER I

Development of systems for site-directed mutagenesis
in subunit II of cytochrome c oxidase from

Rhodobacter sphaeroides

These experiments were based on previous unpublished results done
by John Fetter and Scott Boley, who designed the plasmid pJB101A.
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Introduction

The sequences of the three largest subunits of CcO in bacteria are highly
homologous to the three largest subunits of the mitochondrial enzyme, and, in fact, the
resolved crystal structures from both the Paracoccus denitrificans and bovine heart
enzymes have shown that these subunits in both systems are structurally almost identical
(Iwata et al., 1995; Tsukihara et al., 1996). The genes for the three subunits of the aa;-
type CcO from Rhodobacter sphaeroides have been cloned and show similar high
homology to the corresponding genes from bovine heart (Cao et al., 1991; 1992;
Shapleigh & Gennis, 1992).

R. sphaeroides, with a branched electron transfer system, can thrive not only as an
anaerobic phototroph, but also as a facultatively microaerophilic to aerobic chemotroph.
Within this branched electron transfer system, the aa;-type CcO functions when cells are
grown under aerobic conditions, induced by high oxygen tension. Because of the presence
of multiple electron transfer pathways in R. sphaeroides, the cells can survive when one
pathway malfunctions by relying on alternatives. This characteristic of R. sphaeroides,
together with the well-characterized genetic properties of this strain (Donohue & Kaplan,
1991), enable us to use genetic techniques, including deletions and mutations, to study the
structural and functional aspects of aas-type CcO.

Due to the fact that aa;-type oxidase from R. sphaeroides has a simpler but highly
homologous structure to the eukaryotic enzymes, it has becomes a good model system for
studying CcO, as evidenced by the fact that mutational analysis using the R. sphaeroides
system (Hosler et al., 1993) was successful in determining the structures and the

arrangements of the metal centers in the oxidase that were later confirmed from
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crystallography (Iwata et al., 1995; Tsukihara et al., 1995).

Among the three largest subunits of CcO, subunit II is the likely primary site for
substrate binding (Millett et al., 1983). A unique binuclear Cu, center in subunit II
accepts electrons from Cc and transfers them to heme a and the heme a;-Cup centers,
which reside in subunit I. To accurately define the Cc binding site and to study the
structure and function of the Cu, center, It is necessary to delete the operon encoding
subunit II and subunit III (coxII/III) in R. sphaeroides. An insertional/deletion strain has
been created Cao et al., (1992), which, abolishs the ability of expressing aa; oxidase, but
this is not a good system for mutagenesis due to the possibility of recombination
between the inactivated copy in the genome and the copy in the plasmid. In this study,
the coxII/III operon, including the two intervening open reading frames (orf1 and orf3),
has been deleted from the bacterial chromosome, resulting in the loss of the aa;-type CcO
from the membrane in the deletion strain. Upon complementation of this deletion strain
with the entire coxII/III operon, the aa;-type oxidase can be restored, which makes it
possible to use site-directed mutagenesis techniques to study the structure and functions

associated with subunit II.

Materials and Methods
Material All restriction endonucleases, other DNA-modifying enzymes and the
DIG/Genius™ system were from Boehringer Mannheim (Indianapolis, IN); Plasmids
pHP45Q2, pRK415-1 and E. coli strain S-17-1 were obtained from the sources indicated in
Shapleigh and Gennis (Shapleigh & Gennis, 1992). Plasmid pYJ100 containing the

sequence of coxII and coxIII was originally prepared by Cao et al. (1992) (Figure 2.1).
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Figure 2.1 Restriction map of pYJ100 with coxII/II1 operon. The positions
of the restriction sites located within the coxII/III operon are from
Cao (1991; 1992), and the others are based on the best estimations
from the available sequence information.
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pJP5603 was obtained from the University of Illinois.

Cell growth E. coli strains S-17-1 and TG1 were grown in LB medium at 37°C.
Plasmids pUC19, pRK415-1, pJP5603 and their derivatives were maintained in the
presence of the following antibiotics: ampicillin (Ap) (50 pg/ml), streptomycin (Sm) (50
pg/ml), spectinomycin (Sp) (50 ug/ml), kanamycin (Kn) (25 pg/ml) and tetracycline (Tc)
(15 pg/ml).

R. sphaeroides strain Ga was grown aerobically in Sistrom’s media at 30°C in
flasks with rapid swirling. Strains of R. sphaeroides harboring a Sm/Sp resistance
cartridge were maintained in the presence of Sm (50 pg/ml) and Sp (50 pg/ml). For cells
containing pRK415-1 derivatives, Tc was added to the medium at 1 pg/ml.

Isolation of genomic DNA R. sphaeroides genomic DNA was isolated from cells by
the method of Davis et al. (Davis et al., 1980). Briefly, after growing to late exponential
phase, cells were lysed by a freeze/thaw protocol in the presence of lysozyme and
sodium dodecyl sulfate. Protein was extracted repeatedly using phenol and chloroform to
remove DNA, and the residual RNA was degraded by treatment with RNase prior to
storage.

Construction of plasmid pJP-pJB Creation of a mutant strain of R. sphaeroides
with a deleted coxII gene was accomplished by a plasmid, pJP-pJB (Figure 2.2). pYJ100
was digested with Sfil and Apal, followed by blunt-ending with T4 DNA polymerase.

The 4.6-Kb fragment from the pYJ100 digestion, without coxII and orf genes, was ligated
with the € fragment, to create plasmid pJB101A (Figure 2.2). The 2 fragment,
containing the Sm/Sp drug resistance cartridge, was isolated from a Smal digestion of

plasmid pHP45%Q. Plasmid pJP-pJB was created by inserting the EcoRl/HindIII fragment
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Figure 2.2 Procedure for deletion of the coxII/III operon. Plasmid pYJ100
was digested with Sfil and Apal, and the fragment without the coxII
gene was treated with T4 DNA polymerase to blunt-end, which was
ligated with the Smal/Smal Q fragment and created pJB101A. The
EcoRI1/HindIII fragment of pJB101A was ligated to a suicide vector,
pIpS603, creating pJP-pJB, which was transferred to R. sphaeroides
through conjugation.
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from pJB101A, containing the Sm/Sp resistant cartridge, into the suicide vector pJP5603.

Conjugation Plasmid pJP-pJB was mobilized into R. sphaeroides Ga by biparental
conjugation using E. coli strain S-17-1 as the donor. Briefly, 1 ml of late exponential
phase of R. sphaeroides Ga cells was mixed with 1 ml early exponential phase of E. coli
S-17-1 which contains plasmid pJP-pJB. The mixture of cells was pelleted for 1 min,
resuspended in 0.1 ml of LB medium, and spotted onto a nitrocellulose filter on an LB
plate. After 6 h incubation at 30°C, the filter was washed with 1 ml of Sistrom’s
medium, and the recovered cells were further washed twice with cold Sistrom’s medium
before plating them on Sistrom’s agar plates containing Sm/Sp antibiotics.

Southern blots Approximately 10 ug of genomic DNA was digested by Smal
overnight at 25°C and the digestion was separated on a 0.8% agarose gel. DNA was
transferred to a nitrocellulose membrane through standard capillary transfer method.
DNA probes were labeled with Digoxigenin using DIG/Genius™ DNA labeling and
detection kit. The hybridization was detected colorimetrically according to the Genius™
detection protocol.

Spectrophotometric analysis Membranes were isolated from Ga and YZ200 as
described in Hosler et al. (1992), and were solubilized in 100 mM KH,POy4, pH 7.0, 0.2%
lauryl maltoside (LM), and the spectra were taken on a UV/visible spectrometer (Perkin
Elmer, Lamda 40P). Dithionite and ferricyanide were used to fully reduce or oxidize the

samples, respectively.
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Results
Creation of a mutant strain lacking coxII In plasmid pJB101A (Figure 2.2), a
3.6-Kb Sfil/Apal fragment containing the coxII gene, 37% of the coxIII gene
(corresponding to the first 114 residues in subunit III), the intervening open reading
frames and some of the unknown region upstream of the coxII sequence, was replaced by

a 2.0-Kb Q fragment which contained the Sm/Sp antibiotic resistance gene. The remaining

of coxIIl gene and the unknown sequence flanking each end of the W fragment in
pJB101A were critical for providing templates for homologous recombinations. Since
pJP5603 and its derivatives cannot replicate in R. sphaeroides, the only way to maintain
the drug-resistant phenotype in cells under the selective pressure of antibiotics in Sm/Sp
plates was through homologous recombination. The Sm/Sp-resistant colonies could have
been created through two different mechanisms: a single-crossover, which resulted in the
insertion of the whole plasmid of pJP-pJB into the genome of the bacteria, or a double-

crossover, in which case the 3.6-Kb Sfil/4pal fragment in the genome was replaced by the

Sm/Sp-resistant € fragment from plasmid pJP-pJB. The colonies derived from double-

crossover could be distinguished from those from single-crossover due to the fact that the
latter were also Kn-resistant, while the former were not. Among the Sm/Sp-resistant
colonies acquired after conjugation, only about 1% of the colonies were Kn-nonresistant,
derived from double-crossover. This low percentage was unexpected compared with the
20% observed in the subunit I deletion experiment (Shapleigh & Gennis, 1992). This
may have been due to the intrinsic differences between the two suicide plasmids,
pSUP202 versus pJP5306, used in these two experiments, but it was more likely due to

the fact that the deleted piece in this experiment (3.6 Kb) is much longer than the one in
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subunit I (1.5 Kb). One colony was picked from the Sm/Sp-resistant, Kn-nonresistant
group. This mutant strain derived from R. sphaeroides Ga is designated YZ200.

Characterization of the subunit II deletion strain (YZ200) The deletion of the
coxII/IIl operon was analyzed using the southern hybridization technique, as shown in
Figure 2.3. The probes used in this experiment were a 1.8-Kb Sacl/Smal fragment (Probe
C), and a 1.9-Kb BamHI/BamH]I fragment (Probe D). The DIG-dUTP labeled probe C
did not hybridize to YZ200, but hybridized to a 4.3-Kb Smal/Smal fragment in wild-type
Ga, which corresponded to fragment E, as shown in Figure 2.3. This result was expected,
since the Sacl//Smal sequence corresponding to probe C was absent from the genome of
YZ200 due to the deletion. The same nitrocellulose membrane was further hybridized
with probe D, which overlapped with the known sequence located upstream of the
coxII/III operon. As expected, a 3.7-Kb band was detected in YZ200, which
corresponded to fragment F (Figure 2.3). These analyses fully confirmed the deletion of
the coxIl, orfs and part of the coxIII gene, and the replacement by a 2.0-Kb Sm/Sp-
resistance gene at the corresponding position.

The deletion was further confirmed by comparing the reduced minus oxidized
spectra of the solubilized membranes from both wild-type Ga and YZ200 strains (Figure
2.4). The typical 606-nm peak, resulting primarily from heme a in the aa;-type oxidase,
was completely absent in mutant YZ200, indicating the absence of the aas-type oxidase
due to the deletion.

Complementation of the deletion strain To test whether the coxII deletion
strain, YZ200, could be complemented, the HindIIl/EcoRI fragment from pYJ100,

containing the whole coxII/III operon and some flanking sequences, was cloned into the
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Figure 2.3 Physical maps of the coxII/III operons in Ga and YZ200, and the
southern blots analysis results. Panel A: the restriction maps of the
coxI1/111 operons of Ga and YZ200. S and B indicate restriction sites
for Smal and BamHI, respectively. All numbers are in kilobases. Four
restriction fragments are shown in their positions relative to the operons,
and their designated names are on the left. Panel B: Southern blot analyses
of Gaand YZ200. Genomic DNA from Ga and YZ200 were digested
with Smal and separated on a 0.8% agarose gel. The digestion fragments
were transferred to a nitrocellulose membrane, and first hybridized
with probe C in (a), then with probe D in (b).
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Figure 2.4 The difference spectra of membranes derived from wild-type Ga,
coxIlI deletion strain YZ200 and the recomplemented strain YZ300.
The spectra were recorded as dithionite-reduced minus ferricyanide-
oxidized difference spectra for the solubilized membranes. The peaks
labeled with a, band ¢ correspond to the absorption peaks for
heme a, band ¢, respectively.
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broad host range plasmid vector pRK415-1 and mobilized into YZ200 through
conjugation. The difference spectrum of the solubilized membranes from this
complemented strain (YZ300) clearly showed the restoration of the 606-nm peak (Figure
2.4), indicating the presence of aa;-type oxidase. The ability to complement YZ200 from
a plasmid-borne copy of coxII/III gene made YZ200 a potentially good system for
mutational analysis of subunit II of CcO.

Characterization of the complemented CcO The complemented strain, YZ300,
was grown in Sistrom's medium and the aas-type oxidase was isolated as described in
Hosler et al. (1992). The purified oxidase was checked by running an SDS-PAGE gel
(data not shown). All three subunits of CcO are present in YZ300, and the molecular
weights and the stoichiometries of the three subunits from YZ300 were the same as those
from native wild-type oxidase, indicating that genes for all three subunits were equally
well expressed in YZ300, albeit from different sources; that is, genes encoding subunit I
from the chromosome and subunit II and III from the plasmid. The optical spectra, CO-
binding ability, the maximum turnover rate and the proton pumping activity of the
purified aa;-type oxidase from YZ300 were the same as those of the native wild-type
oxidase (data not shown).

Construction of mutation systems Two systems were created for making mutants
using a PCR technique by splitting the subunit II gene into two shorter pieces. A shorter
template in a PCR reaction will reduce the error rate associated with this technique, and
moreover, it is easier to get all the sequence of a short PCR product, to confirm the
presence of the desired mutation and the absence of random errors. System I contains the

522-bp Not1*'/Ncol®*’ fragment from coxII (Figure 2.1), which covers residues from Ala-
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24 to Ala-197 in subunit II. In this fragment, the NorI**’ site in the original sequence was
removed, making NofI*!® a unique site. System II contains the remaining coxII gene and
some of the orf] sequence in a 606-bp Ncol®*”/EcoRV'>* fragment, including residues
from Met-198 to the C-terminal of subunit II. These two systems allowed most of the
residues in subunit II to be mutated.

Because of the shortage of unique restriction sites in pYJ100, the PCR fragments
could not be ligated back into the coxII/III operon directly. To avoid this problem, several
constructs were created for each system. In system I (Figure 2.5), these constructs were:
pYJ006, a pUC19 derivative with the NofI*'*/Ncol®*’ fragment from coxII; pYJ005, a
pUC19 derivative with Ncol®*”/EcoRV'** fragment from coxII, with the XoI**%/Xhol*
fragment located in this region being deleted; pYJ003, a construct similar to pYJ100,
except that the 133-bp BamHI'***/BamHI'*®' fragment was deleted. Among these three
constructs, pYJ006 was the template for the PCR reaction for mutating residues located
at this region. After the PCR reaction and DNA sequencing conformation, the
mutagenized Notl/Ncol fragment from pYJ006 was used to replace the Notl/Ncol fragment
in pYJOOS, in order to recover the whole coxII gene. The deletion of the Xhol/Xhol
fragment in pYJO0OS facilitated the identification of the mutagenized fragment from the
wild-type one in pYJ00S, which was 210-bp shorter than the mutagenized one from
pYJ006. The ligation of the mutagenized Nofl/EcoRV fragment from pYJ00S with the
longer Notl/EcoRV piece from pYJ003 resulted in the recovery of the whole coxII/III
operon. The deletion of the BamHl/BamHI fragment in pYJ003 also helped to identify

the mutagenized gene.
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Figure 2.5 System I for site-directed mutagenesis of residues at the
N-terminal half of subunit II. The 522 bp Nofl/Ncol fragment in pYJ006
is the template for PCR reactions, and the * denoted the location of the

desired mutation. After sequencing conformation, the Notl/Ncol piece from
pYJ006 was used to replace the Notl/Ncol piece from pYJ0OS, creating
pYJ004. In pYJOOS, the 210 bp Xhol/Xhol fragment has been deleted, which
would help to distinguish the two Nofl/Ncol pieces from pYJ006 and
pYJ0O0S5 in the ligation reactions based on their size differences. In pYJ003,
the 133 bp BammHl/BamHI piece has been deleted, which will facilitate the
subcloning of the NotI/EcoRYV piece from pYJ004 with the desired mutation
to pYJ003, recovering the whole coxII/III operon.
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Figure 2.5 System I for site-directed mutagenesis of residues at the
N-terminal half of subunit I
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A similar system was also created in system II (Figure 2.6) for mutating residues
located at the C-terminus half of coxII gene. The three constructs were: pYJ302, a
pUC19 derivative with the Ncol®*’/EcoRV'**® fragment from pYJ100; pYJ401,a pUCI18
derivative with the HindIl1"'®"/EcoRV'** fragment, containing the upstream unknown
sequence of coxIl, the whole coxII gene and some orf sequence with the
BamHI'**/BamHI'*®! fragment being deleted; pYJ501, a pUC18 derivative with the
EcoRV'**/EcoRI** fragment from pYJ100. Like pYJ006 in system I, pYJ302 was the
template for the PCR reaction in this system. Following the similar strategy used in
system I, the whole coxII/III operon can be recovered with the desired mutations with the
help of pYJ501 and pYJ402; in the latter, the 133-bp BamHI1/BamHI piece has been

deleted.

Discussion

Early on, the genes encoding subunit II and subunit III of aa;-type CcO and the
intervening open reading frames were cloned and sequenced from R. sphaeroides (Cao et
al., 1991; Cao et al., 1992). An insertional mutation of the coxII/III operon in the
chromosome of R. sphaeroides Ga was created by placing a Sm/Sp-resistance gene
cartridge into the coxII gene (Cao et al., 1992), which results in the elimination of the aas-
type oxidase from the membrane. The oxidase in this insertional mutation strain can be
fully restored by a plasmid-borne copy of the whole operon, as shown with YZ200.
However the insertional mutant strain is not sufficient for performing site-directed

mutagenesis, and a complete deletion of the coxII gene from the chromosome is required
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Figure 2.6 System Il for site-directed mutagenesis of residues at the
C-terminal half of subunit I1. The 606 bp Ncol/EcoRV fragment in pYJ302
is the template for PCR reactions, and the * denoted the location of the
desired mutation. The coxII gene can be recovered after replacing the
Ncol/EcoRV fragment in pYJ401 with the mutagenized Ncol/EcoRV
fragment from pYJ302. The deletion of the 133-bp BamHl/BamHI fragment
from pYJ401 would help the identification of the fragment with the desired
mutation. After ligating the HindITI/EcoRYV fragment from pYJ402 and the

EcoRV/EcoR1 fragment from pYJ501 with coxIlI gene, the whole coxII/III
operon could be recovered in pYJ101
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to prevent possible recombination of the plasmid-borne mutant copy with the native
chromosomal gene.

In this report, coxII ,the two orfs and part of the coxIII gene were deleted from the
chromosomal DNA, as confirmed by genetic and spectroscopic analyses. The absence of
the 606 nm heme a absorption peak in the coxII deletion strain indicates the absence of
the aa;-type oxidase. In aa;-type oxidase, the cox/ gene is not clustered with the genes
coding for subunit II and subunit III. Therefore a coxII/I1I operon deletion is not likely to
have a direct genetic effect on subunit I expression,; as a result, a plasmid copy of subunit
I gene is not required to complement YZ200.

The orfI gene encodes a protein which shows homology to the COX10 peptide in
yeast and the cyoE peptide in E. coli. Genetic analysis of the COX10 mutation strain in
the yeast system has suggested the important roles of COX10 in enzyme assembly and
heme A synthesis (Nobrega et al., 1990). In fact, an in vitro assay using the cyoE gene
product from E. coli indicates that the cyoE product is a farnesyl transferase, necessary
for converting protoheme IX to heme O, an intermediate for heme A synthesis (Saiki et
al., 1993). The orf3 gene product, on the other hand, is homologous to the COX11
peptide in yeast, and the disruption of COX11 gene in yeast produced defects similar to
those produced from COX10 mutation (Tzagoloff et al., 1990). COX11 protein has been
suggested to be involved in heme A synthesis in the formation of the formyl group at the
position 8 of the porphyrin ring (Tzagoloff et al., 1993). In this regard, the orfI and orf3
gene products presumably have the same functions as COX10 and COX11, respectively.
This is in line with the fact that the coxII gene alone can not reconstitute cytochrome aa;

synthesis (Cao et al., 1992). YZ200, in which the orf genes have also been deleted,
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should not have any heme A, explaining the lack of heme aa; spectral signal.

The coxIlI gene was not found to be essential for the complementation of the
coxII/III operon insertionally inactivated strain (Cao et al., 1992), which can be partially
complemented with only coxIl and the orf genes. The oxidase produced by this
complemented strain has an altered absorption spectrum (Haltia et al., 1989; Cao et al.,
1992), which is similar to the one observed for the P. denitrificans strain in which the
subunit III gene has been deleted (Haltia et al., 1989). In order to get oxidase from
YZ200 with properties similar to those of the wild-type, the whole coxII/III operon is
required for the complementation.

Two systems have been established for making site-directed mutants in the
subunit II region of CcO in R. sphaeroides. In these two systems, several small deletion
plasmids were created: in pYJ00S, a 210-bp Xhol/Xhol fragment was deleted, while in
pYJ003 and pYJ401, a 133-bp BamHl/BamHI fragment was deleted. These deletions
will help to identify the mutagenized fragments from the wild-type ones in the ligation
reactions, simply based on their size differences, thus avoiding the tedious work involved
in using DNA sequencing to distinguish them. System I covers all the residues at the
transmembrane region, the N-terminal fragment and part of the C-terminal soluble domain
of subunit II; while system II covers the C-terminal residues around the Cu, binding site.
These two systems have been tested, and the coxII/III operon created from these two
systems can efficiently complement YZ200 strain creating desired mutants.

In summary, the coxII/III operon has been deleted from R. sphaeroides, and the
deletion confirmed by genetic and spectroscopic analyses. This deletion strain can be

complemented with a plasmid-borne copy of the coxII/IIl operon gene. Two systems
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have also been set up for using site-directed mutagenesis techniques to study the structure

and function of subunit II of CcO in R. sphaeroides.
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Introduction

CcO, the last component of the energy-transducing electron-transfer chain of
mitochondria and many aerobic bacteria, catalyzes electron transfer from Cc to oxygen
coupled with vectoral translocation of protons to generate a transmembrane pH gradient.
The mechanism of the redox-coupled proton pump is still not understood. But recently,
this key enzyme was crystallized at atomic resolution from both mitochondria and
bacteria (Iwata et al., 1995; Tsukihara et al., 1995; 1996; Ostermeier et al., 1997),

providing the structural information necessary for more incisive mechanistic analysis.
Mammalian CcO has 13 different subunits, as well as seven metal centers (Cu,,
Cug, heme a, heme a3, Mg, Zn and Ca), resulting in a complexity of physical and genetic
structure that makes structure/function analysis at a molecular level difficult. In contrast,
CcO from Rhodobacter sphaeroides, has a simpler structure that can be manipulated with
molecular genetic techniques (Cao et al., 1992; Hosler et al., 1992; 1993). The aa3-type
oxidase from R. sphaeroides has only three subunits (molecular masses, 62.6, 32.9 and
30.1 kDa), but these show strong homology to the three largest subunits of its
mitochondrial counterpart.  Spectroscopic characterizations, and now the crystal
structures, show that the six metal centers (Cua, Cug, heme a, heme a;, Mg, and Ca) in
this bacterial oxidase are essentially identical to those in mitochondrial oxidase. The genes
for CcO from R. sphaeroides have been cloned, sequenced, deleted and reintroduced into
the bacterium (Cao et al., 1991; Shapleigh & Gennis, 1992), allowing extensive mutational
analysis that successfully predicted the arrangements of the metal centers in subunit I of
the oxidase (Hosler et al., 1993). Yet, relatively low expression of CcO in aerobically

grown R. sphaeroides has somewhat limited the use of this model system. Here we
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report the results of several strategies to overexpress CcO in R. sphaeroides, including the
consolidation of all the required genes on one plasmid, the use of a fructose promoter, the
use of a smaller expression plasmid and varying growth conditions of the cells. We also
show that combining Ni** affinity chromatography and anion exchange chromatography

results in an enzyme preparation of purity suitable for crystallographic studies.

Materials and methods

Materials

All restriction endonucleases and T4 DNA ligase were obtained from Life
Technologies, Inc. (Gaithersburg, MD). The gel purification kit and Ni2*-NTA resin
were from QIAGEN (Santa Clarita, CA). Ultrafree-15 centrifugal filters were from
Millipore (Bedford, MA), lauryl maltoside from Anatrace Inc. (Maumee, OH) and
protein assay reagent from Bio-Rad (Hercules, CA). All other chemicals were reagent

grade or better.

Growth of bacteria

The bacterial strains and plasmids involved in this work are listed in Table 3.1.
Both wild-type and overexpression strains of R. sphaeroides were grown at 30 °C in 2.8
liter Fernbach flasks containing 800 ml of Sistrom's minimal medium A (Cohen-Bazire et
al_, 1957). The cultures were shaken at 300 rpm and harvested at an ODg of 1.5 (late
exponential phase). Approximately 60 g of wet weight cells were obtained from 10 liters
of culture, containing about 90 mg of membrane-bound oxidase in the YZ100 strain (Table

3.2). The following concentrations of antibiotics were added to the corresponding
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Table 3.1 Bacterial strains and plasmids

Strain or Source or
Plasmid Parent Relevant characteristics Reference
E.coli
TGl supE hsd S thi A(lac-proAB) F (Sambrook et al., 1989)
(traD36 proAB* lacl? lacZAM15)
S-17-1 pro, res-, mod+, recA, Tp®, Sm®, (Simon et al., 1983)
integrated Rp4-2 (TC::Mu) (Kn::Tn7)
i
24.1 wild-type (Van. Niel, 1944)
Ga 24.1 mutation in carotenoid biosynthesis (Cohen et al., 1957)
CY91 Ga cyt bsg2; Kn* (Yun et al., 1994)
JS100 Ga ActaD (coxI)::sm/sp (Shapleigh et al., 1992)
YZ200 Ga ActaC (coxll), ActaB (orfl), (Zhen et al. 1998)
ActaG (orf3) ActaE (coxIIl)::sm/sp
YZ100 JS100 with pYJ123H This work
YZ300 YZ200 with pYJ123H This work
YZ400 CY91 with pYJ123H This work
Plasmids
pUC19 Ap*, oni, lacZ (Yanisch et al., 1985)
pRK415-1 Tc®, odT, lacZ (Keen et al., 1988)
pJS3-X6H pT7T318 His-tagged ctaD (coxI) (Mitchell et al., 1995)
pJS100 pT7T318 ctaD (coxI) (Shapleigh et al., 1992)
pYJ100 pUCI19 ctaC (coxll), ctaB (orfl), ctaG (orf3), (Zhen et al. 1998)
ctaE (coxIll)
pYJ123H pUCI19 ctaC (coxll), ctaB (orfl), ctaG (orf3), This work
ctaE (coxlIIl) and His-tagged ctaD (coxl)
pIQ100 pUC19 ctaC (coxlI), ctaB (orfl), ctaG (orf3), This work
ctaE (coxlIl) and non-His-tagged ctaD (coxI)
pTN100 pUC18 FruP, ctaC (coxlIl), ctaB (orfl), ctaG (orf3), This work
ctaE(coxlll), ctaD (coxI) and two promoters .
pTN200 pUCI18 FruP, ctaD (coxI) and its promoter region. This work
pTN300 pUCI18 FruP, ctaC (coxll), ctaB (orfl), ctaG (orf3), This work
ctak (coxlIll), ctaD (coxI) and coxI promoter
pTN400 pUCI18 FruP, ctaC (coxlI). This work
pBBRIMCS-2 Kn®, lacZ, mob, pT7P3 (Kovach et al., 1994)
pBBRIMCS-4 Ap*, lacZ, mob, pT7P3 (Kovach et al., 1994)
pFRKI Ap", Gm®, Kn®, Ble®, FruP (Duport et al., 1994).
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cultures: streptomycin (Sm), 50 ug/ml; spectinomycin (Sp), S0 ug/ml; tetracycline (Tc), 1
Ug/ml; kanamycin (Kn), 25 ug/ml. The Escherichia coli strains, TG1 and S-17-1, were

grown aerobically at 37 °C in LB broth. Plasmids were maintained in E. coli in the
presence of ampicillin (Ap), 50 ug/ml, or Tc, 15 ug/ml.

In the experiments testing the effect of pH on oxidase expression, the cells were
grown at 30 °C in 500 ml flasks with 100 ml of Sistrom's medium; the flasks were
inoculated with identical aliquots of a YZ100 culture to achieve an initial ODggy of 0.1.
The pH of the pH 6.5 culture was kept constant during the whole experiment, by adding
hydrochloric acid. The other cultures, started at pH 7.0, were allowed to reach the
desired pH at which they were maintained. All cells were harvested at an ODgg of about

1.5.

Construction of the overexpression plasmid pRK-pYJ123H

The procedure for creating pRK-pYJ123H is shown in Figure 3.1. Briefly,
plasmid pJS3-X6H2, which contains the His-tagged subunit I gene, was digested with
restriction endonuclease Smal. The 2.0-kb Smal/Smal fragment, containing the subunit I
gene (coxI), was then subcloned into pUC19 at the unique Smal site at the polylinker
region, creating pJS3-SH. A 4.8-kb PstI/Pstl fragment from pYJ100, which contains
coxll, orfl, orf3 and coxIIl genes, was subcloned into pJS3-SH through the unique Pstl
site, located between HindIIl and Smal site in the polylinker region. The new plasmid,
containing all the three subunit genes of CcO, is named pYJ123H. All the CcO genes
were cloned into the broad-host-mobile expression vector pRK415-1, using EcoRI and

HindlIll to prepare pRK-pYJ123H, which was mobilized into R. sphaeroides by



114

"SPOYIoW pue S[ELIABJA Ul SB PIqLIOSIP ST 3[Te1op 3y |,

*HeZir Ad-ynud prased uoissaadxataAo ag) Jo HONINISUOI J0] s3anpadoad o), [°¢ d4n3iyg

—
E—

L
d
HeZIrAd-yyd

7 IIxo>

o> rsid
IIPEH/TIH

sfto o

Jx02

N

umouxul

001fX

umouyun




115

biparental conjugation using E. coli strain S-17-1 as the donor (Cao et al, 1992).
Incubation with bacteriophage T4 was omitted for the conjugation procedure.
Construction of pBBR1IMCS expression and fructose promoter (fruP)-containing
plasmids

A series of broad-host-range cloning vectors, pBBRIMCSI1-5, have been
constructed for gram-negative bacteria (Kovach et al.,, 1994). These vectors are smaller
than pRK415-1 (5 kb versus 9 kb) and have five different antibiotic resistant forms.
Small vectors presumably will shorten the replication cycle and enhance the expression
level, and they are also more stable than large plasmids which are frequently observed to
be partially deleted during conjugation processes. Vector pPBBRIMCS-2 (Kn®) and
pBBRIMCS-4 (ApR) were tested because of the presence of an EcoRI site at the
polylinker site. The EcoRI/Hindlll fragment from pYJ123H, containing the cox/ and
coxII/III operons was ligated into the polylinker regions of pPBBRIMCS-2 and -4. These
constructs were transferred into strains JS100 and YZ200 through conjugation with S-17-
1 strains, which contain these constructs.

Plasmid pFRKII contains the fructose promoter (fruP) isolated from Rhodobacter
capsulatus. To facilitate subcloning foreign genes downstream of fruP, a Ndel restriction
site (CATATG) was constructed immediately after ffuP (Duport et al., 1994). This
arrangement allows insertion of any foreign gene into fruP when a CAT sequence is added
in front of the start codon (ATG), creating the Ndel site. The 660-bp BamHl/Hindlll
fragment from pFRKII, which contains fruP , was subcloned into pUC18 first, and the
EcoRl/HindlIl fragment from pYJ123H, containing the coxI and coxII/IIl operons, was

then subcloned downstream of fruP through standard molecular biology techniques,
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creating pTN100. Three more plasmids were derived from pTN100. In pTN200, the
coxII/III operon was removed and fruP was placed in front of the coxI operon. In
plasmids pTN300 and pTN400, the upstream sequences of coxII and coxI were removed,
which placed fruP immediately in front of the coding regions of coxIl and coxl,
respectively. All four plasmids were ligated to pRK415-1 and transferred to strains
JS100 and YZ200 through conjugations. The cells containing these plasmids were grown

in Sistrom's medium with and without the presence of 5 mM fructose.

Preparation of cytoplasmic membranes

Membranes were prepared as described previously (Mitchell & Gennis, 1995;
Qian et al., 1997) with some modifications. Approximately 40 g of wet weight cells were
resuspended in 200 ml of 50 mM KH,PO,, pH 6.5, 1 mM EDTA, 50 mg/ml DNasel, and
broken by two passages through a French pressure cell at 20,000 psi. Whole cells and
debris were removed by centrifugation at 30,000 g for 30 min. The membranes were
pelleted by centrifugation of the supernatant at 200,000 g for 1.5 h and the pellets were
resuspended in 10 mM Tris-HCI, 40 mM KCl, pH 8.0, at 6 mg protein/ml (Bradford,
1976). Lauryl maltoside (LM) was added to a final concentration of 1% for
solubilization. The membranes were stirred in LM at 4 °C for 20 min, and then

centrifuged at 200,000 g for 30 min to remove unsolubilized material.

Ni2+-NTA purification of CcO
The solubilized membranes were mixed with Ni2*-NTA resin at a ratio of 1 ml of
packed resin for every 2.5 mg of oxidase. To prevent nonspecific binding, 10 mM

imidazole was included. The mixture was stirred at 4 °C for 1 h and then poured into a
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gravity column and washed with 10 mM Tris-HCl, pH 8.0, 40 mM KCl, 10 mM
imidazole, 0.1% LM until the brown colored membrane proteins were completely washed
away and the flow-through was clear of color and turbidity. The column was further
washed with 5 bed volumes of 10 mM Tris-HCl, pH 8.0, 40 mM KCl, 20 mM imidazole,
0.1 % LM, followed by 5 vol of 10 mM Tris-HCI, pH 8.0, 40 mM KCl, 0.1% LM to
remove the imidazole. The enzyme was eluted slowly with 100 mM histidine, 10 mM
Tris-HCI, pH 8.0, 40 mM KCIl, 0.1 % LM. The oxidase containing fractions (green
colored) were pooled and washed several times using 10 mM KH2POy4, pH 7.6, 1 mM
EDTA, 0.2% LM by centrifugal filtration in Ultrafree-15 centrifugal filters to reduce the

histidine level to less than 1 mM.

FPLC-DEAE chromatography

Approximately 15 mg of Ni2*-NTA purified CcO in 10 ml of final wash buffer
(above) made up to 3% in LM at 0 °C for 30 min, was applied to tandem DEAE-5PW
columns (8 mm x 7.5 cm, TosoHaas) attached to an FPLC system (Pharmacia LKB
Biotechnology Inc.). The columns were preequilibrated with 10 mM KH,POg4, pH 7.6, 1
mM EDTA, 0.2 % LM, and the oxidase was eluted with a 45-ml gradient of 0.01-0.35 M
KCl in the same buffer at a flow rate of 0.5 m/min. Oxidase-containing fractions were

collected and stored at -80 °C.

Visible spectra
Visible spectra of dissolved membranes were recorded with a Perkin-Elmer
Lambda 40P UV-Visible spectrophotometer at 25 °C after the membranes were

resuspended in 10 mM Tris-HCI, pH 8.0, 40 mM KCl and 0.1 % LM. The extinction
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coefficients used were Agggg.40 = 40 cm™ mM™! for dithionite-reduced spectra, and Aggq.

630 = 24 cm” mM™! for dithionite-reduced minus ferricyanide-oxidized difference spectra

(Vanneste, 1966).

Protein and heme A determinations

Protein concentrations were determined using the Bradford method (Bradford,
1976) and bovine serum albumin was used as the standard. The concentration of heme A
was determined by the pyridine hemochrome method (Berry & Trumpower, 1987).
Briefly, NaOH and pyridine were added to the dissolved samples to a final concentrations

of 0.2 N and 10 %, respectively, the solutions were clarified by brief centrifugation in a

microcentrifuge, and reduced minus oxidized spectra were recorded. A A€sgg g0 = 25 cm’

mM! was used to calculate the heme A content.

Results

Construction of the overexpression plasmid pRK- pYJ123H

The genes for the three subunits of CcO from R. sphaeroides are located in two
separate operons along with two genes that code for proteins (ORF1 and ORF3) involved
in heme A synthesis (Tzagoloff et al., 1990; 1993). In the construct described here
(Figure 3.1), the two CcO operons were linked together, with each operon retaining its
own promoter region. A 207-bp 5'-region in front of the coxI was found to be sufficient
for the expression of subunit I; this region appears to contain an oxygen-regulated

promoter for coxI (Shapleigh & Gennis, 1992). Similarly, an oxygen-regulated promoter
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for coxII/IIl has been located 150-bp upstream of the coxIl coding region (Flory &
Donohue, 1997). Constructs made with either orientation of the coxII/III operon, with
respect to that of coxl, showed equal overexpression, consistent with the presence of

separate promoters for the two operons.

Comparison of expression levels in different strains

To study the yield of aa3-type oxidase, pRK-pYJ123H was transferred into

JS100, YZ200, and CY91 through pRK415-1, creating strains YZ100, YZ300 and
YZ400, respectively (Table 3.1). These strains, along with three wild-type strains
containing only the genomic copies of the oxidase genes, were grown in Sistrom's media
starting with an initial pH of 7.0, and with no pH adjustment during cell growth. When
the cells were harvested at ODg4 of 1.5, (about 30 h for the wild-type strains and 48 h
for the overexpression strains), the pH had risen to 8.6 - 8.9. The reduced minus oxidized
spectra for membranes isolated from these strains are shown in Figure 3.2.

Cytochrome aa; expression was compared by the ratio of absorbance at 606 nm
to that of 560 nm (cytochrome a/cytochrome b or a/b ratio). Two wild-type strains,
2.4.1 and Ga, shared similar aa; expression with a/b ratios of 0.20. CY91, another wild-
type strain with a kanamycin insertion in the gene for cytochrome bsg2, showed
somewhat higher aa; expression, as observed previously (Hosler et al., 1992; Yun et al.,
1994). In contrast, all the strains containing the plasmid pRK-pYJ123H gave much
higher expression. The a/b ratios for YZ100 and YZ300 are 1.29 and 1.40, respectively,

while YZ400, with the additional background oxidase level, has an a/b ratio of 1.5. Based
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Figure 3.2 Cytochrome ¢
prepared from different R. sphaeroides strains. All the
strains were grown at 100 ml of Sistrom's medium and
harvested at ODgg of 1.5. Dithionite-reduced minus
ferricyanide-oxidized spectra were recorded for the solubilized
membrane from different strains. The cytochrome a to
cytochrome b (a/b) ratios were calculated as Agog.630/As60-580s
the ratios for different strains are shown on their spectra.

in cytoplasmic membrane
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on the a/b ratios, all of the pRK-pYJ123H-containing strains increase the aa3 expression

levels about four fold over CY91 and seven-fold over Ga and 2.4.1 (Figure 3.2).

Heme A content per milligram of membrane protein was also determined, giving
values of 0.20 and 0.82 nmol of heme A/mg protein for the cytoplasmic membranes of
CY91 and YZ100, respectively, consistent with over four fold increase of CcO content
estimated by the a/b ratio. The oxidase content in the cytoplasmic membrane increases
from 1.2% in CY91 to 5 % in YZ100, based on the results of protein assays. The high
content of oxidase in the overexpression strains renders their cytoplasmic membrane a

greenish color, in contrast to the reddish color of CY91 membrane.

Effect of pH on CcO expression
R. sphaeroides is routinely grown in Sistrom's medium prepared with an initial pH
of 7.0. Due to the consumption of succinic acid (the carbon source) during growth, the
pH of the medium slowly increases to a maximum of 8.9 after 48 h cell growth. To test
the effect of pH on the expression of the oxidase, four batches of YZ100 cells were grown
in Sistrom's media at pH valves of 6.5, 7.0, 7.5 and 8.0, respectively. After 20 h, cells
grown in pH 6.5 and 7.0 media reached an ODgg of 1.5, while cells grown in pH 7.5 and
8.0 media required about 40 and 48 h, respectively, to reach that OD. Spectra of
membranes from these cells are shown in Figure 3.3. The a/b ratios increase from 0.37 to
1.32 with the increase in initial pH. Thus, higher pH results in higher aa; expression,
although the growth rate is slowed. The difference in the a/b ratio between pH 8.0 and
PH 6.5 is over three fold. The final a/b ratio at pH 8.0, however, is not significantly
different from the experiment of Figure 3.2, where the culture was allowed to

continuously increase in pH with time. For CY91 the effect of pH is also significant,
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Figure 3.3 Effect of pH on cytochrome c oxidase expression in
YZ100 strain. The growth of the cells is as described in
Materials and Methods. Reduced minus oxidized spectra
were recorded for the solubilized membranes. The
cytochrome a to cytochrome b (a/b) ratios are shown on
the spectra.
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giving an increase in the a/b ratio from 0.12 to 0.35 with an increase in pH from 6.5 to 8.9.
Initiating the growth at pH 7.0 is advantageous, since it allows the cells to get started

under conditions favorable to rapid growth.

Effect of salt concentration on CcO expression
Under stress conditions, such as high pH, cells tend to express more oxidase than

under optimal growth conditions. The stress effect of high salt on aa3 expression was

also tested for all the R. sphaeroides strains. The presence of extra NaCl (200 mM) in
addition to the 9 mM NaCl in Sistrom’s media had no major effect on cell growth rate.
However, the oxidase expression levels in the wild-type strains are slightly decreased, and
no dramatic changes are seen in the overexpression strains. Under high salt growth
conditions, the cultures of all strains, except CY91, began to turn green after the cell
density reached an ODgg of over 1.0. The optical spectra of the whole membranes from
these strains showed the presence of an extra absorption peak at 475 nm, indicating the
presence of large amounts of carotenoid and bacteriochlorophyll, the important
components in the light harvesting photosynthetic system. High salt begins to induce the
synthesis of the photosynthetic pigments at the late growth phase for most of the strains,
except in CY91. In CY91, the gene for cytochrome bsg, is deleted, which appears to

inhibit the induction of the photosynthetic pigments.

Expression of genes encoding CcO using a small vector pBBRIMCS and fruP gene
After the pPBBRIMCS-2 and -4 plasmids, together with the oxidase genes, were
transferred into JS100 and YZ200 through conjugation, the cells were plated in Sm/Sp/Kn

(SSK)- and Sm/Sp/Ap (SSA)-resistant plates for pPBBRIMCS-2 and pBBRIMCS-4
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containing cells, respectively. Cells containing plasmid pPBBR1IMCS-4 failed to grow on
SSA plates, while a small number of colonies from pBBRIMCS-2 containing cells were
observed on SSK plates, and these cells were further grown in Sistrom's medium. The
optical spectra of the isolated membranes from pBBRIMCS-2 containing cells showed
that CcO genes were expressed in these cells, but the expression level was relatively low.
The a/b ratio of 0.3 is comparable to that of wild-type strains, but significantly lower
than those using pRK415-1 as expression vector.

Transcription of the CcO genes in pYJ123H is controlled by the native
promoters. In an attempt to induce even better expression, a more efficient promoter was

sought. The fructose promoter (fruP) from Rb. capsulatus, has been shown to be capable

of inducing B-Gal expression over 100-fold in the presence of fructose when the lacZ

genes were placed under the control of ffuP (Duport et al, 1994). In addition, the
expression of ferredoxin was found to be inducible by fructose when a promoterless copy
of fdxN gene was placed behind fruP. To test whether fruP can induce aa3 expression in
R. sphaeroides, four constructs were made with fruP at different positions relative to cox/
and coxII/Il operons (Figure 3.4). In the absence of fructose, the expression levels of
oxidase in the cells containing pTN100 and pTN200 were comparable to those of the cells
containing the equivalent plasmids without fruP . In these two constructs, the native
promoters for cox/ and coxlI are still present, and the similar expression levels of oxidase
observed in constructs with and without fruP suggests that the upstream fruP did not
control the expression of the oxidase, but rather it was regulated by its native promoters.
Surprisingly, in the presence of S mM fructose, the expression of the oxidase decreased

by about 20%. Both pTN300 and pTN400 failed to express CcO when placed in JS100
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Figure 3.4 Constructs made for expressing cytochrome ¢ oxidase

using fructose promoter gene (fruP). Cytochrome c oxidase
genes and some upstream sequences were placed downstream
of fruP. (A) (pTN100) three subunit genes together with
1-kb upstream sequence of coxII coding region and 400 bp

upstream sequence of coxI coding region; (B) (pTN200) cox/
gene and 400 bp upstream sequence of coxI coding region;
(C) (pTN300) similar to pTN100, except the 1-kb upstream

sequence of coxlI coding region was removed and the fruP gene
was put immediately in front of the coxII gene; (D) (pTN400)
coxl gene alone. The EcoRI and HindIlI sites were used to
subclone these constructs into pRK415-1 for expression.
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or YZ200 in the presence or absence of fructose. Further studies to determine the cause

of the lack of expression and promoter insensitivity have not been conducted.

Fine-tuning the metal-affinity chromatography

Two protocols have been published for purifying the aa;-type CcO of R
sphaeroides (Hosler et al., 1992; Mitchell & Gennis, 1995). One protocol combines
hydroxylapatite and anion exchange chromatography, while the other method, taking
advantage of six histidines added at the C-terminus of subunit I, uses Ni2*-NTA affinity
chromatography. The His-tagged method is rapid, and gives a high yield (Mitchell &
Gennis, 1995). However, the elution of oxidase from the Ni2+-NTA column using 100
mM imidazole leads to a blue-shift in the a-band and some loss of heme A, likely due to
the insertion of imidazole into the heme a binding site as an alternative ligand to the iron.
Histidine, due to its larger size and more hydrophilic character, was used to replace
imidazole in the final elution step, allowing elution without distortion of the optical
spectrum or loss of heme A. A purple Ni2*-histidine complex that coelutes with the
enzyme can be washed away using a membrane filtration device. Histamine was also
tested, but it did not elute oxidase from the resin. Many His-tagged proteins can be
eluted from Ni2*-NTA column by lowering the pH of the buffer, but at pH 5.0 CcO did
not elute from the resin, and further reduction in pH was likely to damage the protein.

The previously published metal-affinity method did not indicate the optimal
protein concentration and protein/detergent ratio required for efficient binding and elution
(Mitchell & Gennis, 1995). We tested loading conditions ranging from 6 to 28 mg
protein/ml using 1% LM. The final yields of purified enzyme were higher when more

dilute solutions were loaded; 70% yield at 28 mg/ml protein; 87% yield at 6 mg/ml
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protein. Five purified oxidase samples that were chromatographed at different protein
concentrations were run on SDS-PAGE, and all showed a similar level of purity (data not
shown).

Rapid Ni2*-NTA purification does not prevent the formation of, or separate, the
two different forms of oxidase with differently processed subunit II. The smaller subunit
II band is presumably formed by the proteolytic cleavage of a 2 kDa fragment from the C-
terminus (Lane 1 in Figure 3.5). An attempt to convert all the subunit II to the smaller
form by adding trypsin and chymotrypsin to the solubilized membranes was not
successful, indicating the presence of a distinct proteolytic processing step during post-
translational modification inside the cells, which also takes place for another homologous

enzyme, cytochrome bo oxidase, in E coli (Rumbley et al., 1997).

A combined purification method

In order to prepare highly homogeneous oxidase suitable for crystallization, a
combination of the metal-affinity and DEAE-chromotography methods was devised. The
Ni2+-NTA purified oxidase has an A,g0/A4z9 value of 2.2, identical to that of the enzyme
purified by DEAE chromatography (Hosler et al., 1992). After the Ni**-histidine
complex was removed and the oxidase was exchanged into 10 mM KH2PO4, pH 7.6, 1
mM EDTA, 3% LM was added and the sample was chromatographed on a DEAE-5PW
column. Several peaks were resolved (Figure 3.6). A fraction containing mainly subunit I,
subunit III and some contaminants elutes at 160 mM KCI. In the 190 mM KClI fraction,
the dominant component is a 68-kDa peptide that is tightly associated with CcO, and

not removed by NaBr washing of the membranes, hydroxylapatite chromatography, or
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Figure 3.5 SDS-polyacrylamide gel electrophoresis of cytochrome ¢
oxidase purified from Ni2*-NTA and FPLC columns.
Lane 1, Ni2*-NTA alone purified oxidase; Lane 3 to 6, different
oxidase fractions from FPLC. Lane 2, the fraction eluted at
160 mM KCl with only subunit I and subunit III; Lane 3 and 4,
two fractions from the first oxidase peak; Lane 5 and 6, two
fractions from the second oxidase peak; The apparent molecular
mass (kD) of each band is indicated. A 15% polyacrylamide gel
was used in this experiment.
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the Ni2*-NTA column. DEAE-5PW chromatography can partially separate this peptide
from the oxidase, but variable amounts of it are still seen in SDS gels (Figure 3.5). The
oxidase fractions eluting at 220 mM KClI resolved into two fractions, the first containing
mostly cleaved, and the second mostly full-length subunit II.

The ratio of A,z9/A4z for the enzyme purified by using the combination of metal-
affinity and DEAE chromatography is 1.8, compared to 2.2 for preparations purified by
either procedure alone. A value of 17.2 nmol of heme A/mg of protein is obtained for the
Ni?*-affinity/DEAE purified enzyme by pyridine hemochromagen determination. This is
about 107% of the calculated maximum value of 15.9 nmol of heme A/mg of protein, using
the molecular weights predicted from the amino acid sequence and assuming two heme A
per oxidase. This “more than 100%” purity is due to the fact that the Bradford protein
assay method used in this study and the bicinchoninic acid method and modified Lowry
assay in another study (Hosler et al., 1992) all underestimate the actual amount of
protein when applied to membrane proteins (C. Hiser, D. Mills, S. Ferguson-Miller, in

preparation).

Comparison of overexpressed and wild-type enzyme

CcO from R. sphaeroides was previously purified as a two-subunit enzyme in
Triton X-100 (Gennis et al., 1982) and a three-subunit enzyme in LM (Hosler et al.,
1992). SDS-PAGE shows the Ni2*-NTA purified oxidase also has three subunits
(Mitchell & Gennis, 1995) The ratios of each subunit in the overexpression strain are
the same as those in the wild-type strain, indicating that the overexpression strains retain
the correct stoichiometry of the individual subunits. A subunit IV, equivalent that in

Paracoccus denitrificans oxidase (Haltia et al., 1994; Iwata et al., 1995), is not observed
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in the purified R. sphaeroides oxidase using a 16% SDS gel. The Soret to a-band ratio
(Auas490/Asos-630) Of the reduced enzyme from the overexpression strains is 5.6, similar to
the value of wild-type reported previously (Hosler et al., 1992), showing that both

hemes are present. The steady-state turnover of the overexpressed enzyme determined

polarographically is equivalent to that measured for the enzyme from CY91 (Vpax = 2000

sec-1). The overall characterization indicates that the overexpressed oxidase is identical to

that synthesized at lower levels by CY91.

Discussion

Requirements for overexpression of CcO

Gene copy number: The three structural subunits of the mitochondrial-like CcO in
R. sphaeroides are encoded in two separate regions of the bacterial chromosome. The
subunit I gene (cox/) is separate from the subunit II (coxII) and subunit III (coxIIl) genes;
the latter are grouped in one operon and separated by two open reading frames, orfl and
orf3. The predicted amino acid sequences for ORF1 and ORF3 are homologous to
COX10 and COX11 from yeast (Cao et al., 1991). Tzagoloff and coworkers (Tzagoloff
et al., 1990; Tzagoloff et al., 1993) and Saiki and coworkers (Saiki et al., 1992) have
reported that COX10 is a heme A biosynthetic enzyme involved in adding the 15 carbon
farnesyl group to the vinyl group at position 2 of the porphyrin ring. COX11 has been
suggested to be involved in the conversion of the methyl at position 8 to a formyl group
(Tzagoloff et al., 1993). ORF1 and ORF3 in R. sphaeroides presumably have the same

functions and thus are indispensable for expression of the aa3-type oxidase.
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In strain JS100, in which coxI has been deleted in the genomic DNA, high copy
numbers of cox/ alone on the exogenous plasmid pRK415-1 complement the
chromosomal deletion but do not lead to overexpression (Shapleigh & Gennis, 1992).
Similarly in YZ200, in which the genomic coxII/IIl operon has been deleted (chapter II),
multiple copies of the coxII/Ill operon on pRK415-1, complement but do not lead to
overexpression. To overproduce the enzyme, high copy numbers of both operons,
including the ORF1 and ORF3, were required. In fact, coxIIl is not essential for
overexpression: the presence of a high copy number of coxI, coxIl, orfl and orf3 alone
can allow overproduction of a two-subunit enzyme (data not shown).

Strain YZ300 was created by placing pRK-pYJ123H into YZ200, the deletion
strain lacking the coxII/III, but containing the genomic coxl. When the solubilized
membrane from this strain was loaded onto Ni2*-NTA column, approximately 20% of
the oxidase in the solubilized YZ300 membranes fails to bind to Ni2*-NTA resin.
Presumably this fraction of oxidase originates from the genomic copy of subunit I which
does not contain the His-tag. The remaining 80% of the solubilized oxidase binds to the
Ni2*-NTA resin. The 4 to 1 ratio between the His-tagged and native oxidase is consistent
with the overexpression level achieved using pRK-pYJ123H and agrees with the copy
number (4 to 6) of pRK415 in R. sphaeroides reported by Donohue et al. (Donohue &
Kaplan, 1991).

Since the overexpression plasmid does not contain a gene for any subunit IV, as
observed in P. denitrificans (Haltia et al., 1994; Iwata et al., 1995), such an additional

subunit is not critical for assembly or activity of R. sphaeroides oxidase.
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Growth conditions. When bacteria are subject to unfavorable growth conditions,
they synthesize more electron-transfer/energy-transducing components to maintain
homeostasis. Growth at high pH requires more energy to maintain a membrane potential
and therefore promotes CcO synthesis. This is true for wild-type strains as well as those
containing pRK-pYJ123H, but only the latter can produce high levels of oxidase.
Similarly, high salt conditions should demand more oxidase production, but instead of
using the energy generated from the oxidative phosphorylation pathway, the cells appear
to induce photosynthesis, as indicated by the presence of large amounts of carotenoid and
bacteriochlorophyll in the membranes.

The expression level of CcO in R. sphaeroides was affected not only by the pH
of the Sistrom's medium, but also by the apparatus used for growing cells. When the cells
are grown in a 14-liter fermentor at 30 °C, vigorously stirred and sparged with air
supplemented to 30% oxygen, the oxidase expression level (mg/liter) is about 50-70% of
that in rapidly-swirled Fernbach flasks. The expression of CcO genes in R. sphaeroides
has been found to be oxygen-regulated (Flory & Donohue, 1997). As a result, the higher
expression observed by using Fernbach flasks is likely due to the better aeration condition
in Fernbach flasks.

Vector size and drug-resistance. pRK415-1 is the tetracycline resistant broad
host-range vector used for expressing CcO in R. sphaeroides. Presumably due to the large
size of pRK-pYJ123H (15.9 kb), a high percentage of exconjugates (2-4%) that contain a
deletion of part of the plasmid arise. The partially deleted smaller plasmids allow a faster
growth rate and their exconjugates produce larger colonies. The large colonies retain

tetracycline resistance, but they do not express the oxidase gene.



134

Transcription and translation in R. sphaeroides, as in other prokaryote systems,
occur concomitantly. Moreover, the tetracycline resistance protein, like CcO, is a
membrane protein (Tait & Boyer, 1978) whose transcription, translation and insertion
into the membrane occurs in a concerted manner, tethering the genes to the membrane and
hindering the unwinding process. The combined effect of synthesizing a number of
membrane proteins off the same plasmid presumably slows down the protein synthesis.
To address the problem of a large plasmid with several membrane proteins encoded, a
new expression vector system, pBBRIMCS, was tested. The pBBRIMCS plasmids
have several different antibiotic resistance genes, including kanamycin resistance
(PBBRIMCS-2) and ampicillin resistance (P BBRIMCS-4), both soluble protein-based
drug-resistance systems (Davies & Smith, 1978; Waxman & Strominger, 1983).
However, we observed no growth of pPBBR1MCS-4 containing colonies, likely due to R.
sphaeroides not being able to express resistance to ampicillin, as noted previously
(Donohue & Kaplan, 1991). The pBBRIMCS-2 was capable of expressing CcO in R
sphaeroides, but at a lower level than pRK415-1. The failure to increase the expression
level of CcO when combined with soluble antibiotic resistance proteins suggests that the
transcription and translation of too many membrane proteins may not be the rate limiting
step in the oxidase expression.

Fructose promoter. The purple, non-sulfur photosynthetic bacteria, including R.
sphaeroides, typically possess DNA with G + C content between 68 and 70% (Pfenning
& Truper, 1974), while the E. coli genome has an average G + C content of about 51%
(Fujita et al.,, 1994). Because of this genetic difference, E. coli genes are not highly

expressed in R. sphaeroides from their own promoters (Nano & Kaplan, 1982), nor are
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genes from R. sphaeroides generally transcribed from their own promoters when placed in

E. coli (Kiley & Kaplan, 1988). The ability to express B-Gal from fruP in Rb. capsulatus

suggested that fruP is strong enough to overcome this problem for at least one E. coli
gene. However, the expression of the native gene for ferredoxin in Rb. capsulatus was low
when it was placed under the control of fruP, suggesting that fruP is not as strong as the
native promoter (Duport et al., 1994). The failure to overexpress CcO in R. sphaeroides
with fruP also suggests that it is not as strong as the native promoter. The lack of
synthesis of CcO in R. sphaeroides using the fruP promoter gene from R. capsulatus is
unlikely to be due to incompatibility of transcription and translation mechanisms in these
two strains. Previous studies have shown that a gene from Rb. capsulatus, which includes
its promoter region and ribosome binding site, is expressed in R. sphaeroides (Jenney Jr.

& Daldal, 1993).

Purification strategies
Table 3.2 clearly indicates that Ni2*-NTA is a most efficient method of separating
other proteins from CcO, and the resulting purified enzyme is suitable for general
spectroscopy studies (Mitchell & Gennis, 1995), especially when histidine is
substituted for imidazole to avoid spectral shifts and heme displacement. But Ni2*-NTA
chromatography cannot resolve the two oxidase fractions with different lengths of subunit
II, nor the contaminating fraction with subunit I and subunit III alone, due to the location

of the histidine tag on subunit I. Purified cytochrome bo; oxidase from E. colj
homologous to the aa3 oxidase in R. sphaeroides, also shows the presence of two subunit

II bands on SDS-PAGE, and a recent study suggests that the proteolytic cleavage site is
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located at the C-terminal of subunit II (Rumbley et al., 1997). The crystal structure of

the cytochrome aa3 oxidase from P. denitrificans does not resolve a complete C-terminus

of subunit II, and protein sequencing of subunit II from this enzyme also shows the C-
terminus to be processed at the predicted site (Steinrucke et al., 1987). A sequence of
subunit II from E. coli bos, R. sphaeroides aas, and P. denitrificans aa; reveals very little
conservation in the terminal cleaved region, and its total absence in bovine aa; suggesting
this region is not functionally important.

The purity of the oxidase can be further improved after Ni2*-NTA purification by
chromatography on a DEAE-SPW column, and the different subunit II cleavage forms
can be separated. This more homogeneous cytochrome oxidase is likely to be more
suitable for crystallization efforts. Molecular genetic approaches are also being taken to

remove the cleavable C-terminus of subunit II.

Summary

This paper describes successful overexpression of CcO genes in R. sphaeroides,
dependent on a new plasmid construct and optimized growth conditions. Ligating the
two operons of CcO genes together and introducing them back into R. sphaeroides
yielded up to 7-fold overproduction of the whole enzyme with identical properties to the
wild-type. Growth at high pH achieves even higher expression. A high-yield protocol
for purifying homogeneous oxidase by coupling metal-affinity chromatography and anion-
exchange chromatography is also described. These procedures now allow purification of
large amounts of enzyme relatively easily, which will facilitate rigorous characterization

of mutants and eventual understanding of the mechanism of CcO.



CHAPTER IV

Definition of the interaction domain for the reaction of

cytochrome c with R. sphaeroides cytochrome c oxidase

This work was done in collaboration with Dr. Frank Millett at the University of
Arkansas and Dr. Gerald Babcock, and will be published in two papers (in preparation):

Definition of the interaction domain for cytochrome ¢ on Rhodobacter
sphaeroides cytochrome ¢ oxidase: 1. Biochemical spectral and kinetic
characterization of surface mutants in subunit II.

Zhen, Y., Hoganson, C. W., Mills. D., Babcock, G., and Ferguson-Miller, S

Definition of the interaction domain for cytochrome ¢ on Rhodobacter
sphaeroides cytochrome c oxidase: II. Rapid kinetics analysis of electron
transfer from cytochrome c to Rhodobacter sphaeroides cytochrome oxidase
mutants

Wang, K., Zhen, Y., Sadosky, R., Grinnell, S., Geren, L.,
Durham, B., Ferguson-Miller, S., and Millett, F.

A special thanks to Dr. Honggong Yan for helping us develop
the equation to fit the steady-state kinetic data.
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Introduction

Electron transfer plays an important role in biological systems. In the respiratory
chain, electrons from reducing agents (NADH or succinate) are transferred through three
multisubunit membrane-bound complexes before reducing oxygen to water. In this
process, a small water-soluble molecule, Cc, shuttles electrons between complex 111
(cytochrome bc;) and complex IV (CcO).

The electron transfer reaction between Cc and CcO has been extensively studied
under steady-state conditions spectrophotometrically and polarographically (Ferguson-
Miller et al., 1976; Antonini et al., 1991). In these studies, biphasic kinetics were
observed which could be analyzed in terms of two different K\, and k,, values (Errede et
al., 1976; Ferguson-Miller et al., 1976; 1978). Different models have been proposed to
explain the biphasic kinetics (for review see, Cooper, (1989)), but still there is no
consensus, making the interpretation of steady-state kinetics difficult.

The electron transfer process between Cc and CcO is generally thought to involve
the formation of Cc/CcO complexes guided by electrostatic interactions. Extensive
chemical modification studies identified several lysine residues, Lys-8, -13, -27, -72 and -
87 in horse Cc numbering, located on the upper half of the front surface surrounding the
heme edge, as forming the binding interface between Cc and CcO (Smith et al., 1977,
Ferguson-Miller et al., 1978). This result was further supported by the fact that
formation of Cc and CcO complexes prevent chemical modification of the same lysine
side chains on Cc (Rieder & Bosshard, 1980). These lysine residues surround the edge of

heme c that is mostly solvent-exposed. The arrangement of these lysine residues
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presumably enables the heme group of Cc to come into proximity with CcO, facilitating
the rapid electron transfer between them. A similar surface domain of Cc was also
identified to interact with other redox partners (Kang et al., 1978; Speck & Margoliash,
1984; Margoliash & Schejter, 1996).

The location of the Cc binding site on CcO has been investigated using chemical
reagents and monoclonal antibodies (Millett et al., 1982; 1983; Taha & Ferguson-Miller,
1992). In these studies, the reagent 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide
(EDC) reacts specifically with carboxyl groups in subunit II of CcO and inhibits the high-
affinity phase of the reaction between oxidase and Cc. Similarly, the presence of Cc
protected several carboxyls in CcO from labeling and inhibition by EDC (Millett et al.,
1983). Epitope mapping studies have indicated that the C-terminal domain of subunit II
of CcO is the primary binding site for antibodies that inhibit Cc binding (Taha &
Ferguson-Miller, 1992). Furthermore, Lys-13-modified arylazido horse Cc has been
found to cross-link specifically with His-161 (His-217 in R. sphaeroides; all the numbers
below, unless otherwise specified, are refer to the R. sphaeroides oxidase numbering),
within this domain in horse CcO (Bisson et al., 1982).

These modification studies are consistent with time-resolved electron transfer
kinetic studies, which have shown that Cu,, located in the C-terminal region of subunit
I1, is the initial electron acceptor from Cc (Hill, 1991; Pan et al., 1993). Crystallography
studies of CcO from both bovine and Paracoccus denitrificans are consistent with this
general location of the Cc binding site (Iwata et al., 1995; Tsukihara et al., 1995; 1996),

with both structures revealing a concentration of negatively charged residues above the
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CuA site in subunit II. In mammalian oxidase, the structure suggests the possibility that
other subunits may also contribute to the binding.

Analyses of the available sequences of cytochrome oxidases that use Cc as a
substrate reveal that there are seven highly conserved carboxylated residues (Glu-148,
Glu-152, Glu-157, Asp-195, Asp-214, Asp-229 and Glu-254) in the solvent-exposed C-
terminal region of subunit II (Figure 4.1). Chemical modification protection studies
identified Asp-151 (Asp-112 in bovine), Glu-152 (Glu-114 in bovine), and Glu-254 (Glu-
198 in bovine) (Millett et al., 1983) as candidates in Cc binding.

Site-directed mutagenesis studies in the genetically-engineered soluble Cu, domain
in P. denitrificans CcO suggested several residues (GIn-142, Glu-148, Asp-214, Asp-229
and Glu-254) as being important in Cc binding (Lappalainen et al., 1995). A similar
study on subunit II of the holoenzyme from P. denitrificans also revealed that Asp-214
and Glu-254 are involved in binding Cc (Witt et al., 1995). With the isolated holoenzyme,
steady-state kinetics assays have shown that the catalytic efficiemties (k.o Kj) of these
two mutants are severely decreased. Further studies in this system have also indicated
that Glu-148, Glu-157 (Asp-135 in P. denitrificans), and Asp-195 in subunit II and Asp-
257 in subunit I are involved in Cc binding (Witt et al., 1998a). In many of the studies
mentioned above (Millett et al., 1983; Lappalainen et al., 1995; Witt et al., 1995), Glu-
254 has been identified as an important residue in Cc binding. However the crystal
structures clearly show that this residue ligates both Cu, and Mg, and is buried inside the
protein (Iwata et al., 1995; Tsukihara et al., 1996), excluding its possible involvement in
Cc binding. The Mg center has been shown to be important in stabilizing the subunit I

and subunit II interface (Florens et al., 1998), and any modifications at this position will
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Figure 4.1 Structure of subunit II C-terminus domain of cytochrome c oxidase.
The Cup ligands are in green; the aromatic residues Trp 143 in blue
and all other s in purple; the carboxyl residues in red, except that
Asp 229 and Glu 254 in orange. The structure is created using the
coordinates of P. denitrificans oxidase.
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likely to alter the Mg center, destabilizing the interface and changing the electron transfer
kinetics, as observed in this study.

Electron transfer from Cc to CcO is very rapid, and conventional stopped-flow
spectroscopy does not have sufficient time resolution to resolve the initial electron
transfer rate from Cc to Cu,. Flow-flash experiments, in which CO-inhibited CcO is
mixed with oxygen and then CO flashed off to allow the oxygen reaction to proceed, have

shown that the electron transfer rate between Cc and Cu, in beef heart oxidase is about

70,000 s (Hill, 1991). An additional valuable technique in studying electron transfer
events is laser flash photoinduced electron transfer events (Pan et al., 1993; Geren et al.,
1995). This method is initiated by photoactivating a ruthenium group attached to Cc,

resulting in a rapid reduction of the heme ¢ followed by electron transfer from Cc to Cu,,

with a rate constant for the latter of (6 + 2) x 10*s, comparable to that measured by
flow-flash.

Here, I report my studies of the Cc binding site on R. sphaeroides CcO. A
number of conserved carboxylate residues in the subunit II C-terminal domain of CcO
from R. sphaeroides have been mutated to neutral charges. These residues include the
highly conserved Glu-148, Glu-152, Glu-157, Asp-195, Asp-214, Asp-229 and Glu-254.
A pair of residues, Asp-188/Glu-189, which are only present in an extra loop in R.
sphaeroides and P. denitrificans, have also been mutated. Besides these carboxyl residues,
several aromatic residues are also conserved in the subunit II C-terminal domain of CcO
and even in quinol oxidases (Saraste, 1990). Among these residues, Trp-143 has been
mutated to phenylalanine and alanine. The analysis of these two mutants is also

reported. The ability to measure intra-complex and intra-oxidase electron transfer
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kinetics, along with steady state and binding parameters, has revealed important new
information about the nature of the Cc/CcO complex and the nature of electron transfer

within it.

Materials and Methods
Materials: Horse heart Cc (Sigma type VI) was purchased from Sigma and was purified
on a carboxymethy! cellulose column before use (Brautigan et al., 1978). All the mutated
oxidases were constructed using the overlapping extension PCR method (Ho et al., 1989)
and the mutagenesis systems described in chapter II of this thesis. In the PCR reactions,
the high fidelity Pfu polymerase (Stratagene, La Jolla, CA) was used, and all PCR
products were sequenced to make sure that no secondary mutations were introduced.
The mutated oxidases were overexpressed and purified using Ni-NTA affinity column
chromatography as described the chapter III.
Purification of R. sphaeroides cytochrome c,; R. sphaeroides cytochrome c, was
isolated from a cytochrome ¢, overexpression strain, pC2P404.1 (Brandner et al., 1989).
The cells were grown photosynthetically to maximize cytochrome c, expression, and
harvested at late exponential phase. The harvested cells were resuspended in a solution of
20 mM KH,POy,, 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 debris were removed by centrifugation at 20,000 g for 20 min. The supernatant was
adjusted to pH 5.0 with HCI and centrifuged again at 15,000 g for 15 min. The red

photosynthetic pigments were precipitated in this step. The pellet was washed by
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resuspending in the same buffer and homogenized using a glass homogenizer. The pH of
the mixture was adjusted to pH 5.0 and centrifuged at 15,000 g for another 15 min. The
supernatants from the two spins were pooled and adjusted to pH 7.0 before being
subjected to another centrifugation at 200,000 g for 1 hour to removed any remaining
membrane proteins. The supernatant from the ultracentrifugation was loaded onto a
hydroxylapatite column pre-equilibrated with buffer of 20 mM KH,PO,, pH 7.0;
cytochrome c;, binds to the column under these conditions. The column was washed with
30 mM KH,PO,, pH 7.0, and cytochrome ¢, was eluted with 150 mM KH,PO,, pH 7.0.
The cytochrome solution was dialyzed against S mM Tris, pH 7.0, and was loaded onto a
DEAE-cellulose column pre-equilibrated with 5 mM Tris, pH 7.0. The column was
washed with 20 mM Tris, pH 7.0, 25 mM NaCl, and cytochrome c, was eluted with 50
mM NaCl in the same buffer. The purity of cytochrome c, can be improved by running
the sample through a second DEAE-cellulose column. The purified R. sphaeroides
cytochrome c, after two runs on DEAE-cellulose column has a ratio of A,g /A416 0f 0.2,
similar to the reported value (Meyer & Cusanovich, 1985) .

Activity assay: The maximum turnover number (molecular activity) of CcO from R.
sphaeroides was measured polarographically using a Gilson model 5/6H oxygraph at
25°C in a reaction medium containing 50 mM KH,PO,, pH 6.5, in the presence of 0.05%

LM, 2.8 mM ascorbate, 0.55 mM TMPD, 1.1 mg/ml phospholipid (asolectin), and 30

uM of horse Cc. The presence of asolectin in the medium stabilizes the oxidase and gives

up to two-fold higher turnover rate. The oxidase concentrations were in the range of 5 to

50 nM.
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For comparing the activities of CcO with horse Cc and R. sphaeroides cytochrome
c,, turnover numbers were also measured in 10 mM Tris/acetate, pH 8.0, 0.05% lauryl

maltoside, 2.8 mM ascorbate, 0.55 mM TMPD, with no asolectin. The Cc

concentrations were 30 uM.

The ionic strength effect on the oxidation of reduced Cc was measured at 25 °C by
following the 550 nm transients using an Olis-RSM stopped-flow spectrophotometer

(On-Line Instrument systems, Inc., GA) in 5 mM Tris/acetate, pH 7.0, 0.1% LM, with

20 uM reduced horse heart Cc or R. sphaeroides cytochrome c,. The oxidases in the

assays were in the range of 50 to 80 nM. The ionic strengths of the reactions were varied
from 0 to 150 mM by using a 4 M NaCl solution.

Steady-state kinetics assay: The steady-state kinetics of CcO were measured
polarographically in a solution of 10 mM Tris/acetate, pH 8.0, 0.05% lauryl maltoside,

2.8 mM ascorbate, 0.55 mM TMPD, with R. sphaeroides cytochrome c, ranging from 0.1
to 40 UM, or pre-reduced horse Cc from 0.02 to 30 uM. All the data were measured

from single Cc additions, and Cc was added to the reaction solutions after the addition of
oxidase, without waiting for the establishment of the baseline rate. Asolectin was not
included in these assays, since it tends to bind Cc and deplete free Cc concentrations in
the assays with lower Cc concentration. The kinetic data were analyzed using scheme 1
and assuming that only the high affinity site is involved in electron transfer, and the

binding of the second Cc increases the dissociation rate of the tightly bound Cc due to
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S S K3 = K\ of the high affinity site

uKb Kp Ky = K\ of the low affinity site
Ko, e R _

SE+S =SES — E+P+S ka > ky = Turnover rates
Scheme 1

charge repulsion. The following equation was used to fit the steady-state kinetics data by

means of the nonlinear least square method using program ORIGIN™ (Microcal

Software, Inc.):
[S] [SP _ . :
. VaTa + Vp KKy, Va = Vi for the high affinity phase
(81, [S] | [SP Vp = Vmax for the low affinity phase
1+Ka+Kb+KaKb b= Vmax typ

(Eq. 11)
Electron paramagnetic resonance(EPR) spectroscopy : Measurements were performed
as described in Hosler et al. (1992), with the exception that the samples were in 10 mM
Tris-HCI, 40 mM KCl, pH 8.0, 0.1 % lauryl maltoside. The sample preparations for high
Mg/low Mn content, or low Mg/high Mn content oxidases were as described (Hosler et
al., 1995). The EPR spectra were recorded using a Bruker EP-300E spectrometer.
Metal analyses: Metal analyses were done using inductively coupled plasma emission
spectroscopy (ICP) at the chemical analysis laboratory in the University of Georgia and
total-reflection X-ray fluorescence spectrometry (TXRF) at the physics department of
the University of Géteborg, Sweden. The sample concentrations were in the range of 30-

70 uM.
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Flash photolysis: Transient absorbance measurements were carried out in a 1 cm glass
microcuvette by flash photolysis of 300 ml solutions containing about 10 mM of CcO
and equal or less amounts of ruthenium labeled Cc (Millett & Durham, 1991), in order to
measure a 1:1 reaction between Cc and CcO. Also included were 10 mM aniline and 1
mM 3-carboxyl-2,2,5,5-tetramethyl- 1-pyrrolidinyloxy free radical (3-CP). Ru-55-Cc, a
horse Cc derivative with the inorganic complex ruthenium trisbipyridine (Ru(bpy)3)
covalently attached at the Lys-55 position, was used in the experiments. Upon a laser
flash, electron transfer from Cc to the Cu, center of CcO was measured by monitoring the
decrease of absorbance at 550 nm for Ru-55-Cc, as well as at 830 nm for Cu, reduction,
and the increase of absorbance at 605 nm for the heme a reduction. The ionic strength
dependencies for electron transfer from Ru-55-Cc to wild-type and mutated CcO were
determined by varying the ionic strength of the solution from 5 mM to 300 mM using a
5.0 M NaCl stock solution.

Equilibrium dissociation constant measurement: The equilibrium dissociation
constant (Kp) was measured using an analytical ultracentrifuge (Beckmann, XLLA model)

as described in Cann (1970). A solution of 300 ml of 5 mM Tris-HCI, pH 8.0, 0.1%

lauryl maltoside with 5 uM of horse Cc and 6 pM of R. sphaeroides CcO was spun at

48,000 rpm for 1 hour. The concentrations of NaCl in the solutions were from 0 to 250
mM. Each sample was scanned every 15 min at 410 nm (Soret peak of Cc) to follow the
sedimentation of Cc in free and bound states. The concentrations of free Cc in the
samples were obtained from the absorbance in the free Cc plateau region, using an

extinction coefficient of 106 cm”mM'. The concentration of Cc in complex with oxidase
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was the difference between total Cc and free Cc. The Kp was calculated using the

following equation:

Kp = [Cc)ree[CcOlgree/ [Cc/CcOlcomplex (Eq. 12)

Protein and heme assay: The protein concentrations were measured using the
BCA method (Pierce), and bovine serum albumin (BSA) was used as the standard. A
modification to the original protocol is that the BSA standard and the oxidase were diluted
with a solution of 10 mM Tris, 40 mM KCl, 0.25% deoxycholate, pH 8. The
concentration of heme A was determined by the pyridine hemochrome method (Berry &
Trumpower, 1987). Briefly, 100 ml of 2 N NaOH and 100 ml of neat pyridine were
added to 800 ml of oxidase solution in 10 mM Tris, 40 mM KCI, pH 8.0, 0.1% LM. The

solution was clarified by brief centrifugation in a microfuge, and reduced minus oxidized
spectra were recorded. An extinction coefficient of A€sggg20 = 25 cm” mM! was used to
calculate the heme A content.

CO-binding assay: The CO-binding ability of 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 UM 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 (5 min total time) into 1 ml of the

dithionite-reduced oxidase at 25 °C, and a second spectrum was taken. The trough at 447

nm in the difference spectrum indicates the CO bound form. For wild-type oxidase, the

extinction coefficient (€475.447) of the trough at 447 nm in the difference spectrum is 80

mMlcm!.
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Results

Design of mutants

Early studies have implied that the hydrophilic subunit II C-terminal domain of
CcO is the major binding site for Cc, and negatively charged residues in this region play a
pivotal role in the binding. In fact, a number of carboxyl residues are conserved in this
region among all the known CcOs (Figure 1.5), but not in quinol oxidases which, although
having considerable homologies to CcOs, use membrane-bound quinol instead of Cc as
their electron donor.

To test the involvement of these carboxyl residues in Cc binding, the acidic side
chains were mutated to their corresponding neutral amide forms, creating E148Q),
D151IN/E152Q, E157Q, D195N, D214N and D229N. In E254A, the glutamic side chain
of Glu-254 has been changed to a methyl group. Two carboxyl residues, Asp-188 and
Glu-189, which are not conserved but have been suggested to be involved in Cc binding
(Cao et al.,, 1991), have also been mutated in a double mutant, D188N/E189Q. Besides
the presence of these carboxyl residues and the conserved Cu, ligands, another feature of

subunit II C-terminal domain is the presence of a set of highly conserved aromatic

residues (Trpl43 -Tyr'“-Trp“s-x-Tyrm-x-Tyr'49), located at the second B-sheet on the

surface of the molecule (Figure 4.1). These aromatic residues have been postulated to
play a role in electron transfer from Cu, to heme a (Steffens & Buse, 1979a). Trp-143,
shown in the crystal structures (Iwata et al., 1995; Tsukihara et al., 1996) to be in
proximity to the Cu, center, has been implicated in transferring electrons from Cc to Cu,

(Witt et al., 1998a). To test the function of this residue, Trp-143 has been mutated to
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phenylalanine and alanine, creating W143F and W143A, respectively. Another mutant,

Y144A/W145A, has been created as well.

Metal assay

The metal contents of wild-type and mutant forms of CcO were measured using
either ICP or TXRF techniques, or both (Table 4.1). For wild-type oxidase, the Cu/Fe
ratio measured by ICP is 1.51, which is in agreement with the fact that there are three Cu
and two Fe atoms per oxidase molecule resolved by crystal structures, while the ratio for
wild-type oxidase measured by TXRF is slight lower than the theoretical value of 1.5,
indicating the different sensitivities of the two methods. For all the mutants, except
D229N and E254A, the Cu/Fe ratios measured using either technique are comparable to
that of the wild-type oxidase, indicating that the copper atoms in Cu, center were not
preferably lost in these subunit II mutants, while the ratios for D229N and E254A are

about 1.

Spectral characteristics of mutants
Optical spectral assay: All the mutants have been successfully purified and some of

their properties are summarized in Table 4.1. Among these mutants, Y144A/W145A has

a very low expression level in the cell membrane and a severely shifted o - peak in the

visible spectrum, indicating structural alteration at the heme centers in this mutant. The
widespread structural change would make it difficult to interpret any localized effects of
removing aromatic side chains, so this double mutant was not further pursued. All the

other mutants were first characterized using visible, near-infrared and EPR spectra.
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Table 4.1 Characteristic of subunit II mutants of cytochrome c oxidase
from R. sphaeroides

a-band | Soret/o. | Tum- | CO- .
Enzymes over* | binding | Cu/Fe ratio Cu, Mn

(nm) (ratio) | (s-1) ICP |TXRF| EPR | EPR

,,,,ﬁ e et

wild-type 606 5.58 1700 |100% |1.51 |1.26 |normal |normal

E148Q |606 5.54 1100 |100% |ND 1.34 | normal |normal

E152Q |606 5.53 1300 |100% |ND 1.35 | normal | normal

E157Q 606 5.60 600 100% 148 |1.38 |normal |normal

E189Q [606 5.60 1600 |100% |ND |1.38 |normal |normal

D195Q | 606 5.58 1200 |100% |[ND 134 |normal |normal

1D214N 606 5.53 400 100% 1.51 1.38 normal | normal

D229N | 602 4.35 400 50% 099 |0.85 |normal | None

E254A | 604 4.80 600 |70% 0.84 |ND normal | None

WI143A |606 5.50 20 100% 1.50 |ND normal | normal

W143F | 606 5.50 40 100% |1.49 [1.35 |normal |normal

Y144A
WI145A | 601 ND ND |ND ND |ND ND ND

* The turn-over numbers are measrued with 30 pM horse Cc in 50 mM KH,PO,,
pH6.5.




152

In the reduced form, wild-type CcO from R. sphaeroides has characteristic
absorbance at 445 nm and 606 nm for the Soret and a-peaks, respectively, with a Soret to
a-peak ratios (Au4s.490/Ass-630) Of 5.6. The majority of the carboxyl mutant proteins and
W143A/F have wild-type spectral characteristics (Table 4.1), indicating alteration of
activity is not due to any global change in enzyme structure, but rather due to localized
effects of the altered side-chains. In contrast, the two mutant proteins, D229N and
E254A, in which the mutated residues are revealed by the X-ray structures to be
internally located (Iwata et al., 1995; Tsukihara et al., 1996), have the severely disrupted
heme centers, indicated by the shift of the visible spectra (Figure 4.2). Furthermore, in
the resting forms, the hemes a in D229N and E254A tend to stay partially reduced,
suggesting changes of the redox potentials of heme a or a3 in these two mutants. Besides
the shift of the visible spectra, the Soret to a-peak ratios for D229N and E254A are much
lower than that of wild-type (Table 4.1), suggesting the loss of heme in these mutants,
which is supported by the results of pyridine hemochromogen assays showing that the
heme contents in D229N and E254A are lower than that in wild-type oxidase (Table 4.2).
It is well known that in CcO, heme a and a; contribute differently to the Soret and a-peak
absorption, with heme a accounting for about 80% of the a-peak, and 50% of the Soret
peak (Liao & Palmer, 1996). The lower Soret to a-peak ratios for D229N and E254A
indicate a preferential loss of heme a; in these two mutants. Based on the Soret to a-peak
ratios, it is estimated that the heme a; contents in D229N and E254A are about 40% and
60%, respectively. In this regard, D229N and E254A may not be homogenous samples,

but contain some “apo-cytochrome a;” form.
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Figure 4.2 Optical spectra of R. sph ides wild-type oxid.
and subunit IT mutants. All the enzymes were purified
using Ni-NTA resin, and were reduced by dithionite in
100 mM Tris, pH 7.0.
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CO can bind to the heme a3-Cug binuclear center quantitatively, and structural changes at
this center will affect its CO-binding capability. For most of the mutants, except D229N
and E254A, their CO-binding abilities are identical to that of wild-type. The lower CO-
binding abilities for D229N and E254A suggest structural alterations at the binuclear
centers, which is in agreement with the heme assay results showing that some portion of
heme a3 has been lost.

Beside loss of some heme a3, a significant portion of D229N and E254A purified
using Ni-NTA method also lost subunit II, as revealed from further purification using
FPLC and SDS-gel analysis. This portion of sample without subunit II (20% for E254A
and 40% for D229N) failed to bind to the DEAE-cellulose column. The lower Cuw/Fe
ratios measured for these two mutants can be explained by the loss of some subunit II.
Since EPR suggests no major alteration in the Cuy, signal (see below) in D229N and
E254A, the portion of sample with subunit II likely retains an intact Cu, center.

In the oxidized form, bovine CcO has a broad absorption peak at the near-infrared
region centered at 830 nm, which has been assigned to be from Cu,. A similar absorption
band is also observed in CcO from R. sphaeroides with an extinction coefficient of 2.0
mM'cm™! for the oxidized minus reduced spectra (Figure 4.3), the same as reported for
bovine CcO (Blair et al., 1983), suggesting that the Cu, centers in CcOs from bovine and
R. sphaeroides are similar. However, the peak position of R. sphaeroides CcO is at 850
nm, instead of at 830 nm as observed in bovine oxidase, suggesting the electronic
structures of these Cu, centers are in fact slightly different. However, the term of “830

nm band” is retained for simplicity. The near-IR spectra for other mutant enzymes are
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Figure 4.3 Near-infrared spectra of the wild-type, D229N and E254A CcO.
A. Reduced and oxidized spectra of wild-type cytochrome c oxidase
R. sphaeroides. The wild-type enzyme concentration was 31.5 uM. The
inset provides the oxidized, reduced, and the oxidized minus reduced
difference spectra of wild-type oxidase in the region of 700 to 1000 nm.
B. The oxidized minus reduced difference spectra for wild-type, D229N
and E254A enzymes. The enzyme concentrations for all three samples
are averaged to 31 uM in this figure. To prepare the fully oxidized

oxidases, ferricyanide was added to 300 pl of oxidases in 100 mM Tris,
pH 8.0, 40 mM KCl, 0.1% LM, and was subsequently removed by running
the samples through Sephadex G-10 spin columns. The run-through
oxidase solution was diluted to 800 pl with 100 mM Tris, pH 8.0, 40 mM
KCl, 0.1% LM, and the oxidized spectra were recorded. Dithionite was
added to the cuvettes to completely reduce the samples.
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similar to that of the wild-type, indicating that the Cu, centers in these mutant proteins
are not altered. The corresponding spectra are shown in Figure 4.3. For D229N and
E254A, their peak positions are same as that of the wild-type, but the calculated
extinction coefficients are lower, with a value of 0.6 and 1.4 mM'cm™ for D229N and
E254A, respectively. The lower extinction coefficients calculated for these two mutants
also reflect the loss of both copper atoms at the Cu, center in a portion of the mutant.
Cu/heme EPR spectral assays: For the X-band EPR spectrum of R. sphaeroides CcO,
the signals at g = 2.83, 2.31 and 1.62 arise from the low spin heme a, and the signals at g =
2.0 and 2.19 from Cu, (Figure 4.4) (Hosler et al., 1992). Most of the surface carboxylate-
deficient mutant proteins showed wild-type character (Figure 4.4). In contrast, as
expected from the visible spectra and CO binding, the heterogeneity of the heme centers
in D229N and E254A is reflected in the changes of the heme a EPR signals (Figure 4.4),
indicated by the splitting and shift of the g = 2.83 signal to lower field values, and the
decreased amplitudes of the three heme a signals. The extra signal at g = 2.95 in D229N
and E254A appears in a position closer to that found in the native bovine CcO. In R.
sphaeroides, the low spin heme a at g = 2.83 has been interpreted to be the result of
ligation by one neutral and one deprotonated histidine. When heme a is ligated by two
neutral histidine ligands, the corresponding signal is shifted to g = 2.96 position (Hosler et
al., 1992). The presence of both g = 2.83 and 2.96 signals in these two mutants suggests
more than one conformation around heme a in D229N and E254A. Besides the changes
observed for the heme a signals, the amplitude of g = 6.0 signal, arising from the
decoupled high spin heme a3, is also somewhat larger than that in wild-type, indicating

that some Cug is lost, but the signal represents a very small amount of high spin form.
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The EPR signals arising from Cu, in D229N and E254A are similar to that of wild-type
oxidase, except that the amplitude of the g = 2.19 signal was slightly decreased, but there
is no evidence of the presence of mononuclear or decoupled Cu, centers (see chapter V).
Mn EPR analysis: In CcO, the Mg atom can be replaced by a Mn atom (Hosler et al.,
1995), which gives a distinct EPR hyperfine signal. The EPR spectrum of the Mn atom
is sensitive to the environment of the metal center, and it can be used as a probe of the
integrity of the structure of subunit I/II interface. The Mn EPR spectra of most mutants
are similar to that of wild-type (Figure 4.5), indicating no structural alteration at the
interface in these mutants. Unlike other carboxylate residues, both Asp-229 and Glu-254
are not surface charges, but internal carboxylate ligating the Mg center (Ostermeier et al.,
1997), and thus involved in maintaining the structural integrity of the subunit II/I interface
(Florens et al., 1998). The X-ray structures show that Glu-254 ligates the Mg atoms
directly through its carboxyl side chain, while ligating one of the Cu atoms at the Cu,
center with its carbonyl oxygen. Asp-229 ligates the Mg atom indirectly through a water
molecule. EPR studies on D229N and E254A also suggest that these two mutants fail to
bind Mn atoms (Figure 4.5), even when the mutant strains were grown in a medium with
high levels of Mn. These results are consistent with the roles of Asp-229 and Glu-254 in
Mg/Mn binding. Obviously, these two mutations cause a global change in the oxidase, as
might be expected for altering internal charges in a central location.

Most of the mutants have similar visible spectra as to that of wild-type, and their

Cu, and Mn EPR spectra are indistinguishable from those of the wild-type, suggesting
that the metal centers in these mutants are intact; this is further supported by the results

from metal analyses showing that their Cu/Fe ratios are similar to that of the wild-type
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Figure 4.5 Mn EPR spectra of wild-type cytochrome c oxidase and subunit IT
mutant enzymes. The samples with concentrations from 30 to S0 uM
are in 10 mM Tris, pH 8.0, 40 mM KClI, 0.1% LM. The spectra were recorded
at x-band using a Bruker EP-300E spectrometer, with the following settings:
microwave frequency 9.44 GHZ; power 20 mW; modulation amplitude 12.7G;
sweep time 167.8 s; The samples were prepared as described in

Hosler et al. (1995).
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oxidase. The localized effect of these carboxyl mutations allow for meaningful

interpretation of the binding and kinetic analyses.

The activities of mutant enzymes

CcO from R. sphaeroides shows high activity with horse Cc; as a result, horse Cc
has been used routinely in kinetics assays. However, the soluble cytochrome c; from R.
sphaeroides also reacts with CcO from the same strain. The maximum turnover numbers
of wild-type and mutated CcO have been measured using both horse Cc and R.
sphaeroides cytochrome c, as the substrates in polarographic assays under the same
conditions.

The maximum turnover numbers for the oxidases, measured in 50 mM KH2PO4,
pH 6.5, in the presence of lipid, is much higher than under other conditions, with a rate of
1700 s™ for wild-type oxidase with horse Cc. Under these conditions, the turnover
numbers measured for all the mutants vary significantly, ranging from 1% to nearly 100%
of wild-type activity. Among them, W143A, with the removal of the aromatic side chain,
has the lowest activity (Table 4.1), and the more conservative change in this position,
W143F, is almost equally inhibited. The significant decrease of enzyme activities
associated with W143F, together with the fact that all the metal centers in this mutant are
spectrally identical to wild-type, is the first indication of the importance of this residue in
electron transfer from Cc to the oxidase.

Among the carboxylate-deficient mutants enzymes, D214N and D229N have the
lowest turnover number, retaining about 24% of the wild-type activity, while the activity

of D188N/E189Q is equivalent to that of wild-type. E157Q and E254A have about one-
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third and E148Q, D195N and D151N/E152Q two-thirds of the wild-type activity. The
varying levels of maximal activities observed for these mutant enzymes, which also retain
wild-type spectral characteristics, appear to reflect different contributions of these
carboxylate residues to the binding of Cc, due to the fact that dissociation of Cc is limiting
under these assay conditions (Sinjorgo et al., 1984).

The maximum turnovers of the wild-type and carboxylate-deficient mutant
enzymes have also been measured with R. sphaeroides cytochrome c, and horse Cc in 10
mM Tris, pH 8.0. Under these conditions, the turnover number for wild-type oxidase
with R. sphaeroides cytochrome c, and horse Cc are about 300 s™' and 900 s,
respectively, significantly lower than in the higher ionic strength, lower pH, phosphate
buffer. The higher pH and lower ionic strength buffer renders the Cc dissociation even
more limiting and the absence of lipid also lowers activity (Hosler et al., 1992). The
percentages of wild-type activities retained by D188N/E189Q, D151N/E152Q, and
E148Q), using either R. sphaeroides cytochrome c, or horse Cc as the substrate, follow a
similar pattern of decreased to that seen with the earlier conditions (Figure 4.6).
However, D214N, E157Q and D195N react with different relative rates with the two
cytochromes c. With horse Cc, D214N, E157Q and D195N retain about 30%, 30% and
75% of wild-type activity, respectively; in contrast, they have 75% , 60% and 40% of
wild-type activity, respectively, when reacting with R. sphaeroides cytochrome c,. The
different behaviors of D214N, E157Q and D195N in reacting with two cytochromes ¢
suggest that the interaction surface on the two cytochromes c differs in the vicinity of

these two carboxyls.
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Effect of ionic strength on the interaction of cytochrome c with CcO
To simplify the assay system and to study ionic strength effects, the turnover
numbers of wild-type and mutant CcOs have been studied by measuring the oxidation of
reduced Cc in a stopped-flow spectrophotometer in the absence of additional reducing

agents. In this assay, the overall reaction follows the following scheme:

Kon Ket Koff
Ccll 4+ CcO —=CclICcO —> Cclll CcO —= CcIll 4+ CcO
Koff Kon

Scheme 2
First, reduced Cc associates with CcO to form a complex, within which electron transfer
takes place. Dissociation of the oxidized Cc from CcO is required before another reduced
Cc can bind to it. In the assays with 5 mM Tris, pH 7.0 and adjusting the ionic strength
with NaCl, the turnover numbers for wild-type oxidase increase from 590 s at 5 mM
ionic strength to a maximum of 980 s at 75 mM ionic strength and then decrease to 290
s at 155 mM ionic strength (Figure 4.7).

For all the mutant enzymes, similar bell-shaped curves are observed as for wild-
type oxidase, but the peak positions with the maximum activities are not all the same as
that of wild-type, with the peak of activities for D214N, D195N and E148Q at 65 mM
ionic strength, and E157Q at 55 mM ionic strength (Figure 4.7). In contrast, the peak
activity for D188N/E189Q and D151N/E152Q is at the same ionic strength as that of
wild-type. At low ionic strengths, the dissociation of Cc is likely rate limiting (Sinjorgo
et al., 1984), while at very high ionic strength, the electrostatically-mediated association

rates are markedly reduced. The position of the peak of activity represents the balance
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between increasing dissociation rates and decreasing association rates, and thus is a
measure of the binding strength of Cc to CcO. The shift of the peak of activity to lower
ionic strengths for the mutant proteins is a measure of the relative loss of binding affinity
with Cc, suggesting that Asp-214, Glu-148, Glu-157 and Asp-195 are in the Cc binding

domain, while Asp-151, Glu-152, Asp-191 and Glu-189 are not.

Steady-state kinetics assays

The steady-state kinetics for wild-type and mutant enzymes have been measured
polarographically with R. sphaeroides cytochrome c, (Figure 4.8) and horse Cc (Figure
4.9) as substrates. The turnover numbers of the oxidase increase with increasing Cc
concentrations, and the reactions display saturation kinetics (Figure 4.10). Analyses of
the kinetics data revealed non-linear Eadie-Hofstee plots as observed earlier (Ferguson-
Miller et al., 1976), which can be most simply modeled as two different reaction sites of
high and low affinity. The low Ky phase appears to represent the interaction between Cc
and CcO at the high affinity site. It has been found that the low Ky value for the initial
phase obtained from the polarographic assay is similar to the Kp, value for the binding of
Cc to a high-affinity site under similar conditions (Ferguson-Miller et al., 1976). Asa
result, the K\ values obtained in these assays can be used as an indication of the binding
strengths between Cc and CcO. But the complexity of the kinetics measured in the
presence of the reducing agents, TMPD and ascorbate, makes a rigorous interpretation of
the kinetic constants difficult.

The kinetic data have been analyzed by assuming that only the high-affinity site is

involved in electron transfer, and the K\ values obtained for both phases are summarized
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400

Figure 4.8 Steady-state kinetics assay of CcO with R sphaeroides cytochrome c,.
The turnover are measured polarographically in a solution of 10 mM
Tris/acetate, pH 8.0, 0.05% LM, 2.8 mM ascorbate, 0.55 mM TMPD, no lipid,
with R. sphaeroides cytochrome c, from 0.1 to 40 uM. The
solid lines aresecond-order exponential decay fitting results.






TN/[cyt.c]

170

3500

wt
D188N
D15IN

Oed pean

:

Figure 4.9 Steady-state kinetics assay of R. sphaeroides cytochrome ¢
oxidase with horse cytochrome c. The assay conditions are
same as in Figure 4.8, except with horse Cc ranging from
0.02 to 30 pM.
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condition is described in the Materials and methods. The solid
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values for wt and D195N enzymes are listed in table 4.3.
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in Table 4.3. The Ky values of the high-affinity phases for wild-type oxidase are 0.35
uM and 0.04 puM for R. sphaeroides cytochrome ¢, and horse Cc, respectively, suggesting

that horse Cc binds more tightly with R. sphaeroides CcO than does R. sphaeroides
cytochrome c;,, but the latter Cc gave more readily analyzed and reproducible kinetics.
The Ky values of the high-affinity phases obtained with R. sphaeroides cytochrome c,
for D188N/E189Q and D151N/E152Q are comparable to that of wild-type oxidase, while
the values for E148Q, D195N and E157Q are two to three-fold higher than those of wild-
type oxidase. These studies suggest that Asp-188, Glu-189, Asp-151 and Glu-152 are
not involved in binding cytochromes c at all, while Glu-148, Asp-195 and Glu-157 are
important contributors to the electrostatic aspect of binding to R. sphaeroides
cytochrome c;, It is interesting to notice that the K\, value of the high-affinity phase for
D214N with R. sphaeroides cytochrome c, is comparable to that of wild-type oxidase,
while the value obtained with horse Cc is about three-fold higher than that of wild-type
oxidase. So Asp-214 is likely to be involved in binding horse Cc, but not R. sphaeroides
cytochrome c,. This result is in agreement with the fact that the turnover numbers for
D214N and wild-type are comparable when reacted with R. sphaeroides cytochrome c,,
while it is much lower for D214N when reacting with horse Cc.

The Ky values obtained in this study are generally very small, and the differences
between those of wild-type and mutant enzymes are also very small. This is likely due
to the experimental conditions used in this study, that is, at low ionic strength. Under
this condition, cytochromes c still form tight complexes with the oxidase mutants,
although the binding strengths of E148Q, D195N, E157Q and D214N are weaker. At

higher ionic strength, relatively larger differences between the Ky values of wild-type and
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mutant enzymes may be observed as in the P. denitrificans studies (Witt et al., 1998a),

but the interpretation of the initial phases is even more complex.

Laser flash photoreduction study of electron transfer rates into, and within, R.

sphaeroides CcO

Kinetics of wild-type oxidase:

The electron transfer reaction between Cc and the R. sphaeroides CcO has been
studied using a flash-induced photoreduction technique. Horse Cc with ruthenium
bipyridine covalently attached to Lys-55 at the bottom of Cc was used since this site is
remote from the binding domain. Earlier studies have shown that the attachment of a
ruthenium group at this position does not affect the interaction of Cc with CcO (Pan et

al., 1993). Laser flash photolysis of Ru-55-Cc results in rapid electron transfer from

excited Ru"™" to heme ¢ Fe** with a rate constant (k,) of 4 x 10° s, as shown in scheme 3:

RuII"‘ --Fe 3+

& D P
hVT lkd RUIII--F62+ N\ Z 3 Ruﬂ__Fc2+

Rull-Fe3+ /1(2

D: reducing agents
P: products

Scheme 3
Aniline and 3-carboxyl-2,2,5,5-tetramethyl-1-pyrrolidinyloxy (3-CP) are used as electron

donors to reduce Ru'"", preventing the back reaction k,. The electron transfer rates from
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Cc to Cu, and from Cu, to heme a were measured by following transients at 550 nm for
Cc oxidation, 605 nm for heme a reduction, or 830 nm for Cu, reduction.

Electron transfer from Ru-55-Cc to CcO occurs as shown in the following scheme:

. ka 3+ 14,3+ Ky + 2+ 2+
Intracomplex reaction: c2*(Cup2*a3*) —> c3*(Cupa3*) —>» 3H(Cup?*a?t)

ko‘//koff

Reaction from solution: 2t 4+ (Cu A2+a3+)

C

k,: the intracomplex ET rate from Cc to Cu,.
kq: the ET rate from free Cc to Cu,.
ky: the forward ET rate from Cu, to heme a.
k: the reverse ET rate from heme a to Cu,.
Scheme 4
Under the experimental condition, where the oxidase concentration is equal to or greater
than that of Ru-55-Cc, Ru-55-Cc forms a 1:1 complex with CcO at low ionic strengths.

Flash photolysis of the 1:1 complex between Ru-55-Cc and CcO leads to rapid reduction
of Cc, followed by reoxidation with a rate constant of 4 x 10*s! (Table 4.4), as indicated
by the 550 nm single exponential decay transient (Figure 4.11). The 605 nm transient
indicates that heme a is also reduced with approximately the same rate constant. At low
ionic strength, the rate constants measured by following 550 nm and 605 nm transients
are independent of the concentrations of Ru-55-Cc and CcO, providing that the oxidase
concentration is equal or greater than that of Ru-55-Cc, suggesting that the measured rates
represent the intracomplex electron transfer rates. After each laser flash, the relative
amounts of reduced heme a** and Cu,'* formed upon completion of the transients were
in the ratio of 6.1:1, indicating that the equilibrium constant (K = ky/k.) for electron

transfer between Cu, and heme g was 6.1 (Table 4.4).
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Figure 4.11 Photoinduced electron transfer from Ru-55-Cc to cytochrome ¢
oxidase. A, 550 nm transient for wild-type; B, 605 nm transient for
wild-type; C, 605 nm transient for E157Q. The solutions contained §
mM Tris, pH 8.0, 0.05 % LM, 10 mM aniline and 1 mM 3-CP. The

enzyme and cytochrome ¢ concentrations are: 15.9 uM wild-type
oxidase with 9.5 uM of Ru-55-Cc, 14.6 uM of E157Q with 11.4 uM of
Ru-55-Cc. The solid lines are the best fits, with one exponential for A

and B with a rate of 4 x 10%™, and two exponential case for C, with
rates of k, = 12,000 s and k, = 260 s™".
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In order to measure the value of k,, the very rapid direct photoreduction of CcO

by a dimer of Ru(bpy)3 has been studied. This compound, which has a charge of 4+, is
likely to bind specifically to the Cc binding site on CcO and can reduce Cu, directly

within 1 pus. Using this method, the rate constant k,, for electron transfer from Cu, to

heme a was measured to be 1.2 x 10° s™'. The much faster rate measured for ki, than k,

can explain the similar rate constants observed for the oxidation of Cc and the reduction of
heme a observed in this and other studies (Antalis & Palmer, 1982), since the electron
transfer from Cc to Cu, will be rate-determining for both steps.

The electron transfer rate in the 1:1 complex with wild-type oxidase remains
independent of ionic strength from 5 to 45 mM, and the reactions proceed according to
the top line in scheme 4. Under these conditions, only fast phase reactions were observed
with a constant rate (ky;) of 4 x 10* s, With further increase of ionic strength (> 45
mM), the amplitude of the fast phase gradually decreases, indicating that more Cc is
dissociated from the complex. But these higher salt concentrations do not appear to alter
the orientation of Cc in the complex, as evidenced by the unchanged fast phase rate
observed.

At 55 mM ionic strength, a second, slow phase appears with a rate constant (k)
of 6900 s, The slow phase is due to the reaction of free Ru-55-Cc with CcO, following
a second-order reaction according to the bottom line in scheme 4. When both fast and
slow phases are present, the dissociation constant (Kp) can be calculated using the

following formula (Geren et al. (1995)):
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Kp = (1-f) (Eo- fCo) / f (Eq. 13)
where C,, and E are the total Cc and oxidase concentrations, respectively, and f is the
relative amplitude for the fast phase (f = Cc-CcO/(Ccgee + Cc-CcO)). With 9.5 mM of
Cc and 15.9 mM of CcO, a relative amplitude of 53% for the fast phase at S5 mM ionic
strength indicates an equilibrium dissociation constant (Kp) of 6.9 mM. At 75 mM ionic
strength, the rate constant of the slow phase increases to 7900 s, and the relative
amplitude for the fast phase decreases to 32%, indicating a dissociation constant K, of 27
mM. The fast phase rate constant (k,) remains constant at 4 x 10*s™ from 5 mM to 75
mM ionic strength, indicating that the nature of the 1:1 complex does not change with the
increase in salt concentration.

At ionic strengths above 75 mM, the fast phase disappeared entirely and the rate
constant of the slow phase began to decrease (Figure 4.12). The rate constants of the
slow phase at each ionic strength are the same for the 550 nm and 605 nm transients. The
relative amount of reduced heme a** and Cu,*! formed remain in the ratio of 6.1:1 at all
ionic strengths, indicating that the equilibrium constant for electron transfer between Cu,
and heme a remains constant at K = 6.1. The rate constant of the slow phase is a linear
function of the CcO concentration above 90 mM ionic strength, indicating that the slow
phase is due to a bimolecular reaction between Ru-55-Cc and CcO. The calculated
second-order rate constant kynq decreases as the ionic strength increases, consistent with

the reaction between opposite charged proteins (Figure 4.12).
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Kinetics of CcO mutants:

Carboxylate-deficient mutant enzyme kinetics

The kinetics of the ruthenium-labeled Cc interaction with the carboxylate-deficient
mutant enzymes have been studied as for the wild-type oxidase. But unlike the wild-
type oxidase, some mutant enzymes showed biphasic kinetics at lower ionic strength,
with fast and slow phases (Figure 4.11). The slow phase represents either unbound Cc
reacting from solution due to the decreased binding constant, or Cc bound in the wrong
conformation. The rate constants and the amplitudes for the fast phases of mutants are
listed in Table 4.4.

Double mutants: D15I1N/E152Q and D188N/E189Q double mutant enzymes
have similar kinetics as to wild-type (Table 4.4). At low ionic strength, both mutant
enzymes have a single fast phase, with a rate constant equivalent to that of wild-type
oxidase. The peak positions for the ionic strength dependent slow phase electron transfer
rate are equivalent to that of wild-type (Figure 4.13), suggesting there are similar Cc
binding strengths of these two mutants and wild-type oxidase. The second-order rate
constant of D15IN/E152Q is lower than that of wild-type, while the rate for
D188N/E189Q is closer to that of wild-type.

E148Q: The kinetics of the E148Q mutant is intermediate between those of wild-
type and E157Q. At low ionic strength, only a single fast phase is observed with a rate
constant of 15,000 s™". At 35 mM ionic strength, a slow phase appears. Like all the
other oxidases, the ionic strength dependent slow phase rate follows a bell-shaped
behavior (Figure 4.13), with the peak position at 55 mM ionic strength, which, obviously,

is lower than the corresponding peak of wild-type oxidase.
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E157Q and D195N: Both E157Q and D195N mutants have two phases at low ionic
strength with different rate constants (Table 4.4). The fast phase rate constant for
D195N is about twice as large as that of E157Q. The rate constants of the fast phases do
not change as the ionic strength is increased, but the amplitude decreases to zero by 35
mM for E157Q and 45 mM for D195N. The slow phases, the result of the interactions
of free Cc with free CcO, increase to a maximum of 2900 s™ at 35 mM ionic strength for
E157Q, and 6200 s at 45 mM ionic strength for D195N, and then decrease (Figure 4.13).
Compared to wild-type oxidase, the peaks of the slow phase rates for E157Q and D195N
shift to lower ionic strengths, indicating that the Cc binding strengths of these two
mutants are weaker, which is in agreement with the results from ionic strength dependent
turnover assays.

D214N: The kinetics of D214N are also altered with rate constants of 700 s™' and
85 s at low ionic strength (Table 4.4). Unlike wild-type and other mutants, the fast
phase rate constant of D214N increases to 2800 s™' at 45 mM ionic strength and then
disappears with further increasing of ionic strength (Figure 4.12). The rate constant of
the slow phase increases to 800 s™ as jonic strength increasing to 65 mM, and then
decreases with further increasing of ionic strength (Figure 4.12). The second-order rate
constant is only 19 mM" s at 95 mM ionic strength, compared to 310 mM™ s for
wild-type oxidase (Table 4.4). The equilibrium constant for electron transfer between
Cu, and heme a is the same as wild-type (Table 4.3), indicating that the electron transfer
between Cu, and heme a is not altered.

D229N and E254A: The kinetics of D229N mutant are greatly affected as

expected from their altered structural characteristics, with a biphasic transient at S mM
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ionic strength of 4700 s™' and 40 s™. However, under the same conditions, a single fast
phase is observed for E254A with a rate constant of 10500 s, and the slow phase for
E254A does not emerge until the ionic strength increases to 25 mM. The fast phase rate
constants for D229N and E254A do not change at low ionic strengths, until the fast

phases completely disappear at S5 mM ionic strength. The slow phase rate constants for

D229N and E254A increased to a maximum of 400 s and 3000 5™, respectively, at 75
mM ionic strength, and then decrease (Figure 4.12). Considering the heterogeneity of the
sample, the slow phase observed for D229N is likely to be from the portion of Cc that is
in the wrong conformation in the low ionic strength buffer, resulting in a slow rate. Cc in
the optimal configuration with oxidase still gives much faster electron transfer rate. The
rearrangement of the improperly-bound Cc with increasing ionic strength, together with
the fact that more Cc dissociated from the complex, contributes to the observed increase
in amount of the slow phase rate. The second-order rate constants for D229N and
E254A decrease to 29 mM's™ and 120 mM's™! at 95 mM ionic strength, respectively.
No 830 nm transient is observed for D229N, indicating that the equilibrium constant (K)
between Cu, and heme a in this mutant is greater than 20. The K value in E254A is
greater than 15. The severe kinetic changes in D229N observed from the ruthenium
kinetics assay are consistent with the fact that the heme a center has been altered. Asa
consequence, the redox potentials for heme a are changed, altering the equilibrium
constant for electron transfer between Cu, and heme a. In D229N, heme a is likely to
become more positive; as a result, electrons are more likely to stay associated with heme
a, accounting for the fact that heme a in the resting form of the oxidase tends to stay

reduced.
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It is worthy to point out that the ionic strength (75 mM) where the slow phases
of reactions for D229N and E254A reach the maximum is same as that of the wild-type
oxidase (Figure 4.12, 4.13), suggesting that the Cc binding strengths of these two mutants
are identical to that of wild-type. This further implies that Asp-229 and Glu-254 are not
involved in Cc binding, which is consistent with their locations in the protein.

The effects of mutations on both the intracomplex rate constants k, and the
second-order rate constants k,,4 follows the same order: D214N >D229N> E157Q >
E254A>E148Q > D195N > D151N/E152Q > D188N/E189Q > wild-type; The Cc
binding strengths for D214N, E157Q, E148Q and D195N are lower than that of wild-

type, while all the other mutants are comparable to that of wild-type.

W143F and W143A kinetics:

At low ionic strength, a rate constant of 85 s™! is observed for W143F CcO. This
rate is independent of the concentrations of Cc and CcO, and therefore reflects the
intracomplex electron transfer from Ru-55-Cc to Cu,. Because of the extremely slow
electron transfer rate, the slow phase reaction, if there is one, is difficult to resolve. The
intracomplex rate constant remains the same until 75 mM ionic strength, and then
decreases with further increases in ionic strength, indicating dissociation of the complex
(Figure 4.12).

W143A enzyme behaves in the same fashion as W143F, except that the rate
constant is smaller, 32 s™! at low ionic strength. The complex dissociates after 75 mM
ionic strength and further increase of ionic strength results in second-order reactions.

For these two mutants, the ionic strength where the intracomplex electron transfer

changes to a second-order reaction is the same as for wild-type, indicating that the
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dissociation constant of W143F and W143A are about the same as for wild-type. This
result indicates that Trp-143 is not a major player in binding Cc, even though it strongly

affects electron transfer within the Cc/CcO complex.

Analytical ultracentrifuge measurement of the equilibrium dissociation constant
Kp

A mixture of Cc and CcO at 1:1 ratio was placed in a centrifuge cell. Under the
action of high centrifugal force, Cc, CcO and the Cc/CcO complex, which initially were
distributed uniformly through the cell, were caused to sediment at different rates toward
the bottom of the cell, based on their sizes. The complex of CcO and Cc, with a larger
molecular weight, moved much faster than free Cc.

At low ionic strength solutions (below 25 mM), a single transition was observed
at 410 nm in the scanned spectra (Figure 4.14), which represents the complex of CcO and
Cc, suggesting that almost all Cc is bound. When the ionic strength of the solution was
increased to 45 mM and above, two transitions were readily observed, one for free and
one for bound Cc, indicating the presence of a significant amount of dissociated Cc. The
free Cc concentration can be quantitated from its extinction at 410 nm, and the equilibrium
dissociation constant was obtained at a given salt concentration (Table 4.5). Below 25
mM ionic strength, no measurable free Cc was observed for solutions with either wild-

type or mutant proteins, indicating that the Kp, values for all the samples were smaller

than 0.2 uM. At 65 mM ionic strength, a Kp value of 5.3 UM was obtained for the wild-

type oxidase, which was in reasonable agreement with the number (9.6 uM at 55 mM

ionic su'erigth) obtained using the ruthenium kinetics method.
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Both D188N/E189Q and D151N/E152Q have been shown to be very similar to
wild-type oxidase in the kinetics assay, and the Kp values obtained from the centrifuge
assay were also almost the same as those of the wild-type oxidase under various ionic
strength conditions (Table 4.5). This further supports the conclusion that Asp-188, Glu-
189, Asp-151, and Glu-152 are not involved in Cc binding.

The Kp values for D195N, E148Q, E157Q and D214N were two to three times
larger than those of the wild-type oxidase at different ionic strengths, indicating weaker
binding between these mutated oxidases and Cc, consistent with the kinetics assay. The
changes in the binding strengths estimated from this study are consistent with the steady-
state and rapid kinetics assays.

In the ultracentrifuge assay, all mutant proteins, except D229N, had essentially
the same Svedberg coefficient as wild-type (9.5 S). However, D229N had a smaller
Svedberg coefficient than wild-type, probably indicating loss of subunits in this unstable
mutant. Thus it is more difficult to distinguish the free Cc band from the Cc/CcO
complex, resulting in a much bigger error associated with the calculation for D229N. The
Kp values obtained were comparable to that of wild-type oxidase, but cannot be given

much confidence.

Discussion

The surface region of Cc that interacts with various redox partners
The interactions of Cc with its physiological partners, like CcO and Cc

peroxidase, and nonphysiological partners, including cytochrome b5 and plastocyanin,
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have been studied thoroughly using a variety of techniques, trying to answer the question
of what surface areas of these proteins are involved in Cc binding. Answering this
question is important for understanding the mechanism and regulation of electron transfer
in biological systems.

Among different redox partners, the interaction of Cc with CcP is the best
characterized. The crystal structures of CcP/Cc complexes clearly resolve the detailed
interactions between these two proteins (Pelletier & Kraut, 1992), and the electron
transfer kinetics have also been well studied (Wang et al., 1996). Moreover, mutagenesis
and spectroscopic studies have established that the interface resolved in the crystal
structures represent the kinetically competent interaction in solution (Miller et al., 1996).
Based on the evidence that Cc uses a similar surface region, including a cluster of
conserved lysine residues, to interact with its various redox partners (Margoliash &
Schejter, 1996), the Cc/CcP system becomes a good model for studying the interaction of
Cc with CcO.

In the present study, a number of carboxyl residues in subunit II of CcO, as well
as a centrally located tryptophan, were mutated to neutral residues, and the effects on Cc
binding and electron transfer were studied. On the basis of these studies and with the

guidance of the crystal structures of CcO, a Cc binding site is proposed (Figure 4.15).

Nature of the interaction between Cc and CcO: ionic strength effects
Previous studies have established that the interaction between Cc and its redox
partners has a major electrostatic component, which is ionic strength dependent. The

effects of ionic strength on turnover number and the second-order reaction were studied



192

auisA| ay) pue ‘udaIl

‘passquinu Sutpuiq 3y ut paajoaur pasodoid asoyy yum ‘paryBiyBiy are sanpy

Ul UMOYS ST 2 3woIyd03Ad ut dnoid sway Y], “SuLLquINU 3SBPIXO SaPIoLanyds 3] YIm ‘ISBPIXO
SUDIY1.1UIP J JO SAIRUIPIOOD Y} WOLJ PJBAID ST AIMINNS ISEPIX0 YL, *(g) 2 IW0IYI0)£) 310y
pue () ISEPIXO0 I IWOIYI0)AD JO UIBWOP SNUIULII)-)) [ Nungns jo sppow Surfyadeds gy'p anSiy




193

here, and bell-shaped profiles were observed. At various intermediate ionic strengths (75
mM for wild-type), wild-type and mutant forms of CcO display the maximum electron
transfer rates. Increasing or decreasing the ionic strength with respect to this peak
position slows down the rates.

An interpretation of this bell-shaped ionic strength dependent profile for the
reaction of Cc with CcO and other redox partners was proposed by Tollin and coworkers
(Hazzard et al., 1990; 1991). At low ionic strengths, Cc and its redox partners are
suggested to be "locked" into a nonoptimal configuration, accounting for the observed
slow overall electron transfer rate. The effect of increasing ionic strength is proposed to
cause Cc to reorient itself, allowing it to reach the optimal configuration for electron
transfer, as observed at intermediate (more physiological) ionic strengths. However, in
this study, we measured not only the overall electron transfer rates but also the individual
rates of internal electron transfer steps, including the intracomplex rate from Cc to Cu,
and heme a. At low ionic strength the intracomplex electron transfer rate from Cc to CcO
is measured to be 4 x 10* s, This rate, observed as a single fast phase, is ionic strength
independent. The only effect of increasing ionic strength on the fast phase is to decrease
its amplitude, due to more complex becoming dissociated. The results indicate that the
electrostatically-stabilized complex at low ionic strengths for wild-type CcO is at the
optimal orientation for rapid electron transfer. The ruthenium photolysis technique
allows this intracomplex, rapid electron transfer event to be resolved, while other methods
using soluble reducing agents or traditional stopped-flow experiments can not detect it.

Thus, the Tollin hypothesis is incorrect.
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Although at low ionic strength, Cc is in the optimal conformation with wild-type
CcO for rapid electron transfer, it may form a improperly-oriented complex with CcO
when the binding domain on CcO, or the conformation of the oxidase, has been changed,
as in the case of some mutant enzymes. At low ionic strength, D214N appears to form
mostly improperly-oriented, unproductive complexes with Cc, as evidenced by the low
intracomplex electron transfer rate observed. The addition of salt allows the complex to
reorient itself to form a more optimal conformation as evidenced by the increase of the
intracomplex electron transfer rate up to 45 mM ionic strengths. The severe effect
observed for D214N on electron transfer suggests its critical role in orienting Cc.

The mutant form, D229N, is observed to adopt several conformations detected by
spectral methods. In this case, slow multiphasic intracomplex rates may also be due to
improperly-oriented complexes at low ionic strength. But like wild-type, its faSt phase
rate does not change with salt concentrations.

In the rapid kinetics assay, the slow phase normally represents the reaction of Cc
from solution, in a second-order reaction. The formation of the bell-shaped profile for the

slow phase reaction is due to the different effects of ionic strength on the k and k
rates. At low ionic strength in a steady-state assay, the dissociation of oxidized Cc (after
the rapid intracomplex electron transfer events) is rate limiting for turnover (Sinjorgo et
al., 1984); increasing the ionic strength increases the k ; rate, resulting in a much faster
rate. Similarly, in the flash-induced electron transfer reactions, increasing ionic strength
results in more dissociated Cc and CcO available to participate in the second order,
diffusion limited reaction. However, the increasing ionic strength also decreases the ko,

rate because of the shielding of charges by the ions in the solution. Rapid flash-induced
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kinetics studies on the interaction between Cc and CcP (Mei et al., 1996) have shown that

at low ionic strengths, the ionic strength effects on k  were dominant, resulting in a net

increase in the second order electron transfer reaction. At an intermediate ionic strength,
the effects on kg and k,, reach a balance, where the enzyme displays maximum rates.

Further increase in ionic strength greatly decrease the k  rate, resulting in the decrease in

the overall rate.

In the multiple turnover assay measured by stopped-flow, the intracomplex
electron transfer is too fast to be measured, and the overall rate measured is basically
following the second-order reaction, which is equivalent to the slow phase observed in the
rapid kinetics assay. However, in these two assays, different ratios of Cc/CcO have been
used. In the former experiments, the Cc to CcO ratios are in the range of 400:1 to 1000:1,
while in the latter, they are about 1:1. In excess, Cc will presumably bind to both the high
and low-affinity sites, while at 1:1 ratio, Cc will occupy the high-affinity site first. The
similar ionic strengths observed for the maximum turnover rates under steady-state
conditions, and for the maximum slow phase reaction rates in the rapid kinetics assay
suggest that the high-affinity site controls the overall rate, and its binding strength with

Cc influences the peak position for the bell-shaped curve, as expected.

The effects of mutations in charged residues on Cc binding and electron transfer
The electrostatic attraction involved in binding Cc and CcO is a long-range force

that can pre-orient approaching molecules and thus enhance the proportion of productive

encounters. After the molecules approach each other, solvent is partly excluded from the

protein-protein interface, and the opposite charges on each molecule are partially
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neutralized. Newly-formed hydrogen bonds at the interface, together with hydrophobic
and van der Waals interactions, are likely to further stabilize the complex. Although some
water molecules are excluded from the interface, the crystal structure of the complex
between CcP/Cc (Pelletier and Kraut, 1992) shows that a number remain. These surface-
bound waters are likely important for structural stability, catalysis, and molecular
recognition (Kuhn et al., 1992).

The effect of mutations that neutralize negative charges in the interaction domain
of CcO is expected to be at least two-fold: first, the change in electrostatic potential on
the surface of CcO may affect the strength and position of docking of Cc with the
oxidase; second, in a slightly (or greatly) disoriented complex, the electron transfer rate
may be altered. The change of charges at the protein-protein interface will also affect
water exclusion. Because water affects the shape and chemistry of the protein surface, it
also contributes to the effects on docking. Thermodynamic studies on Cc reactions with
carboxyl mutants of CcP show that the major difference in the thermodynamic parameters
of the mutants relative to the wild-type enzyme is due to the differences in releasing of
water of hydration from a neutral asparagine or glutamine residue rather than from a
charged aspartate or glutamate as the two proteins interact (Erman et al., 1997), which
accounts for some of the lower binding affinities among these mutant enzymes. Any
changes in the retention of surface-bound water in the Cc/CcO may affect the protein-
protein interface and hence the electron transfer rate, due to possible alteration of the
length of the electron transfer pathway, the intervening medium, and the reorganization

energies associated with the redox centers.
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Comparison of horse and R. sphaeroides Cc interaction with R. sphaeroides CcO

The physiological substrate for R. sphaeroides CcO is not clear, although studies
from P. denitrificans suggest that the membrane-bound cytochrome c,,, may be the direct
electron donor in vivo (Berry and Trumpower, 1985), whereas other studies have
suggested that the soluble c, is the natural substrate (Kituchi et al., 1965). Horse Cc has
been found to transfer electrons efficiently to R. sphaeroides oxidase, and it has been used
in most of the kinetics studies. On the other hand, the soluble cytochrome c, from R.
sphaeroides also reacts with CcO from the same strain, albeit at a slower rate.

The interactions of wild-type and mutant CcO with cytochromes ¢ from horse

and R. sphaeroides were compared. The turnover number with 30 uM horse Cc is about

3-fold higher than with R. sphaeroides cytochrome c,, and the apparent binding affinity
for horse Cc is about 10 times higher, as indicated by the steady-state kinetics assay. In
the reactions with horse Cc and R. sphaeroides cytochrome c,, D195N and D214N
behave differently, With horse Cc, the turnover of D214N is significantly decreased,
while with R. sphaeroides c,, its turnover is significant higher. Similarly, kinetics assays
have shown that the mutation in D214N has almost no effect on the binding of R.
sphaeroides cytochrome c,, but the binding affinity for horse Cc is decreased, suggesting
that residue Asp-214 may not be important in the interaction of CcO wnh R. sphaeroides
cytochrome c,, but critical for binding horse Cc. In contrast, kinetics assays have shown
that the binding affinities of D195N for both cytochromes c are decreased.

Both horse heart cytochrome ¢ and R. sphaeroides c, have been crystallized

(Bushnell et al., 1990; and 1cxa.pdb), and their overall structures are similar. But these
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two proteins differ in many respects, including: (1) The highly conserved Lys-13 and -72
in horse Cc are not present in the R. sphaeroides cytochrome c;, (Figure 1.10). Chemical
modification studies have indicated that Lys-13 and -72 are important for the interaction
of horse Cc with its partners (Ferguson-Miller et al., 1978), and the crystal structure of
the CcP/Cc(H) complex shows the presence of a hydrogen-bond between Lys-72 and an
aspartate group from CcP (Pelletier and Kraut, 1992). (2) R. sphaeroides cytochrome c;,
is more acidic than horse cytochrome c, and the distribution of the positive potential
involved in binding its partners is different (Tiede et al., 1993). Horse cytochrome c has
been found to use predominately the positive potential located at the upper left of the
front face for the interactions, while the positive potential on R. sphaeroides c; is
distributed on the whole front face. This structural difference of these two cytochromes
may cause them to react differently with CcO.

Asp-214 and Asp-195 of CcO subunit II are two of the residues that possibly
interact with these two cytochromes differently. Based on the fact that Lys-13 is absent
in R. sphaeroides cytochrome c,, and the mutation in D214N has less effect on its binding
affinity (though still a marked affect on activity), it is tempting to speculate that Asp-214
may interact with Lys-13 or Lys-72 in horse Cc. This model is supported by an early
study which has shown that Lys-13 can cross-link with His-161 (His-217 in R.
sphaeroides) of bovine CcO (Bisson et al., 1982), which also places Asp-214 in the
vicinity of Lys-13. However, the more inhibitory effect on binding of D195N is difficult
to interpret. In the model assuming Lys-13 interacting with Asp-214, Cc docks “upside
down” on the oxidase (See Figure 4.15), with fewer direct charge interaction possibilities

for Asp-195 on CcO with the cluster of important lysine residues on Cc. It is more likely
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that Lys-72 in horse Cc interacts with Asp-214 in the oxidase, and R. sphaeroides
cytochrome c;, adopts a slightly different binding orientation as to horse Cc. As a result,
due to the absence of an equivalent lysine residue to Lys-72 in horse, D214N has less

inhibitory effect with R. sphaeroides cytochrome c, than with horse Cc.

Distinction between effects on cytochrome c binding and electron transfer

Due to their different locations, carboxyl residues contribute differently to the
overall Cc binding. Among the six CcO carboxyl mutants studied, D214N has the biggest
effect on Cc docking and the intracomplex electron transfer, apparently forming
improperly-oriented complexes at low ionic strengths. Although the intracomplex
electron transfer rate between Cc and this mutant enzyme increases with increasing ionic
strength, the maximum rate is still much lower than the wild-type rate. Moreover, its
slow phase rate reaches a maximum at a lower ionic strength (65 mM) than that of wild-
type oxidase (75 mM), indicating that the binding strength is decreased. The severe
decrease of the electron transfer rate for D214N observed in this study is similar to the
results of the study on the isolated Cu, domain of P. denitrificans oxidase with the same
mutation (Lappalainen et al., 1995). While the effect of the same mutation on the
holoenzyme from P. denitrificans is less dramatic (Witt ef al., 1998a). Asp-214 is one of
the most conserved residues in CcO, and it is also conserved in another Cu,-containing
enzyme, nitrous-oxide reductase (Zumft et al., 1992), which also accepts electrons from
Cc. In the space-filling models of CcO, Asp-214 is located close to Trp-143, the residue

identified in this and another study (Witt et al., 1998b) to be the electron entry site to
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Cu,. Due to its closeness to Trp-143, mutations of Asp-214 are likely to influence the
precise positioning of the exposed edge of heme ¢ for optimal electron transfer.

D229N and E254A are the two mutants displaying the severest structural
disruption of the oxidase among all the mutant enzymes studied. This is undoubtedly due
to the fact that both are internally located, not surface charge residues. In CcO, residue
Glu-254 bridges the Cu, and Mg centers, and Asp-229 stabilizes the Mg by forming a
hydrogen-bond to one of its direct water ligands. Clearly, the mutations at these two
residues destabilize the Mg binding site of the mutant proteins, as indicated by the Mn
EPR studies (Figure 4.5). The propionic acid side chain of heme a; is also hydrogen-
bonded to one of the Mg ligands, His-411. Therefore, the loss of the Mg ion in D229N
and E254A would be expected to affect the protein stability and possibly change the
redox potential of heme a3, due to the nearby charge change. The heme a; centers in these
two mutants have been found to be reduced much more slowly by dithionite than the
intact heme aj; center in wild-type oxidase, indicating a change in the effective redox
potentials of the heme aj; center, as also observed for other Mg-ligand mutant enzymes
(Florens et al., 1998). The disruption of the Mg center also spreads to the heme a center
through the hydrogen bond networks involving water molecules within this hydrophilic
region, as indicated by the shift in the optical spectra.

The mutant enzymes E148Q, D195N and E157Q have moderate effects on Cc
binding and electron transfer, but each mutant enzyme has distinct characteristics
indicating different contributions to the binding of Cc and to electron transfer within the
complex. The maxima of the second order rate constants determined by the photo-

induced electron transfer kinetics for all these mutant enzymes is shifted to lower ionic
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strengths, suggesting weaker interactions with Cc, in the order of E157Q > E148Q >
D195N. The rapid kinetic analysis is in good agreement with the results from the binding
and the steady-state kinetics assays. However, in the binding assay, all these three
mutant enzymes and D214N have similar Kp, values, even though their electron transfer
kinetics are distinctly different, suggesting that these residues contribute differently to
orienting Cc and to the creation of a protein-protein interface conducive to rapid electron
transfer. Asp-214 appears to be more involved in correctly orienting Cc on the oxidase
than in binding per se, compared to Glu-157.

D151N/E152Q and D188N/E189Q behave like wild-type oxidase in most aspects,
and therefore residues Asp-151, Glu-152, Asp-188, and Glu-189 appear to be peripheral
to the Cc binding domain. These two mutant enzymes also serve as excellent controls in

all assays.

Trp-143 as the electron conduit to Cu,, and Cu, as the sole entry site for electrons
from Cc

The interaction between Cc and CcO has been studied extensively to determine
the electron transfer pathway into the oxidase. The central question has been whether
Cu, or heme a is the initial electron acceptor from Cc (Hill, 1993). Early stopped-flow
experiments showed that the oxidation of reduced Cc at 550 nm corresponded to the rate
of reduction of heme a as measured by absorbance changes at 605 nm and 444 nm (Wilson
et al., 1975), favoring heme a as the initial electron acceptor (Wikstrdm et al., 1981). But
recent flow-flash (Hill, 1991) and ruthenium photolysis experiments (Pan et al., 1991a)

with faster time resolution indicated that Cu, was the initial electron acceptor. The later
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assignment fits with the exposed external location of Cu, revealed in the crystal
structures, which is surrounded by a cluster of surface carboxylates likely to form a Cc
binding site. However, the possibility of two distinct entry sites, suggested by the
complex steady-state kinetics, was not excluded by these analyses.

In this study with R. sphaeroides CcO and horse Cc, Cu, is also found to be the
initial electron acceptor, with a rate constant of 4 x 10* !, The electron transfer rate
from Cu, to heme a is even faster (1.2 x 10° s™'); thus heme a would be reduced with no
measurable lag, accounting for the similar rates observed for the oxidation of Cc and the
reduction of heme a in the early stopped-flow experiments, where the time-resolution
(millisecond) was not able to distinguish either of these rates.

Trp-143 is a highly conserved residue in all the known CcO sequences and in
quinol oxidases. In the crystal structure, this residue is located on the surface of subunit
IT about 5 A above the Cu, center, surrounded by several conserved carboxyl groups. In
this and a similar study from P. denitrificans (Witt et al., 1998a), these carboxyl residues
have been identified to be involved in Cc binding, which places Trp-143 in the middle of
the Cc binding domain. In the complex of Cc and CcO, the central location of Trp-143
enables its side chain to be in close contact with the exposed heme edge of Cc, and it is
likely to be the electron entry site from Cc to CcO. This residue was mutated to alanine
(W143A) and phenylalanine (W143F), and EPR analyses showed that the Cu, center was
essentially unaltered. In addition, Cc binding strength was the same as with wild-type
oxidase, indicating that Cc binds in the normal configuration for electron transfer.
However the steady-state turnover numbers and the electron transfer rates from Cc to

Cu, were severely decreased up to 1000 fold. According to the theory of Onuchic
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(Onuchic et al., 1992), electron transfer in proteins depends not only on the driving force,
the reorganization energies, and the distance between the redox centers, but also the
intervening medium. In the complexes of Cc with W143A and W143F, the presence of an
intact Cu, center and the normal Cc binding conformation suggest that the driving force
and the reorganization energies are not likely altered. So the remaining factors that might
account for the observed decreased in rate are change in distance or intervening medium.
In W143A, the removal of the indole group might be expected to produce a gap between
heme c and Cu,. While due to the flexibility of the protein, this gap may be filled through
the rearrangement of the protein. In the case of the phenylalanine substitution for
tryptophan, the replacement of the indole group with a phenyl group, is even less likely
to change the distance between heme ¢ and Cu,. Nevertheless, in both mutants, the
electron transfer rate is almost equally inhibited, suggesting that the nature of the
intervening medium and perhaps the unique character of the indole ring, is critical for
electron transfer. The involvement of a tryptophan residue in electron injection is not
without precedent. In ribonucleotide reductase protein R2 (Parkin et al., 1998), a surface
tryptophan residue is also found to mediate electron injection into protein. While the
question of whether the residual activities retained by W143A and W143F represent the
electron transfer through the replaced side chains or neighboring residues cannot be
answered in this study.

In the polarographic steady-state turnover assay, the maximum rate measured for
the oxidase reflects the rate-limiting step in the overall reaction, either the reduction of Cc
by TMPD, the association or dissociation of Cc from CcO depending on ionic strength

conditions, or any internal electron or proton transfer steps within CcO. Normally the
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intrinsic rates of electron transfer within the protein far exceed overall activity, indicting
other limiting factors, but the turnovers measured for W143A and W143F (Table 4.1) are
comparable to the rates measured from Cc to Cu, in the ruthenium kinetic experiments
(Table 4.4). Thus, in these mutants, the electron transfer from Cc to Cu, has become the
overall rate limiting step, even at high concentrations of Cc where steady-state kinetics
imply the possibility of a second interaction of Cc. These results strongly suggest that
Cu, is the sole electron acceptor from Cc, and that any additional interaction of Cc feed

through Cu, as well.

A model of Cc/CcO interaction

In the space-filling model of the C-terminus of subunit II (Figure 4.15), Asp-214,
Asp-195, Glu-157 and Glu-148, are shown to be located in a pocket surrounding the
highly conserved aromatic region, with Asp-214 located close to Trp-l43 on the surface.
The strong inhibitory effect of even conservative mutations of Trp-143 indicate the
likelihood that it is the point of closest approach to heme ¢ and the electron entry site to
Cu,.

The high degree of conservation and physical closeness of Asp-214 to Trp-143
are consistent with its location in the middle of the Cc binding domain, as suggested by
the major changes in the kinetics associated with alteration of this residue. Glu-157, Glu-
148 and Asp-195, with moderate effects on kinetics, are concluded to be located in the
binding domain, but not so central as to strongly affect the chemistry of the interaction
and the electron transfer process itself. This binding site for Cc would enable the exposed

heme edge on Cc to be in close contact with the aromatic residues, possibly excluding
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water and enhancing the electron transfer rate between Cc and Cu,. In this model, Asp-
151 and Glu-152 are located at the edge of the binding domain, and Asp-188, Glu-189
well outside it, unlikely to be involved in Cc binding, as the data suggest.

In our proposed model, the porphyrin of Cc is close to Trp-143, and Asp-214
interacts with Lys-72 from horse Cc, and Asp-195, Glu-157 and Glu-148 are close to
Lys-8, -13, and -87, respectively.

Early studies found that Glu-254 was modified by EDC, a water-soluble
derivatizing agent for carboxyls, but that Cc protected it from labeling (Millett et al.,
1983), which led to the conclusion that it was part of the Cc binding domain. However
the crystal structures of oxidase show that the residue is buried inside the protein.
Interesting, the crystal structure of bovine CcO indicates that Glu-254 is at a hydrophilic
region, and a possible water channel, located at the interface of subunits I and II, and
connecting to the surface of the protein (Tsukihara et al., 1996). This channel is likely to
be the pathway that EDC takes to reach Glu-254. The protection of Glu-254 from
labeling by EDC in the presence of Cc also suggests that Cc is bound close to, or on top
of, this channel, in such a way that blocks the accessibility of EDC to Glu-254. In this
scenario, residues in subunit I, besides the ones identified in subunit II, may also
contribute to the binding of Cc. A recent study of P. denitrificans CcO has identified the
involvement of an aspartate residue (Asp-257 in P. denitrificans) in Cc binding, but

unfortunately, this residue is not conserved in R. sphaeroides oxidase.
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Summary

Mutagenesis studies and kinetics analyses suggest that Asp-214, Glu-157, Glu-
148 and Asp-195 in the subunit Il of R. sphaeroides CcO form the high-affinity binding
site for Cc. This arrangement places Trp-143 in the middle of the binding site, suggesting
its key role in electron entry to Cus. Asp-214, next to Trp-143 in the 3-D structure, is
possibly located at the center of the high affinity site, while Glu-157, Glu-148 and Asp-
195 are more peripheral. Residues from subunit I may also contribute to the binding.
Asp-151, Glu-152, Asp-188, and Glu-189 are not involved in Cc binding. Internally
located Asp-229 and Glu-254 are found to be critical to the integrity of the overall
structure.

This study identifies several important residues in binding Cc, but the orientation
of Cc, when it approaches this site and ultimately binds, were not. Without crystal
structures of Cc/CcO complexes, this model may be tested by computational analysis of
docking possibilities, and compliementary structural analysis of Cc, which is currently

underway.



CHAPTER YV

Importance of electronic coupling of the two coppers in the Cu,

center for electron transfer, not proton pumping
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Introduction

CcO contains an unusual Cu, center at the C-terminal extramembrane domain of
subunit II. Unlike the type 1 (or blue) and type 2 copper centers (Solomon & Lowery,
1993), which show distinct hyperfine structures at the g;; region in the X-band EPR
spectra, the hyperfine splitting of Cu, cannot be resolved using the same microwave
frequency. In addition, the optical spectrum of CcO have an unique broad peak in the
near-IR region centered at 830 nm, which has been assigned to be from Cu, center
(Greenwood et al., 1988), providing an optical marker for kinetics studies.

The difference between Cu, and other copper centers lies in its unique binuclear
character which gives it distinct EPR and optical spectra. Previous spectroscopic studies
have suggested that the Cu, center in CcO is in a mixed-valence [Cu(1.5)-Cu(1.5)]
configuration (Beinert et al., 1962), with one electron delocalized at two copper nuclei.
This model has been confirmed from the crystallographic studies of CcO from
Paracoccus denitrificans and bovine heart (Iwata et al., 1995; Tsukihara et al., 1995).
Furthermore, the crystal structure of the soluble domain of quinol oxidase with an
engineered Cu, center also shows a similar Cu, center as in CcO (Wilmanns et al., 1995).
All the structures reveal that the binuclear Cu, center is bridged by two cysteines (Cys-
252 and Cys-256 in Rhodobacter sphaeroides), with two histidines (His-217 and His-
260) as the terminal ligands for each copper atom. A methionine (Met-263) ligates one of
the copper atoms through a relatively weak bond, while the other copper atom is ligated
by the carbonyl oxygen of a glutamate residue (Glu-254). The four ligands of each copper
atom form a distorted tetrahedral coordination, with the two copper atoms in a symmetric

environment. The structures also reveal that Glu-254 not only ligates Cu, using its
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carbony!l group but also uses its carboxyl side chain to ligate Mg, placing the Mg center in
proximity to Cu,.

The redox active Cuy center is located at the C-terminus of subunit I, close to the
outside surface of the protein where Cc must interact. This arrangement enables electrons
to be transferred rapidly from Cc to Cu,, with a rate constant of 6 x 10* s™ measured
using the ruthenium photoexcitation technique (Geren et al., 1995). The electron is
transferred from Cu, to the low spin heme a with a rate constant of 1.8 x 10*s™!, and then
to the binuclear center. The electron transfer rates from heme a to the heme a;-Cug
binuclear center, a pH dependent step (Héllen & Nilsson, 1992), have been measured to
be in the range of 3 s to 1 x 10° s™! (Greenwood & Gibson, 1967; Antalis & Palmer,
1982; Hill, 1991; Oliveberg & Malmstrém, 1991), dependent on the redox states of the
enzyme and the methods used. Direct electron transfer between Cu, and heme a; has not
been observed. Besides its involvement in electron transfer, Cu, has also been suggested
to be the proton pumping site (Chan & Li, 1990).

Electron transfer in proteins is dependent on the driving force, the reorganization
energy of the redox centers and the distance between them (Marcus & Sutin, 1985). The
role of the structure of the intervening protein is still not clear, and opposite theories
about it currently exist (Onuchic et al., 1992; Moser et al., 1995). In CcO, Cu, is 19 A
from heme a and 22 A from heme a; (Tsukihara et al., 1995). The relatively equal
distance for Cu, to the two heme groups, together with the fact that the electron transfer
rate from Cu, to heme a is much faster than to heme a3, leads to the question of whether
there are features of the Cu, center itself, or the intervening protein structure, that

contribute to the apparent selectivity for transferring the electron to heme a. The ability
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of the binuclear Cu, center to delocalize an electron over a large area, and the smaller
reorganization energy associated with electron transfer from Cuy, to heme a have been
suggested to account for the difference (Ramirez et al., 1995; Brzezinski, 1996). A more
efficient electron transfer pathway from Cu, to heme a has also been suggested to be
important; this pathway involves one of the Cu, ligand, His-260, the peptide bond
between a pair of conserved arginines at the interface of subunit I and II, and several
hydrogen bonds linking them and the propionate substituent of the heme a porphyrin ring
(Iwata et al., 1995; Ramirez et al., 1995).

CcO from R. sphaeroides has proven to be a good model system for studying the
structure and function of this important enzyme by using genetic techniques (Hosler et
al., 1992;1993). Several mutants have been made by substituting the Cu, ligands. These
mutants have been designed to alter its binuclear character, or the predicted pathway to
heme a, in order to address the following questions:

1) Is the binuclear character of the Cu, center essential for rapid, direct electron
transfer and coupled proton translocation?

2) Is there a through-bond pathway between Cu, and heme a that accounts for

the speed and direction of electron flow?
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Methods and Materials

Site-directed mutagenesis: Three methods were used to construct mutants: the
Kunkel method (Kunkel, 1985), the Batt method (Vandeyar et al., 1988), and the
overlap extension PCR method (Ho et al., 1989).

In both Kunkel and Batt methods, single-stranded DNA from the derivative of
M13mp19, containing the 683 bp EcoRl/HindIII fragment from plasmid pYJ302 (Figure
2.6 in Chapter II), was used as the template for oligonucleotide-mediated mutagenesis.
However, the major differences between these two methods is the way of removing the
wild-type parent strand after synthesizing the mutant strand. In the Kunkel method, a
uracil-containing single stranded template DNA was isolated when the bacteriophages
were used to infect E. coli strain CJ236 (dur ung” F’), and this wild-type parent strand
was degraded after transforming the heteroduplex molecule containing the second
complementary strand to another wild-type E. coli strain. In the Batt method, the newly
synthesized complementary strand with the mutation was methylated due to the fact that
5-methyl-dCTP was used in the synthesis reaction. The methylation protected the
synthesized strand from digestion by Mspl, Hhal and exonuclease III, while the wild-
type strand was digested. By degrading the parent strands, the chance of finding plaques
with the desired mutations was greatly increased. To confirm the presence of the desired
mutation, single-stranded DNA from different plaques was sequenced. Double-stranded
DNA isolated from the cells infected by the phages with the desired mutation was
digested with Ncol and EcoRV, and the whole coxII/III operon with the desired mutation

was recovered following the procedure shown in Figure 2.6 (in Chapter II). C256S and
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H260N were constructed using the Kunkel method; while M263L, H217C, H217G,
H260G and H260C used the latter approach.

Compared with the above methods, the PCR method was the most efficient. In
this method, double-stranded DNA from plasmid pYJ302 was the template for the PCR
reaction, and high fidelity pfu polymerase was used to extend the primers in the presence
of nucleotides and templates. For each mutant, four primers were involved; two of them
were complementary to the flanking pUC19 sequences located at each end of the
Ncol/EcoRV sequence in pYJ302, equivalent to the “universal” primers; and the other
two primers, carrying the mutation, were partially complementary to each other and to
the template. Two PCR reactions were run as shown in Figure 5.1, to generate the
mutated Ncol/EcoRV fragment. The PCR product was cloned into pUC19, and was
sequenced before cloning back to the coxII/III operon as shown in Figure 2.6. A mutant
(LpM) that altered the loop region below the Cu, site to make it resemble a blue-copper
protein was created using this method.

The following primers were used to generate the corresponding mutants, with the

mutated codons underlined:

H217C: GACGTGATCTGCTCCTGGAC
H217G: CGACGTGATCGGATCCTGGACCG
C256S: CGGAGCTGTCCGGCATCTC
H260N: GGCATCTCGAACGCCTACA
H260C: CGGCATCTCGTIGCGCCTACAT
H260G: CGGCATCTCGGGCGCCTACATG

M263L: CACGCCTACTTGCCGATCA
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Figure 5.1 Schematic representation of site-specific mutagenesis using the
overlap extension method. Four primers are involved, with two
mutant primers (#2, #3) and two flanking primers (#1, #4). The *
indicates the locations of the mutation.
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In the PCR reaction for creating LpM, the following four primers were used,
which resulted in the replacement of the Cu,-binding loop, Cys**2-Ser-Glu?**-Ile-Cys**-
Gly-Ile-Ser-His?®- Ala-Tyr-Met?***-Pro-Ile, with a sequence of Cys-Ser-Glu-Pro-Gly-
His-Ser-Ala-Leu-Met-Lys-Gly.

LpM: (1) AGTCACGACGTTGTAAAAC

(2) CAGGAAACAGCTATGAC

3) TCATCAGTGCCGAGTGCCTGGCTCCGAACACTGGCCG

(49) GCACTCGGCACTGATGAAGGGGACGGTCAAGGTCGTGT

Gene expression and protein purification: All mutants, except LpM, were
expressed from the derivatives of pRK415-1, containing the mutated coxII/III operons,
after conjugating with the subunit II deletion strain YZ200. H260N and M263L, along
with LpM, were also overexpressed using the system described in chapter III, and
purified using metal-affinity chromatography.

Visible spectra: Spectra were recorded using a Perkin Elmer Lamda 40P UV-Vis
spectrometer. The dithionite-reduced minus ferricyanide-oxidized difference spectra were
recorded for the solubilized whole membranes, and dithionite-reduced spectra for the
purified oxidase.

Activity assay: The maximum turnover numbers of the purified oxidases were measured
polarographically as described in Hosler et al. (1992).

Metal assay: Metal analyses were done using inductively coupled plasma (ICP)
emission spectroscopy at the chemical analysis laboratory at the University of Georgia

and total-reflection X-ray fluorescence spectrometry (TXRF) at the physics department
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of the University of Goéteborg, Sweden. The sample concentrations were in the range of
30-70 mM.

EPR spectra: Measurements were performed as described in Hosler et al., (1992), with
the exception that the samples were in 10 mM Tris-HCI, 40 mM KCl, pH 8.0, 0.1 %
lauryl maltoside. The sample preparations for high Mg/low Mn content, or low Mg/high
Mn content oxidases were the same as described in Hosler et al. (1995). The EPR spectra
were recorded using a Bruker EP-300E spectrometer.

Flash photolysis: Transient absorbance measurements were carried out in a 1 cm glass
microcuvette by flash photolysis of 300 ml solutions containing about 10 mM of CcO
and an equal or lesser amount of ruthenium labeled horse Cc, in order to measure a 1:1
reaction between Cc and CcO. Also included were 10 mM aniline and 1 mM 3-carboxyl-
2,2,5,5-tetramethyl- 1-pyrrolidinyloxy free radical (3-CP) to prevent the oxidation of
reduced Cc by Ru(IlI). Ru-55-Cc, a horse Cc derivative with the inorganic complex,
ruthenium trisbipyridine (Ru(bpy)3), covalently attached at the Lys-55 position, was
used in the experiments. Upon a laser flash, electron transfer from Cc to the Cu, center
of CcO was measured by monitoring the decrease of absorbance at 550 nm for Ru-55-Cc
oxidation and at 830 nm for Cu, reduction, and the increase of absorbance at 605 nm for
heme a reduction. The ionic strength dependencies for electron transfer from Ru-55-Cc to
wild-type and mutated CcO were determined. The ionic strength of the sample solution

was varied using a 5.0 M NaCl stock solution.
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Results

Kinetics studies have shown that the Cu, center is the initial electron acceptor
from Cc (Hill, 1993). To study the significance of the binuclear character of Cu,, several
mutants have been made by mutating Cu, ligands, creating H217C, H217G, C256S,
H260C, H260G, H260N, M263L and LpM, aiming to alter the Cu, center to different
degrees.

The subunit II C-terminal domain of CcO shares a similar structure with blue
copper proteins, such as azurin and amicyanin (van der Oost et al., 1992), in which the
mononuclear copper atom is ligated by two histidines, one cysteine, and one methionine
residue. Sequence analysis has indicated that one of the differences between Cu, domain
and blue copper proteins is the length of the loop involved in binding the copper atoms.
In the Cu, domain, the loop is longer than the corresponding ones in the blue copper
proteins and possesses an extra cysteine residue, enabling Cu, site to bind two copper
atoms. By replacing the shorter loop in azurin (Hay et al., 1996) and amicyanin
(Dennison et al., 1995), copper sites similar to the Cu, in CcO can be created in these
proteins. Aiming to create a copper site at the Cu, center similar to the type I copper
centers, the longer Cu, binding loop (Cys-Ser-Glu-Ile-Cys-Gly-Ile-Ser-His-Ala-Tyr-
Met-Pro-Ile) has been replaced by the corresponding one (Cys-Ser-Glu-Pro-Gly-His-Ser-
Ala-Leu-Met-Lys-Gly) from azurin in Pseudomonas aeruginosa. The Mg ligand Glu-

254 has been retained by replacing a phenylalanine residue in the original azurin sequence.
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Expression levels of the mutants in cell membranes

All the mutated oxidase genes have been expressed and the protein located in the
membranes, but their expression levels are severely decreased (Figure 5.2). Furthermore,
the a-peaks for H217C, C256S and H260G are blue-shifted, suggesting structural
alterations of the heme groups in these mutants. The low amount of oxidase may be due
to instability of the mutated protein, or to the potential loss of the plasmid in these
mutated strains as observed frequently in this study.

In H217G and H260G, the replacements of the histidine residues with glycine
create cavities inside the protein, which were occupied originally by the imidazole side
chain of the histidine residues. Previous studies in myoglobin and azurin (den Blaauwen
et al., 1991; Depillis et al., 1994) have shown that these His-to-Gly mutants can be
rescued by exogenously added imidazole groups, when growing the cells with the mutated
protein or incubating the purified protein in the presence of imidazole. Under these
conditions, exogenous imidazole groups can occupy the cavities created by the specific
mutations, and be involved in metal binding. A wide range of small organic ligands, like
pyridine, phenol and methyl-substituted imidazole, can replace imidazole in these
chemical “rescue” experiments. This method is an alternative for site-directed
mutagenesis to alter the metal ligands. A similar approach was tried for H260G and
H217G by growing the corresponding R. sphaeroides cell strains in the presence of
imidazole in the Sistrom’s medium. Unfortunately, the cells did not grow in the presence
of 10 mM imidazole, the concentration used in the experiments with myoglobin and
azurin. With 2 mM imidazole, the cells grew, but photosynthetically, indicated by the

greenish color of the medium. Low concentrations (0.5 mM to 1 mM) of imidazole did
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not enhance the oxidase expression level in the membrane. It was not yet attempted to
overexpress these two mutant enzymes and study chemical rescue with the purified
enzymes.

The oxidase expression levels in H260N and M263L strains are slightly higher
than other mutant strains, and the oxidase genes in these two strains, together with the
LpM mutant, have been overexpressed using the overexpression system described in
chapter III. As aresult, the oxidase expression levels are increased four to five-fold
(Figure 5.2).

The purified LpM has a shifted reduced spectrum ( Panel B in Figure 5.2), with
the a and Soret peaks centered at 601 nm and 440 nm, respectively. EPR analysis of this
mutant has shown that the Cu, signal is completely gone, and the characteristics of a
type I copper signal are not present either, suggesting that the attempt to convert the Cu,
center to a type I copper center have failed. Without the Cu, center, the 830 nm
absorption peak from Cu, is not present either, and the purified oxidase has no activity
measured polarographically.

H260N and M263L have been well characterized, and the following sections focus

on these two mutants.

Spectral characterizations of H260N and M263L
Optical spectra In the reduced CcO, the two heme groups have strong absorbance in the
444 to 605 nm region, with the low spin heme a contributing about 80% to the a-peak,

and 50% to the Soret peak. Structural disturbance of the two heme groups is likely to

cause spectral shifts of the a and Soret peaks.
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The reduced spectrum of M263L is almost identical to that of wild-type (Panel C
in Figure 5.2), with respect to the peak positions and the Soret to a-peak ratio, suggesting
that the mutation has no apparent effect on the structures of the two heme groups on
subunit I. The a peak of the reduced spectrum for H260N blue-shifts about 1 nm,
indicating a structural disturbance of the heme a center; however, its Soret/a ratio is the
same as that of wild-type, suggesting no differential loss of either heme. Since CO can
quantitatively bind at the binuclear center at subunit I giving a distinctive spectrum, its
binding capability is used to check the integrity of this center. For H260N and M263L, |
their CO-binding abilities are similar to that of wild-type (Table S.1), indicating that the
high spin heme a; and Cug centers are not disturbed structurally.

Although the reduced heme spectra of H260N and M263L are similar to that of
the wild-type, both hemes are reduced much slower than those in wild-type oxidase when
using dithionite as the reducing agent. The reduction of heme a; lags behind when heme a
is completed reduced, suggesting an altered (decreased) redox potential of heme a;. It is
curious to notice that the heme a;in H260N and M263L can be reduced much faster when
TMPD is used as the reducing agent, even though its redox potential is higher than
dithionite.

In wild-type CcO from R. sphaeroides, the near-IR absorption band for Cu, is at
850 nm, with an extinction coefficient of 2.0 cm'mM! for the oxidized minus reduced
spectra (Figure 4.3 in chapter IV). The corresponding absorbance in H260N and M263L
are severely decreased (Figure 5.3), with extinction coefficients of 0.77 and 1.34 cm'mM-
! respectively. The 830 nm bands also shift to 920 nm, suggesting that the Cu, centers

in these two mutants are altered.
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Figure 5.3 Near-infrared spectra of the wild-type and M263L enzymes.
The spectra were recorded as described in Figure 4.3.
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Metal analyses Although the Cu, centers are disrupted in H260N and M263L as
resolved in the optical spectral assay, metal analysis done by using ICP gives almost
identical Cu/Fe ratios for these two mutants as for wild-type. The overall Cu/Fe ratios
measured by TXRF are lower than the numbers obtained from ICP method, but the ratios
measured for the two mutants are generally comparable to that of wild-type. The
inconsistency of the Cu/Fe ratios measured using different methods reflects the difficulty
of measuring the Cu/Fe ratio accurately due to contaminating Fe and Cu and possible
presence of partially denatured species.

EPR spectra Electron paramagnetic resonance spectroscopy has been used extensively
to study the molecular environment of the metal centers in CcO, and it reveals the
presence of signals for heme a and Cu, in the “resting” oxidized form of the enzyme
(Figure 5.4). Due to antiferromagnetic coupling between high spin heme a; and Cug, these
two metal centers are EPR invisible. The signals at g =2.83,2.31 and 1.62 arise from the
low spin heme a; those at g = 2.19 and 2.00, from Cu, (Hosler et al., 1992). In the wild-
type oxidase, the theoretical seven-line hyperfine characteristic for a mixed-valence Cu,
center in the gy region, as observed in nitrous-oxide reductase (Kroneck et al., 1988), is
not resolved in CcO at the X-band frequency. Instead, a signal with a value of g =2.19 is
present in this region in bovine and in R. Sphaeroides oxidases. In studies with the Cu,
domain from P. denitrificans, partial hyperfine structures from Cu, have been resolved
around the g = 2.19 region (Farrar et al., 1995). Previous studies in R. sphaeroides
showed that the amplitude of this g = 2.19 signal is greater than bovine at low
temperatures but decreases when the temperature rises to 100K (Hosler et al., 1992),

suggesting that it is not solely from Cu,. The signal at g =4.3 is from contaminating
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Figure 5.4 Cu, and heme EPR spectra of wild-type, M263L and H260N.
A. Cu, EPR spectra of wild-type, M263L and H260N enzymes.
B. The CcO oxidases Mn EPR spectra of wild-type, M263L and

H260N enzymes. EPR spectra of 30 to 50 uM oxidases in 10 mM
Tns, pH 8.0, 40 mM KCl, 0.1% LM were recorded at X-band using
a Bruker EP-300E spectrometer. The related g values are indicated
in the plots. The Cu, EPR spectra were recorded at 10 K with the
following settings: microwave frequency 9.482 GHz; microwave
power 2 mW; modulation amplitude 12.7 G; sweep time 335.5 s;
The inset in panel A is the enlarged g, region of M263L. This

spectrum was recorded using a more concentrated (70 uM) M263L
sample. The Mn EPR spectra were recorded in 100 K, with the
following settings: microwave frequency 9.44 GHz; microwave
power 2 0 mW; modulation amplitude 12.7 G; sweep time 167.8 s;
The samples were prepared as described in Hosler et al. (1995).
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Figure 5.4 EPR spectra of wild-type, M263L and H260N enzymes.
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iron. Although high spin heme a; is EPR silent, the spectrum of the “resting” form of
wild-type CcO from R. sphaeroides always has a weak signal at g = 6.0 region, which
arises from a small portion of ferric heme a; which has been decoupled from Cug,
possibly due to loss of Cug.

The EPR spectra of H260N and M263L reveal significant changes in the Cu,
centers in these two mutants (Figure 5.4). With the mutations, the g = 2.19 signal is

broadened in both H260N and M263L. In the EPR spectra of M263L, besides the

hyperfine structures resolved at the g, region, the four hyperfine splitting are resolved in

the g, region, with a splitting constant (A;;) of about 50 G characteristic of a single copper
nucleus coupled with an unpaired electron (Solomon & Lowery, 1993). Since metal
analysis indicates there are still two copper atoms at the altered Cu, center in M263L,
the EPR spectrum suggests that the binuclear Cu, center in this mutant has been
converted from a mixed-valence state [Cu(1.5)-Cu(1.5)] to a decoupled configuration
[Cu(1)-Cu(2)]. A similar result was obtained in CcO from P. denitrificans (Zickermann
et al., 1995), in which the equivalent residue was mutated to isoleucine. For H260N, the

alteration of the Cu, center is even more dramatic, with the amplitude of the signal at the

g, region significantly decreased, but again two copper appear to be retained.

In the EPR spectrum of M263L (Figure 5.4), the three heme a signals are at the
same positions as those of wild-type oxidase, suggesting that heme a is intact in this
mutant. However, a small signal at g = 2.96 position appears. In R. sphaeroides, the
heme a EPR at g =2.83 has been interpreted to indicate that one of the two histidine
ligands has a strong hydrogen bond leading to the equivalent of a deprotonated histidine in

the oxidized state (Hosler et al., 1992). Two neutral histidine ligands would shift the
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signal to g =2.96 as in bovine. The presence of both g = 2.83 and 2.96 signals in M263L
suggests that CcO in M263L is present in two conformations, with the majority in the
wild-type conformation.

Like M263L, H260N is not a homogeneous sample, as indicated by the presence
of both g = 2.83 and 2.96 signals. Moreover, the g = 2.83 signal present in wild-type is
shifted to g = 2.85 position in H260N, suggesting that the environment of heme a is
slightly altered, consistent with the optical spectrum. In H260N, the g = 6.0 signal is
much larger than that in wild-type CcO, indicating some high spin heme a; decoupled
from Cug. However, the fraction of decoupled heme a; is very small and does not
represent significant loss of Cug, since it does not change the Cu/Fe ratio significantly, as
indicated by the metal assay results

In R. sphaeroides CcO, it has been shown that the Mg atom located at the
interface of subunit I and II can be replaced by Mn when the cells are grown in a high
concentration of Mn (Hosler et al., 1995), and the distinct EPR spectra of Mn can be
used as a probe to check the structural integrity of the interface. The Mn EPR spectra
have been recorded for wild-type and two mutant enzymes as shown in Figure 5.4.
Clearly, the Mn EPR spectrum of H260N is altered as compared to that of the wild-type
CcO, suggesting that the effect of alteration of the Cu, center is spread to the Mg/Mn
site. The crystal structures of CcO show that His-260 ligates one of the two copper
atoms along with Glu-254, which also ligates the Mg atom directly (Tsukihara et al.,
1995). The mutation of residue His-260 will inevitably alter the positions of Glu-254

and other nearby residues, thereby causing structural change at the Mg/Mn center. In
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contrast, the Mn EPR spectrum of M263L did not show any change, suggesting that the
mutational effect of M263L is more localized.

Activity assay Due to the severe disruption of the Cu, center, the activities of these two
mutant enzymes were significantly decreased, with about 1% and 10% of wild-type
activity retained for H260N and M263L, respectively (Table 5.1). The residual activity
measured for H260N is not due to any exogenous activity, and can be inhibited by
cyanide. The slow dithionite reduction of heme a and a; observed may be partially due
to the overall slow turnover numbers of these enzymes. More likely, dithionite reduces
heme a by donating electrons to Cu, first. But the even slower reduction of heme a; in

both mutants is likely due to the change of the redox potential of this center (see below).

Time-resolved kinetics of electron transfer in H260N and M263L

Ruthenium photoexcitation is an unique technique to measure the electron transfer
rates from Cc to Cu,, and then from Cu, to heme a (Pan et al., 1993; (Geren et al.,
1995). In this experiment, Ru-55-Cc was chosen as the substrate. Laser excitation of a
1:1 complex between Ru-55-Cc and CcO results in rapid electron transfer from Ru-55-Cc
to CcO as described in Chapter IV.

At low ionic strength, when the wild-type oxidase concentration is equal to or
greater than that of Ru-55-Cc, Ru-55-Cc forms a 1:1 complex with CcO. Laser flash
photolysis of the complex results in rapid electron transfer with a rate constant of 40,000
s as measured by following the rapid decrease of absorbance at 550 nm and the increase
at 605 nm (Figure 4.11 in chapter IV). The measured rate constants are independent of

the concentrations of Ru-55-Cc and CcO, suggesting that the measured rates represent the
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intracomplex electron transfer rates. By using a dimer of Ru(bpy); as the direct substrate
of CcO, the electron transfer rate (k,) from Cu, to heme a is 1.2 x 10° s!. After each laser
flash, the relative amounts of the reduced heme a** and Cu,'* forms can be measured, and
are found to be is in the ratio of 6.1:1, indicating that the equilibrium constant (K = kyk,)

for electron transfer between Cu, and heme a is 6.1 (Table 5.2).

The redox potential difference (AE®) between heme a and Cu, can be calculated
using the following equation:

AE’=E’, - E%.a =59 x log K (Eq. 14)
where K is the equilibrium constant between Cu, and heme a. The calculated AE value

for wild-type oxidase is about 46 mV, suggesting that heme a is more positive than Cu,.

The electron transfer rate between Ru-55-Cc and CcO is ionic strength dependent.
With the increasing of ionic strength, some of the Ru-55-Cc dissociates from the complex.
Free Ru-55-Cc can only react with CcO by first re-binding to it, thus, there is a second,
slow rate of electron transfer. The amplitude of the fast phase decreases with the
increasing of ionic strength, meantime, the amplitude and the rate of the slow phase rate
increases. A plot of the slow phase rates versus ionic strengths for the wild-type is given
in Figure 5.5. At 75 mM ionic strength, the slow phase of wild-type CcO displays a
maximum electron transfer rate at 7900 s™.

Unlike wild-type CcO, which has a single fast phase at low ionic strength, M263L
mutant displayed triphasic kinetics at 5 mM ionic strength, with rate constants of 16,000
s71,250 s, and 20 s™! as judged by following the 550 nm transients (Table 5.2). The fast
phase is due to electron transfer within a preformed complex between Ru-55-Cc and

M263L, while the slow phase is due to the reaction of uncomplexed Ru-55-Cc with the
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Figure 5.5 Ionic strength dependent electron transfer from Ru-55-Cc to
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transfer rates in the ruthenium kinetics assay were plotted against
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free oxidase. The amplitude of the fast phase is smaller (25%) compared to the slowest
phase (45%). The intermediates phase (35%) disappeared with increasing ionic strength,
while the rate constant for the fast phase does not change throughout the ionic strengths
of 5 to 55 mM, and then disappears at high salt content. Meantime, the slow phase of the
550 nm transient increased to a maximum of 1700 s' at 75 mM ionic strengths, and then
decreased as the ionic strength was further increased, following a similar pattern to that of
the wild-type oxidase. The peak position for the ionic strength dependent slow phase
reaction of M263L is the same as that of the wild-type (Figure 5.5), suggesting that
although the electron transfer rate has decreased, the Cc binding affinity of this mutant is
similar to that of wild-type.

The amplitude of the 605 nm transient is very small (Figure 5.6), and its rate
constant is similar to the slow phase rate constants of the 550 nm transients, increasing
with the ionic strength to a plateau value of 550 s”! from 40 to 70 mM, and then
decreasing with the further increasing of ionic strength (Figure 5.7).

For M263L, the amplitude of the 830 nm transient is much larger than for wild-
type, suggesting that the reoxidation of Cu, by transfer to heme a is much slower. The
rate constants for the 830 nm transients have nearly the same rate constants as the 550
nm transients at all ionic strengths, indicating that the rates measured by following 550
nm and 830 nm transients are represent the initial electron transfer from Cc to Cu,.

The relative yields of reduced Cu,*' and heme a?* were measured in the M263L

reaction, and the calculated equilibrium constant (K) is 0.1 (Table 5.2), independent of

ionic strength. The calculated AE° value for M263L is about -59 mV, indicating that the

redox potential of Cu, in M263L is more positive than that of heme a rather than 50 mV
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Figure 5.6 Electron transfer between Ru-55-Cc and M263L

at 150 mM NaCl. The solution contained 5 mM Tris,
pH 8.0, 0.05% LM, 10 mM aniline and 1 mM 3-CP,
20 pM M263L oxidase, 10 uM Ru-55-Cc, and 150
mM NaCl. The solid lines are single exponential fits.
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more negative, representing a change of about 110 mV and making it unfavorable for
electron transfer from Cu, to heme a. As a result, the rate constant of the 605 nm
transient never exceeds the 550 nm transient, even when that of the 550 nm transient is
1700 s (Figure 5.7). The observed rate constant for heme a reduction is given by keos =
ky + k.. With an equilibrium constant of 0.1, and a maximum electron transfer rate of 550
s! at 150 mM ionic strength the calculated values for k;, and k. are 50 and 500 s,
respectively ( for wild-type, ky, = 12,000 s and k. = 2000 s™).

The kinetic properties of H260N are similar to that of M263L. At S mM Tris-
HC], three phases were observed with rate constants of 11,000 s, 78 s!, and 16 s, with
amplitudes of 30%, 20% and 50%, respectively. As the ionic strength was increased, the
rate constant of the fast phase remained approximately constant, the rate constant of the
slow phase increased, and the intermediate phase disappeared. The rate constant of the
slow phase reached a maximum of 1300 s at 75 mM ionic strength, and then decreased
with further increases in ionic strength (Figure 5.5). The maximum rate constant for the
605 nm transients is 360 s”!, even though the rate constant of the slow phase of 550 nm
transient reaches a maximum of 1300 s at 75 mM ionic strength. ). The calculated

equilibrium constant (K) between Cu, and heme a for H260N is 0.2 (Table 5.2),

indicating AE° value between CuA and heme a of -41 mV, yielding a value for k;, and k. of

60 and 300 s™, respectively.

Proton translocation
Purified R. sphaeroides CcO displays proton pumping activity when

reconstituted into phospholipid vesicles, with a stoichiometry of 0.7 H'/e” (Figure 5.8).
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The proton-pumping activities for H260N and M263L have also been measured after
reconstituting into phospholipid vesicles. The addition of reduced horse Cc leads to
immediate acidification due to proton pumping activity, followed by a slow alkalization
due to the overall net proton consumption for water formation (Figure 5.8). The
presence of 5 mM CCCP allows rapid equilibrium of protons across the lipid bilayer,
resulting in the observed net alkalization. Both M263L and H260N show proton
pumping activity with stoichiometries of 0.5 H'/e” and 0.3 H'/e", respectively. The
smaller H'/e” measured for H260N is likely due to the slower turnover of this mutant,

resulting in a competing back leak of protons into the vesicle.

Discussion

The CcO expression levels in subunit II mutants
Cu, has been on the center stage of CcO studies for the past decade, and it has
always been associated with controversies (Beinert, 1997), until its nature was revealed

recently through crystallographic studies. The crystal structures have shown that the

Cu, center in CcO is a binuclear copper center, with two copper atoms in close proximity

in a configuration that allows them to share the unpaired electron.

In order to study the unique binuclear character of Cu, center, several CcO
mutants have been created in R. sphaeroides by altering the Cu, ligands. When the genes
were expressed in cell membranes, these altered oxidases display severely decreased
expression levels, making the purification of some of them difficult. It has been observed

that the expression levels of the CcO subunit II mutant genes from R. sphaeroides
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generally correlate with their activities; the higher its activity, the higher its expression
level. So the low expression levels observed for most of the subunit II mutants suggest
their activities are very low, too. Most of the mutants alter the heme a centers to
different degrees, as evidenced by the shift in the optical spectra. In contrast, although
some subunit I CcO mutants from R. sphaeroides have similar low activities, their
expression levels are comparable to that of the wild-type. The distinction between
subunit I and II mutants may be due to the fact that subunit I is generally more stable as it
is protected in the membrane. Most of the subunit II mutants tend to disrupt the
association between subunit I and II; as a result, the oxidases become more labile and
destabilized.

Another important difference may relate to the pressure to partially or completely
eliminate the oxidase-carrying plasmid in low activity mutants; it may be easier to lose the
coxII/III operon region than the region encoding subunit I. The loss of plasmid would
result in variable but increasing poor synthesis of oxidase, which has observed with the
subunit II mutants.

The attempt to convert the Cu, center to a type I copper site in LpM by
changing the Cu,-binding loop failed, which may be due to the fact that the mutagenized
loop in subunit II is restricted to certain conformations unsuitable for binding a blue
copper center, as a result of the interaction with subunit I. In small blue copper proteins,

the loop may have more flexibility.

The effects of mutations in H260N and M263L
Metal determination using ICP and TXRF suggests that the two copper atoms are

still present in the altered Cu, centers in M263L and H260N. EPR studies show that
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characteristics of a type I copper center appear in the altered Cu, center in M263L. This
is very likely since, in the native Cu, center, the two copper are in a symmetrical
configuration and share the unpaired electron. Mutating ligands of the copper atoms will
likely change the coordination geometry of these copper atoms, resulting in a change of
the coordination symmetry between them and the localization of the electron to one of
the copper atoms. This is likely to be the case in H260N, although no clear hyperfine
structure has been resolved in the g) region.

In the Cu, center, Met-263 and His-260 are involved in binding different copper
atoms, and the bond between His-260 and the copper atom it binds is much shorter (1.9
A) than the one with methionine (2.5 A). Therefore, the mutation of His-260 is likely to
have more severe effects, as evidenced by the changes of EPR spectra, the low activity of
H260N, and the alteration of the Mn site in this mutant.

Electron transfer rates depend on the redox potentials of the metal centers, their
relative reorganizational energies, and the distance or electronic coupling between them.
The redox potential of bovine Cc is 260 mV in solution, and may be even lower (220-230
mV) when bound to CcO (Schroedl & Hartzell, 1977). The redox potentials for Cu, and
heme a have been reported to be about 250 and 360 mV (Wilson et al., 1972 ; 1976),
respectively, which enables electrons to be transferred from Cc , through Cu, to heme a.
Although the redox potentials for Cu, and heme a in R. sphaeroides CcO have not been
reported yet, the value for Cu, will be similar to the one in bovine oxidase based on their
similar characteristics, while the redox potential of heme a may be different from the one
in bovine oxidase, as indicated by its different optical and EPR spectra. Actually, in R.

sphaeroides CcO the redox potential difference between heme a and Cu, calculated from
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the rapid kinetics assay is about 46 mV, suggesting that the redox potential of heme a is
about 300 mV, assuming the redox potential of Cu, is same as the one in bovine oxidase.
This redox potential of heme a still enables electrons to be transferred from lower

potential Cuy to heme a.

In M263L, the calculated AE® value is about -59 mV, suggesting that the redox

potential of Cu, is now higher, rather lower, than that of heme a. Spectral
characterization of M263L has shown that heme a in this mutant is not altered, suggesting
that its redox potential has a wild-type value of 300 mV. In that case the redox potential
of Cu, must have increased to 360 mV in the mutant, accounting for the unfavorable
electron transfer to heme a. The situation in H260N is more complex than in M263L,
with the redox potentials for both Cu, and heme a likely to be changed due to the
structral alterations as indicated in the EPR spectrum. The redox potential of Cu, is
about 41 mV higher than that of heme a, which also results in inhibition of electron
transfer from Cu, to heme a.

In most of the blue copper centers, methionine is a long axial ligand for the copper
atoms, and it can be replaced by all other amino acids without losing the blue color of the
protein (Karksson et al., 1991). In stellacyanin, this residue is even naturally replaced
by leucine (Bergman et al., 1977). Mutagenesis studies on azurin have shown that
substitution of the methionine with leucine, or other amino acid with hydrophobic side
chains, results in a large increase in redox potential of the copper center. This is likely due
to that fact that the hydrophobic side chains exclude water from the metal site, resulting
in the increase of the redox potential (Malmstrém, 1994). In CcO, the methionine

residue is also solvent-exposed, and the leucine substitution in M263L will likely increase
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the redox potential of the Cu, center in a similar way as in azurin. Decoupling the two
coppers should also increase the reorganization energy, resulting in inhibition of electron
transfer.

The Cu, center has been investigated in other systems. In CcO from P.
denitrificans (Zickermann et al., 1995), mutation of the methionine to isoleucine also
decouples the interaction between the two copper atoms. In the studies with the soluble
Cu, domain from P. denitrificans (Farrar et al., 1995) and the engineered CyoA domain
from quinol oxidase (Kelly et al., 1993), mutations of the methionine residue tend to
destabilize the proteins, and this residue has been suggested to have an important
structural role. The residues equivalent to His-260 in R. sphaeroides have been mutated
in these studies too. In the Cu, domain from P. denitrificans (Farrar et al., 1995), the
H260N mutation retains two copper atoms, but decouples the interaction between them,
while the same mutation in the CyoA domain retains only one copper atom (Kelly et al.,
1993). The different results observed for the same mutation in the holoenzyme and in the
Cu, domains suggest that the stabilities of soluble Cu, domains are lower than the
holoenzymes.

The crystal structures of CcO reveal that there is an extensive hydrogen-bond
network at the interface of subunits I and II (Ostermeier et al., 1997). Within this
network, His-260 is hydrogen-bonded to a highly conserved arginine pair in subunit I,
which, in turn, also interacts with heme a through covalent and hydrogen bonds. This
arginine pair is also hydrogen-bonded to the propionate substituent of heme a; and to the
Mg site. In H260N, the alteration of the hydrogen bond interactions and the Mg site will

undoubtedly disturb the whole hydrogen-bond network in this region, and could account
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for the structural and redox potential changes observed for heme a. and heme a;.

The disruption of the proposed electron transfer pathway in H260N

Whether the rate of long-range electron transfer in proteins depends on only the
distance and mass between the redox centers (Moser et al., 1995) or on specific
pathways between them (Onuchic et al., 1992) is still not clear. The hydrogen-bond
between His-260 and the arginine pair in subunit I has been proposed to form a part of a
through-bond electron transfer pathway from Cu, to heme a (Iwata et. al., 1995; Ramirez
et. al., 1995; Tsukihara et. al., 1996). The H260N mutation will undoubtedly disrupt this
hydrogen-bond interaction, and this could account for an even lower intrinsic electron
transfer than that expected from disruption of the Cu, center and alteration in its redox
potential, as compared to M263L. However, given the severe changes in structure and
redox potentials of Cu, and heme a in this mutant, it is not possible to draw any
conclusions regarding the pathway model based on this mutant alone.

Besides being an initial electron acceptor, Cu, was originally proposed to be
involved in proton pumping (Chan & Li, 1990). Arguments against this model are based
on the fact that quinol oxidases, which are homologous to CcO but do not have Cu,
centers, can pump protons. In this study, the characteristic of coupling between the two

copper atoms was found not to be important for proton pumping.
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Summary

Results discussed in this paper show that the rate of electron entry and transfer in
CcO is determined by the unique structure of the binuclear Cu, center. Mutations of the
copper ligands in M263L and H260N lead to decoupling the interaction between the two
copper atoms and change the redox potential of this center, resulting in strong inhibition
(240-fold in M263L) of electron transfer between Cu, and heme a. These results also
support the model that Cu, is the sole input site for electrons from Cc. The coupling

between the two copper atoms is not important for the proton pumping activity of this

enzyme.
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Deletion of subunit I1

In order to use site-directed mutagenesis technique to study the structure and
function of subunit II of CcO from R. sphaeroides, it was necessary to delete the subunit
II gene from the chromosome. Previously, a R. sphaeroides strain had been created in
which the coxII/III operon was disrupted through insertional inactivation (Cao et al.,
1992). Although the inactivation of the coxII/III operon resulted in the loss of the
characteristic CcO spectrum from the membrane of the mutant strain, and CcO could be
recovered in this mutant strain through complementation with the whole coxII/III operon,
this strain was not a good system for site-directed mutagenesis, because of the potential
for gene recombination between the inactivated copy in the chromosome and the copy in
the plasmid used for the complementation.

Through homologous recombination, the coxII/III operon (coxIl, orfl, orf3 and
partial coxIII) was deleted from the genomic DNA in YZ200 and replaced by a Sm/Sp
antibiotic resistance gene. The deletion was confirmed through genetic and spectroscopic
analyses. Moreover, YZ200 could be complemented with a plasmid-borne copy of the
coxII/III operon, which makes it a good system for site-directed mutagenesis studies. In
combination with strain YZ200, two systems have been set up, which enable all the
residues in subunit II of CcO from R. sphaeroides to be mutated. YZ200 and the two
systems have been thoroughly tested in the subsequently studies, and proved to be

successful.
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Overexpression and purification of CcO

In wild-type R. sphaeroides strains, the content of CcO in the membrane is very
low, characterized by the lower a/b ratios (0.2 for Ga and 2.4.1, and 0.35 for Cy91). For
some of subunit II mutants (like H217C and C256S), which severely disrupt the
enzymatic function, the enzyme expression level in the membranes is even lower, and the
enzyme cannot be purified using the conventional anion-exchange chromatography.

The aa;z-type CcO genes in R. sphaeroides have been successfully overexpressed
up to seven-fold by ligating the two operons of CcO genes together and introducing them
back into R. sphaeroides strains. Growth at high pH achieves even higher expression.
The overexpression system allows all the mutants, regardless of their activities, to be
purified in large amounts for further biochemical and biophysical analyses. A high-yield
protocol for purifying homogenous oxidase by coupling Ni-affinity chromatography and
anion-exchange chromatography has also been devised. In the overexpression system, the
six histidine tag is located at the C-terminal of subunit I; as a result, the Ni-NTA purified
enzymes, including the wild-type, have a fraction with a variable amount of subunit I
alone, while the subunits II and III are lost in the purification. For mutants, like D229N
and E254A, which have a disrupted subunit I/ interface, the fraction of subunit I is more
significant than in wild-type. The presence of subunit I alone, along with the
holoenzyme, tends to complicate the characterization of the enzyme. In combination
with the anion-exchange chromatography, the fraction of subunit I, and the two fractions
with intact and partially cleaved subunit II can be separated, resulting in a more

homogenous sample.
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Although CcO in most of the mutants can be overexproduced, the strains that
have lower oxidase activities tend to partially delete the overexpression plasmid (pRK-
pYJ123H) in the process of storage at low temperature and re-growth, while retaining the
Tc-resistant phenotype. These cells tend to stick to the agar plates, and are difficult to
remove using an inoculation loop, and they also grow much faster in the liquid medium.
In order to acquire a large amount of enzyme from these strains, it is necessary to grow

cells from newly-conjugated colonies.

Structural significance of the binuclear Cu, center and its control on electron
transfer

To study the structural significance of the binuclear center, the Cu, ligands have
been mutated and, among the mutants, H260N and M263L have been thoroughly
characterized. In M263L, the Cu, center was severely altered, and the coupling between
the two copper atoms was disrupted, resulting in a copper center with properties of blue
copper centers. The two copper atoms at the Cu, center are still present and all the other
metal centers are intact in this mutant. In M263L, the decoupling of the two copper
atoms results in the increase of the redox potential of the altered Cu, center by about 110
mV, as measured from the ruthenium kinetics assay, which severely inhibits the electron
transfer from Cu, to heme a (50 s vs. 120,000 s! in wild-type). The decoupling of the
Cu, center in M263L is also likely to increase the reorganization energy associated with
the electron transfer, which also contributes to the slow electron transfer rates in this
mutant. The mutational effect in H260N on the overall structure is more dramatic than in

M263L. Besides the Cu, center, both the heme a and Mg sites are also affected. In this
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mutant, the redox potential difference between Cu, and heme a is also altered, resulting in
the inhibition of the electron transfer rate from Cu, to heme a. For these two mutants, it
is necessary to measure the redox potentials of the Cu, center independently to confirm
the results measured from the rapid kinetics assay. The binuclear character of the Cu,
center is obviously critical for maintaining the right redox potential to facilitate the rapid
electron transfer from Cc to heme a, while it is not important for the proton pumping
function of the enzyme, since M263L and H260N still retain the proton pumping activity
although the binuclear center is altered.

In M263L and H260N, the heme a5 centers are difficult to reduce with dithionite.
So it is necessary to use FTIR techniques to check the structural intactness of the
binuclear centers of these two mutants (Hosler et al., 1994). However, in a recent
theoretical analysis done by Michel and coworkers (Kannt et al., 1998), they found that
residue Lys-227 in subunit II becomes protonated when the heme a3-Cug center is
reduced. So it is likely that the mutations in M263L and H260N change (most likely
lower) the pK of Lys-227, resulting in difficulty in protonating this residue and in the
reduction of the binuclear center. Clearly, more experiments are required to confirm this

theory.

Residues involved in Cc binding

Early studies have suggested that negatively charged carboxyl groups in subunit II
of CcO are important in binding Cc. In this study, the conserved carboxy! residues
(E148, D152, E157, D195, D214, D229, E254) in subunit II of R. sphaeroides, along with

the nonconserved D188/E189, were mutated to neutral charge.
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Physical characterization, including optical spectra, EPR and metal analysis, have
shown that the metal centers in E148Q, D15IN/E152Q, E157Q, D188N/E189Q, D195N
and D214N are not altered, suggesting that the change of activities of these mutants are
due to the localized effect of removing these carboxyl groups. In contrast, the heme a and
Mg centers in D229N and E254A are disturbed, which is consistent with their locations
at the interface of subunits I and II, either as direct ligands to the Mg center or hygrogen-
bonded to the heme a centers through a hygrogen-bond network. The mutations in
D188N/E189Q and D151N/E152Q have almost no effect on their overall activities when
reacting with either horse or R. sphaeroides Cc, while the activities of E148Q, E157Q,
D195N and D214N are decreased to different degrees; moreover, D195N and D214N
behave differently in the reaction with horse or R. sphaeroides Cc, suggesting thgt horse
and R. sphaeroides cytochromes c react differently with CcO from R. sphaeroides.

These mutants have been analyzed using the laser flash photolysis technique. At
low ionic strength for the wild-type oxidase, a fast phase, representing the intracomplex
electron transfer from Ru-55-Cc and Cu,, is observed, followed by electron transfer from
Cu, to heme a. The intracomplex electron transfer rate from Cc to Cu, does not change
as the ionic strength is increased from 5 to 75 mM, suggesting that increasing ionic
strength does not change the configuration of Cc in the complex. At ionic strengths above
75 mM, Cc is completely dissociated from the complex, and the electron transfer reaction
follows a second-order reaction. D151N/E152Q and D188N/E189Q have similar kinetics
as wild-type, with rate constants equivalent to that of the wild-type oxidase.

E148Q, E157Q, D195N and D214N all have severely altered rapid kinetics, and

most of them have fast and slow phases at low ionic strength. The fast phase is due to
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the intracomplex electron transfer, and the slow phase reaction is due to either Cc in the
wrong conformation or reaction from the solution due to the decreased binding affinity.
The ionic strength dependent second-order reaction assay indicated that the binding
strengths of these mutants for Cc are decreased, suggesting their involvement in Cc
binding. This conclusion is also supported by the ultracentrifugation assay and the
steady-state kinetics assay, which show that the equilibrium dissociation constant (Kp)
for binding horse Cc and the Ky values are increased, which also suggests that the binding
strength for Cc is decreased. As controls, DISIN/E152Q and D188N/E189Q do not
display decreased Cc binding strengths.

Although the lysine residues in Cc that are involved in binding to CcO have been
identified early, and several carboxyl residues in CcO that are involved in the binding have
been identified in this study, it is still not clear how these lysine and carboxy! residues
interact with each other, which can only be answered through computational and

crystallographic studies.

Trp-143, the electron entry site, and Cu, , the solo initial electron acceptor in CcO
The Cu, center has been shown to be the initial electron acceptor in CcO, but the
possibility of a direct electron transfer pathway from Cc to heme a has not been ruled
out. The mutations in W143F and W143A decrease the intracomplex electron transfer
rate to 500-fold and 1200-fold, respectively, while the Cu, centers in these two mutants
are intact, and the Cc binding strength of these two mutants are similar to that of wild-

type. So Trp-143 in subunit II is likely to be the electron entry site to CcO. In these

prm ey
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two mutants, the electron transfer rates from Cc to Cu, are comparable to the overall
turnover of the enzyme, suggesting that Cu, is the solo initial electron acceptor in CcO.
In the C-terminus of subunit II, Trp-143 is surrounded by residues E148, E157,

D195 and D214, which have been identified to be important in binding Cc. This
arrangement may enable the heme edge of Cc to be in close contact with Trp-143,
facilitating rapid electron transfer between them. In the recent collaboration with
Victoria Roberts at the Scripps Institute, we have also found that one of the most
energetically favorable orientations for Cc, predicted from the computational docking
experiment, also places the heme edge of Cc within 5.0 A of Trp-143, which is in
agreement with the mutational study results. But the preliminary docking study
cannot address the charge-charge interaction issue. A theoretical calculation done by P.
Dutton at the University of Pennsylvania also places Trp-143 in the middle of the
electron transfer pathway. All these results confirm the importance of Trp-143 in
transfer electron from Cc to CcO. In Dutton’s calculation, beside Trp-143, the other
residues around Trp-143, like Tyr-144 and Tyr-159, have also been identified to be
located at the electron entry “patch” to CcO. Further studies are required to test his

theory.
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