e Y

S s




1%
.
~ 002
-

AN ENE

LIBRARY
Michigan State
University

This is to certify that the
dissertation entitled

PROTON AND WATER EXIT IN CYTOCHROME C OXIDASE

presented by
BRYAN JACOB SCHMIDT

has been accepted towards fulfillment
of the requirements for the

Ph.D. degree in Biochemistry and Molecular
Biology and Chemistry

S, Forgergon - Y0l

mjor Professor’s Signature

/ 00=s

Date

MSU is an Affirmative Action/Equal Opportunity Institution



PLACE IN RETURN BOX to remove this checkout from your record.
TO AVOID FINES return on or before date due.
MAY BE RECALLED with earlier due date if requested.

DATE DUE DATE DUE DATE DUE

6/01 c/CIRC/DateDue.p65-p.15




PRO




PROTON AND WATER EXIT IN CYTOCHROME C OXIDASE

By

Bryan Jacob Schmidt

A DISSERTATION

Submitted to
Michigan State Unversity
in partial fulfillment of the requirements
for the degree of

DOCTOR OF PHILOSOPHY

Department of Biochemistry and Molecular Biology

Department of Chemistry

2003



An
understand

redox activ

outside of
Water moy
Mn of deu
electron )
access of y
With D.Q,
Used for y
um over E

H:PO‘ Wy

Fu
ﬂUOreSCen
deu[eﬂurn
ﬂUOresCen

¥ noreq



ABSTRACT

PROTON AND WATER EXIT IN CYTOCHROME C OXIDASE
By
Bryan Jacob Schmidt

An understanding of proton and water exit is essential for a complete
understanding of the mechanism of cytochrome ¢ oxidase (CcO). Using the non-
redox active Mn site of cytochrome ¢ oxidase as a probe, water access from the
outside of the enzyme and water escape from the buried active site were studied.
Water movement was time-resolved by monitoring the magnetic interaction with
Mn of deuterium or the oxygen isotope '’O, by using a rapid freeze-quench —
electron spin echo envelope modulation (ESEEM) technique. Rapid millisecond
access of water from the bulk phase to the Mn was demonstrated by mixing CcO
with D,O or with H2'7O. To determine whether a channel involving the Mn was
used for water exit from the active site, samples incubated in '’O, were allowed to
turn over approximately 5 times before freezing. The '’O, now in the form of

H2'7O, was detected at the Mn.

Further definition of the exit channel was provided by similar analysis of a
fluorescently labeled arginine mutant, R234C. This mutant showed unaltered
deuterium exchange from the bulk when unlabeled, but after labeling with
fluorescein maleimide a substantial decrease in the millisecond exchange of D,0

was noted. Additionally, exchange of bulk deuterium at the Mn site was hindered
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while the wild-type enzyme was actively turning over. These data together suggest
that there is a defined water exit channel that leads from the buried Mn to the bulk
solvent along a pathway that is composed of the subunit I/Il interface and ending

near R234.

Regulation of proton and water exit on the external side of the enzyme was
suggested by a mutation of an external histidine, H93, to a cysteine and an
asparagine. This residue is not the specific site of proton exit, as shown by normal
proton pumping stoichiometry of the mutants and a lowered kinetic isotope effect.
Inhibition of activity at low pH of these mutants and the specific labeling of the
H93C mutant with fluorescein maleimide only when cytochrome ¢ was bound show
this residue is involved in a conformational change during turnover that regulates

enzyme activity.

While the proton exit pathway is not yet defined, we have established a
water exit pathway and have evidence for conformational control of the exit

pathways.
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I._The electron transport chain

The primary electron transport chain, found in the inner mitochondrial
membrane of eukaryotes and the plasma membrane of many prokaryotes, transfers
electrons from NADH or FADH to molecular oxygen and uses the energy released
from this process to create a chemiosmotic gradient by pumping protons across the
mitochondrial membrane for eukaryotes, or the plasma membrane for prokaryotes.
The chain consists of four separate complexes (see Figure 1.1): NADH
dehydrogenase (Complex I), succinate dehydrogenase (Complex II), cytochrome bc,

(Complex III), and cytochrome ¢ oxidase (Complex IV).

Oxidation of NADH occurs through complex I, which contains an FMN
moiety, several FeS clusters, and possibly one or more bound ubisemiquinones. The
two electrons taken from NADH are transferred through these redox centers to carry
out the two-electron reduction of free ubiquinone to ubiquinol. During this transfer,
four protons are pumped across the membrane: two protons for each electron that is

transferred.

Reduction of ubiquinone also occurs through Complex II, which
contains several FeS clusters and a b-type heme, and uses the electrons from
succinate oxidation by a tightly bound FAD cofactor to carry out the two-electron
reduction of free ubiquinone to ubiquinol. Due to the higher redox potential of
FADH compared to NADH, the reaction carried out by complex II does not have

enough energy to pump protons across the membrane. However, this provides a point






Cytochrome ¢

a3
fite succinate fumarate

NADH NAD*

Complex I Complex IT Complex ITT Complex IV Complex V
(NADH (Succinate (BC1 Complex) (Cytochrome ¢ (ATP Synthase)
Dehydrogenase)  Dehydrogenase) Oxidase)

Figure 1.1: The mitochondrial respiratory chain. The structures represent the
crystallographically defined structure of each enzyme (Bushnell et al., 1990; Iverson
etal., 1999; Iwata et al., 1998; Stock et al., 1999; Svensson-Ek et al., 2002), with the
exception of Complex I, which is an electron microscopically defined structure
(Bottcher et al., 2002). All structures are of relative size, with the exception of
Complex I, which is reduced from its relative size for illustration purposes. This
figure is a modification of a figure courtesy of Dr. Denise Mills. Images in this
dissertation are presented in color.
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for entry into the electron transport chain for relatively high potential electrons.

The reduced quinone pool created by both complex I and complex II
(and other flavin-linked dehydrogenases) is oxidized by cytochrome bc, (Complex
III). The bc,; complex, as its name implies, contains both b- and c-type hemes, as well
as an FeS center. Electron transfer is bifurcated in this complex, with one of the
electrons from ubiquinol passing through the low-spin heme b to the high-spin heme
b, ultimately to reduce an internally located ubiquinone. The other electron is
donated to the FeS center and on to the membrane bound heme ¢,. This is the
forward branch of the reaction, with cytochrome c; donating its electron to the soluble
cytochrome c. This process gives rise to the quinone cycle, in which quinol is
oxidized and deprotonated on one side of the membrane and rereduced and
reprotonated on the other side, giving the overall result of translocation of protons

across the membrane.

The soluble cytochrome ¢ then diffuses to cytochrome ¢ oxidase (CcO),
where it donates its electron. Electrons in CcO are passed through a copper center
(Cua) and an a-type heme (heme a), to the binuclear active site composed of another
a-type heme (heme a;) and a copper ion (Cug). With four separate cytochrome ¢
binding events, the four-electron reduction of molecular oxygen to water is catalyzed,
utilizing four protons. In addition, four protons are pumped across the membrane
during this cycle, resulting in eight protons taken up by the enzyme for each oxygen

molecule that is reduced to two water molecules.

All of the complexes of the electron transport chain, with the exception
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of complex II, hamness the energy released by transferring electrons to a site with
higher redox potential to pump protons across the membrane, creating an
electrochemical gradient across the membrane. This gradient is then used by the
other member of the respiratory chain, ATP synthase (Complex V) which releases the
stored energy by transporting protons down their chemical and potential gradient to

drive the synthesis of ATP, the main energy source for the cell.

High-resolution crystal structures have been obtained for all of these
enzymes (Abrahams et al., 1994; Iverson et al., 1999; Iwata et al., 1995; Tsukihara et
al., 1995; Xia et al., 1997), with the exception of complex I (Bottcher et al., 2002)
(Figure 1.1). However, the atomic detail provided by these structures has yet to
reveal the mechanism of energy transformation by cytochrome ¢ oxidase, due in part
to the inability to see subatomic particles crystallographically, but also due to the
inability to obtain crystal structures of different intermediates of the enzyme at high
resolution, which would likely reveal conformational changes and water
rearrangement required for protons to move unidirectionally against a pH gradient. A
full understanding of the mechanism of the structure/function relationships associated
with these processes will further our understanding not only of the energetics of

biological systems, but also of bioenergetically related diseases and aging.

II. The role of spectroscopy in the history of understanding cytochrome ¢

oxidase

1. Visible and UV spectroscopy

The first mention of the enzyme that would eventually come to be
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known as cytochrome c oxidase was reported by MacMunn in 1886 (MacMunn,
1886). At that time, he reported on a respiratory pigment, capable of changing its
oxidation state, that he called myohaematin (when extracted from muscle cells) or
histohaematin (when isolated from other cell types). It was characterized by four
absorption bands in the visible spectrum when reduced. MacMunn's discovery was
generally discredited, though, as nothing more than hemoglobin at various depths in
the tissue or hemoglobin derivatives. This topic was not revisited again until 1925,
when studies undertaken by Keilin proved not only that the compound identified by
MacMunn was distinct from hemoglobin, but also that it was very widely distributed
(Keilin, 1925). Keilin also pointed out that this pigment was in fact composed of
three distinct chromophores, though he still believed these three chromophores to

reside in the same enzyme.

Keilin renamed the compound cytochrome, meaning “cellular pigment”,
and described its visible spectral characteristics. The three chromophores he detected
were differentiated based on how red their absorbance band was: the most red band
(furthest from the ultraviolet) being referred to as a, the second as b, and the third as
c. He also noted an additional band, to the blue of ¢, but speculated this band had the
same origin as band ¢, and hence referred to the primary bands of each chromophore
as the a-band, and the second band associated with a chromophore as the B-band. As
it was discovered that each of these a-B band pairs was associated with an
independent enzyme that could be isolated, they became known as cytochromes a, b
and c, based on their characteristic a-band absorbance. Another band was eventually
noticed in the extreme violet region (400-450 nm) of the spectrum, and was referred

to as the y-band. However, as suggested in 1899 by Gamgee (Gamgee, 1899), this
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eventually became known as the Soret band, in reference to the French scientist who

developed quartz oculars that allowed observation in this region (Soret, 1878).

After the rediscovery of cytochromes by Keilin, it was noted that
cytochromes were involved in the oxidation of various substances in the cell. It was
Keilin again, this time with Hartree, that noted the sole attribute they could ascribe
directly to this oxidase was the oxidation of cytochrome c and the uptake of O,
(Keilin, 1938). Hence, they proposed this enzyme be referred to as cytochrome
oxidase. The very next year, Hartree and Keilin presented evidence for the existence
of another cytochrome (Keilin and Hartree, 1939), whose spectrum was fused with
that of cytochrome a, which they called cytochrome a;. They demonstrated that it
was intimately linked with cytochrome a and was explicitly involved in the activity of
cytochrome oxidase. They also noted, based on spectral shifts, that it was
cytochrome a; that, when in its reduced state, bound CO, and when in its oxidized

state, bound various other lethal compounds, such as KCN, sodium azide and H,S.

2. Electron paramagnetic resonance (EPR) spectroscopy

The characteristic UV-visible spectral signatures of the different hemes
when oxidized, reduced, or with an exogenous ligand bound, has proven to be the
most widely used method for examining the structure and function of cytochrome ¢
oxidase (CcO). But other techniques were also developed that allowed further
investigation of the enzyme. Magnetic resonance spectroscopy, in particular electron
spin resonance (ESR or EPR), became the next method of choice in examining the
metals of CcO. While EPR has also been used to further probe the hemes (Aasa et

al., 1976; Hartzell and Beinert, 1974), its most significant use has been in the study of
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the copper site, Cua. Though the presence of copper was first detected in CcO in
1959 (Sands and Beinert, 1959), the stoichiometry of copper was highly debated.
Once it was resolved that CcO had two copper sites (Beinert et al., 1962), one that
was detectable by EPR (Cu,a) and another undetectable one, magnetically coupled to
the heme a3 (Cug), the focus became the number of copper ions in the Cu, site. EPR
eventually clarified that the Cu, site was composed of a spin-delocalized dinuclear

copper center (Kroneck et al., 1989; Kroneck et al., 1990).

Lately there has been a resurgence of EPR spectroscopy of CcO, this
time looking for a catalytically relevant organic radical (Chen et al., 1999; MacMillan
et al., 1999; Rich et al., 2002; Rigby et al., 2000) and monitoring changes in the non-
catalytic Mg site that can be replaced with the paramagnetic ion Mn. A tyrosine
residue cross-linked to a histidine ligand of Cug is suggested to be oxidized to a
radical during the catalytic cycle of CcO (Proshlyakov et al., 1998). Several groups
have tried to produce CcO in an intermediate state in which such a radical would be
predicted to exist and to be visible by EPR. Unfortunately, due to the presence at the
active site of the heme a3 and Cug, which are paramagnetic and strongly coupled, it is
unlikely that any radical formed in the active site would be unaffected by these two
other spins and remain visible by EPR. While some groups have detected an EPR-
active radical that they propose is catalytically relevant (MacMillan et al., 1999;
Rigby et al., 2000), it is most likely an artifact of the highly oxidizing hydrogen
peroxide used to generate the sample (Rich et al., 2002). Chemical approaches to this
question have also been made with some success (Proshlyakov et al., 2000). Studies

on the Mg/Mn site will be discussed in chapters two and three.
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3. Resonance Raman spectroscopy

With the general spectral composition and characteristics of CcO
reasonably well determined with magnetic and UV-visible spectroscopy, more
advanced spectroscopic techniques became prevalent in the 1980s to obtain specific
information on the reaction mechanism. Raman spectroscopy is an advanced optical
spectroscopy that observes frequency shifts of laser light scattered off a sample.
Resonance Raman is a more refined version of this technique that relies on specific
excitation of a chromophore by the laser light, enhancing the signal to give detailed
information only on the environment of the excited chromophore. This technique has
been used extensively (Han et al., 1990a; Han et al., 1990b; Kitagawa, 2000;
Proshlyakov et al., 1994; Proshlyakov et al., 1996) to study the intermediates of the

reaction cycle (see section I11.2)

4. High resolution x-ray crystallography

The next advance in the study of CcO was the atomic resolution x-ray
crystal structures that were originally determined in 1995 for CcO from bovine
(Tsukihara et al., 1995) and the bacterium Paraccocus denitrificans (Iwata et al.,
1995) and in 2002 for the CcO from the bacterium Rhodobacter sphaeroides
(Svensson-Ek et al., 2002). While many of the details of the metal sites had already
been accurately determined by UV-visible, EPR and Raman spectroscopies and site-
directed mutagenesis, the crystal structure provided much needed verification and
precise structural detail, creating a platform for more incisive analysis of proton and
water movement in the enzyme. Upon examination of the first crystal structures, two
aqueous channels that lead from the bottom of the enzyme to the interior, which had

been indicated by mutagenesis (Fetter et al., 1995; Thomas et al., 1993), were clearly
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visible (Tsukihara et al., 1996) and later established to be proton channels. Recent
work, including the work presented here, has used the structure to propose water and
proton exit pathways. The crystal structures of CcO from diverse sources, the
mammalian oxidase (from bovine heart) and two bacteria (P. denitrificans and R.
sphaeroides), allows for comparative structural analysis and focusing of functional
analysis and mutagenesis to the regions of structure that are conserved between

species.

S. Fourier transform infrared (FTIR) spectroscopy

The latest spectroscopy to be used extensively in the analysis of CcO has
been infrared spectroscopy. FTIR is an information rich spectroscopy, providing
knowledge of all bond vibrations in a molecule that lead to a change in the electronic
dipole moment. The extensive amount of information carried in an FTIR spectrum
has been the reason for its limited use in large proteins like CcO; there is too much
absorption to detect and assign specific bands to specific residues. In order to limit
the information obtained, a difference spectrum must be taken. Due to small and
complex spectral band changes and difficulty in preparing identical samples, it is not
feasible to make a difference spectrum of two different samples. Hence, FTIR on
large proteins has been restricted to looking at light-induced changes, such as those
induced by photolysis of CO in a CO inhibited enzyme (Alben et al., 1982; Miller and
Chance, 1994; Moody et al., 1995). Two new techniques have recently been
introduced to alleviate this restriction. The use of optically-transparent, thin-layer
electrodes allows one to electrochemically reduce and oxidize a sample kept in the
same FTIR cell by means of a potentiostat (Behr et al., 1998; Hellwig et al., 1998;

Hellwig et al., 1999). Alternatively, one can use an FTIR spectrometer based on
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attenuated total reflection (ATR) in which the IR radiation is reflected back before it
penetrates all the way through the sample layer, but still contains the absorption
pattern of the sample (Iwaki et al., 2003; Nyquist et al., 2001; Nyquist et al., 2003).
Hence, various buffers can be flowed over the sample, resulting in different redox

states or liganding states of the enzyme without otherwise affecting the sample.

6. Rapid kinetic spectroscopy

While all the static spectroscopies provide useful information about the
structure of the enzyme and its stable intermediates, as with all enzymes CcO is not
static. It rapidly transfers protons, electrons, dioxygen and water, carries out a
chemical reaction, and drives a thermodynamically unfavorable process (the pumping
of protons against a gradient). The challenge in the case of CcO is not just the diverse
processes being carried out, but also the speed of the reactions: overall turnover
occurs in a millisecond or less and individual steps in the microsecond time frame.
Thus, to get information about the catalytic function of CcO, kinetics must be
introduced to spectroscopic experiments. The introduction of kinetic resolution has
mainly been achieved in UV-visible spectroscopy by two different methods. The
first, used extensively to determine the mechanics of the oxygen chemistry and
examine unstable intermediates, is called the flow-flash technique (Adelroth et al.,
1995; Karpefors et al., 1998). This relies upon binding CO to a reduced binuclear
center and the ability to photodissociate the CO with a short laser pulse. The fully
reduced CcO is incubated with CO anaerobically, and then the excess CO is removed.
The poisoned CcO is then rapidly mixed with oxygenated buffer and pushed into a
cuvette. Just after the probe light is started, the CO is flashed off and the entire

reaction can be observed, with a resolution of nanoseconds. The other kinetic UV-
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visible spectroscopy used is stopped-flow spectroscopy. In this technique, the sample
(i.e., CcO) is rapidly mixed with the reactant (i.e., reduced cytochrome c) and pushed
into a cuvette, where recording takes place. When observing only a single
wavelength or using a sensitive charge-coupled diode (CCD) detector, this technique
can have microsecond resolution if very special mixing methods are used (Szundi et
al., 2001a; Szundi et al., 2001b; Van Eps et al., 2003). However, most stopped-flow
methods involve millisecond mixing times, but allow for an entire spectrum to be
collected with millisecond resolution. This technique has been used extensively for
measuring proton pumping of CcO in artificial lipid vesicles (Antonini et al., 1993;

Hiser et al., 2001).

IIl. The current understanding of cytochrome c oxidase function

1. Overall structure and subunit composition

The cytochrome c oxidase from R. sphaeroides has a high degree of
similarity to its mammalian counterpart but has fewer subunits, making it an ideal
system for studying the function of CcO (Figure 1.2) (Hosler et al., 1992). The
Rhodobacter CcO is now known to be composed of four subunits (compared to
thirteen in the mammalian enzyme) and several metal cofactors (Figure 1.3). Subunit
I is the largest subunit, with 12 transmembrane helices, and contains heme a, the
binuclear active site of heme a3 and Cug, as well as a non-redox active calcium. The
role for this Ca®" is currently unknown (Lee et al., 2002). Subunit II has the largest
hydrophilic domain of the protein and only two transmembrane helices; it contains
the initial electron acceptor, the dinuclear Cu, center. Subunit III consists of seven

transmembrane helices and contains no metal centers. The function of this subunit is

12
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Rhodobacter sphaeroides Bovine heart
CcO CcO

Figure 1.2: Comparison of bacterial and mammalian CcO structures. The
bacterial CcO structure from R. sph ides (left) i bunits that are highly
similar to the core three subunits of bovine CcO (right), shown in yellow, green and
orange. They both contain the same spatial alignment of the redox active metal
cofactors (hemes a and a3 shown in red, Cua and Cug shown in bright green).
Rhodob CcO ins an additional subunit isting of a single
transmembrane helix (not seen in this view). Bovine CcO contains an additional 10
subunits, shown in gray. This figure is a modification of a figure courtesy of Dr.
Warwick Hillier.




Figure 1.3: Overall structure and composition of R. sphaeroides CcO. Diagram
of the four subunit structure of R. sphaeroides cytochrome ¢ oxidase showing two
well-defined proton uptake paths, the D (red) and K (blue) paths. The 3 redox active
centers are labeled: the binuclear Cu, center where electrons enter, heme a, and the
heme a3/Cug active site where oxygen chemistry occurs. The two non-redox metal
sites, Ca and Mg, are also shown. The backbone structures of subunit I (cyan), II
(red), I1I (magenta) and IV (orange) are shown. This figure is a reproduction from

(Mills and Ferguson-Miller, 2003).
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currently unknown, but its removal affects proton movement in the protein and causes
suicide inactivation of the enzyme as it turns over. Subunit IV is a short, one
transmembrane helix that was only discovered when the enzyme was first
crystallized. Its association with the other subunits appears to be made mainly
through embedded lipid molecules, and its function is currently unknown. There is
one additional non-redox active metal, a Mg2+ that is located between subunits I and
I, just above the heme a3 propionates (Espe et al., 1995; Hosler et al., 1995). The
role of this additional metal is unknown, though it has been postulated to serve in a
structural role, maintaining the alignment of subunits I and II relative to each other
(Florens et al., 1999). Additionally, the proximity of this metal to the active site
suggests it may also serve some other, more direct role in proper enzyme function or

its control.

2. The oxygen chemistry

The spectroscopies discussed above have been employed to gain a detailed
understanding of CcO function, and particularly to elucidate the oxygen chemistry that
CcO catalyzes. While there still remain a few details that are in question, a specific
model for the oxygen chemistry carried out by CcO is now generally accepted (Figure
1.4). Electrons enter CcO from cytochrome ¢ through the dinuclear Cu, site and from
there are transferred to heme a and eventually on to Cug (intermediate E). When a
second electron is injected, the electron is transferred to heme a; (intermediate R), and
the doubly reduced binuclear center binds oxygen (intermediate A). The oxygen bond is
rapidly cleaved at this point, using two electrons from the heme a; to form a ferryl-oxo
and one electron from Cug to form a cuprous hydroxide. If a fourth electron is not

immediately available, an electron is taken from a nearby amino acid residue, most likely
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Oxidized (O) Reduced by 1e' (E)  Reduced by 2¢ (R)

Cu b~ 1- .
Ly Cu, Cu,*
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Figure 1.4: The oxygen chemistry catalytic cycle carried out by CcO. The first
electron received is delivered to the active site, with the uptake of a proton, allowing
the release of a hydroxyl ligand as water and resulting in the unstable intermediate E.
The second electron also proceeds to the binuclear center, accompanied by a proton,
to allow the second hydroxyl ligand to be released as water and yield intermediate R.
Oxygen rapidly binds at this point and forms intermediate A. Intermediate A
spontaneously degrades to intermediate P, where electrons from the two metal centers
at the binuclear site, as well as a proton and electron donated from the nearby tyrosine
288 (Y), form a ferryl-oxo, a cupric hydroxide and a neutral tyrosyl radical. Injection
of the third electron yields intermediate F, with the electron, again accompanied by
proton uptake, regenerating the tyrosine. The injection of the fourth electron and
accompanying proton reduces the ferryl-oxo to a ferric hydroxide, regenerating the
oxidized state O. The four protons that are pumped are not shown since the steps
involved are not yet known. This figure is a modification of a figure courtesy of Dr.
Denise Mills.
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Y288. This state is referred to as the P (for peroxy) intermediate, even though it is
now apparent that there is no actual peroxy state of the oxygen. When a third
electron is injected, it reduces the amino acid radical back to its stable state
(intermediate F, for ferryl-oxo). Finally, a fourth cytochrome ¢ injects the last
electron to return the enzyme to its oxidized state, leaving a hydroxyl on both the

heme a3 and Cus.

3. Proton pumping

Proton movement in CcO is not as well understood as the oxygen
chemistry, as studies have largely been limited to indirect observations based on
mutagenesis and pH sensitive dyes in the external medium and analysis of the static
crystal structures. However, these techniques have been successful in defining two
proton intake channels (Figure 1.5). One, called the K-path because of a conserved
lysine (K362) in the channel, leads from the bulk directly to the heme a;-Cug site. Its
termination at the site where oxygen chemistry is carried out has led to the
understanding that the K-path is used only for substrate proton delivery (Adelroth et
al., 1998; Pecoraro et al., 2001; Zaslavsky and Gennis, 1998). The second, called the
D-path because of a conserved aspartate (D132) found near the entrance of the
channel, leads from the surface, through a series of polar amino acid residues and
embedded water molecules, to a conserved glutamate (E286) that is positioned
between and slightly below the two hemes. The pathway is not defined past this
glutamate. It is proposed to be involved in transferring all pumped protons, as well as
some substrate protons (Adelroth et al., 1996; Adelroth et al., 1998; Pecoraro et al.,
2001; Zaslavsky and Gennis, 1998). An additional proton pathway for pumped

protons, termed the H channel, has also been proposed based on the crystal structure
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Figure 1.5: Proton uptake pathways. Residues involved in the two channels
demonstrated to be used in proton uptake; the D path (in red) and the K path (in blue)
are shown, as well as residues from the proposed H path (in yellow). Residues
proposed to be important in proton exit are shown in purple. This figure is a
modification of a figure in (Mills and Ferguson-Miller, 2002).
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of the bovine CcO (Tsukihara et al., 1996; Yoshikawa et al., 1998a; Yoshikawa et al.,
2000). While there are proponents of the functionality of this pathway, mutagenesis
studies of the amino acid residues proposed to define this channel (Lee et al., 2000)
and the lack of conservation of essential residues across species, indicate that this
pathway is not likely to be a universal proton-pumping channel. While the K path is
proposed to deliver only substrate protons, the H channel only pumped protons and
the D path is proposed to deliver both pumped and substrate protons, there is no
conclusive evidence yet as to how many protons are supplied by each pathway and at

what points in the reaction cycle they are used.

4. Exit for pumped protons and product water

There are few proposals for possible routes of pumped protons between
E286 and the protein surface (Florens et al., 1999; Michel, 1998; Papa et al., 1998;
Puustinen and Wikstrom, 1999), or for exit of product water (Backgren et al., 2000;
Florens et al., 1999; Zheng et al., 2003). Several suggest that pumped protons
transfer from E286 to the propionates of the hemes, and from there move into the
bulk phase through the extensive hydrogen bonded network found in this external
region of the protein (Figure 1.6). While zinc inhibition on the outside of the enzyme
suggests there is a specific site for proton exit, there is little evidence defining exact

routes from the propionates to the protein surface.

Water exit through the enzyme is considered vital for proper enzyme
function (Kornblatt, 1998), but there are very few suggestions for specific exit routes
for the water produced at the active site to reach the bulk (Backgren et al., 2000,

Zheng et al., 2003). Due to the high fluidity of water in proteins (Dwyer et al., 2000;
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Figure 1.6: Hydrogen-bonded network above the heme propionates. The
hydrogen bonding between amino acid residues and water molecules provides a
potential pathway for proton exit from the protein. Due to the exten<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>