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Abstract

Every organism contains a respiratory chain that enables it to convert the energy
obtained from food molecules into adenosine triphosphate (ATP), the universal energy
currency which drives a multitude of life-giving biochemical reactions. A typical
respiratory chain contains a series of integral membrane protein complexes that produce a
transmembrane proton gradient as a result of sequential electron transfers through these
complexes. The energy stored in this proton gradient, a biological battery, is utilized to
synthesize ATP. In the oxygenic respiratory process functioning in mitochondria,
dioxygen is fully reduced to water by the cytochrome ¢ oxidase (CcO) complex. This
molecular machine couples the highly exergonic reduction of dioxygen to the pumping of
protons against a transmembrane electrochemical gradient. Another structurally similar
enzyme, the cytochrome bo; complex from Escherichia coli, catalyzes the reduction of
dioxygen to water using the same heme-copper dioxygen activating site and also
catalyzes the translocation of protons. However, whereas the electron donor for the CcO
complex is the water-soluble one-electron carrier cytochrome c, two-electron-donating
ubiquinol molecules within the lipid bilayer input electrons into the cytochrome bo;
complex. The dramatically different electron input mechanisms dictated by these
electron-donating substrates led to the hypothesis that the proton translocation
machineries for these two terminal oxidases are completely disparate. Based on the
available data, it is concluded that the cytochrome bo; complex translocates protons via a
quinone(quinol)-loop (Q(H,)-loop) mechanism. In a Q(H,)-loop proton translocation
mechanism, proton uptake/release follows electron input to/output from two Q(H,)
binding sites and protein conformational cycling is not required. On the other hand, the
more complicated redox-linked proton pump of the CcO complex functions by forcing
protons through the protein matrix as a result of a series of conformational
rearrangements and is successful only through careful control of both electron and proton

transfer reactions. This thesis focuses on deciphering the proton translocation capabilities
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of these two enzymes and contrasts the simplicity of a Q(H,)-loop mechanism with the

more evolutionarily advanced CcO proton pump.



vii

Contents

Chapter 1: The Superfamily of Ubiquinol and Cytochrome ¢ Terminal

Oxidase Complexes

The Cytochrome ¢ Oxidase COmMPIEX ......ccocveveerrienienienrenieireere et 4
Dioxygen ChemiSIIY .....cccoceevuerireeirrieiieeieieiriee e esee e 11
Electron Transfer Kinetics ........ccccevveeuevieveerienenineceieneesiecre e 14
The Cytochrome 503 COMPIEX .....c.ccoveiruermevirririeirienieieete e ee et sre s eneasens 18
An Oxidase Superfamily ........ccccoceveereriiiniinienieieesertee et 22
THESTS OO wovnmmmssnvessmsss s s s i 558355 mramssnnmamnnsnnrs 25
Chapter 2: The Thermodynamics of Redox Linkage ..............c.ccccveveuvreennnennnn. 27
Thermodynamics of the Catalytic Cycle ........cccoceevvivinniienieniiniesienieeeee 30
Requirements of a Redox-Linked Proton Pump ......ccccccoeeeeveviiienennicncne. 33
Briergetics of Redox LINKAGE wesnmmummmsasmmssesasssiis v 34
Concluding REmMArKS ........cccceiriiiiiiiieeiieieeiee ettt e e e ve e 40
Chapter 3: Uncompetitive Substrate Inhibition and Noncompetitive
Inhibition by UHDBT and NQNO is Observed for the Cytochrome bo;
ComplexImplications for a Q(H,)-loop Proton Translocation Mechanism ............. 42
Expenimental Proeeiures. wewssasremmsmmmmswnssresmssormssrssermaspesoos 44
TRBAIBITIS, ... cmmmoemncmmsonsmsmmsmemirson b 555 A, 75 G5 SRR 44
Protein PurifiCation .........cccoeeceeieieeiniiericecicciecece et 46
EXtiINCHON COBETICIBINE ....ooouncunnambososiing onsin s 06 458 5 8a358 65045 45550 46
ABTIVIYT ABNAY s sesmsamssesnsmos vossss soommses s s s SPESE SoEsoss 47
TANTEHIE IVEIABT ... it mnmmmmmnn 620055650008 S i i S A S5 49



viii

SIS S TR Y ot S P S S R G AT |
SISSErEtE TOMRIIEIN o e ansssisies snams susmmmmmmmmmssrssessyspssssisssensmsmsas cmpmsssiopmaprn 51
Inhibition by NQNO and UHDBT ......cccceoiminmiieneeeeecieeeeeeeeieeenens 53
The Ubiquino] Binding SIE8. ... s smnsssaronsossnssnssesssnsnsssssansssannesmsassntasass 55
The Mechanism of Proton Translocation ...........ccceeeeeeveeeesieeveesienuenenen. 60
Energetics of the TUMMOVEr CYCIE ... wsmmemmmsssssssossonsmasnsminsussnmanssass 63

Concluding ReMATKS ......c.coveeiierieienieieiteeseeeteee e eeteeesasesae e e e s ereereeanaes 64

Chapter 4: 35 GHz ENDOR and 9.2 GHz EPR of the SB-12 Heat-treated
Cytochrome ¢ Oxidase COmMPIEX...........cccoceerrieierrienieriecieeeeeeeee e eteeseeeesaeeaeneeees 66

Bxpeiitiieital PIOCBINIES - o comomissepmsnsaxpos susuomsensiusssssrtsmmms s saiaisssiinssas e assniinis 71
Enzyme POrificalion cavasmssmmmosssmessesmmsmsssssmsmsssassemassssassasampsnssms 71
Concentration and ACtIVIY ASSAYS .....eeeeuerrueereerierieereeeenseeesmneeeseesseenees T2
SB-12 Heat- EAMNENE commssmssmsssumsmmssnssrmso s s s s s 72
Snbunif H-Aepletion «omesmmmiemmmiirmmarsmsniintsimigsyiomss 73
EICCTOPIOIESIS ..ovoncomsssossuosussnnsnsnsssosasnssnsrisssesmms censsss s hian ssssionss amseinon 73
9110 eu (301751 R 74
TIAUE ADAIYEIE «yvrnnnsnsosmiovnsssamsnsensusssssssesssarsssssssssesssssssssssmsssassssusssess suss s 74

27T | OO O P — 75
Development of a Type-II Copper EPR Signal .........cccooeiieeiiinninnen. 75
VR EIRIDIOR, 1 ssmse s iessspmsemsssmeess e s s 80
AN ENDOR ....oooommeeemmmmreesssssesesssesessssesssssssssssssssesessssssesessssssssssanes 81

DISCUBSION 1 sexevrormsossssrmenssssussssnssssnbosestonmssnesss sxssesmamsnnsmssssesass s s sk i Sud a5 sx G RRSERTHS 84

Concliding REMIMKS .. ciomunmmsmosissssmsrmmsmmmmsssmsmmsmssirsassasmasssesind 154 88



X

Chapter 5: The Role of Subunit III in Proton Translocation ......................cocoooo..... 90
Experimental PrOCEAUIES ........c.c.coiriririninierieeeeieieeteteeee e 96
I BICLIAIS ruscess s s mmsmmmssns o s st 45558 rmnmam s s amemsmns 96
Spectroscopic MEthods .........ceueeeeeeerienieieiieiiereieeeeee e 97
NCD-4 Modification of the CcO COmMPIEX .....ooveuveveeieeeeeeeeeeeeeeeeeeenne 97
Reconstitution of the CcO COmPIEX ......cceeeveereeeeviieeieeceeeeeeeeeeeeeeenes 98
Fluorescence QUENCHIAD ... sssiimisimmmmmsimormmmmermmsemsmrmsssssssassrass 99
RESUILS ..ttt ettt eae e seeae e ens 100
NCD-4 Labeling of the CcO Complex .......cocoeeererecvereiiererceeeerenne 100
DCCD Inhibition of NCD-4 Labeling of the CcO Complex .................. 102
Fluorescence Quenching of NCD-4-COVSs.......ccoevuivveevecreeeeeeceeeennen. 103
I ASTISSTOIN, xnmoirnssesmvsesissonsesse oot 0650 nses £ Wi 5 S SRS AR5 Bk mi s 105
Concluding REmMArKS .......c..coueiuiriniiiiniiiieiieeieeie ettt 110
Chapter 6: Further Insights into the Thermodynamics of Redox Linkage............ 12
BB TR R SO — 115
An Indirectly-coupled Cupy Model .......c.cccovieriiiiniiniiiieiiicienceeceecseeceeee 117
The CcO Complex as a Faraday BoX ......cccccvivviiieiiiiiiiniiiieieeieeeeeeie e 121
Thermodynamics of the Indirectly-coupled Cupy Model .........ccccoceveruieeneucnnne. 122
Implications of this Thermodynamic Model ........c.cccccoceieviriiinniciieinneninennecen. 127
The Complete TUNOVET CYCIE ......oouiiiiiiiiiiniieeecnieeecieent e 131
Coneluding Bemarks «owossemmmsmmemsmmmomssmsmsssss s ot s e 133
Chapter 7: Evolution of the Cytochrome ¢ Oxidase Proton Pump ......................... 135

The Beginning of LIfe .....coouiiiiiiiiiiiiiiiiiieciicciiiitiir et 137



The Advent Of RESPILAHDN ..osismsmmensmninsssssssssmmms i sin s smmmnsismsss 139
Evolution of the Cytochrome ¢ Oxidase COmMPIEX ......ccceerervueeeienereeenieneannen. 141
Denittification BUZYINES . msssmsss o vsmsmsssoss s mamssss s 144
Construction of an EvOlutionary TIEE ........ccccevererrieriienirceieeieeseseeeseeeeevee e 144
CONEINAINGE RETATKS «cummssavnmmasvisnassssnsommsssssisnn s s asss s s s wism 149

LAtEratulre CIEALIOMS ...o.uneeneeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeereseeeeeteneeseeeeessenssesnseasseesassannnsesnnnnnnnnss 151



X1

Abbreviations and Nomenclature

AN
ATP
ADP

B
Brij-35
CCCP
CcO

COVs

DCCD
DDM
DMF
DOXYL-
DTT
EDTA
ENDOR
EPR

EXAFS

&N
HQNO

K-phos

hyperfine coupling constant

adenosine triphosphate

adenosine diphosphate

magnetic field strength

polyoxyethylene 23 lauryl ether
carbonyl cyanide, m-chlorophenyl hydrozone
cytochrome c¢ oxidase, specifically the mitochondrial aa;-type enzyme
cardiolipin

CcO vesicles

continuous-wave
dicyclohexylcarbodiimide
n-dodecyl-B-D-maltoside
dimethylformamide
4,4-dimethyl-3-oxazolinyloxy-
dithiothreitol
ethylenediaminetetraacetate

electron nuclear double resonance
electron paramagnetic resonance
electron transfer

extended X-ray absorption fine structure
fully-reduced

nuclear g-value
2-n-heptyl-4-hydroxyquinoline-N-oxide
Planck's constant

nuclear spin

KzI‘lPO 4/KH 2PO4 buffer



MCD
Me-UHDBT
MV,

MW

NAD™
NADH
NADP*
NADPH
Na-phos
NCCD
NCD-4
NCD-4-CcO
NCD-4-COVs
NCET
NCPP

NMR

NOR

N,OR
NQNO

PC

xii
magnetic circular dichroism
5-n-undecyl-6-methoxy-4,7-dioxobenzothiazole
two-electron reduced mixed-valence
molecular weight
nicotinamide adenine dinucleotide (oxidized)
nicotinamide adenine dinucleotide (reduced)
nicotinamide adenine dinucleotide phosphate (oxidized)
nicotinamide adenine dinucleotide phosphate (reduced)
Na,HPO,/NaH,PO, buffer
N-(2,2,6,6-tetramethylpiperidyl-1-oxyl)-N'-cyclohexylcarbodiimide
N-cyclohexyl-N'-(4-dimethylamino- a-napthyl)carbodiimide
NCD-4 labeled CcO
NCD-4-CcO vesicles
nuclear coordinate associated with electron transfer
nuclear coordinate associated with the proton pump
nuclear magnetic resonance
nitric oxide reductase
nitrous oxide reductase
2-n-nonyl-4-hydroxyquinoline-N-oxide
L-a-phosphatidylcholine
L-o-phosphatidylethanolamine
inorganic phosphate
quadrupole coupling constant
inorganic pyrophosphate
p-(hydroxymercuri)benzoate
proton motive force

respiratory control ratio



RR
TEMPO
TR3
SB-12
SDS
SDS-PAGE
Tris
Tris-HCI
UHDBT
UQ,(H,)
UuQ,
UQ,H,
UQo

B
Ay

VN

Xiii
resonance Raman
2,2,6,6-tetramethyl-1-piperidine-N-oxyl
time-resolved resonance Raman
sulfobetaine 12
sodium dodecyl sulfate
sodium dodecy! sulfate-polyacrylamide gel electrophoresis
tris(hydroxymethyl)aminomethane
tris(hydroxymethyl)aminomethane hydrochloride
5-n-undecyl-6-hydroxy-4,7-dioxobenzothiazole
ubiquinone(ol)-n
ubiquinone-n
ubiquinol-n
ubiquinol oxidase, specifically the cytochrome bo; complex from
Escherichia coli
nuclear magneton
transmembrane electric potential

nuclear Larmor frequency



Chapter 1

The Superfamily of Ubiquinol and Cytochrome c
Terminal Oxidase Complexes
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Every organism requires energy to drive its life-giving processes. The controlled
breakdown of food molecules through multiple biochemical pathways into simpler, less
energy-rich molecules is thus common to the simplest bacterium as well as to the
multitude of evolutionarily advanced eukaryotes that inhabit our planet. In some
situations, adenosine triphosphate (ATP), the most prevalent ubiquitous cellular energy
currency, is directly produced from biochemical degradation reactions. In other cases,
energy is stored in the strong reducing agents nicotinamide adenine dinucleotide (NADH)
or nicotinamide adenine dinucleotide phosphate (NADPH). A currency exchange
mechanism converts most of the NADH molecules produced into ATP for use in the
cell's many energy-requiring reactions. On the other hand, NADPH serves almost
exclusively as an electron donor (hydride ion donor) in reductive biosyntheses.
Interestingly, the exchange-rate of the NADH currency exchange is not the same in all
organisms. In fact, in some bacteria, the exchange-rate can vary during the organism's
life-time depending on a number of environmental factors. However, the currency
exchange process is basically identical throughout the living world: a series of integral
membrane protein complexes convert energy stored in NADH molecules into a
transmembrane proton gradient. Another protein complex in the same membrane couples
the collapse of this proton gradient to the synthesis of ATP.12 This thesis focuses on a
few of the enzyme complexes which generate this proton gradient.

The mitochondria of eukaryotic cells are ATP-generating factories. The outer
membrane of mitochondria is quite permeable to small molecules due to the presence of
porin, a transmembrane protein with a large pore that allows passage of solute molecules
up to about 10 kDa. The inner membrane, however, is quite impermeable and is able to
support a proton gradient in which the interior of the mitochondrium (matrix) is about
one pH unit higher than the outside cytosolic medium. This proton gradient results from
the turnover chemistry of three integral membrane protein complexes: the NADH de-

hydrogenase complex, the cytochrome bc; (ubiquinol:cytochrome ¢ oxidoreductase)
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complex and the cytochrome ¢ oxidase (cytochrome aaz) complex. The FyF;-ATPase
complex controls the collapse of this proton gradient and uses the free energy released by
this process to synthesize ATP from adenosine diphosphate (ADP) and inorganic
phosphate (P;). Electrons from the succinate — fumarate step of the citric acid cycle
enter the respiratory chain through the succinate:ubiquinone oxidoreductase complex and
therefore also contribute to proton gradient formation. This series of enzyme complexes
is termed the respiratory chain and the process of energy conversion is termed oxidative
phosphorylation (Figure 1.1). In general, bacteria contain simpler versions of these
enzyme complexes. However, bacteria do not have mitochondria. Instead, the
respiratory protein complexes are found in the plasma (inner) membrane and protons are
pumped out of the bacterial cytoplasm. In fact, the first mitochondrium is thought to

have arisen when one bacterium enveloped another and a symbiotic relationship

o + +
NADH — NAD* + H 0, + 4H"—=2H,0 §

succinate — fumarate

ADP + P, —= ATP

COMPLEX I COMPLEX I COMPLEX I COMPLEX IV COMPLEX V
NADH Dehydrogenase  Succinate:Ubiquinone Cytochrome bc,; Cytochrome ¢ FyF; -ATPase
Complex Oxidoreductase Complex Complex Oxidase Complex Complex

Figure 1.1 Schematic of the electron transport chain of oxidative phosphorylation located in the inner
membrane of mitochondria. Electrons enter (from NADH and succinate) and exit (donated to dioxygen)
the chain on the matrix side of the membrane. Complexes I, III, and IV produce the proton gradient used
by complex V to synthesize ATP.
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developed. Bacteria have a dizzying number of variations on the respiratory chain theme.
Some variations are minor, e.g. a slightly different prosthetic group in one of the protein
complexes. Other differences are major, e.g. the oxidation-reduction chemistry carried
out by two eukaryotic protein complexes may be accomplished by a single bacterial
enzyme. In fact, the overall chemistry itself may be different. Typically, the high-energy
electrons found on NADH are transported through the respiratory chain and ultimately
end up reducing dioxygen to water. But a number of bacteria have modified respiratory
chains and can grow anaerobically using nitrate or elemental sulfur as the terminal
electron acceptor.># There is usually a clear structural relatedness amongst the proteins
of the many different bacterial respiratory chains investigated thus far. Yet the details of
enzyme function are not so easily compared since deciphering the complicated turnover
mechanisms of these enzymes has proved to be quite a challenging endeavor. The work
described here investigates the details of the proton translocation mechanisms of two

structurally related families of terminal oxidase complexes.

The Cytochrome ¢ Oxidase Complex

The aas-type cytochrome ¢ oxidase (CcO) complex, the terminal electron transport
protein complex of the respiratory chain in eukaryotes and some prokaryotes, catalyzes
the reduction of dioxygen to water using electrons input from ferrocytochrome c. This
enzyme is a complicated integral membrane protein, both structurally and functionally.
Its subunit composition has been found to vary from only two or three subunits in
bacteria to as many as 13 different subunits in mammals. Three redox active metal
centers are found in this metalloprotein: cytochrome a and the binuclear Cu, center
(both one-electron acceptors) mediate electron transfer (ET) to the heme a;-Cug
binuclear site (a two-electron acceptor) where dioxygen is activated and reduced. The
heme A chromophore (Figure 1.2) of cytochromes a and a3 are unusual in biological

systems as it is only found in terminal oxidase complexes. It is not understood why



-Cys (protein)

-Cys (protein)

Heme O Heme C

Figure 1.2 A comparison of the four hemes discussed in this thesis. Note that variations in the heme A
and heme O hydroxyethylfarnesyl substituent have been found in various bacterial species. 3 Isolated heme
structures are indicated by upper-case letters (hemes A, B, C, O), whereas when the corresponding hemes
are within their natural proteinaceous surroundings, the term cytochrome is applied and italic lower-case
letters are used (cytochromes a, b, ¢, 0). A further distinction is sometimes necessary when only the heme
macrocycle of a particular cytochrome is under discussion. Hence, whereas the term cytochrome
encompasses the heme and immediate surrounding protein matrix thus identifying a general region of the
protein (e.g., reduction potential of cytochrome a), the term heme and italic lower-case letters (hemes a, b,
¢, 0) are used when the heme macrocycle is being referred to (e.g., the ligation of heme a). In addition, the
low-spin heme, which is unreactive towards extraneous ligands, is denoted without subscript, yet following
the classical terminology of the mitochondrial CcO complex, the dioxygen-binding heme is denoted with
the subscript 3 (hemes a3 and 03). -

nature uses this heme moiety.” Non-redox active metal ions have also been found (e.g.
Mg and Zn) but their role is largely uncertain. Under physiological conditions, the

mammalian enzyme is thought to be a dimer and has a maximum molecular weight of
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approximately 400 kDa, although in vitro both the dimer and the monomer are competent

in mediating ET and O, reduction. The many additional subunits of the mammalian

enzyme do not serve any obvious purpose and are usually assigned a regulatory and/or

assembly role. While these additional subunits may also contribute to the structural

integrity of the enzyme, there is no evidence that the bacterial enzymes are any less stable

than their mammalian counterparts. %812

Two crystal structures of the CcO complex were recently reported simultaneously in

Nature and Science. In one case, the four-subunit Paracoccus denitrificans enzyme was

cocrystallized with an antibody F, fragment.!3 Astonishingly, Yoshikawa and coworkers

Figure 1.3 A schematic representation of metal site location in the
beef heart cytochrome ¢ oxidase complex. The molecular surface is
defined with the electron density map at 5 A resolution. The
transmembrane portion has an approximate thickness of 48 A whereas
the protrusions into the cytosolic (top) and matrix (bottom) side
hydrophilic phases are 32 and 37 A, respectively. The three metals,
Fe,, Fey3 and Cup, are located at the same level, 13 A below the
cytosolic membrane surface. The Cup center is 8 A above this
membrane surface level, whereas the Mg ion is approximately at this
membrane surface level. The distances of Cup-Fe,, Cup-Feg,s3,
Cua-Mg, Fey3-Fe,, and Feg3-Mg are 19, 22, 9, 14 and 15 A

respectively. Reproduced from Tsukihara and coworkers!# with minor
modifications.

were able obtain well-
diffracting crystals of the
entire 13-subunit bovine
enzyme.!* Both structures
are reported to a resolution
of 2.8 A. A low resolution
map of the bovine enzyme
showing the approximate
location of the lipid bilayer
is shown in Figure 1.3. A
close-up view showing the
orientation of the redox
centers without interference
from the polypeptide matrix
is shown in Figure 1.4.
While the structures in and
of themselves are major

accomplishments due to the
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fact that the structure of very few membrane proteins have been determined and since,
especially in the case of the bovine enzyme, the structures are quite complex, the
predictions from biophysical studies have been surprisingly accurate.

Subunit I, the largest subunit of the CcO complex, contains two of the three redox

active metal centers, namely, cytochrome a and the heme a;-Cug binuclear site. By
assuming a purely dipolar interaction between nitrosylferrocytochrome a3 and CuB2+ spin
centers, the distance between the two metallic centers of the binuclear site was estimated
as 3-5 A from electron paramagnetic
resonance (EPR) studies.!5:16 This
distance was determined to be 3-4 A by
extended X-ray absorption fine
structure (EXAFS) spectroscopy. 1720
For comparison, the X-ray diffraction
determined distance is 4.5-5.2 A. The
close physical relationship between the
two metal ions of the heme a;-Cug
binuclear site results in strong

exchange and dipolar interactions as

well as modulation of the axial and
rhombic zero-field splittings of the

Figure 1.4 Redox centers and the magnesium ion in the
heme in the oxidized enzyme.ZI As the cytochrome ¢ oxidase complex. Reproduced from

Tsukihara and coworkers. !4
reduction of dioxygen occurs at this
binuclear site, it is thought that the proximity of the two metallic centers is important for

the productive activation of dioxygen and the subsequent catalyzed reduction. In other
EPR studies, the distance between heme a and the heme a3;-Cug binuclear center was

estimated to be about 14 10\,22'26 whereas the heme a — Cu, distance was found to be

about 10 A.1527:28 The heme a — binuclear center distance prediction was very accurate,
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yet the EPR determined heme a — Cu, distance is inaccurate (19 A in the crystal
structures). The discrepancy arises from the mononuclear Cu, structure assumed, and
hence, the neglect of electron exchange in the mixed-valence binuclear Cu , center when
interpreting the EPR data. It was not known at the time of the EPR experiments that the
Cu, center was actually a binuclear copper center.

Resonance Raman (RR), EPR, electron nuclear double resonance (ENDOR),
magnetic circular dichroism (MCD), Mssbauer and EXAFS spectroscopies have all been
applied to the study of the redox centers in the CcO complex. The data revealed that
heme a is six-coordinate, low-spin and heme a; is predominently five-coordinate, high-
spin in the oxidized enzyme. However, there is at least some heterogeneity in
coordination number and spin state assignment in the case of heme @;.2°30 Two
histidines were assigned as the fifth and sixth ligands of heme a and another histidine as
the fifth ligand of heme a;.31*> The Cup ion was predicted to be coordinated by at least
three histidine ligands.!7-19-20:36.37 A comparison of cytochrome aa;-type subunit I
sequences from over 30 species reveals that there are seven strictly conserved histidine
residues. Hydrophobicity calculations placed six of these histidines in transmembrane
helices yet located in the outer leaflet of the membrane bilayer. This location of these
histidines was somewhat surprising as, historically, the heme a;-Cug binuclear center was
assumed to be close to the interior side of the membrane since the protons involved in the
dioxygen reduction process are derived from the inner aqueous phase. These
hydrophobicity calculations and sequence comparisons lead investigators to isolate
histidine mutants of the Rhodobacter sphaeroides cytochrome ¢ oxidase complex.
Fourier-transform infra-red (FTIR), RR and optical absorption spectroscopy indicated
that His®' and His®’® (bovine numbering) ligate to the low-spin heme, His 376 ligates to
the high-spin heme, and His*°, His?>*, and His*! coordinate to Cup.383° All of these
ligand assignments were confirmed as accurate by the recent crystal structures. The use

of a consensus sequence from the many sequences known for subunits I, IT and III for
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transmembrane helix prediction proved to be highly accurate in positioning the

helices.®13

Subunit II contains the third redox active metal center, the Cu A site, which, like
cytochrome a, mediates electron flow from ferrocytochrome ¢ to the heme a;-Cug
binuclear center. This copper center gives rise to an unusual EPR signal in that both the
copper hyperfine splittings and the g-values are quite small; thus, its ligand structure has
been the subject of intense study and speculation for a number of years. MCD
experiments revealed a metal-ligand charge transfer transition that can only arise from a
coordinated cysteine thiol* and ENDOR experiments indicated that at least two
histidines and one cysteine are ligands to Cu,.*#? In fact, ENDOR spectroscopy
suggested that two cysteines are involved in copper coordination in a highly symmetric
ligation structure.*> Experiments using EXAFS spectroscopy suggested two (N, O)-type
ligands and two (S, Cl)-type ligands for the Cuy site.>® Of subunits I, II, and III, the core
subunits, the only conserved cysteines are in subunit II. A comparison of cytochrome
aas-type subunit II sequences from over 50 species reveals that there are only two strictly
conserved cysteines (Cys196 and Cyszoo). In addition, His'®! and His?* are the only two
strictly conserved histidines.® Thus, for a long time, the Cu, center was modeled as a
single copper ion coordinated by two histidines and two cysteines.** The "extra" copper
typically found in CcO preparations had bothered investigators for a long time, however.
Kroneck and coworkers' hypothesis that the Cu, site actually is a mixed-valence,
binuclear copper center® provided a solution to this problem. This hypothesis therefore
quickly lead to a number of experiments designed to distinguish between a mononuclear
or binuclear structure. It turned out that a binuclear structure is more consistent with the
data.*-54 Almost identical Cu-(N, O) and Cu-(S, CI) bond distances for both the CcO and
Pseudomonas stutzeri nitrous oxide reductase (N,OR) complexes are obtained from
EXAFS spectroscopy.*® In addition, the Cu 4 binding region of CcO subunit II is similar

to a stretch of sequence in the N,OR complex (CXXXCXXXHXXM).’? The two
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enzymes have absorption peaks in the near IR: the N,OR complex at about 800 nm4® and
the CcO complex at about 830 nm (attributed to the Cu 4 site).5> Finally, the MCD46:53
and EPR*734 spectra for the two enzymes are surprisingly similar. Since four ligands (the
two Cys and two His residues discussed above) are insufficient to stably ligate two
copper ions, investigators postulated that the highly conserved Met??’ of subunit II is a

copper ligand in a number of proposed

Met 207
structures for the Cuy site.’8 The actual

X-ray determined structure of the Cup
center (Figure 1.5) turned out to be a
combination of these proposed models and

the five ligand predictions (two Cys, two

His 204 Glu 198

His, and Met) all were accurate (there is an

additional ligand in the crystal structure - a

Figure 1.5 Crystal structure of the Cuyp site.

backbone carbonyl). Electron spin echo 14

Reproduced from Tsukihara and coworkers.
envelope modulation (ESEEM) studies?

indicated that the minimum distance between the Cu, center and the protein-aqueous
interface is about 5 A also in agreement with the crystal structure.

Studies with monoclonal antibodies have indicated that subunit II provides a major
contribution to the cytochrome c binding site.®® Cytochrome c¢ crosslinking experiments
have demonstrated that carboxylic acid residues on the CcO complex mediate the
cytochrome ¢-CcO transient complex formation through electrostatic attraction to lysines
on the surface of cytochrome c¢.16* These data suggested that the Cu, center is the
initial acceptor of electrons from ferrocytochrome c, a conclusion that has been
confirmed by transient ET studies (see below).

A big surprise of the bovine crystal structure is the presence of the Mg binding site in

the middle of all the action, i.e. very near the redox centers. The prevailing view had

been that the Mg was bound to subunit IV and was required for regulatory binding of
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ATP.%567 TInstead, the Mg is bound at the interface of subunits I and II. Its purpose is

still a mystery, but it may play an important role in conformational communication.

Dioxygen Chemistry

Details of the four-electron reduction of dioxygen catalyzed by the CcO complex are
of particular interest because the electrons involved in the reduction process are donated
individually to the enzyme and are transferred in a precisely controlled manner to the
dioxygen molecule without the release of highly reactive and toxic intermediates. The
electronic structure of the various intermediates formed during the catalytic cycle have
been characterized by a wide variety of spectroscopic techniques including RR, EPR,
EXAFS, Mossbauer, and optical absorption spectroscopy. %871

The current consensus on the dioxygen reduction mechanism is shown in Figure 1.6.
Electrons from two molecules of ferrocytochrome c¢ fully reduce the heme a;-Cup
binuclear center before dioxygen binds to the protein to form compound A.
Redistribution of the electron density in this hemoglobin-like dioxygen adduct results in
formation of a peroxidic adduct, compound C. In the hands of some investigators,
compound C is stable for over an hour at pH 8.8-9.0 in the absence of additional reducing
equivalents.”? Under physiological conditions, however, a third electron results in
formation of a cupric hydroperoxide species.”?> Immediate cleavage of the O-O bond
follows and electron redistribution occurs yielding a fairly stable species that has been
assigned an oxyferryl heme a;/cupric Cug structure on the basis of a wealth of
spectroscopic data (EPR,7475 RR,767 Mossbauer, 3 and EXAFS2081). Further reduction
by the fourth electron results in the "pulsed" enzyme and the complete reduction of
molecular oxygen to water. All of the protons necessary for this dioxygen reduction
process originate on the matrix side of the membrane.®? The role of Cup in the dioxygen

chemistry is still not completely clear. Although one of the oxygen atoms must become a

ligand to Cug upon formation of the cupric hydroperoxide intermediate, it is likely that
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Figure 1.6 Current view of the dioxygen chemistry catalyzed by the CcO complex.
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Cug interacts with other intermediates (e.g. the peroxidic intermediate) in some fashion
due to its proximity to the dioxygen binding heme; however, the extent of such
interactions is still unresolved.

A few of these intermediates can also be formed by the reaction of the enzyme with
H,0,. Incubation of the enzyme with stoichiometric amounts (or a slight excess) of
H,0, yields compound C. Under conditions of excess peroxide, compound C is reduced
by H,O0, resulting in the formation of the superoxide radical anion (O, ) and the
oxyferryl adduct.8> Both of these intermediates are easily characterized by optical
difference spectroscopy.’>8 In addition, it has been shown that the catalytic cycle of the
CcO complex can be partially reversed by poising mitochondria in a highly oxidizing
environment and adding high concentrations of ATP. Two species are formed, dubbed P
and F, which are spectroscopically indistinguishable from the compound C and oxyferryl
intermediates, respectively, resulting from reaction of the enzyme with H,0,. These data
provide strong confirming evidence for the intermediates involved in the dioxygen
reduction cycle. 8588

Although much of the dioxygen chemistry has been worked out by low temperature
trapping of the intermediates and through study of fairly homogeneous populations of the
various intermediates, many of these intermediates have also been observed transiently
under physiological conditions. By utilizing flow-flash technology in combination with
RR or optical absorption instrumentation, various groups have recently been able to
monitor the partial or full turnover cycle of the enzyme as well as specifically observing
how one intermediate evolves into the next under ambient conditions (see next section).
In general, in these experiments, the enzyme is initially partially- or fully-reduced and
carbon monoxide is bound to heme a3 to inhibit turnover in the presence of molecular
oxygen. The reaction is then initiated by photolysis of the CO ligand from the enzyme
and the reaction of dioxygen with the enzyme is monitored spectroscopically. In this

manner, optical absorption and RR spectroscopies have been used to confirm the
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presence of the compound A,768%-98 compound C,7897 oxyferryl,’¢-7® and hydroxyl”®
intermediates during the reduction of dioxygen.

Transient RR experiments indicate that compound A has characteristic Fe-O,
stretching modes similar to oxyhemoglobin and oxymyoglobin indicating, in fact, that
there is little interaction with Cug.?® Furthermore, there is little change in the RR
spectrum upon conversion from compound A to compound C suggesting that compound
A is best described as a ferric-superoxide complex rather than as a ferrous-dioxygen

complex.?’

In this scenario, then, compound C is not formed via a concerted
two-electron reduction of dioxygen; rather, compound A evolves into compound C upon
transfer of one electron to the ferric heme a3-superoxide adduct. Little is known about
the stability of compound A in the absence of additional reducing equivalents. However,
continuing the analogy with oxyhemoglobin and oxymyoglobin, which are necessarily
stable due to their dioxygen transport function, it is not expected that significant release
of the toxic superoxide anion occurs from compound A. On the other hand, since the
CcO complex catalyzes the reduction of dioxgen to water, a decidedly different function

from that of the dioxygen transport proteins, alternative chemistry may be utilized to

prevent release of superoxide anion from compound A.6

Electron Transfer Kinetics

The dioxygen reduction chemistry of the CcO complex is only one aspect of the
enzyme's complexity. The highly exergonic dioxygen reduction reactions are coupled to
the translocation of protons against both a transmembrane electrical and pH gradient.
To understand the manner in which the dioxygen chemistry is linked to the proton
pumping function of the enzyme, it is essential to know the details of both the
intermolecular ET from cytochrome ¢ to the enzyme as well as the intramolecular ET
from the various redox centers of the protein to dioxygen. It has been known for a long

time that electrons from ferrocytochrome ¢ enter the CcO complex at cytochrome a and
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Cup and are subsequently transferred to the heme a3-Cug binuclear site where the
dioxygen chemistry takes place. Recent extensive effort has been put forward by a
number of groups to understand the details of these electron transfers.
The first step in enzyme turnover has been studied using several types of
photo-initiated reduction systems and it has been found that the initial ET from

ferrocytochrome ¢ to cytochrome a in the fully-oxidized CcO complex obeys Michaelis-

Menten kinetics:99-101

k
1
Cyt c?* + (CcO),, Cyt c?*:(CcO),, (1.1)
k.
2 kcat
Cyt ¢**:(CcO),, By Cyt c* +(CcO) oy (12)

By the nature of these transient experiments (~ 2-3% of ferrocytochrome c is transiently
reduced), the second reaction becomes rate-limiting as [CcO],, is increased. Thus, the

kinetics are adequately described by:

_ kcat[cco] ox
Kobs =K +[CcO] (3

where K is the Michaelis constant, E%kcat . In these experiments, K, is found to be
9-19 uM,%%-101 in reasonable agreement with values determined from steady-state
experiments. 102103 In addition, k., is reported as 1500-2600 s™; that is, inter-protein ET
within the ferrocytochrome c-CcO complex occurs in 380-670 ps.?>-101 These values of
k.o and K indicate that k; is at least 1 x 108 M! s"!. The majority of transient
experiments have emphasized electron input to the fully-oxidized enzyme.

It was initially thought that the immediate electron acceptor from ferrocytochrome ¢

was cytochrome a.70-99:104-107 Studies performed on the Cu,-depleted enzyme show a

significantly decreased electron input rate (k., = 740 s”!) but similar K, (20 uM),
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however, and implicate Cu, as the immediate electron acceptor from cytochrome c.!0!
Studies on the CO-photolyzed fully-reduced mammalian enzyme!%8-111 and on the P.
denitrificans resting enzyme!!? also favor Cu, as the initial electron acceptor from
cytochrome c. These results make sense in light of the recently determined crystal
structures. The Cu, center is located within about 10 A of the protein-aqueous interface
in an extramembranous domain, whereas the other redox centers are more deeply buried
within the protein's interior. Thus, the Cu, center serves as a rapid ET conduit to the
hydrophobic recesses of the protein.

After input of the first electron from cytochrome c to Cu 4, there is a rapid electron
equilibration between cytochrome a and Cu,. This equilibration has been reported to
occur within 50-170 ps.10%:113-116 At the one-electron reduced state of the enzyme,
further ET from cytochrome a to the heme a3-Cug binuclear center does not occur or
occurs at a very slow rate (~ 1 s), as demonstrated by transient kinetic studies.!17-118

Stopped-flow and steady-state experiments provide evidence that the input of a
second electron into the CcO complex triggers a conformational transition, which allows
rapid two-electron reduction of the heme a;-Cug binuclear center. While little is known
about the two-electron transfer from cytochrome a and Cu 4 to the dioxygen binding site
upon input of a second electron to the enzyme, there is some evidence that although the
ET is not concerted, both ETs occur in rapid succession.!!® Upon reduction of both
cytochrome a and Cu ,, the enzyme converts from the "closed" (slow cyanide binding
form) to the "open" (rapid cyanide binding form) conformation; 212! this conformational
transition is postulated to be mechanistically coupled to the proton pump function of the

enzyme.'?? In addition, the argument has been made that reduction of both cytochrome a

and Cuy results in the removal (or reduction) of the reorganizational barrier to ET thus
promoting fast ET to the heme a;-Cug binuclear site.!?3 This rapid internal ET to the
dioxygen binding site triggered by a two-electron reduction of the CcO complex is

thought to occur in both the "resting" and "pulsed" conformations!!” and may be
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important physiologically. Since two electrons are simultaneously available for dioxygen
reduction, the dioxygen molecule can be trapped as a peroxy adduct (compound C)
thereby minimizing the release of the toxic superoxide anion from the compound A
intermediate. Note, however, that the conclusion that the "closed" to "open" conversion
occurs after two-electron reduction of the enzyme has recently been challenged; Wilson
and coworkers'?4 find that the "closed" to "open" conversion occurs after only a
one-electron reduction of the enzyme.

Time-resolved resonance Raman (TR3) spectroscopy has been used to study the
reaction of dioxygen with the heme a;-Cup binuclear center in real time by observing the
CO-photolyzed MV, (two-electron reduced mixed-valence) and FR (fully-reduced)
enzyme in the presence of dioxygen. In both cases, there is clear evidence for the
compound A intermediate about 10 ps after photolysis of CO.?>% These data agree with
stopped-flow flash photolysis studies on the CO-photolyzed enzyme which found that the
primary oxygen intermediate forms with a second order rate constant of about 1 X 108
M 15719196125 [ ater oxygen intermediates have also been detected by TR3 studies of
the reaction of CO-photolyzed MV, or FR enzyme with dioxygen. For the MV, enzyme,
compound A disappears in about 220-290 ps®>798 whereas for the FR enzyme, this
decay occurs in about 30 p1s.”> When beginning with the MV , enzyme, compound C is as
far as dioxygen reduction can proceed, and thus, this intermediate lives for a long time
(~ 150 5).°7 For the CO-photolyzed FR enzyme, however, the oxyferryl intermediate
appears in 500-800 ps (estimated) 77 and full oxidation occurs in 1-2 ms (estimated).”

In addition to the above Raman experiments, the outcome of photolysis of the
CO-bound CcO complex has been studied by transient absorption spectroscopy. Whereas
in Raman spectroscopy, the dioxygen intermediates are recognized by diagnostic
resonance frequencies, interpreting optical data is more complex because the optical
transitions are less defined and result in overlapping signals. On the other hand, one is

able to monitor the oxidation state of three of the four redox centers (all but Cup),
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therefore allowing more explicit interpretion of the ET reactions. The transient
absorption studies on the CO-photolyzed enzyme indicate that compound A forms in
about 10 ps, compound C in 30-50 ps (FR)/100-170 ps (MV,), the oxyferryl in
100-170 ps, and full oxidation of the CcO complex occurs in 1-1.3 ms.?1:96.116,125-127 [y
general, these results agree with the Raman data with the exception of the decay of
compound C (500-800 ps vs. 100-170 ps). One explanation is that the transient
absorption measurements monitor the oxidation of heme a in the compound C
intermediate (100-170 ps) whereas the electronic, structural and/or nuclear rearrangement
of the reduced peroxy adduct to form the oxyferryl is observed in the TR3 experiments
(500-800 ps).

There is some concern over the physiological relevance of the CO-photolyzed FR
enzyme and the subsequent ET reactions. For example, the binding of CO to Cug* can
potentially interfere with the binding of dioxygen to heme a;2*.128-132 In addition, there
is concern over the physiological relevance of the FR enzyme itself, i.e. it is not expected
that the enzyme becomes fully-reduced before reaction with dioxygen to form compound
A under physiological conditions. It has been found that reaction of the FR enzyme with
dioxygen in a stopped-flow apparatus and reaction of the FR enzyme with dioxygen after
CO photolysis do not yield identical conformers.!33-135  The difference in the two
methods are not apparent in the first 120 us after reaction initiation, however.!3¢ These
issues are discussed more fully by Musser and coworkers.® It is clear, however, that there
are problems with the CO-flash technique and the ET events observed have to be

interpreted cautiously.

The Cytochrome bo Complex
The cytochrome bo; (abbreviated "UQO" for "ubiquinol oxidase") complex, a
terminal oxidase found in Escherichia coli, catalyzes the two-electron oxidation of

ubiquinol-8 and the four-electron reduction of dioxygen to water.'*”1° In addition, it
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has been shown that part of the free energy of dioxygen reduction is stored by
UQO-mediated translocation of protons across the cytoplasmic membrane.!40-141
Functionally, the UQO complex combines the chemistry mediated by the cytochrome bc;
and CcO complexes (Figure 1.7); structurally, however, this enzyme more closely
resembles the CcO complex. To summarize, similarities between the UQO and CcO
complexes include: (1) subunit sequence similarity;!3° (2) the presence of one low-spin
(six-coordinate) and one high-spin (five-coordinate) heme;!4%:143 (3) exchange coupling
between the high-spin heme and a copper ion (heme-copper binuclear site) in the resting
enzyme; (4) heme-heme interaction and alignment of these hemes with respect to the

bilayer normal;!44-146

and (5) the capability to couple dioxygen reduction to the
translocation of protons across a membrane. 40141 The major differences include: (1)
one heme B and one heme O (bo3) versus two hemes A (aaz) (note that it has been found
that the low-spin heme B of the UQO complex can be replaced by a heme O with little
effect on the activity of the enzyme); 147 (2) one copper site (boz) versus two copper sites
(aaz) (the UQO complex lacks the unusual g = 2 EPR signal arising from the Cu 4 site of
the CcO complexes); and (3) the different physiological substrates, ubiquinol-8 (bo3)!3®
versus ferrocytochrome c(aas).

The purified UQO complex contains stoichiometric amounts of four polypeptides
which are encoded by the cyoABCDE operon.!® The cyoB gene product is homologous
to subunit I of the cytochrome ¢ oxidase complexes; there exists 37% sequence identity
between the subunits I of the cytochrome bo; and the Paracoccus denitrificans
cytochrome aa; complexes.!> The six histidines responsible for redox center ligation in
the cytochrome ¢ oxidase complexes are positionally conserved in the UQO complex.
Site-directed mutagenesis has revealed that these histidines ligate the corresponding
redox centers in the UQO complex.314%-151  In addition, the amino acid sequence
around the ligands of the binuclear site is highly conserved.!%13 In conjunction with the

biophysical studies noted above, it appears that the three-dimensional structures of



20

periplasm
igiciaisiviis

selscae
cytoplasm

cytochrome bo,; complex

cytochrome ¢
H +
intermembrane
space

S
@

cytochrome aa; complex  cytochrome bc, complex

Figure 1.7 Schematic of the chemistry catalyzed by the cytochrome bo,, bc; and aa; complexes. Both
ubiquinol-8 (QH,) and ubiquinone-8 (Q) are extremely hydrophobic and therefore remain in the lipid
bilayer.
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subunit I of the two oxidases are quite similar. As a result, it is generally agreed that the
dioxygen chemistry of the two enzymes is very similar if not identical (recent data reveal
different proton transfer characteristics during dioxygen reduction for the two enzymes,
however!>*). In essence, the "catalytic core" (i.e. subunit I and its associated redox
centers) is a highly conserved motif for dioxygen activation and reduction.

The similarity between the other subunits of these terminal oxidase complexes is not
nearly as high as that for their respective subunit I sequences. Subunit II (the cyoA gene
product) of the UQO complex lacks the two histidines and two cysteines which are
ligands for the Cu, site in cytochrome aa; complexes, but otherwise has a similar
hydropathy profile. Not surprisingly, conserved residues which have been implicated in
the binding of cytochrome c to the cytochrome ¢ oxidase complexes (Asp158, Glu!*® -
bovine numbering) are absent in the subunit II sequence of the UQO complex. Sequence
identity between subunit II of the P. denitrificans cytochrome aa; and cytochrome bos
complexes is only 10%. The cyoC gene product (subunit IIT) shows slightly greater
sequence identity with subunit III of the P. denitrificans cytochrome aaz complex (23%)
yet two transmembrane helices found at the N-terminus of subunit III of the cytochrome ¢
oxidase complexes are missing in subunit III of the UQO complex. These missing
helices are found at the C-terminus of subunit I of the UQO complex. 139153

Due to the similarities between the ubiquinol and cytochrome ¢ terminal oxidase
complexes, some investigators have mutated up to six residues in a fragment of subunit II
from the UQO complex in an attempt to create a Cu, site>>>! and thus more easily study
this unusual copper site. Specifically, the two cysteines and two histidines ligating the
Cuy, site in the cytochrome ¢ oxidase complexes but missing from the analogous
positions in subunit II of the UQO complex were introduced into the appropriate
positions of the cloned fragment. A soluble fragment of subunit II from the P.
denitrificans CcO complex has been expressed in E. coli.*® The Cu,-like EPR spectra

obtained in these experiments suggest that the polypeptide folding of the soluble portion
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of subunit II for the ubiquinol and cytochrome ¢ oxidase complexes are similar.

An Oxidase Superfamily

The many similarities between the E. coli cytochrome bo; complex and the aaz-type
cytochrome ¢ oxidase complexes led to the recognition of a superfamily of terminal
oxidase complexes related in structure and function (Table 1.1). This superfamily is
divided into two families: the ubiquinol oxidase complexes and the cytochrome ¢ oxidase
complexes. The variations within the families are mainly in the number and type of
hemes present in the various enzymes. In general, all members of this superfamily of
terminal oxidase complexes are thought to translocate protons against a transmembrane
potential gradient (although this has not been proven in all cases) and all appear to
catalyze dioxygen activation and reduction at a heme-copper binuclear center.

As discussed above, electrons are input to the cytochrome ¢ oxidase complexes at the
Cu, site. This redox site is located in the cytoplasmic domain of the enzyme complex.
Additionally, it is noteworthy, that Cu, is the only redox site found in subunit II and
cytochrome ¢ binding residues have been localized on this subunit. Thus, Cu, is
appropriately situated to act as an intermediary acceptor of electrons from aqueous
ferrocytochrome ¢, subsequently donating electrons to the hemes and Cug in the more
hydrophobic recesses of the enzyme in the membrane. In contrast, ubiquinol-8 (UQgH,)
is localized in the hydrophobic interior of the membrane bilayer. Thus, the binding
domain for UQgH, is expected to be in a different three-dimensional location on the
enzyme complex relative to the binding domain for ferrocytochrome ¢. The structural
differences needed to accommodate these different substrate binding sites can be easily
satisfied by appropriate sequence changes. This analysis implies that the Cu 4 site serves
merely to funnel electrons into the "catalytic core." Since UQgH, can approach closer to
the hemes and Cug in subunit I, the intermediary electron acceptor, Cu ,, is unnecessary

and therefore is absent from the ubiquinol oxidase complexes.
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Table 1.1 The Superfamily of Ubiquinol and Cytochrome ¢ Terminal
Oxidase Complexes*

Cu,  Translocates

Type present?®  protons?  hemes ¢ Species Reference(s)

Ubiquinol Oxidase Complexes

bos° no yes no E. coli 139-141,148
ba, no no no  Acetobacter aceti 156,157
bas/bb, no yes no  P. denitrificans 158,159
aas no yes no  Bacillus subtilis 160,161
no ND¢ no  Sulfolobus acidocaldarius ~ 162-165
Cytochrome ¢ Oxidase Complexes
any0 yes yes no
bas yes ND no  Thermus thermophilus 166
caas yes yes 1 T. thermophilus 80,152,167
ND yes 1 Bacillus stearothermophilis 168,169
yes yes 1 thermophilic Bacillus PS3°  170-173
yes ND 1 B. subtilis 160,174,175
cbb; no ND 3 Rhodobacter capsulatus 176,177
no ND 3 Rhodobacter sphaeroides 178

* This table includes the more well-characterized heme-copper oxidase complexes. See Garcia-Horsman
and coworkers 17 for a more expanded listing.
2 The presence or absence of a Cu 5 site has not been definitively confirmed in all cases. A best guess is
made based on the present literature.

This enzyme is expressed as a cytochrome ooz complex with little difference in activity in various
overexpressing strains.
© not determined.

The aa3-type cytochrome ¢ oxidase complex has been isolated from man%r organisms, from bacteria to
mammals. See Musser and coworkers® and Garcia-Horsman and coworkers!’? for reviews.

€ The PS3 enzyme is expressed as a cytochrome caoz complex under air-limited conditions. 180,151
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The ubiquinol and cytochrome ¢ oxidase complexes are clearly similar in both overall
structure and function. However, it has not been settled yet whether the differences
between the two enzymes are minor or whether they give rise to substantially different
mechanisms of ET and proton translocation. Although the dioxygen chemistry of the two
families of enzymes is virtually identical, the electron input mechanisms are necessarily
different as pointed out by Musser and coworkers.!82 The physiological substrate for the
cytochrome ¢ oxidase complexes is the redox protein ferrocytochrome ¢ (MW ~ 12 kDa),
a water-soluble one-electron donor whereas that for the ubiquinol oxidases is the small,
membrane-associated electron carrier ubiquinol-8 (MW < 1 kDa), a very hydrophobic
two-electron donor. As the low-spin heme ET site in these enzymes is a one-electron
acceptor, the ubiquinol oxidase complexes must stabilize the highly reactive
ubisemiquinone intermediate through strong interaction with the enzyme complex. In
contrast, the electron input from ferrocytochrome ¢ can occur through a simple
outer-sphere process.

Quinone(ol) binding proteins often have two binding sites for the quinone(ol)
substrate. For example, photosynthetic reaction centers have a Q 4 site and a Qg site. A
tightly-bound plastoquinone at the Q, site passes electrons sequentially to the Qg site
where a plastoquinone molecule is fully reduced and subsequently diffuses away. The
cytochrome bc; complex utilizes two ubiquinone(ol) (UQ(H,)) binding sites in a very
different manner. Ubiquinol oxidation occurs at the Qp site. The electrons from this
ubiquinol molecule follow two different pathways; one electron eventually reduces
cytochrome ¢ and the other electron is transferred to a ubiquinone molecule bound at the
Qy site. A second cycle of ubiquinol oxidation at the Qp site results in reduction of the
ubisemiquinone now present (and strongly bound) at the Qy site. As the protons released
from the Qp site upon ubiquinol oxidation are released on one side of the membrane and
the protons taken up upon ubiquinone reduction at the Qy site originate from the other

side of the membrane, the cytochrome bc; complex is able to catalyze the formation of a
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proton gradient across the membrane in which it resides. This mechanism of proton
translocation is termed a "Q(H,)-loop" (Figure 1.6).133 The NADH dehydrogenase and
succinate:ubiquinone oxidoreductase complexes also appear to contain two UQ(H,)
binding sites although it is still not clear what functional purpose these binding sites serve
on their respective enzymes. 134187

The presence of two UQ(H,) binding sites can profoundly influence enzyme turnover
and function. It is thus important to establish the number of UQ(H,) binding sites on the
ubiquinol terminal oxidase complexes. Musser and coworkers!82 first suggested the
possibility that there are two UQ(H,) binding sites on these enzymes. In fact, these
investigators postulated that a Q(H,)-loop might be utilized by the ubiquinol oxidase
complexes in order to catalyze proton translocation. Since the ubiquinol terminal oxidase
complexes combine, in effect, the ET chemistry of both the cytochrome bc; and
cytochrome ¢ oxidase complexes, it would not be surprising if the ubiquinol oxidase
complexes shared turnover mechanisms with both of these enzymes. Sato-Watanabe and
coworkers 1# found a strongly bound ubiquinone-8 (UQg) molecule in the as-isolated
UQO complex which could not be easily removed with substrate or inhibitors thereby
confirming the two UQ(H,) binding site hypothesis of Musser and coworkers.!82 These
investigators concluded, however, that the UQO complex contains a UQg molecule that
remains strongly bound to the enzyme during the entire turnover cycle. According to
their interpretation, the strongly bound ubiquinone behaves like the Q, in photosynthetic
reaction centers as a transient electron acceptor. Clearly, the function of the two UQ(H,)
binding sites is crucial to understanding the UQO complex as a whole and critically

influences possible proton translocation models.

Thesis Focus
The high structural similarity between the ubiquinol and cytochrome c¢ terminal

oxidase complexes makes it tempting to search for common motifs in the two families of
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enzymes in order to decipher the nuances of their function. This approach inhibits
investigation of differences between the protein complexes that may in fact be crucial for
understanding their respective functions. In the work described here, it is recognized that
the ubiquinol and cytochrome ¢ terminal oxidase complexes are similar structurally, but
they are different enzymes and their functions must be investigated independently.
Throughout this discussion, the E. coli cytochrome bo; and the (bovine) mitochondrial
cytochrome aa; complexes are considered representative members from the families of
ubiquinol and cytochrome ¢ oxidase complexes. The central theme in these
investigations is the proton translocation capabilities of the two enzymes. In Chapter 2, a
thermodynamic model of the protein conformational rearrangments required to effect
proton pumping in the cytochrome ¢ oxidase complexes is developed. This model
provides an important understanding of the proton pumping reactions on a theoretical
basis that is crucial to understanding chemical models of proton translocation. The
following chapter probes the mode of action of the ubiquinone analogues UHDBT and
NQNO on the steady-state turnover kinetics of the cytochrome bo; complex and contrasts
the complexity of the cytochrome ¢ oxidase proton pump with a simpler Q(H,)-loop
proton translocation mechanism. Chapter 4 focuses on the stability of the Cu, center in
the CcO complex under various conditions and the implications of this stability on a
possibile role for this redox site in the coupling of redox energy to the endergonic proton
pumping reactions. Experiments using a fluorescence analog of the CcO proton pump
inhibitor dicyclohexylcarbodiimide (DCCD) are described in Chapter 5 and the possible
role of subunit III in enzyme function is discussed. In Chapter 6, the thermodynamic
model of redox linkage introduced in Chapter 2 is further developed in order to illustrate
the importance of electron and proton gating mechanisms for prevention of electron leaks
and proton slips. Finally, the argument is made that a primitive ubiquinol terminal
oxidase complex evolved into the more complicated cytochrome bc; and cytochrome ¢

oxidase complexes.
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Chapter 2

The Thermodynamics of Redox Linkage
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The mechanism of dioxygen activation and reduction by the CcO complex is now, in
large part, understood. In addition, the pathways of electron flow through the enzyme for
the various conformers that exist during enzyme turnover and the rates associated with
these processes are slowly becoming clear. But the physiological function of the CcO
complex is much more than to dispose of electrons on dioxygen molecules. A portion of
the free energy released from the highly exergonic reduction of dioxygen is used to drive
the transport of protons from the matrix to the intermembrane space against a
transmembrane electrochemical gradient with an average proton pump stoichiometry of
1H*/e- (Table 2.1). Despite steady progress on this problem over the years, the
molecular mechanism of the proton pumping process has remained elusive. There is still
no consensus on which ET steps are most intimately involved in coupling redox energy to
the proton pump reactions. In fact, each of the four redox centers has been postulated to
play a central role in the proton pump mechanism and fairly detailed models have been
presented for each case.#+12%-189-192 In a]] scenarios, however, it is accepted on faith that
the proton pumping conformational changes are linked to the transfer of redox energy to
the polypeptide fold. In particular, no attempt has been made to assess the energetic
requirements of the proposed conformational changes as they relate to enzyme turnover.
Just such a description of the proton pump is presented in this chapter.

Before proceeding further, it is important to emphasize the distinction between a
redox loop proton translocation mechanism and a redox-linked proton pump. A redox
loop involves a diffusable element that can be protonated or deprotonated depending on
its oxidation state. The reduction/protonation and oxidation/deprotonation reactions
occur at distinct sites, the net result being the transport of protons and electrons from one
site to the other. Ubiquinone(ol) (UQ(H,)) is an example of such a diffusable element.
In the case of the mitochondrial respiratory chain (Figure 1.1), sites of
reduction/protonation occur on the NADH dehydrogenase complex (Complex I) and on

the succinate dehydrogenase complex (Complex II).!°3 Reduction/protonation and
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Table 2.1 H'/e- Ratios for the Native CcO Complex

Cytochrome ¢ Oxidase Sample Approximate H*/e~ Reference(s)
reconstituted beef/ox heart enzyme 0.8-1.1 158,194-201
rat liver mitochondria 0.9 202
P. denitrificans enzyme 1.0 203

(whole cells)

oxidation/deprotonation sites are both found on the cytochrome bc; complex (Complex
IIT) and are denoted the N and P sites, respectively. The N and P sites are an integral part
of the Q(H,)-loop, which is the mechanism utilized by the cytochrome bc; complex to
catalyze the release of two protons into the intermembrane space, instead of one, per
electron transferred to cytochrome ¢, and thus achieve proton translocation via a
diffusable element. 183 In this proton translocation mechanism, the two electrons from a
ubiquinol molecule at the P site are split; one electron is eventually transferred to
cytochrome c¢ and the other is used to reduce a ubiquinone at the N site to a
ubisemiquinone. The cycle repeats itself and the ubisemiquinone at the N site is reduced
to ubiquinol and released from the enzyme complex. The two protons required to form
this ubiquinol molecule are taken up from the matrix, whereas the two molecules of
ubiquinol oxidized at the P site release all four protons into the intermembrane space
(Figure 1.6). Ingenious redox loop mechanisms have been proposed for the CcO
complex wherein O,/H,0, or O,/H,O0 is the diffusable element.2** A redox loop model
predicts, however, that the electron-transport and proton-translocating elements of the
machinery are tightly coupled, that is, under standard turnover conditions, ET does not
occur in the absence of proton translocation. For the CcO complex, however, H*/e" ratios

have been found to vary anywhere from zero to unity (see Chapters 5 and 6 for
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discussions of how this is possible) strongly arguing against a redox loop mechanism. In
fact, some investigators have found that the H*/e" stoichiometry of the CcO complex is
inversely dependent on the transmembrane potential; in contrast, the H*/e- ratio for the
cytochrome bc; complex is constant.205-205 Thus, the proton pump of the CcO complex
must operate via a different translocation mechanism more reminiscent of ion pumps. It
is envisioned that protons are forced through a well-defined channel in the protein matrix
against a concentration and potential gradient by a prbcess which is driven by the highly
exergonic ET reactions within the enzyme complex. Clearly, the coupling between the
ET and proton translocation events is critical to the successful operation of the proton

pump and therefore will be the focus of the discussion to follow.

Thermodynamics of the Catalytic Cycle

In "resting" enzyme, cytochrome a, cytochrome a; and Cu 5 have reduction potentials
of about 340, 290 and 290 mV, respectively, at room temperature and pH 7.207-208 The
lack of spectroscopic signals for Cug has hindered direct experimental investigation of its
redox properties, but it is generally assigned a reduction potential of about 340 mV.20?
These midpoint potentials are difficult to define since they vary during turnover as
electrons are input to the enzyme (complicating the reduction potential measurements
themselves) and as the heme a3-Cug binuclear center is activated by dioxygen (see
below). For example, some investigators estimated that the two hemes have
approximately equal reduction potentials (340-360 mV) in the fully oxidized enzyme, yet
when cytochrome a; is reduced, the reduction potential of cytochrome a drops to
220-250 mV.2® Nevertheless, these potentials provide a convenient point of departure
for the present discussion. The midpoint potential of cytochrome ¢ is about 250 mV,210
implying that the maximum redox free energy available upon electron input from
cytochrome ¢ to fully-oxidized CcO under standard conditions is about 90 mV. In

respiring mitochondria, however, the electrochemical potential barrier to proton transfer
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across the inner mitochondrial membrane (the proton motive force or pmf) is about
200 mV 211212 indicating that proton pumping is unlikely to occur upon electron input to
the full-oxidized CcO complex. On the other hand, the situation changes dramatically
when the heme a3-Cug binuclear center is activated by formation of the two- or three-
electron reduced dioxygen intermediates (compound C and oxyferryl, respectively).
From experiments on the reversal of the CcO catalytic cycle by high concentrations of
ATP, it was estimated that these intermediates have reduction potentials of about 940
(compound C) and 800 mV (oxyferryl).87 Recently, these estimates have been revised
upwards to 1.22 V and 1.05 V, respectively.®® In any case, the strong oxidizing ability of
dioxygen substantially raises the reduction potential of the heme a;-Cug binuclear site
when dioxygen binds to the enzyme. As discussed in Chapter 1, dioxygen does not
normally bind to the CcO complex until at least two electrons have been input to the
enzyme.'17:123 Thus, proton pumping can only occur upon transfer of the third and fourth
electrons to the activated dioxygen binding site during enzyme turnover. Given that the
overall stoichiometry of the CcO proton pump is maximally about 1 H*/e~ and the first
two electrons of the dioxygen reduction cycle are not coupled to proton pumping, the
average stoichiometry for the third and fourth electrons must then be 2 H/e~. This
picture in which the electrons involved in dioxygen reduction are inequivalent with
respect to the proton pump has been proven experimentally by poising cytochrome ¢ at a
high redox potential and partially reversing the catalytic cycle of the CcO complex in rat
liver mitochondria. 7:88:213

At pH 7, 35°C and 0.05 atm O, (approximate physiological conditions in muscle?!#),
the O,/H,0 and O,/H,0,redox couples have potentials of about 780 mV and 210 mV
([H,0,] =1 M), respectively, in aqueous solution. Since the reduction potentials of the
redox centers of the fully oxidized CcO complex are greater than or equal to about 290

mV, it is clear that the O,/H,0, redox couple involved in CcO turnover must function at

a higher potential in order for efficient formation of compound C. In fully energized
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mitochondria, the transmembrane electric potential (A) is about 150 mV.2!1 Therefore,
since two charge-equivalents traverse the inner mitochondrial membrane during the first
half of the dioxygen reduction process,* the O,/H,0, couple must minimally function at
about 290 mV + 150 mV =440 mV. In order to drive the forward reactions and prevent
reversibility, an additional 50-100 meV of redox free energy is likely required. Thus, the
0,/H,0, couple probably functions at greater than or equal to 500 mV. The low
physiological concentration of H,O, (micromolar range) and the increased stability of the
H,0,-protein adduct (relative to free H,0,) are both expected to contribute to increasing
the O,/H,0, potential to this level. The necessary consequence of this analysis is that the
H,0,H,0 couple must function at 2 X (~ 780 mV)-500 mV = ~ 1060 mV
[2 x E'ed(Ozll-IzO)—Ered(OzllizOz) = E“”d(HZOz/HzO)] which agrees well with the
estimates from Wikstrém's laboratory.87-88  This result implies that an average of
1060 meV — 290 meV = 770 meV of free energy is available for the translocation of two
protons and one electron across the fully-charged mitochondrial membrane for each of
the last two electrons of the catalytic cycle. Since the net electron and proton transfer
reactions occur in opposite directions across the membrane, both reactions are endergonic
in the presence of a pmf. As a result, the transfer of a negative charge-equivalent across a
fully charged mitochondrial membrane requires about 150 meV of free energy
(Ay =~ 150 mV)" and the transfer of two protons against the proton motive force
(pmf = Ay — 2.303(RT/F)ApH) requires 2 X ~ 200 meV = ~ 400 meV of free
energy.?!1:212 Under conditions of maximum pmf, then, a thermodynamic requirement of

about 550 meV of free energy is required to pump two protons. The redox energy

* The electrons donated from cytochrome ¢ do not traverse the entire membrane during the dioxygen
reduction process; however, it is generally assumed that two protons are taken up by the heme a3-Cup
binuclear center from the matrix upon formation of compound C. If this is so, the overall process is
energetically equivalent to the inward transfer of two negative charge-equivalents across the inner
mitochondrial membrane.

T Again, the electrons do not traverse the entire membrane during the dioxygen reduction process; however,
proton uptake from the matrix is required as part of the dioxygen chemistry. This overall process is
energetically equivalent to the inward transfer of a negative charge-equivalent across the inner
mitochondrial membrane.
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available to drive the ET steps and the conformational dynamics of the proton pump is
therefore 770 meV — 550 meV = 220 meV, on average, for the third and fourth electrons
of the catalytic cycle. Note that the H,0,/H,0," and H,0,/H,O redox couples are
expected to function at slightly different reduction potentials with the former functioning

at the higher reduction potential 8788

Requirements of a Redox-Linked Proton Pump

The energy released during the highly exergonic reduction of dioxygen must be
transferred from the energetic electron to the protein matrix through a process which
necessarily involves communication between at least one of the enzyme's redox centers
and the proton translocating elements. This process is termed redox linkage, and the
redox center(s) involved in this transfer of energy to the polypeptide is (are) referred to as
the site(s) of linkage. There are two distinct electronic states of a linkage site (oxidized
and reduced). In addition, a number of distinct conformational substates (= 2) must exist
for each of these electronic states; the appropriate cyclic conversion between these
conformational states results in proton pumping. The efficacy of the proton pump relies
heavily on electron and proton gating mechanisms. Electron gating refers to the
requirement that the electron enters the linkage site in a different protein conformation
than when it is transferred from this site. Similarly, proton gating implies that protons are
input to a different conformation of the proton pump machinery than that from which
they are ejected.?’> These conformational changes are necessary to prevent reverse
electron and proton transfers (according to the law of microscopic reversibility) as well as
for dictating when subsequent reactions should occur. Thus, there are four requirements
for a redox-linked proton pump: 1) a sufficiently exergonic ET; 2) redox linkage; 3)
electron gating; and 4) proton gating. Clearly, the regulation of rates of ET and proton
flow so that uncoupling reactions do not occur is fundamental to the efficiency of the

proton pump. In fact, the most likely way that the enzyme can control the coupling of ET
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events to proton pumping is through kinetic control of ET pathways.

Energetics of Redox Linkage

There are several ways in which redox linkage could be achieved once the proton
pump is engaged. In all scenarios, the linkage site exists in at least two stable
conformations, a stable oxidized configuration and a stable reduced configuration. The
conversion between these two ligation structures results from oxidation/reduction of the
site, and this conformational change is linked to conformational changes of the proton
translocating elements (redox linkage). Note that for the majority of redox sites in
proteins, the protein fold is so strong that minimal ligand rearrangement occurs upon a
change in oxidation state, a condition that is ideal for efficient ET as a result of the low
reorganizational energy.?!® For blue copper proteins (such as azurin), whose purpose is
to act as electron carriers, the ligand configuration is intermediate between that preferred
by Cu(ll) and Cu(I). The protein fold is so strong ("rack” energy) that very little
structural rearrangement occurs upon oxidation or reduction.?!” The linkage site of the
CcO complex, then, represents an exception to this general characteristic of electron
transport proteins; in fact, ligand rearrangement is required for proton pumping to be
feasible. Initially, oxidation/reduction of the linkage site results in a thermally unstable
conformation of the protein; subsequent thermal relaxation allows the linkage site to
adopt the more stable conformation. Clearly, the unstable and stable conformations of
the oxidized/reduced linkage site are of different total energy. These conformational
states of the enzyme can be represented by multidimensional vibronic potential energy
wells. Since the conformational coupling between a thermally unstable conformation and
its associated stable conformation must be strong for an efficient proton pump (strong
coupling is synonymous with efficient redox linkage), these two states can be represented
by a single vibrational energy curve with two minima of different energies. The specific

vibrational curve describing the energy state of the enzyme depends, of course, on the



35
redox state of the linkage site. An exergonic ET from the linkage site is the process
whereby the description of the enzyme's energy profile changes from one vibronic
potential curve to the other.

Figure 2.1 illustrates various types of redox linkage for the case where there is no
pmf. Electrons are input to the linkage site from an electron donor (cytochrome c is used
for simplicity) resulting in a thermally unstable conformation, (cD-A);. Upon thermal
relaxation, the enzyme achieves a lower energy conformational state, (cD~A),. ET from
(cD~A), to the activated dioxygen binding site results in a different electronic state of
lower energy, (cDA™),. This state has an alternative nuclear configuration than (cD-A),
since the dioxygen intermediate present at the heme a3-Cup binuclear site is now
one-electron reduced. Again, the enzyme's conformation is described by a higher
vibrational energy well; conformational relaxation allows the enzyme to achieve a
nuclear configuration similar to the original electron input conformation, (cDA™);. The
conformational relaxations that occur when the linkage site is reduced or oxidized are
described by the energy differences o and B, respectively (both are negative quantities
as defined here). The sum log + Bl is the energy available to drive the proton pump; this
energy is lost mostly as heat in the absence of a pmf. If redox linkage were non-existent,
the ET reaction would be described by AGgr (< 0); however, due to coupling to the
proton pump, the ET is described by AGgp = AGgy — (0o + Bg). This analysis implies
that the internal ET is governed by only a fraction of the driving force available, and thus,
it is not necessary to invoke ET in the inverted region for the highly exergonic reduction
of dioxygen.

The magnitude of the o y-term represents the free energy available to "prime the
proton pump,” that is, the energy the protein can access to achieve a conformation where
ejection of a proton across the chemiosmotic barrier is imminent. The magnitude of the
Bo-term represents the free energy available to "replenish the proton pump," that is, the

energy the protein can utilize to take up a proton from the matrix and fill the hole created
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Figure 2.1 Schematics of A-, B- and C-type redox linkage in the absence of a transmembrane potential.
The primary electron donor to the linkage site (e.g. cytochrome c¢) is denoted by ¢, D denotes the electron
donor for the ET coupled to the proton pump (i.e. the linkage site), and A represents the peroxidic or
oxyferryl dioxygen intermediate (electron acceptor). These symbols are used in unison (e.g. c"DA) to
denote a specific redox and conformational state of the CcO complex. Plotted along the ordinate is the total
vibronic energy of the enzyme complex, the electron donating cytochrome ¢ and the protons involved in the
dioxygen chemlstrY and the proton pumping process. See text for further details. Reproduced from
Musser and Chan.?
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by the ejection of a proton into the intermembrane space. Both of these functions are
required for any proton pump, but the relative magnitudes of o4 and B, can vary
significantly depending on the energetic requirements of the chemical mechanism. For
clarity, three cases are considered here: 1) 0l > I3y will be referred to as A-type linkage;
2) logl < 1Bl will be referred to as B-type linkage; and 3) logl = 1Bl will be referred to as
C-type linkage (Figure 2.1). Note that both o and B must be less than zero; in fact, for
an efficient proton pump, loigl and |yl must be large enough to drive the conformational
changes irreversibly in a kinetically facile manner.

In addition, o < O implies that the effective reduction potential of D increases upon
conversion from the (cD-A); state to the (cD~A), state; similarly, By < O implies that the
effective reduction potential of A increases upon conversion from the (cDA™), state to the
(cDA"); state. These changes in reduction potential could occur by ligand rearrange-
ments or ligand exchange reactions. Note that the D site must communicate with A (the
compound C or oxyferryl dioxygen intermediate) so that upon reduction of D, the
reduction potential of A decreases. Perhaps the simplest manner in which the reduction
potential of A can be influenced is through the introduction of strain in the Fe ,;-His
bond; however, polypepetide interactions with the bound dioxygen intermediate or
perturbations to the heme macrocycle are also possible. Relaxation of A back to a
conformation of higher reduction potential results upon ET from D to A. This discussion
makes it clear that a given redox center is not "the proton pump;" rather, the whole
protein is the proton pump. Thus, it may be difficult to identify the site of linkage by the
simple observation of a conformational change at a given redox center; instead, cause and
effect must be determined. The energetics of all conformational changes must be
estimated for an accurate conclusion regarding the #ype of linkage.

In Figure 2.2, a more complete representation of C-type linkage is depicted. This
type of redox linkage is considered to be the most general. To clarify the schematics, the

description of the protein's conformational space has been expanded into two dimensions
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Figure 2.2 A model of C-type redox linkage in the absence of a transmembrane potential explicitly
showing the NCET (x) and the NCPP (y) of the protein's vibrational energy surface. Vibronic energy is
plotted along the z-direction. Reproduced from Musser and Chan.
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(instead of one as in Figure 2.1). The vibronic energy is plotted along the z-direction
whereas the x- and y-coordinates can be thought of as the nuclear coordinate associated
with electron transfer (NCET) and the nuclear coordinate associated with the
conformational elements of the proton pump (NCPP), respectively. In Figure 2.2A, the
intersections of two planes (x = x; and x = x,) with the protein's vibronic energy surface
are shown. Each of these intersections is a two-dimensional potential energy curve with
two wells labeled using the nomenclature introduced earlier. Potential energy curves
along the x-dimension are shown in Figures 2.2B and 2.2C. While the potential energy
curves are assumed to be parabolic along both the NCET and the NCPP, the coupling
between the vibronic (conformational) states is of a different type and strength. Along
the NCET, the coupling between the wavefunctions of the different electronic states is
relatively weak and is governed by the electronic coupling matrix element, [H,],
according to the traditional theory of long-distance ET in proteins.?1%220 In contrast, the
coupling between nuclear configurations must be strong along the NCPP (required for
efficient redox linkage), and therefore, in this dimension, the conformational space is best
described by an adiabatic surface with two minima. Thus, along the NCET, the full
parabolic nature of the two vibronic states is shown, whereas along the NCPP, vibronic
energy curves with two parabolic minima are depicted. This rationale explains the
two-dimensional representations of redox linkage shown in Figure 2.1, where the weak
electronic coupling between c"DA and (cD-A); is explicitly depicted. It should be noted
that the minimum energy of each vibronic state likely does not have an x- or y-coordinate
in common with any other state. Thus, the minima depicted may not necessarily
represent the true minima of the vibronic/conformational states represented.
Nevertheless, it is useful to assume that the minima represented are the true minima in

order to more accurately visualize free energy differences in these types of figures.
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Concluding Remarks

This discussion has focused on the idea that the loss of redox energy by the incoming
electrons occurs in a stepwise fashion thus providing the directionality and irreversibility
required for an efficient proton pump. The proton pumping reactions occur as the protein
changes its conformation to accommodate different states of varying redox energy. In
other words, the change in the nuclear coordinates associated with the pumping reactions
occur subsequent to the ET reactions not concurrent with them. It is for this reason that
the ET and proton pumping coordinates are separable. Note that the conformational
rearrangements associated with the proton pumping reactions are to be distinguished from
the nuclear reorganizations that accompany the ET steps; the latter are small and
localized at the donor and acceptor sites. Here, it is assumed that the coupling between
the donor and acceptor sites is sufficiently weak that the ET falls within the non-adiabatic
weak coupling limit of Marcus' theory.??% On the other hand, the major conformational
rearrangements of the enzyme which necessarily occur globally over large distances must
follow after the coupled ET reactions are completed. This is analogous to the slow
conformational relaxation process that follows the rapid photoexcitation of the retinal
chromophore in bacteriorhodopsin.

The proximity of heme a; and Cugy in the dioxygen binding site (3-5 A) indicates that
electron delocalization over these redox centers and any dioxygen intermediate present
should be extremely fast. It is difficult to imagine that ET over the short distance from
heme a3 or Cug to the dioxygen intermediate requires more than a few nanoseconds. In
contrast, the long-range conformational relaxations implicated in this thermodynamic
model are expected to occur on a much slower time scale (microseconds to milliseconds).
Thus, the conformational changes associated with the proton pump cannot compete
effectively with ET from cytochrome a; or Cugp to the dioxygen intermediates (the result
is uncoupling of the proton pump). Any model which proposes cytochrome a; or Cup as

the electron donor in the redox linkage step must also include a very efficient mechanism
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to avert uncoupled ET from cytochrome a;/Cug to the high potential dioxygen
intermediate. None of the three models postulated to date based on the heme a3 or Cup as
the linkage site!®0-192 has such a feature built into the model. ~ Continuing in this vein,
the ETs from cytochrome a/Cu, to the activated dioxygen binding site are expected to be
one-step rather than two-step processes, that is, the electrons spend no significant time
delocalized on Fe,; or Cup. In essence, the electronic coupling between the bound
dioxygen and the heme macrocycle is likely to be so large as to effectively yield a single
electronic state (adiabatic limit). These arguments indicate that it is impossible for
cytochrome a3 or Cup to be the site of linkage. Note that in the absence of a dioxygen
intermediate, ET between cytochrome a3 and Cuy is still expected to be fast (< 1 ps); in
fact, this ET is expected to be significantly faster than any other ET steps or
conformational changes (other than conformational breathing) that occur during turnover.
It is for this reason that the heme a;-Cup binuclear center is considered a single
two-electron accepting redox center.

The thermodynamic description presented here is incomplete. Any real model of the
proton pump mechanism is expected to include a larger number of sequentially accessible
conformational states. In addition, a pmf alters the relationship between the various
energy levels quite dramatically. A more complete presentation of the thermodynamic
principles discussed here will be given in Chapter 6 after a critical discussion of the
possibility that the Cu, site is D, the electron donor for the ET coupled to the proton
pump (Chapter 4) and the potential role of subunit III in regulating the stoichiometry of
the proton pump (Chapter 5). But first, the proton translocation mechanism of the

bos-type ubiquinol oxidase complexes is examined.
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Chapter 3

Uncompetitive Substrate Inhibition and Noncompetitive

Inhibition by UHDBT and NQNO is Observed for the
Cytochrome bo; Complex: Implications for a

Q(H,)-loop Proton Translocation Mechanism
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The structural similarities of the CcO and UQO complexes naturally suggest that they
have similar functions. They do: both enzymes catalyze the highly exergonic reduction
of dioxygen to water and couple this process to the translocation of protons. The proton
translocation mechanisms are usually assumed to be identical in the two families of
enzymes based on polypeptide homology and the similar dioxygen activation and
reduction mechanisms!92:221:222 byt there are virtually no experimental data which
address this issue. It is certainly possible that sequence differences accommodate the
different electron donors and couple the dioxygen reduction reactions to similar proton
translocation machineries. On the other hand, radically different proton translocation
mechanisms are possible.

As discussed in Chapter 1, the different electron donors for the two enzymes,
ferrocytochrome ¢ and ubiquinol, dictate at least some differences in electron input
mechanisms. Quinone(ol) (Q(H,)) binding proteins typically have two (Q(H,)) binding
sites in order to facilitate the coupling of one-electron redox chemistry to a two-electron
acceptor/donor. Typically, one of these binding sites is primarily responsible for
stabilizing the semiquinone radical whereas the other acts as the electron input/output
site. Based in part on this fact, Musser and coworkers!'® suggested that the UQO
complex has two ubiquinone(ol) (UQ(H,)) binding sites. Approximately a year later,
Sato-Watanabe and coworkers 138 found a tightly-bound ubiquinone-8 (UQg) molecule in
the as-isolated UQO complex that could not be removed by high concentrations of
ubiquinol-1 (UQ; H,) or inhibitors. These investigators concluded that the UQg binding
site was not the ubiquinol oxidation site and that there were in fact two UQ(H,) binding
sites on the UQO complex, in agreement with the proposal of Musser and coworkers.
These data were interpreted to imply that the tightly-bound ubiquinone acts as an
intermediate electron acceptor from ubiquinol subsequently passing electrons on to
cytochrome b. According to this model, the electron input reactions of the UQO complex

are similar to the electron output reactions of photosynthetic reaction centers. It has been
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found, however, that UQ;, UQg and UQg as well as 2,6-dichloro-4-nitrophenol (an
inhibitor) can be reconstituted into enzyme with an empty UQjg binding site. 188223 These
data suggest that the UQg binding site is fairly accessible from the solvent. It is possible,
therefore, that this ubiquinone binding site is accessible from the UQ(H,) pool on the
timescale of enzyme turnover.

Clearly, the basic biochemistry of UQO turnover must be understood in greater detail
before the proton translocation mechanism of this eniyme can be comprehended. In this
study, UQO activity was investigated at high concentrations of ubiquinol and it was
observed that ubiquinol acts as an uncompetitive inhibitor under these conditions.
Furthermore, two common UQ(H,) analogs, 2-n-nonyl-4-hydroxyquinoline-N-oxide
(NQNO) and 5-n-undecyl-6-hydroxy-4,7-dioxobenzothiazole (UHDBT) (Figure 3.1), act
as potent inhibitors in a noncompetitive fashion. These data indicate that there are two
UQ(H,) binding sites in dynamic equilibrium with the UQ(H,) pool during enzyme
turnover. One of these binding sites is clearly the ubiquinol oxidation site whereas the
other site is likely to be the UQg binding site found earlier.!88223 The implications of
these findings on the Q(H,)-loop hypothesis initially proposed by Musser and

coworkers 182 are discussed.

Experimental Procedures
Reagents

UHDBT and 5-n-undecyl-6-methoxy-4,7-dioxobenzothiazole (Me-UHDBT) were
synthesized as described by Selwood and Jandu??* with the aid of Michael Stowell. The
synthesis and characterization (NMR, high resolution mass spectroscopy) of ubi-
quinone-1 (UQ;) and ubiquinone-2 (UQ,) was accomplished by Michael Stowell and will
be described elsewhere. NQNO was kindly provided by Bernard Trumpower (Dartmouth
Medical School). The detergents DDM and n-octyl-B-D-glucoside were purchased from

Anatrace.
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Figure 3.1 Chemical structures of ubiquinone in various redox states and of the 1nh1b1tors NQNO and
UHDBT. For UQ, and UQ,, nis 1 and 2, respectively. Note that UHDBT (pK, = 6. 5) S is ionized under
the conditions of the turnover experiments (pH 7.4). Ubiquinol has a pK, of about 10. 226 The phenolic
oxygen on the bottom tautomer of UHDBT is esterified with a methyl group in Me-UHDBT. Thus,

Me-UHDBT can act only as a ubiquinone analog.
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Protein Purification

Growth of E. coli cells and isolation of "His-tagged" UQO complex was
accomplished essentially according to Morgan and coworkers.??’” The University of
Illinois (Urbana-Champaign) fermentation facility was utilized for cell growth. Cells
(200 g) were treated with 0.5 g lysozyme in 2 1 200 mM Tris, 2.5 mM EDTA, pH 7.5 for
15 min and centrifuged for 1 h at 13,700 X g, 4°C. The pellets were suspended in 1.1 1
osmotic lysis buffer (10 mM Tris, 2.5 mM EDTA, pH 7.5), stirred for 30 min and
centrifuged at 30,100 X g, 4°C for 4 h. The membranes were resuspended with an equal
volume of 100 mM NaCl, 5 mM imidazole, 25 mM Tris, pH 7.8. The UQO complex was
solubilized from this suspension by addition of an eighth volume each of 10% DDM and
10% n-octyl-B-D-glucoside (final concentration of each detergent was 1%) followed by
stirring on ice for 1 h. After ultracentrifugation at 90,700 X g, 4°C for 30 min, the red
supernatant was diluted with an equal volume of distilled water and applied to a 100 ml
Ni-NTA-agarose (Qiagen) column equilibrated with 25 mM Tris, 0.1% DDM, pH 7.8
(Buffer A). The column was washed with: 1) 200 ml Buffer A; 2) 200 ml Buffer A
supplemented with 300 mM NaCl; and 3) 200 ml Buffer A supplemented with 20 mM
imidazole. Pure four-subunit enzyme was eluted with Buffer A supplemented with
200 mM imidazole. Fractions containing pure enzyme were pooled and concentrated
with a Filtron 100 kDa membrane. A 20-fold dilution with Buffer A and subsequent
reconcentration cycle allowed removal of excess imidazole. The enzyme was aliquoted,

frozen in liquid nitrogen and stored at -80°C until use.

Extinction Coefficients

UHDBT concentration was determined in 0.1 mM ethanolic NH;OH using €55y =
15.6 mM™! cm™.225 Me-UHDBT concentration was estimated in ethanol using €55 =
122 mM! em™, the extinction coefficient for the protonated form of UHDBT.?2> NQNO

concentration was determined in 1 mM NaOH using &35 = 9.45mM™ cm™ .28



47

Ubiquinone (UQ; and UQ,) and ubiquinol (UQ;H, and UQ,H,) concentrations were

determined in 80% ethanol using &,;¢ = 14.0 mM ™ cm™ and e,45 = 4.14 mM ™ cm’},

respectively.?” Enzyme concentration was determined by the pyridine hemochrome

method using S;%t_os’gg =68.4mM"! cm™.230 The use of this value assumes that there are

two hemes B in the cytochrome bo; complex. While it is true that the absorption spectra
of the pyridine hemochrome of hemes B and O are slightly different, the pyridine
hemochrome spectra of these two hemes are sufficiently similar?3! that this extinction is

an adequate approximation.

Activity Assay

Approximately 10 mg ubiquinone was solubilized in about 200 pl dimethyl-
formamide (DMF) and added to an equal volume mixture of water and diethyl ether (total
volume: ~ 3 ml). After the ubiquinone (yellow) was completely reduced to ubiquinol
(cblorless) by addition of excess solid sodium dithionite, the organic phase was washed
once with an equal volume of water and evaporated completely under vacuum. The
ubiquinol residue was dissolved under a nitrogen atmosphere in DMF. Enzyme catalyzed
ubiquinol oxidation was monitored spectrophotometrically in freshly-made 100 mM
Na-phos, 0.1% DDM, pH 7.4 using a Hewlett-Packard 8452 diode array UV/Vis
spectrophotometer. Ubiquinol was added directly to the assay reaction mixture from the
anaerobic DMF stock solution and the solution was allowed to stabilize (flat baseline)
before addition of enzyme (~ 4 nM) to the stirred cuvette. For a given set of turnover
measurements, the total DMF concentration was kept constant and was usually kept
below 0.8% of the total assay volume. The oxidized minus reduced delta extinction
coefficient for ubiquinone was found to vary as a function of total ubiquinone
concentration in the UV region of the optical spectrum (Figure 3.2). This observation is
simply explained by aggregation-induced exciton interactions between ubiquinone

molecules within the detergent micelles. For example, the delta extinction coefficient at
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Figure 3.2 (10p) Extinction coefficients for UQ, (filled symbols) and UQ,H, (open symbols) as a function
of concentration in 100 mM Na-phos, 0.1% DDM, pH 7.4 at 292 nm (circles), 316 nm (squares) and
412 nm (triangles). (bottom) Delta extinction coefficients for UQ, minus UQ,H, at these same three
wavelengths using the second degree polynomial fits shown in the top panel.
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292 nm for UQ, minus UQ,H, decreases by approximately a factor of two from O to
400 uM. Conversely, the delta extinction coefficient at 316 nm increases over the same
concentration range. At 412 nm, however, the delta extinction coefficient remains
constant and is approximately 0.49 mM™' cm™! for UQ, minus UQ,H, and
044 mM™ cm™! for UQ, minus UQH,. All turnover numbers reported here were

calculated by estimating the initial slope of the kinetics monitored at 412 nm.

Kinetic Model

The kinetic model and notation used in describing the observed kinetics are shown in
Figure 3.3. In this kinetic scheme, the symbol EOO is used to denote the enzyme with
two empty binding sites; the first "O" represents the catalytic substrate binding site
whereas the second "O" is the alternate substrate binding site. Thus, ESO and EIO
denote substrate and inhibitor in the catalytic substrate binding site, respectively, whereas
EOS and EOI denote substrate and inhibitor in the alternate substrate binding site,
respectively. Typical Michaelis-Menten analysis of v = d[P]/dt = k., [ESO] and the
steady-state assumption d[ESO]/dt = O yields the following expression of the initial rate

of ubiquinol oxidation:

Vmax [S]
Km(H 5], W, [ jﬂa(Hﬁ_uﬁ]

Ksi K K s2 K2

V=

(3.1)

where Vinax =Keat[Etotal |- As there is no way to distinguish kinetically between EIO and

EOQ], the average binding constant K, = KKy is introduced to simplify the kinetic
Kie + K
expression:
Vmax [S]

(3.2)
K K

sl ave s2 Kz
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Figure 3.3 Simplified kinetic scheme used for interpretation of the steady-state turnover data. EOO
denotes the free enzyme; S, ubiquinol; P, ubiquinone; and I is an inhibitor.

Also, the K; term was found to be kinetically unimportant for the UQO complex:

VnaxS] 3
Km(l + Km )+[S](l +_[ﬂ+_[ﬂ_)

ave s2 Ko

VD=

Note that competitive inhibitors bind to the catalytic substrate binding site with a binding
affinity described by the inhibition constant Ky.. Kinetically, these inhibitors increase the
effective K, but do not affect V., because the effect of the inhibitor can be obviated by
high substrate concentration. Uncompetitive and noncompetitive inhibitors do not bind to
the catalytic substrate binding site but rather decrease enzyme activity when bound to

another site on the enzyme. Since these types of inhibitors can bind to both free enzyme,
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EOO, as well as the enzyme-substrate complex, ESO, two inhibition constants are
required per inhibitor in the kinetic model (Ky,; and Ky, for the inhibitor, I, and Kg; and
K, for the substrate, S). Uncompetitive inhibitors are defined as those which bind much
stronger to ESO than to EOO (Ky,; >> Kypn; Kg; >> Kg,) while noncompetitive
inhibitors bind to both ESO and EOO with approximately equal affinity (Ky,; and Ky,
and comparable; Kg; and Kg, are comparable). Note that if Kj,; << Ky,,, the inhibitor
behaves competitively; it must be determined by other means whether the inhibitor binds
to the substrate binding site or to an alternate site. Kinetically, uncompetitive inhibitors
decrease the effective V,, by binding to ESO and inhibiting catalysis whereas
noncompetitive inhibitors increase the effective K, as well as decrease the effective
Vmax- The number of constants required to fit the data and where they are required
allows assignment of the inhibitor type for a given inhibitor. In this work, the data were

fitted with Kaleida graphTM using least squares regression.

Results and Discussion
Substrate Inhibition

Figure 3.4 shows that enzyme activity is inhibited by high concentrations of UQ;H,
or UQ,H,. For both ubiquinols, a good fit to the data was obtained using equation 3.3.
When the constant Kg; was included in the fitting algorithm as in equation 3.2, the values
obtained for this constant were highly variable and typically exceedingly large. The
magnitude and high variability of Kg; implies that this constant is kinetically unimportant
(i.e. the ubiquinol substrate acts as an uncompetitive inhibitor). The large difference
between Kg; and K, indicates, however, that strong allosteric interactions exist between
the two ubiquinol binding sites. The values for k,, K, and Kg, found in this study are
tabulated in Table 3.1.

The shapes of the best-fit curves for UQ;H, and UQ,H, are clearly similar yet they

differ dramatically in scale along the ubiquinol concentration axis. This difference results
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rates of UQ; and UQ, by the cytochrome boz complex. The data were fitted using equation 3.3
to yield kca¢ = 2440 571, Ky = 128 uM and K gp = 3000 pM for UQq Hp
dithiothreitol (DTT) differ 29 Keat =3090 5’1, Ky = 70.1 uM and Kgp = 296 uM for UQ,Hy.

Turnover number = V/[Eygta1 ] Where v is in units of pM e/s.

by about an order of

magnitude (data not shown). As DTT partitions preferentially into the aqueous phase and
this is where ubiquinone reduction occurs, UQ; clearly is more soluble in the aqueous
phase. The solubility of UQ,H, under the experimental conditions was found to be about
400 uM whereas that for UQ; H, is greater than 2 mM. The difference in partition
coefficients for the two ubiquinones also explains the difference in their oxidized minus
reduced delta extinction coefficients at 412 nm (see Experimental Procedures). The more
hydrophilic environment experienced on average by UQ; and UQ;H, lowers the
absorption cross section of these molecules relative to UQ, and UQ,H,, respectively.

The high concentrations of ubiquinol used in these experiments are expected to lead
to non-ideal solution behavior. It should be questioned, therefore, whether the kinetic
effects observed arise at least in part from non-ideal behavior of the UQ(H,) in the
detergent micelles. The hyperchromic and hypochromic interactions observed in the UV

region of the optical spectrum (Figure 3.2) indicate that the UQ(H,) molecules interact

electronically with each other in the detergent micelles. This interaction occurs most
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likely through m-stacking of the chromophores. This 7t-stacking is expected to decrease
the activity of the ubiquinol (activity coefficient less than unity). Thus, the effective
concentration of ubiquinol in solution is expected to be less than the stoichiometric
concentration. In other words, the values for Kg, determined here are upper limits for
this constant. Since the extinction coefficients for the ubiquinones vary by at most about
20%, the activity coefficients are expected to be greater than 0.7.233 Thus, the lower
limits for the real K¢, constants are considered to be 70% of the values determined here.
Figure 3.5 shows the simulated Michaelis-Menten curve assuming no substrate
inhibition occurs by UQ,H, using the K ,; and K, values determined from the equation

3.3 fit of the data in Figure

3000 1
3.4. The difference bet- .
2500 1 e
ween the observed and the T 1 '
= 2000
. . o b
expected enzyme activity £ ]
3 1500
at relatively low UQ,H, 5 ]
g 1000
concentrations (e.g. 100 E 5005
UM) dramatically demon- " ]
stpafes That sohsimte i 0 50 100 150 200 250 300 350 400

Initial UQ,H, Concentration (LM)

hibitiop. oceuzs even at Figure 3.5 UQ,H, activity of the cytochrome bo3 complex. The dashed

these low UO-H., con- S%Ve describes the expected activity assuming no substrate inhibition
Qably occurs and was simulated using ke = 3090 57! and Ky = 70.1 pM.
centrations. The [5-20% Same data and fit (solid curve) as in Figure 3.4.

variation in the UQ, and UQ,H, extinction coefficients (Figure 3.2) is insufficient to

explain the approximate 2-fold difference between the observed and expected enzyme

activity at high initial UQ,H, concentrations (e.g. 350 pM).

Inhibition by NONO and UHDBT
The inhibition of UQO activity by NQNO and UHDBT is demonstrated in Figure 3.6.

The kinetic constants k ,;, K, and Kg, determined in the absence of inhibitor were used
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Figure 3.6 NQNO and UHDBT inhibition of UQ,H, activity. (fop) no inhibitor (filled circles), 0.5 pM
NQNO (filled squares), and 1.0 pM NQNO (open squares). (bottom) no inhibitor (filled circles), 4.1 pM
UHDBT (filled squares), and 8.2 pM UHDBT (open squares). The data were fitted using equation 3.3.
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to fit the data obtained in the presence of inhibitor. Importantly, for both inhibitors, the
inclusion of both K,,. and Kj,, was required to fit the data adequately. This is
dramatically shown in Figure 3.7 where the best fit to the data with either one of these
constants alone is shown. The values for K,,. and Ky, found in this study are also
tabulated in Table 3.1.

The turnover measurements conducted in the absence of an inhibitor can be
considered as control experiments for the same measurements conducted in the presence
of an inhibitor. The ubiquinol self-interactions present in solution are expected to be
present to approximately the same extent in both situations at the low concentrations of
inhibitor examined relative to the ubiquinol concentrations used here. Thus, on the off
chance that there is some not yet understood phenomenon that results in what is
interpreted as substrate inhibition, the inhibition constants determined here should remain
valid. It should certainly be questioned whether the two inhibition constants required to
fit the data for both inhibitors reflect larger concentrations of more reduced enzyme
species with different inhibitor binding affinities at higher substrate concentration levels.
This explanation is unlikely, however, since, even at the lowest initial substrate
concentrations employed in these experiments, the ubiquinol concentration is over 1000-

fold greater than the enzyme concentration.

The Ubiquinol Binding Sites

The substrate inhibition of UQO activity at high concentrations of UQ;H, and UQ,H,
implies that ubiquinol can bind to two different locations on the enzyme complex. One
of these sites is clearly the ubiquinol electron input site (high-affinity ubiquinol binding
site) while the other must be a distinctly different site (low-affinity ubiquinol binding
site). The fact that two inhibition constants are required to fit the inhibitor data indicates
that NQNO and UHDBT are both noncompetitive inhibitors; that is, these inhibitors must

bind to a site on the enzyme distinct from the ubiquinol oxidation site. Since these two
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Figure 3.7 UQ,H, activity in the presence of 1.0 uM NQNO (top) and 8.2 uM UHDBT (bottom). The
solid lines are the best fit to equation 3.3 with both K, and K, included. The dotted lines are the best
fits when only one of these constants is included. Same data as shown in Figure 3.6.
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inhibitors are UQ(H,) analogs and, as such, are expected to bind at UQ(H,) binding sites,
it is reasonable to conclude that these inhibitors bind to the low-affinity ubiquinol binding
site. Sato-Watanabe and coworkers found a UQg molecule strongly bound to the
as-isolated wildtype UQO complex that could not be removed by either excess UQH, or
inhibitors. 188 When the UQO complex is isolated using DDM for membrane
solubilization according to the procedure used in this study, the enzyme obtained contains
this UQg molecule.??’ If the binding site for this UQg molecule corresponds to the
low -affinity ubiquinol binding site, the strongly bound UQg molecule exchanges with the
UQ(H,) pool under turnover conditions. This explanation is reasonable since this UQg
binding site has been shown to be fairly accessible.!88:223 Unfortunately, at this juncture,
the possibility that there are three UQ(H,) binding sites (the UQg binding site plus the
two sites found here under turnover conditions) cannot be ruled out. However, the

simpler two-binding-site picture is the favored explanation. It is quite possible that the

Table 3.1 Summary of kinetic parameters”

UQ,H, UQ;H,
Koy 3030 £ 370 (6) 2450 £ 260 (3)
K, 65.4+13.6 (6) 172+ 52 (3)
Kg, 320+ 132 (6) 2970 £ 790 (3)
NQNO UHDBT
K, 0.270 £0.075 (4) 278 £0.26 (4)
Ky 1.58 +0.69 (4) 6.70 % 2.26 (4)

* Values are given as average * standard deviation (number of independent data sets). Units for k., are
s 1. All other values are given in units of uM. Each of the values is averaged over data from two different
preparations of enzyme. The inhibitor binding constants were measured with UQ,H, as the substrate.
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long isoprene tail of UQg is wrapped tightly around the hydrophobic transmembrane
domain of the enzyme (as is found in photosynthetic reaction center structures). The
head group of such a strongly-bound ubiquinone molecule could potentially move
relatively freely into and out of its binding pocket but exchange between detergent
micelles is expected to be severely inhibited due to the extreme hydrophobicity and large
size of the UQg molecule. Therefore, it is not surprising that tightly-bound UQjg cannot
be removed from the UQO complex by simply waéhing the enzyme with detergent
buffer.

The chemical nature of NQNO and UHDBT should offer some insight into the
structural features of the low-affinity ubiquinol binding site. The chemical structures of
these inhibitors and the various oxidation states of ubiquinone are shown in Figure 3.1.
UHDBT has a phenolic proton with a pK, of 6.5.2%5 Therefore, under the conditions of
the inhibition experiments, UHDBT is ionized and two tautomers are present in solution.
One of these tautomers behaves as a ubiquinone analog and the other behaves as a
ubisemiquinone anion analog. NQNO can behave as a deprotonated ubiquinol molecule
or a protonated ubisemiquinone analog. According to this analysis: (1) UHDBT inhibits
the binding of ubiquinone; (2) NQNO inhibits the binding of deprotonated ubiquinol
(although note that the pK, of ubiquinol??® is about 10 and thus ubiquinol is fully
protonated under the turnover conditions utilized here); and (3) both inhibitors will bind
to a site that stabilizes a strongly bound ubisemiquinone intermediate. High
concentrations of ubiquinone (~ 100 pM UQ),) are required in order to inhibit UQ,H,
oxidation (data not shown). Further, Me-UHDBT, a form of UHDBT which can only act
as a ubiquinone analog, is less than 10% as effective as UHDBT as an inhibitor (data not
shown).™ Thus, the UHDBT tautomer that is chemically similar to ubisemiquinone is the

inhibitory form of this inhibitor. The noncompetitive nature of UHDBT inhibition

* Attempts to determine accurately the inhibition constants of UQ, and Me-UHDBT were unsuccessful
because the high concentrations required perturb the activity coefficient of ubiquinol in an unknown
manner.
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indicates that UHDBT binds to the low-affinity ubiquinol binding site. Thus, the
low-affinity ubiquinol binding site must stabilize ubisemiquinone. Note that the
enzyme's affinity for both NQNO and UHDBT is stronger than that for the ubiquinol
substrates (by at least 10-fold) and both act noncompetitively. It is quite likely, then, that
NQNO is recognized by the enzyme as a ubisemiquinone analog as well.

Matsushita and coworkers?** and Sato-Watanabe and coworkers? observed that
HQNO (same as NQNO but with a shorter hydrocarbon tail) noncompetitively inhibits
UQO turnover in agreement with the studies reported here. The latter workers tested the
inhibitory effects of an extensive series of benzophenols and found that the inhibition
kinetics varies dramatically. For example, changing both of the bromine substituents of
2,6-dibromo-4-dicyanovinylphenol to iodine alters the observed inhibitory mechanism
from noncompetitive to competitive; changing a single bromine substituent to a methoxy
group results in an uncompetitive inhibitor. All three of these benzophenol inhibitors
have a plsy = 4.1-4.2 (pl5 = log of the reciprocal of the molar concentrations of the
inhibitors required to halve the full enzyme activity). Noncompetitive and uncompetitive
inhibitors clearly must bind to a site different from the ubiquinol oxidation site. Also, an
inhibitor can behave competitively and yet not bind to the substrate binding site (e.g.
K << Kjyp); for example, 2,6-dichloro-4-nitrophenol behaves as a competitive inhibitor
and yet binds to the UQg binding site.!88235 As phenols are chemically similar to
ubisemiquinones, it is reasonable to assume that these benzophenol inhibitors bind to the
low -affinity ubiquinol binding site found here. Thus, the three benzophenol inhibitors
mentioned above likely all inhibit turnover by binding to the low-affinity ubiquinol
binding site but the variation in substituents alters the relationship between Ky,; and Kyp
dramatically. Note that a difference in Kj,; and Kj,, requires allosteric interactions

between the two ubiquinol binding sites.
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The Mechanism of Proton Translocation

The structural similarities of the ubiquinol and cytochrome c¢ oxidase complexes
certainly makes it imperative to question whether both families of enzymes catalyze
proton translocation via similar mechanisms. The observed overall H" /e~ stoichiometry
for the UQO complex has been found to be 2.140 Half of the protons translocated most
certainly arise from the scalar release of protons from the ubiquinol oxidation chemisty
and the uptake of protons from the opposite side of the membrane to electrically balance
the dioxygen reduction chemistry. A cytochrome c oxidase-type proton pump
mechanism may account for the other protons:

2 QH, +4 H" (inside — scalar) + O, +4 H™ (inside — pump) 34)
— 2 Q+4 H" (outside — scalar) + 2 H,O + 4 H™ (outside — pump)

While only one UQ(H,) binding site is required to satisfy the chemistry of this turnover
cycle, the finding that there are two UQ(H,) binding sites on the UQO complex does not
imply that this proton translocation mechanism is incorrect. For example, Sato-Watanabe
and coworkers!8 postulated that a strongly bound ubiquinone molecule (at the Q site)
mediates electron input from ubiquinol (at the Qy site). This ubiquinone binding site
could certainly, in fact is expected to, stabilize a ubisemiquinone species. However, this
ubiquinone binding site is notr expected to be in dynamic equilibrium with the
UQ(H,)-pool. Thus, this model does not predict uncompetitive substrate inhibition or
noncompetitive inhibition by UQ(H,) analogs. A third UQ(H,) binding site could be
involved in regulating enzyme turnover. Thus, there could be two UQ(H,) binding sites
in dynamic equilibrium with the UQ(H,)-pool in addition to the site that strongly binds
ubiquinone. According to the data presented here, such a regulatory UQ(H,) binding site
would have to strongly stabilize ubisemiquinone. It is difficult to accept such regulation
of enzyme turnover by ubisemiquinone, however.

As mentioned in Chapter 1, Musser and coworkers!82 postulated that a Q(H,)-loop
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operates during turnover of the UQO complex. According to this Q(H,)-loop model, the
two Q(H,) binding sites are termed the Q4 site and the Qp site (Figure 3.8). Ubiquinol
oxidation occurs at the Qy site, formed at least in part by the transmembrane segments of
subunit II, by analogy with the Cu, electron input site of the cytochrome ¢ oxidase

complexes. Studies with a photoreactive azidoubiquinone derivative support this

hypothesis.?3¢

Ubiquinone reduction occurs at the Qg site which is located near
cytochrome b, by analogy with the Qy site of the cytochrome bc¢; complex. 183 The blue-
shift of the Soret absorption band and the perturbations to resonance Raman lines for
heme b but not for heme 0; upon addition of UQ, to the ubiquinone-free enzyme!®3
support this postulate. The two ubiquinol electrons split at the Q, site. Under
steady -state conditions, one electron is transferred to the dioxygen binding and reduction
site, whereas the other is donated to the cytochrome b/ubiquinone shunt. This model pre-
dicts that the Qp site stabilizes a ubisemiquinone intermediate and therefore agrees well
with the stable ubisemiquinone species found by a number of investigators.237-238 In or-
der for net proton translocation to occur during enzyme turnover, all protons released
from the Q 4 site must exit on the periplasmic side of the membrane whereas the protons
required at the Qp site must originate on the cytoplasmic side of the membrane. The

experimentally observed 2 H* /e stoichiometry!4? is thus fully accounted for by the

Q(H,)-loop hypothesis:

4 QH, (Qy site) + 4 H (scalar) + O, + 4 H* (Qpsite) + 2 Q(Qgsite)

(3.5)
— 4 Q(Quy site) +8 H' (Qy site) + 2 H,0 +2 QH, (Qg site)

Both of these UQ(H,) binding sites are in dynamic equilibrium with the UQ(H,) pool and
the binding of ubiquinol or inhibitors to the Qp site are expected to perturb the oxidation
kinetics of ubiquinol at the Q, site. It is therefore unnecessary to postulate a third
UQ(H,) binding site to explain the data reported here: the high-affinity ubiquinol binding

site is equivalent to the Q4 site whereas the low-affinity ubiquinol binding site is
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Ky (UQH,) 2.97 mM°® 0.172 mM°
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Figure 3.8 Schematic of the proposed Q(H)-loop proton translocation mechanism of the cytochrome bos

complex. See text for details. Notes: (a) from Sato-Watanabe and coworkers.!88 This value is certainly
much lower for UQg; (b) based on the difference in UQ(H,) binding affinities of the Qg site and the

apparent absence of ubiquinone inhibition, this value is likely to be greater than 10 mM; and (c) this work.
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equivalent to the Qp site. While it is clear that there are other turnover scenarios that can
be conceptualized, this Q(H,)-loop proton translocation mechanisms offers a simple

model that is consistent with the experimental data.

Energetics of the Turnover Cycle

It is imperative to question whether it is thermodynamically feasible for the UQO
complex to catalyze proton translocation for every electron input to the enzyme according
to the above Q(H,)-loop mechanism. The cytochrome ¢ oxidase complexes pump
protons only during the second half of the dioxygen reduction cycle 213. This feature of
cytochrome ¢ oxidase activity is explained by the thermodynamics of the chemistry: the
H,0,/H,0 redox couple is much more exergonic than the O,/H,0, redox couple (=1 V
vs. > 500 mV respectively) 218. However, whereas cytochrome ¢ has a reduction
potential of about 250 mV 210, ubiquinone has a reduction potential of about 70 mV 22°.
Assuming a similar potential for the O,/H,0, redox couple in the ubiquinol and
cytochrome ¢ oxidase complexes (= 500 mV) 218, greater than 400 meV of redox free
energy is available to translocate 2 H/e~ against a typical 200 mV proton motive force
211,212 for the first two electrons input to the UQO complex. This analysis implies that
essentially all of the redox free energy would be conserved (2 H* x 200 meV =400 meV)
by the proton translocation reactions. Energy to drive this process may ensue from a high
ubiquinol:ubiquinone ratio and/or from a greater functional potential of the O,/H,0,
redox couple. Note that for the exergonic dioxygen reduction reactions to be coupled to
the proton translocation reactions of the proposed Q(H,)-loop mechanism, proton uptake
at the Qp site must occur subsequent to dioxygen binding, that is, after two-electron
reduction of the heme 03;-Cug binuclear center. Cytochrome b may be utilized to
temporarily store an electron so that the two-electron reduction of the Qg site ubiquinone
in the absence of proton uptake is not required. Thus, it is thermodynamically reasonable

that all four electrons of the UQO dioxygen reduction cycle are coupled to proton
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translocation reactions.

Since the dioxygen chemistry of the ubiquinol and cytochrome ¢ oxidase complexes
are so similar, it is certainly expected that the third and fourth electrons input to the UQO
complex are energetic enough to drive the translocation of 3 H*/e~ (one of which is a
scalar proton; the other two could arise from a cytochrome ¢ oxidase-type proton pump
mechanism). This is the electron-dependent stoichiometry inherent in equation 3.4. If it
is assumed that a cytochrome ¢ oxidase-type proton pump mechanism is responsible for
the translocation of 2 H* /e~ for the third and fourth electrons input to the UQO 4complex,
there is no thermodynamic reason why 1 H/e~ cannot be pumped for the first two
electrons via partially uncoupling the same translocation mechanism. If protons are
pumped for the first two electrons of the catalytic cycle in this manner, the overall
number of protons released on the periplasmic side of the membrane would be 10 H /4 e~
(4 scalar protons; 6 pumped protons - two for the first two electrons, four for the last two
electrons). The fact that the cytochrome bc; and cytochrome ¢ oxidase complexes acting
in tandem translocate 12 H*/4 e~ indicates that from a thermodynamic standpoint the
UQO complex could certainly translocate the same number of protons. However, the
observed stoichiometry is 8 H*/4 e-.140 The proton translocation efficiency of the
proposed Q(H,)-loop cannot be increased for the more energetic third and fourth
electrons. Thus, this Q(H,)-loop proton translocation mechanism rationally explains why
the UQO complex translocates 8 H"/4 e~ despite the thermodynamic possibility of

translocating 10 H*/4 e~ oreven 12 H/e".

Concluding Remarks

The kinetics of the cytochrome bo3 complex are clearly more complicated than
originally envisioned. The k., and K, determined from the experimental data are
significantly higher (2- to 3-fold) when it is recognized that substrate inhibition occurs

and the data are fitted with a model that includes this fact. The inhibition of ubiquinol
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oxidase activity by high concentrations of ubiquinol and by the inhibitors NQNO and
UHDBT indicates that there are two UQ(H,) binding sites in dynamic equilibrium with
the UQ(H,) pool during enzyme turnover. The uncompetitive nature of the observed
substrate inhibition and the differences between Ky,; and Ky, for a number of inhibitors
indicates that there are allosteric interactions between the two UQ(H,) binding sites.
Since ubiquinone inhibition is not observed (except, perhaps, at very high
concentrations), it is clear that the ubiquinol oxidation site (Q4 site) has a low affinity for
ubiquinone. On the other hand, the low-affinity ubiquinol binding site (Qp site) binds
UQ,H, with a dissociation constant of 320 pM and UQ;H, with a dissociation constant
of 2970 uM (Kg,). The high affinity of the Qg site for ubisemiquinone analogs indicates
that this UQ(H,) binding site strongly stabilizes ubisemiquinone. A turnover cycle in
which all protons are translocated via a Q(H,)-loop mechanism is considered the most
reasonable explanation for these data.

The simplicity of a Q(H,)-loop proton translocation mechanism relative the CcO
proton pump as described in Chapter 2 should be readily apparent. In a Q(H,)-loop,
proton uptake or release at a UQ(H,) binding site simply results from the electrostatic
unbalance caused by the input or output of electronic charge to or from that site. The
proton channels to these UQ(H,) binding sites are simply conduits that connect these sites
with the appropriate aqueous medium; no conformational communication with the
enzyme's redox sites is required during turnover. On the other hand, the proton channel
of the CcO proton pump must alternate access to the internal and external aqueous
phases. This access is controlled by conformational communication between the linkage
site and the proton translocating elements and is initiated by electron input to or output
from the linkage site. It is the exquisite control of the coupling between the ET steps and
the proton pumping machinery that makes the CcO complex a sophisticated molecular

machine in a class by itself.
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Chapter 4

35 GHz ENDOR and 9.2 GHz EPR of the SB-12
Heat-treated Cytochrome ¢ Oxidase Complex
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At the end of the Chapter 2, it was argued that cytochrome a3 or Cug cannot be the
site of redox linkage in the cytochrome ¢ oxidase complexes. Consequently, cytochrome
a or Cu, must be the donor for the coupled electron transfers. Babcock and Callahan
found that the hydrogen bond strength of the cytochrome a formyl group changes upon
reduction of this redox center and they postulated a proton pump mechanism based on
this result.!8 This is the only experimental evidence that directly addresses the
possibility that conformational changes of cytochrome a drive the proton pumping
reactions. On the other hand, there are a number of studies that have implicated the Cup
site as the linkage site. Incubation of the CcO complex with the thiol specific reagent
p-(hydroxymercuri)benzoate (p-HMB) or heat-treatment of the enzyme in DDM or the
zwitterionic detergent sulfobetaine 12 (SB-12) result in complete abolition of proton
pumping activity.23%-241 A substantial increase in the transmembrane proton leak rate is
observed for both of the heat-treated enzyme species. All of these modifications result in
a perturbation to the EPR spectrum of the enzyme. The harshest treatments yield a
type-II copper species while a type-I species is observed under milder conditions. For a
long time, the interpretation has been that these modifications perturb the structure of the
Cu, site, and hence, the ability of the Cuy site to couple ET to the conformational
changes of the proton pump has been destroyed. When these experiments were
performed, the Cu, site was still thought to be mononuclear with a two His and two Cys
ligation structure. Thus, Li and coworkers postulated that dissociation of one of the Cuy
cysteines yields the type-I species whereas dissociation of two cysteines and addition of
at least one nitrogeneous ligand yields the type-II species (Figure 4.1). The structural
lability of the Cu, site has also been inferred from AgNO; incubation.?>2%* As Ag™ is a
thiol specific reagent, the type-II copper signal that results in these experiments has been
also thought to result from modification of the Cu, site.

As discussed in Chapter 1, however, the Cu, site is binuclear, not mononuclear

(Figure 1.5). Thus, the ligand rearrangements of the Cu, site proposed by Li and
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Figure 4.1 Scheme proposed by Li and coworkers explaining the appearance of type-I and type-II copper
species after various treatments. Adapted from Li and coworkers.

coworkers as a result of various treatments must be re-evaluated. Specifically, it must be
determined if the loss in proton pumping activity of the enzyme is due to modification of
the Cu 4 site or actually is due to some other structural perturbation. The presence of two
copper ions at the Cuy site certainly makes the potential products of modification of this
site more diverse. As type-II signals can arise from Cug under appropriate
conditions, 37244245 it should be noted that it has not been demonstrated definitively
which of the three copper ions in the CcO complex are EPR detectable as a result of these
various modification procedures. The possibility exists that Cug becomes EPR detectable
under one set of conditions, whereas the Cu, site is modified under a different set of
conditions. Also, perturbations to both copper sites can occur concurrently either by
independent means or through allosteric interactions between the two copper sites.

ENDOR spectroscopy can be used to interpret ligand rearrangement reactions much more
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accurately than EPR and absorption spectroscopies. Thus, it was thought prudent to
examine whether the type-II signals that appear in the above modification experiments
are accompanied by loss of the strongly coupled cysteinyl protons in the ENDOR

spectrum associated with the Cuy site. A change in the nitrogen ENDOR of the Cu
center is certainly expected as well.
To a first approximation, the ENDOR spectrum for a single orientation of a nucleus

(N) of spin I consists of 2/ transitions at frequencies given by:

vi(m) = |AN2 £ vy + 3Py@m - D] T+ 1<m<1 4.1)

where Ay and Py are orientation dependent hyperfine and quadrupole coupling constants,

respectively, which are molecular parameters and independent of the spectrometer

microwave frequency, and vy is the nuclear Larmor frequency hvy = gnfBnB-2*® For a

YN nucleus (I = 1), equation 4.1 in principle describes a four-line pattern consisting of a

Larmor-doublet centered at A( 14N)/2 split by 2V(14N) and further split by the quadrupole

term. Although there are no quadrupole interactions for protons (/ = 1/2), one must be

careful when predicting ' H ENDOR spectra because Py is so large. At both 9 and 35
GHz, v('H) is typically larger than A('H)/2 and the ENDOR frequencies are predicted
by:

v. ('H) = [v(H) + ACB)R2 | 4.2)

At 9 GHz, the 'H and '*N ENDOR resonances from the Cu A site overlap and the

spectrum is difficult to interpret (Figure 4.2A). However, at 35 GHz, these resonances

are well separated because the field dependence of vy shifts the 'H resonances to higher

frequencies (> 40 MHz) whereas the 14N resonances remain centered about A(14N)/2 in

the 2-26 MHz frequency range (Figure 4.2B). Clearly, the ENDOR spectrum of the Cuy

site 1s more informative at the higher microwave frequency, and therefore, the ENDOR



70

14N,1H

i VA A v

1 1 1 ) 1

2 6 40

64 MHz

Figure 4.2 9 GHz (A) and 35 GHz (B) ENDOR spectra of the native CcO complex taken near g = 2.04.
Reproduced from Gurbiel and coworkers.
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Figure 4.3 35.3 GHz 14N ENDOR of the bovine
CcO complex. Simulations of the v, features for Figure 4.4 !H ENDOR of the native CcO
N1 are shown on the right. Reproduced from complex at 35.3 GHz.

Gurbiel and coworkers.*2
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spectra reported here were obtained exclusively at 35 GHz.

The 35 GHz !N ENDOR of the native CcO complex as a function of g-value is
shown in Figure 4.3. The observed signals are assigned to two different nitrogen ligands,
N1 and N2. Gurbiel and coworkers*? were able to simulate the N1 spectrum as shown on
the right side of Figure 4.3. These two nitrogen signals most certainly arise from the two
histidine ligands to the Cu, site. The 'H ENDOR of the native CcO complex as a
function of g-value is shown in Figure 4.4. There are four strongly coupled protons
observed (displaced by about 5, 6.5, 8.5 and 10 MHz from the proton Larmor frequency
(vy =46.3 MHz) in the g = 2.08 spectrum). These four protons are most likely the four
B-protons on the two cysteine ligands of the Cuy site. There is an intermediately coupled
proton signal at about 2-3 MHz from the proton Larmor frequency. It is possible that this
signal arises from the methionyl protons. As the methionyl ligand of the Cu 4 site is more
distant from the metal ions than the cysteine ligands, the coupling of the methionyl -

protons is expected to be less than that for the cysteinyl B-protons.

Experimental Procedures
Enzyme Purification

The beef heart CcO complex was isolated essentially by the Hartzell and Beinert
method.?*” Mitochondria were lysed with 2.5 g Triton X-114/g protein in TEH buffer
(20 mM Tris, 10 mM EDTA, 1 mM histidine, pH 8.0) supplemented with 200 mM KCl
and centrifuged at 13,700 X g for 10 h. The pellet was washed three times with TEH
buffer and solubilized with 2 g K-cholate (twice recrystallized)/g protein in TEH buffer at
a protein concentration of 40 mg/ml. The enzyme was precipitated with ammonium
sulfate and the pellets were redissolved in 25 mM Tris, 0.1% DDM, 10 mM EDTA, pH
8.0. The enzyme was dialyzed (50 kDa membrane) against 50-100 volumes of this
solubilization buffer and then 50-100 volumes 25 mM Tris, 0.1% DDM, pH 8.0. After
centrifugation at 32,500 X g, 4°C for 30 min, the enzyme (150-250 uM) was aliquoted,
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frozen in liquid nitrogen and stored at -80°C until use.
Growth of E. coli cells and isolation of "His-tagged" UQO complex was

accomplished as described in Chapter 3.

Concentration and Activity Assays

Stock CcO concentrations were calculated from the reduced-minus-oxidized

difference spectrum at 605 nm (A€fse ™ = 24 mM ! cin™!) using sodium dithionite as the

reductant. However, this method was found to be unreliable for the various modified
enzyme samples, and the pyridine hemochrome method?3? was used instead. A dual
wavelength extinction coefficient of 46.5 £ 1.0 mM ™! cm™! (mean + standard deviation) at
588-638 nm for the reduced minus oxidized pyridine hemochrome was determined from
ten different determinations on five different batches of as-isolated enzyme. Turnover
numbers were calculated from the initial rate of ferrocytochrome ¢ (1-80 uM initial
concentration) oxidation monitored optically (550 nm or 520 nm) in 100 mM Na-phos,
0.1% DDM, pH 7.4. The k., and K, for a particular enzyme sample were obtained from
Eadie-Hofstee plots.

Stock UQO concentrations and enzyme activity were calculated as described
previously (Chapter 3). Also, the kinetic constants for the UQO complex used here were

identical to those reported earlier (Chapter 3).

SB-12 Heat-treatment

The SB-12 heat-treated CcO complex was prepared by a modification of the
procedure of Nilsson and coworkers.?*® Three parts stock enzyme was diluted with ten
parts 15 mM SB-12, 100 mM Na-phos, 500 mM NaCl, pH 7.4 and incubated in a 40°C
water bath for 15 min. The solution was cooled on ice for 10 min and centrifuged at
32,500 x g, 4°C for 30 min to remove large aggregates. After dialysis (50 kDa

membrane) at 8°C against 30-40 volumes 5 mM SB-12, 10 mM Tris, pH 8.0, samples
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were applied to a short (2.5-3.5 X 2.5 cm) DE-52 (Whatman) column equilibrated with
10 mM Tris, 0.1% DDM, pH 8.0. The column was then washed with 50 ml 10 mM Tris,
0.1% DDM, pH 8.0 and the enzyme was eluted with 200 mM NaCl, 25 mM Tris, 0.1%
DDM, pH 8.0. The fractions containing enzyme were pooled and concentrated to greater
than 150 uM using Centricon-100s (Amicon). After dialysis (50 kDa membrane) at 8°C
against about 100 volumes of 25 mM Tris, 0.1% DDM, pH 8.0 for 4-10 h, the enzyme
was centrifuged at 32,500 X g, 4°C for 30 min, frozed in liquid nitrogen and stored at

-80°C until use.

Subunit I1I-depletion

Subunit III was removed from the CcO complex using high detergent and salt
concentrations. One part stock enzyme was diluted with six parts 5% Triton X-100
(w/v), 300 mM Tris-HCl, 50 mM EDTA, pH 8.5 and incubated at room temperature for
20 h. After ten-fold dilution with distilled water, the enzyme was applied to a DE-52
column equilibrated with 10 mM Tris, 0.1% DDM, pH 8.0. The column was then
washed with 100 ml 10 mM Tris, 0.1% DDM, pH 8.0 and the enzyme was eluted with
200 mM Nac(l, 25 mM Tris, 0.1% DDM, pH 8.0. The fractions containing enzyme were
pooled and concentrated to greater than 150 uM using Centricon-100s. After dialysis (50
kDa membrane) at 8°C against about 100 volumes of 25 mM Tris, 0.1% DDM, pH 8.0
for 4-10 h, the enzyme was centrifuged at 32,500 X g, 4°C for 30 min, frozed in liquid

nitrogen and stored at -80°C until use.

Electrophoresis

The absence or presence of subunit III in various enzyme samples was determined by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS;PAGE). Enzyme
samples were dissociated using 250 mM Tris-HCI, 8 M urea, 3.3% B-mercaptoethanol,

5% sodium dodecyl sulfate (SDS), 15% glycerol, pH 6.2 at room temperature for about
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1 h and run on a Hoefer SE 250 vertical electrophoresis unit using a 7.2%/0.19%
(acrylamide/bisacrylamide) stacking gel, a 14%/0.37% running gel, and a running buffer
of 20 mM Tris, 240 mM glycine, 0.1% SDS, pH 8.4. Gels were stained with Coomassie
Blue.

Instrumentation

Optical absorption spectra and kinetic measurements were obtained with Hewlett-
Packard 8452 or 8453 diode array UV/Vis spectrophotometers. The X-band EPR spectra
were recorded using a Varian E-109 spectrometer equipped with a Varian E-231 TE 102
rectangular cavity. The modulation frequency used was 100 kHz and temperature was
controlled with a helium cryostat (Oxford Instruments) or liquid nitrogen finger dewar
(Wilmad). The ENDOR spectra were recorded on a modified Varian E-109 EPR
spectrometer equipped with an E-109 9 GHz microwave bridge or an E-110 35 GHz
microwave bridge using 100 kHz field modulation as described previously.?*8 All
ENDOR spectra were obtained in the laboratory of Professor Brian Hoffman
(Northwestern University, Evanston, IL) by Drs. Ryszard J. Gurbiel and Yang-Cheng

Fann.

Data Analysis

Double integration of first derivative X-band EPR spectra was carried out using the
baseline correction and integration capabilities of Lab Calc™. The EPR visible copper
concentration was calculated by spin integration of standard solutions of CuSO, in
100 mM imidazole, pH 8.4 or in 100 mM histidine, pH 8.0 under the same experimental

conditions.
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Figure 4.5 (A) The EPR spectra of the SB-12 heat-treated, 40 h SB-12 dialyzed CcO complex (top) and
the native CcO complex (bottom) at 80 K (average of four scans). (B) The EPR spectra of the same two
samples at 10 K. Spectra are scaled to protein concentration based on the pyridine hemochrome method
and the buffer is 25 mM Tris, 0.1% DDM, pH 8.0. Spectrometer settings: modulation amplitude, 10 G;
time constant, 32 ms; power, 1 mW; microwave frequency, 9.22 GHz; scan rate, 8.3 GI/s.

Results
Development of a Type-1I Copper EPR Signal

As shown in Figure 4.5A, SB-12 heat-treatment of the CcO complex results in the
development of a type-II signal. The appearance of this type-II copper EPR signal is
accompanied by a high-spin heme signal in the g = 6 (~ 1100 G) region of the spectrum.
This high-spin heme signal is best seen at low temperature (Figure 4.5B) where
line-broadening is less of a problem. Curiously, the development of this type-II EPR

signal is critically dependent on the length of the first dialysis step (see Experimental
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Figure 4.6 Development of the type-II EPR signal (77 K) as a function of dialysis time after SB-12
heat-treatment. The inset shows the linear dependence of integrated intensity on dialysis time (see text for
details). Spectrometer settings are the same as in Figure 4.5 except for a time constant of 128 ms (average
of five scans).
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Procedures) as shown in Figure 4.6. Double integration and correction for spectrometer
gain and enzyme concentration as determined by the pyridine hemochrome technique
reveals that the amount of EPR visible copper approximately doubles after 40 h of
dialysis (Figure 4.6 inset). The integration error is estimated to be in the range of
10-20%; this error arises from the protein concentration estimate, the baseline correction
routine, and the fact that there are small heme signals in the g = 2 region even at 80 K.
Copper standards were used to estimate the EPR visible copper in the native enzyme. As
expected, the ratio of EPR visible copper to enzyme complex is approximately unity for
native enzyme; therefore, this was assumed to be the case and the integration of modified
enzyme was standarized to this value. There appear to be two "isosbestic points" (at 2938

and 3059 G - denoted by arrows in Figure 4.6); these isosbestic points suggest that a
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single process occurs to produce the type-II signal.

Various attempts were made to determine what step of the SB-12 heat-treatment
procedure is responsible for the perturbations to the EPR spectrum of the enzyme. Gel
electrophoresis reveals that subunit III is lost during the SB-12 heat-treatment procedure.
Subunit III can be removed by high salt and detergent concentration (see Experimental
Procedures). In and of itself, it is found that subunit III depletion is insufficient to yield
the large type-II copper signal shown in Figure 4.5. However, a small amount of type-II
copper signal is sometimes apparent in the EPR spectrum of the subunit III-depleted CcO
complex; this signal intensifies upon 40 h dialysis against 10 mM Tris, 0.1% DDM, pH

8.0 at 8°C. Dialysis of the native enzyme itself against this same buffer results in the

Table 4.1 EPR Visible Copper Resulting from Various Treatments of the
CcO Complex

subunit I~ K, k... EPR visible
present?®  (UM) (s™) copper (80K)

—

native yes 47 230 1.00
subunit II-depleted® no 56 165 1.11
40 h DDM dialyzed*® yes 52 182 125
40 h DDM dialyzed,® subunit III-depleted® no 49 152 1.49
40 h SB-12 dialyzed no 49 128 1.81
SB-12 heat-treated, 40 h SB-12 dialyzed no 60 47 2.25

2 An entry of "no" implies that greater than 90% of subunit III is missing as determined by SDS-PAGE.
The phrase "subunit III-depleted" refers to the high detergent, high salt treatment described in

Experimental Procedures.

€ The phrase "DDM dialyzed" denotes dialysis against 10 mM Tris, 0.1% DDM, pH 8.0 at 8°C followed by

the short DE-52 column treatment described for the SB-12 heat-treated enzyme.
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Figure 4.7 UV-Visible absorption spectra of the six samples listed in Table 4.1: native ( ); subunit
II-depleted (- - - - - ); 40 h DDM dialyzed (- - - -); subunit III-depleted, 40 h DDM dialyzed (— - - *);

’

40 h SB-12 dialyzed (— — — —); SB-12 heat-treated, 40 h SB-12 dialyzed (-+----* ). The protein concentration
in each case is 2.5 UM in 25 mM Tris, 0.1% DDM, pH 8.0.

appearance of a small amount of the type-II signal. A substantial type-II copper signal
develops upon 40 h dialysis of the CcO complex in SB-12 buffer without a 15 min heat-
treatment. Typical results of these experiments are tabulated in Table 4.1. The optical
spectra shown in Figure 4.7 reveal that there is very little perturbation to the 830 nm
absorption band except in the case of the SB-12 treated samples. In general, the 830 nm
absorption intensity diminishes roughly according to time in contact with SB-12. No
correlation is found, however, between the 830 nm absorption intensity and the
appearance of the type-II copper signal. In fact, a substantial type-II copper signal is seen
for the subunit ITI-depleted, 40 h DDM dialyzed enzyme yet no diminution of the 830 nm

absorption intensity is apparent. As shown in Figure 4.8, the type-II copper signal is
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Figure 4.8 The EPR spectra at 80 K of the six samples listed in Table 4.1. From top to bottom: native;
subunit II-depleted; 40 h DDM dialyzed; subunit III-depleted, 40 h DDM dialyzed; 40 h SB-12 dialyzed;
SB-12 heat-treated, 40 h SB-12 dialyzed. Spectra are scaled to protein concentration based on the pyridine
hemochrome method. The inset shows the seven-line hyperfine pattern for the SB-12 heat-treated, 40 h
SB-12 dialyzed enzyme. The bottom panel shows the difference spectrum between the SB-12 heat-treated,
40 h SB-12 dialyzed and the native samples. Spectrometer settings are the same as in Figure 4.5 except for
a modulation amplitude of 5 G for the inset spectrum (average of two scans).
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Figure 4.9 The EPR spectrum at 80 K of the as-isolated cytochrome bo; complex. Spectrometer settings

are the same as in Figure 4.5 except for a time constant of 64 ms (average of 16 scans). Compare with
Figure 4.8.

characterized by a g, of about 2.19, an A, of about 190 G and a seven-line hyperfine
pattern at g, = 2.06 with a splitting of about 15 G.

Figure 4.9 shows the EPR spectrum of the as-isolated UQO complex. The type-II
copper signal in this spectrum is characterized by a g, of 2.19, an A, of about 190 G, and
a seven-line hyperfine pattern at g, = 2.04 with a splitting of about 15 G. At liquid
helium temperatures, substantial high-spin heme signal is present (data not shown)

indicating that the heme 03-Cup binuclear center is magnetically uncoupled.

'H ENDOR

The 35 GHz continuous-wave (CW) 'H ENDOR spectrum of the SB-12 heat-treated,
40.5 h SB-12 dialyzed CcO complex taken in the g, region of the type-II copper center

shows a doublet centered at the proton Larmor frequency (vy = 46.3 MHz) and split by a
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hyperfine coupling constant (A;) of about 10
MHz (Figure 4.10A) as predicted by equation
4.2. This proton, which is not seen for the
native enzyme (Figure 4.4), is not associated
with the hemes because the hyperfine-split
doublet vanishes when the spectrum is taken
outside the type-II copper EPR envelope. In
addition, the proton ENDOR signals
associated with the Cu, center are still
present and remain unperturbed throughout
the Cu, EPR envelope indicating this site
remains intact under the experimental
conditions (data not shown). The proton
ENDOR spectrum is very similar to that
reported by Fann and coworkers?*? for the
Cug site of the cytochrome aa3;-600 ubiquinol
oxidase complex isolated from Bacillus

subtilis (Figure 4.10B). In the case of the

V-Vy

Figure 4.10 Comparison of 'H ENDOR spectra
of the CcO complex (z0p, 35.04 GHz, g, = 2.20)
and the B. subtilis cytochrome aa3-600 ubiquinol
oxidase complex (bottom, 35 GHz, g = 2.23).
Both spectra show a hyperfine-split doublet
centered at the proton Larmor frequency.
Experimental conditions: modulation amplitude,
0.6 G; scan rate, 1 MHz/s; temperature, 2K
(average of 50 scans). The aa3-600 ubiquinol
oxidase spectrum is reproduced from Fann and
coworkers.24

Bacillus enzyme, this strongly coupled proton (A; = 10 MHz) is solvent exchangeable

and is consistent with a bound hydroxide anion.

4N ENDOR

Figure 4.11 shows the ENDOR spectra of the SB-12 heat-treated, 40.5 h SB-12

dialyzed CcO complex taken in the g, and g, regions with the frequency range expected

for 14N ligands coordinated to copper. Each 14N ligand should give ENDOR patterns as

described in equation 4.1. In the g, spectrum (Figure 4.11, top), ENDOR peaks with

frequencies greater than 10 MHz can be assigned to v branches of three 14N ligands,
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Figure 4.11 Comparison of 14N ENDOR spectra of the CcO complex (35.04 GHz, g = 2.22, g| =2.04)
and B. subtilis cytochrome aa3-600 ubiquinol oxidase complex (35.2 GHz, g = 2.23, g; = 2.05).
Experimental conditions are the same as for Figure 4.10 except: modulation amplitude 2.5 G (Cc0)/1.25 G
(aa3-600); scan rate, 2 MHz/s. The aa3-600 ubiquinol oxidase spectra are reproduced from Fann and
coworkers.
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denoted as N1, N2, and N3, with hyperfine couplings (4;) of 38, 24, and 17 MHz,
respectively. No quadrupole splittings were resolved. The resonance at 7 MHz (marked
with a *) is associated with heme nitrogens as the signal persists outside the type-II
copper EPR envelope. As the field increases from g; into the Cuj, region
(22 < g < 1.94), the "N ENDOR pattern becomes more complicated as the *N signals
observed arise from both the native Cu, center as well the type-II copper site (Figure
4.11, bottom). However, the *N ENDOR taken at gy clearly shows three peaks from
three distinct nitrogens and these “N ENDOR signals can be unambiguosly tracked in
the field-dependent ENDOR spectra taken across the EPR envelope of the type-1I copper
center. Hyperfine couplings (A, ) of 40, 32, and 24 MHz are estimated for the three
nitrogen ligands denoted N1, N2, and N3, respectively. The YN ENDOR spectra
acquired in both the g; and g, regions yield very similar hyperfine coupling constants to
those observed for the Cug center of the B. subtilis cytochrome aaz-600 ubiquinol

oxidase complex.?*® The 14N ENDOR spectra from this ubiquinol oxidase and those

Table 4.2 “N Hyperfine Coupling Constants (in MHz) for the Type-II Copper Center in
the SB-12 Heat-treated CcO Complex and for Cug of the B. subtilis Cytochrome aa3-600
Ubiquinol Oxidase Complex

N1 N2 N3

cytochrome ¢ oxidase complex Ay 38 24 17
A, 40 32 242

cytochrome aa3-600 complex Ay 37 25 17
Ay 42 31 20

* Uncertainty in A: + 3 MHz. Values for the cytochrome aaz-600 ubiquinol oxidase complex were
originally reported by Fann and coworkers.24?
This value is estimated since the signal overlaps with nitrogens of the Cu site.
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reported here for the SB-12 heat-treated CcO complex are compared in Figure 4.11.

Table 4.2 summarizes the hyperfine coupling constants.

Discussion

The appearance of a type-II copper species as a consequence of SB-12 heat-treatment
of the CcO complex has been reported previously by Nilsson and coworkers.?*? In
addition, p-HMB treatment or incubation with AgNO; has been found to cause the
appearance of this type-II species.?*2243:250 In terms of EPR characterization, the type-II
copper species reported here appears to be identical to the one described by these authors.
As discussed earlier, this type-II species has been interpreted to result from modification
of a mononuclear Cu 4 site (Figure 4.1).

The explanation for the appearance of the type-II signal upon SB-12 heat-treatment
must be re-evaluated in light of the binuclear nature of the Cu, center and the data
presented here. Two possibilities are considered feasible. The first is that the SB-12
heat-treatment procedure causes disruption of the Cu, site; the approximate doubling of
the copper EPR intensity arises from full oxidation of the two copper ions. The second
possibility is that the Cu, site remains in a native configuration and the magnetic
coupling of the heme a3;-Cug binuclear center is broken making Cug EPR visible. In this
scenario, the extra EPR visible copper, all of which appears to be in a type-II
configuration, is Cug. The strongest evidence in support of the first explanation is the
diminution in the 830 nm absorption intensity, which is believed to arise predominantly
from the Cu, center,> upon SB-12 heat-treatment of the enzyme. It has been found here,
however, that the type-II EPR signal can be created without any apparent loss in the
830 nm absorption intensity (Figure 4.7). In addition, 'H and “N ENDOR spectroscopy
reveals that the Cu resonances are present when a stoichiometric amount of the type-II

copper species is EPR detectable. Instead, three additional 1N ENDOR resonances are

detected (Figure 4.11). The seven-line hyperfine pattern in the g, region of the EPR
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spectrum (Figure 4.8) is consistent with three approximately equivalent nitrogen ligands.
The excellent agreement between the hyperfine coupling constants of the type-II center

described here and those for the Cug center of the B. subtilis cytochrome aa;-600
ubiquinol oxidase complex (Table 4.2), which does not contain a Cu, center, allows
confident assignment of the three new nitrogen ENDOR resonances as Cug histidines.
Finally, the EPR spectrum of the as-isolated UQO complex contains the identical type-II
copper species that results upon SB-12 heat-treatment of the CcO complex. As this
enzyme also does not contain a Cu, center but is otherwise structurally similar to the
CcO complex (Chapter 1), and, in this particular sample, the heme 03;-Cup binuclear
center is magnetically uncoupled, these data provide strong confirmation that the type-II
signals that appear as a result of the various CcO treatments discussed here do indeed
arise from Cug. The changes in the resonance Raman spectrum of heme a; when the
type-II copper signal is apparent in the CcO EPR spectrum are now more easily
understood.?40-25! The perturbations that uncouple the heme a;-Cug binuclear center and
make Cug EPR detectable also disrupt the heme a3 pocket. The approximate isosbestic
points (Figure 4.6) as the type-II signal grows in provide a good indication that there is
only one process occurring during the SB-12 heat-treatment procedure, namely, the
uncoupling of the heme a;-Cup binuclear center (In the g = 2 region, there is no clear
isosbestic point most likely due to the sensitive nature of the high spin heme
contributions).

Given that the type-II EPR signal seen arises predominantly from Cug, it is important
to ask to what extent the structural integrity of the Cug redox site is preserved. Cline and
coworkers>’ report an EPR spectrum of Cug obtained by full reduction of the enzyme,
flushing with O, and quick freezing in liquid N,. This spectrum is characterized by a g
of about 2.28, and an A of about 100 G. Photolysis and freezing of the fully-reduced
CO-bound CcO complex in the presence of oxygen has been found to yield a type-II

copper signal with a g, of 2.28 and an A, of 102 G.>** High pH causes the appearance of
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a type-II species with a g of 2.30 and and A of 136 G.24> Addition of cyanide to the
Thermus thermophilus cytochrome baz complex produces a type-II copper species with a
g of 2.28 and an A; of about 140 G.252253 These spectra contrast with the type-II signal
obtained by SB-12 heat-treatment which has a larger A; (~ 190 G) and a smaller g,
(~2.19). As harsher treatments tend to result in larger A values, the indication is that the
structural integrity of the Cug site has been perturbed in the experiments described here.
A small perturbation to the heme a;-Cuy site clearly‘ must have occurred to break the
magnetic coupling in this binuclear center. The structural perturbations likely explain, at

least in part, the lower dioxygen reduction activity of the enzyme when the type-II signal

is observed. Both the SB-12 heat-treated CcO complex and the cytochrome aa;-600
complex have a strongly coupled proton with an A} of about 10 MHz (Figure 4.10). In
the case of the cytochrome aas;-600 complex, this proton is solvent exchangeable and has
been tentatively assigned as arising from a bound hydroxide anion.2*®> A hydroxide

anion could certainly be the fourth ligand for the type-II copper site reported here.

The finding that SB-12 heat-treatment makes Cug EPR detectable raises the issue of
which copper ions give rise to the type-II signals seen upon AgNO; or p-HMB
treatment. 242243250 Since ENDOR experiments have not been attempted on such enzyme
samples, a definitive conclusion cannot be made here. It is certainly possible that these
treatments affect the Cu, site exclusively since they are thiol specific reagents. Gelles
and Chan?°? observed an approximate 40% increase in copper EPR intensity upon
p-HMB treatment of the enzyme. This observation is consistent with a scenario where
the type-1I copper signals arise from Cug due to perturbations similar to those caused by
SB-12 heat-treatment. On the other hand, disruption of the Cu, center and oxidation of
the cuprous copper would also result in a similar increase in the integrated EPR intensity.

While the ENDOR data reveal the presence of native Cu 4 resonances in the presence
of stoichiometric amounts of type-II copper, the possibility that a substoichiometric

population of Cu 4 sites have been perturbed cannot be ruled out. The creation of a small
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amount of a type-II copper species from severe disruption of the Cu, ligation structure
would be undetectable in the EPR and ENDOR spectra due to the strong signals arising
from the Cup center. The diminution in the 830 nm absorption intensity and the slightly
larger than stoichiometric increase in the integrated intensity of the copper EPR signals
are consistent with this possibility.

On the other hand, less drastic perturbations to the Cuy site could occur. Li and
coworkers?*! found that heat-treatment in DDM results in substoichiometric populations
of both type-I and type-II copper species. Zickermann and colleagues23* have recently
found that mutation of the weakly coordinating methionine of the binuclear Cu , center
(Figure 1.5) to isoleucine results in a type-I copper EPR spectrum (g, = 2.18, A; = 61 G)
and loss of 830 nm absorption intensity. These data suggest that a type-I species could
result in the native enzyme through dissociation of the weak Met-Cu bond and upon
lengthening of one of the Cu-S bonds as shown in Figure 4.12. As a result of this
conformational rearrangement, one of the copper atoms would have a type-I structure
(one His, one Cys, one carbonyl and a long Cu-S bond). The other copper atom would
have a high reduction potential due to the two strongly coordinating cysteines, and

therefore, would become completely reduced with the electron initially shared by the two

.CHj
. Met-S

atoms. As only the type-I-like Met_S:FH3 N-His N-His
copper would be EPR visible, the ot o+

) ‘ . / \ / \'S-Cys
EPR integration would remain Cys-S\ S-Cys Cys-S\
constant. The loss in 830 nm Cufé ol
absorption intensity reported His-N "0=CGlu His-N "0=CGlu

here for some samples may result
Figure 4.12 (left) Schematic of the binuclear nature of the Cuy

from a Cu , rearrangement of this = site as revealed by X-ray crystallography.13 14 The fourth ligand
for the lower copper is the main chain carbonyl of a glutamic
type. The associated type-I EPR acid residue. (right) Possible perturbation to the Cup site that
results in the appearance of a type-I EPR signal (lower copper
signals are likely to be difficult atom) and loss in 830 nm absorption intensity. See text for
details. Solid lines denote strong bonds; dashed lines denote
to detect in the presence of Wweakligation.
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strong type-II signals and need not be identical to those resulting from the methionine

mutation structure.254

The well-known interaction potentials in the CcO complex®
implies conformational interaction between redox centers. Therefore, the disruption of
the heme a;-Cup binuclear site that produces a type-II signal could potentially, under
some conditions, perturb the methionine of the Cuy center resulting in loss of 830 nm
absorption intensity. In fact, during enzyme turnover, the Cu, reduction potential could
be modulated through allosteric interactions between the heme a;-Cug binuclear site and
the Cu , methionine.

To summarize, the Cup center undergoes a small structural modification and becomes
EPR detectable upon SB-12 heat-treatment. It is not assumed that the thiol specific
reagents AgNO, and p-HMB, both of which cause the appearance of a type-II copper
species, affect the CcO complex in the same manner. However, it is feasible that the
type-1I species resulting from treatment with these reagents is a perturbed Cug site and
not a modified Cu, site. It is possible that SB-12 heat-treatment perturbs a small
population of Cuy, sites since this procedure results in a decrease in the 830 nm
absorption intensity of the enzyme, perhaps through allosteric interactions with the
methionine of the Cu, site. It has been demonstrated, however, that under some

conditions, Cug of the fully-oxidized CcO complex is EPR detectable in the form of a

type-1I copper center.

Concluding Remarks

As mentioned at the beginning of this chapter, the appearance of a type-II copper
species in the EPR spectrum of the CcO complex is correlated with loss of proton
pumping activity of the enzyme. The goal of the work described here was to more
explictly correlate the presumed structural changes at the Cu, site with loss of this

activity. At least in the case of SB-12 heat-treatment, the appearance of a type-1I copper

center is a result of perturbations to the heme a3-Cug binuclear center. This finding raises
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the question of whether it is this disruption of the heme a;-Cug binuclear center structure
that results in the decreased proton pumping ability. As heat and high detergent
concentrations are very non-specific means by which to modify proteins, the protocols
utilized here can certainly result in a number of modifications to the CcO complex that
would be undetectable by the methods applied thus far. If the thiol specific reagents
p-HMB and Ag* do indeed disrupt the magnetic coupling of the heme a;-Cug binuclear
center much like heat-treatment, they certainly react peculiarly with the CcO complex.

Unfortunately, then, at this juncture, little can be concluded about the implication of these

modification experiments on the role of the Cu, site in the proton pumping reactions.
However, it is clear that the Cu , site is not as structurally labile as had been previously
thought. As the tight coupling between ET and the proton pumping reactions implies that
very minor structural changes would be sufficient to completely uncouple the proton

pump, it is certainly possibly that minor, undetectable (at least by the methods utilized)

structural perturbations to the Cu , site or in the vicinity of this site are allosteric linked to
the appearance of the Cug type-II EPR signal. Alternatively, the structural modifications
that cause the appearance of the type-II copper signal may be linked to the allosteric
coupling between the dioxygen binding site and the linkage site. These possibilities are
reasonable since, as discussed in Chapter 2, there must be allosteric communication
between the dioxygen binding site and the linkage site for the coupled electron transfer

steps.
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Chapter 5

The Role of Subunit III in Proton Translocation
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It is well established that the CcO complex pumps up to four protons for each
molecule of dioxygen reduced resulting in an average stoichiometry of about 1 H" /e~
(Table 2.1). As a consequence of the thermodynamics of dioxygen reduction, however,
proton translocation can only result from the last two electron transfers to the dioxygen
binding site (Chapter 2). As a result, the H /e~ stoichiometry for these last two electrons
is 2. In an attempt to decipher the proton pumping machinery, investigators have
modified the CcO complex by various means and determined the functional and
structural properties of these altered enzymes. In general, it is found that the average
H*/e- ratio can vary anywhere from zero to unity (Note that this finding is the strongest
experimental argument in favor of a redox-linked proton pump mechanism rather than a
redox loop mechanism — see Chapter 2.). Not surprisingly, a number of chemical models
of redox linkage have been proposed. These models differ dramatically in the manner in
which the exergonic ET is proposed to couple to the endergonic proton pumping
reactions. In direct coupling, the ligands of a redox center become protonated and
subsequently deprotonated at some point during the oxidation-reduction cycle of the
metal. Each of the four metal centers has been proposed to be the site of redox
linkage 44129,189,190,192.255 A discussion of one of these models will be used to illustrate
the important principles of electron and proton gating in the next chapter. Models of
indirect coupling have been proposed also.?0426-258 1n indirect coupling, the redox state
of the metal centers influences the conformational state of the proton translocating
elements at some distant location in the protein. The H* /e~ ratio of 2 for the pumping
electron transfers presents a dilemma with regards to directly coupled models of redox
linkage because it is difficult to construct chemically reasonable scenarios in which
uptake of two protons at a redox site is required to balance a one-electron reduction
reaction. A scenario in which protons are pumped by two different mechanisms, one
directly and one indirectly coupled, provides a simple solution to this dilemma.®

A number of investigators have raised the possibility that some indirectly coupled
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proton translocating elements of the proton pump reside in subunit ITI.259-262 It has been
known for some time that reaction of the enzyme with dicyclohexylcarbodiimide
(DCCD), which modifies Glu®® of subunit I (bovine numbering), or removal of subunit
III by a variety of methods results in inhibited proton translocation (Table 5.1). There are

at least two possible interpretations of these observations. One explanation is that part or

Table 5.1 Inhibited Proton Pumping Activity for Various Modified Forms
of the CcO Complex

maximal % inhibition of
Cytochrome ¢ Oxidase Sample proton pumping activity Reference(s)

Subunit ITI-Depleted Enzyme:

reconstituted beef heart enzyme 30% 241
40% 263
45% 264
50-60% 265
75% 260
100% 266
reconstituted ox heart enzyme 35-90% 267
reconstituted rat liver enzyme 50-85% 262
P. denitrificans enzyme:
spheroplasts (deletion mutant) 0% 268
reconstituted two-subunit 50% 158,195,203
enzyme
DCCD Modified Enzyme:
reconstituted beef heart enzyme 45% 269
60% 195,259
65% 194
75% 270,271
rat liver mitochondria 90% 194
reconstituted two-subunit 20% 195

enzyme (P. denitrificans)
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all of the proton translocating elements of the proton pump are located in subunit III.
Alternatively, it is possible that all the proton translocating elements of the pump are
located in subunits I and II but subunit III plays a role in modulating the allosteric
interactions between subunits I and II in order to accomplish the redox linkage and to
vary the proton to electron stoichiometry. Haltia and coworkers?6® have prepared
mutants of the Glu® residue in subunit III of the P. denitrificans CcO complex and have
measured the proton pumping activity of these mutants in spheroplasts. These
investigators found that the ET and proton pumping activity were unaffected by mutation
of Glu® to Gln, Ala, Asp, and Lys. In addition, deletion of the entire subunit III gene
resulted in a lower ET activity (5-15% of wildtype) yet the same apparent proton
translocation activity. Unfortunately, these investigators were unaware of the complexity
of the Paracoccus respiratory chain and the fact that there is an alternative cytochrome
b-containing terminal oxidase complex which translocates protons when operating in
conjunction with the cytochrome bc; complex.?’? This alternative terminal oxidase
complex is likely responsible for the high proton translocation activity observed for the
CcO subunit III deletion mutant in light of the low ET activity for this mutant. However,
the conclusion that Glu® is not an intrinsic element of the CcO proton pump based on the
wildtype-like activities of various mutations of this residue is still considered valid. Note,
however, that Wu and coworkers?”® recently found that the CcO-dependent ATP
synthesis of a few of these Glu”® mutants is attenuated therefore indicating that subunit
III does play some role in energy coupling. It is apparent that further biophysical and
biochemical studies are required to decipher the role of subunit III in enzyme turnover,
despite the recent crystal structures.

Chadwick and Thomas?™* demonstrated that N-cyclohexyl-N'-(4-dimethylamino-o-
napthyl)carbodiimide (NCD-4) can be used as a fluorescent probe for DCCD binding
sites in proteins with their work on the sarcoplasmic reticulum (Ca”"+Mg?*)-ATPase

complex. NCD-4 is a useful probe in that the starting material is non-fluorescent, yet
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Figure 5.1 Schematic representation of the possible reactions following an initial modification of a single
carboxyl group in a protein by NCD-4. Reproduced from Musser and coworkers. 215

both the protein adduct (an acylurea) and the sideproduct of the reaction (a urea) are
fluorescent. These two potential products (Figure 5.1) are readily distinguished by
different fluorescent maxima (Table 5.2). Pringle and Taber?’® have used NCD-4 and a
series of spin-labeled stearic acids to show that the major carbodiimide binding site on
the mitochondrial proton channel of the bovine FoF;-ATPase complex is fairly deeply
buried within the membrane. In this work, Pringle and Taber assumed a 4-6 A interaction
distance for nitroxide quenching of fluorophores.?’”” More recent data by Abrams and
London?”8 indicate, however, an interaction distance of 11-15 A for the quenching of
fluorophores by spin-labeled lipids. In support of the larger interaction, others have

shown that in the case of covalent fluorophore-nitroxide conjugates, the interaction
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distance for nitroxide quenching is as large as 12 A and significant quenching occurs over
a separation distance of up to 20 A.279:280  Apy appreciable quenching of
fluorophore-labeled protein complexes by spin-labeled lipids or fatty acids indicates that
the fluorescent label is on or near the protein-lipid interface of the membrane spanning
region of the enzyme. Since the cross-section of transmembrane helices including the
sidechains is on the order of 10 A, a protein-bound fluorophore quenched by hydrophobic
spin-labels could be at most about one transmembrane helix away from this interface.

The goal of the work described below was to apply the Pringle and Taber

Table 5.2 Fluorescence Emission Maxima of NCD-4 Derivatives in Various
Solvents at 23°C*

Emission wavelength (nm)*

NCD-4 derivative Hexane Ethanol Ethanol/H,O
(1:1, v/v)
NCD-4-acetylurea’ 398 425 (430)° 440
o =0.06¢
NCD-4-urea —° 460 (467)° 473
¢ =0.58¢
O-Phenylisourea’ 435 452 465

* Adapted from Chadwick and Thomas. >’*
2 Excitation was at 330 nm.
b NCD-4-acylurea is the adduct with the protein (Figure 5.1); NCD-4-acetylurea is the model compound
formed by reaction of NCD-4 with acetic acid.
€ Values in parentheses represent corrected emission maxima.
¢ = quantum yield.
€ NCD-4 urea proved too insoluble in hexane for spectral measurements.
f Formed by reaction of NCD-4 with phenol.
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methodology to locate Glu®® of subunit III with respect to the membrane bilayer and the
surface of the protein. In order to better delineate the possibility of subunit III as an
allosteric effector, it is certainly necessary to obtain some idea of the location of Glu®®
within the protein as a whole. As the location of Glu*° determined by these fluorescence
studies was confirmed by the recent crystal structures, the description of these
experiments will be brief (this work is described in full by Musser and coworkers27?).
Instead, the focus of this discussion will be the possible function of subunit III in light of

the data now in hand.

Experimental Procedures
Materials
The beef heart CcO complex was isolated by the method of Hartzell and Beinert.?*

Enzyme concentrations were determined by using the reduced-minus-oxidized difference

spectrum at 605 nm (Aeg%(;'ox =24 mM™! cm™") using sodium dithionite as the reductant.

Enzyme preparations were stored at -80°C in 25 mM K-phos, pH 7.8 and 0.5 or 0.1%
Brij-35 until ready for use. The native CcO complex had a turnover number (turnover
number = V/[E, 1) of 390 s'! in 10 mM K-phos, 100 mM KCI, 0.05% DDM, pH 6.0
with an initial ferrocytochrome ¢ concentration of 50 P M.

Unless otherwise described below, chemicals were reagent grade, were obtained from
commercial suppliers and were used without further purification. NCD-4 and 5-, 7-, and
12-DOXYL-stearic acids were obtained from Molecular Probes; 10-DOXYL-stearic acid
and TEMPO were from Aldrich; and 16-DOXYL-stearic acid was from Molecular Probes
or Aldrich. Carbonyl cyanide, m-chlorophenyl hydrozone (CCCP) was obtained from
Calbiochem; cytochrome c¢ (type VI), and 4-amino-TEMPO were from Sigma;
valinomycin was from Sigma or Calbiochem. Lipids from Sigma were as follows:
bovine heart cardiolipin (CL); synthetic dioleoyl L-o-phosphatidyl-choline (PC),
approximately 99% pure; and synthetic dioleoyl L-a-phosphatidylethanolamine (PE),
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approximately 99% pure. Cholic acid (Sigma) was twice recrystallized from
water:ethanol (1:1, v/v) and stored at 8°C and pH 7.6 as a 20% stock solution of the
potassium salt. DEAE Bio-gel was from Bio-rad; DE-52 beads were from Whatman; and

Sephadex G-25 and G-100 were from Sigma.

Spectroscopic Methods

Optical absorption spectra and kinetic measurements were obtained with a
Hewlett-Packard 8452 diode array UV/Vis spectrophotometer. X-band EPR spectra were
recorded using the Varian E-line Century Series spectrometer described in Chapter 4;
protein samples were at liquid nitrogen temperature (finger dewar) and spin-labels were
at room temperature. Steady-state fluorescence spectra were recorded on an SLM 4800
spectrofluorimeter equipped with a SMC-210 monochromater controller and SE-480-485
electronics (SLM Instruments) which were interfaced to an IBM XT computer.
Scattering data was obtained at 90° to a Spectra-Physics series 2000 Argon laser beam
(488 nm) using a Malvern System 4700c sub-micron particle analyser interfaced to a

Malvern PC 6300.

NCD-4 Modification of the CcO Complex

The NCD-4 modified CcO (NCD-4-CcO) complex was prepared as follows. To a
5 uM solution of the CcO complex in 10 mM K-phos, 0.1% Brij-35, pH 7.4 was added a
100-fold molar excess of NCD-4 from a 100 mM ethanol stock solution. The mixture
was incubated at 8°C for 18 or 24 h and then centrifuged at 20,000 X g for 10 min to
remove the precipitated urea. The supernatant was concentrated to about 100 LM using
Centricon-100s (Amicon). The concentrated NCD-4-labeled protein was then applied to
a DEAE or DE-52 column equilibrated with 10 mM K-phos, 0.1% Brij-35, pH 7.4 (low
salt). After washing with this buffer (to remove the NCD-4-urea), the salt concentration

was increased to 100 mM KCI (high salt) for elution of the protein. The protein was
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concentrated (as above), diluted to remove 90% of the KCl, and concentrated again, the
final concentration being accurately determined using Aeg%ds'ox =24 mM "' cm™. For the
DCCD inhibition experiments, the enzyme was first incubated with a 100- or 500-fold
molar excess of DCCD (from a 100 mM ethanol stock solution) for 18 h at 8°C; after the
addition of a 100-fold molar excess of NCD-4, the incubation was continued for another
18 h. Removal of dicyclohexylurea and NCD-4-urea was accomplished by anion
exchange chromatography as described above.

NCD-4 labeled subunits were determined by SDS-PAGE as described in Chapter 4
except that an LKB2001 vertical electrophoresis unit was used. Gels were first
photographed under UV illumination to observe the NCD-4 fluorescence; staining with

Coomassie Blue allowed identification of the subunits.

Reconstitution of the CcO Complex

CcO vesicles (COVs) were formed by the cholate dialysis technique.?8! PC:PE:CL
lipid mixtures (2:2:1, w/w) were brought to near dryness under a stream of nitrogen and
residual solvent was removed by vacuum desiccation overnight. The dried lipids were
made to a concentration of 25 mg/ml in 93 mM K-phos, 1.5% K-cholate, pH 7.4 and
sonicated to clarity using a model W-375 tip sonicator from Heat Systems-Ultrasonics,
Inc. After cooling for 10 min, 3.5 ml of the sonicated lipids were mixed with the CcO
complex and 100 mM K-phos, pH 7.4 to a final volume of 5.0 ml and a CcO
concentration of 2 WM. The protein-lipid solution was then incubated on ice for 15 min
and thereafter centrifuged at 20,000 X g for 30 min at 8°C. The supernatant was dialyzed
(Spectra/Por 4 dialysis tubing; 12-14 kDa cutoff) for at least 22 h at 8°C against 75
volumes of 100 mM K-phos, pH 7.4 with three changes of buffer. After dialysis, the

vesicles were centrifuged at 20,000 X g for 40 min at 8°C, and the supernatant was stored
at 8°C until use.

Respiratory control ratios (RCRs) of the COVs were determined as follows.
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Cytochrome c¢ stock freshly reduced with sodium dithionite was passed through a
1.5 16 cm Sephadex G-25 column equilibrated with 1 mM K-phos, pH 7.4 to remove
the excess dithionite. The activity of the COVs was monitored by following the
cytochrome c¢ absorption at 550 nm as a function of time after the addition of 4 ] vesicles
to a 2 ml solution of 40 uM ferrocytochrome ¢, 8 uM CCCP, 7 uM valinomycin and
1 mM K-phos, pH 7.4 in a stirred cuvette. The initial slope was determined and
compared with that of an equivalent kinetics run with no ionophores to give the RCR.
Typical RCRs for the COVs were between 2 and 3; respiratory control was almost
completely lost in the case of the NCD-4-CcO vesicles (NCD-4-COVs). Such low
respiratory control was most likely due to leaky vesicles. Light scattering experiments
indicate that the vesicles had an average diameter of 40 to 70 nm. No evidence for
particles in the 4.5-20 nm range was found thus indicating the absence of enzyme in a
micellar phase. While respiratory control was poor for these vesicles, it was found
necessary to utilize purified synthetic lipids to reduce contaminating fluorescence from
impurities found in a more conventional vesicular system. Using semi-purified
phosphatidylcholine, RCRs greater than 5 have been obtained using the identical

reconstitution procedure.

Fluorescence Quenching

Fluorescence emission spectra of the NCD-4-COVs and COVs were obtained by
exciting the sample at 320 nm and scanning from 350-550 nm. All bandwidths were
8 nm. Vesicles (50-200 pl) were brought to 1 ml with 100 mM K-phos, pH 7.4 and the
emission spectra were recorded. Quenchers were added from a stock solution and
emission spectra were recorded about 30 s after the addition of quencher. Difference
spectra were computed from the fluorescence of NCD-4-COVs and COVs observed
under identical conditions to obtain the NCD-4-CcO fluorescence spectra in the absence

or presence of quencher. For comparison of NCD-4 quenching efficiencies, spectra were
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integrated from 400-550 nm.

Spin-labeled stearic acid stock solutions were made approximately 100 mM in
ethanol. First derivative EPR spectroscopy was used to determine the relative
concentrations of spin-labels in these stock solutions as follows. First derivative EPR
spectra were taken of three different aliquots of all stock solutions. Peak to trough
heights of the middle band were assumed to be proportional to the concentration of
spin-label and an average height was determined for each of the stearic acid stock
solutions. The average height over all spin-labels was assumed to correspond to
100 mM, and this intensity was used to determine the concentration of each spin-label
stock solution. In ethanol solution, all of the DOXYL nitroxides used should have
similar EPR linewidths so the spin concentration can be determined from the height of
the central line. The concentration of the 4-amino-TEMPO stock solution was
determined by comparison of its EPR signal with that of an accurately made TEMPO
stock solution. All spin label solutions were stored at -80°C until use. Potassium iodide
solutions were prepared immediately before use. The NCD-4-acetylurea model
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