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ABSTRACT .

Cytochrome ¢ Oxidase and .
Metalloderivatives of Cytochrome ¢

8

&

Monique Marie La?erge .

.
.

The ¢€in, 2zinc and europium derivatives of horse heart
cytochrome ¢ were prepared and characterized as follows: Zinc
cytochrome ¢ has absorption maxima at 422, 549 and 583 nm and
fluorescence emission maxima at 590 and, 640 nm (7 = 1.4 ns).

s

Tin cytochrome ¢ has absorption maxima at 410,533 and 574 nm.

Its fluoresecnce emission maxima are at 580 and 63464 nm. Two

___components are observed in the emission with respective

lifetimes of 1.6'and 0.4 ns. Eurgpium cytochrome ¢ has a
Soret maximum at 403 nm with visible maxima at 501.‘534, 9954 '
and 610 nm. Fluorescence emission maxima occur at 619 and 6469
nm. At low ionic strength, the tin and zinc derivatives bind

cytochrome ¢ oxidase in the ratio of one Sng or 'Zng per

-

~

‘CUA'aC“a' In the presence of cytochrome ¢ oxidase, the
triplet absorption decay of Ing (92 s'l) is quenched. Two
.components are observed in Ehg decay profile of the .complngl
a process with k = 668 s ' and a‘slower one with k = 330 s ',
Radiationless dipole-dipole transfer of triplet excitation
energy to' the oxidase is believed to be the predom{nant
quenching mechanism. Calculations of ‘intermolecular
separation yield donor—acceptor distances of 13 and 15 A.
This is consistent with the conclusion that the acceptors are

two copper atoms of the oxidase. s &o

\
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aCuAaBCun: cytochrome ¢ oxidase

aa_: cytochrome ¢ oxidase, fully oxidized

2 . )

a a:: cytochrome ¢ oxidase, fully reduced form

Fo . .
¢ : iron-free cytochrome ¢

porphyrin ¢: iron-free cytochrome ¢

¢ : native cytochrome ¢

'Eug: Buropium cytochrome ¢

Sng: Tin cytochrome ¢

Zng: Zdnc cytochrome ¢.

aZnn_: T;iplet state of zinc cytochrome ¢
EDTA: Ethylenediaminetetraacetic acid
KPi: Potassium phosphate buffer

HIS: Histidine

MET: Methionine

TRP: Tryptophan - .




1, INTRODUCTION v o L

Metalloporphyrins dominate‘ﬂthe.’ énerqy/electron” transfer
- % ] 1 ” . (N
processes of many biological:lyste@s. In recent vyears, a

-

consensus seems to REVE emerged in the Haem protein field
1 ) .
that most of these processes primarily depena onp long .range.

elecfron transfer covering diétaﬁces of some 10 to 30 A

*y

[MclLendon, 1988].' ) . ' . C
Several experimental aﬁproaches have been used to study tﬁese
questions 4 most of them ipccessfulmat confi;ming_ﬁhéoretical
predictions. Consider for examplertﬁe“w . of Miller which
established the‘exponential dependence :;:5;?éctron transfer
rates on distance\[Miller. 71975], a - prediction of% Marcus

theory [Marcus, 195&1], and;’:fang the . most recent efforts,

that of groups providing experimental' evidence for 'ghe

')predicted . dependence fof rate . on ° free ?enerqy

» ©

[Conklin~Taylor,19881. - . :

g 3 & )
0f course, these attempts at correlating theory . and

observations would not have been possible without first

«

obtaining answers as to how . the carriers are physically

organized so as to prdmbte .effective 'électron/enefgy flow,
Central to the study of these questions ,are naturally

occurring ' carriers such as haem proteins, among which

N 0

’:ytochrnme ¢ has been the most exh&ust&yely'studied.

Haem proteins are characterized by the presence éf oné or
4

more haem groups in {het; strpcéﬁre. The central feature of

L4

all haem -proteins is the prosthetic druup. For several, it

5 / N

-
L}
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Y ' FIGURE 1.1

Al ]

~IRON(I1I)PROTOPORPHYRIN — All eight pyrrole carbons

. are complegely substituted on the porphyrin ring.

The naéute of the subs%ituents provides additional
stabilizing interaction between the haem and ths
protein matrix in Haemproteins., The metal is four-
coordinéte with a slightly distorted square-planar
environment, Two pyrréle'?ings are tilted up and
two are tilted down so that the n}frogens are out

.of'plane. The iron-nitrogen bond length is 1.96 A.

Addition of one axial ligand produces a five-—

coordinate square-pyramidal-species while that of

two ligands yields a six-coordinate distorted

octahedral structure. [Hughes, 19841
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‘consists of protohaem——iron(Il)protoporphyrin IX (Fig 1.1). .

The pof%h?r;; ring is a roughly planar ensemble of several
dozen atoms with a central iron atom coviieﬁtly bound to

. four ﬁitrogens. Ring substituents include four methyls, two
propionic acids aﬁd two viﬁyl side .Ehains., In cytochrome ¢
(Fig 1.2) the haemias a polypeptide chain attached and 4
wrapped around if:/Horse heart cytoéhrome ¢ has a molecular
weight of 12,400 and its polypeptide chain contains 104 amino
acid residue;. A nitrogen atom from a histidine residue
(his-18). and a sulphur atom from a metgionine residue
imet—BO);Zf this chain are coordinated to the ©5th and 6th )
Eoordiﬁation sites of the iron. Its functio; is to shuttle
eléctrons, yhich it accepts from a reductase and conveys to

R Y

cytochrome ¢ oxidase for the'!'reduction of dioxygen to water.

The polypeptide. chain also accounts for the binding
probérties of cytochraome ¢ to its partners by providing
specificity and proper orientation of the haem edges,mediated
by complementary - charge interactions (Fig 1.3).
[Salemme, 19727 ;Koppenol ,1982].1n earligr days, there u;ed to

bé an even split in the haemwprotein field with- respect to

deciding whether the metal orqlthe protein moiety was

5
A

‘responsiblé for the efficiency of biological eléctroq
P—EF;;g?er and the, specificity of the haem partners. Peoplg
trained as inorganic chemists would sing the p:aise of the
transition metal in the porphyrin hole, while biachemiats"

would argue about the importance of a given amino acid

residhel“Fortunately for the problem under consideration, the

v
.
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FIGURE 1.2

SCHEMATIC REPRESENTATION OF CYTOCHROME C - The
haem is six-coordinate and covalently bound to
the protein via thioether groupis. X-ray results
show thatlthe’axial ligands are his-18 and met-80
in both oxidation gtate§. Cytochrome ¢ accepts'

an electron from cytochrome c1 and transfers it

to cytochrome ¢ oxidase. Heavy circles illustrate
deeply buried residues and filled circles the

haem contact residues. Many. exposed residues are
mobile while the haem contact residues seldom flip,
with the exception éf residues linked to reactivity

such as phe-B2. [Campbell,1983] |






| FIGURE 1.3 ; .

SCHEMATIC REPRESENTATION OF THE DOMAINS ON
CYTOCHROME C FOR THE INTERACTION WITH ITS
PARTNERS - The rectangle represents the solvent-

;

accessibjle haem edge. The number of circles
around a given lysyl residue is proportional to
the dipole strength. The numbers indicate the
relative position of the residues in the chain.
Cytoch?ome c must therefore be correctly oriented .
with complementary electrostatic fields and
molecular dipoles.-The rate of electron transfer
is sensitive to changes in tﬁe cytochrome ¢

dipole. [Koppenol,1982] ‘ \
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past te7‘ vyears havg seen éhe emergence of a school of
though /recognizing that the interplay of protein structure
and méle properties were of paramount significance and that
thg/only'hope, of dealing with the question of electron
transfer was to define a new goal for haem proiein

Mdiochemistry, i.e the understanding of how interactions

. between the protein and /the iron porphyrin determine

~

function.

Protein crystallography and binding studies~ have provided
much information about the interaction domains of electron
transfer couples. From these studies has emerged the
distinction between reactions involving a short distance
between partners (é 10 ’A) and thqse occuring between
partners separated by longer distances. ~(>10 A). In the

shirt distance case, bdéh, donor and acceptor haem edges

'ére accessible at the protein surface (e.g.the coplanar haems .

of the cytochrome bs:cyfochrome c couple with an edge to edge

distance of 8 '‘A) and both partners are electron carriers. In
the }6né distance case, at least one haem is not direc£ly
accessible (e.g the cxtochrome ¢ peroxidase icytochrome ;'
couple with haem edgéé some 1BVA apart) and the acceptor iit

-

an enzyme [Poulos, 1984].

o

The cytochrome ci:cytochrome ¢ oxidase couple is another:

example of a long range electron transfer couple. Bu}~ unlike
the previous example — which features partners with ‘known

crystal structures — the x-ray structure of the oxidase

g

- A - I



FIGURE 1.4
. HAEM a - Cytoch ; idase has two such haems.
The porphyrin has an o—hydroxyfarnesylethyl qrodp
at position 2 of the porphyrin ring, a vinyl at

position'4, propibnic\acidssgt 6 and 7, a formyl ‘)

. at 8 and methyls at positions 1, 3 aﬁd S5. The

[
¢

structure is roughly planar, 8.5 A laong and‘

4.5 A thick [Caughey, 1975]
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okida4¢ is unknown, and there is still considcrable
?nceréainty as to igf structureffunction relationships.
%The enzyme is the terminal acceptor in the mitochoqdrial
electron transport chain and it catalyzes the four;electron
‘reduction of dioxygen to water coupling the energy released
by the reaction to the synthesis of adenosine triphosphate
via a‘ protpn—pumping mechanism across the membrane. It
contains four metal sites, two haem a's (Fig 1.4) and :two
coppers per monomeric unit (aCuAAECuB). The twb Haems and
the two coppers are not equivalent: theyﬁfunctian differently
and are in difféient protein e&vironments. Cytochrome a; and

Cu_ together form the dioxygen or extraneous ligand binding

£

centre. Electrons are believed to enter the macroenzyme via

haem a to be transferred intramolecularly to CuAand then to
the aS:Cu; centre. The oxidase contains anywhere from 7 to 13
Subunits for a combined molecular weiqhtl of some - 200,000.
Subunits I and II are the haem—éarrying subunits with subunit
I1 aintionally bearing the two copper atoms and the
cytdchrohe_g binding site. The prétnn—pumping activity has
been linked to subﬁnit I11. _The"function of the ather
subunits is unknoWn. The oxidase is embedded in and spans the
inner mitochondrial membrane as illustqgted in Fig 1.5. As
lsuch, the monomeric unit constitutes the smallest
catélytically active unft [Wik§tr6m,1981].'lt has also been

suggested that the enzyme may be dimeric as shown in the

model presented in Fig 1.6, which has led to the Fonglusimn

Lo~ 12
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[A] SCHEMATIC REPRESENTATION COF A MITOCHONDRIA -

1t consists of three domains: the matrix wiéﬁin

the inner mitochondrial membrane, tﬁe intercristal
space between the inner ¥fid the outer membranes

and the cytoplasm outside the mitochondria.

[B] ENLARGEMENT OF .[LA] — The enzyme protrudes

agout 50 - &0 A from the membrane on the cytoplasmic
side (C) and two smali protein domains extend some

10 — 15 A on the matrix side (M).[Brudvig,19811]

~
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. ' \ FIGURE 1.6

THREE-DIMENSIONAL MODEL' OF THE CYTOCHROME OX IDASE
DIMER - Blectron microscopy and image reconstruction’
of membrqnéqus crystals confirm that the enzyme l
| : protrudeé s{:fne 60 A on the C side and =ome 15 A
on the M side’. Sections through the map are shawn
parallel tuihe membrane. The upper five rectan}lgs
- are spaced by 10 A and show sections of the density -
map across\ the dimer.[Deatharage, 1982]

\ Y
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that the oxidase either functions as an nCuAaacu. monomer in

which.case it would transfer four electrons from cytochromp c
to dioxygen or as a (aCuAAQCuB)z dimer, in whi;h case each
_monomer would transfer two electrons ffom cytochrome ¢ to
each atom of dioxygen [Wainio, 1983].

That the oxidase constitutes one of the most Fomplux
biochemical systems should now be apparent, if only }or the
fact tﬁat electroq transfer occurs botﬁ intermoleculnrly;
between ferrocytqgchrome ¢ and the oxid&se as well as between
éhe oxidase and dioxygen, and intramolecularly between the
metal centres. It should be ‘noied that the distinction
between these types of electron transfer _is far fram
straightforward. F&r instance, if cytochrome ¢ and the
oxidase exist as a protein—protein complex fo; a significant
amount of timé, the reaction may be considered
intramolecular...And what asgut protein fluctuations 7?7 Can
they favour confqrmational' changes allowing long range
praotein complexes to,beco&e short range ? These quostioni are
only beginning to be answered. And although much remains:
to be investigated on the effects of prot;in—protcin
"interaction on the mechanisms of electron transfer, the
information thaf is now available is being put to use in the’
design of ;xperimegts targetting ever more specific answers.
Among the several approaches used - to l;udy these N
questions, a standard -xpurimcntfl design 16 the haem protein

field has been. to use metalloderivatives, the strategy bolno'

%

- 17 . a
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to replace the iron haem by other metals, such as manganese,

rcopper, cobalt, nickel,” tin, .zinc ,‘ bssically by anything

that Jiif incorporate into the porphyrin hole and provide the
experimenter witﬁ a probe ogperhise unavailable in the native
haem protein. The purpose of this study was to prepare two

known closed-shell metal derivatives of cytoﬁhrome € by

‘

subatituting Zn, which is 2+ charged, and 8&n, which is 4+

charged, for the haem iron as well as taﬂattempt synthesis of

a new cytochrume ¢ derivative, incorporating Eu(IIIS ion .into

the po}phyrin. tanthanide pbrg;yrin probes of bhaem p(oteins

constitute a field of researé;:so new'ihat no group has vyet

reported incorporation of a rare éarth’ iOn; into haem. As

stated above, the substitution in haém proteins of first row

transition metals - for iron has allowed the study of

structure~function relationghips ’by physiéal ?ethqu not

applicable to the native protein. Duiné to their sharp

éleqtronic ‘ prope;ties. _lanthanide ions represent

environmenta} probes potentially even ﬁore versatile than

éransition metals. [Richardson, 1982].

The Zn and Sn derivatives exhibit goth fluorescence and
pﬁosphofesceﬁce - gquenched 16 native cftochrome ¢c- thus
prpviding an apﬁ?oach to study both electron and energy

trénsfer proceéses to the owidase. The derivatives were then

characterized and one of them, the Zn;derivdtive, was -used to

attempt photoinduced electron tranéf@r to 'the oxidase, an -

investigation never befbre aﬁtemptéd.

1=
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2.0 SHORT PRIMER_ON_THEORY

2,1 ELECTRON TRANSFER

The major problem with long-range biological electron
transfer is tha@ no theoretical formalism 'yet successfully
accugnts for it. In solution, electron transfer is saﬁefhind
like a random collision process if one considers +that the
factors of importance are the ;izes of the ions, the affect'
of other ions present in sclution and that of solvent. On the
other'hand, s0lid state pand theory constricts electron
transfer to the periodicity —and directioéality— of the salia
structure. It is essentially a shart range : propagated
phenomenon. Biological electron transfer, we now know, simply
does not reduce to a solution problem nor to a solid-state
one. . (1 o

When an electron - is tran§ferred between
two metalloproteins, the redox sites are more often than Aot
seﬁarated by a  condensed ph;se of pﬁotein matrix and
parameters other than those governing electron transfer, say,
between small inorganic iéns ;nd single-site metalloproteins

’

- which are readily accounted for by the

L

finger—sphere/outer—aphere“ formalism - become &rucill.

Additional considerations must be dealt with, and these
‘ ' 4

include the long, non—-periodic, distances , the nature of the

intérvening medium (Is a protein a liquid-crystal ?) as well
:as the role of fluctuations. . On this latter point, it is

known that fluctuations in the structure o!.proteins are
. L4 A .

+
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commonly involved in.tyragine or phenylalanine ring flips or

e “”IH\haem spin statﬁ chénaes, to name but two examples. What is
*highly significan£ is that these are of the _order of
nanoseconds Qp to minutes.;.e capable of pearinq on electron
o i}ansfer probabilities [Cooper, 1976). At pr;sent, there i;
no satisfactory electron transfer' theory that successfully
deals with the large distances involved (310 A) in known
long-range metalloprotein couples (cf. Table 2.1) and none
of the more polished, well-known formalisms take fluctuations
into acéount. As an example for the need to work fluctuations
in the theoretical framework are the recenf, startling
results of Isied et al. shaowing that electron transfer rates
are dependent on‘the direction of trénsfer [Bechtofd, 19861]..
This not only implies irreversibility but also ghat different
microstate; are possibly involved in oxidation and reduction
[Williams, 1986].
“Classical treatment [Marcus, 19801, rests on the

Franck-Condon principle which requires that nuclear

Fﬁsig\\\\v coordinates remain essentially unchanged during the

electronic transition, i.e if they are to rearrange, they

must pO/so‘pefore electron transfer. The treatment considers

[,

as negligible the probability of electron transfer occurring

between reactants that are far apart, as illustrated in Fig

v

2.1 Adiabatic processes are those of ordinary chemical

.reactions in which chemical bonds are broken or remade.

But 954 of biological electron transfer processes are

5 22
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. FIGURE 2.1

[A] POTENTIAL ENERGY OF A SYSTEM OF REACTANTS AND.
ENVIRONMENT (R) AND PRODUCTS WITH ENVIRONMENT (P)
VS. NUCLEAR COORDINATES OF THE SYSTEM — The plot
" is made for the case of no electronic interaction
between reactants that are far npaft. The systenm
on R remains on that surface noc matter what
fluctuations the nuclear coordinates undergo.
[B]l SAME AS [A]'FbR THE CASE OF ELECTRONIC COUPLING
BETWEEN REACTANTS. A fluctuation of nuclear coordi-
nates allows the R system to cross over to the P
surface as it goes through the intcrloétion region.
~ When the splitting is large, the electron transfer
probability is unity if the system has enough
thermal energy to overcome the barrier and it is
called ADIABATIC. This is never the case with’
biological electron transfer: the long distances
between reactants decreases their interaction

energy and very few trajectories will lead the
" system to the P surface Cnnrcus,)19793. In quantum

mechanical trcquqnts./tunnulinq‘throuqh the barrier

is allowed.

®
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non-adiabatic, i.e. most trajectories along the PE surfaces
will proceed up the R surface and ;lcctron transfer again has
a low probability. Semiclassical approaches includg
Hopfield’'s tunneling formalism [Hopfield, 1974) which has two
major déawbacks: first, it rests on the premise that "th;
process 1is occurring between sites of fixed 'qcomctry,
therefore that they are independent from Qach' other as
implied by h;s_ treatmen; whiéh uses separate spectral
functions for each sitej; second, it predicts toq a very low
probgbility of electron trynsfnr between sites ' separated by
more-than 10 A. and fails to account for electron transfer
rates observed at low temberaturcs. Jortnc}“ treatment
[Jortner, 1976] has the advantage that it is concerned with
the réSponse of the cniire system to the exchange of charge.
By considering the role of high-v multiphonon modes, it thums
prov;des for a dynamic approach where each site has its own
function.

Itbguccessfully accounts for the low temperature i@tos but 1
have yet to come across a clear'expositioq ot any sort of
sclution to the long distance problem, in spite of Jortner's

claim that "the non—adiabatic case is easily soluble*...'

In
recent y?ars.'thc problem has received increased attention
from experimentalists as well. Mentioned earlier (v.
Introduction) were some of the significent contributions

dealing . with crucial physical parameters. This is the p&tnt

wheare the distinction betwesen inter- aend intramolecular

’
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electron transfer becomes very pertinent [Scott, 1983].
Consider the following: / '
Kp Kat + - + _
A +D e AD —— A 1D w==mxr A + D (2.0)
Ks- .
Ia

where A is the electron acceptaoar and D the donor. In the

intermolecular case, Kp and Ks are association constants for

the precursor (A:D) and successor (A+=D-) complexes. Electron

transfer occurs between them with rate Ket. The rate of
intramolecular electron transfer 3piy depends on factors
which influence Ket while that of intermolecular electron
transfer is also affected by factors' influencing . the
formation of }he precursor complex, such as diffusion (both
in solution and in/out of a membrane) and ’electrostatic
interactions. These considerations have led prerimentnlists
fﬁ investigate intramnleculé; electron transtfer systems which
require only having to deal with Ket. The experiments then
simplify to the investigation of the factors which have a
direct Searing\on Kq, namelys the distance beiwepn the redox
sites within the complex, the driving force of the electron
transfer process, the nature -of the intcrvoning phase of
protein and the relative oriéntation of the redox g;tes. Tﬁq
approaches are now used to ensure that the system will reduce

to the simplified intramolecular case. The first  approach

“conQists,in uéinq a structurally we}l-charlcteriicd protein

containing a haem redox—center and covalently attaching a

26 ' ‘
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small inorganic complex to a surface protein rcsidé&g [Axup,
1988]]. This satigfies the intramclecular condition téft the
redox sites be fixed relativeto oneanothe:r and enables the
definition of intersite distance restrictions. for
metalloprotein electron transfer while allowina correlations
to 5omé of the semiclassical theoreticai approaches that are
presently favourably considered. The second approach -used in
this work— is chemically milder gpd invalves the pgpparltion
of protgin complexes which have veryihi;h fohmation constarfts
in low ionic strength media [Liang,1986]. They also allow the
experimentalist to work in the "intramolecular 1limit" while )

Eeing closer to the elusive objective of direct observation

"of electron transfer over distances greater than 10 A.

2.2 ENERGY_ TRANSFER '
In this work, ‘energy transfer is of interest as it
constitutes a possible mode of trhnsf.rring charge from a

- |
protein donor to an acceptor, i.e as a process competing with

. &
~electron transfer in the laong range context and for its use
as “"spectroscopic ruler® [Stryer, 1982] to svaluate
donor—acceptor distances in the 20-80 A range. N

N

The radiationless transfc( of electronic excitation energy

frequently proceeds via one of two fundamental mechanisms:

inductive—-resonance or exchange-resonance. In the former
case, the intaraétion of an excited ’Qﬁcrqy donor with an

unexcitei acceptor occurs via electromagnetic fields. The .
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quantum-mechanical theory of this type of radiationless

energy transfer by dipole—-dipole interaction between a pair’

of donor and acceptor chromophores was developed by F&rster
[Fdrstur, 19351]. The expreassion defining the rate constant
for energy tfansfer by this mechanism between a donor D* and
an acceptor A at & distance R ist
kT = ko(R/Ro)™® (2.1)

where ko is the rate constant for emission by the donor in
the absence of energy transfer. Ro is the "critical radius",
distance between D and A at which the probability of energy
transfer is just equal to the sum of the probabilities for
all de-excitation processes of D.. It is given by:s

Ro = (JK%pon )% (9.79 & 107) (2.2)
where J reptésents-the speciral overlap integral (in cm?M-’).
K? is a dimensionles;’orie&tation factor of d(der one, ¢o is
the quantum yield qf @he donor in tBe absence of energy
transfer and n is the refractive index of the medium. The
6verlap integral is given byt

o

’ w
4 .
3= 00 f00 2 ax ) / [t e @3

=]

where eD(A) is the extinction coefficient of the acceptor

(em™*M™). and t_(\) is the relative emission intensity of

the donor per unit wavelength interval. Donor gmission decays

exponentially with a lifetime given by:
T = (ko + k1) * (2.4)
and the transfer efficiency, E, rﬁpresents the fractional

decrease in emission due to energy transfer. It is expressed

28
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as follows: .
\ ) \
E = KT/(KkT + ko) = 1 - T/70 (2.3)
El . 3 (

-

in which = To & §/ko . (2.6)

In order to determine the distance R between donor’ and

acceptor, the lifetime ar.aquantum vield of the donor in".

presence and in absence of the donor ‘are measured and J is
calculated. If most cases, .it is the determination of Ro

which limits the accuracy'of the distances obtained, chiefly

o = kY +
. due to the uncertainty in the value of K? (Steinberg, 1971).

.Theaoretically, K can range between 0 and 4 , but structural

mplecular considerations allows one to considerably narrow
the range of possihble values, thus increasingnthe accuracy of
the determined distance [Vangerkéoi, 19801].

ThHe inductive-resonance energy transter process

depopulates~the electronically excited state of the donor and

directly competes with radiative and radiationless
de-excitation processes. It occurs as a result of
.~

ldipole1yipole, coulombic int;:actions which couple the

initial (D"A) and final (DA") .states of the system.
Essentiaify a long ;9nge phenomenon as it proceeds ‘aver
distances greater than cbllisional aiameters, it contrasts
sharply with the excﬁanqe—resaonance mechanism, which |is ‘a
short range process requiring overlap of electron cloual and

fégturinq the addition of an exchange term to the coulombic

interaction. The formula de-cflbinq the " rate of energy

transfer via the exchange mechanism is: -

s . - :



. : o - - -
. ktew o« exp(=2R/L) ‘[ - folv) £, (v) dv
- e to é ‘

. b 5

(2.7)
« Where L is the effective Bohr: radius. This rate can also be

“

! expressed by a simplified form of the Debye formula 1

] P4
~ kreex» x BRT/3,000 n (2.8)
A ‘
in which n represents the viscosity of the medium.
, -
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3. BACKGROUND

3.1 THE TRIPLET STATE )

]

It is generally agreed that the lowest excited’ﬁtates of most .
porphyrins and metqlloporphyrins are n,n‘ stafes, with the
electronic ex;itation localized on £he macrocycle. The
central metal can exert significant pertufbatipn on the
excited states, affecting such o properties as
electron-donating or electron-accepting capacity, as well as
théir radiative décays.uTheiF singlét solution spectra are

.fharacterized by an intense band ~ the Soret or B band -

<

near 400 nm (& =~ 200 mM ‘cm™) corresponding to a fully
allowed transition and two weaker —transitions (¢ =~ 30

P around 550 nm - the o and 3 or G@o and Gv bands -,

* Vibronic fine structure is not observed [Makinen, 1983].

Porphyrins make ideal phofoéensitizing agents due to the

relati&el; small eneréy gap between the lowest singlet and

triplet states. Common s;nglet and triplet énergies for’.

metalloporphyrins are in tRe 47 and 43 kcal/mol rang;.‘
! W respectively [Hopf, 1978]. Singlet lifetimes are in the

nanosecond, regime and triplet lifetimes are often in the
b l A . I v )
millisecond timescale. Electron and energy acceptors quench

the excited-states of porphyrins and the corresponding rate

)

constants of course depend on the eIégtron donor and electron

«
’

acceptor properties of the reactants. Direct observation of
. - ]

\ .
/ singlet/triplet excited state quenching _Phenomens ‘' are most

Q

< '
3 ‘k .
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. FIGURE 3.1

JABLONSKI DIAGRAM ILLUSTRATING SINGLET AND
TRIRLET STATES - Metalloporphyrins are excellent
photosensitizers due to their strong ultraviolet

and visible absorption'speétra. small singlet- L

triplet splittings and high 1nt¢rsystoh crossing

efficiencies.
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o %
conveniently made -by laser or flash photolysis . methods
- by pulse excitation and measurement of the decay of the

transient absorption/emission.

In ‘an excited state quenching phenomenon, the basic processes
, ' [ '
are as follows:

hv

D ——— D" ' (3.14)
’ D —X* ., D + n (3.2)
p* X3, p +a — (3.3)
. p*+a X2, pa+a0"
- “ . f"~ D+ + u_
" » p +a : (3.4)

where D is theﬂdonor. D' the excited donér. and G a quencher.

Steps 3.2 to 3.ﬁ represent the possible deactivation pathways

-~

for D". ke is the fic:%;u?dnr rate constant forAth- emission
of light from D°, ka is the sum of all first- or é--udoﬂ
" firat-order rate conétan§: tor deactivation of D' ;nd kz is a
' ﬁimoleﬁular rate constant accounting for the diffusional
deactivation of D" by Q. Eduaiion 3.4 shows that quenching
may be due to on.rg? transfer, or to reductive/oxidative
electron transfer. In the case of Pixed site donor-acceptors,
.- i.e. in the diffusion-free intramolecular limit, kz is
firsé-order. In mctnlloparphyr%n-. singlet and triplet
lifetime decays occur on such different timescales thag the
two processes need not be docbnvolutcd. Both reductive and

oxidativc quenching has been }cportod in these systems with

39



the most'studied clectron transfer proces: being that by
electrnn acceptors [Hopf, 1978]. In polar solvents, singlet
and triplet quenching by electron -cceptors generally produce
ee~1ons which recombine with back electron transfer to
'\i\«;zlld ground states of the starting reactants.
3.2 RELATIONSHIP TD‘EXISTINB‘RESEARCH |
3.2.1 CYTOCHROME C METALLDDER#VATIVES
J. Vanderkooi’'s group was the first to attempt incorporation
of closed-shell mgtals into cytochrome ¢ for the purpose- of
using them a; fluorescent and phosphorescent probes in ‘haem

protein structure—-function studies. Sn4+ and Zn2+

cytochrome
c were successfully synthesized starting fr;m porphyrin
cytochrome ¢ - ‘the iron-free derivative of the native protein .
- and the respective metal- salts. In - subsequent work
[Vanderkooi, 17771, the‘same group used the derivatives to
characterize the cytochrome ¢ binding site. They established
that the derivative binding site to cytochrome g,ox;dase was
the same as that of native cytochrome g and that thelr
affinity for the oxidase was comparable to that of cytochrome
G They also observed that tce fluorescence of Ing was
quenched by the oxidcse which allowed them to eliminate
electron/energy transfer mechanisms requiring close cbntc:t
between the haems. In further work, Dixit et al.observéd
and measured the decay time' of the transient . triplet
absqrptiqn acd emission of Zng, reporiting lifetimes of 14

msec for both processes, a Amax of 462 nm for absorption and




¢

720 nm for emission [Dixit, 1981], as well as quantum vyields
for fluorescence [¢f Sng = 0.012; @ ing é 0.03%],

phosphorescence - [¢b' Sng = 0.0043; ¢, ing

0.0044],
efficiency values for triplet formation (Sng. = 0.93) Ing =

0.9]), fluorescence lifetimes trfsng = 1 nsecy T Ing = JI.3

£
nsec] as well as phosphorescence lifetimes [rp Sng = 0.003°
séc3T_ Ing = 0.014 sec].[Dixit, 1984).

In this part of the work, synthesis of the same derivatives

~

‘was attempted *to provide the laboratory with
Q;tallocytochrome G -ydi‘cs;l'.xpurtilc. The derivatives were
meant to be used in singlet as well as triplet studies of the
interaction with the oxidase. In addition, the S8ng was
intended as a suitable Mossbauer probe. Finally, tHe
experience gained with these derivatives was to 'bc ‘used to

synthesize the Eu3+speci-s.

3.2.2 Zng IN ELECTRON/ENERGY TRANSFER STUDIES

The finding Ehat 8Zn;_ can be formed in . high yield ‘with a
remarkably long lifaéime prompted resesarch groups to use it
as a donar in _photoinduc-d cnnrgy/ulogtron tr.nq‘.r
experiments. The excited ’an is an electronic isomer of tho
ground state and as such, has ‘chemical properties widely
different from the groﬁgd state. It has been shown  to
undergo anrgylcloctrontrans}cr rongtions which alter its

lifetime and spectrum. . o )

Four recent research contributions nr.‘of interest. The first

,
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- FIGURE J.2

DIFFERENCE SPECTRA OF 2Zng/Znc (o) AND OF
Znc/Znc*’ (A) [Elias, 19881
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deals with the electron transfer kinetics of Ing and its
pentaamine his—-33 derivative [Elias, 1988). The 3Zn:_ state

was quenched in the presence of the 11.8 A-distant electron

<

acceptor Ru(NHs)stHig)s*. The triplet was found not to decay

back to the ground state but to yield two electron-transfer
N\

products: Zng * and Ru(NHa)s(His)z*. The forward electron

-1

transfer ratg was 7.7 x 10° s and that of the thermal

bacg-reaction was 1.6 x 10° s*. The authors also published
3an/Zr;g_ and'anf*/Zn;_difference spectra [Fig'3.2].

The second contribution of intergst in this context is that
of Liang et al..who studied photﬁinduced electron transfer
from two typeg of ferrocytochromec’'s (tuna and vyeast) to
(yeast) ZnCcP within a 1:1 complex [Liang,1986]1. The reaction
was initiated by photoexcitation of the 3ZInCcP which‘ténn
decay back to the’'ground state or reduce the oxidized haem

partner: ' .

[ZnCePic™"] epima  [*ZnCePic” 1 —Xies [2nCcP ":c®™) (3.5)
The redox intepmediate then returns. to the ground st;te by
thermal electrpn transfer from g?+ to the cation radical
ZnCcP ™

[ZnCcP'*:c?+] —5——+ [ZnCcP|g§+] . (3.6)
The decay of 3ZnCcP  within _the [ZnCcP=g§+J complex is
first-ordér with decay rate kp = kp + ki. Values of kp of 140
s! and “381 54 were observed‘ for the ‘- tuna and ya;st
complexes, nespectively,»yieldiﬁg kt values of 25 s ' and of

266 s s thus showing the increased affinities between
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partners from the same organism (yeast). Growth of the redox
intermediate [ZnCcP'*:g?+] was observed, simultaneous with

n

the %ZnCcP decay. n
The third contribution qf 1nter¢stlis the work reported by
Zemel and Hoffman on the decay of the excited triplet
porphyrins in zinc myoglobin and hempqlobin: They were able
to observe triplet energy transfer within the tetrameric
structure, in which thé haems are gsome 20 A apart. They
considered the tho most likely mechanisms for the obsc:\cd
quenching, i.e “the inductive or exchanbe—rc:onance
mechanisms, and finally conclﬁded that the dipole-dipole
process should be favoured, due to the short—disttpc-' nature
of the exchange mechanism [Zemel, 19811]. 3 ~T-——_~§‘
#inally, Mcl.endon et al. recently described another reaction

Al

of 8ch_, that with cytochrome bs. The authors observed
LY

quenching of the triplet in the 1:1 complex (kp = S5 x 10°
s ') and grguedain favour of electron transfer as quenching
déchanism —-although electron transfer products coula "ot  be
detected - over dipole-dipole energy’ tranafer since Forster
formalism yielded a rate of transfer two orders of magnitude
greater.than the observed rate [(MclLendon, 1985].

After synthesis of the In-derivative, this work proc..dod\

with flash photolysis experiments in the hope of observing

similar quenching of 8ch_ wh‘n complexed to the oxidase.

\ a1
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"4, SYNTHESIS OF CYTOCHROME ¢ DERIVATIVES AND_OXIDASE COMPLEXES

4.1 IRON-FREE CYTOCHROME ¢

Iron-free cytochrome,g --- porphyrin cytochrome ¢, ;-F'-—— is
prepared followiqg the laboratory’'s staﬁdard procedure
[Kornblatf, 19B4i. itself a modification of Rabinson and
Kamen’'s method [Robinson, 1968]. In a typical preparation,

some 50 mg of cytochrome ¢ (Sigma, Type IIl) are dried on a

vacuum line for ca. one hour. The sample is then briefly

exposed to aphydrous HF (ca. 10 sec) and dried overnight on
’

the line.It is dissolved in 10 mM EDTA, pH &6 and at ca. 1 aM,
is dialyzed égainst three changes of the same at 42 C. The

<

sample is then applied to a Sephadex G-75 column. In native
cytochr;ﬁe c, porphyrinq fluorescence ( ca. 600-700 nm) is
‘duenched by the haem (Fisher, 1973]. Removal of the iron
restores the porphyrin fluorescence, thus providing a
convenient monitoring tool.

The absorbance of the collected fractions is
conyenienfly’monifored ;t 550 nm to determine cytochrome ¢
elutioﬁ and their emission aF 620 nm -with excitation in one

/ ¢

of ghe porphfrin bands— to determine porphyrin ¢ élution.
y

Oni; those fractiorns whose cytochrome ¢ wlution comigrates
witﬁ porphyrin fluoresgence are saved [Fig QLlJ and higher
@olecular weight compénents are always discarded.The ,’Mpl.l
are stored at —-15° C until further use. Parphyrin ¢ 1; now

I} Q

routinely used in' haem protein gtrycturc-fuﬁctibn research as

.
ig is well established thht no other alteration in the

. -~

’
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FIGURE 4.1 ﬂ

COMIGRATION OF IRON-FREE CYTOCHROME ¢ AND
NATIVE CYTOCHROME ¢ — A 3 uM c 7 ° sample 'in

25 uM cytochrome c is chromataographed at 3° ¢

un)a 46 x 0.8 cm 2 column of Sephadex G-75
equilibrated in 10 mM EDTA, pH & at a tate of

& plh—l. The fluorescence inéensity of the’ _ﬂiil;ﬁﬁ_h
. —+ractions is Fead at 620 nm - maximun ¢ o
‘ " emission —’(opéB circles, dashed lines). The - N
K ﬁ fractions are then reduced with soaium di~

ihionite'and gfz absorbance, is reac at 550 -
- nm (closed circles,.full limne). The elution
| JJT profile shows presence of hlgher molecular :
o weight components, usually representinq ca. -
15% of tHe sample after dialysis and less
than 4% after 6-7% chromatography.

A \ .




~

/
(-8
\\L @ .3
)
| J
? .} |‘
: .
BR 7
l ™ A
'4C\ / , ’ *
o o
b 1o 40 so
fraction .
- 1
' =
4%



¥

primary structure of the protein occurs besides

s
P

quantitative iron removal [Yanderkooi,1977].

’ . .

4.2 ZINC CYTOCHROME ¢’
y
i
4.2.1 SYNTHESIS

Zinc cytochrome ¢ is prepared by modification of - the

v
¢

F

Vanderkooi method [Vanderkooi, 1936]. Porphyrin , ¢ Ec#. . 290

-

‘uh%ﬁ prepared as in the previous section, is thawed and

dialyzed against 20 mM KH2P04. Alternatively, fresh porphyrin

¢ is prepared and the residue taken up in the above solution.

Starting with cytochrome ¢ does net lengthen the _proced

unduly as almost equivalent time is ‘required to

test/dhromatograph the frozen c ©° sample. The- dialysate is

3

brought to pH 2.6 with addition of & N HAc with stirring. A
ten-fold excess of Zn(_312 is added tD‘ the mixture which is
then placed in a 40° C bath for one hour. The solution is
then dialy{ed agginst HAc, pH 3, for 3 hours, followed by a
2-hour dialysis against distilled water. It is then dialyzed
against two changes of 20 mM gKPi, pH 5. Finéliy, it is
concentrated - and further purified- 'Sy ultrafiltration,
using J‘a YM 5,000 molecular weight cut-off. The
ulgrafiltratioﬁ'step is important;A as low—mblecular weight
components are always present. The presence of aggregate; . ar

higher molecular weight components was not detected, either

by ul#rafiltration or by chromatography. Ultrafiitratibn can

v




be subsituted by gel filtration as final purification step
but the former methad ~has the  added- advantage of
concentrating the protein. Final dialysis is ccrricqf,out
lq;inst S mM KPi, pH 7, prior to freezing. ' .
4.2.2 CHARACTERIZATION |

Fig 4.2 shows ﬁhc absorption spectrum of ZIng. As a result of
metal insertion, the Soret bnnqp sharp;ns and  the ;ur'
four—béna spectrum in the 300-600 nm region collapses into
‘two bands’ (cf. Fia 4.3). Vandnrgooi et al. report an

extinction coéfficinnt of 243 mnqcm_l for the Soret band

v

(Amax = 422 nm) [Vanderkooi, 19761, determined by

s

lyophitization and dirett weighing, in good agreement gith
this work\s values of 239 and 236 mﬂdcm_{, determined using
the Loﬁry method for protein contents. The o and ! pwaks
occur at 583 and 54% nm i; phosbhatc buffer, pH 7.

Fig. 4.2 also shows .thc fluorescence emission nboctrum.
Excitation in any of the absorption bhands vyields the sane
emission with maxima at 390 and 640 nm. ‘
There is a slight dependence of the absorption spectrum .on
pH, éFiq 4.4) reflected in fh- fluorc;ccuncc lpoctr‘. but of
minimal significance when cé?parcd to the marked
pH-dcpendonc; of tﬁc iron-free porphyrin recently observed in
the iaboratory. [Kornblatt, 1988).

Vanderkooi et al. repor ted n'fluorosc-néq lifetime of 3.2 n»

for Ing (Vanderkooi,1976] in disagreement with the report ;1

Vos et a’. of a Ing 'biphnnic decay process with lifetimes

* -

[ f



of 0.49 and ;.92'95 [Vos, 1987]. This work (Fiq. 4.3) reports
_that a singlé exponential describes the Zng fluorescence
decay with t = 1.4 ns. -

'Furthery the Zng shows a triplet absorption _maximum at 462 nm
thh a lifetxme of 11 ms and emission max;mum at 718 nm w;th

the same 11fet1me (fig 4.6).

4



FIGURE 4.2

(Al ABSORPTION SPECTRUM OF ZIng - Characteristic

of simple square-planar chelates of porhyrins with

divalept metal ions, featuring very sharp Soret
2

(Amax™¢ 422 nm) with o and 3 bands at %83 and

549 nm [Falk,1964). ¢ _ = 248 mM em™t in 10

“mM phosphate buffer, pH 7. ’ :

(B) FLUORESCENCE EMISSION SPECTRUM of ing -
(uncorrﬁFted). Emission maxima at 390 and
640 nm, independent oY excitation wavelength
in 10 mM phosphate buffer, pH 7. .
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FIGURE 4.3

"ABSORPTION SPECTRA OF NATIVE CYTOCHRGHE C.
PORPHYRIN ¢ and Ing.
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FIGURE 4.4
pH-DEPENDENCE' OF Znc ABSORPTION - Titration
of the Soret and o~3 bands (not shown) results

in increasing absorption with increasing pH.

This was observed in EDTA, Bistris and KPi

buffer systems. The bottom trace was taken

at pH 5.6, the next at pH 6.4 dnq the last

at pH 7.4 . Reversibility was always achieved.
- ’
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FIGURE 4.5

FLUORESEENCE DECAY—OF Zng = Determined at
the Picosecond Centre by the'stre9k—éamera
method. Lifetime of 440 emission is same as
, that of 540 emission. Best fit to 236 data
points yrelds a single-exponential decay
curve with v = 1.4 ns in 5 mM phosphate
bufter, pH 7. “
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Znc fluorescence decay ~ .
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FIGURE 4.4

[A] TRIPLET ABSORPTION DECAY of Ing - .

at 462 nm, 7 = 11 ms. Best fit to
digitized data. Iqlertx chart trace.
(B] TRIPLET EMISSION DECAY of IZng -

L]

Chart trace at 718 nm, v = 11 ms.
’ ' s
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4.3 TIN CYTOCHROME ¢

4.3.1 SYNTHESIé
. Porphyrin g_and'its metalloderivatives are always hanaled
under minimal light exposure conditions,'as they are reported
\tq be susceptible to‘photodissociation.' Suchldegradation L is
never observea with gffe nor with Zng, but Snc is found to ‘be
< sensitivg to light'during synthesis. Tin incorporq}ion is
accordingly carried out in total darkness. The procedure is
again a modification of that of Vanderkooi [Vanderkéoi,
19761. ' ' '4§

It is thé same as that.fof}awed for Znc but SNCl,_. is added’ in

2
50-fold excess over porphyrin c. After incubation at _40°C,‘

i,the prokein solution is dialyZed against HAc, pH 3, for four

. hours. A white precipitate is then removed by ' centrifugation

” @ 10,000 rpm for 20 minutes. Dialysis against distilleé water

-« 4and 20 mM KPi, pH 5, fgllaws with a last centrifugation
vielding a thin film of residual precipi€§te. The supernatant

ey ] is concentrated by ultrafiltration (YM 5,000). Unlike ZIng, né

low molecular weight components are detected.

4,3.2 CHARACTERIZATION . .

Y

Fig 4.7 shows the absorption spectr of Sncy with' the same
sharp features as that of its zinc anallog."” That® the intensity
. v

~

'4 of the o band is close to that of the 2 band is indicative of
J . chelation stability. The Soret maximum occurs ‘at 409 nm with
% a and 3 bands at 574 and 535 nm, regpectively Jin phééphate-
AN ' / )
buffer, pH 7. ' ,

} v

o9 . (
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Fig 4.7 also shdﬁf the fluorescence emission spectrum.As with

i1

the zinc species, excitation in any of the absorption bands

yields the same emission with maxima at 380 and 6346 nm.

©

In contrast to gfr « and Zngc, the Sng spectrum remains

invariant from pH S to 8 (fig.4.8).
Vanderkooi et al. report a fludrescence lifetime of 0.8 ns

for Snc, this work measured a biphasic decay with %ﬂmt =

0.4 ns and T = 1.6 ns (Fig 4.9).

low
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FIGURE 4.7
[A] ABSORPTION SPECTRUM OF Snc - Upon metal
chelation, the Soret maximum is shifted
from 401 to 410 nm with o and /3 bands at 574
and 535 nm. e, = 220 mM'em™ in 10 mM

410
phosphate buffer, pH 7.

‘{B] FLUORESCENCE EMISSION SPECTRUM of Sng -

(uncnrrécted). Emission maxima at 580 nm

\“gndgbsb nm, independent of excitation

Q?velength‘in 10 mM phosphate buffer, pH 7.
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FIGURE. 4.8
a—\aﬁ—DEPENDENCE OF Snc -ABSORPTION - Titration
. - [
of the Soret and o-f? bands (n&i shown) vyields

a pH-independent spectrum in the range 5 to B.
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FIGURE 4.9
FLUORESCENCE DECAY OF Snc- - Determined at
the chosecand Centre by the streak—camera--
method. Best f1t to 256 data points vields
a curve which is the sum of two exponentials,
One component has 7 = 0.4 ns and the other

7T = 1.6 ns, in 5 mM phosphate buffer, pH 7.
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4.4 EUROPIUM CYTOCHROME ¢

4.4.1 SYNTHESISL

After several unsuccessful attempts based on the method used
to synthesize the two previous metalloderivatives, the
(Jollowing procedure was found to incorporate Eu+3 into
cytochrome ¢’'s porphyrin: 2 ml of 20 mM KH2PD4 are added to 1
ml of 220 uM ¢ ° and the pH is lowered to 2.5 with 6N " HAc.
To this mixture is added 2 ml of 175 uM EuCl3 dissolved ip éo
mM phosphate buffer, pH"5. Thg’mixturg is then incubated at
40° € f;r one hour, followed by dialysis against HAc, - pH 3
and distilled wat;r. Thg europium ion hoﬁeyer.does not remain
coordinated as tae pPH is increased. ‘Above pH S5, it breaks-
free from the porphyrin, as seen in the spectrum, which after
centrifugation  of the sample reverts back to a Q—Ee spectfum.
4.4.é CHARACTERIZATION

When trying.to incorporate a ;are earth ion lnto a porphyrin,
it is perhaps more accurate to speak of coordination oar

chelation as the ion‘s radius (é-coord, Eu+3- 103 pm

[Hﬁheey,1983]) prevents a snug fit into tﬁe porphyrin’s hole.
This hole is known to be ideal for first row metals as there

is only room for a Bond leanh of ‘200-205— pm (Fe-N bond

.length = 218 pm) . Low-spin iron(IIl) fits well in the hole

(radius = 78 pm) while high-spin Fe+2 (radius = 93 pm) ling

out-of~-plane [Perutz, 1970]. Eu(lll) is thus expected to lie

out~of-plane but its size . is not s=so large as to prevent

conrdination‘as first- thought. The. 4inability to maintain

~

“

“\
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- the protein peak at 280 nm.

chelation qf higher pH must there?érc depend on ‘chcmicnl
rather than stereochemicil considerations. This is- doéfirmed
by the work of inorganic research groups who are starting ‘to
chelate porphyrins to rare earths. Thet have of coursé the

L 4

advantage of being able to work in organic solvents, which

,allows them to eliminate problems caused by rare earth:

-affinity for coordinating water ligands (trivalent lanthanide

ions show strong preference for hard bases; with neutral
ligands, the order of preference is O > N > <S5 I[Richardson,
19821].

- The absorption spectrum shown in #ig 4.11 is claose to that of

typical inorganic lanthanide pophyrins, which all feature -
beside a Soret - tpree bands in the 500-400 nm range, with
the middle band being the most intense (Tsvirko, 1981].

A <

Additional evidence for chelation appéars in the, presence of



¥

FIGURE 4.10
ABSORPTION SPECTRUM OF EUROPIUM(III) CHLORIDE
in distilled water.
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FIGURE 4.11
[{A] ABSURPTION SPECTRUM OF Eug - in 10 mM EDTA.
pH 4.8 . doret maximum at 403 nm, with bands '
I to IV at 610, 556, 534 and 501 nnm.
[B] FLUORESCENCE EMISSION of Eug - (uncorrected?
Emission maxima at 619 and 669 nm, inr:lependent‘ .

of exci.tati’n wavelength in 10 mM EDTA, pH 4.8
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C " :
4.5 PURIFICATION 6F CYTO?}RDME c DX{Bﬁég

>

Cytochrome g_nxidasegfrom-beef heart is prepared using the

laboratory’'s standard procedure, uadapted from ‘thetani‘s

method [Yonetan;, 19&6]. The prncedure is carried out=;t a°c, ’
4.5.1 PARTICULATE PREPARATION

Dﬁgé abtained from a slaughterhouse, eight h;arts ' ;re

prbgéssed so as to remove all connective tissue. ' They are

ched and ground. This yields ca. 7 kg of mggclo. Portions of

1.5 kg are set tao wash in a 10 'litre-bucket,; 1/3 full with

e v

crushed ice and brougth to'xhe 7-1 mark Q&th distilled water.

The mixture is stirred and filtered through two aye}s of

cheese clﬁth. The filtrate ii then washed again in one litrZ

2 4

of 0.2 M Na_HPO, diluted to 10 litres with crushed ice an
water, stirred every 10 min&ﬁLs for one hour. The mixture is

filtered and Qashed twice as before with distilled water.
R ¢ o

Thg washed, ground muscle is suspended in cheese cloth, left
to drip overnight in the cold room. The next morning, at the

crack of dawn, a pgrtion —now weighing ca.ﬁzrkg- is processed

% . - N
further and the others stored at - -20°C. Seven one-litre
Waring. blenders are connected in series to a rheoétat, apd

filled with the following: 150 ml of 0.2 M KPi, pﬂ 7.43 150. g

of crushed ice; 300 d of - heart mince. The mixture is

v
hoMogenized for 7 minutes. The homogenates are collected in

the buéﬁet along with enéugh distilled water ‘to reach the

7-litre mark and centrifugéd, using !"Ewing—b¢cket type -
M C“—" 'L . .~ ,

7
¢



. ’ - Q

2

centrifuge fitted w;th one—-litre bottle head @'2,100 rpm (=

800 x g) for 20 minutes ‘at 4° C. The supernatant,

¢

reddish—brown, cloudy, is collected. The pellet (ca. 1:1

ratio w/supernatant) has a hard part, which is discarded, and
\

a sofk, beige componenﬁ which is stirred into one litre of

[

OLOZ.M KPi, pH 7.4, to be reaomogenized for 3 minutes and
centrifuged as before. The pellet, this time, 615 totally’
discarded and the supernatant added to that of the first
centrifugation?! This yields some four;litrés.

The mixture is biought to pH 5.6 using 1 M HAc (ca. 90 ml)
and centrifuged for 10 minutes as before. -

Thé superna;ant, clear, red: is discérded a'nc!~ the pellet,
beige, amounting to some 2 ém (in the one—litre bottles) is
dissolved by swirling in distilled water. It. is again

2

centrifbged as before. The supernatant, reddish-orange, is

discarded and the pellet, hard, beige, is brought to a volume

~

of ca. one litre by addition of 0.1 'M KPi, pH.7.4. The pH is

adjustéd to 7.4 with 3 M NH4DH (ca. 10 ml).
2\ 1 )

OXIDASE EXTRAGTION

To a particulate preparation of 1090 ml-are added 273 ml of

R

107 cholate’which yields 1363 ml of a 2% cholate mixture. (500

.

ml of 10%Z neutralized cholic acid are or hand, prepared well

] 1

in advance by dissolving 50 g of gholic acid. into 500 - ml ' of

o

water with the pH adjusted to-7 by addition of 1 N N3QH. ).
%
The mixture is brought to 30%Z ammonium sulphate saturation by

addition of 240 g, of solid (NH,)_80, (i.e 88g per 500 ml).

*

L]
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The solution is left to stang for one hour on ice and
centrifuged at 10,000 x g (= 10,500 -rpm, A-54 head) for ‘10
.minutes. The beige‘ pelleé is discarded and ihe brown,
slightly cloudy supernatant is brought to SOquaturation with
solid ;NH4)ZSO4 (127 gfﬂ). The mixture is immediately
csptrifuged as hefore. The pellet ismreéuspenQEd {ﬁ a éotal
volume of 250 ml of O.1 M KPi, 'pH 7.4 in 2% cholate using a
hgnd homogenizer. This solution is brought to 25%. saturation
%Y,s}ow addition of 83.2 ml of saturatgd ammonium sulphat;
solution and left standing overnight on ice.

AMMONIUM SULPHATE FRACTIONATION l

The mixtuéékis centrifuged as before ggd the .hard, beige
pellet‘is discarded. }he clear, greenish-brown supernatant is
"brought to 35% saturation i slow addition of 15.4 ml of
éaturé¥ed ammonium sulphate solution per 100 ml Qf
supenatant and left to stand on ice for 30 minutes. It is
cenfgifuged as §efare and the slightly cloudy, yéllowish

supernatént is discarded. The sticky, o0ily,  greenish-brown

pellet is resuspended in 80 ml of O.iM KPi, pH. 7.4, 2%

cholate and brought to 264 saturat1on by add;tlon of 34.6 ml

of saturated ammonium sulphate solution per 100 .ml of

-SDlutién.‘Centrifuq;tion as before follows, the thin layer of
) - i ’ \ r
beige pellet is discarded and the ca. 100 ml of dark green,

clear supernatant is brought from 26 to 337 saturation usind

3

‘the fol lowing calﬁtxan. ' '
| ]
[VLA X AsatA] + [VS x /Zsat ]

' FinalZ = i T il (4.1)
. A 'S .
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where ViA = volume of supernatant

ZsatA = percgnt saturation of supernatant

Vs = volume of saturated ammonium suiphate required
%saés = percent saturation of. saturated ammonium
* sulphate = 100%

The equation is’ solved for Vs, which is the volume of
saturated ammonium sulphate solutionto be added  to the
supernatant.

The mixture is centrifuged as before, the supernatént,
vyellowish, is disca*deq, the oily oxidase pellet is t;ken up

in the following buffer: 17 tween, 10 mM Tris, 10 mM Na_EDTA,

2

;OO.mM KC&,‘l mM NaF, PH 7.2. The solution is brought:fo 31 %
saturation (31 ml of saturated ammonium sulphate per 70 ml of
sgpernatant) and cengrifuged as before. The supernatant is
discarded and the peflet again resuspended in the above
buffer. The procedure yields an oxidase which satisfies the
following purity criteria:‘

- compiete removal of cytochromes b and &1 bands at 560 and
552 nm; . s
- remov&l of the‘oxidase»impu[ipy band at 425 .nm _in the
réduced spectrum; - ' .

~ . L3

-~ A ratio of A = 1.25 or mbre;

/A
445red) 422(0x%)

= 2.5 or less.

t

- A ratio of A \ /A
<o 28040%) 445(red)

Fig 4.12 shows the spectrum of the oxidase routinely obtained

with. this purivication procedure.

’

This ca. 250 uM extract can be stored at - 10° C until

4
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-

required. When tﬁawed, ca. 2 ml are diluted to 4 ml with the
100 mM KCL above buffer and chromatographed on a CL-4B gel
filtration column to remove the extraction cholate and high

molecular weight aggregates. -

Al
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’ , FIGURE 4.12 ‘ ' : -
ABSORPTION SPECTBUM OF CYTOCHROME ¢ OXIDASE — .
' 7.6.uM, prepared as described in text. Fuil
- trace: Dxidiz'ed:\dashed .trace: ‘reduced with
L . _ - -1 -1
sodium dlthloilti\[\Ascdsned-ox) 11 oM "cm 3 _—
s‘zz(oxf 70 mM "cm &&ornblatt, 1986]-._
Insert: 45 M haem a, from 580 to 900 nm. .
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4.6 COMPLEXES OF CYTOCHROME ¢ OXIDASE AND METALLODERIVATIVES

¢

Vanderkooi et al. first made use. of the fluorescence

Y

properties of these derivatives in the context of oxidase

binding studiés.‘hs‘shown in Fig 4.14, there is good overlap
bgéween the emission of Snc and Zne with the absnrptiop
spectruﬁ of the oxidase. Complix formation is thus expected
to result in Férster-type energy transfér from the donor (the

metalloderivative) to the acceptor (the oxidase) [Vanderkooi,

¥
’

1977). These authors reported a 20%Z quenching of Sngc

/

fluorescence by thé oxidase and 30%Z quenching of ing

fluorescence by the same. This is expected in view of the

bettec emission/ébsorptfbn ovérlap in tﬁe Inc case. What
motivated this part of the. work - was to determine th;
stoichiometry of binding of the.Dxidase ;nd the cytochrome ¢
analogs, which Vanderkooi et al. had not reported on .Tq, do
this, two methods were used. ‘
4.6.1 FLUDRESCENCE TITRATION
In a typical titration, 20 m% of stock 0.9 uM ZInc or Snc iéA
prepared and 2 mi~aliquots are intrpduced into 10 test
tubes.’The oxidase (40 uM héem aa3) is added in 10 or 20
- ~l—aliquots along wifh buffern (1 mM kPi, pH 7, ?.SZ Tween ‘\
' 80) so that all tubes have a constant final volume (2.65 ml)
and metalloderivative concentration (0.7 uﬂ).Correétions for

v

inner filtering are made using:

—

H

L  Fe=F antiiog [(Aex + Aem)/2 (4.2)

) ‘ where Fc is the corrected fluorescence intensity, F is the

- , . '
! rd Y

]
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measured intensity, Aex is the .absorbance of the sample at.

the excitation wavelengfh and Aem the absorbance of the

sample at the emission wavelength [Hill, 1986]. An'additiona}
e S \

1

correction is made' to control for' the addition of the.

absarbing species. #ollowing Alleyne et 1., gﬂlleyne,19é7]
the same titration’ is répeated in high ionic strength buffer
(300mM overall). The slight quenching observed and which can
not be due to complexation is also corrected for. The
fluorescence of the ing/Sng sample —-without oxidase is set at
QOZ—aand’the fluorescence éf.eééh tube is read upon addition
of the oxidase aliquot. For ZIn¢c, the excitation wavelength is
set at 422‘or 549 nm'with emission monitored at 590 ‘Br 640
nm. Snc is excited either at 409 or 3535 6m and the emission
read at 5B0 or 636 nm.

Figs 4.13 and 4.14 show that the étoichibmetry of binding for
both metallocytochrome c's is one per functional .unit of
oxidase (aas). )

4.6.2 GEL FILTRATION S

In this experiment, mixtures of the oxidase and the
cytochromelg,derivatives~are brepa(ed.aé’foliowsa

A thaw%d oxidase extract‘is first loaded on a CL-6B ’gel
columa for final purification. The main band eluate (ca.
40—-50 QM haem aa3) is\%ialyzed’againgt i oM KP}, 0.572 Tween
80, pH 7 to lower the ionic strength. Typically, 2 ml of 36
1M a33 Qre added to 1 ml of 200 uM Znc or Sngc in the same

buffer for final concentrations of. 24 UM oxidase . in 67 uM

4
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rnrivntivu. The sampln’is loaded onto a Sephadex G~75 gel
. TPiltration column (46 © x O.Q cm) equilibl;ated in the simu
buffer and eluted under minimal light exposur‘o conditions at

4° C at a flow rate of & mlh™'. The elution profile alvays
shows sharp separation of. the complex and the 'Qexgcss
derivative. The fluorescence of the fractions is nponitorgled at .

.

the appropriate wavelengths as well as the Soret absorption.

The stoichiometry of binding is determined by anaerohic

* ‘ ﬂ;eduétion of a complex fractilon. A sodium dithionite solution

is prepared and degassed in a Thunberg tube and .A qas—tighf:

syringg is used to transfer the reducing agent to capped ¢

- cuvettes containing the degassed fractior;. Oxidized and .

reduced spectra are recorded. The concentration of oxidase is

. o . g -7 -y
determined using € ez 200 cm ‘mM, €.29= T4 cp mM and

’

£.0™ 63 cm ‘mM Y (haem aa_ basis, reduced) and that of the

metallocytochrome ¢ using £ 0™ 248 cm ‘mMt for Zng  and

- -1 -1 .
' ] €10 220 cm mM ~ for Snc.

o 3




FIGURE 4.13 , :
QUENCHING OF Znc FLUORESCENCE BY CYTOCHROME ¢
OXIDASE. [A]1 At low and high ionic strength (u);
- [B] due to complexatibn only.
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FIGURE 4.14
QUENCHING OF Sng’ FLUODRESCENCE BY CYTOCHROME ¢ .
OXIDASE DUE TQ COMPLEXATION. '
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:' FIGURE 4.15
ABSDRPTION SFECTRUM OF THE Inc:O0XIDASE COMPLEX -

Full limn=2: osiadized: dastied line: reduced. 1n

1 mM ¥FFP1., gH 7.

_Concentratlons,of Znc ([ZIncl) and oxidase (Eeaal)

determina2d using Beer'= law after reduyction:

A = A + A = ¢ .[an_]\*— £ faa ]
423 Znc aa3d Znc,423 aal,423 3
™ 4
A = A + A = £ [Znc] + ¢ [aa -]
t42 Zne aa3ld Znc,442 oald,442 3
— Ji . - ,
ors __
.. _ =~ -1 -1 -1 -1 P
fa] = Q.77 = 2418 ;m__mm_LLag_J’_-*_‘?A%mﬂmm——[—aa—s—]
- o ~~ »
] -1 -1 - -1 -1
442 = 0.4%2 = 1L cm oM "{Znc] + 200 cm “mM [aa3]

Solving the set of simultanecus equations yields:

[Zng] = 2.3 uM and [aaa,] = 2.1 _uM.

)

e




——

W

aa=0.1




FIGURE .16 \j;
ABSORPTION SPECTRUM OF THE Snc:OXIDASE \CDP]F’LEX -
eluted from Sephadex G-75 in 1 mM KFi, 045% Tween.
pH 7. Insert: Upon reduction. the 420 nm Shpulder
in the oxidized éﬁ’ectrum grows -into the reduced
442 nm band. The stoichiometry of binding is ‘one
Snc per haem aa_. . ' \\
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5. QUENCHING OF TRIPLET ZNC BY CYTOGHROME C_OXIDASE //

Pd

\\Q<i EXPERIMENTAL STRATEGY
. i

-

- * ~
As soon as Znc was available in sufficient quantities, an

atFeMpt wasy made to pﬁotoinduce electron transfer to the
oxidase.Quenching of the Znc tradgient triplet absorption was
duly obsérveg in the ‘preégngé) of the oxidase and QQS)
fiiyﬂwing approach was used to answer pertinent questions:

17 Determination of ghé 8an absorption and emission spectra

e
i

in the visible rangé;

2.(Monitorqdeéay at several wavelengths tp ensure: that only

on

4

transient species is: formed;
3.~ Selec% approp;iate wavelengths' o observe ’ electron
transfer'products; these were 586 nm and 602 nm nﬁo monitor
haem a_ and a reduction as well as a wavele;gth where the
oxidized and reduced:spectra o; thé ‘oxidase are isosbectic
(563 nNnm) so as to monitor the Z; quenching rate unperturbed
by the growth of a reduced species; |
4TPérform the quenching ;xber'ment using the fully reduced
enzyme “which can not be an glectron accéptor;

S De@grmine,the effect‘of‘fdding a species wﬁich can accebt

neither energy nor electrons' from ?anJ guch, as native

cytochrome ¢ (II).




‘ FIGURE 5.1 . /
EXPERIMENTAL SET-UP. FOR TRANSIENT ABSORPTION
MEASUREMENTS —~ A Phase-R dye laser (1) is used
to flash a Znc sample in the cell campartment
(2). A tungsten—-halogen lamp (3) beam monitors
monitors the transient absorpt@on changes. It

- is directed through a pin-hole and co}limated
through the sample. The emerging beam is focused
to & monochromator (39) placeé in front of the
photomultiplier tube (&4). A power supply unit
(7) provides the required voltage to the PMT:
the signal is sent tg an oscilloscope (8).

+

e e
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5.2 EXPER{gENTAL
.o , o, \
5.2.1 METHODS ' : ¢

To avoid the complek kiﬁ;tics of bimolecular regctioni, the

experimgﬁts were at all) times performed on| the tight, 1:1

S 1

complex (Ka:=7 x 10° M ,[Wil;gﬁﬁ- 19871), prepared as,

deseribed- in ‘section 4.6.2. Alterqativgly, the Ebmpléx
v was also prepared by mixiﬁg_appropriate amounts of Ing aﬂdf
o#idase.,The gxgpfgs were placed in capped cells and dgba§sed
under purified nit}Bgen_for 30 minutes before ’fla?hing. " For

the reduced oxidase experiment, stoichiometric amounts of

¢

0 degassed sod%ﬁm dithionite were added to the sampfe cell with

a gas-tight Hamilton syringe. All experiments were performed

at room temperature and épectré, were' recordgd before and

' N

afﬁe; flashing'on a Cary spectrophotometer.

5.2.2 INSTRUMENTATION ) "

2

A-Phase R DL-2100C dye laser supplying (@ 15 kV) ca. 0.8_J
pulses'of < 200 usec, was uéed to excite ihe samples.The d?e
was rhodamine 66 (#M94) dissolved in spectéal grade
méthanol (S5 x 10°° M). The: experimental set-up is shbwn in

Fig 5.1 .

The maximum lasing wavelength is at 578 nm which allows for

pu—

pumping of the triplet via Zng‘s 580 nm band. - .
A Philips 15 V~150.ﬂ # 6423; EFR A1/232.tungsten-halogen. lamp
was ' used to monitor’ absorption . changes. The signal

’

photomultiplier was a red-sensitive Hamamatsu R-928

(detec%\en range: 185-930 nm). The signal was fed through a




Sl k) termination to ‘an oscilloscope and ‘traces were
~, $ '
frecurded on a sfrip chart recorder. ' For absorption
. Y \

measurements, 700 V were applied to the PMT and 800 Vv ' were

applied for emission. ~
ks A
5.3 DATA TREATMENT
The recorder tr39§s were enlarged and the data was digitized

4 /

v b
by hand. LOTUS 1-2-3 was used as a spreadsheet and

*

unformatted data files . were created. F-CURVE software (@

wfggle, 1985)" was used for cd%ve—fittiﬁg on an IBM XT with

N

MS-DOS 3.2. The curve-fitting program uses the simplex
i >

algorithm. . °

"

A éimplex is a triéngle that has .one more vertex than the
IR . ' '
dimension of the space in which it exists - (Fig. 5.2). If

there are NP parameters{,the number of vertices, of the
) N .

simplex NV becomes NV = NP + 1. The initial location of

'

‘t’he gve‘rtices was determined by ét'imating the parameters from
the strip chart traces which yielded the maximum and” minimum
signal interisities as well as rough lifetimes from the widtha
ai half-maximum of the decays. Then, f;r each vertex} the
Rrogram calcdlateé tﬁevbgst response and worst responsé. For
two parametérs, there are three vertices that can be ranked

as best (B), second best (S) or worst (W). The centrdid of

all points but the worst is calculated as a ‘sum of

.

‘

coordinaﬁeé of the points. The worst point is then\'reflacged,

-

through the centroid to yield a re?lectea\ poini and a

reflected value is sCalculated for each coordinate. The |,

s T

\ N ‘ ‘ \l
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FIGURE 5.2 ¥

‘THE'SIMPLEX - For two paraméters, there are
+tHree vertices that are ranked as to response

as best (B), second bédst (S) and warst (W).
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/\:' 1 - .
- » ¢
réspdnsg is then calcu;ated ?t thevreflected point. 1If the
_reflected pdint is patter than éhe beét then the\‘%implpx is
expanded. The response at the new point is measured.‘lf this
‘. is better than the reflected point, the expaﬁded_ p;int is
l ﬁacéepted in place of the dorst point and a new simple; is
éfeatag. The procedure i; repeated until thg best fit ,?5,
obtained [Noggle, 1985]. ,
,Tﬁa methog of éeighted leaét-squares was alsg used on
" linearized dat&, as outlined by Demas [Demas, 1983].
5.4 ‘RESULTS' L , v
5.4.1 8Zn;/lng_pIFFERENCE SPECTRUM
Fig 5.3 8hows the sing_/an_ difference sbectrum, obtained by
gflashing.a Ingc 5ampfe at 10 nm—intervals. Five’ flashes were
obﬁérveé at each wavelength and x;e average voltage change )
"recorded. Conversion to absorbance units was obtained usigg:
P I =1 x 10 505 - (5.1)
A=~-1log T ' (5.2)
e o . A =log Ie/I - (5.3)

where A is the absorbance, T the transmiftance, lIo . is the

incidermt light, equal to 1007 transmittance and I is the

[4

. trinsmitted light. .At ggven appliéd Qoltqges, care was taken

_“\\ to verify that the singlgt spectré thus obtained matched -
those obtained from a commercial spectrophotometer. Transient

[

triplet difference spectra were then obtained at 65, 70 and

-

. - ~
79 % conversion. In QQS course of recording these spectra,
s . R H

»
Vd . 9

’ o
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the lifetime of ’Znc remained invariant \at all wavelengths.
Tﬁe' triplet maxiﬁum occurs at 460 nm ar;d accurate wavelength
monitoring plases it at 462)nm. A Shoulder aerar's at ca. 525
Am. ' ‘

Isosbectics occur at 432, 570 and from 590 to &40 nm.

/
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TJABLE 5.1: Experimental Measurements recording the aZn;_/Zn:, /

\., Difference Bpectrum shown in Fig 5.3

f,gs: ground state absorbance = log Io/1

|
Xy . Io(mV) I(mV) Ags  AV(MV)  A,triplet aa
400 90 40 0.35 - 10 0.26 ~0.10
410 140 34 0.62 - 40 . 0.28 -0.34
420 200 6 1.52 - 76 0.39 ~-1.14
430 260 40 0.81 - &4 0.40 -0.42
440 330 270 0.09 110 0.31 0.23
450 430 420 __0.03 240 0.40 0.40
460 570 550 0.02 320 0.40 0.38
470 680 650 0.02 340 0.34 0.32
480 750 750 0.00 320 0.24 0.24
490 950 - 900 0.02 280 0.19 0.16
500 1100 1050 0.02 220 0.12 0.10
510 1300 1250 0.02 160 0.08 0.06
520 1500 1450 0.02 200 0.08 0.06
530 ° 1700 1500 0405 140 0.10 0.05
540 1800 1500 0.08 =-120 0.05 -0.03
550 1900 1500 0.10 -240 0.04 '—0.06
560 1950 1750 0.05 - 50 0.04 -0.01
570 1950 1850 0.02 0 0.02 . 0.00
*: 380 1950 1770 0.04 =120 0.01 -0.03
590 1950 1800 0.04 20 0.04 0.00
- 600 1950 1850 0.02 20 0.03 0.00
/ 610 1950 1900 0.01 20 0,02 0.00
620 1950 1900 0.01 20 0.02 0.00
630 1950 1900 0.01 20 0.02 0.00
640 1950 1850 0.02 20 0.03 0.00
650 1900 1800 0.02 40 -0.03 0.01
660 1750 1650 . 0.03 20 0.03 0.01
670 1450 1350 0.03 40 0.04 0.01
680 1050 950 0.04 &0 0.07" 0.03
690 800 750 0.03 . 40 0.05 0.03
700 800 750 0.03 40 0.05

0,02

Io: light transmitted by cell filled thh buffer = 100% T;

detected as a voltage;—

It light: transmitted by sample, detected as a voltagej; '

AV: maximum voltage change ‘after flash;
log Io/(1I-AV);
AA: triplet-singlet-difference = log (I-aV)/1

A,triplet:




FIGURE 5.3 _
®Znc/Znc DIFFERENCE SPECTRUM - 11.1 uM Inc
in 1 mM phosphate buffer, pH 7.
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' 5.4,2 Ing TRIPLET EMISSION SPECTRUM

iﬁé triplet emission spectrum was recorded in the dark, @ 800

applied on the PMT. Fig 5.4 shows that maximum emission

occurs ?t 738 and 800 nm.

At all wavelengths,

lifetime was the same as that of absorption.

i

~

emission

TABLE 5.2: Experimental Measurements recording the ach._

Emission Spectrum. Aex:578 nm.

A, NM

700
710
720
730
736
740
759
750
770
780
790
800

. 810

820

I, mV

6
28
42
66
74
70
46
30
24
20
20
30
22
15

L
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FIGURE 5.4 ‘
3an TRIPLET EMISSION SPECTRUM - 11.1 uM Inc in
1 mM phosphate buffer, pH\ 7.
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5.4.3 GUENéHING EXPERIMENTS

Table 5.3 summarizes the

%2ng  quenching experiments, ﬂ@@#

. performed as described in section 5.2.1

TABLE 5.3: °Zng Triplet Guenching Results @ 464 nm

| 1
‘ Sample Process Dacay rate, s *
slng_ Si?qle exponen@@al ( k = 92 £ 5 -
aanjasa: complex Sum of two egponenials l%-‘—bbe * 23
k.= 330 :}N{
qu;}aza: complex Sum o% two éxponentials I%- 1276: 22,:
i ‘ * .
k= 324 t17
Sanjg? , Bingle éxpnnential k = 93 t\5

/

GQuenching was. also monitored at 432 nm (aan/an_isosbe:tic).

at 602 nm( where qggy{;:;

change of absorbance would be

expected if haem a were to be reduced, at 586 and 605 nm and

[ ] ) . *
~~""finally in the 620-680 range where an'+ growth would be

+ 9

absorbance changes whatsoever and

\

expected. Flashing at 9Zn;_/an_ isosbectics produced

no

flashing at those

'.uavelengths\where the aZn;/Zn;_ differsnce was observable

yieided,rate caonatants with the snmé'Mlqnitud;'as those IhDHﬂ_-

4

in table 3.3 .

-

9

Fig‘P.S shows a trace recorded for the oxidized complex and

Fig 5.6 one obtained for the reduced complex.

! 3
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FIGURE 3.5

TRIPLET ABSDRPTION DECAY of Zn;gaa - monitored

at 464 nm. The 1:1 complex was eluted on Sephadex
G-75 and flashed as described in section 5.4.3.
Condxtxons.\UJ601 M KPi, u = 0. 0012 M; pH = 7,
[A] Trace recorded; [B] Weighted least—squares

on the fast component (k = 648 éﬂi and [C] on
the slow componet'(k = 330 sd). Tﬁe same results

were obtained using the simplex program.
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FIGURE 5.5
TRIPLET ABSORPTION DECAY of Znc =aza: - monitored
at 464 nm. In a typic

q

experiment, the oxidized

complex was fﬁashed, stoichiometric amounts of

1
- sodium dithionite wer ed and once the Cary

recorded spectrum showed full reduction, the sample
A

1

/ras‘again flashed. F-CURVE yields a best fit using
a and

sum of two'expdhentials’w}th k)= 1276 s

Kotov— 324 ™', Least-sguares gives,the same result.
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5.4.4 CALCULATION OF fﬂE OVERLAP INTEGRAL FOR “Zng EMISSION

. AND OXIDASE ABSORPTION

- The overlap xntergrnl.J is defined by equation 2.3 .It can be

‘evaluated using”® Sxmpson s rule, which ° yxelds - a gaod

el

R [ 4
cpproxima#ion of the overlap area between the emission
spectrum of the dongr and the absorption spegtrhm of the

“acceptor. Table 5.4 lists the parameters relevant to the

evaluation of J. °

!

Simpsbn‘s rule can be expressed as follows:

-

b

Jofoodx = BB pfixe) + 4f(xe) + 2f(x2) + 4f(xa) +
‘a "

ceet 2f(xn-2) + AF(xn-1) + . f(xn)1 (5.4)

From Table 5,4 we can calculate:

"Lk .I_ = 1252 . . (5.5)
and. ‘ z f(x ) = @1. 68 x 1o em oMt (5.6)
,uhnes b\f-a / 3n = 3,16 x 10 : ' (5.7)
We can now proceed to evaluate: N
2 e
b “‘ 5 .
‘ I Temv g, 000 dx
- ° .y : (5.8)
o b ; .
.. J eTemad dn
i‘ a A
~¥ -
' - | sz .,
- J - (3-16 x 10°7) (81.68 x 10 ) (5.9)
: (3.96% 10~ %) ‘ ‘
.4 =3.31 x 107 en M7 (5.10)
r . \
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. 1

TABLE 5.4: Evaluation of ’anaoxidnlgcox) Overlap Integral
) by Simpson's Rule from 640 to 820 nm.

r
A,cm.10° A,cm'.10*7 e, Aem™ M 107 Tem(A)
6.40 1.67 6.61 1
6.50 ° 1.79 s.93 1
6.60 1.90 5,33 .1
» 6.70 2.02 4.41 )
~ 6.80 2.14 3.52 s
i 6.90 2.27 ~ 2.86 )
7.00 2.40 2.43 &
7.10 . 2,54 . 2.20 28
7.20 2.69 ) 2.20 42
\ 7.30 & 2.84 2.20 b6
: 7.40 3.00 2.42 70
7.%0 3.16 2.64 a4
7.60 3.34 ’ 2.69 30
7.70 3.52 2.73 24
7.80 3.70 3.08 20
7.90 3.90 3.10 20
8.00 « 4,10 3.1% 30
8.10 4.30 3.17 22
8.20 4.52 . 3.17 ' 19
K, k%, Tem(A) £(x).107*%, cm 0
1 -, 1 00..110 .
r'e 4 00.426
2 o2 00.203
4 20 01.782
2 10 00,753
4 20 01,298
2 12 00498
4 112 ' 06.299 -
2 84 : 04.9714
4 264 <  16.495
2 140 10,164
4 184 15.3%0
‘ 2, 60 , 05.391
. 4 96 ' 09.22%
2 30 04.%58
4 50 04.836
2 80 &7.749 .
CA 86 : 11,995
1 15 02.149
N\ £, values on a haem aa3 basis- '

k= Simpson factor' -
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The overlap integral can also be evaluated for the reduced

form of the oxidase, by using the appropriate extinction

coefficients. These calculations yield::

. , J = 1.23 x 1o“’é’m‘sn“ : . (5.11)

<
1 \

Ro, the critical radius for energy transfer (V. section 2.2)
in the Forster feormalism can be calculated’ using the ovérlaﬂ

1ntegrals evaluated above. With:

‘T

Ro(A) = (JK ¢°n")”°'(9.79 x 107) (5.12)

and using K = 1; n = 1.4 [Vanderkooi,1975] and @, = 0.0044
[Dixit,1981]1, the Ro vélues listed in K Table 5.5 can be

obtained.

‘TABLE 5.5: Critical Radxi for Dipole-Dipole Energy Transfer
" between Zn;,and Cytochrome ¢ Oxidase.

et

Overlap ° J,(cm M) Ro, (A)
*Zngsa’cu?a’ou’ 3.31 x 107 18
e e i
3 2. 1. 2.1 ' 45
' Zncsa CuAaSC.un 1.23 x 10 . | 10
/ | . J
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5.5 DISCUSSION

-
B

The 3ch_/ch_ diffnrenée spectrum obtained in thin work (F;q
5.3) is in very good agreement with that published by Elias
et al.(Fig 3.2). The shoulder observed at 5235 nm further

characterizes this spectrum as these authors did not cover

*

this range, having measured at 23 - 30 nm-intervals (vs. 10

“

nmhiﬁfervalé in tﬁis work)..Results also show that only one

éyciteduZn; state is involved, as no wav.l.nuﬁh dependence

was observed in the mesured decay fatcs, That native -

cytochrme ¢ does not &uench the excited state is indicative

of a quenching process- due to either c}oc%ron ,or” energy

: T
tranafer, as both processes can’ not occur with’cytochromnﬁ Cs

-

the former because it is reduced and the latter because no

donor-acceptor overlap exists.

¢

Intramolecular electron tyansfer could be invoked by the ’

' v

following scheme: -

C a2 3. 2 3, 3.z 3. % ot .
Iingsa CuAaSCu8 ﬁrrz—é ingia CuAa Cun ——— —

ing"t 4+ acu a’Cu_ces (5.13)

4 .

s -

With such a scheme, the decay rate of "Ing is  first- order,

with the observed gquenching rate kq - Kk + k“.Buﬁntituxan

d

the cbserved quenching rates (668 s ' and 330° s”')  and the

IZng decay rate of 92 s ' yields values of 376 2! ang 238

. . 1 o .
s’ for the formation of electron gg.n-f.r products which can
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either be a form of the reduced oxidase or the an_ridicnl. :
Results show clearly that njylhsh*gvidcnce was observed and
tﬁat enerﬁy transfer is a more likely quenching process, as
shown by the quenching observed with the fully reduced form
of the oxidase. As with the oxidiz-d' oxidase, the reduced
quenching features two p?ocesses of the same order of
magnitude (1276 s ‘and 324 id). This eliminates electron
transfer as a possible quenching mechanism and thé question
of interest is now to deéermine acceﬁtor distances.
The distance R between a donor ang its acceptor can be
calculated using equation 2.1 which Enn be rewritten as{

R = Ro(ko/kr)'"®  (5.14)

1

Using Ko = 92 s ’and kr = 668 s * and 330 s '
&

for both
components of the decay the donor-accgptor distances
calchlatéd are 13 A and 15 A, respectively. .

Likely ac;eptafs at distances of 13 and 15 A can only be Laem
& or CHA. Haem a, and éqn can be el}minatdd as neither
significantl; contributes to the absorption spectrum in this
range [Boelens,19803. The spectral feature of interest is the
640 nm—shoulder in the ox}da;e absaorption spactr9m. If it is
taken to be the tailtof the 598'nm—haem g:band, then the two
quenching processes observed cauld be tﬁe !sum’ of éuo
contributions : a d-d transfer to Cu (R, 13 A) and "a
tranéfer to haem a (R = 15 A). In this case, théyls A- haem a

to g,d;stance would contrast with previous deteraninations of

25 A and more [v. Table 2.1]. In their Znc fluorescence work,

g
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Alleyne & Wilson discounted copper atoms as acceptors,
although theymbdmittod that weak copper absorption bands
could lie beneath the o and 3 oxidase bands [Alleyne,1987].
Their reasaninq was'cnrrect in that ligand field treoatment of
the 'aqueous absorption charactiflsfics of divalent,
squaif—planar copper complexes show weak asbworption in " the
3450 —-4650 range, followed by the broad absérption band with
maximum at 833 nm [Figgis,1964]. That the 640-nm shoulder
bélongs to copper is ;hawn b9 the work of Weintraub et al.who
showed that the spectrum of copper—depleted oxidase lacke the
shoulder [Weintraub,1981]. Further, Glatz et al. 4in their
investigation of energy transfer between copper cytochrome ¢
and the oxidase point out that energy transfer from the’
porphyrin triplgt to a copper of cytochrome' oxidase is natﬂ
spin-forbidden [Glatz, 1979]. - ' ' f

On the basis of the previous considerations, it 1; therefore
~reasonablc to propose tg- following interpretation: .
Dipole-dipole transfer of the ¢triplet excitation energy
occurs between Zng and two acceptors in cytochrome ¢ oxidase,
located ;t 13 and 15 A from Ing. One of these coppers is CuA
and the other is iithir the "third" copper reported by some
g-oups to be present in the oxidase [Bfudviq,iqall or the Cu‘
of a second oxidase molecule. Referring to Fig $.6 shows a
. model of a dimeric oxidase which features sharing one

cytocairome ¢ per dimer. Previous work in this laboratory

[Kornblatt,1986] has shown that, at low ionic strength, the

{
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Bindinq of poAphyFin ¢ to the oxidase is such that a single '
bound péfbhyrin c communicates with four haem g_a;d four Cu,
thus providing evidence for the ;oncept of a four—haem;
four-copper functional unit of the nx}dasi} In the iight of

this work, ‘the second Cu acceptor belonging to another

oxidase molecule becomes an attractive pnséibility.

) a9
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NCLUSI

"Spectral changes,
What are they ?
Mechanistic Overlay.
When it sticks,
You’'ve got a lot.
But can you name -
The path it shot?" ' 1
E. Castro ‘ .

It is with confidence that this theQis.,proposaq coppers ..'
likely energy acceptors aﬁd any remaining unceqtaint; cauld
soon be dismissed by performing the ong'expefiment which time
coﬁstraints unfortunately did not, allow: monitor quqncﬁing of

Zng fluorescence by the oxidase. The pi;nsacond facilities

are available at Caoncordia and the timescale of .oﬁservatian

(1} < 1.4 ns) is well within tée Petéction limits of the
picosecond center’'s instrumentation. With fluorescence maxima
at 590 and 640 nm, there is no question that haem g would be
the acceptor and that the 640 nm results could be used to
confirm or disprove coppear as an acccﬁtor. Expected
intermolecular distances with .haem a acceptors would be in
the > 25 A range. |
'The.laboratnry now has a reproducible procedure for the
prepar#tion of zinb‘and tin cytochrome ¢ as well as the
potential of breaking new ground with europium cytucﬁrome -
Rare earths hav, sharp nﬁissinn transitiéns and are usoq in
inurg;nic research to elucidate their site’ occupancies with
considerable success. It is only a question of time for

biochemists to adopt them as probes and extract from them a

s

body of structure—function 'information as valuable as
Pl
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that provided by the contributions 'of transition wetal

bioinorganic chenistry.

LI 4

The contributions of this work can be summarized as fblloul:

- Rcbroducible synthesis of Sng and Zng)
- Fluores;ence decay measurements on both speciesj

-~ Preparation of a stable Eug at pH < 3

- Demonstration that energy transfer pr.damlnntcl over

electron transfer in'th- slngjoxidas- coﬂplgﬁ

. — Determination of the distance from ¢ to oxidase

d
l\

of 13 and 15 A.
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