











membrane~incorporated cytochrome oxidase is similar to that observed
for solubilized cytochrome oxidase. Preliminary results show that a
pH gradient of 3 pH units across cytochrome oxidase vesicles has no
significant effect on the tryptophan fluorescence of the oxidase.
Yeast cytochrome c peroxidase contains 7 tryptophans, 1
heme and has a molecular weight of ca. 35kD (Yonetani, 1976). The
native enzyme and its ruthenated complex, Ru-His(60)-CcP, have
tryptophan fluorescence emission maxima of 326 nm and 323 nm,
respectively. The quantum yield of native CcP is 5% compared to
N-ATA, The ruthenated CcP complex has a quantum yield of B86%
relative to the native protein. The fluorescence of a solvent
accessible  tryptophan, Trp-57, is quenched 1n the ruthenated
derrvative. The fluorescence of CcP and its derivative is dependent on
the excitation wavelength. Excitation at 295 nm results in the
resolution of an independent fluorescence peak at 340 nm upon
quenching of external tryptophans. This peak arises from a
contribution by tyrosinate in the overall fluorescence of CcP. The
Stern-Volmer quenching constants for fluorescence quenching of CcP
by acrylamide, iodide and cesium are 3.0 M-, 1.5 M-! and 0.66 M-l
respectively. Urea denaturation of CcP was monitored using
tryptophan fluorescence. The dependence of the fluorescence
intensity and fluorescence emission _maximum on the urea
concentration demonstrates that the denaturation process involves two
states only, the native and denatured state. No evidence is seen for

the existance of intermediates in the denaturation process.
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1.INTRODUCTION

The use of tryptophan fluorescence as a method of
monitoring protein conformation has, in the past, been mostly applied
to soluble proteins. More recently, studies invclving tryptophan
fluorescence have been broadened to include purified membrane
proteins but the research has been limited. Tryptophan fluorescence
has been used to detect conformational changes in cytochrome ¢
reductase (Valpuesta et al.,, 1987) occurring upon reduction of the
enzyme. In the sarcoplasmic reticulum calcium ATPase (Dupont, 1976),
interactions between Ca?* ions and the sarcoplasmic reticulum are
accompanied by modification of the intrinsic tryptophan fluorescence.
I have investigated the utility of this technique as a method of
monitoring conformational changes in bovine heart cytochrome oxidase
(ferrocytochrome ¢: O: oxidoreductase; EC 1.9.3.1). The oxidase is an
integral membrane protein found in the inner mitochondrial membranec.
The oxidase consists of 13 distinct subunits with a total of 1793
amino acids of which 54 are tryptophan residues (Buse et al.,1985).

The tryptophan fluorescence of cytochrome oxidase was
first reported by Hill et al. (1986). Cytochrome oxidase has a
tryptophan fluorescence emission maximum at 328 nm, which is
independent of excitation wavelength and its quantum yield is
established at ca. 35% compared to N-ATA. A relationship between
shifts in the tryptophan fluorescence emission maximum of
cytochrome oxidase and the enzyme’s redox state have been reported
(Copeland et al., 1987), A red-shift in the tryptophan fluorescence

maximum from 328 to 348 nm is observed and assigned to a large




conformational change occuring upon reduction of the enzyme. This
"conformational change” is attributed to an ’open-closed’ transition of
cytochrome oxidase thought to be undergone during the process of
redox turnover (Brzezinski & Malmstrom, 1987}. Copeland et al. (1988)
have correlated the redox-linked tryptophan fluorescence shift to the
reduction of the Cua center. In the course of the work presented in
this thesis similar experiments have been done with conflicting
results. The red-shift on which these proposals are based has been
shown to be artifactual (Ferreira-Rajabi & Hill, 1989) and due to the
optical properties of the reductant.

The indole nucleus of tryptophan is sensitive to the
polarity of its immediate environment. Tryptophan at physiological pH
is uncharged but because it contains an amine it can easily H-bond to
other polar groups in its vicinity, The ease with which the indole
nucleus can redistribute and accommodate added electron density
makes it a versatile amino acid since depending on its location in the
protein matrix it will adapt accordingly. For instance, if it is found
on or near the surface of the protein it will H-bond with either
water or other polar amino acids in its immediate surrounding. In the
interior of the protein it may H-bond with the peptide backbone.
Each of these situations is reflected in the fluorescence pattern of
the indole side chain making tryptophan a good indicator of changes
occurring in the protein matrix. Due to the sensitivity of the
technique, tryptophan fluorescence may prove to be a powerful tool
in establishing to what extent the redox or ligation state, of the

metal centers of hemeproteins, is directly related to the overall



spin state. Likewise, the copper ions are also found in different
environments and can be distinguished (Beinert et al., 1962). For
example, Cua is EPR detectable in the oxidized ensyme while Cus is
EPR silent. This property of Cus originally led to the suggestion
that Cup was physically clese to the Fe atom of cytochreme a; and
this has been supported in numerous studies, e.g. Thomson et al.
(1982). Cytochrome a; and Cug are thought to form a binuclear
ligand binding site.

The most commonly used method of monioring
onidoreduction in the cytochrome oxidase redoxn centers is optical
spectrophotometry. The resting, fully  oxidized enzyime
(a3*ta33+Cua?'Cup?t ), has a Soret band at 120 nm as well as an au-
band at 605 nm, both due to the n-n¥ transition of the porphyrin
ring and a broad band at ca. 820 nm. The latter band 1s due to
Cua?*  (Diagram 2.2). The fully reduced enzyme (a2ta;2'CuytCupt ),
has spectral peaks at 605 nm and 445 nm. Ferrous cyvtochrome a
contributes 85% to the 605 nm band while ferrous cytochromes a and
a; contribute equally to the peak at 445 nm (Nicholls, 1972). The
band at 620 nm disappears when Cus becomes cuprous. The fully
oxidized enzyme requires four electrons in order to become fully
reduced . Cytochrome oxidase can also be poised in a mixed-valence
or half-reduced state with carbon monooxide bound to ferrous
cytochrome a; and cytochrome a oxidized. In this mixed-valence O
adduct Cua is oxidized and Cus is reduced.

The molecular weight of cytochrome oxidase is estimated

at ca. 200kD The protein is 70 A in diameter and 95 A in length,



Diagram 2.2: OPTICAL SPECTRA OF CYTOCHROME OXIDASE - in
the fully oxidized, resting state | ) and fully

reduced state (----- ).
















1971; Babcock et al., 1976). The CD spectrum of the oxidized forms
have been observed tc be different (Mver, 1972; Muijsers et al.,
1971). It is believed that the pulsed form is a conformational
variant of the resting enzyme.

2.2 CARBON MONOOXIDE BINDING PROPERTIES OF CYTOCHROME OXIDASE

As stated previously, each of the four metal centers of
cytochrome oxidase is capable of undergoing oxidoreduction. To
achieve complete reduction four electrons are required. The redox
behaviour of cytochrome oxidase may be simplified if some of its
metal centers are "locked” 1into specified redox states. This can
be achieved with the use of ligands which bind at cytochrome as.
00 is one such ligand which stabilizes both the heme of eytochrome
a3 and Cus in their reduced states (Wilson & Nelson, 1982).

Upon incubation of resting, fully oxidized eytochrome
oxidase in a CO atmosphere under anaerobic conditions, the mixed-
valence state of the enzyme is obtained., This state is defined as
the "form of the enzyme in which the cytochrome a;-Cus site has
been reduced and bound CO, whereas cytochrome a and (us remiined
oxidized” (Greenwood et al., 1974). Since the addition of external
chemical reductants is unneccessary to achieve the partially
reduced state of the enzyme, this type of reduction has been termed
'autoreduction’, perhaps inappropriately. The source of electrons
is most 1likely CO. This is substantiated by data which show that.
cytochrome aas; is able to oxidize CO to CO; in the presence of O,
(Nicholls & Chanady, 1981), thereby suggesting that CO can donate

electrons to the electron transfer sites of the enzvme. Bickar ct
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al. (1984) have also shown that not only is CO able to function as

a reducing to aas, it is also able to function in this manner with
other dioxygen-binding proteins. The mechanism proposed by Bickar
et ul. (1984) on reduction of aa; by CO is shown in equation 2.1.
The reaction scheme presented was supported by the fact that the
rate of 'autoreduction’ was decreased dramatically upon lowering of

the pH (Brzezinski & Malmstrém, 1985).

Ay ~Fed! as-Fe2?
+ 00 + 2 OH  =-===> + CO; + H20 Eq.2.1
Cug?t Cup*
The CO reduction of aa; can be monitored

speetrophotometrically in the Soret and a-band regions of the aas
spectrun. Diagram 2.4 demonstrates the Soret and a-band regions of
the aas spectrum upon (O reduction. The peak at 430 nm has been
assigned to the formation of the as?+-CO species, while a shoulder
at. 120 nm is indicative of the oxidized state of cytochrome a
(resolution inadequate in diagram 2.4). The latter point is
supported by a lack of a 605 nm peak which would be associated with
a reduced form of cytochrome a. Therefore, incubation of fully
oxidized, resting aas in a CO atmosphere induces the reduction of
cytochrome a3 without reduction of cytochrome a. Since only 2
electrons are required to fully reduce the mixed-valence oxidase
one of the coppers is also reduced by CO. Greenwood et al. (1974)
have shown that no spectral changes are observed in the 830 nm
region of the oxidase optical spectrum upon formation of the CO-
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respect to the dithionite concentration (Jones et al., 1983).
Determination of the rate constants for the reduction of
metalloproteins by either S2042- or S0:.*- has shown that the rate
constant for radical reduction is approximately 10¢ times greater
than reduction by di-anion. The rate constants for the reduction
of cytochrome aa; were determined by Jones et al. (1983) to be
k(80;¢-)=8.4 x 108 M1g-! and k(Sz2042-)=18,8 M-1g-1, By
comparison, reduction of cytochrome ¢ by the same reducing species
yielded rate constants of a fairly larger magnitude, 4.59 x 107
M1s-! and 1.5 x 10% M-1s-1 (Lambeth & Palmer, 1973). The decreasc
in the reduction rates of cytochrome oxidase compared to those for
cyvtochrome ¢ suggests that the reduction site of the oxidase 1s
kinetically inaccessible by comparison. This is consistent with
the postulated sites of entry. In the oxidase, cytochrome a is not
on the surface but buried. By contrast, the heme of cytochrome ¢
is more surface accessible. Electrostatic inte.,actions between the
metalloproteins and the reducing agent also play a major role, Tn
the case of cytochrome ¢, the surrounding amino acid environment of
the heme crevice is largely positively charged in nature, the
probable function being in directing negatively charged redox
reactants to the redox center. By contrast, the amino acids in the
vicinity of cytochrome a of cytochrome oxidase can be postulated to
be largely negative in nature due to the strong electrostatic
interaction between cytochrome ¢ and cytochrome oxidase. 1If this
is true, then reductants such as S:0:2- and S0:¢- would be repulsed

by this site. This notion is supported by the differences seen in

21



the reduction rate constants. Based on the possible electrostatic
role existing between reductant and the oxidase, the anion radical
is expected to be the least affected by the possible electrostatic
repulsion between the two reactants. In addition the anion radical
is a smaller species. The combination of a decreased size and
charge supports the higher reactivity of SO:*- with the oxidase.
2.4 PHOTOREDUCTIVE PROPERTIES OF DEAZAFLAVIN

The photoreductive propérties of deazaflavins and
their potential use as reductants of hemeproteins were first
reported by Massey and Hemmerich (1977). The deazaflavins were
presented as alternatives to the more commonly used chemical
reductants, such as, ascorbate, dithionite, reduced dyes and
hadrogen/Pt or Pd systems. These chemical reductants of oxidation-
reduction proteins all have certain drawbacks associated with them.
ue to its relatively high redox potential, ascorbate is a poor
reductant and  often of limited utility. The use of dithionite
requires  either strict anaerobic conditions, or reactive and
spectrophotomet ric tolerance of excess reagent. Reduced dyes add
an  oextra  chromophore to  the  experimental system rendering
spectrophotometric analysis more complicated. Direct
electrochemical reduction requires special experimental set-ups
since the catalyst must be filtered out prior to spectrophotometric
analysis. By contrast, photoreduction by deazaflavins offers
several advantages, Catalytic amounts of deazaflavin are used
thereby generally not interfering with the absorption spectra of

the protein under investigation. Carrful control of light
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has nonetheless been shown to also consist of different conformers.
Shaw et al. (1978b) demonstrated that at least two distinct
conformers exist ’within’ the pulsed population. These appear to
form sequentially upon re-oxidation of the enzyme with O2. These
species are distinguishable by their respective EPR signals . It
should be noted that the resting enzyme obtained after a cycle of
reduction and re-oxidation by 0: does not always exhibit the same
Soret maximum as did the starting uncycled resting oxidase
(Muijsers et al.,1971). More recently Brudvig et al. (1981) found
evidence that the freshly isolated enzyme consists of at least
three conformers together forming what is generally referred to as
the resting enzyme. These conformers, which are not. in rapid
equilibrium, accounted for approximately 100% of the total enzyme
and can be distinguished on the basis of their EPR properties. The
percentage of each is shown to vary among preparations accounting
for the variation in the Soret maximum of the resting enzyme in
different preparations. The three conformers are denoted as
resting, g12 and pulsed. The transient conformer g5 produced upon
re-oxidation of reduced aas was observed to relax into the pulsed
conformation, identified by a Soret at 428 nm and the lack of FPR
signal at g=5, 1.78 and 1.69. A percentage of the pulsed enzyme
relaxes further to produce a gl2 conformer, characterized by an EPR
signal at g’=12. The resting conformer was not observed upon re-
oxidation of reduced aa; such that its existence was restricted to
the freshly isolated enzyme, The occurrence of more than one

conformer in the isolated enzyme creates certain complications in
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the interpretation of physical data of the oxidase since it is not
certain if the various conformers exhibit identical properties,
e.g. in the affinity of each towards cytochrome c.

The search for conformational changes in cytochrome
oxidase derives 1its enthusiasm from the possibility that such
changes may be the 1link between electron transport and proton
translocation. In this quest Kornblatt & Williams (1975) have
shown that, the 418-424 nm form of the enzyme was prevalent in
oxidase undergoing low turnover, whereas the 428 nm form appeared
as electron flow through the enzyme was increased. These two forms
of the enzyme have also been shown to be linked directly through a
protonation-deprotonation reaction (Kornblatt, 1977; Kornblatt,
1980). The 418 mm form being the high spin, protonated
conformat.ion while the 428 nm form is the low spin deprotonated
conformer. As mentioned previously, the ability of the aas to
function as an electron transport-driven proton pump resides in its
capability of undergoing protonation-deprotonation reactions as a
direct result of the redox state of the enzyme. The establishment
of the occurrence of conformational changes in the enzyme during
its turnover provides a possible mechanism by which the pKk's of
groups involved in the protonation-deprotonation process may be
modulated. The redox-linked conformational transition occurring
between resting and pulsed aas; has been shown to be too slow to
participate in the proton pump (Brunori et al.,1979). Besides the
afore mentioned conformers, 'open’ and ’'closed’ conformations have

also been attributed to the oxidized enzyme. The ’closed’
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energy vibrational level, 0. Distribution of the electronic
population amongst vibrational levels is accomplished simply with
thermal energy. Thermal energy is insufficient to distribute the
electrons amongst the different electronic levels to any
significant extent due to the large energy differences between
these levels.,

The Franck-Condon principle states that no displacement.
of nuclei can be observed on the time scale for absorption of
light, which is typically 10-15 seconds. For this reason, upon
absorption of light the transitions effectuated between the
different electronic levels are termed vertical and considered to
be instantaneous. Excitation of an electron residing in the ground
state, Sp, upon absorption of light causes it. to occupy a higher
vibrational level in S;. Internal conversion, which occurs ususlly
in 10-12 geconds, is simply the relaxation to the lowest
vibrational level of an electron in the excited state.  Internal
conversion is complete prior to emission due to the short time
required to thermally equilibrate the electronic population in S, .
Fluorescence emission is observed upon return of the thermalls
equilibrated S; electron to the ground state, So. Inter-system
crossing arises when electrons in S; are converted to the triplet
state, T1. Transition from T to Se¢ is forbidden, therefore the
lifetime of this transition is much longer than that seen for an S
to So transition. Emission from T:i, phosphorescence, is shifted to
longer wavelengths as compared to fluorescence due to the large

loss in energy as a result of non-radiative deactivation processes,
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The common denominator in the chemical structure of any
fluorophore is typically the presence of delocalized electrons
derived from conjugated double bonds. Generally, fluorescence
spectral data are expressed in the form of a plot of fluorescence
intensity, in arbitrary units, as a function of wavelength, in
nanometers. These emission spectra are basically a reflection of
the vibrational levels of Sp. By contrast, the vibrational levels
of tLhe electronically excited states, él and Sz, are reflected in
absorpt.ion spectra. Generally, fluorescence emission is observed
at. longer wavelengths compared to absorption. These shifts to
lower energy are termed Stokes’ Shifts and are commonly due to 1)

rapid internal conversion and 2) transitions from S; to higher

vibrational levels of So. Together these occurrences amount to a
net loss of  vibrational energy in  the system., Excited state
reactions and interactions with the solvent also contribuute to

Stohes' Shifts. The former is mostly due to collisional encounters
of the excited states with other mclecules, causing relaxation of
the oexcited state. The latter can be distinguished by solvent
dependent emission  spectra. It should be noted that excitation on
the extreme red-edge of the absorption band often yields emission
spectra which are shifted to longer wavelengths. This is due to
the selection of fluorophores which are interacting strongly with
the solvent. Generally, emission spectra are independent of
excitation wavelength.,

In terms of studying molecular dynamics, fluorescence

spectroscopy is preferred over absorption spectroscopy. The latter
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dimensional structure of the protein matrix shields the fluorophore
from the external aqueous phase. The extent of shielding depends
on the depth to which the tryptophan residues are buried. Imission
maxima as low as 308 nm have been reported for azurin (Eftink &
Ghiron, 1976). This extremely blue-shifted maximum has been
speculated to be due to the excessively hydrophobic nature of the
tryptophan environment, to the extent that no hydrogen bonding
involving tryptophan occurs.

The occurrence of shifts in the cmission maximum can be
used Lo monitor the action of various processes on a specific
protein exhibiting tryptophan fluorescence. Such  processes may
include association of the protein with a ligand or substrate,
association of a protein complex and association of a praotein with
lipids. The association of mellitin with itself and with lipids
has been shown to cause a blue-shift in the emission spectra of
mellitin (Talbot et al., 1979; Faucon et al., 1979) indicating that
upon associatin the fluorescis; tryptophan residues have becon
more shielded from a hydrophilic environment. Such blue-shifted
spectra in proteins arise from the inability of  the solvent
molecules to organize their dipole moments around the fluorophore
in order to decrease the energy of the excited species, A
decreased loss of energy occurs in buried tryptophans as compared
to surface tryptophans.

Not only is the three-dimensional structure  of
importance in  tryptophan fluorescence but also in tyrosine

fluorescence. In the case of tyrosine, the thice-dimensionial
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structure causes the tyrosine fluorescence to be negligible. Upon
denaturation tyrosine fluorescence is enhanced. The absence of
s'gnificant tyrosine fluorescence in most proteins is due to either
energy transfer from tyrosine to tryptophan or quenching of
tyrosine fluorescence by spatially close amino acids such as
glutamate or aspartate. The Foérster distance for tyrosine-
tryptophan energy transfer is 10-18 A (Lakowicz, 1983). Therefore,
tyrosine emission will be efficiently quenched within this radius
by tryptophans. Charged carboxyl groups or neutral amino groups
will readily quench tyrosine fluorescence due to ready acceptance
of  the hydroxyl proton by these proton acceptors. Although,
tyrosine fluorescence may be quenched by the presence of nearby
proton acceptors,  hydrogen bonding of the hydroxyl group enhances
the passibility  that upon excitation of tyrosine, ionization
occurs.,  The excited state ionization product, tyrosinate, has been
shawn to e fluorescent, albeit not strongly (Shimizu & Imakuvo,
1977; Behmaarai et al., 1979; Szabo et al.,1978). Tirosinate
vimission is observed at 345 mm and its  spectral properties are
compaarable to those of tryptophan. The extent of this contribution
in protein fluorescence is unkown but its possible occurrence must

be considered in spectral analysis of protein fluorescence.
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3. METHODS AND MATERIALS

3.1 TRYPTOPHAN FLUORESCENCE OF CYTOCHROME OXIDASE
3.1.1 PROTEIN SAMPLES AND DATA MANIPULATION

Cytochrome oxidase was isolated from beef heart
submitochondrial particles, prepared by the method of Yonetani
(1966), following the procedure of Kuboyama et al (1972). The 280 nm
to 420 nm ratio was ca. 2.5 for all cytochrome oxidase samples used.
Details on the experimental set-up for cytochrome oxidase studies are
specified in individual segments of the accompanying text.

Spectrophotometric data were acquired on a Shimadzu
LV-160 UV-VIS recording spectrophotometer. Fluorescence data were
acquired from either a Perkin-Elmer fluorescence spectrophotometer,
Model MBF-1MB or a Shimadzu RF-5000 spectrofluorophotometer.
Fluorescence spectra were corrected for inner filter effects using

equation 3.1 (Lakowic.., 1983).

Feor= Fobs x antilog [(Aex + Aem)/2] lq.3.1

where Fcor is the corrected fluorescence intensity, loepe 15 the
observed fluorescence intensity, Aen and Aen are the absorbance
values at the excitation and emission wavelengths, respectively.
Emission spectra were digitized and corrected at 2 nm intervals
within the emission range monitored. Absorption spectra were
obtained prior and subsequent to fluorescence data acquisition to
ensure that the sample was stable. A maximum deviation of 2% was

sometimes observed during the time required to acquire fluorescence
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Fig.3.3: ABSOLUTE ABSORPTION SPECTRUM OF DEAZAFLAVIN :-
sample consisted of 1.65 uM  deazaflavin, 9 mM EDTA,

20 mM Tris-Cl, 0.1 M NaCl, 1 mg/ml lauryl maltoside,

pH7.8, dearated and under CO.
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1.65 uM deazaflavin, 20 nM Tris-Cl, 1 mg/ml lauryl maltoside, 0.1 M
NaCl, pH 7.8 was dearated and put under an atmosphere of (U 1n a
septum-sealed 1.5 ml quartz fluorescence cuvette. The sample was
left standing in the dark overnight. Reduction of cytochrome
oxidase was achieved by irradiation using the lamp of a Kodak slide
projector. During irradiation, the sample was kept in a cold water
bath at a distance of 5 cm from the projector. The control used
consisted of 9 mM EDTA, 1.65 uM deauzaflavin, 20 mM Tris-Cl, | mg/ml
lauryl maltoside, 0.1 M XaCl pH 7.8, dearated and under €O in o
septum-sealed  quartz  fluorescence  cinvetice, The irradiation
procedure was identical for the sample and the control saince 1t was
done simultaneously . The irradiation procedure  was done until a
stable, 1educed  ovidase  spectrum was  obtained.  The rradiation
times  were bhetween 1-2 minutes cach. The total irradiation tyme
required, heprehy denoted as typ, was 18 min. Absorpt ron specetrn
werc o obtained  on oo Shimadzu UA=160,  TV=VTS pect rophotometer
Flucrescence spectra were obtained on a  Perhin=Elmer {1uorocconoe
spectrophotometer  Model MBF-44B.  Fluorescence opoctpa e
digitized manually every 2 nm from 300 nm to 500 nmoand corroectod
for inner filter effects. The excitation wavelength was 280 nm and
both emission and excitation slit widths were set at 10 nm, A 5 ul
aliquot of a concentrated dithionite solution was injected nto the
sealed sample cuvette in order Lo check that the oxidase  had been
fully reduced by deazaflavin.

3.1.5 PREPARATION OF CYTOCHROME ONTDASE VESTCLES

Cytochrome oxidase vesiclec were  mprepmred using g




trichloride was used as a control. Absorption spectra were
obtained on a Shimadzu UV-160, UW-Vis recording spectrophotometer.
The purity index of the peroxidase samples was determined by the
ratio of the heme band at 408 nm to the protein band at 280 nm. A
purity index of approximately 1.3 was found for all samples
(Fig.3.5) used. Fluorescence spectra were recorded on a Shimadzu
RF-5000 spectrofluorometer.
3.2.2 QUANTUM YIELD

The quantum yield of a fluorophore expresses the ratio
of photons  emitted to  photons absorbed. Facitation of a
fluorophore from its ground state level, Sz, to an oxcited state,
S*ex, is followed by decay processes which return the fluorophore

to its ground state, S¢ (Diagram 3.2). These processes may be

r k
hVA‘j hvr J
Sg v Y
(A) (B)

Diagram 3.2: SIMPLIFIED JABLONSKI DIAGRWM ILLUSTRATING
DECAY PROCESSES FROM AN EXCITED SINGLET STATE. 'The
decay processes from an excited state of a fluorophore

may be (A) radiative or (B) non-radiative,
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Fig.3.5: ABSORPTION SPECTRA OF CcP SAMPLES - (A) 1 uM
native CcP, (B) 1 uM Ru-CcP and (C) 1 uM CcP/Ru-His.

All samples were in 0.1 M Na-Pi buffer, pH=7, ambient

temperature.
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Determination of the Stern-Volmer constant, Ksv, is used to
identify the quencher as a dynamic and/or static quencher and its
magnitude is used, in relation to a standard, as a measure of the
effectiveness of the quencher on the fluorophore in question.
3.2.5 DENATURATION OF CYTOCHORME ¢ PEROXIDASE USING UREA

Fluorescence spectra of CcP were obtained as a function
of urea (Bio-Rad Electrophoresis Purity Reagent) concentration in
order to monitor the denaturing process. The urea concentration
scale ranged from 0 to 8 M. The | ml samples were incubated for 10
min, the time it took for t e absorption spectrum of the sumple to
stabilize. Spectra were digitized and corrected for possible inner
filter effects using the method previously stated.

The reversibility of the denaturation procese wns
briefly investigated hy incubating 2.5 uM CcP in 8 M urea, 0.1 M
phosphate buffer, pH=7.0 for 10 min. From this incubation mi~ture a
200 ul aliquot was added to either 800 nl of 10 M urea stock
solution or 800 ul of 0.1 M phosphate buffer, plH=7.0. These samples
were incubated for 15 min, the +time it took to stabilize the
absorption spectrum of the sample diluted with phosphate buffer,

Spectra were digitized and corrected as previously mentioned.




4, RESULTS

4.1 TRYPTOPHAN FLUORESCENCE OF CYTOCHROME OXIDASE
1.1.1 REDUCTION OF CYTOCHROME OXIDASE BY DITHIONITE

Dithionite has an absorption spectrv at 315 nm with an
extinction of 8000 M-icm-! (Dawson et al.,, 1986) (Fig.4.1A). The
absorbance decreases sharply near 280 nm which allows for excitation
of chromophores such as tryptophan. The tryptophan fluorescence
spectrum of cytochrome oxidase, reduced by sodium dithionite, was
first reported by Copeland et al. (1987}, Fig.4.1 shows optical spectra
of oxidized (resting) and dithionite-reduced cytochrome oxidase. The
Soret masima are 417 nm and 414 nm, respectively. The tryptophan
fluorescence emission spectra of cytochrome oxidase in the resting
and fully reduced forms are shown in figure 4.2, The uncorrected
spectra indicate emission masima of 328 nm, for the resting form of
the enzyme cor sistent with reports by Hill et al, (1986) and Copeland
et al. (1987) and 346 nm, for the fully, dithionite reduced enzyme,
consistent with the report of Copeland et al. (1987). No observable
change 1s seen in the corrected fluorescence spectrum of the resting
osidase, except for an crease in the intensity, A marked deciease
i the position of the emission masimum 1s observed in the corrected
fluorescence spectrum of the fully reduced form. The 18 nm red-
shift initinlly observed in the uncerrected fluorescence spectrum of
reduced ana is blue-shifted back to 326 nm upon correction for the
inner filter effects caused by the presence of the reductant. Upon
aeration of the sample the absorbance at 315 nm, due to dithionite,

disappears. Tt 1s also observed that the magnitude of the
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Fig.d.1: ABSORPTION SPECTRA OF OMNIDIZED AND
FULLY REDULCED CYTOCHROME ONIDASE :=(A) absolute
absorption spectra of resting, osidized ang (0,59 w™M)
{solid 1line} and fully reduced ans using 1 mM
dithionite (dashed line), inset demonstrates  the
contribution of dithionite to the optical spectirum
(dotted line), (B) visible spectra of  ovidized  ang
(solid line) and fully reduced aas (dashed line).
Samples are in 20 mM Tris-Cl, 1mM EDTA, 0O.1M Natl,
1mg/ml lauryl maltoside, pH7.8, in an open air cuvetto,

at ambient. temperature.
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Fig.4.3: TTMFE (OURSE  OF DITHIONITE DEPLETION:-
Dithionite levels were monitored at 315 nm (open
cireles), the redox level of aas was monitored at
115 nm {(closed circles) and 603 nm (open triangles),
red-shift of the fluorescence emission maximum (closed
triangles). The concentration of oxidase used was 3.4
uwM in 20 mM Tris-Cl, 1mM EDTA, 0.1 M NaCl, 1 mg/ml

lauryl maltoside pH7.8. The concentration of sodium
dithionite was 0.8 mM. The optical path length was 1
cm.,  Excitation was 280 nm with both slit widths at 10
nm. Samples were at ambient temperature and open to

air.
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Fig.4.6: TRYPTOPHAN FLUORESCENCE EMISSION SPECTRA OF

CARBOXYPEPTIDASE A:- Carboxypeptidase A in the absence
{circles) and presence of 1 mM dithionite (triangles).
Uncorrected spectra (open symbols), corrected spectra
(closed symbols). Excitation wavelength was 280 nm.

Fmissien and excitation slit w?dths set at 10 nm.

Ambient temperature, open to air.
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consistent with that observed for carboxypeptidase A, i.e. cn.
332 nm.

A split cell experiment demonstrates that the red-shift
in the fluorescence emission maximum observed is a direct
consequence of the optical qualities of the reductant used. Figure
4.7 depicts the optical spectrum of a two-cell s3siem. where one
cell contains a sample of cytochrome oxidase and the other has
either buffer or buffer with the addition of dithionite. 1t is
ohserved that the Soret band of the oxidase in either case is
unchanged. The increase in the optical background intensity is duc
to dithionite, as well as the absorption band at 315 im. The
fTluorescence results (Fig.4.8) show that the uncorrectod spectrum
obtained in the presence of dithionite in the refercnce coll e
red-shifted to 345 mum. The corrected spectra have the usual 328 nm
emission maxima regardless of the presence  of dithionite as does
the uncorrected spectrum ~btained in the abwence of dithionite in
the reference cell. Since no  interaction is possible hetween
cytochrome onidase and dithionite, the red-shift observed in the
fluorescence spectra of dithionite-reduced ¢y tochrome onidase 15
attributed to the optical properties of the reductant..

In order to study the redox dependence of the ovidasce's
conformation using tryptophan fluorescence care must be tahen that
optical properties of the sample are not drastically changed by the
reductant to be used, as is observed in the case of dithionite. In
order to minimize this effect, a decrease in the dithionite level

used to produce a stable, fully redured cytochrome oxidase is
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desired. Much lower concentrations may be used when the encyme is
placed in a strictly anaerobic environment so that when it is
reduced it cannot be reoxidized. This is achioved by generating
mixed-valence, CO-bound cytochrome oxidase. wWhen CO is  added to
oxidized cytochrome oxidase CO and O; are turned over until the
solution is anaerobic at which point cytochrome as is ferrous and
CC bound. Cup 1is also reduced in the formation of the mised-
valence, CO-bound species while cytochrome a and Cua  remain
oxidized. Thus, the mived-valence, (O-bound  enzyme is goncerintod
anaecrobically and therefore requires only two  further electrons to
become fully  reduced. This has  the net ffect of decreasing the
amount of reductant required to reduce the encame.  The visible
spectra of eyvtochrome oxidase- in the aadized, resting form, miveed-
valence CO-bound form and the fully reduced Co-bound form are shovg
in figure 1.9, The Sorct values for these three forms were 19,
129 nm and 132 nn, respectively. The differcnce spectrum betveon
the fully-reduced CO-bowund form and the ovidized, resting fom i«
also shown, with naximal optical differences at 110 nm and 603 nm,
The optical Soret value« determined, as well as spectral shiapees,
and the values determined from the differcence spectrum are
consistent, with published results (Greenwood et al., 1971). The
tryptophan flucrescence emission spectra of these spoecies are shouwn
in figure 4.10. From the uncorrected spectra it is clear that the
decreased levels of reductant used has the effect  of shifting the
emission maximum by only a few nanometer-  to the  red,  The

mixed-valence CO-bound enzime has  the same fluor escence cmission
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Lig.4.9: ABSORITION SPECTRA OF  RESTING, OMIDIZED aas,
MINED=-VALENCE CO-BOUND  aay AND FULLY REDUCED CO-BOUND
any - (A) represents 0.51 uM aas in the resting,
onidized form (dotted 1line), wmixed-valence CO-bound
form (sulid line) and fully reduced CO-bound form
{diashed 1ine). The reductant was 31 pM dithionite.
(B) the difference  spectrum obtained between the fully
reduced CO-bound aas  and  the resting, ovidized aas.
Samples are in 20 mM Tris-Cl, 1 mM EDTA, 0.1 M Nall, 1
mg/ml lauryl maltoside, pi7.8. Ambient temperature,

anaerobic.















Fig.1,12: CORRECTED FLUORESCENCE  EMISSTON SPicTRY Of
NON=TRRADIATED SAMPLES:-  0.52 uM  coyxtochrome ovidinae,
1.65 uM deazaflavin, ™M FDTA, 20 mM Tras-Cl, | me/m!
lauryl maltoside, 0.1 M NaCl, pH7.8 under €O (open
circle) = 1.60 uM deazaflavin, 9 mM EDTA, 20 mM Ty ye-
1, 1 mg/ml lauryl maltoside, 0.1 M Narl,  pl7.# undes
(O (closed circle) - Xet fluorescence due to ang /(G
corrected for deazaflavin contribution (open triangle),
Excitation at 280 nm. Emission and excitation slit

widths set at 10 nm. Ambient temperature.

9N




500

400
WAVELENGTH, NM.

300

O
=
_

‘N0 *ALISNILINI 3ONIOS3IH0oNT4

t

a2




Cytochrome oxidase under CO and in the presence of dearaflavin,
prior to irradiation, has a corrected fluorescence spectrum
with emission maxima at 328 nm and 456 nm. The same concentration
of deazaflavin under the same conditions as the enzyme sample
above, shows a broad fluorescence emission band at 330 nm and 158
nm.The fluorescence intensity observed at 330 nm for the conirol is
ca. 33% of that observed for the aa; :CO sample. The fluorescence
emission due solely to ai*ta;?t /00 (under CO) is determined from the
difference spectrum of the aas sample and the deazaflavin control.
The 458 nm peak i< altwlished and a decrease of ca.  33% in the
fluorescence intensity at 328 nm is observed in the adtas ' /(0
difference spectrum, which corresponds to the contribution of
dearaflavin,

After a total irradiation time, t,(, of 18 nin,
cyvtochrone  oxidrse is fully  reduced by deazaflavin (Fig.1.13).
Figure 1.144 depicts the visible absorption spe (ra of adta,3¢ /00
and a?*a3?2+-CO (bound CO}. A Soret maximum at 430 nm is indicative
of fully reduced CO-bound cytochrome oxidase, The dif ferones
apectrum of  the reduced CO-bound enzyme and the osidized is shown
in figure 4.14B. The maximum difference is observed at 443 nm and
605 nm, typical of reduced minus oxidized aa; spectra under normal
conditions (no CO, plus dithionite), The extinction coefficients
were determined for each  band. €443-479 anmlred.-ox.) was
determined to be 69.23 mM-lem ! and teor-620 nmi(red.-ox.) was 17.31
mM-tlem-t., The respective extinction coefficients for non-ligated,

fully reduced aas are 164.1 mM-!cm! and 21.42 mM-tem . ‘The fully
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Fig.4.16: ABSORPTION SPECTRUM OF FULLY DEAZAFLAVIN

700

REDUCED =aa3-CO LUPON  DITHIONITE ADDITION:-  (A)
demonstrates the absorption spectra of fully reduced
aa; -CO prior to ( solid line) and subsequent to (dashed
line) the addition of excess dithionite. (B) the
difference spectrum obtained for fully reduced aay-CO
after minus before addition of dithionite. 0.52 uM
aa3, 1.65 uM deazaflavin, 9 mM EDTA, 20 mM Tris-Cl, 1
mg/ml lauryl maltoside, 0.1 M NaCl, pH7.8 under 00 at

ambient temperature.
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Fig.4.17: CORRECTED FLUORESCENCE EMISSION SPECTRA FOR
MIXED-VALENCE CO-BOUND aas AND FULLY REDUCED CO- BOUND
aay :~- mixed-valence CO-bound aa; (open circle), fully
reduced CO-bound aas; (closed circle), difference
spectrum between the mixed-valence and fully reduced
enzyme (open triangle). 0.52 wuM @a;, 1.65 uM
deazaflavin, 9 mM EDTA, 20 mM Tris-Cl, 1 mg/ml lauryl

maltoside, 0.1 M NaCl, pH7.8 under CO at ambient

temperature, No dithionite present.
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Fig.1.20: UNCORRECTID FIUORESCENC T SPHCTRA OfF
CYTOCHROMF OMNIDASE VESICLFS =  the oytochrome osidase

concentration was 190 nM,  Cytosolic pl=B.0, matris

pH=8.0. Reference  was similar concentration of
vesicles containing no protein. (open crrcles)
reference, (clased circles) proteoliposomes, {(open
triangles) difference spect ra {(prat e ppocomnee-

liposomes). Excitation was at 280 nm. Fxortat ion and
emission slits were 5 nm. Ambient temperature, open to

air.
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Fig.4.24: NORMALIZED FLUORESCENCE EMISSION SPRCTRA OF

VESICULAR AND FREE CYTOCHROME OXIDASE :- vesicular aas

was 190 nM. The pH gradient across the vesicle

membrane was ApH=0 (open circles) or ApH=3 {closed

circles). Free oxidase concentration was 300 nM (open

triangles), pH=7.8.
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contribution of internal fluorophores to the total observable
intensity, 2) a conformational change inducing the exposure of a
j*1centage of fluorescing tryptophans such that these species are
rendered  significantly less tluorescent possibly by the process
stated in (1), and 3) a conformational <change inducing
internalization of a small percentage of fluorescent tryptophans
giving rise to the observed blue-shift in the emission spectrum.
Tn the latter case the decrease in fluorescence intensity may be
attributed to an increase in  the efficiency of quenching the
tryptophans by the heme.

The fluorescence  emission difference spectrum of
vesicular ans and free aas;  is  shown in figure 4.25B. A net
increase in fluorescence intensity  occurs in the lower wavelength
tegion of the spectrum. The slight increase observed in the
fluorescence  intensity difference is most  probably due to the
incteaced relative intensity of buried tryptophans due to increased
shiielding from the external environment by way of the phospholipid
cont . Since the emission maximum is  unchanged the percentage of
buriced and external tryptophans is assumed Lo be consistent in both
vesicular aas and free aa; .

The difference between vesicles in the presence or
absence of a pH gradient is depicted in figure 4.25A. A net shift
in the fluorescence intensity to lower wavelengths is observed,
indicating an increase in either 'the relative intensity of the
emitting fluorescent species in this region or a net increase in

the population of fluorophores in this region. A net decrease in
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on the excitation wavelength (figures 1.26 and 1.29). Excitation
of CcP at 260 nm, 275 nm, 280 nm and 295 nm give rise to
fluorescence emission spectra*with maxima at 323 nm, 32} nm, 326 nm
and 330 nm, respectively. The gradual red-shift of the emission
spectra due to excitation at longer wavelengths are more pronounced
for CcP in 0.1 M MOPS buffer, pH=7 (Fig.4.29) than in 0.1 M
phosphate. The emission maximum of CcP in MOPS is red-shifted from
326 nm, with 260 nm excitation, to 340 nm with 295 nm excitation.
Table 1.1 lists the emission wavelength and bandvidth dependence of
CcP, in Pi and MOPS buffers, as a function of excitation
wavelength., The red-shift. observed between eacitation at 200 nm
and 295 mm is 7 nm in Pi Wuffer and 11 nm oin MOPS buffer,
Likewiee, the increase in bandwidth between the two  entremetios in
excitation wavelength is 6.4 nm in Pi and 17.6 wum in Mops .

The excitation spectra of  Ru-Col’ and  Ceb is <shown an
figure 1.30. A excitation maximum at 276 nm was obacrved
regardless of the emission wavelength monitored. The cmicaion
wavelengths monitored were 320 nm, 330 nm and 340 nm.

The quantum yields of the native protein ,  the
ruthenated derivative and the Rullis/CcP mixture are determined
against the tryptophan standard N-acetyltryptophanamide, Both the
native enzyme and the Ru/His enzyme mixture had quantum yield
values of ca. 5%, while the ruthenated species was 4.2%. Thus, in
comparison to native CcP, the ruthenated derivative was further
quenched by approximately 14%. A compilation of the general

characteristics of CeP fluorescence, derivative and mixture
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Fig.4.28: FLUORESCENCE EMISSION SPECTRA OF CcP/RuHis
- corrected. Excitation wavelengths were 260 nm (open
circles), 275 nm (clrsed circles), 280 nm (open
triangles) and 295 nm (closed triangles). Emission
and excitation slits were 5 nm. Enzyme concentrations

were 1 pM in 0.1 M NaPi, pH7, T=189eC.
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Fig.4.29: FLUORESCENCE EMISSION SPECTRA OF CcP IN MOPS
BUFFER - corrected. Excitation wavelengths were 260
nm (squares), 275 nm (circles), 280 nm (diamonds) and
295 nm (triangles). Emission and excitation slits
were 5 nm. Enzyme concentration was 1 uM in 0.1 M

MOPS, pH7, T=19°C.
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Fig.4.31: ACRYLAMIDE QUENCHING OF CcP FLUORESCENCE-

Excitation wavelength was 295 nm. Emission and excitation

slits were 5 nm. Spectra are staggered for visual
purposes.  Dashed line denotes the extrapolation of the
214 nm peak at 0,732 M acrylamide. Difference spectrum

{original minus extrapolated) is represented by the dotted

line. [CeP] was 1 uwM, 0.1 M NaPi, pH7, T=19°C,
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4.2.3 TODIDE QUENCHING OF CcP FLUORESCENCE

Quenching of cytochrome ¢ peroxidase fluorescence with the
anionic quencher iodide is demonstrated as a function of quencher
concentration in figure 4.34. At low quencher concentrations (<0.091
M) a decrease in the relative emission at the red-edge of the emission
maximum is seen, Increasing quencher concentrations cause a blue-
shift of the emission spectra and definition of a fluorescence peak at
352 nm which appears to be unaltered by the presence ~f quencher. The
peah at 332 nm becomes more pronounced as quenching of long wavelength
tryptophan emis<ion  is increased. The fluorescence emission maximum
is hlue=shifted from 326 nm to 320 nm as the KI is increased to 0.732
Moo AL 00732 M KT the peak at 332 nm is the major emission peak as is
showin in the  normalized  fluorescence emission  spectra of CcP
(Fig.1.35). The above  spectra were oblained at an escitation of 295
i, Fluorescence emission spectra of CeP in phosphate buffer using au
encitation winelength  of 280 nm are shown in Fig.1.36. The second
peah at 332 nm, scen with eacitation at 295 nm, in the presence of
0.782 M KT is not seen when the excitation wavelength is 280 nm.
Figare 1,36 illustrates that in  the presence of KI, quenching is
observed  at the red-edge of the spectrum but the spectral shape
remaing similar to that observed in the absence of quencher. The
emission maximum is  only slightly blue-shifted (2-4 nm). Similar
results are obtained for CcP in MOPS buffer at an excitation of 280 nm
as are shown in figure 4.37. Figure 4,38 demonstrates the
fluorescence emission spectra of CcP in MOPS buffer in the presence

and absence  of KT using an excitation of 285 nm. From the normalized
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Fig.d.34: IODIDE QUENCHING OF Ccl' TILORFSCEE - The
exritation wavelength was 295 wni.  Emission and oweitat ion
slits were 5 nm. Speetra were  staggered  for vieual
purposes.  The daslhied line represents the  estrapolatod
spectrum. The dotted line represents the  difference
spectrum, [CcP] was 1 w™M, 0.1 M Nabiy, 1 mM aa-
thiosulphate pH7, T=19°C, Tonic  strength  constant at

0.732 M.

131



FLUORESCENCE INTENSITY

O
L

O ®
0 (o)
i oe’ .209
o°* ()
3 ( ] 8
Ce 08
b a .
3
[ ]
e e
e "]

©

n
T
o

lD.

0.0

300 350

WAVELENGTH, NM

Fig.4.38: NORMALIZED FLUORESCENCE SPECTRA OF CcP IN 100

mM MOPS BUFFER pH7, MAex=295 NM - Spectra are in the

and absence (open circles} of

presence (closed circles)
0.732 M KI. [CcP] was 1 uM, 1 mM Xa- thiosulfate,
T=19eC, Emission and excitation slits were 5 nm.  Jonae:

strenzth constant at 0.732 M.
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Tig.1.39: IODIDE QUENCHING OF Ru-CeP FLUGRTSCENCE  @-
Specira were staggered  for  visual  purposes, The
excitation watelength was 295 nm. Emission and escitation
slits were 5 nm. The buffer system was 0.1 M phosphate,
1T mM Na-thiosulfate, pli7. [Ru-CecPl =1 pM. Jonic strength

con-tant at 0.732 M, T=19eC.
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esperiments in order to provide a more complete  picture of
fluorescence due to surface tryptophans. Although cesium is a
capable quencher of tryptophan fluorescence it has a  lower quenching
ability than iodide.

Figure 4.42 demonstrates the (fluorescence emission
spectrum of native CcP, upon excitation at 280 nm, in the presence and
absence of 0.732 M cesium chloride. In the presence of cesiun
chloride a sharpening of the spectral band is observed with a marked
decrease in  fluorescence intensity at  longer wavelengthe. B
contrast, the fluorescence emission spectrum of Ru-CoP in the prescnce

and absence of cesium chloride (Fig.1.13) does not  displas o

significant decrease of  {luorescence at longer wavelengthe. A
de-crease of  ca. 22% in the fluorescence intensity at 350 wm i-

ohserved for CoP, whercas only a 5% decrcase in seen in the rathennted
species,
Progressive quenching of tryptophan fluorcscence i (o p

and Ru-CcP with increasing cesium chloride concentrations is shown i
figures 1.41 and 1.45, respectively. Spectral bxuud shopeew e nat
altered except for some sharpening of the band in the 1ed-cdge. The:
emission maximum is slightly blue-shifted upon quenching of naative
CcP. Emission maxima of 326 nm and 321 nm werce observed for native
CcP in the absence and presence of cesium, respectively. lmission
maxima of ca. 323 nm were observed for Ru-Ccl in both instances,
The fluorescence emission spectrum of Cc¢P in the presence of 0.732 M
CsCl  is resolved into two peaks when excitation is al 295 nm

(Fig.4.46). These two peaks appear at 322 nm and 331 nm.  One peasl
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Fig.d.42: FLUORESCENCE EMISSION SPECTRA OF CcP IN THE
ABSENCE AND PRESENCE OF 0.732 M CsCl- The excitation
wavelength was 280 nm. Emission and excitation slits

were 5 nm, O M CsCl (open circle), 0.732 M CsCl (closed

circle). [CeP) was 1 uM, 0.1 M NaPi, pH7, T=19°C.

atrength constant at 0.732 M.
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Fig.4.43: FLUORESCENCE EMISSION SPECTRA OF Ru-CcP IA
ABSENCE AND PRESENCE OF 0.732 M CsCl - The excitation
wavelength was 280 nm. Emission and excitation slits
were 5 mm. 0 M CsCl (open circle), 0.732 M (sCl (closed
circle). [Ru-CcP] was 1 uM, 0.1 M NaPi, pH7, T=14oc,

Ionic strength constant at 0.732 M.
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Fig.4.16: FLUORESCENCE EMISSION SPECTRA OF CcP IN THE
ABSENCE AND  PRESENCE OF 0.732 M CsCl- The excitation
wavelength was 295 nm. 5 nm emission and excitation
slits., 0 M CsCi (open circle), 0.732 M CsCl (closed
circle;. [CcP) was 1 uM, 0.1 M NaPi, pH7, T=19°C. Ionic

stretgth constant at 0.732 M.
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is observed at 332 nm in the absence of cesium chloride,

Quenching of tryptophan fluorescence by o quencher which
is unable to permeate the protein matrix can be used to measure the
fraction of fluorescence which is solely due to tryptophans locali.zoed
on the surface of the protein. The fraction of the total initial
fluorescence, denoted as fa, can be determined from a modified Stern-

Volmer plot based on the following equation (lakowicz, 1983):

_____ e 4 ————

AF fah{Q] fa
where Fooo is the total fluorescence obeersed 1 the absenoe of
quencher, Q, AF i« the incremental difforenre of the fluaeseciee
the  absence of Q and in the presence of Qy h o= the Stern=Volme
quenching constant for the quencher-acees<ible fluorophores ael Q] ae
the concentration of quenchers A Stern=Volier plot of cesium chlor o
eenching is portrayed an figoe 1,47, Stern=-\Voliner constants, hyy,
werle determined from the sltopes and are stated in table 1.3 along with

the percentage of quencher-ac ressible fluarophores, £, a determne

Tram thes modified Stern=Volmer plot shown in figare 1,18, Thae Lo tip
poor quenching effiency of Cs* and the extent.  of  overlap an

evperimental data from the three different. CoP samples,  hsv i bxe
estimated to be essentially the same for all ca. 0.66 M1,
4.2.5 FLUORESCENCE MONITORING OF CYTOCHROME ¢ PEROXIDASE
DENATURATION BY UREA
Since  (cP seems to possess  a comples intyane e
flurrescence spectrum relative to a simple tryvptophoar mede] it vae
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Fig.d.49: ABSORPTION SPECTRA OF THE SORET REGION OF (cP-

concentration was 1 uM in 0.1 M NaPi, pHT7,

1M,

the peroxidase
T=19C. The urea concentrations are (A)= 0 M, (B)=
(C)=2 M, (D)= 4 M, (E)= 6 Mand (F)= 8 M. Spectra are
staggered and the appropriate baseline is denoted by the

"0" with the corresponding subscript on the y-a\is.
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Fig.4,50: FLUORESCENCE EMISSION SPECTRA OF Ccb AS A
FUNCTION OF UREA  CONCENTRATION, EX=280 NM - the
peroxidase concentration was 1 uM in 0.1 M NaPi, pHT7,
T=19°C and the urea concentrations were as follows :- O M
(open circles), 1 M (closed circles), 2 M {opn
triangles), 4 M (closed triangles), 6 M (open squares), 8

M {(closed squares). Emission and excitaticn slits vere 5

nm.




F1g.1.54: FITORESCENCE  FMISSION SPECTRA OF DEVATURED  AND
"RENATIRED™ (P = the peroxidase concentration wae  0.5uM
i 0,1 M Nabi, pH7, T=19°C, The [ureal was 8 Mand 1.6 M

in the denatured and renstured samples, respectively. The

denatured protein is represented by the circles and the
"renatuwred” protein by the triangles, The excitation

winelengths were 280 nm (open symbols)  and 295 nm (closed

sambae.ls). Fmission and escitation slits were 5 nm,
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state can be ruled out as  the cause of the observed fluorescence
changes. 1t is shown in f1g.4.8 that fully ovidized resting aas can
be madee to have a fluorescence emission spectrum characteristic of
that observed in the fully dithionite-reduced oxidase, when its’
fluorescence emission  is monitored in the presence of a dithionite
filter. It has been established that although a fluorescence
emission spectrun  can be obtained in  the presence of dithionite,

Lthis spectrum will be drastically altered due to the inner filter
offecte caused by the absorbance of the reductant. The dramatic 20
tan ted-shi 't obeerved 1o the fluctescence  emission masimam ot the
ostdice is solely due to the  presence of the chemical reductant,

dithrenite, and 1« not related to either the redow state of Cu, or
a conlormat tonal change arising upon reduction of the center.

Thee ¢lose relationship observed  between the levels of
dithiorate and the red-chift in the {luorescence emission mas imum
sugsecsted  that  studies  of dithhonite-reduced  ovidase  must be
peerlormed wnder condit ions such that the optical properties of the
saple were not escessively altered. The fact that the fluorescence
omiaston mavimum of the mised-valence CO-bound any 1s  identical to
that of  the fully onidized, resting enzyme suggests that there are
no gross conformational changes in the enzyme upon reduction or
Ligation of cytochrome as.

Redox-state dependent conformational changes have also
wen linked Lo the reduction of cytochrome a (Scholes & Malmstrom,
1986 Fllis et al., 1986; Brudvig et al., 1984}, In the event that

such @ change would be visible in the steady-stete fluorescence of
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the protein, then this change would e expected between the
spectrum of the mixed-valence CO-bound aa; and fully reduced CO-
bound aaz. The 2 nm blue-shift in the emission maximum observed
upon reduction of cytochrome a, although reproducible, is too small
to be firmly attributed to a change in the physical state of the
enzyme. Conformational change studies show that upon reduction the
oxidase expands (Cabral & Love, 1972; Kornblatt et al., 1975) and
becomes more susceptible to cleavage by proteases  (Yamamoto &
Okunuhi, 1970) Without hnowing the cryvstal  structure of the
enzyme, the direct consequence  of such  a change  1n the phasieal
state of the enzyme to the enviromment of 51 tryptophans e
mpossible to predict. Based on the  volume and proteolysae
su~ceptibility data, 1t is most lihely that the average envivonment
of the fluoresecing species would bwcome  more solvent acceceesaible,
This solvent accessibility could translate into cither o red-chifit
in the traptephan fluorescence 1 the  contribution of cach
fluorophore is wnchanged  or a blue-shift  an the {lucrescence
spectrum if the solvent-accessible  tryptophans  are  quenched soch
that the effective fluorescence is derived from those fluorophore-
present in a hydrophobic environment. With such a  large number of
fluorophores it is unlikely that discrete changes may be visualized
in the tryptophan fluorescence.

The idea that. cytochrome oxidase  links electron
transfer from cytochrome ¢ to O to translocation of protons across
the membrane is generally accepted,  Studices nen foous on

determining the nmolecular mechanism of  thie function which as
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common to both  respiratory and photosynthetic electron transfer
systems, Most  work is focused on determininz which redos center is
responsible for  the linkage between electron transfer and proton
translocat.ion. Two basic schemes for proton pumping predominate the
literature. The first scheme involves proton pumping directly
linked to the redox state of either cytochrome a or Cua. The other
18 indircetly linked to the redox state of cytochrome a or Cua and
direct]ly involved with subunit. 111, postulated to be an inherent
proton channel.  Proton wells  or conduction pathways are required
for the operation of  a redon=driven proton pump (Mitchell, 1968).
Hypothetveally, these wells function primarily by the commersion of
the electrical  potential  component of the electrochemical proton
gradient tnto a pl or protonte  activity  differential  (Lhrab &
Wikatprom, 19857). Renstantinoy et al.  {1986) have shan the
esiston e of such @ phenomenon between  the mitochondrial matris
and  the binuclear center of  ovtochrome osidase. The binuclear
center of v has been demonstrated to be an unlikely candidate for
proton pumping (Wihstrom & Lasey, 19835), therefore the redos center
immtuately mmvolved an proton translocation is  either ¢ytochrome a
or Cuy or both., In determining which of these centers is the most
likely to be the redon 1ink between electron transport and proton
trunslocation, it must be considered that a pH-dependent midpoint
potential, Fn, is a most probable requirement for the redox center
vwhich couples these two processes. Erecinska et al. (1971) have
shown that the apparent Ep of Cua is pH-independent and independent

of' the energy state of the mitochondria., (allahan & Babcock (1983)
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Scheme 5.2: SCHEMATIC REPRESENTATION OF

INCORPORATED CYTOCHROME OXIDASE.
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turnover will be the pH gradient across the inner mitochondrial
membrane and not the build up of charge separation. In the event
that ATP is being generated by the mitochondrion, re-entry of
protons through the ATPase cause the the oxidase to continuously
turnover thereby supplying the required protons the ATPase. Build
up of sufficient ATP wil cause the ATPase to shut down which in
turn induces a rapid build of a proton gradient across the
mitochondrial membrane thereby "turning off" the oxidase. In the
presence of a protonophore such as  CCCP the ovidase will
continuously turnover in order to maintain the balance between
proton re-entry and proton extrusion.

The vesicles wused in this study have a  high
permeability to  protons  which allows membrane-incorporated
cytochrome oxidase to turnover in an uncontrolled manner. At hich
RCR values respiration would be controlled and the enzyme could
only be forced to turnover until a State 4 rate is achieved. State
4 respiration is the respiratory state of mitochondria in the
presence of substrates but in the absence of ATE eynthesis.
Theoretically in this state the enzyme should not turnover sinee no
ATP is being sywnthesized. Practicalily, the rate of turnover in
State 4 is measureable although low. The perceived rate is due to
the incomplete impermeability of the inner memmbrane to rn.otons.
This impermeability allows a slow leak of protons into the matris
even in the absence of ATP synthesis. For this reason enzymatic
turnover continues in order to maintain the rate of proton re-entry

couiterbalanced by the rate of proton extrusion. In mitochondrial
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of the complex which have been shown to be environment-sensitive
(Matthews et al., 1980).

The tryptophan fluorescence of CcP is shown to be
dependent on the excitation wavelength. The emission maximum is
red-shifted 4 nm upon excitation at 295 nm compared to 280 nm. The
drastic dependence shown in MOPS buffer for 4 different excitation
wavelengths is exaggerated. It has been shown recently (Ted Fon,
unpublished results) that this drastic dependence can bhe attributed
to the length of illumination time and is reversible. This Vview is
supported herein by the observation that fig.1.29 consisted of
fluorescence spectra obtained from a single sample irradiated for a
total of 30-40 minuies between the 265 nm and 295 nm spectra.,
Spectra obtained over shorter excitation periods (fig.1.37 & 1.38)
show only the 4 nm red-shift also reported from spectra obtained
phosphate buffer. Therefore, the results indicate that  the
tryptophan fluorescence of CcP is slightly dependent on the
excitation wavelength but. care must be taken to avoid enaggeratod
dependences as was observed in fig.4.29 which is most probably due
to the length of irradiation time. An added contribution to this
discrepancy may be the nature of the buffer itself. The wavelength
dependence is shown to be more pronounced in MOPS than in phosphat.e
buffer (Table 4.1) as are the bandwidth changes for the different
excitation wavelengths. In samples which were irradiated over short
periods of time the bandwidths of the emission spectra taken in
phosphate buffer are wider. It has been shown that tyrosinate

fluorescence is enhanced in the presence of Pi (lakowicz, 1983).
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The fluorescence of CoP appears to be due to more than
one: fluorescing species as suggested by the resolution of a peak at
310 nm upon excitation at 295nm under high quencher ccncentrations.

Resolution of this spectral contribution is only observed upon
excitation at. 295 nm. The most probable species contributing to the
fluorescence spectrum in this fashion is the tyrosinate ion. This
jon has been shown to fluoresce in the 340-350 nm region of the
fluorescence spectrum and  its  excitation maximum is at 295 nm
(Lahowicz, 1983). Recently, Lee et al, (1989) demonstrated that
bovine pancreatic ribonuclease A exhibits fluorescence at 310 nm.
This protein contains no  tryptophans and six tyrosines. Like the
fluorescence observed in RNase A, the Cc¢P fluorescence contribution
at 310 o is  small compaed  to the fluorescence exhibited by the
tryptophans. (' contains 14 tyrosine residues and 7 tryptophans
(Tahio ¢t al,, 1980) The pussible presence of the tyrosinate ion in
Cc’ way bee of relevance in stabilizing free radicals in the protein
during its catalytic oycle. The unusual stability of free radicals
in some  redos-active enzymes has  been recently attributed to
trarosine. Whittaker et al. (1989) demonstrated using Pesonance
Raman that the radical site of galactose oxidase has a tyrosinate
ion. They propose that the tyrosinate ion might stabilize the
radical species through formation of a charge transfer complex.

The denaturation of CcP by urea was monitored both
spectrophotometrically  and by  tryptophan  fluorescence. Tae
denaturing  process, as followed by tryptophan fluorescence,

represents a simple 2 state process consisting  of native and
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