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ABSTRACT
REACTIVE INTERMEDIATES AND STRUCTURE DETERMINATION OF HEME
PROTEINS STUDIED BY USING RESOSNANCE RAMAN SPECTROSCOPY
By

Jose F. Cerda

Resonance Raman (RR) spectroscopy is particularly useful for studies involving
metalloporphyrin enzymes because of the enhancement effect from the porphyrin
scattering due to its strong absorption. The RR technique has been used to study the
reaction of cytochrome c oxidase (CcO) with O,, characterize the peroxidase site of
prostanglandin H synthase-1 (PGHS-1), and the study of histidine rich protein II (HR;cP-
II) and the effects of the anti-malarial drug chloroquine (CQ) on the heme-bound
structure.

Time resolved RR spectroscopy has been used in the past to detect transient
intermediates formed during O, reduction in CcO, and a number of intermediates,
identified by their oxygen-isotope sensitive iron-ligand modes, have been detected. There
is a consensus on the vibrations of several of the intermediates that are formed in the
reaction of the fully reduced CcO and O,. However, due its transient nature, there has
been a controversy as to whether the first intermediate that is produced after the O-O
bond cleavage, P;, can be detected by time resolved RR. In this study, the P; intermediate
has been detected with at about SO ps after the O; binding. This species shows a
vibration at 804 cm™ and is assigned to a ferryl-oxo heme intermediate. In addition,
careful examination of the spectra produced by 10-ns laser pulses revealed a new

vibration at 590/543 cm™ for the reaction between fully reduced CcO and '°0y/'%0,. This



mode parallels the formation of the 786 cm™ band, from the ferryl-oxo unit of Compound
F. The intensity of the 590 cm™ mode increases at higher probe power at the expense of
the 786 cm™ mode, indicative of a photoreaction involving this ferryl-oxo compound.

Resonance Raman spectroscopy was used to gain insights in to the structure of the
peroxidase site of PGHS-1. This enzyme has an unusually weak bond between the heme
iron and the proximal histidine compared to that of other peroxidases. A strong bond
between the heme iron and the imidazolate at the proximal position is believed to play an
essential role in the mechanism of O-O bond cleavage by most known peroxidases.
However in PGHS-1, the proximal ligand plays a more important role in terms of the
stability of the intermediates that are formed during the peroxidase reaction. Since a
tyrosyl radical is formed in PGHS-1, the weaker proximal histidine makes the ferryl-oxo
intermediate in PGHS-1 (Compound I) a better oxidant than that of other peroxidases that
are involved instead in the oxidation of substrates.

Malaria infects the red blood cells and digests hemoglobin and uses an enzyme,
HR;P-1I1, to aggregate the free hemes into an insoluble polymer called hemozoin.
HR;P-1I can bind up to 50 hemes to form a stable heme-bound protein. The resonance
Raman spectroscopic results indicate that the majority of the hemes, in the 50-heme-
bound HRP-1I1, are 6-coordinate, low-spin with two histidines as the axial ligands. The
addition of the antimalarial agent, chlroquine (CQ), to heme-bound HR,P-II results in
the formation a free heme-CQ complex. Therefore, CQ may act by sequestering the

heme from the heme-bound HR;P-1I to form a heme-CQ complex.
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CHAPTER I: Application of Resonance Raman to Heme Proteins

1.1 Introduction

Heme proteins are involved in a wide range of functions, from electron transfer to
complex substrate modification. The catalytic site of a heme protein not only comprises
the heme cofactor, but also its surrounding amino acids, which can play as important a
role as the heme. Proteins can control the reactivity of the iron through the porphyrin
ring (shown in Figure 1.7). In this regard, proteins can use the same heme cofactor to
perform different tasks. For example, the heme iron in hemoglobin (Hb) and myoglobin
(Mb) is used to simply bind O, i.e. an oxygen carrier, while in horseradish peroxidase
(HRP) the same type of heme is used to reduce H,O; to H;O. There are many questions
as to how the proteins utilize effectively the same heme cofactors to achieve different
metabolic functions. For example, in cytochrome c oxidase (CcO), the energy that results
from O-O splitting is used for proton translocation. This means that there is a tight
coupling between O; reduction and the movement of protons within this membrane
enzyme. A great deal of effort has been focused on understanding how this machinery
works. Although good progress has been made in understanding how O; is reduced in
CcO, far more needs to be done because processes such as electron and proton transfers
within an enzyme are still not well understood.

The heme pocket is normally the active site of enzymes, so the understanding of
how proteins control the reactivity of the heme iron can begin by studying the heme and
its surrounding amino acids. Heme proteins that are not used for electron transfer
normally have five-coordinate hemes. The side of the heme that is coordinated to protein

by a covalent bond between the heme iron and an amino acid residue is known as the



proximal site. This proximal residue is normally a histidine (his), cysteine, or tyrosine
ligand. In CcO, the proximal ligand is a histidine, while in P-450.,, (a monooxygenase)
a cysteine acts as the proximal residue. The other side of the heme protein is known as
the distal side, which interacts with the iron-bound ligands. While heme proteins tend to
have small variations in their proximal ligand site, the distal side can be of varied
configurations. For example, in heme peroxidases, the distal side is normally composed
by a histidine-arginine pair that assists the O-O splitting during the peroxidase reaction.
On the other hand, CcO has a very distinct configuration in its distal side, mainly
composed by a copper (Cug) that interacts strongly with the heme iron from heme as.
The reason for the distinct conformations in the distal sites to achieve the same goal (i.e.
0-0 splitting) needs to be still understood. These types of questions can be answered by
obtaining detailed information, at the atomic level, of the heme pocket. A technique that
is useful, in this respect, is resonance Raman spectroscopy. The resonance Raman
spectrum not only contains vibrations from the heme macrocycle but also contain
information on the iron-ligand modes that are affected by the proximal and distal sites.
The various proximal and distal configurations affect the heme in different manners, so
resonance Raman spectroscopy can be used to learn about the distinct mode of operations
of heme proteins. In this thesis, resonance Raman spectroscopy has been used to
understand different metabolic processes that are performed by different heme proteins.
The structure of the heme intermediates that are formed during the conversion of O,
to H,0 in CcO will be discussed in Chapter I. The main objective of this chapter is a
description of the use of nanosecond time-resolved resonance Raman spectroscopy for

the detection of the first intermediate that is immediately formed after O-O bond



cleavage. The information about the oxy structure of this species is important because of
the importan question of the coupling between the O-O splitting process and the proton
pumping. As will be discussed, there are various conflicting proposals about the nature
of the structures of the hemes in CcO at this stage of the reaction. Resonance Raman
spectroscopy cannot provide a complete picture on proton movement in CcO because it
only yields information about the structure of the heme pockets. However, it is a useful
technique for the identification of heme intermediates, in the O-O splitting mechanism in
CcO.

In Chapter III, the Raman spectroscopic properties of another heme protein
involved in O-O splitting, prostaglandin h synthase-1 (PGHS-1) will be reported. This
enzyme converts arachidonic acid into the endoperoxide, hydroperoxide, prostaglandin
G; (PGGy) and then reduces it to its corresponding alcohol, prostaglandin H, (PGH,),
which is a precursor for the formation of other metabolic substrates. This enzyme has
two types of activities, a cyclooxygenase and a peroxidase. The cyclooxygenase reaction
in PGHS-1 is coupled to the peroxidase reaction through the formation of heme
intermediates during the substrate modification. From the results obtained by stopped-
flow methods (1), various heme intermediates are formed during the peroxidase reaction.
However, none of these intermediates have been detected by Raman spectroscopy. In
this thesis, the properties of the proximal site of the heme pocket of PGHS-1 will be
compared to that of other peroxidases. As will be shown, there are differences in the
heme pockets between PGHS-1 and other known peroxidases. Although Chapter III does
not include the study of the heme intermediates that are formed in the peroxidase reaction

of PGHS-1, it is proposed that the stability of these is affected by the heme pocket



configuration. Thus, the heme pocket configuration has been studied by the application
of resonance Raman spectroscopy to the resting, ferrous, and CO-bound ferrous states of
PGHS-1 and compared to that of other well known heme peroxidases.

In the final chapter (Chapter IV) the structure of the heme in histidine rig:h protein
II (HR;xP-1I) will be discussed. The malarial parasite, Plasmodium falciparum, produces
this enzyme, which acts as a sponge for as many as 50 hemes; it binds and polymerizes
the hemes into a compound called hemozoin. In this thesis, the heme-bound protein has
been characterized by resonance Raman spectroscopy. In addition, the anti-malarial
properties of chloroquine have been studied by using resonance Raman. The mode of
action of this anti-malarial drug will be discussed in light of its effects on the structure of

heme-bound HR;,P-11.

1.2 Resonance Raman spectroscopy and its applicability to heme proteins

Vibrational information can be obtained by infrared (IR) or Raman spectroscopy.
In the infrared absorption process, the molecule absorbs IR radiation, which results in a
vibrational transition. On the other hand, the Raman phenomenon is a scattering process
in which there is an energy exchange between the scattered photons and the molecule. In
Raman spectroscopy, high intense electromagnetic radiation is used to induce a dipole
moment within the molecule; this is achieved by the use of Lasers. When a molecule is
irradiated by the Laser light at a frequency, v, two types of scattering are produced:
Rayleigh and Raman scattering. The Rayleigh scattering derives from photons that have
not exchanged energy with the system. This type of scattering is detected at a

frequency, vi.. During the Raman effect, the molecule exchanges energy with the



scattered photons to produce vibrational transitions. The Raman scattered photons are
detected at frequencies v, t v;, where v; is the frequency of vibration of the ith mode.
Figure 1.1 shows a schematic representation of the two types of Raman scattering that
can occur. The photons at frequencies vy, - v;, are known as the Stokes scattering and are
produced by transitions from an initial vibrational ground level to a higher one. The anti-
Stokes lines have frequencies at v + v;, in which the system has undergone through a
transition that results in a final lower vibrational state than its initial one.

A brief description of the theory of Raman scattering will be described, following
the treatment used by Rousseau et al. (2). The expression that describes the intensity of

o

the Raman scattering, I;, resulting from a transition from an initial ground state, G, to the

final state, F, is the following:

2

27 7[5 o
Ig= (T LVs g\(aw)o—m 1
In this equation, I . is the intensity of the laser and v; is the frequency of the Raman-
scattered photons. The molecular polarizability tensor is represented by (@s)c—r, Where

p and o represent incident and scattered polarizations, respectively. The expression for

(Opo)GF is,

b ) _LZ (ﬂﬂ,lE><ELDO|G> +(F1ﬂ°|E><F4ﬂ,,|G>

hc F'| vge—v, +ilg Ve Vv +ilg 2

The excited intermediate state is represented by E and 4 is the electric dipole moment

operator. The damping factor is represented by I'e, which is the natural half-width of the
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Figure 1.1. Schematic representation of the Stokes and anti-Stokes scattering (adapted

from Nakamoto (3)).



state E. Planck’s constant and the velocity of the light are denoted in the equation by A
and c, respectively. The summation is over all possible electronic states E. At resonance,
VGE = V1, and the first term in equation 2 becomes more important than the second term.

Thus, at resonance, equation 2 can be written as:

) =L z(ﬂﬂJEXEVfol@ 3
SF  heF v —v+ilg

Application of the Bon-Oppenheimer approximation to equation 3 results in the
separation of the nuclear and electronic wavefunctions. Now the ground state G is
represented by the ground electronic state, g, and it vibrational state, u. The excited state
E is represented by the excited electronic state, €, and its vibrational state, v. The final
state F is now represented by the electronic wavefunction g, and vibrational
wavefunction, w. The Raman process is shown schematically in Figure 1.2. Now

equation 3 can be written in the form,

(gwlasleveviacfen)

1
b"")“*' " he Z Z Av+ill @

e v

Where v, - v has been substituted with Av. The advantage of equation 4 is that the sum
now includes the vibrational states. The electronic part can be factored out of equation 4,
because the electric dipole moment is M, =(g|a,|e) =(e|a,|g) , thus the polarizability

tensor is now in the form of

v Xv. l“=>

1 (w
... - EM;Z “Av+l 3)




Figure 1.2. Schematic representation of the resonance Raman process. The figure
depicts how the system goes through the different electronic and vibrational levels during
the Raman scattering. The electronic manifolds are denoted by g and e, while the

vibrational levels are u, v, and w.



Equation 5 shows the dependence of the polarizability tensor on the Franck-
Condon factors. This equation only shows the A-term, which for now will be more
important than the B- and C- terms. These terms are described elsewhere (2,4,5). Since

the square of the electronic dipole moment is proportional to the extinction coefficient

€, Mfg o< £(v) and the intensity of the resonance Raman scattering is proportional to the

square of the extinction coefficient of the molecular system: I o< g(v)>.

Hemes absorb strongly in the UV and visible regions of the electromagnetic
spectrum (see Figure 1.3 for an example of a typical UV-Vis spectrum of a heme); thus,
the resonance Raman technique is suitable for the application to heme proteins. The
heme proteins exhibit a strong absorption band (e~ 100, 000 M™'cm™) near the UV called
the Soret band (see Figure 1.3). By tuning the laser frequency to match the A of the
Soret band, the Raman scattering will be greatly enhanced and it will give vibrational
information only about the heme macrocycle.

In the next section, a brief description will be given about the information that is
obtained with the application of the resonance Raman technique to heme proteins and

model compounds.

1.3 The resonance Raman spectrum of a heme protein
The resonance Raman spectrum of a heme protein contains useful information in
the 150 to 2000 cm™ region. The three types of vibrational modes that are normally

reported are: iron-ligand modes; vibrations related to the peripheral subsistent groups in
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Figure 1.3. UV-Vis absorption spectrum of ferrous cytochrome c. The strong band at
414 nm is the Soret band, characteristic of heme proteins. The smaller bands in the

visible region are known as the Q bands.
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the porphyrin macrocycle, e.g., propionate, vinyl and formyl groups in heme a; and
modes that are sensitive to the heme iron, known as the “core size marker bands” (5).
Most of these types of modes are found in two regions of the resonance Raman spectrum,

the low and high frequency regions, which comprise the 150 to 700 cm™, and 1300 to

1700 cm’ regions, respectively. The intermediate region from ~ 700 to 1200 cm™ is

garticularly riqh in vibrations that are from the iron-oxo stretching x_nodcs (Fe*=0) in
oxo0 ferryl hemes and O-O stretching modes from dioxygen- and peroxy-bound iron heme
complexes (6). Iron-ligand modes from other ligand-bound iron complexes are located in
the low frequency region (7,8), see Figure 1.3-a. The modes that denote the oxidation,
spin and coordination states (“core size marker bands’) of the heme iron are found in the

high frequency region (Figure 1.3-b) (5).

1.3.1 Iron-ligand modes

The resonance Raman spectra of ferrous, five coordinate, heme proteins exhibit
iron-ligand vibrations that are due to the covalent bond between the heme iron and the
proximal ligand (7). Most of the heme proteins have a cysteine, tyrosine, or a histidine as
the amino acid that provides the covalent link between the heme iron and the protein.
Histidine is the preferred proximal ligand, as it is found in the majority of the heme

proteins. The iron-Np;s stretching modes of heme proteins with proximal histidine ligand

—

e~

e

occur in the 200 to 250 cm™* rcgiaﬁ- ™). Flgure_Za sﬁc;;at)s an example of a Raman
~—~——— s TN o

spectrum of a ferrous heme protein, soluble guanylate cyclase (sGC), reported by

Schelvis et al. (9). This protein has an v(Fe-Ny;s) stretching vibration at 206 cm’', which
W~_

is a low value for typical heme proteins (7). Oxygen-carrier heme proteins, e.g.,

11



myoglobin and hemoglobin, have iron-his vibrations in the 210 to 225 cm’ region. On

the other hand, heme protem peroxndases tend to have hrgher frequency v(Fe-Nh,s)

Qggt_ronsaxoundl&() cm’’. The basis for a ~20 cm’ ! difference in the Fe-Np; stretching
modes between oxygen carriers and peroxidase heme proteins will be discussed later.
proximal ligand can be monitored, i.e., the basrctty of the ligand, this can only be

observed when the heme iron is ferrous, five coordinate. Thus, the 1ron-Nh,s stretchmg

e e e 2 o e S ———

e T

e e e

SR

(7). This behavior is not well understood and may be related to the symmetry of the
heme (10), which is D4, when the iron is in the heme plane. This symmetry is broken
when the iron is displaced from the heme plane (e.g. ferrous high-spin state heme
compounds). Stavrov (11) used vibronic theory to show that the iron displacement out of
the plane of porphyrin nitrogens plays a crucial role in mixing the o(Fe-Npis) molecular
orbital (MO) to the m(az,) MO of the heme. In his view, the Fe-Ny;s mode should gain
more activity during Soret excitation, as the iron is more displaced from the heme plane.
While the resonance Raman spectra of ferrous 5-coordinate heme proteins contain

useful information about their proximal ligand, the frequencies of the v(Fe-CO) and

V(CO) stretchmg modes from carbon monoxy-bound heme proteins can give us an idea

on'the 1nteracttons between the dtstal srde and the ligand site of the protein. The iron-CO

——— ) s e

vrbratrons are commonly located in the 480 to 540 cm region of the resonance Raman

spectra (8). An example is shown for ferrous-CO sGC in Figure 1.3-a, in which thev(Fe-

e e — e p e,

CO) is at 478 cm™. The v(CO) stretchlng mode of the Fe-CO unit is found in the 2000 to

12
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Figure 1.4. Typical resonance Raman spectra of heme proteins. The low frequency

region is shown in a), while the high frequency region is shown in b) (adapted from (9)).
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2050 cm’ region, but it is a much weaker mode than that of v(Fe-CO) (12). The CO
molecule is a w-acid ligand that can accept electron donation from the dy iron orbital to its
7t* MO orbital. Hence, an inverse correlation exists between the v(Fe-CO) and the v(CO)
stretching modes of CO-bound heme compounds. Figure 1.5 displays the v(Fe-CO) vs.
v(CO) frequencies for various heme proteins and model compounds obtained from Lou et
al. (13). These are grouped according to the basicity of the proximal ligand (8). The CO-
bound heme proteins and model compounds with proximal cysteines and thiolate ligands
are in a correlation curve below that of the corresponding complexes with proximal
histidines or imidazole ligands. This is because of the stronger basicity of the thiolate
over the imidazole ligand. In this case, the heme compounds with a proximal thiolate

ligand have decreased 6-donation from the coordinated CO, because of the stronger ¢
e ’———‘——\*.w e T E——— T

.bond between the iron and the thiolate ligand. This results in a lower v(Fe-CO) vibration
for hemeshvyiAt[l proximal thiolate ligands than those of the corresponding compounds that

:;;g;ia->transtinﬁdagq!e_ligaiu_j_s: CO-bound heme compounds that have no proximal
ligands or 5 coordinate CO-heme complexes are located further above the correlation

curve for heme proteins with proximal histidines. The v(Fe-CO) and v(CO) frequency

values can be used to identify the proximal ligand, in cases for which the frequency of the

Fe-ligandproximal is not discem;ble: Normally, if the vibration is not obvious the
assignment must be done by using isotopes. For this, the heme iron needs to be
substituted with >'Fe or >*Fe, which only produce a 1 to 2 cm™ shifts (7). An easier
alternative is to measure the resonance Raman spectra of the CO-bound heme protein for
normal abundance and isotopically enriched CO. The CO isotopes are easier to use

because of the 6 to 10 cm’ shifts that are produced by the *C'°0 and "*C'®0 isotopes,
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respectively. Once the v(Fe-CO) and v(CO) frequency values have been obtained, the
heme protein can be placed on a particular correlation curve, which is characterized by
the type of proximal ligand. This method is rarely used for heme proteins with proximal
histidine ligands, however, as will be discussed in Chapter III, the v(Fe-CO) and v(CO)
correlation turned out to be a very convincing indication of the weak proximal ligand in
PGHS-1 (14).

Within a particular correlation curve, the_ V(CO) frequency depends on the

interaction between the distal pocket and the CO-bodnd heme hgand (15) In thns case,

e T e b -

the polarity of the pocket increases the n-back donation from the Fe (dx) to the CO (1t*)

e

e e e e i

orbital, which i increases the n—bondmg of the Fe-C bond and decreases the order of the

e e e

CO bond. The CO-bound heme proteins with a proxlmal hlstldme that have a polar dlstal

Wﬁn higher end of the correlatlon curve (15) Most heme peroxidases,

myoglobins, and hemoglobins have a distal histidine at about 5 A frem the heme iron and

can form hydrogen bonding to the coordmated CO hgand (16) Thls - hydrogen bondmg

increases n—backbondmg between the iron and the CO molecule. Such heme proteins

e e

I

have v1brat10ns from 507 to 530 cm ! for the v(Fe-CO) stretching modes and v(CO)
frequencies from 1910 to 1950 cm’ (15). Meanwhile, heme model compounds, which
lack the protein environment, have higher v(CO) values and lower v(Fe-CO) frequencies

than those of heme proteins and are found at the lower end of the correlation curve for

proteins with proximal imidazole ligands (8).
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Figure 1.5. The v(Fe-CO) vs. (C=0) correlation curve for heme proteins and model

compounds (adapted from Lou et al. (13)).
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The ligand and 1ron-11gand modes from O,-bound heme proteins in oxygen

e e U

carriers can g1ve mformatlon on how 02 is stablhzed in hemoglobms and myoglobms

The intensity of the v(Fe-O,) stnetchmg vibration is relatively weaker than the v(Fe-CO)

rques in heme proteins. Moreover, the v(O=0) stretching modes of most of the
dioxygen-bound heﬁdglobins and myoglobins are resonance Raman inactive and can
only be detected by IR spectroscopy (8). When the iron is substituted with cobalt in
hemoglobin, the v(O=0) mode is detected around 1134 cm; this vibration is very close

to that of the superoxy ligand in metal-O," complexes (17). This value has been

e

Synechocystis ("1_7). ‘

- U

The v(Fe-0,) stretching modes of oxy hemoglobin and myoglobins are normally
detected from 565 to 573 cm™ region of the resonance Raman spectra (8). Similar to the
v(Fe-CO) stretching modes and v(CO) frequencies in CO-bound heme compounds, the
v(Fe-0,) and v(0=0) stretching modes from dioxygen-bound heme complexes exhibit a
linear inverse correlation due also to n-backbonding. However, these are less
documented because of the difficulty in detecting the v(O=0) stretching modes. The
v(Fe-0,) stretching modes of dioxygen-bound heme peroxidases have values lower than
hemoglobins and myoglobins, ~560 cm™ (18). According to Oertling et al. (18), this
difference in frequencies between the peroxidases and the oxygen-carriers can be
attributed to distinct distal side effects on the coordinated O; ligand. The distal sides of
peroxidases normally tend to have a histidine-arginine couple that assists in O-O splitting
of the coordinated peroxide. While the histidine acts as an acid-base residue, the

positively charged arginine removes electron density from the O-O unit of the bound
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peroxide; this positively charged arginine is absent in oxygen-carrier proteins. When O,
coordinates to the heme in a peroxidase, the removal of electron density results in an
increase in the bond order of the O=0 bond, while the Fe-O bond experiences a decrease
in its strength. The opposite mode of action is observed in myoglobin, where the O,-
bound ligand is stabilized by increased nt-backbonding from the iron to the O, n* orbital,
caused by hydrogen bonding from the proximal histidine (18).

The ferryl-oxo heme intermediates that are formed during O, and peroxide

catalysis have v(Fe**=0) stretching modes in the 750 to 850 cm’ region of the Raman

spectrum (6,18-20). The v(Fe**=0) modes of ferryl-oxo heme model compounds are/ |
affected by the trans-ligand; strong electron-donating ligands lessen the 6 and &t
donations from the oxo ligand to the heme iron. In contrast to the dioxygen, the oxo
ligand is both a & and & donor, hence the v(Fe*'=0) and v(Fe-0,) modes may be affected
differently (18). One major disadvantage in studying ferryl-oxo heme intermediates and
model compounds is that they are unstable, especially when subjected to laser exposure
during the Raman measurements (21). In addition, changes in the value of the v(Fe*'=0)
stretching mode does not hint to whether it may be caused by changes in the interactions
from the distal or the proximal side of the protein. More specifically, the Fe**=O and Fe-
Nhis bond strengths cannot be measured simultaneously with resonance Raman because
the v(Fe-Nnis) mode is not active in six coordinate hemes, as was explained before in this
section. The approach that is normally taken, is to assume that the Fe-Np;; bond strength,
deduced from the v(Fe-Ny;s) mode in the ferrous five-coordinate state, is only affected by
the oxidation state of the heme iron. With this assumption, the different v(Fe*=0)

frequencies among various heme proteins and model compounds can be explained in
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terms of the differences in the vV(Fe-Nhisimidazole) mode (21). Oertling et al. (21) showed a
correlation between the v(Fe‘“:O) frequencies and the V(Fe-Nhigimidazole) Stretching modes
of the corresponding compounds in their respective ferrous 5-coordinate state. The
v(Fe**=0) and v(Fe-Npigimidazole) modes have a negative linear correlation due to the ¢
and &t donor properties of the oxo ligand. For example, myoglobin has a lower v(Fe-Npis)
stretching mode than horse radish peroxidase (HRP), however, the ferryl-oxo adduct of
myoglobin has a higher v(Fe*=0) mode than that of the ferryl-oxo HRP-compound I,
797 and 775 cm’’, respectively (21).

The effects of the distal side on the oxo-bound ligand of the ferryl-oxo heme
protein should be less pronounced than effects on the dioxygen-bound ligand of ferrous-
oxy heme, because the Fe-O bond is shorter than the Fe-O,. Therefore, the chemical
control of the ferryl-oxo adducts in heme proteins is mainly dictated by the proximal
effects. In this respecg there is a strong hydrogen bond between a nearby aspartate and
the proximal histidine in heme peroxldases The oxygen-camer heme protems lack this

I
strong hydrogen bond to the prox1ma] hlsudme, as there are no nearby aspartate remdues

i

This is the reason that the v(Fe-Nyis) modes in peroxidases are 20 cm’ higher than the

v(Fe-Nuis) modes in myoglobin (7); this will be discussed in details in Chapter III because
of its relevance to the peroxidase activity PGHS-1. Whether this strong hydrogen bond
between the conserved aspartate and the proximal histidine in peroxidases plays a role in
0-0 splitting or in the stabilization of the ferryl-oxo intermediate will later be discussed
in Chapter III. The distal side can also have an effect on the oxo ferryl compound, but
through interactions that cause changes in the proximal side of the heme protein and thus

affect the ferryl-oxo unit of the protein. This effect has been observed in HRP, for which
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the protonation of the distal histidine causes a 3 cm’’ shift in the v(Fe-Nuis)(7,22); the pKa
of this effect is ~ 7.5. The v(Fe*'=0) mode in HRP is also affected by the pH and has a

similar pKa as the v(Fe-Nyis) mode, therefore the implications of indirect distal side

effects on the ferryl-oxo adduct of HRP (7).

1.3.2 The core size marker bands
The size of the Fe ion has an effect on the skeletal structure of the porphyrin ring;
this in turns, affects the vibrational modes of the heme macrocycle (5). T_he\higl_l__
frequency region of the Raman spectrum contains various vibrations that are from the
_skeletal modes of the porphyrin ring. Some of the most important modes in this region

are shown for the different heme adducts of hemoglobin I from Lucina pectinata (23),
shown in Figure 1.6. These modes are v, V3, V4, and V1o, which are all sensitive to the

type of heme complex. As the ionic radius of the iron decreases, the frequency values of

all of these modes increase (5). To understand this behavior, Figure 1.7 shows a

porphyrin ring with sc;me of the in-plane skeletal Raman modes with their respective
major coordinate of vibrations, based on the assingments made for Ni**-
octaethylporphyrin complex (5,24,25). th:n thf_vh»eme iron is in the ferrous high-spin
state, the iron becomes displaced from the heme plane because it is too large to fit in the

@i the. P?rphyﬂn ring; this causes elongation of the bondsm Ath_c_:_skg{e‘ta‘l .domed

e m—

e e e e = e e+ = e e T e AT e . o £

structure. On the other hand, when in the ferric low-spin state, the size of the iron ion
/‘\\

— e 7B A,

- e A R

will be smaller and the bonds will be shorter. In this case, the iron will be in the same

plane as the heme, as it will now fit in the core of the ring. _Thus, the greatest frequency
shifts in these modes will be experienced when the heme iron changes from.the ferrous

.

s prn &y e ¥
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high-spin state to ferric low-spin state. In between these two extremes, there are various
gradations in the size of the heme core, which are produced by the combination of the

different spin, oxidation, and coordination states of the iron.

Among the high frequency “core size makers”, modes v3 and v are the most
—

e

Wt@g@; These have different values for each
distinct combination of oxidation, spin and coordination states. This is because they are
the most sensitive to the different sizes of the heme iron. The major coordinate of
vibration for these modes is the C;-C bond (24). Figure 1.6 shows the different
frequency values of modes v3 and v, for the different heme compounds of HbI according
to the assignments made by Silfa et al. (23). The deoxy Hb, is a ferrous high-spin heme
and have v3 and vy values at 1468 and 1606 cm™, respectively. Mode v; shifts to 1484
cm’! in the ferric-aquo complex (Hb-H;0), while mode v, (not shown) shifts to the 1617
cm’ region, which is overlapped by the strong v(C=C) stretching modes from the vinyls
at 1622 cm™ (23). The CO-bound ferrous hemoglobin (HbI-CO), is a six-coordinate low-
spin complex, which have frequencies at 1498 and 1620 cm™ (not shown) for modes v3
and v, respectively. When the heme iron is ferric, six-coordinate low-spin in the CN-
bound Hb, modes v3 and vy have their respective highest values at 1506 and 1640 cm,
respectively. Mode v, is the less sensitive to the size of the heme iron, because its major
coordinate of vibration, the Cy-C,, bond in the pyrrole ring, does not deform to the same
extent as the C,-Cy, bond when there are changes in the core of the porphyrin (5). The
frequency of this mode is only indicative of the spin state of the heme iron. Thus, Figure
1.6 shows that among the different heme complexes, this mode has two types of

frequencies, at 1561 and 1582 cm, for high- and low-spin state iron, respectively. The
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redox state of the iron has an effect on the nitrogens from the pyrrole ring of the heme
(5). This oxidation change affects mode v4 because the major coordinate of the vibration
is the C,-N bond. This mode is at 1355 cm™ for the ferrous deoxy form of the heme in
Figure 1.6 and at 1376 cm™ for the ferric low-spin metCN adduct. Interestingly, the
ferrous-CO complex has a vibration at 1376 cm™, which is at the same frequency of the
ferric-CN complex. This is because CO is a nt-acid ligand that competes with the
nitrogens, which are part of the t* orbital of the porphyrin, for the electrons in

Fe(dyx) orbital (5). Removal of electron density from t* MO increases the order of the
C,-N bond. This is the reason that O,-bound heme compounds also have v, frequencies

in the 1376 cm™ region, as will be seen for the ferrous-oxy CcO intermediate (Chapter II).
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Figure 1.6. High frequency region of the resonance Raman spectra of various heme
derivative of Hbl from L. pectinata. This region shows some of the modes that are core

size markers (adapted from reference (23)).
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V2 = V(Ch-Cy)

Vi = V(C-Ch)

v4 — V(C,-N)
Vio = V(Ca-Cp)

Figure 1.7. The heme macrocyle with some of the core size maker modes and their

respective major coordinate of vibration according to Spiro (5).
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Chapter II: Detection of Intermediates in the Reaction of Cytochrome ¢ oxidase

2.1 Introduction

Cytochrome c oxidase (CcO) is the last enzyme in the electron transport chain
located in the inner membrane of the mitochondria. CcO reduces O, to H,O and uses the
energy released during this process to drive protons across the membrane. More
specifically, CcO catalyzes the following reaction,

O, +4¢ + 8H' (in) > 2H,0 + 4H" (out)

The proton gradient that is formed during O, reduction is then used for the formation of
adenosine triphosphate (ATP), the molecule that provides the energy to a wide range of
metabolic processes. The mechanism by which proton pumping is controlled by
dioxygen reduction in CcO is important for the understanding of energy transduction in
enzymes, certainly a valuable contribution to the field of bioenergetics. Most of the
structural details of the catalytic intermediates that are formed during the reaction
between CcO and O, have come from resonance Raman spectroscopic studies. This
work will later be described in detail, but first, the static structure and the changes that
CcO undergoes during O, reduction will be discussed in terms of the X-ray

crystallographic and optical absorption studies.

2.1.1 The redox metal cofactors and their spatial arrangements in CcO
The mammalian bovine heart CcO is a molecule with a weight of over 200 KDa
that comprises 13 subunits; two of these, subunits I and II, contain the four redox metal

centers: Cuy, heme a, heme a3 and Cug. The metal cofactors Cu, and heme a only
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participate in electron transfer, while heme a3 and Cug are involved in O; binding and
reduction. There is also a third important subunit (III) that provides a hydrophobic entry
port for dioxygen and leads to the active site of CcO. The proton, electron, and O,
routes, along key metal centers, are depicted in Figure 2.1.

The relative location of the pieces that form the proton-pumping machix;ery was first
figured out by using various spectroscopic methods and later confirmed, with more
details, by X-ray crystallographic data from bovine (1,2) and bacterial (3) CcO. The X-
ray crystallographic structure showed that hemes a and a; are located at the same depth
within CcO, 13 A from the surface of the membrane. The heme planes are almost
perpendicular to each other, with an edge-to-edge and iron-to-iron distances of ~7 and 14
A, respectively. The Cu, site is composed of a binuclear copper center, located at 19 A
from heme a and 22 A from heme a3; this redox center is the first one to accept the
electrons from cytochrome c during O; catalysis.

The O; binding site is the a3 -Cug binuclear center, in which the copper-to-iron
distance is 5.2 A in bovine heart CcO in its resting state (oxidized). Figure 2.2 shows the
X-ray crystallographic structure of the binuclear center of CcO from R. sphaeroides (4).
In this figure, two of the three histidines that are coordinated to Cug are not shown; the
importance of histidine 284 (H284, H240 in beef heart enzyme), shown in Figure 2.2, is
that is a crossed-link to tyrosine 240 (Y240, Y244 in bovine heart). The role of this
cross-link has not yet been established, although it was shown that the crossed-link
tyrosine 244 is oxidized during O, catalysis in bovine heart CcO (5). The cross-link may

induce changes in the chemical properties of the Tyr244, since it has been demonstrated
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Figure 2.1. The electron, proton, and O; routes along with key metal centers in

cytochrome ¢ oxidase are shown in this schematic representation (courtesy of the Shelagh

Ferguson-Miller lab from the Dep of Biochemistry at Michigan State University).
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Figure 2.2. The X-ray crystallographic structure of the binuclear a3-Cup center from R.
sphaeroides (4) shows that there is a covalent bond between histidine 284 (H284, H240

in beef heart enzyme) and tyrosine 240 (Y240, Y244 in bovine heart).
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that the presence of a covalent link between the imidazole and the phenol rings changes

the pKa of the phenol in model compounds that mimic the his-tyr link (6).

2.1.2 Intermediates in the reaction of CcO and O,

The reaction between CcO and O; is extremely fast: it takes the enzyme about 3
ms to convert O; to H;O. Hence, this reaction cannot be studied by conventional
techniques such as the stopped-flow method. In order to avoid the relatively long times
of the mixing techniques, Gibson and Greenwood devised a methodology in which CcO
is inhibited with the photolabile carbon monoxide (CO) ligand and mixed with O,-
saturated buffer, then O, catalysis is initiated once the CO has been flashed off (7). The
first intermediate that is formed during O, reduction is a dioxygen complex, termed
Compound A and originally identified by Chance and colleagues (8). This intermediate
is formed in the reaction of the fully reduced (the four metal centers are reduced) CcO as
well as with the mixed-valence form (a; and Cug are reduced, while a and Cu, are
oxidized), however, its decay rate depends on the initial state of the enzyme. In the
reaction of mixed-valence CcO, the rate of disappearance of Compound A is 5 x 10° s
(9). The next and last intermediate that is formed with the mixed-valence CcO is a
compound termed P that has an absorption peak at 607 nm in the difference spectrum
relative to the oxidized enzyme. Originally, it was believed that the structure of P was a
peroxy intermediate with an intact O-O bond, however, resonance Raman spectroscopic
studies showed that this bond is cleaved at this stage (9). The P notation is still
maintained in the literature and in this chapter it will be referred to as Py, (P in mixed-

valence reaction) and P; (P in the fully reduced reaction).
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The reaction of the fully reduced CcO and O, is more complex than that of the
mixed-valence CcO because of the transfer of electrons between Cuy and heme a, and
between a and a3, during O, reduction. The decay of Compound A in this reaction is 3 x
10*s? (19-12), 6 times faster than the decay rate in the reaction of mixed-valence CcO.
This process is accompanied by the oxidation of heme a, where there is an electron
transfer from a — a3 as Compound A disappears in the reaction of the fully reduced CcO.
Various groups have observed that this electron transfer rate exhibits a kinetic isotope
effect (KIE) of ~ 1.5 (13-15). The decay of Compound A in the mixed-valence reaction
displays a KIE of ~ 1.9 and in both reactions the decay rate is pH-independent in the
range of 6.5 t0 9.0. Accordingly, this suggests that the disappearance of Compound A in
both reactions is coupled to an internal proton transfer.

Whereas there is only one transition in reaction of the mixed-valence CcO (the A-
to-Pm conversion), the reaction between the fully reduced CcO and O; produces various
oxygen-containing intermediates before it reaches its final oxidized-resting state. Time-
resolved optical absorption (TROA) spectroscopic study of the reaction between fully
reduced CcO and O, showed that there are various kinetic phases that contain distinctly
optical-absorbing species and which are designated as, in the order appearance during the
reaction”: Compound A, Compound P, Compound F, and Compound H. There is a
consensus that the valency of the enzyme in the A and H states are, {Cua"' a*? a;,>*-0,
Cup'*} and {Cua*? a** a5>*-OH Cup?*}, respectively. These catalytic intermediates are

the first and last ones to be formed during catalysis with time constants of, T= 10 pus and

1.5 ms, respectively, at room temperature. At the oxo ferryl state (F) of the reaction, an

! in this thesis, intermediates Pm, Pr, F, and H, will also be denoted as Compound Pm, Compound Pr
Compound F, and Compound H, respectively.
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equilibrium is established between Cu, and heme a:{Cu,*! a** a;*'=0 Cup®*} and
{Cua™ a*? a5*'=0 Cup™).

The assignment of the valency and structure of the enzyme at the “P” state in the
mixed-valence and in the fully reduced CcO reaction has been controversial (as will be
discussed in the next section). Although the EPR- trapping experiments and TROA
spectroscopic studies were successful in detecting some of the transient compounds that
are formed in both reactions, the time-resolved resonance Raman (TRRR) spectroscopy
technique resolved the structural nature of most of these intermediates that are shown in
the reaction cycles in Figure 2.3. Hence, in the next section, a summary of the most
important findings in the TRRR field will be presented with some of the questions that

still linger about Compound P and the O-O splitting’ mechanism of CcO.

2.1.3 Structural details of the catalytic intermediates revealed by Raman
spectroscopy

Babcock and co-workers were the first to use TRRR to show that the first
intermediate, Compound A, produced in the reaction of fully reduced CcO, is a
photolabile oxy-heme a3 compound (16). Later on, detailed studies performed by various
groups, in which O, isotopes were used for this reaction, it was shown that this
intermediate exhibits a vibration at 570 cm™ with '°0;, that shifts to 545 cm™ with '*0,
(17-19). This vibration is identical to that of other dioxygen-containing heme protein
moieties, e.g., 0xy-myoglobin and -hemoglobin, and was therefore assigned to the v(Fe**-

0,) stretching vibration of the ferrous-oxy heme a3 complex of Compound A. Similarly,

' In this thesis, “O-O bond cleavage” and “0-O splitting” will be used indistinguishably.
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Figure 2.3. Schematic representation of the proposed intermediates that are formed
during the reaction between CcO and O,. The top catalytic cycle represents the reaction
of the fully reduced CcO, while the bottom part of the figure shows the mixed-valence

CcO reaction.
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this vibration was also observed for the first intermediate in the reaction of mixed-
valence CcO and was also designated also is Compound A (9,20,21). The next
intermediate formed after Compound A in the mixed-valence CcO reaction is an
intermediate with an optical absorption band at 607 nm in the difference spectrum
relative to the resting enzyme. This same species can also i)e generated by the reaction
between oxidized CcO and H,O, and both compounds are known as “peroxy
intermediates” (22). The 607-nm species, from the reaction of oxidized CcO and H,0,,
displayed a vibration at 804 cm™, determined in an experiment in which the absorption
and Raman spectra were measured simultaneously (23). This vibration shifted to 769
cm’ when H,'®0, was used for the reaction, therefore displaying an isotopic shift of 45
cm’ which is typical for the v(O-O) stretch of peroxide-bound iron complexes.
Surprisingly this compound was found to not be a peroxy species, since the same
experiment showed that the vibration was not affected by the mixed-isotope H'°0'*0OH;
thus, the 804 cm™ mode of the 607-nm species was assigned to an v(Fe*'=0) ferryl-oxo
stretching vibration. Analogously to the peroxide reaction, Raman measurements of the
607-nm species, Compound Py, from the reaction of mixed-valence CcO and O,
displayed an 804 cm™ vibration that was also assigned to an v(Fe**=0) ferryl-oxo
stretching vibration (9). This experiment showed that this mode appeared at the same
rate at which the 568 cm™ mode from Compound A disappeared, indicating a one-step O-
O cleaving mechanism by CcO. Since heme a remains oxidized during the A — Py,
transition, the authors proposed that a tyrosine, Y244, becomes oxidized and provides the
reaction with the 4™ electron for O-O splitting, which was later verified by i labeling

experiments (5). So, now there is a consensus that the structure of Compound P, is
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{Cua™ a*® a;"*=0 Cup® Tyre}, see Figure 2.3. In addition to his proposed structure, ab
initio calculations have shown that a radical can be involved during O-O splitting in the
mixed-valence reaction (24).

TRRR experiments performed by Varotsis et al. (25), as well as by Han et al.
(26), on the reaction of the fully reduced CcO and O, showed that as Compound A
disappeared a vibration at 785 cm™ is detected. This mode was shown to belong to an
v(Fe**=0) ferryl-oxo stretching vibration, with an isotopic shift of 45 cm™ when '*0,
was used. The next and last oxygen isotope-sensitive intermediate that was detected in
these experiments was a weak vibration at 450 cm’ and assi gned to an v(Fe**-OH) ferric-
hydroxy stretching mode, ascribed to Compound H. In contrast to these TRRR
experiments, Ogura et al. (27) showed that, in addition to the aforementioned oxygen
isotope-sensitive intermediates, there is an 804 cm™ species that is immediately formed
after the decay of Compound A and before the appearance of the 785 cm™ mode from the
ferryl-oxo compound. Since TROA spectroscopy shows that a 607-nm intermediate is
first formed before the appearance of a 580-nm species (Compound F) (28-30), Kitagawa
assigned the 804 cm™ species to Compound P and the 785 cm™ intermediate to
Compound F in the reaction of fully reduced CcO (31).

It was proposed that the initial state of the enzyme controls the path by which O,
is reduced,; i.e., the mixed-valence reaction produces solely the 804 cm™ species, while
the fully reduced reaction bypasses the formation of the this species by oxidation of heme
a (32). Accordingly, formation of Compound F (785 cm™ species) should be responsible
for 85% of the oxidation of heme a, while the remaining 15% should be oxidized during

the decay of the 804 cm species (Py) in the reaction of fully reduced CcO (32).
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Recently, Han and colleagues tested this hypothesis by using TRRR experiments at room
temperature and showed that the 785 cm™ mode is the only one detected after the decay
of the ferrous-oxy Compound A (33). Unlike Ogura et al. (27), they did not observed
any band that can be ascri_bed to the 804 cm™’ species, confirming their earlier results (26)
and those by Varotsis ef al. (25). Han et al. (33) proposed that in Ogura’s case,
Compound P reached detectable levels because of the differences in the experimental
conditions and enzyme protocol, since Ogura’s measurements were performed at 3 °C
and uses a different enzyme protocol than those used by Varotsis and Han.

Adding to this controversy is the findings by Sucheta and co-workers (28) in
which, according to their TROA studies of the reaction of the fully reduced CcO, a 607-
nm absorbing species is formed after the decay of Compound A and that heme a
oxidation occurs after the appearance of a 580-nm species (Compound F), which is in a
1-to-1 equilibrium with the 607-nm compound (28). In their view, the structure of the
607-nm intermediate is the same as Py, i.e., a tyrosine radical is formed in the reaction of
the fully reduced CcO. In contrast to this view, Morgan et al. (29) proposed that the 607-
nm species does not contain a tyrosine radical since the 4™ electron for O-O splitting is
obtained from the oxidation of heme a and discards the formation of P, They claim that
the electron transfer from heme a to the binuclear center, during the decay of Compound
A, produces a ferryl-oxo species distinct from Py, thus naming this compound instead as
Py, from the reaction of fully reduced CcO.

According to both of these findings, independent of the controversy of whether or
not oxidation of heme a occurs, there is a 607-nm from a ferryl-oxo species that is

formed before the appearance of Compound F which is also a ferryl-oxo intermediate.
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Hence, there are two ferryl-oxo compounds that should be detected by TRRR
spectroscopy, as was shown by Kitagawa and colleagues. Alhough there is an overall
agreement on the oxygen structures of the intermediates that are formed in the reaction of
fully reduced CcO, the controversy that still lingers is the inconsistency in the Raman
field in unequivocally showing that there are two types of ferryl-oxo vibrations. So in
this term, a detailed TRRR study has been undertaken to carefully examine the reaction
of fully reduced CcO and O; to observe the stages of the reaction between the decay of
Compound A and formation of Compound F. The work presented in this study will be

aimed at resolving the only existing debate in the Raman spectroscopic studies of CcO.

2.2 Materials and methods

The TRRR measurements are based on the Greenwood Gibson flow-flash method
(7). The sample preparation and experimental setup used in this study are essentially the
same as reported by Proshlyakov and co-workers (9). These will be described in more

details in the following two sections.

2.2.1 Sample preparation

The purification of bovine heart CcO was done, with some modifications,
following the procedure used by Proshlyakov et al. (34). The purified enzyme was
dissolved in 100 mM sodium phosphate buffer, pH 7.4, containing 0.21% Brij 35, to a
concentration of 100 puM. The fully reduced carbon monoxy-bound CcO (CcO-CO) was
prepared by adding cytochrome c to a final concentration of 2 uM followed by anaerobic

preparation of the sample solution under a carbon monoxide atmosphere. Finally, 2 mM
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of ascorbic acid was added to the CO-saturated sample solution to reduce cytochrome c.
The solution was incubated for 2 hrs and the formation of CcO-CO was verified by
measuring the optical absorption of the sample, in which CcO-CO has a Soret band at
430 nm.

2.2,2 Raman measurements

The experimental setup is shown schematically in Figure 2.4. Two 10-ns pulsed
lasers with lines at 594 and 416/427 nm were used as the pump and probes, respectively.
The 594-nm output was produced by a pulsed dye laser unit that contained an R590 dye
and which was pumped with a high-intensity 532-nm line from an Nd:YAG pulsed laser
(DCR Quanta Ray). The probe pulse at 416 nm was obtained by Raman shifting H, with
a 355-nm line from another Nd:YAG pulsed laser. In addition, a 427 nm line was
produced by a solid state XPO pulsed laser from Infinity.

Frequency rates of 10 and 25 Hz were used and a pulse generator (Stanford
Scientific) controlled the delay time (t;) between pump and probe beams from ty = 15 ns
to 1600 pus. The pump and probe beams were focused to diameter of about 100 pm onto
a rectangular quartz flow cell with cross-section inner dimensions of 1.0 x 0.2 mm. The
Raman scattering was collected at 90° by using a 50-mm F1.1 camera lens. This
scattering was focused onto the slit of a SPEX (model 500M) single monochromator with
a N; cooled 1024 x 256 CCD detector (SPEX model Spectrum 1). A short-pass filter was
used to block the 594-nm light before entering the slit while a notch filter rejected the
Rayleigh scattering. The spectral slit width was 10 cm’.

The O,-saturated buffer and the fully reduced CcO-CO solutions were loaded into

two 25-ml gas-tight syringes, which were driven by an infusion pump at a rate of
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110 pL/min. The solutions were pass through an active mixer that was maintained at a
temperature of 20 °C and then flowed through the quartz cell, where at the end, the
resultant sample solution was collected and reused up to 3 times. The initial state of the
enzyme was verified by UV-vis spectroscopy before it was loaded into the syringes and
by observing the 15-ns Raman spectrum of the CO-photolyzed CcO.

The Raman measurements are reported by using difference spectra (Figure 2.5
shows an example) that consists of two sets of identical experiments in which the buffer
contained either '°0,, *0,, or the mixed isotope '°0'®0. The Raman spectra were

processed by using ORIGIN (Microcal Software Inc.) and xdsoft (by D.P.) softwares.

2.3 Results

Figure 2.6 displays the resonance Raman difference spectra (*°0; — '*0,) of the
reaction between fully reduced CcO and '°0,/'®0; at 20 °C and probed at 416 nm,
produced by Proshalyakov et al. (68) The initial phase of the reaction from 6.25 to 100 ps
shows the formation and decay of the ferrous-oxy heme a3 v(Fe**-O,) stretching mode at
568/543 cm’, assigned to Compound A (17,19,20,25,35,36). After the decay of
Compound A, at 100 ps, a weak band centered around 785/747 cm™ starts developing
and reaches a plateau at 400 ps. This vibration is attributed to the v(Fe**=0) stretching
mode of the ferryl-oxo unit of Compound F (10,25,26,36,37). After 400 ps, the 785/747
cm’ band is then followed by the appearance of an intermediate that displays a vibration
at 453/422 cm™ which originally was assigned by Rousseau and collaborators (26) to the

v(Fe**-OH) stretching mode of heme a;. This species is Compound H and was also
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Figure 2.4. Experimental setup used for the NSTRRR measurements.
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Figure 2.5. An example of an isotope difference spectrum (*°0, — 180,) of the reaction
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between fully reduced CcO and O; at ty= 400 ps. In this region, the absolute spectrum
contains various relatively intense Raman bands from the heme (e.g., porphyrin mode v-)

that cancel each other in the difference spectrum. On the other hand, the oxygen isotope-

sensitive intermediates have weak peaks that can be seen in the different spectrum.
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