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ABSTRACT

VIBRATIONAL STUDIES OF METALLOPROTEINS
AND RELATED MODEL COMPOUNDS
By

Matthew T. Gardner

An ultimate goal of biophysical studies of enzymes is to achieve an
understanding of the mechanism by which enzymes carry out their biological
functions. Vibrational spectroscopy is just one method that can be used to achieve this
goal. It has the advantage that it has the potential to elucidate both mechanistic, and
structural information about the system being studied. We have applied two forms of
vibrational spectroscopies, resonance Raman, and infrared absorption spectroscopy,
to three systems, a synthetic model of an enzymatic active site, and two enzymatic
systems, in order to achieve a greater understanding of the structure, function and
mechanism by which they operate. The experiments detailed here, are arranged in
order of increasing complexity and technical challenge. The first system, a model
compound synthesized as an analogue to the cyanide ligated form of the binuclear
center of oxidized cytochrome ¢ oxidase, was studied, and found to exhibit unique
vibrational properties. These properties are attributed to the bridging geometry of the
cyanide moiety between the copper and iron atoms of the model complex.

The second system presented is the enzyme soluble guanylate cyclase. This

enzyme, which is the only known physiological receptor for +NO, was found to have a
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unique heme-binding pocket. The CO-bound form of this enzyme exhibits a CO
stretching frequency higher than has been previously reported for any CO-ligated
heme-enzyme. This, we confirm, is attributable to a highly polar heme pocket, which
accounts for not only the observed vibrational properties of CO, but also the ligand
binding kinetics of the enzyme.

The third system studied is the oxygen evolving complex of the
photosynthetic enzyme, photosystem II. This enzyme, which oxidizes water to
molecular oxygen in plants and cyanobacteria, has an active site consisting of four
manganese atoms. We have developed novel methods whereby, using infrared
spectroscopy, we can look directly at the manganese cluster and thus have access to
information regarding the specific molecular intermediates in the oxygen evolving

cycle of the enzyme.
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CHAPTER 1

INTRODUCTION TO VIBRATIONAL SPECTROSCOPY

OF BIOLOGICAL SYSTEMS

Abstract

Vibrational spectroscopy provides a direct probe of the geometrical environment
and the bonding interactions of a molecular system. One can use the data acquired from
various vibrational spectroscopic studies and draw detailed conclusions about the
structure of the site under investigation. The two primary methods of acquiring
vibrational data from molecules are infrared and Raman spectroscopies. These
techniques, when used in conjunction with one another, can provide a nearly complete
description of the vibrational behavior of the system. However the study of biological
systems with vibrational spectroscopy has, until recently, lagged behind studies of
smaller molecules that used these techniques. This is due to issues arising from the lower
sample concentrations typically achievable with biological samples, as well as the relative
fragility of the samples being studied. In this dissertation are presented several different
pieces of work that demonstrate the utility of vibrational spectroscopy when applied to
problems of biological relevance. These projects are presented in the order of increasing
spectroscopic and technical complexity, and show that biological vibrational

spectroscopy can lend important insight to mechanistic and structural questions.
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Vibrational Spectroscopy of Biological Systems:

Vibrational spectroscopy of biomolecules is a field that has seen much progress in
the last twenty years. With the readily accessible technology of lasers, and the wide-
spread acceptance of Fourier-Transform spectroscopies, vibrational studies have been
able to shed light on many difficult problems of biological relevance.

A challenge facing all biological spectroscopists relates to signal-to-noise ratios. It
is not uncommon for a biological vibrational spectroscopist to desire information about
several vibrations in a molecule that may have thousands, tens of thousands or hundreds
of thousands normal modes of vibration. Often times we wish to seek information about
the active site of a metallo-protein, or look for changes in the vibrational spectra of an
organic cofactor, or look directly at a single redox-active amino acid in an enzyme. With
enzymes easily reaching molecular weights in the several hundred-thousand Dalton
range, it is necessary to have the ability to detect these small signals with commensurate
sensitivity, while at the same time having methods whereby one can discriminate
between those signals of interest and the remaining (3N-6) signals that constitute what
can be an overwhelming background signal. New developments in the fields of solid-state
quantum detectors for the infrared region of the electromagnetic spectrum and Charge-
Coupled Device (CCD) type detectors for the visible region have been of great use for
infrared and Raman spectroscopists. These technical developments in conjunction with
the judicious use of isotopic labeling and reaction modulated difference spectroscopies
have made the issues of signal detection and signal discrimination much more

manageable.
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3
While both Raman spectroscopy and infrared spectroscopy have proven their

utility in many different biological contexts, they are sometimes limited by the specific
properties of the individual enzyme being studied. The choice as to which techniques an
investigator will utilize for a given biological system depends upon the optical properties

of the particular sample.

Infrared Spectroscopy

Infrared spectroscopy[l] is a technique whereby vibrational transitions in a
molecular system are induced by the application of light of energy that matches the
energy difference between the ground and first excited vibrational states of the system.

If we assume that the total vibrational wave function, ‘¥'(x,t), of a simple diatomic
harmonic oscillator can be described with a two state equation.
(1) P(x,t) =cyPy(x,t) + ¢, (x,t)
then at time = 0, we will assume that c, = 0 and c, = 1, where ¥,(x,t) is the wave function
that describes the system in its ground vibrational state, and ¥,(x,t) is the wave function
that describes the system in the first excited vibrational state. This assumption, in effect,
places all of the oscillators in their ground vibrational state, '¥,. In order to induce a
transition between the two states we need to provide a mechanism that changes the values
of the coefficients ¢, and c,. If we apply radiation in order to induce a transition, then the
expression that represents the probability of the system undergoing a transition from
¥, to ¥, is represented by the transition moment integral

d(c, *c,)

2
———x g M,

() dt

2
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where c, represents the coefficient of the first excited vibrational state ‘¥, , in equation (1),

c,* is the complex conjugate of ¢, and M,, is the transition moment integral
3) M, = Iex% * y/de

where

@  ex=u

represents the dipole moment operator of the molecule. In these equations e is the charge
on the particle, and x is the displacement along the x-axis of the particle. If p is a constant
that is independent of the vibration of a molecule, then it would factor out of the above

transition integral equation, giving
M, =4 IV’I * p,dx

In this case the transition integral would vanish, as ypand y;, are by definition orthogonal
functions. In order that the transition integral be non-zero, p must change as a function of
Xx. In other words, the dipole moment of the molecule must change as the atoms displace
along a vibrational coordinate in order to observe that vibrational mode in the infrared
spectrum.
Raman Spectroscopy

Raman spectroscopy is a technique whereby incident light is scattered
inelastically from molecules. The energy difference between the incident light and the
scattered light is equal to the energy of a vibrational transition of the molecule. If a
molecule is placed in an electric field then a dipole will be induced in the molecule that is

proportional to the applied electric field.
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Hinduced = XE
where a, the proportionality constant, is also known as the polarizability of the molecule.
If an electric field

£ = g,c08271t
is applied to a molecule, then the induced dipole can be represented as

Hig = QE,COS2TU
Assuming that the polarizability, a, is a property that changes as the internal coordinates
of the molecule change, then we can represent the polarizability in terms of a static
polarizability o, and a varying part, Ac.

a=a, +(Aa)cos2zv,t
where a, is the equilibrium polarizability, Ao is the maximum deviation of the
polarizability from the equilibrium value, and v, is the vibrational frequency of the
displacement. If we use this factored representation of the polarizability in the expression
for the induced dipole, the result is

Hing = [, + (A@)cos2nv,t] &, cos27u]

With the substitution
cosBcosg = (%[cos(e + ¢) + cos(6 - ¢)]
the expression for the induced dipole becomes
Mind = Qo&COS2U + %Aaeo [cos 2r(v+ w)t+cos2a(v— v, )t]

This equation predicts that the induced dipole moment will oscillate at frequencies v,

v+v, and v-v,. The oscillating electric dipole then radiates electromagnetic radiation of
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the same frequencies, v, v-v, and v+v,. Thus a vibration (with frequency v,) that causes a
non-zero value for Aa scatters incident radiation at 1) the same frequency, v, as the
incident radiation (Rayleigh scattering), 2) at the incident frequency minus the energy of
the vibration, v-v,, (Stokes radiation), and 3) at the incident frequency plus the energy of
a vibration, v+v,, (anti-Stokes radiation). The advent of laser technologies to provide
intense, monochromatic radiation, has made Raman spectroscopy an invaluable tool for
the vibrational study of molecular systems.

Early forms of Raman spectroscopy were performed by illuminating
samples with single wavelengths of light that originated from a high intensity white light
source. In order to select the single wavelengths of light, the white light continuum was
passed through a grating, and then the dispersed light was passed to the sample. In recent
years, lasers have made the experiment much easier as they readily provide very intense,
already highly monochromatic beams of light. See Figure 1-1 for a schematic of a Raman
spectrometer system. The scattering from the sample is collected with the appropriate
collection optics, then passed to a monochromator which disperses the scattered light
which is then detected with a photomultiplier tube one wavelength at a time, or it is
detected polychromatically with a CCD-type detector. Analogous to infrared
spectroscopy, the probability of Raman transitions is determined by a probability integral

of the form
P= le.dWodx

where a is the polarizability operator for the molecule. If a transition is to be Raman
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Figure 1-1: Schematic of Raman scattering spectrometer.
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8
active, the transition from , to w, must induce a change in the overall polarizability of

the molecule.

If the light incident on the sample has the same energy as an optical transition of
the sample, then vibrations that are coupled to that optical transition will exhibit Raman
scattering at much higher intensities. This intensity enhancement can result in scattering
that is as much as 10°-10* greater than the scattering from the same vibrational mode that
is observed in an experiment in which the energy of the incident light does not
correspond to an optical transition. The term that governs the intensity of Raman

scattering is (a,,),, the polarizability tensor component for the transition k. In the

following equation

_IN M IrriMlg) |, (1M |r)riM, | g)
(o hz{ ]

v,V —v, Hil, v,~v, v+l

|g) and |f) are the initial and final states of the molecule, and |r) is the excited

electronic state from which scattering occurs. The first term of this equation is called the
resonance term. The second is a nonresonant term that, under conditions of resonance,

provides a small contribution to the overall signal. When the frequency of the incident
radiation, v, is significantly different from the difference in the frequencies between the
initial and excited states, v, —v,, then the first and second terms of the above equation
are approximately equal in their contribution to the overall scattering phenomenon.
However, when the incident energy and the energy difference v, —v, are approximately

equal, then as the denominator of the first term goes to zero, the first term dominates the
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scattering process. The result is a greatly increased change in the polarizability, which
results in a large increase in scattering efficiency.

The resonance Raman effect has been used widely in the spectra of heme proteins
and other metalloproteins[2] that exhibit intense absorption in the visible region of the
electromagnetic spectrum. In these systems, Raman scattering that arises from the active
site of the enzyme have been observed by using small ligands that exhibit characteristic
vibrational signals, isotopic labeling, and site-directed mutagenesis. However, in systems
that have cofactors or pigments that exhibit high extinction coefficients, yet where the
signals of interest are not coupled to the optical transitions of those cofactors, one must
be careful to use an excitation wavelength that avoids regions of any pigment absorbance.
Failure to do this will result in spectra that are dominated by cofactor scattering, and
scattering from the species of interest will be difficult to detect. Photosynthetic systems
are such an example. The light harvesting apparatus of photosynthetic systems is
designed to absorb incident light efficiently. Over millennia, the pigments utilized to
perform the primary light harvesting role have developed absorption spectra that, while
characterized by certain absorption maxima, display significant absorption throughout the
visible region of light. As a result, Raman scattering from photosynthetic samples contain
vibrational modes from the pigment bed, and any signals arising from molecules in the
enzyme that are not themselves efficient absorbers of light are expected to be negligible
relative to the more intense resonance enhanced vibrations of the chlorin pigments.

In systems where both infrared absorption and Raman scattering spectroscopies
can be utilized, the spectroscopist has the luxury of being able to obtain a relatively

complete picture of the vibrational properties of the system being studied. Both of these
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10
techniques depend upon non-zero values of their respective transition integrals for a

vibrational transition to be observable. The only difference between the respective
transition integrals lies in the operators upon which the phenomena rely, namely, the
dipole moment operator, /, in the case of infrared, and the polarizability operator, &,
for Raman spectroscopy. If the triple product of the symmetry of ¥, the symmetry
elements of the dipole moment or polarizability operator, and the symmetry of ¥, ,
contains the totally symmetric irreducible representation of the point group then the
transition integral will have a non-zero value, and thus will be observable. As a result of
this symmetry dependence, it is possible to obtain vibrational data from the Raman
spectrum of a system that is not observable in the infrared spectrum. Likewise, the
infrared spectrum frequently may contain data that are not observable in the Raman
spectrum of the same molecule. Therefore, if it is possible to perform both forms of
spectroscopy on a given system, the data obtained will usually present a more complete
picture of the vibrations of the system than if one of the techniques is used exclusively.

A significant advantage that Raman spectroscopy has over infrared spectroscopy
for the study of biological molecules relates to the water content of the samples. Water
displays strong absorbances throughout the mid-infrared spectrum (Figure 1-1). The
Raman scattering from water however is fairly weak, which makes Raman scattering the
technique of choice for investigating the vibrational properties of biological systems
where the presence of water is necessary to ensure biological activity and relevance. But
in cases in which the vibrational signals of interest are not coupled to the electronic

transitions of a highly absorbing chromophore, and such chromophores are in fact
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present, infrared spectroscopy must be the technique of choice. Infrared spectroscopists

are not limited to samples that contain strongly absorbing chromophores, and thus are
able to examine a wider range of enzymatic samples. However in order to gather data
from enzymes with infrared spectroscopy, several daunting technical and biochemical

challenges need to be addressed.

Fourier Transform Infrared (FTIR) Spectroscopy:

It was first reported in 1882 that a correlation existed between the presence of
specific functional groups in a molecule and the absorption of specific frequencies of
infrared light [3]. However, it was not until 1903 that modern IR spectroscopy was
developed into the form in which it is currently used. W.W. Coblentz investigated the IR
absorption spectrum of hundreds of inorganic and organic substances[4] and the precision
and accuracy of his work allows many of these spectra to still be considered useful. These
experiments and subsequent experiments until the mid 1960’s relied on infrared
spectrometers that consisted of a source of infrared radiation and a dispersive grating
which separated the light into it’s constituent wavelengths (see Figure 1-2). This light is
then sent through the sample and each wavelength is detected one resolution unit at a
time. The difference between the incident and the transmitted light is the light that is
absorbed as result of vibrational activity in the sample. In order to acquire the complete
spectrum, the dispersive grating is scanned, changing the frequency of the light in a
continuous manner, until the complete infrared absorption spectrum is obtained. However

it was not until the advent of Fourier-Transform infrared spectroscopy that it was possible
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broadband infrared radiation

Source
<+—— incident intensity =I,

sample —, O] - ' _
«—(ransmitted intensity= I

detector —— -

transmittance= T

Figure 1-2: Sch ic of ing infrared spectrometer
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to apply infrared spectroscopy to biological systems routinely. The inherent advantages

offered by this technique allow spectra with sufficient signal-to-noise ratios to be
acquired in an acceptably short amount of time.

FTIR spectroscopy is a technique that is based upon the principle of
interferometry which allows a continuum of radiation to be convoluted in to a single
signal that is detected instantaneously. This signal, which contains all of the spectral
information, is then deconvoluted through the use of a Fourier transformation. This
instantaneous detection of all of the frequency components lends certain distinct
advantages in the signal-to-noise ratio of the acquired spectrum. Many FTIR
spectrometers are based upon the Michelson interferometer (Figure 1-3). This is an
interferometer that consists of a moving mirror and a fixed mirror that is held
perpendicular to the displacement vector of the moving mirror. Bisecting the angle
between the two mirrors is a beamsplitter which is assumed to be ideal, i.e. it transmits
50% of the incident light and reflects 50% of the incident light. To illustrate how this
system works, we will first consider a beam of monochromatic radiation[5]. When the
beam of radiation strikes the beamsplitter, 50% of this light is reflected to the stationary
mirror and 50% of the light is transmitted to the moving mirror. If the center of the
beamsplitter is designated point X, and the centers of the moving mirror and the fixed
mirrors are points Y and Z respectively, then the difference between the distances that the
beams of light must follow are 2(XY-XZ). This difference is called the retardation, 8. An

assumption that is made in this treatment is that the incident radiation, while not
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Figure 1-3: Schematic of Michelson Interferometer
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necessarily infinitely narrow, is, at a minimum, collimated. When the fixed and moving
mirrors are equidistant from the beamsplitter (2(XY-XZ)=0) then the radiation, once
recombined will remain perfectly in phase and will constructively interefere. All of the

incident energy will thus be passed through to the detector. However, if the moving
mirror is displaced by a distance %1 , (hence the difference in pathlength is —;—A) then the
radiation, when recombined, will destructively interefere and no energy will be observed

at the detector. If the moving mirror is displaced by %4 then the total difference in

pathlength is 4. The result is that the waves will once again constructively interfere, and
the detected energy will be equal to the incident energy. In the case for which the incident

energy equals the detected energy, it is not possible to determine if the moving mirror is

at zero displacement or some multiple of %1. In practice, however, FTIR instruments

utilize a photoelectric sensor circuit to determine the starting and stopping point of the
moving mirror, thus eliminating this problem. When the mirror is scanned at constant
velocity, the detected signal will be seen to vary sinusoidally, with the maximum of this

signal being detected each time the moving mirror passes through a displacement value
that is an integral multiple of %A (so the total displacement § is an integral multiple of 1 ).

At intermediate values of §, the intensity of the signal is given by
) _ _
I'(6) = 0.51(7){1 + cosZ:rI} = 0.51(v){1 + cos2zv 5}

This signal consists of two parts, a constant, steady-state component equal to one-half the
energy of the incident radiation, and a modulated component equal to 0.5I(v)cos27z v§.

It is this modulated component that is referred to as the interferogram. In reality, a



i e

senstve dete

ecessary 10 |
theved at
Hv)inthe

l(d);
Wt can con
beam spects

)
Matherat
weulated

e interfe

The othey

The SpeC

more deL

Sign al. t¢

Fo
lfrms OfS}



16
“perfect” beamsplitter is not possible. Additionally, perfectly reflecting optics, infinitely

sensitive detectors and noise free electronics are also not feasible. With this in mind, it is
necessary to incorporate these realities into the expression for the intensity of radiation
observed at the detector. We must include a wavenumber dependent “reality” coefficient
H( V) in the expression for the signal intensity.
1(6) = 0.5I(v)H(V)cos2z vS
We can combine the two terms I(v)H(v)into one B(v)which we will call the single
beam spectral intensity function. With this, the expression for the interferogram becomes
I(6) =B(V)cos2z vd
Mathematically, I(6)is the cosine Fourier transform of B(v)and the actual spectrum is
calculated by cosine Fourier transforming 1(6) . When a polychromatic source is utilized;

the interferogram can be represented by an integral of the form
1(6) = [ B(¥)cos2nvs-dv

The other half of the Fourier transform pair is
B(v) = I::I(J)COS2IZ"75 -dé

The spectrum is, as before, computed from this half of the Fourier-transform pair. For a

more detailed description of the data treatment methods, see[5].

Signal-to-noise considerations in FTIR
Fourier transform infrared spectroscopy maintains several distinct advantages, in

terms of signal-to-noise ratios, over conventional dispersive infrared experiments. These
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advantages are what has allowed biological infrared spectroscopy to become a promising

tool for the investigation of enzymatic structure/function determination. The first of these
advantages relates to the enhanced throughput achievable with interferometer based
systems, and is known as Jacquinot’s Advantage[5]. The maximum throughput of a

Fourier spectrometer is

0, = 27A' av cm’sr

| 4

max
where A' is the area of the reflective surfaces. The analogous expression for grating

spectrometers is

hACAV

av? cm’sr
av

O; =

where A is the area of the grating, f is the focal length of the collimating mirrors, A is
the slit height and a is the grating constant. If one compares the throughput advantages

of the Fourier transform instrument relative to that of the grating instrument, one obtains

O, 2 faV’
©, A°hv,,

Because of the v? (whereV is the frequency of light being used to interrogate the
sample) dependence it is clear that Fourier transform spectroscopies have large
advantages in throughput over comparable grating spectrometer-based systems.

Another advantage of Fourier transform spectroscopies relates to the fact that all
of the wavelength components of a given spectral range are examined simultaneously.
Fourier spectrometers detect all of the wavelength components of light simultaneously,

while conventional scanning spectrometers require the grating to be moved each time a
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different wavelength of light is to be detected. Because this movement of the grating

takes time, the Fourier instrument is able to acquire the complete spectrum in the same
amount of time that the scanning instrument is able to scan a fraction of the same region
of the spectrum. Because the signal-to-noise ratio of a spectrum is proportional to the
square root of the time spent gathering the signal, this multiplexing allows much higher
signal-to-noise ratios to be achieved in a given amount of time. This advantage, called the
multiplex or Fellgett’s advantage, is another key aspect of Fourier spectroscopies, and it
is another reason that infrared spectroscopy has only recently become useful for studying
samples of biological origin[5].

The first two chapters of this dissertation show how FTIR spectroscopy in
conjunction with Raman spectroscopy can provide critical insight into the structure and
function of two very different systems. The first system examined is a series of model
compounds that represent the cyanide-ligated form of the oxidized binuclear center of the
respiratory enzyme cytochrome c oxidase. FTIR spectroscopy was utilized in this study in
a technically simple way, but when the infrared and Raman data were combined and
analyzed by using sophisticated vibrational analysis techniques, key insights into how
cyanide may be bound in the enzyme emerged. In chapter three, somewhat more
technically challenging FTIR measurements were performed, again in conjunction with
Raman spectroscopy, to analyze the binding mode of carbon monoxide to the enzyme
soluble guanylate cyclase (sGC). In chapters four, five, and six we have extended FTIR
spectroscopy to its technical limits in an effort to elucidate structural and mechanistic
aspects of photosynthetic water oxidation. These studies introduce the concept of reaction

modulated infrared difference spectroscopy and represent one of the most technically
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challenging FTIR experiments currently being performed. We have developed new

methods whereby we can examine the low frequency region of the infrared spectrum,
where the vibrations of possible intermediates in the water oxidation process and where
the vibrations of the manganese containing active site of the reaction center will be
observed. This technique provides an entirely new genre of information regarding how
plants and cyanobacteria oxidize water. The techniques developed here will allow us to
also extend this type of spectroscopy to other enzymatic systems. Many other
metalloproteins will exhibit vibrations in the low frequency region of their infrared
spectrum. These vibrations, as in photosystem II, may contain information regarding
substrate binding, active site structure, as well as information regarding the catalytic

mechanism. With these techniques, this information is now accessible.
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CHAPTER 2

VIBRATIONAL ANALYSIS OF A MOLECULAR HEME-COPPER
ASSEMBLY WITH A NEARLY LINEAR Fe"-CN-Cu" BRIDGE:
INSIGHT INTO CYANIDE BINDING TO FULLY OXIDIZED

CYTOCHROME C OXIDASE

Abstract

The complete vibrational analysis of [(1-Melm)Fe(OEP)-CN-Cu(Metren)]** (1),
which has been constructed as a model for the cyanide-ligated binuclear center in the
respiratory protein cytochrome ¢ oxidase, has been carried out. The resonance Raman
spectra (A= 647 nm) and the mid-infrared spectra display three cyanide isotope
dependent vibrational modes. Two vibrational frequencies decreased with increasing
mass of the cyanide ligand (2182-2137-2146-2101 cm” and 535-526-526-520 cm™,
respectively, for the “C"“N-"C"“N-"2C"N-"C"N isotopomers), and could thus be
assigned to the C=N and Fe-CN-Cu stretching vibrations, respectively. The third
vibration, detected with resonance Raman, exhibited frequencies more sensitive to C
labeling of the cyanide ligand than with '*N labeling (495-487-493-485 cm™ with the set
of isotopomers above). This pattern of isotopic dependence is characteristic of a bending
vibration. Additionally, with the same laser excitation frequency, the C=N stretching
mode was observed, which is the first time that this vibration has been detected in the

resonance Raman spectrum of a synthetic heme-cyanide complex. The normal coordinate
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analysis showed marked differences between bridged and unbridged heme-cyanide

complexes. Internal coordinates that are orthogonal in unbridged systems are significantly
mixed in the bridged model, despite the overall linearity of the Fe-CN-Cu moiety. These
measurements strengthen the proposal that cyanide bridges the two metal atoms in the
cyanide-ligated, oxidized binuclear center of cytochrome c¢ oxidase. A quantitative
consideration of the vibrational characteristics of cyanide bound to the resting enzyme in
light of our model compound results strongly suggests that the binuclear center is flexible
and can undergo structural rearrangement to accommodate exogenous ligands. This is
likely to be of mechanistic importance in both dioxygen reduction and proton

translocation.

Introduction

Cytochrome c oxidase is the terminal electron acceptor in the respiratory electron
transfer chain of prokaryotic and eukaryotic organisms. This membrane-bound enzyme
reduces molecular oxygen to water and utilizes the resultant gain in free energy to pump
protons across the cell membrane [1-6]. The active site of this enzyme, at which oxygen
is reduced to water, consists of a binuclear Cug/heme a, center. The recent solution of the
crystal structures[7, 8] of cytochrome ¢ oxidase from two sources has provided new
insight into the arrangement and structure of the binuclear center of the enzyme. The
distance between the two metals is 4.5 A in the resting bovine enzyme[7] and 5.2 A in the
bacterial system[8]. The close proximity of the two metals had been deduced from earlier
spectroscopic, biochemical, and molecular biological studies and a number of models

have been advanced for their function in both O, reduction and in the redox-coupled
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translocation of protons. A central issue is the extent to which the partially reduced

dioxygen substrate interacts with the two metals. At the peroxide level in the reaction
sequence, for example, a range of structures, from a p-peroxo fully covalent linkage to a
terminal hydroperoxo (Fe-O-O-H) with minimal interaction between the Cug and the
heme a, moiety, has been proposed[1-4].

Cyanide, a potent inhibitor of oxidase activity, has often been used as an alternate
ligand to the heme of the binuclear center[9-14] and can provide insight into the modes
by which small molecules bind. The Soret band in the optical spectrum of heme a, shifts
upon cyanide ligation as the heme iron undergoes a high-spin to low-spin transition. This
shift in the optical and magnetic properties of the site has formed the basis for a variety of

optical, electron paramagnetic resonance, magnetic-circular dichroism and magnetic

susceptibility studies of the CN™ ligated enzyme[1-4]. A further useful spectroscopic

probe is the C=N stretching vibration[15], which is characterized by a strong, sharp

absorption around 2030-2200cm™. This has allowed the use of infrared spectroscopy to

study the interactions of bound CN in the binuclear center[9-14]. Although the

prevailing view of the mode of cyanide binding in the fully oxidized enzyme invokes a
bridging conformation[9], models have been advanced that postulate monodentate
binding[10]. If cyanide does, in fact, bind in a bridging configuration, the vibrational
behavior of the ligand in terms of its geometry remains to be elucidated. These are
questions that can be addressed through careful vibrational spectroscopic analysis,

isotopic labeling, normal coordinate analysis, and model compound studies.
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A series of molecules of the general type [(N-base)Fe™(OEP)-CN-Cu"LL'] have

been prepared as analogues of the cyanide-bound binuclear center of oxidized
cytochrome ¢ oxidases[16-18]. Here the N-base is pyridine or 1-methylimidazole (1-
Melm), L is a tridentate or tetradentate polyamine ligand bound to four- or five-
coordinate Cu(II) and L’ is a unidentate anion, when present. A number of these
molecular bridged assemblies have been structurally defined by crystallography. They are
characterized by a six-coordinate low-spin Fe(III) atom in the mean plane of the
porphyrin (< 0.1 A displacement), an essentially linear Fe-C=N group (176-180°) of
invariant bond lengths, variable Cu-N distances (1.88-2.17 A), Cu-N-C angles (147-174°)
dependent on ligand L, and Fe---Cu separations of 4.93-5.11 A. For this initial
investigation of the vibrational properties of Fe-CN-Cu bridges we have examined [(1-
Melm)Fe(OEP)-CN-Cu(Me,tren)]** (1) [18],whose structure is presented schematically in
Figure 2-1. The structure of this complex has not been determined; structural data are
from the closely related molecule with a pyridine axial ligand[18]. This difference in
axial ligands is expected to have a negligible effect on the Fe-CN-Cu bridge parameters
which, with the exception of the Cu-N bond length and the Cu-N-C angle, are essentially
invariant over some six structures. The imidazole-ligated bridge assembly was chosen
because of the presence of a proximal imidazole at heme a, in the binuclear center{7, 8]
and the simplifying feature of the nearly linear bridge. As in the cyanide-inhibited
enzyme[19-21], the metal spins are ferromagnetically coupled in [(py)Fe(OEP)-CN-
Cu(Metren)]* to afford an integer spin ground state[22]. Analogous assemblies with

bridging oxo[23, 24] and hydroxo[25] groups have been prepared and structurally
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characterized. Their magnetic properties are similar to those of the oxidized resting
enzyme. These bridged assemblies, being structurally proven examples of bidentate
cyanide coordination of a type possible in the enzyme, can lend insight into the structure

of the binuclear center of the cyanide-inhibited protein.

In the work reported here, we have applied resonance Raman and infrared
spectroscopies to 1 and varied the isotopic composition of the cyanide ligand. We then
used the vibrational data to carry out a normal coordinate analysis[26] of the binuclear
metal/ligand core of the complex. The calculated potential energy distributions and the
refined set of force constants give insight into the nature of the bonding interactions as
well as possible non-bonding, or steric constraints. The results are used to probe the

details of cyanide ligation to resting cytochrome ¢ oxidase.

Materials and Methods

The compound [(1-Melm)Fe(OEP)-CN-Cu(Metren)](ClO,), (1) was obtained
from R.H. Holm and co-workers at Harvard University. It was prepared by the reaction of
equimolar [Cu(Megtren)(CN)](CIO,)[18] (containing the desired cyanide isotopomer),
[Fe(OEP)OCIO,)], and 1-methylimidazole in acetone solution, followed by diffusion of
several volume equivalents of ether over several days. The product separated as dark
violet needles. [(1-MeIm)Fe(OEP)CN] (2) was synthesized as described[18]. Resonance
Raman spectra were obtained with solid state samples, cooled to -80 °C in a dewar by a
stream of cold dinitrogen gas. The samples were prepared by grinding the compounds

with dry KBr powder and pressing to form a pellet. To obtain Raman spectra, a Coherent
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Kr* laser (Coherent K-90) was used for excitation at 647 nm. The laser light was focused

on to the sample with an incident power of 30 mW. Resonance Raman scattering was
dispersed with a Spex 1877 Triplemate spectrometer and detected by a liquid nitrogen
cooled CCD detector (EG&G OMA 4, model 1530-CUV-1024S). Mid-infrared spectra
were acquired on a Nicolet 520P FTIR spectrometer, equipped with a DTGS or liquid-
nitrogen cooled MCT-B detector, or a Nicolet IR-40 FTIR spectrometer equipped with a
DTGS detector. The samples were prepared as Csl pellets. Double sided interferograms
were coadded at a resolution of 2 cm™ and apodized with Happ-Ganzel apodization
functions.

Normal coordinate analysis was performed by using the Wilson GF matrix
formalism[26]. All calculations were performed on VAX/VMS systems, using a
modification of the Shimanouchi program[27]. The GF matrix method of interpreting
vibrational spectra consists of constructing and solving the secular equation
(0)) IGF-EA|=0
where G is the matrix that describes the geometry of the molecule being studied in terms
of its internal coordinates, F is the matrix of force constants used to represent the bonding
and nonbonding interactions between the atoms of the system, E is the unit matrix and 4
is the frequency of the vibration in question. The construction of such a secular equation
is a non-trivial task that has been greatly facilitated by the use of computers and
appropriate programs designed for just such a purpose.

In order to perform a normal coordinate analysis, one must calculate both the

kinetic and potential energy functions for the molecule being studied[28]. In terms of the
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normal coordinates of a molecule we will define the kinetic and potential energies of a

molecule as

@ 2T=20) and2V =340

(where i = 1 to 3N-6). In matrix form, these expressions are
() 2T=Q'Qand V=010

. dQ,
where Qis the column vector of the normal coordinates, Q = % ,and A is the diagonal

matrix of A values. It is more convenient, however, to construct a molecule within a
cartesian coordinate system initially, as the atomic positions within this coordinate
system are easy to interpret. In this case the expressions for the kinetic and potential
energy functions of a molecule are quite simple and easily recognizable

4 2T=X'MX

and

(5) 2V=XTF*X

where T is the kinetic energy of the system, V is the potential energy, Mis a diagonal

matrix of the masses of the constituent atoms and F” is a non-diagonal matrix of the

force constants between the atoms. The molecule treated here is assumed to be a
diatomic; expanding this treatment into three dimensions is straightforward. However,
because the modes of vibration of a molecule are combinations of motions along the x, y,
and z axes of the Cartesian coordinate system, this matrix of force constants is not as

intuitively interpretable as if the molecule and its force constants were described in terms



n



29
of bond stretches and angular bending motions. To make the force constant matrix as

intuitive as possible, it is necessary to convert from an external frame of reference to an
internal description of the molecule. This is accomplished by developing a set of internal

coordinates for the molecule such that

(6) 2T=R'KR

and

@) 2V=R'FR

where Ris the column matrix of the internal coordinates and K and F are the kinetic and
potential energy matrices respectively. Internal coordinates can be thought of as

coordinates that are unaffected by rotational or translational motions of the entire

molecule. These internal coordinates obey the relation

IN
(8) R =) B,X, t=123,...3N -6

i=]
where the coefficients B, are determined by the geometry of the molecule. Both the K

and the F matrices, in the context of the internal coordinates, are non-diagonal, but the F

matrix can now be thought of in terms of primary and interaction force constants. With
this strategy in place, we merely need to evaluate the respective contributions of the
kinetic and potential energies in terms of the internal coordinates in order to arrive at the
solution to the vibrational problem.

The momentum of a diatomic molecule can be expressed in terms of a column
matrix

© P=MX
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Likewise, the kinetic energy of the molecule can be thought of as functions of the mass

and momentum of the system

(100 2T=PM'P,

Note the similarity to the standard expression for kinetic energy T=%mv2. The

momentum matrix can be also expressed in terms of the internal coordinates, via the

transformation matrix B

(an b,

I
I
I~

where the gmatn'x defines the internal coordinates, R, in terms of the cartesian

coordinates of the system, or,

(12) R=BX
and
(13) R=BX

From equations (9) and (11), we get

(14) MX=BP

Solving for i , and inserting the result into (13) gives us

(15 R=BM'B'P

Substituting equation (11) into (10) we can rewrite the kinetic energy expression as
(16) 2T=P'BM"' B'P

We can now define the G matrix as

(17) G=BM'B
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Using this we can rewrite (16) as

(18) 2Tr=PGP

Using equations (17) and (15), we can now write
R=GP

or

-|R

Q

I~

Therefore we can express the kinetic energy in these terms
2T = P'GP
=(G I'i)'g(G'| R
-RG™R

When we compare this last result to equation (6) we can see that

(19 K= G__"_

This result shows that we can express the kinetic energy in terms of the internal
coordinates. In order to derive the secular equation that we must solve in order to solve
the vibrational problem, and thus determine the normal coordinates of the molecule, we

must define a transformation matrix, L , such that
(18) R=1Q

This allows us to relate the internal coordinates to the normal coordinate Q. As a result of
this transformation, we can now define the potential energy in terms of these normal
coordinates. Taking the previous expression for the potential energy, and inserting our

definition for the normal coordinates we get

(19) 2V =R'FR=(LQ'F(LQ)=Q'L'FLQ
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By comparison with the potential energy expression in equation (3) it can be seen that
(200 L'FL=2
With equations (6) and (19), we can now rewrite the kinetic energy term.

(1) 2T=R'KR=R'G'R

= (LOYG (LY = Q'L'G”LO
Comparing this equation with the kinetic term in equation (3), one sees that
@ LG'L=I
where | is the identity matrix. Using equation (20) we see

@3) L'FL=IA=L'G"'LA

Multiplying through on the left by (L’ )™ gives us

@4) FL=G'LA

Left multiplying by G, leaves

(@5) GFL=LA

This is the secular equation must be solved for the vibrational problem. Diagonalization
of the GF product will yields the diagonal matrix A, whose diagonal elements are the
frequencies of the normal modes of vibration.

The initial set of force constants was based upon the modified quadratic fields
found in found in [12] and [29]. The dependence of the calculated vibrational frequencies
were evaluated as a function of the various force constants employed. Those force
constants that were found to have a negligible effect upon the calculated frequencies were

not varied as part of the iterative process. Those force constants found to affect the
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calculated frequencies were systematically adjusted to achieve the optimal agreement

between the calculated frequencies and the experimentally determined frequencies of

each of the isotopically labeled species.

Results
UV-Visible Spectroscopy:
The UV-visible spectrum of the title complex (Figure 2-2) is characterized by a Soret
absorption maximum at 403 nm, visible bands at 526 and 553 nm and a near ultraviolet
absorption at 345 nm. When compared to the absorption spectrum of the unbridged heme
cyanide complex 2, despite general similarity, several differences are notable. These
include a small (3 nm) blueshift in the Soret maximum, a slight (3 nm) redshift of the UV
absorption, and subtle bandshape differences of the visible peaks[18]. The visible
absorption bands of both the bridged binuclear complex and the unbridged heme complex
show a trailing edge and small features at approximately 650 nm. These absorption bands
are shown below to be important in the context of resonance Raman detection of the

cy” anide stretching and bending modes of this molecule.

X xn fx-aared Spectroscopy:
Infrared and resonance Raman spectra of 1 display three vibrational modes that
have Firequencies sensitive to isotopic labeling of the cyanide moiety (Table 2-1). The first
fthhaese appears at 2182 cm™ in the mid-IR spectra of the molecule (Figure 2-3). From its

ey W< mcy and relative intensity, this mode can be assigned to the C=N stretching
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Figure 2-2: UV-Vis absorption spectra of “bridged”, [(py)Fe(OEP)-CN-
Cu(Megtren)], and ‘“unbridged”, [(py)Fe(OEP)-CN], complexes. Sample
concentrations were 2.2 mM (bridged) and 1.9mM (unbridged). Spectra were
dissolve in acetone and spectra were recorded in a CaF, cell, 50uM pathlength.
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vibration of bound, bidentate cyanide. When the cyanide is substituted with '2C'*N the
vibration shifts to 2146 cm™'; with *C"N it shifts to 2137 cm™ and with “C"N cyanide
the mode appears at 2101 cm™. This frequency decrease with increasing mass of the
ligand is expected for a C=N stretching vibration in simple heme-cyanide complexes. The
second vibrational mode that displays an isotope dependence appears in the infrared
spectrum at 535 cm™ (Figure 2-4). With "*C"*N or '>’C"*N the mode appears at 526 cm’,
and with the doubly labeled cyanide the mode shifts to 520 cm”. As with the C=N
stretching mode, this absorption displays a mass-dependent decrease in frequency upon
isotopic labeling and is assigned to a stretching vibration of the Fe-C=N-Cu bridge unit.
The extinction coefficients for the infrared absorbances attributable to the C=N
stretches of 1 and 2 were determined by dissolving known amounts of the crystalline
compounds in acetone. Infrared absorption spectra of these solutions were acquired, and
the integrated intensity of the cyanide stretching mode absorptions were calculated. These
are collected in Table 2-2, along with relevant extinction coefficients from related
complexes[30]. The effect of hydrogen bonding on the v..y stretching frequency was
determined by dissolving 2 in neat methanol. A 3 cm” shift to higher frequency was
evident in methanol, indicating a distal interaction between the hydrogen bond-donating

solvent, and the nitrogen atom of the cyanide ligand (see Table 2-3).
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Table 2-1 Isotopic Dependence of Vibrational Frequencies®

VIBRATIONAL IR/RR
MODE DETECTED? 2C"“N BCUN 2C"N BCUN
Vean IR/RR 2182 2137 2146 2101
\Y IR 535 526 526 520
) RR 495 487 493 485

2 samples in solid matrix. (Csl for IR and KBr for RR. Csl facilitated concurrent measurement of Far-IR

region.) No isotope dependent modes were found between 200cm™ and 400 cm™. See individual spectra for
information on specific experimental conditions.

Table 2-2 Extinction Coefficients of Various C=N Stretches

veen(em™) €M cm™) reference

"Fe™-C=N 2129 17 this work

Fe™.C=N-Cu" 2182 150 this work
Ru™.C=N 2053 ~2500 11

Ru"-C=N-Ru™ 2118 ~50 11
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2182
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Figure 2-3:FTIR spectrum of [(1-Melm)Fe(OEP)-CN-Cu(Metren)]** and
isotopomers. Spectral conditions described in Materials and Methods.



38

absorbance

400 450 500 550 600
frequency (cm™)

Flgure 2-4: FTlR spcctmm of [(1-MeIm)Fe(OEP)-CN-Cu(Mejtren)]** and
ditions described in Materials and Methods.
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Table 2-3 Vibrational Frequencies for C=N in Selected Structures

CN geometry/N-terminus example ranges of Vo reference
interaction (ecm™)
linear/none [(1-MeIlm)Fe(OEPXCN)] 2129 this work
bent/none SP-14 (“strapped-heme”) 2118-2130 16
linear/hydrogen-bonded oxidized HRP, 2 in methanol 2131, 2132 12, this work
bent/hydrogen-bonded no published examples - -
linear/Cu-bonded 1, Fe-CN-Cu 2140-2182 5, this work
bent/Cu-bonded Fe-CN-Cu (6 < 140-170°)* 2120-2181 5, this work
- oxidized cytochrome c oxidase 2146-2152 3

* 0 = angle defined by Cu-N=C
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Resonance Raman Spectroscopy:

The third cyanide isotope sensitive vibration of 1 appears in its resonance Raman
spectrum. When 647 nm excitation is used, a vibration is present at 495 cm’ in the
Raman spectrum (Figure 2-5). In the >C'*N labeled complex this vibration shifts to 487
cm’. With ')C"N the vibrational mode occurs at 493 cm™ and with doubly labeled
cyanide this mode shifts to 485 cm™. This isotopic dependence is diagnostic of a bending
vibration of the Fe-C=N unit[31]. The observation of heme-ligated cyanide and heme-
ligated CO bending modes in enzymatic systems is well precedented in the literature[1-4,
29, 32], however this vibration has not previously been observed in synthetic porphyrin
systems[33, 34].

When higher frequency Raman scattering was examined with 647 nm excitation,
an isotope sensitive mode was observed at 2182 cm” (Figure 2-6). Upon isotopic
substitution, the shifts correlated with those observed in the infrared spectrum for the
C=N stretching mode, allowing its assignment as the normally infrared active/Raman
inactive C=N stretching mode. Resonance Raman detection of the C=N stretching mode

has no precedent in cyanide-ligated heme systems.

Vibrational Analysis:

Normal coordinate analysis (NCA) was performed to assign the vibrational modes
of 1 and to determine the contributions of individual internal coordinates to the
vibrational modes of the complex. The model used to represent 1 is shown in Figure 2-1.

The heme was represented by four point masses, arranged equatorially around a six-
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Figure 2-5: Resonance Raman spectrum of [(1-Melm)Fe(OEP)-CN-
Cu(Megtren)]** and isotopomers. Spectral conditions described in
Materials and Methods.
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Figure 2-6: Resonance Raman spectrum of [(1-MeIm)Fe(OEP)-CN-

Cu(Metren)]** and isotopomers. Spectral conditions described in Materials
and Methods.
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coordinate iron atom. The four non-cyano ligands to the five-coordinate copper atom
were treated as point masses, with each weighing one-fourth of the total ligand mass. The
1-Me-imidazole was also approximated by a point mass representing the total weight of
the ligand.

The NCA was performed to find the best set of force constants that duplicated the
observed cyanide isotopic shifts of the vibrational frequencies in 1 (Table 2-1). The peaks
fit were the infrared observed modes at 2182 cm™ and 535 cm™, and the observed Raman
peak at 495 cm™. The optimized force field for this molecule is listed in Table 2-4. The
experimental and calculated vibrational frequencies for the cyanide isotope sensitive
modes, along with the potential energy distributions for these modes, are collected in
Table 2-5.

The potential energy distribution (PED) for the 2182 cm™ band (Table 2-5) shows
that this mode is comprised entirely of the C=N stretching coordinate. The shifts
observed are duplicated by a simple, two body harmonic oscillator, further supporting the
potential energy distribution calculated in the complete analysis. An interesting result is
found for the potential energy distribution of the 535 cm™ peak. This mode is comprised
of roughly equal contributions of the Fe-C (35%) and Cu-N (30%) stretching coordinates,
with smaller contributions from the Fe-C=N,, bending mode (16%). Earlier results[29,
32-34] indicate that when ligands are bound to hemes in a linear geometry, the stretching

and bending modes are orthogonal to each other, with each mode contributing little to the
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Table 2-4 Force Constants for NCA of Fe-CN-Cu system

Primary: Off-Diagonal

Stretches: Value (mdyn/A) Stretch-stretch: Value (mdyn/A)
Fe-Coy 1.69 Fe-Con/Con-Nen 0.35
Cen-Nen 17.91 Fe-C/Cu-N¢y -0.19
Imd-Fe 1.55 Fe-C\/imd-Fe 0.1
Nen-Cu 1.26 Cu-Ny/Cen-Nen 0.1
Fe-Noon 1.4 Ccn-Nen/imd-Fe 0.09
Cu-N_6anp 1.0 Cu-Ngy/ Cu-L,, 0.1
Bends: Value (mdyn-A/rad’) | Stretch-Bend: Value (mdyn/rad)
Fe-Con-Nen 0.705 Fe-C/Fe-Coy-Nen 0.3
Cu-Nev-Cen 0.19 Fe-C/Cu-Nq-Cey -0.17
in-plane imd-Fe-C 0.2 Cu-N¢/Fe-Coy-Nen 0.07
out-plane imd-Fe-C, 0.2 Cu-N/Cu-Ney-Cen -0.55
in-plane Cu-N¢y-Cey 0.2 Bend/Bend Value (mdyn-A/rad?)
out-plane Cu-Ny-Cy 0.2 Fe-Con-Nen/Cu-Nen-Cen 0.17
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PED of the other. For 1, however, despite the linear geometry, substantial contribution of

the stretching coordinates to the bending modes was observed; conversely the bends
contribute significantly to the predominantly stretching modes. The interaction force
constant for coupling between the Fe-C stretch and the Cu-N stretch has a value of -0.19
mdyn/A (Table 2-4). The potential energy distribution (PED) for the 495 cm™ peak
(Table 2-5) shows that this mode is comprised of the Fe-C=N bending coordinate, (68%),
the Fe-C stretch (18%) and the Cu-N=C (13%) bending mode. As in the case of the 535

cm’

Table 2-5 Experimental and Calculated Vibrational Frequencies (cm™)

ICRN ICBN BCRN BCBN PED

exp. Calc. exp. Calc. exp. Calc. exp. Calc.

2182 2182 2146 2148 2137 2136 2101 2102 99%Cc-Ncy stretch

535 535 526 527 526 527 520 519  35% Fe-Cy stretch,
30% Ney-Cu

stretch, 19% Fe-

Cen-Ney bend

495 496 493 492 487 487 485 483 68% Fe-C\-Ney

bend, 18% Fe-Ccy
stretch, 13% Cu-
NCN-CCN bel‘ld

peak, there is an appreciable contribution of the stretching coordinate to what is overall a
bending vibration. A series of control calculations demonstrated that substantially varying
the Cw/non-cyanide ligand or the Fe/porphyrin force constants did not have a large effect
on either the frequency or the potential energy distribution of the isotope sensitive

vibrational modes
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DISCUSSION

Electronic Structure and Vibrational Characteristics:

The vibrational properties of 1 were investigated with the use of isotopically
labeled cyanide. To understand the bonding nature of cyanide, one must have a clear
picture of the electronic structure of this ligand. When cyanide is bound to a metal
porphyrin system, the cyanide ligand binds preferentially via the carbon end and acts as a

o-donor, lowering the electron density in its 56° highest-occupied molecular orbital,

which is antibonding[35]. Consequently a terminally bound cyanide moiety generally has
a higher C=N stretching frequency than does free cyanide. This is in contrast to the
isoelectronic example of carbon monoxide, which acts preferentially as a n-acceptor and
is a poor o-donor. When terminally bound, it readily accepts electron density into its
2pn* orbital, which lowers the C=0 vibrational frequency relative to free CO.

When cyanide acts as a bidentate ligand, forming units of the type M-C=N-M’,
vc=y Will further increase, and the metal-ligand stretching frequency will decrease[35-37].
This can be rationalized with simple molecular orbital arguments. Introducing a bonding
interaction at the nitrogen atom of the bound cyanide will deplete electron density in the
molecular orbital carrying the electron density at that end of the molecule. This orbital is
an overall o* antibonding orbital and depleting electron density leads to a higher overall
C=N stretching force constant. Another prediction made by the molecular orbital
argument is that the M-CN bond will be weaker in a bridging geometry. However, in the
case of the bridged system presented here, the vibration attributed to the metal-cyanide

stretching mode appears at a significantly higher frequency, 535 cm”, than that of the
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corresponding unbridged system, 2, whose Fe-CN vibration appears at 450 cm™**. This

observation can be rationalized by examining the force constants and the resulting PED
of the normal coordinate analysis (Tables 2-4 and 2-5). It is seen that the force constant
for the Fe-C stretch is indeed lower (1.69 mdyn/A) than that found in studies of the
corresponding unbridged system (~2.01 mdyn/A)[33, 34], indicating a weaker interaction
between the iron and the carbon end of the cyanide ligand in the bridged as compared to
the unbridged systems. The basis for this paradoxical behavior, i.e. an observed increase
in stretching frequency despite a lower stretching force constant, is discussed in the

following section.

Normal Mode Composition:

Previous studies have undertaken careful analyses of the normal mode
compositions of the vibrational frequencies of heme/cyanide complexes. These studies
have identified characteristic interdependencies for certain bending and stretching
vibrations. For example, there is little or no interaction between the Fe-C=N bending
mode and the orthogonal Fe-C stretching internal coordinate in systems in which the
ligand binding is parallel to the normal of the heme plane. An example of this is
cyanoferric horseradish peroxidase[29] in which the cyanide binds linearly. For this
complex, the stretch/bend (S/B) interaction force constant is small, 0.079 mdyn/rad. In 1,
however, in which the ligand binds in an analogous, almost linear, fashion (179° Fe-C=N
angle), an appreciable interaction force constant (IFC) of 0.3 mdyn/rad between these two

coordinates is necessary to maintain the relative ordering of the bending and stretching
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modes. The effect of changing the value of this interaction force constant on the relative
ordering of the bending and stretching vibrations is shown in Figure 2-7. At vanishing
values of this interaction force constant, the stretching mode is higher in frequency than
the bending mode. As the IFC value is increased, the bending and stretching modes
approach each other, then cross at a value of ~0.42 mdyn/rad. At values for the IFC above
0.42 mdyn/rad the bending mode is predicted to be higher in frequency than the
stretching mode. The value that best reproduces the observed bending and stretching
bands at 495 cm” and 535 cm’ respectively, is 0.30 mdyn/rad. The value of the
interaction force constant also affects the mode composition of the two normal modes.
Values for the IFC of approximately 0.3-0.6 mdyn/rad increase the amount of mixing of
the Fe-C=N bending coordinate with the Fe-C stretching coordinate. At values near the
point where the ordering of the bending and stretching modes switch (0.42 mdyn/rad),
neither mode exhibits the isotopic dependence characteristic of a bending vibration.

When the bending and stretching mode compositions and frequencies were examined as a
function of the Cu-N/Cu-N=C stretch/bend IFC, similar behavior at the limits of the
range examined was observed (Figure 2-8). However, instead of the modes switching
their ordering around a specific value for the IFC, they diverge, maintaining the
stretching mode at a higher frequency than the bending mode. There are two possible
values for this IFC, -0.55 mdyn/rad and -0.30 mdyn/rad, that give the observed frequency
difference between the bending and stretching modes. Only with the more negative value
of -0.55 mdyn/rad however, did the absolute frequencies for the two modes match the

experimentally observed frequencies.
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Figure 2-7: Plot of calculated vibrational frequencies versus
Fe-C stretching/Fe-C-N bending interaction force constant.
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Figure 2-8: Plot of calculated vibrational frequencies versus
Cu-N stretching/Cu-N-C bending interaction force constant
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In cyanoferric myeloperoxidase[29], the ordering of the v, stretching and the

bending coordinates is strongly dependent upon the choice of the Fe-C stretching force
constant. Additionally, the relative splitting of these modes was found to correlate with
the relative linearity of the ligand. In 1, the Fe-C=N angle is approximately 179°[18].
According to the trends discussed in previous work[29, 32], this linear geometry would
produce a stretching frequency higher than that of the bend, which is, in fact what is
observed here for 1. The higher stretching frequency is not due to an increased stretching
force constant, but rather to a coupling of two stretches, where the two individual force

constants are lower than those in unbridged complexes.

Resonance Enhancement Conditions
In this work, the normally infrared active C=N stretching vibration is observed in
the resonance Raman spectrum of this complex when A, = 647 nm. Measurements made
with laser excitation in resonance with the n,n* transitions did not exhibit any cyanide
isotope-dependent modes. In carbon monoxide bound systems, distal steric constraints
have been shown to influence the Raman/IR activity of the C=0 stretch[31]. The fact that
the C=N vibration is observed with red excitation indicates the presence of an absorption
band with charge transfer character in the red region of the electronic absorption
spectrum. The failure to observe v., in the red excitation Raman spectrum of 2 indicates
that an analogous CT band is apparently not present in this wavelength range in the

absorption spectrum of the unbridged complex. This suggests that copper in the model
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complex and, by implication, Cug in the heme/copper terminal oxidases, plays a

significant role in defining the electronic structure of the binuclear center.

Relevance to Cytochrome ¢ Oxidase

The question remains as to whether cyanide covalently bridges the two metals of
the binuclear center in cyanide treated, fully-oxidized terminal oxidases. An alternative
possibility has been raised by Caughey and coworkers[10] that invokes a strong
hydrogen-bonding interaction between the N-terminus of the cyanide ligand and a
neighboring amino acid residue in the distal pocket. These models are based partly upon
the vy Of 2146-2151 cm™ observed in the cyanide inhibited enzyme[9, 10, 13, 14]. This

and other lines of evidence need to be considered when evaluating these possibilities.
Cyanide, when not subject to steric or electronic perturbations, prefers to bind to
ferric hemes in a linear fashion. An example of this situation is 2. The v, frequency
exhibited by this linear system is 2129 cm™. When the cyanide ligand is forced, by virtue
of steric or electronic constraints, to adopt a non-linear binding geometry, the vy is
correspondingly lower, as seen in the hindered, strapped heme system developed by
Chang et al[38]. The vc.y for these systems ranges from 2130 cm™ for a linear binding
geometry, to 2118 cm™ for a CN ligand with a Fe-C=N binding angle of 130° (Table 2-3).
The trend is that linear cyanide groups have higher C=N stretching frequencies then those
exhibited by non-linear systems. When the terminal nitrogen of a linear cyanide group is
allovwwed to interact with an electron acceptor, vy increases. For example, in oxidized

horseradish peroxidase, in which groups capable of donating hydrogen bonds are present
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in the ligand binding pocket, vy occurs at 2131 cm™ (Table 2-3). When 2 is dissolved in

methanol, a hydrogen bond donor, the v..y shows a small (3 cm™), but discernible,
upshift in value (Table 2-3). This shift is attributed to a hydrogen bonding interaction
between the solvent and the N-terminal end of the CN ligand. In complexes that are both
non-linear and have the N-terminus interacting with an electron acceptor (such as a
hydrogen bond donor or a copper ion), a range of v.., values is displayed. These
frequencies are convolutions of both the specific binding angle and the N-terminus
interaction.

As shown in Table 2-3, the only systems whose v, values bracket that observed
in cyanide-treated cytochrome c oxidase are those with a copper(Il) ion coordinated to the
N-terminus of the cyanide ligand. These models are characterized by a relatively linear
Fe-C=N geometry, and varying angles at which the Cu(Il) ion is coordinated to the N-
terminus of the cyanide ligand. The model complex studied here presents one example of
essentially linear (176°) Fe-C=N and C=N-Cu (174°) binding angles. The v, observed
in this case is 2182 c¢m’. Clearly, the observed value of v in cyanide-treated
cytochrome oxidase necessitates invoking more than a simple distal hydrogen bond and a
relatively linear binding geometry to rationalize the relatively high observed frequency

for this vibration in the enzyme. We conclude that the vibrational analysis presented here
provides strong evidence for a bridging structure in the cyanide complex of oxidized
cytochrome oxidase.

It has been suggested that the intensity of the C=N stretch in bridging complexes

is significantly lower than the C=N stretch in unbridged systems[14]. Because of this
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apparent trend, it was argued that the C=N stretching bands observed in cytochrome ¢

oxidase were far too intense to arise from a bridging geometry. However, this argument is
weakened by the fact that the authors based their conclusions on studies that were narrow
in scope and of questionable relevance. Table 2-2 presents the extinction coefficients of
the C=N stretch of some previously reported complexes[30] and 1 and 2 in acetone
solutions. It can be seen for the ruthenium systems that the bridged cyanide exhibits a
much lower extinction coefficient than does the corresponding unbridged system.
However, in the case of the models studied here, the extinction coefficient of the C=N
stretch is significantly higher in the bridged case, relative to the unbridged case.
Therefore, arguments for or against the bridging of cyanide in cytochrome oxidase based
upon the intensity of the cyanide stretching vibrations are not well founded.

An interesting feature of the binuclear center in the bovine resting enzyme that
has emerged in the crystal structure[7] is that Cug is positioned 1 A off the normal of the
heme a, plane (Figure 2-9). From simple geometric arguments (assuming reasonable
distances for the Fe-C and C=N distances, and the 4.5 A distance provided by the crystal
structure to accommodate a linear Fe-C=N angle), the C=N-Cu bond angle would be
138°. From the correlation published by Scott and Holm[17] this would lead to a Cu-N

distance of 2.4 A and v., » 2120 cm”. However, the vy observed for cyanoferric
cytochrome c oxidase is 2151 cm™ [14]. This frequency correlates with a Cu-N distance
of ~2.1 A and a Cu-N=C angle of ~155-160°. This implies that the Cu, ion must be
displaced from the position seen in the crystal structure of the oxidized bovine enzyme[7)

which requires a certain degree of structural flexibility in the protein structure near the
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Figure 2-9: Representation of the binuclear center of oxidized cytochrome ¢
oxidase.
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binuclear center of cytochrome ¢ oxidase. Indeed, this is supported by the observation of

a Fe-Cu distance of 5.2 A in the azide-treated bacterial oxidase[8]. Electron density is
detected between the two metals of the binuclear center, due either to the presence of a
ligated solvent or azide molecule, while no intermetal electron density is detected in the
resting, oxidized bovine system. This variable Fe-Cu distance indicates that the binuclear

center has the ability to alter its geometry to accommodate exogenous ligand binding.
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CHAPTER 3

SMALL MOLECULE BINDING TO HEME PROTEINS:
VIBRATIONAL SPECTROSCOPY OF THE LIGAND BINDING SITE

IN THE .NO BINDING ENZYME SOLUBLE GUANYLATE CYCLASE

Abstract

Infrared spectroscopy is a useful technique to investigate the modes of binding of
small molecules to heme proteins. Carbon monoxide and cyanide are two potential
ligands to heme proteins that, due to their high molar absorptivity, are ideally suited to
interrogation by infrared spectroscopy. These ligands also present very characteristic
vibrational frequencies that depending upon the specific chemical environment in which
they are located. In this chapter, a study is described whereby we investigated the infrared
spectrum of carbon-monoxide bound soluble guanylate cyclase (sGC). Soluble guanylate
cyclase is the only known physiological receptor for nitric oxide. This heme-containing
enzyme also binds carbon monoxide, and to a much lesser extent, dioxygen. The C=0
vibrational frequency for the CO bound form of sGC was found to be 1987 cm™, which is
the highest reported frequency for a C=0 stretching vibration in an enzymatic system.
This vibration was conclusively identified through the use of isotopic labeling. These
vibrational studies of CO bound sGC have elucidated specific details of the binding
pocket of this enzyme[1] and subsequently provided information about the mechanism by

which NO activates this enzyme.

60
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Introduction

Hemes are porphyrin macrocycles that contain iron as their central atoms. Heme
containing proteins play a large number of diverse roles in biological enzymatic
processes. These proteins, of which there are hundreds, if not thousands of examples,
perform roles in various organisms that range from very complex, such as biological
metabolism of molecular oxygen or peroxidic species, to more simple roles such as the
storage and transport of reducing equivalents that provide the electrons necessary for
other enzymatic systems to carry out their tasks. Many heme proteins also have the ability
to bind small molecules such as dioxygen, carbon monoxide, cyanide, nitric oxide or
azide, reversibly. While only some of these ligands are physiologically relevant, they all
offer unique spectroscopic signals that can provide insight into the modes and
mechanisms of ligand binding to these enzymes.

The spectroscopy of small ligand/heme interactions has been studied extensively
and reviewed over the last decades [2]. One of the principle tools for studying the
interactions of small molecules with heme-proteins has been vibrational spectroscopy.
Both infrared and resonance Raman spectroscopies provide opportunities to acquire
information about how these small molecules bind to the heme macrocycle. When Raman
and infrared spectroscopies are used in conjunction with one another, the complementary
data they can determine, can provide a complete description of the vibrational properties
of the heme-ligand complex.

There are three normal modes of vibration expected for an Fe-X-Y unit, as is
found when a diatomic ligand binds to the iron of a heme macrocycle. These are the Fe-

XY stretching mode, the Fe-X-Y bending mode and the X-Y stretching mode. The
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vibrational frequency of each of these modes contains particular information about the

geometry and environment of the Fe-X-Y unit. The technique that is best suited to
observe the various vibrations depends upon the specific experimental conditions.
T ypically, infrared spectroscopy is utilized to observe the X-Y stretching mode. This is
because the X-Y stretching vibration is not electronically coupled into the heme
molecular orbital system, which results in a lack of adequate resonance enhancement in a
Ramman experiment. The Fe-XY stretching mode, and the Fe-X-Y bending mode,
however, are usually resonance enhanced with excitation into the heme absorption bands,
which, when combined with the chromophore-specificity of Raman spectroscopy, makes

that a very potent tool for studying heme-ligand vibrational behaviors.

I x» firared Spectroscopy of Heme Proteins

It is fortuitous that many of the small molecules that bind to hemes exhibit large
Molar absorbtivities for infrared radiation. This allows the determination of the
Vibrational frequencies of these ligands without needing to utilize unreasonably large
Quantities of samples. Many studies have been published that use the well characterized
Vibrational frequencies of C=O, or C=N as markers to provide information regarding
Various types of interactions that can be present in the heme binding pocket of the
en-z)'me[3-l3]. The vibrational frequencies of these ligands have been shown to be highly
Semnsitive to various types of interactions that in vivo could play a significant role in the

chemistry of these ligand-binding sites. Previously, we have shown that the vibrational

ﬁneclllency of a C=N ligand to a molecular heme-copper assembly can be used to support
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the proposal that C=N exists in a bridging conformation in the oxidized, cyanide ligated

form of the respiratory enzyme cytochrome c oxidase[S]. Likewise, the isoelectronic C<O
molecule also exhibits C=O stretching frequencies that are highly dependent upon the
interactions with the surrounding protein or solvent environment. Thus, accurately
detemining these vibrational frequencies can aid in parameterizing the molecular
interactions in a ligand-heme complex.

It has been shown that, when there is a distal interaction present in a heme binding
pocket, the vibrational frequency of a bound cyanide molecule is shifted to significantly

higher frequency (see previous chapter and references therein) when compared to the

C==N stretching frequency of an unperturbed heme-cyanide complex, or to the frequency
of free cyanide ion. An example of the type of distal interaction that may be encountered
in the heme pocket of an enzyme is hydrogen bonding to the distal end of the ligand
ImMolecule. In the case of cyanide, which is primarily a o-donating ligand, this distal

interaction will remove electron density from the slightly antibonding HOMO of the

€Y anide ion, effectively increasing the C=N force constant, and thus the vibrational

freCll.lency. Carbon monoxide, when subjected to the same hydrogen bond, however, will

€Xhibit a relative redshift in the vibrational frequency of the C=O stretching mode of
Vibration. The reason for the opposite response of CO to the presence of the distal
intel‘action originates in the different electronic configuration of CO versus CN. This
di £r <€ rent configuration results in CO acting as a nt-acid, rather than a o-donor. When CO
Is Yigated to a Fe atom, the ligand accepts electron density in to its antibonding LUMO,

w -
hlch reduces the carbon-oxygen force constant. The result is that CO exhibits a lower
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C-=O stretching frequency when it is ligated to a heme, than when it is unbound. If an

additional interaction, such as a hydrogen bond, is introduced at the distal end of a heme-

ligated CO molecule, the effect will be a further increase in the electron density in the n*-

orbital, which will result in a further decrease in the C=0 stretching frequency[14, 15].

The presence (or lack) of a hydrogen bonding interaction, therefore, will be reflected in
the observed vibrational frequency of the bound ligand. As a result, by comparing the
frequencies of bound ligands to those of unbound ligands, one can draw some detailed
conclusions about interactions between the heme molecule, the ligand, and the
surrounding protein matrix in which the heme resides.

Infrared spectroscopy is typically hampered by the presence of water in the
sammple. However, when cyanide or carbon monoxide is the ligand, their primary
Stretching vibration is observed in a region of the infrared spectrum where water has
Mminimal absorbances (Figure 3-1). This fact, coupled with the large extinction coefficient
for the primary X-Y stretching mode, allows the use of a cell with a relatively long
Pathlength (~50 um), which, in conjunction with moderately concentrated samples

(>50pM) and highly sensitive MCT-type infrared detectors, allows for relatively facile

Co1llection of data.

ResOnance Raman of Heme Ligand Interactions

Resonance Raman spectroscopy is a technique that is ideally suited for the study

o .. _ .
r heme containing systems. Because hemes exhibit very strong absorbances in the
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Figure 3-1: Infrared absorption spectrum of water, CaF, cell, 50um pathlength, 25
°C. Approximate frequencies of X-Y stretches of heme-ligated XY diatomic ligands
are shown (XY = C=N or C=0)
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wvisible region of the electromagnetic spectrum, there are many opportunities to utilize the

resonance enhancement effect of Raman spectroscopy. Additionally, Raman spectroscopy

is not subjected to the same limitations with respect to water content of the samples, as is

infirared spectroscopy.

The vibrational modes of the axial ligands of heme macrocycles are typically
observed with Raman spectroscopy using excitation frequencies that correspond to the
so-called B and Q electronic transitions of the porphyrin moiety (Figure 3-2). These
absorptions in the optical spectrum are characteristic for heme containing systems. The
observed absorptions are primarily the result of n-n* transitions, and it has been seen that

the excitation profiles of heme-ligand modes (when the ligand is a n-acid such as CO, NO

or Q,) correspond directly to these electronic transitions.

Much effort has been expended in detecting the various normal modes of
Vvibration for heme-ligand systems. Vibrational measurements on CO-bound heme
Sy stems are particularly useful to infer the status of the proximal ligand and the
€nvironment of the distal pocket because the correlation between the fundamental
Stretching frequencies, v(Fe-C) and v(C=0), is well established in both model porphyrin
aAnd heme-protein systems[16]. This correlation is understood by considering that as the
Metal d, backbonding to the C=0 ligand increases, the Fe-C bond strength increases.
However, as a result of this, the electron density in the C=0 n* orbital also increases,
lC""Vering the bond order, and thus the C=0 vibrational frequency. This correlation can be
Seen clearly in Figure 3-3, where the Fe-C vibrational frequencies from a number of

l-le’rl'le-protein and model compounds are plotted against the C=O vibrational frequencies
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Figure 3-2: UV-Vis spectrum of heme-ligand complex ([(py)Fe(OEP)-CN]).
Sample concentration = 2.2 mM, in acetone. Spectrum acquired in S0um CaF,
cell, room temperature.
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Figure 3-3: Correlation between Fe-C stretching frequencies and C-O stretching
frequencies for a variety of histidine ligated carbonmonoxy heme complexes.
Adapted from [16].
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frrom the same systems. When the frans-ligand is constant, in this case histidine, there is a

distinct inverse linear relationship between the vibrational frequencies.

The Fe-C=0 bending vibration is typically observed in the Raman spectra of
hemoproteins at around 575 cm™, while the Fe-C=N bending mode typically occurs in the
range of 400 cm” to 450 cm™. An interesting observation is that the Fe-C=0 bending

mode has not been observed in a synthetic heme-ligand system where the C=0 ligand

binds parallel to the normal of the heme plane. With CN" as the ligand, the bending mode

has also been detected in a relatively limited number of cases. It has been successfully
resonance enhanced, however, in hindered systems, such as the strapped heme systems
A eveloped by Chang and co-workers [17]. This mode of vibration has also been detected
im numerous heme-protein systems where there is the possibility of a distal interaction
Aarising from the protein matrix or where the protein may have forced the ligand to adopt a
mrxonlinear binding geometry.

The Fe-CO stretching vibration, on the other hand, is typically detectable with all
I eme-ligand systems as is the Fe-CN stretching mode. This difference between the
relative enhancements of the bending versus the stretching modes has been attributed to
the geometry of binding in a number of different studies [2]. The argument states that
WWhen the ligand is forced to adopt a bent configuration, it’s empty n* orbitals can more
€asily interact with the electron density at the pyrrole nitrogens in the porphyrin n*
Orbital. It is this interaction that gives rise to the porphyrin-to-ligand charge transfer that
is r e sponsible for the observed resonance enhancement. However, there is a case in which

the ligand is bound in a strictly linear fashion, yet resonance enhancement of the bending
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mode is observed[5]. In this case, the resonance enhancement may be attributed to the

presence of a ligand-to-metal charge transfer transition in the 650 nm region of the
electronic absorption spectrum. The precise mechanism by which bending modes of
heme-ligand modes are resonance enhanced, however, requires further study in order to
be understood fully.

Soluble guanylate cyclase is the only known physiological receptor for the
intercellular signaling agent nitric oxide (*NO). When *NO is bound to the enzyme, sGC
Catalyzes the conversion of GTP to cGMP, which has been implicated as a factor in many
immportant physiological events such as vascular smooth muscle relaxation, platelet
aggregation and neuronal communication. The rate of GTP to cGMP conversion by sGC
imcreases by 400-fold over the basal level of activity upon *NO binding. sGC is a
I eterodimer, and each unit contains one protoporphyrin IX type heme which is the target
for *NO binding. The heme Fe" is 5-coordinate high-spin with histidine as the axial
11 gand. However, unlike other 5-coordinate high-spin heme proteins, sGC shows unusual
B ehavior toward small ligands such as O,, CO, nitrosomethane, and *NO. The affinity for
O, is so low that in air-saturated buffer the heme Fe remains 5-coordinate. This is
PIysiologically important because most hemes will rapidly bind oxygen, and then react
“With «NO. CO binds to the heme of sGC, but the affinity is much lower than for typical 5-
COordinate ferrous imidazole-ligated heme proteins such as hemoglobin and myoglobin.
This reduced affinity for sGC is primarily due to an increased off rate (3.5 s™). ®NO binds
tO the heme Fe of sGC to form a transient 6-coordinate heme. In this complex, however,
the Fe.His bond is unstable and the breakage of this bond is believed to be linked to the

ACtivation of the enzyme. While the binding of *NO to heme is virtually irreversible in
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both model systems and heme proteins, dissociation of *NO from heme of sGC appears to

be fast, as hypothesized from whole organ studies[18]. Recent kinetic studies with
purified sGC provide molecular evidence to support this speculation. A similar ligand,
nitrosomethane (CH,NO) which typically binds irreversibly to high-spin ferrous heme
proteins to form a 6-coordinate complex, also binds to the heme of sGC but in a
reversible manner due to a fast off rate[19]. The observations for all of these ligands
deviate from what is commonly observed for heme-proteins and indicate that the heme
environment in sGC is distinct from that of other heme-containing proteins. Vibrational
Spectroscopy can provide insight into how the heme-binding site of the enzyme affects
the ligand binding properties of this enzyme, and can thus shed light upon the mechanism

O £ «NO activation.

Recently, Deinum et. al. reported resonance Raman data for the CO and *NO
ligated form of sGC [20]. These data are presented in Figure 3-4 and are tabulated in
"X able 3-1. The Raman results show the Fe-CO stretching frequency at 472 cm™, which is
the lowest frequency yet observed for a CO-bound heme complex. It is assigned as the
¥ e-CO stretching mode due to the fact that, as the mass of the ligand is increased through
the use of isotopically labeled ligand, the observed frequency decreases. There is also a
Vv ibrational mode observed at 562 cm™ that exhibits isotope dependent frequencies.
B¥ecause the stretching mode is conclusively assigned through the use of isotopes, this
T2 Ode, by default, is assigned to the Fe-C=0 bending vibration. A mode was observed at
204 ¢m’ that was assigned to a proximal histidine residue, present in the 6-coordinate

Cc)~species. This is particularly low for a Fe-His bond. On the basis of the trans-effect
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Figure 3-4: Resonance Raman spectrum of isotopomers of carbonmonoxy-soluble
guanylate cyclase. Laser excitation A=423 nm[20].
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Table 3-1 Vibrational Frequencies of Various CO-adducts of Heme-enzymes

v(Fe-CO) d(Fe-C=0) v(C=0) ref
(cm™) (cm™) (cm™)
CO-sGC 472 562 1987 this work
CO-Mb 512 577 1944 [21, 22]
CO-Hb A 507 578 1951 [22]

described above, a weak Fe-proximal ligand bond will lead to a strong Fe-C bond.
Kl owever, exactly the opposite is observed which , in addition to the distinct ligand
b inding properties of sGC, implicates distal effects as playing a major role in defining the
11 gand binding properties of sGC.

By comparison to the data correlating Fe-C and C=O stretching frequencies

C Figure 3-3), predictions about the vibrational properties of sGC become clear, From the

<d ata obtained from the Raman spectra regarding the Fe-C stretching frequency, the C<O
stretching frequency is predicted to occur close to 2000 cm™, which would be the highest
< wver observed for a heme-CO system with a proximal histidine ligand. This prediction,
due to the unanticipated nature of the results regarding the low frequencies of both the
Fe-C and the Fe-His bonds, warrants testing. The results of these experiments are

described here.
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Materials and Methods
All enzyme samples were isolated in the laboratory of Professor Michael Marletta,

University of Michigan, Ann Arbor. Soluble guanylate cyclase was isolated from bovine
Iung as described by Stone and Marletta[23] except that the last desalting step was done |
with 25mM TEA, SmM DTT, 50mM NaCl, pH 7.4 and that no glycerol was added to the

sample. The heme content of this preparation was determined to be 1.5 hemes per

heterodimer.

FTIR spectra were acquired on a Nicolet 740 FTIR spectrometer equipped with a
IMMCT detector. CO was bound to the sGC sample by exposing it to a positive pressure of
CO. The sample was then placed in a CaF, cell (50 uM pathlength). CO binding was
< onfirmed by monitoring the shift in the Soret band from 431nm to 423nm. The cell was
then thermostated at 3°C in a homebuilt cryostat system equipped with AgCl and Ge
~“wvindows. Double-sided interferograms were collected at 4 cm™ resolution and apodized
by using a Happ-Ganzel apodization function. 20,000, 11,000 and 20,000 scans were
awveraged for the '2C'*0, “C"0, and "C'"®O isotopically labeled samples, respectively.

S mmooth polynomial functions were subtracted from the data to baseline correct the data.

IR esults and Discussion

Figure 3-5 shows FTIR spectra of CO-bound sGC in the 1800-2050 cm™ range.

‘With natural isotopic abundance C=O0, a single peak is observed at 1987 cm™'. This mode

shi fis to 1943 cm™ with °C'0 and to 1895 cm” with '*C'*0. The observed isotope shifts

are 4 expected for a C=0 harmonic oscillator, and therefore, the peak can be
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unambiguously assigned to the C=0 stretching mode of a heme-C=0 complex. When this

result is examined in the context of the Fe-C/C=O correlation published by Ray et.
al.[16], it can be seen that the C=0 stretching frequency is indeed higher than has ever
been seen for a heme-C=0 complex with a proximal histidine. In addition to this, the fact
that this data point clearly falls on the same line as for other proximal histidine/heme-
C =0 systems lends support to the proposal that the heme in sGC is, in fact, ligated
pProximally by a histidine residue.

That a histidine proximally ligates the heme in sGC has previously been inferred
from absorption data[24] and the mode observed in the Raman spectrum at 204 cm’
“hich had been assigned to the Fe-His stretch[20]. This is consistent with the previous
1 miterpretations that the histidine is neither anionic nor hydrogen bonded, because, in these
< ases, the v(FeC)/v(C=0) points fall below the imidazole correlation curve due to the
“weakened Fe-Co bond, as shown in a model compound and in horseradish peroxidase at
high pH[25]. The position along the correlation curve is mainly determined by the
Prolarity of the distal pocket[16]. sGC falls on this curve at the lowest point thus far
O bserved. The protein nearest to sGC on the curve is the porcine myoglobin mutant
[ XX 64V-V68T], in which back-bonding is inhibited due to the negative polarity of the
dli stal pocket in the absence of the hydrogen bonding donor (His 64)[26, 27]. Since sGC
falls on this same backbonding curve we infer that there is negative polarity in the distal
Pocket of sGC. Introducing negative polarity increases not only the stretching frequency

Of C=0 bound to the heme but also the off-rate of both O, and CO binding, as has been
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Figure 3-5: FTIR spectrum of isotopomers of carbonmonoxy-soluble guanylate
cyclase. Spectral conditions given in Materials and Methods.
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shown in the mutant porcine myoglobin samples[26, 27]. The general trend in sGC is the

same, showing an increased v(C=0) and a very high off rate for CO (3.5 s*)[19], which
further supports the idea that there is negative polarity in the distal pocket of the heme in
sGC and that it is a major determinant for the ligand binding properties of sGC.

In general, ligand binding affinity to hemes increases when going from O, to CO
and to NO. For sGC, a strong decrease for O, binding, an increased dissociation rate for
CO, and the apparent relative ease for NO dissociation are observed, indicating an
apparent overall decreased affinity for these small ligands;. It is very likely that sGC uses
the negative polarity to achieve the reduced O, binding and the relative ease of NO

dissociation. Both of these are necessary for proper functioning of the enzyme.



10.

11.

12.

13.

78

LIST OF REFERENCES

Kim, S., Deinum, G., Gardner, M.T., Marletta, M.A., and Babcock, G.T., J. Am.
Chem. Soc., 1996. 118: p. 8769.

Spiro, T.G., Biological Applications of Resonance Raman Spectroscopy, ed. T.G.
Spiro. Vol. 3. 1988, New York: Wiley.

Bogumil, R., Hunter, C.L., Maurus, R., Tang, H.-L., Lee, H., Lloyd, E., Brayer,
G.D., Smith, M., and Mauk, A.G., Biochemistry, 1994. 33: p. 7600.

Caughey, W.S., Dong, A., Sampath, V., Yoshikawa, S., and Zhao, X.-J., J.
Bioenerg. Biomembr., 1993. 25: p. 81.

Gardner, M.T., Deinum, G., Kim, Y., Babcock, G.T., Scott, M.J., and Holm, R.H.,
Inorg. Chem., 1996. 35: p. 6878.

Hill, J., Goswitz, V.C., Calhoun, M., Garcia-Horsman, J.A., Lemieux, L., Alben,
J.0., and Gennis, R.B., Biochemistry, 1992. 31: p. 11435.

Palmer, G., J. Bioenerg. Biomembr., 1993. 25: p. 145.
Tsubaki, M. and Yoshikawa, S., Biochemistry, 1993. 32: p. 174.
Tsubaki, M. and Yoshikawa, S., Biochemistry, 1993. 32: p. 164.

Tsubaki, M., Mogi, T., Hori, H., Sato-Watanabe, M., and Anraku, Y., J. Biol.
Chem., 1996. 271: p. 4017.

Yoshikawa, S., O'Keefe, D.H., and Caughey, W.S., J. Biol. Chem., 1985. 260: p.
3518.

Yoshikawa, S. and Caughey, W.S., J. Biol. Chem., 1990. 265: p. 7945.

Yoshikawa, S., Mochizuki, M., Zhao, X.-J., and Caughey, W.S., J. Biol. Chem.,
1995. 270: p. 4270.



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

79

Nakamoto, K., Infrared and Raman Spectra of Inorganic and Coordination
Compounds. 1987, New York: Wiley-Interscience.

Lopez-Garriga, J.J., Hanton, S., Babcock, G.T., and Harrison, J.F., J. Am. Chem.
Soc., 1986. 108: p. 7251.

Ray, G.B,, Li, X,, -Y., Ibers, J.A., Sessler, J.L., and Spiro, T.G., J. Am. Chem.
Soc., 1994. 116: p. 162.

Tanaka, T., Yu, N.-T., and Chang, C.K., Biophys. J., 1987. 52: p. 801.

Palmer, R.M.J.,, Ferrige, A.G., and Moncada, S., Nature, 1987. 327: p. 524.

Stone, J.R. and Marletta, M.A., Biochemistry, 1995. 34: p. 16397.

Deinum, G., Stone, J.R., Babcock, G.T., and Marletta, M.A., Biochemistry, 1996.
Rimai, L., Salmeen, 1., and Petering, D.H., Biochemistry, 1975. 14: p. 378.
Tsubaki, M., Srivastava, R.B., and Yu, N.-T., Biochemistry, 1982. 21: p. 1132.
Stone, J.R. and Marletta, M.A., Biochemistry, 1995. 34: p. 14668.

Stone, J.R. and Marletta, M.A., Biochemistry, 1994. 33: p. 5636.

Evangelista-Kirkup, R., Smulevich, G., and Spiro, T.G., Biochemistry, 1986. 25:
p. 4420.

Li, T., Quillin, M.L., Phillips, J., G.N., and Olson, J.S., Biochemistry, 1994. 33: p.
1433.

Cameron, A.D., Smerdon, S.J., and Wilkonson, A.J., Biochemistry, 1993. 32: p.
13061.



CHAPTER 4

PROBING LOW-FREQUENCY VIBRATIONS IN
METALLOPROTEINS USING LIGHT INDUCED
INFRARED DIFFERENCE SPECTROSCOPY:

CHALLENGES AND SOLUTIONS

Abstract

Several critical issues surrounding the successful acquisition of vibrational
information in the low frequency region of the infrared spectrum of biological molecules
are discussed. These issues include the development of methods to overcome the
presence of highly-absorbing water in the sample, the design of systems to control the
temperature of the sample within close tolerances and the choice of detectors and window
materials that will provide the best opportunity to detect the signals of interest. In the
following chapter, data is presented from experiments where these methods were utilized
to acquire data possibly originating from the manganese cluster of the photosynthetic

enzyme, photosystem II.

Introduction

Spectroscopists have long recognized the utility of vibrational information when
seeking to answer structural or mechanistic questions about metalloproteins. In particular,
when studying an enzymatic system, it is desirable to acquire information about low

frequency (<1000 cm™) vibrations, as they may contain a wealth of information directly
80
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related to bonding interactions between the metal site and ligands to the metal site

whether the ligands are substrate derived or protein derived. Information about these
vibrations could provide direct insight into the structure and, possibly, the specific
molecular steps that occur in the catalytic cycle of a metalloenzyme. Table 4-1 shows
some examples of structures that are present (or proposed to be present) in certain
metallo-enzymes along with their estimated vibrational frequencies. Close examination of
the normal mode compositions of these vibrations shows that they will also display very
characteristic isotopic dependencies upon isotopic substitution. It has been shown in
numerous studies that isotopic labeling allows for the unequivocal assignment of
vibrational modes. The usefulness of vibrational information is clear. If low frequency
vibrational information can be acquired from the enzymatic systems, then specific
questions regarding the mechanistic details of these systems can be addressed.

Until recently, the experimental techniques available to gain access to the low-
frequency vibrations were primarily limited to forms of resonance Raman spectroscopy.
Although a powerful technique for studying some systems, namely those that contain
highly absorbing chromophores, resonance Raman spectroscopy is certainly not capable
of addressing all of the needs of the biological vibrational spectroscopist. The other
primary technique for gathering vibrational spectra is infrared (IR) spectroscopy. This
technique, which relies upon detecting absorbances of IR radiation, is not a priori suited
for studying biological systems, let alone the low frequency vibrational modes exhibited
by these systems. This is due to the fact that proteins, in their native environment, are
solvated by a large molar excess of water. Because water exhibits very strong

absorbances at several characteristic regions through out the infrared spectrum, its
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Table 4-1 Vibrational Frequencies of Protein and Metal-Ligand Structures

Structure Approximate Vibrational
Frequency (cm™)

Protein Backbone Modes

Amide V (NH,,, CN)'
Amide IV (C,, CC,,CNC,) 625
Amide VI (CO,,, CN) 600
Amide VII (NH,,, CN,, CO,,) 200
Fe—CO
Cu—CO 400
| N—Cu 250-350
N~/
Ni—CO 450-500
M=0 730
Mn—OH 400-500
o—oO0
/ o \ 600-800
Mn=z2l 77 T2 MIn
O
Mn<g>Mn 600-700
Mn—Cl 300-400

e s, stretch; d, deformation, t, torsion; ib, in-plane-bend; ob, out-of-plane-bend
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presence could obscure the detection of signals originating from solute molecules. In this
chapter, we will describe methods we have developed by using reaction-modulated
infrared difference spectroscopy (particularly light-induced FTIR difference
spectroscopy) whereby solvent subtraction is handled automatically and that also allow
the acquisition of vibrational information, in the low frequency (<1000 cm™) region of the
infrared spectrum.

Aside from the issues surrounding solvent water absorbances, there are a number
of other technical challenges that need to be addressed in order to s interrogate sample
successfully, and obtain reliable information regarding low frequency modes of vibration.
These challenges include detector sensitivity, the choice of suitable sample substrate
materials, and the necessity for precise sample temperature control. These challenges and

some solutions to them, are addressed in the following chapter.

What Will be Found in the Low Frequency Region?

The low frequency infrared spectra of proteins are an under-investigated
spectroscopic region. While much work has been done to assign vibrational modes in the
region above 1000 cm™, very little foundation has been laid for the assignment of modes
below 1000 cm™. From studies of N-methyl acetamide, some predictions can be made
about the vibrational modes that polypeptides may exhibit in their infrared absorbance
spectra[Arrondo, 1993 #78]. These are summarized in Table 4-1. This table predicts that
proteins should display several vibrations, in the low frequency region, that arise from

Primarily out-of-plane vibrations of the peptide backbone.
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Aside from modes having their origin in the protein backbone, there are other
vibrations that should appear in the low frequency region of the spectrum. Metal ligand
complexes, in proteins and synthetic model compounds, also will display vibrations in the
low frequency region of the spectrum. Some of these are also listed in table 4-1. It has
been shown previously [1] that heme-ligand complexes exhibit low frequency IR-
detectable modes. Metal-oxygen species, such as those proposed to exist in the catalytic
cycles of cytochrome ¢ oxidase, or photosystem II will exhibit infrared absorptions, that,
when substituted with the appropriate isotope, will show very characteristic frequency
shifts. This technique of using isotopes to shift the vibrational frequency of a mode to aid
in its assignment, plays a critical role in biological vibrational spectroscopy. This is
especially true when there are a large number of peaks in a spectrum, and it is desired to
assign one or several of them to a specific molecular species. From Table 4-1, it is clear
that developing methods whereby one can detect low frequency vibrational modes in

enzymatic systems will be of great use in helping to elucidate mechanistic details of their

catalytic cycles.

FTIR of Aqueous Systems: The Low-Frequency Challenge

The primary issue facing the biological infrared spectroscopist pertains to water
content of the samples. Water, the ubiquitous solvent for biological systems, hampers
typical infrared spectroscopy due to the fact that it exhibits strong absorbances in several
different regions throughout the mid infrared spectrum and completely obscures the
region below 1000 cm™ (Figure 4-1). The strong absorbance centered at approximately

3400 cm” is due to the O-H stretching modes of water, the peak at ~1650 cm™ is
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attributed to the H-O-H bending mode, and the intense, broad feature below 1000 cm’ is

attributed to the strongly coupled lattice vibrations of aggregates of water molecules. In
order that one may observe vibrational modes of the enzyme that overlap any of the water
absorbances, ways must be found to either eliminate these absorbances entirely, reduce
them to levels where they can be accurately subtracted out of the spectrum, finesse the
issue by using reaction modulated difference spectroscopies, or use some combination of
the above strategies so that the signals of interest become detectable. In particular, we are
interested in finding methodologies by which we can observe modes of vibration below
1000 cm™ in the infrared spectrum of enzymatic systems.

The extinction coefficients of the various water absorbances have been well
characterized[2, 3]. Table 4-2 lists these vibrational modes, and the associated extinction
coefficients. With this information, it is possible to perform a simple Beers Law type
calculation to determine the pathlength necessary to return a water absorbance that is
reproducible within the technical limitations of the instrumentation. Various detectors and
instruments will have different limitations with respect to the linearity of their response to
a given absorbance. The generally accepted rule-of-thumb states that in order for a
solvent spectrum to be accurately subtracted from a protein sample, the overall
absorbance of a given peak must be less than one absorbance unit (a.u.)[5]. With this
limitation for the absorbance of the sample, the pathlength of an aqueous solution must
not exceed 10pum, if we are considering the extinction due to the water bending vibration
centered at 1645 cm™. This method of using simple Beers Law calculations to address the

Water absorbance problem has been successfully applied in numerous different infrared
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Figure 4-1: Infrared absorption spectrum of water. Spectrum acquired in an AgCl
cell, room temperature, 32 scans, ~Sum pathlength.
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Table 4-2 Infrared Absorbances of H,O and D,0[4]

Vibration H,0 (cm™) eM'cm™) D,O(cm™) e(M"'cm™)
O-X stretch 3920 0.83 2900 0.60
3490 62.7 2540 59.8
3280 54.5 2450 55.2
Association 2125 3.23 1555 1.74
X-O-X bending 1645 20.8 1215 16.1
Libration Broad absorbance below 1000 cm'

studies. By using a combination of highly concentrated samples that reduced the effective
water concentration from 55M, and a short optical pathlength, infrared spectra have been
acquired that showed very satisfactory subtraction of the interfering water signals[6].
However, these studies have been limited to the region above 1000 cm™. This method is
not applicable, if one wishes to acquire information below 1000 cm™. This is due to the
fact that the large water lattice vibrations below 1000cm™, even when measured with
pathlengths as short as Sum, do not show adequate subtraction characteristics. The bands
are so exquisitely sensitive to minute changes in pathlength, or sampling conditions
(temperature, ionic strength, etc.)[3], that large subtraction artifacts remain even after

careful subtraction (Figure 4-2)
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Figure 4-2: Difference spectrum of water sample showing poor subtraction
characteristics below 1000 cm™. Sum pathlength, 200K, AgCl sample cell.
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A technique that elegantly addresses the issues of solvent subtraction is reaction

modulated FTIR spectroscopy[7]. This technique consists of interrogating a sample and
digitally storing the spectrum from that sample. Then, exactly the same sample, through
some method, is induced to undergo some reaction (light is the reaction-inducing agent in
this set of studies, but other reaction modulating techniques have been used, such as
exposure to an electric field) and another spectrum is acquired from the same sample in
this new state. The pre-reaction and post-reaction spectra are then subtracted, and the
resulting difference spectrum reflects the vibrational changes that have taken place as a
result of the chemistry that has occurred in the sample.

This technique allows the issue of solvent subtraction to be finessed, in that
exactly the same sample is interrogated for each of the spectra. While there will be
(hopefully!) slight vibrational differences that arise from the reaction that was induced,
there will be no gross perturbation of the solvent concentration, ionic strength or
pathlength. Thus the large scale basecline distortions that are common in solvent
subtracted data are eliminated. In addition, this technique allows for the examination of
very small signals, superimposed upon very large background absorbances. It is common
for samples to exhibit an infrared absorbance spectrum that approaches one absorbance
unit in intensity. However, the slight perturbations that result from the reaction of
interest, may affect only a few amino acids, or just the substrate molecule. Therefore the
absorbance changes arising from these perturbations may constitute a fraction of a
percent of the overall signal. With sufficient signal to noise ratios, it is not uncommon,
using this technique, to be able to observe difference signals with intensities of

approximately 10° a.u. These small signals, which may reflect changes in the enzyme
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that are directly related to the catalytic cycle, are the type of information we are seeking

to acquire. Using modern instrumentation (including detection schemes), it is possible to
detect changes in single amino acid residues in enzymes with molecular weights
approaching one million daltons.

This reaction modulated difference technique provides a very detailed look at the
changes that occur as an enzyme system undergoes it catalytic cycle. In Figure 4-3, the
theoretical construction of such a difference spectrum is presented. The Figure shows a
possible step in the catalytic cycle of Photosytem II, the enzyme in plants responsible for
oxidizing water, to molecular oxygen. In the initial state (4-3a), the substrate water, in the
form of a hydroxide molecule, is bound to the enzyme active site, but no chemistry (bond
breaking/bond making) has occurred with regards to the substrate. An infrared spectrum
of the enzyme in this “prereaction” state is acquired and stored digitally. This spectrum
contains the vibrational information from the enzyme and the substrate molecule
(including, for example, the absorbance due to the p-oxo bridges of the manganese
cluster, and the Mn-OH bond). Then, the enzyme is induced to perform a step (or
multiple steps) of the catalytic cycle. When the enzyme has reached a new point in the
catalytic cycle (the “stopping point” depends upon the thermodynamic, kinetic, and
biochemical control that the investigator can exert over the sample), another spectrum is
acquired (4-3b). This spectrum contains the vibrational information indicating the

presence of the new species (the Mn-oxo species). This second spectrum is then
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Figure 4-3: Construction of a theoretical light-induced difference spectrum.
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subtracted from the first spectrum. The difference spectrum (4-3c) displays both positive

and negative peaks that correspond, in the case of the positive going-modes, to oscillators
that appear after the enzyme acts on the substrate, and the negative-going modes
correspond to vibrational modes that disappear as the substrate is reacted. Any vibrational
modes that are remote from the active sight, including the vast majority of solvent
molecules, will be unaffected by the distant reactions, and thus will display exactly the
same vibrational frequency before and after the enzyme-substrate reaction. They will be
subtracted out, leaving a flat baseline. Any vibrational modes that are slightly perturbed
(an amino acid residue gaining or losing a hydrogen bonding interaction, a solvent
molecule that is in the active site of the enzyme, or something less dramatic such as a
vibration whose normal mode composition changes subtly) will appear as difference
peaks.

With the advent of reaction modulated difference spectroscopy, the issue of
solvent subtraction was addressed in a very elegant manner. However, in order for solvent
subtraction to be successful, it is necessary to have samples that do not absorb the
infrared radiation too highly, or else the detectors will measure absorbances at levels at
which their responses cannot be considered linear and therefore reliable. Any difference
spectra acquired under these highly absorbing conditions will contain systemic errors.
Short pathlengths is one method that can be used to ensure that fully hydrated samples do
not exhibit absorbances that exceed the limits of the instrumentation. This method has
been used in several studies of photosystem II, the enzyme responsible for the oxidation
of water to molecular oxygen in plants and cyanobacteria,[8-16] and the bacterial reaction

center[7] where highly concentrated pellets of the reaction centers were pressed between
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the sampling windows to produce both a short pathlength, and an extremely high

concentration of sample. The resulting difference spectra were of high quality in the high
frequency regions. However, this technique is not sufficient, due to the non-linearities of
the water absorbances below 1000 cm™ , to observe signals in the low frequency region of
the spectrum. As a result of this, other methods of handling water absorbances need to be
considered.

An obvious solution, and one with which we have had good success, consists of
physically removing the majority of the bulk solvent water from the sample. This method
has been used previously to obtain high quality light-induced infrared difference spectra
of bacteriorhodopsin[17-21], the photosynthetic bacterial reaction center{22] and
photosystem 11[23-27]. However, drying biological samples raises some very legitimate
biochemical questions regarding physiological relevance. Careful control experiments
must be performed to ensure that the samples retain their biochemical integrity after
water removal. These control experiments may consist of UV-visible measurements,
electron paramagnetic resonance, or any other technique that has been used to
characterize the enzyme system in its fully hydrated state. If the samples maintain their
activity after partial drying, then this technique allows spectroscopic access to the entire
mid-infrared region of the spectrum, including, in particular, the region of metal-ligand
vibrations below 1000 cm™. There are several different ways that controlled partial
dehydration of protein samples can be accomplished.

The easiest method to achieve partial dehydration of samples consists of
depositing the sample on to a suitable substrate material (the choice of suitable substrate

materials will be covered in a subsequent section), and then drying it under a stream of
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dry nitrogen gas. In buffers that contain no hygroscopic materials such as sucrose,
glycerol, or ethylene glycol (common components of biochemical buffering systems),
almost complete dryness can be obtained this way (see Figure 4-4), based upon the
relative intensities of the O-H stretching mode at 3400 cm™ and the so-called amide I
protein backbone mode at 1650 cm™'. However, many enzymes, when desiccated, undergo
extensive structural perturbations[6], which may effect their catalytic chemistry. If
control experiments show that the samples cannot handle arbitrary levels of dehydration,
then it may be necessary to remove the water in the sample in a highly controlled manner,
so that a balance can be achieved between enough dehydration to ensure spectroscopic
utility, while maintaining a high enough level of hydration to ensure biochemical
integrity.

We have found that if a small amount of hygroscopic materials (such as those
named above) are present in the sample, then the samples can usually be dried to a point
where the infrared spectra are spectroscopically acceptable, yet the proteins retain enough
water whereby they exhibit native biological activity (Figure 4-4). In our experiments it
has been found that 150mM sucrose in the drying buffer, allows enough water to be
removed to reduce the water absorptions to an acceptable level, yet, as is shown in the
next chapter, control EPR experiments exhibit all of the characteristic signals associated
with an intact reaction center. It is important to determine a set of quantitative
benchmarks that can be used to evaluate sets of samples with regard to their levels of
hydration in order to ensure that the spectra acquired show high levels of reproducibility.

In the case of bacteriorhodopsin, it was determined[28] that the integrated area of the
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Figure 4-4: Partially hydrated films of PSII samples, with and without sucrose in the
drying medium. Sample temperature: 25 °C.
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water peak at 3300 cm should be at least 6 times the integrated area of the amide I

protein mode at 1650 cm™ in order for the protein to be fully competent to undergo a
photochemical reaction. In our case, we routinely achieve a 10:1 ratio of the integrated
area of the same peaks. Under these conditions, the water absorbances are well within the
linear range of the detector, and thus we are able to acquire high-quality, light induced

difference spectra of Photosystem II across the entire mid-infrared range.

Detectors

A critical issue that must be addressed when performing FTIR spectroscopy on
biological systems concerns the choice of detectors. This is particularly true when one is
interested in detecting low frequency vibrations. There are a wide variety of infrared-
sensitive detectors available, and with the development of semiconductor detectors,
namely the mercury-cadmium-telluride (MCT) detectors, it is possible for investigators to
acquire data across the entire infrared spectrum with great sensitivity. Additionally, with
sufficient signal averaging, random noise can be reduced to levels where the small signals
from the enzyme system can be observed.

Infrared detectors are commonly evaluated in terms of their specific detectivity,

or, D* values[5]. The sensitivity of a given infrared detector is usually expressed in terms

of the noise-equivalent power (NEP)

vV 21
NEP=R" W-Hz ?

v
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In this expression V, is the root mean square (rms) of the detector noise voltage in volts-
Hz'?, and R, is the voltage responsivity of the detector to signals in volts/watt. The

specific detectivity, or D*, of a detector is given by

2 !
D“'=£icm-Hz2 W

NEP
where A, is the area of the detector element. This expression factors into the overall

expression for the signal to noise ratio (SNR) of the FTIR instrument which is

1
_U(T1)-©-Av-1? &
- NEP

SNR

_U,(T)-©-Av-12-£.D*
- 1
A,

where U_(T) is the spectral energy density, ® is the throughput of the system, AV is the

resolution, ¢ is the time, and & is an instrumental efficiency factor. This expression
clearly shows that the signal-to-noise ratio of a given spectrum depends linearly upon the
D* value of the detector, the resolution, AV, and the throughput, ®. It is, therefore, in
the best interest of the spectroscopist to optimize these values as much as is possible in
order to acquire the highest quality spectra in the shortest amount of time.

There are several types of detectors available for FTIR measurements. The most
common type of detector with the most linear response function are the “thermal” type
detectors. These detectors operate by sensing the change in temperature of an absorbing
material as more (or less) infrared radiation impinges upon it. The most common class of

this type of detector is called a pyroelectric bolometer. This type of detector utilizes a
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material for its sensing element that exhibits a change in its electrical polarization when

its temperature changes. Deuterated triglycine sulfate (DTGS) is one of the more
common materials used in this type of detector. These detectors have the advantage that
they can be operated at room temperature, and that they display highly linear responses to
varying intensities of incident radiation. However, for biological spectroscopy, these
detectors are of limited utility because they are not highly sensitive (D* = ~107 - 10°),
thus making the detection of small experimental signals over large background signals
difficult.

Biological infrared spectroscopy underwent a renaissance with the advent of
semiconductor-type quantum detectors. This class of highly sensitive detectors allowed
for the detection of minute signals, in otherwise highly absorbing samples. These
detectors, of which the mercury-cadmium-telluride (MCT) detectors are the most popular,
have D* values ranging from 10° to 10" and higher. These detectors operate by using a
ternary semiconductor detector element whose bandgap corresponds to the energies
present in infrared radiation. Because of the large background of infrared radiation
present at room temperature, these detectors must be cooled, usually to liquid nitrogen
temperatures (77K), to eliminate thermal background contributions to the detected
signals. The wavelengths to which these detectors respond depends upon the specific
stoichiometric ratio of the constituent elements. However, an MCT detector optimized for
low frequencies (peak response at ~500cm™) exhibits a D* value approximately an order
of magnitude lower than an MCT detector that is optimized for higher frequency

responses.
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Another choice for low frequency IR detection is the liquid helium cooled

quantum detector. This technology relies upon a germanium or a doped germanium
detector element, and operates by the same principles as the MCT type detector. A key
difference is the need for a cooling system that is able to maintain the detector element at
a temperature below that readily attainable with liquid nitrogen as the coolant. This
necessitates the use of liquid helium and the associated hardware necessary for a helium
refrigeration system. Because of this, this type of detector is considerably more expensive
than the simpler nitrogen cooled MCT type detectors. Because investigations of low
frequency modes in the infrared spectra of biomolecules is still in its infancy, these
detectors have not been tested for their usefulness for these studies. However, they do
have comparable D* values to MCT detectors, and the fact that they respond to radiation
further into the far-IR than any MCT detector, shows their potential utility for these types

of studies.

Window/Substrate Materials

A question that needs to be addressed when performing any type of spectroscopy
regards the types of window materials through which the interrogating radiation must
pass. The material must not only be transparent to the radiation, but must also pass
enough of the radiation to ensure that a high enough optical throughput is attained to
achieve suitable signal-to-noise ratios in the resulting spectra. There are numerous
window materials available to the infrared spectroscopist. However, when the
spectroscopist is interested in utilizing samples that contain water and is interested in

observing the low frequency region of the spectrum, then the list of candidate
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materialsthat meet this criteria becomes limited. Additionally, because there is a lot of
useful information in the high-frequency region of infrared difference spectra, it would be
beneficial to use a material that has a clear window of transmission from 2000 cm™ down

to a low frequency cutoff that will ensure that all of the vibrational modes of interest are
detectable.

A list of the common infrared window materials, the frequencies of radiation that they
pass, and their water solubility characteristics are listed in table 4-3. From this table there
are several materials that fit the criteria for transmitting radiation below 1000 cm™, as
well as showing limited or no solubility in water. Silver halide salts are a class of
materials that have been used successfully in several different IR experiments. The two
most common materials are silver chloride and silver bromide. These materials transmit
radiation from the visible region of the electromagnetic spectrum to 435 cm™ and 285
cm’ respectively. They both have a tendency to cold flow (physically distort), and they
are also prone to photoreduce upon exposure to UV light, so their transmission properties
tend to degrade over time. This photoreduction process needs to be considered when
samples are deposited upon the surface of one of these materials. The reduction potential
of Ag’ is such that some reactive intermediates in certain enzymatic processes may react
with the silver ions in the substrate rather than reacting in their normal physiologically
relevant manner. Proper control experiments must be performed to ensure that this is not
an issue. If these side reactions are, in fact, found to not play a role in the experiment,
then the silver halide salts are good materials for these types of experiments. Their IR
transmission properties coupled with the visible light they can transmit (for light induced

experiments) make them very useful for light induced FTIR experiments. Zinc selenide
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Table 4-3 Properties of Infrared Window Materials

Material Water Solubility =~ Transmission Range

(g /100g H,0, 20°C) (cm™)

NaCl 36.0 40,000-625

KBr 65.2 40,000-400

AgCl 0.00015 25,000-435

AgBr 0.000012 20,000-285

ZnSe insoluble 10,000-500

CdTe insoluble 5,000-320

Ge insoluble 5,000-600
Polyethylene insoluble 625-30

Diamond insoluble 1,700-33
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and cadmium telluride are two materials that have not enjoyed widespread use for
biological FTIR experiments, due in part to their higher cost and the availability of
cheaper materials that show similar transmission properties. Germanium is a material that
is suitable for some studies, yet its high index of refraction leads to greatly attenuated
throughput of the IR radiation. It has served the light-modulated difference spectroscopy
field well in that it passes IR radiation (albeit at levels too low for some purposes), yet it
completely blocks visible light. Most FTIR spectrometers have as part of their design, a
helium-neon laser that is coaxial with the IR beam. This laser light, which is used to
provide an internal frequency standard to the instrument, must be prevented from
impinging upon the sample if the reaction that is to be studied is going to be induced by a
controlled source of visible light. Germanium is often the material of choice to perform as
a visible light filter since it still passes the IR radiation. One serious shortcoming of
germanium is that it does not transmit IR radiation below 600cm™. Many metal-ligand
vibrations fall below this cutoff, thus making germanium a liability for these studies.
Polyethylene and silicon are two materials that appear attractive for low-
frequency work, yet they are restricted in their utility due to their limited transmission

range and, in the case of silicon, the high index of refraction.

Temperature Control

Once the sample conditions are under control it is crucial to evaluate the method
by which the temperature of the sample will be controlled. It has been shown that infrared
spectra of aqueous systems display large baseline distortions when the temperature is not

maintained at a constant value[3]. Additionally when two spectra, of the same partially
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dehydrated protein film, taken immediately consecutively to one another, experience
temperature drifts of as little as 0.3°C , large differential signals appear in the difference
spectrum (see Figure 4-5). Care must be taken when evaluating data, as these “thermal
bands” can easily be mistaken for real peaks.

There are several technologies available to achieve a high level of temperature
control with a sampling system. Closed-cycle helium refrigeration systems allow samples
to be cooled to 1-2K. These systems display very stable temperatures, yet they do not
allow for easy sample switching. These cryostat systems place the sample into a high-
vacuum environment to reduce or eliminate thermal contact with the ambient
temperatures. Each time a sample is removed this vacuum must be broken, and
reestablished before a new set of data, with a new sample, can be acquired. This greatly
increases the amount of time necessary to achieve a given signal-to-noise ratio in a final
spectrum. It is not uncommon for spectra from multiple samples to be averaged together,
thus a system whereby one can change samples easily and quickly is desirable. In
addition to this, the windows on the refrigeration unit must be able to not only pass
infrared radiation, but also have the mechanical strength necessary to withstand the great
pressure differential between the high vacuum that surrounds the sample and the
atmospheric pressure outside of the apparatus. Typically more brittle materials, such as
calcium fluoride, are used, but, because of their IR transmission properties, they are not
of any use for studies of low-frequency modes of vibration. The materials that are capable

of transmitting the lower frequencies are typically softer, and thus very thick windows are
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Figure 4-5: Difference bands induced by temperature fluctuation of partially
hydrated film of photosystem II. The spectrum was acquired by cooling the sample
to 200K, acquiring one spectrum (500 scans), raising the temperature 0.2 °C, and
acquiring a second spectrum (500 scans). The ratio of the two spectra resulted in the
displayed difference spectrum.
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necessary to meet the mechanical specifications. Thicker windows reduces the overall
throughput on a system, thereby also degrading the signal-to-noise ratio of the acquired
data.

A system that we have designed to accommodate our experimental needs is
presented in Figure 4-6. It maintains a high level of temperature stability, yet allows for
facile sample changing, while also allowing for high optical throughput. The system is
based upon the simple concept of flowing a stream of gas at a precisely controlled
temperature around the sample. In our system, nitrogen gas, at room temperature, is
passed through two heat exchangers to cool the gas to a temperature below the desired
target temperature. The first heat exchanger uses an acetone/dry ice bath, the second uses
liquid nitrogen. The gas is then passed through a glass dewar transfer arm, that contains a
nichrome heating element that is used to heat the gas to the desired temperature in a
controlled manner. The gas, now at the desired temperature, then flows into the sampling
chamber that is located in the sample compartment of the FTIR spectrometer. The
sampling chamber is a simple aluminum box, with windows to allow the IR radiation to
pass (Figure 4-7). The first window is a bandpass filter (either germanium or a custom
dielectric-layer bandpass filter discussed later) that acts to block the coaxial helium-neon
laser beam, while still transmitting the IR radiation in the frequency range of interest. The
second window is made of silver chloride. Care is taken to place the actual enzyme
sample at the focal point of the IR radiation. The sample, a partially-dehydrated film of
protein, is on a silver chloride window, that is sealed with another silver chloride

window. Incorporated into the sample window holder is a thermocouple used to monitor
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Figure 4-6: Temperature control system for low temperature FTIR experiments.
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the temperature of the sample. The temperature is controlled controlled to +/-0.1°C by a

LakeShore Cryogenics Model 321 temperature control unit. With this level of control, the
thermal contributions to the difference spectra are eliminated, and the design of the
system allows large numbers of samples to be investigated in a relatively short period of
time. Most importantly, there is no limit upon the choice of window materials used on the
sampling chamber. Therefore, the high and low frequency cutoffs of the acquired data are
not limited by the temperature control system. In order to induce the reaction with actinic
light, a fiber optic probe is positioned next to the sample holder. A 150W halogen bulb,

filtered to remove IR components, can provide 20mW of visible light to the sample.

Conclusions

With the systems described above, we have developed ways whereby we can
acquire data using infrared spectroscopy, that gives us information about the low
frequency vibrations present in photosystem II. This is the first time that information such
as this has been reported, and the techniques developed here show great potential for
application not only to photosystem II, but to metalloenzymes in general. We are
currently adapting these techniques to study the binuclear iron-copper center of the
respiratory protein cytochrome c oxidase. Other systems for which this technique may be
useful include methane monooxygenase, ribonucleotide reductase, and the manganese
catalase systems. Studies of these systems have been limited, until now, to relatively

indirect methods of spectroscopy. The information acquired here is direct, in that it can
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confirm the presence or lack of certain specific chemical bonds during the various steps

of the catalytic cycles of the enzymes.
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Chapter 5

LOW FREQUENCY MODES IN
THE LIGHT-INDUCED FTIR DIFFERENCE SPECTRUM

OF PHOTOSYSTEM 11

Abstract

We report the first light-induced FTIR difference spectra of photosystem II which
include data from the low frequency (600-1000 cm™) region of the spectrum. This is the
region where metal-ligand vibrations and metal-substrate vibrations are expected to be
observed. These spectra, which show the vibrational differences as the enzyme is
advanced from the S,Q, state to the S,Q,- state, display a multitude of vibrational modes
that are attributable to 1) amino acid vibrations that are perturbed by the advancement of
the redox state of the enzyme, 2) protein backbone modes, and 3) metal-ligand species
whose bonding interactions are altered upon advancing the manganese cluster from the S,
state to the S, state. Both sub-chloroplast BBY-type particles and highly-refined reaction
center core preparations were utilized for these studies. Upon manganese depletion of the
samples, the difference spectra showed reproducible changes in the ~630 cm™ region of
the spectrum where manganese-substrate bonds are expected to appear. Additionally,
when the samples were induced to oxidize water, in the presence of '*O-labelled water,
reproducible changes of the ~632 cm™ peak were observed. The frequency to which the
vibration is expected to shift, based upon model compound studies, is currently below the

range of our instrumental capabilities. Modifications are planned to extend the low-
112
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frequency capability of the instrumentation, which will allow the observation of modes

down to 350 cm’. Additionally, photosystem II samples which display the g=4.1 EPR
signal of the S, state of the enzyme were studied. Vibrational differences in the low
frequency region of the spectrum were observed, which is consistent with the occurrence
of a structural rearrangement of the manganese cluster under the conditions in which the

g=4.1 EPR signal is exhibited.

Introduction

Photosynthesis is the process whereby higher plants, cyanobacteria, and some
bacteria harvest light, and use that energy to separate charges across cellular membranes.
Ultimately the energy is used to drive metabolic processes. The infrastructure that all
photosynthetic organisms utilize to generate this initial charge separation is universal.
Energy, in the form of light, is harvested and used to create a charge separated state
between a dimer of chlorophyll molecules (the “special pair”), and a quinone molecule,
Q.. The mechanism by which the positively charged “hole” on the special pair of
chlorophyll molecules is filled differentiates non-oxygen evolving photosynthetic
bacteria, from those organisms that evolve oxygen, such as cyanobacteria and higher
plants. In the non-oxygen evolving systems, where the photosynthetic enzyme is called
the bacterial reaction center, the hole on the special pair of chlorophyll molecules is filled
by reducing equivalents from cytochrome ¢ molecules. In cyanobacteria and higher
plants, the enzyme that performs the initial steps of photosynthesis is known as

Photosystem II (PSII). In PSII, the hole on the chlorophyll dimer (called P680), is filled
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by an electron which originates from the oxidation of a solvent water molecule. This
oxidation of water results in the production of molecular oxygen (see Figure 5-1).

In 1937, it was determined tﬁat the element manganese was intimately involved in
the water oxidation process[1]. In these studies it was shown that, if manganese were
removed from the growth media of plants and algae, the organisms were no longer
capable of oxygen evolution. If the manganese was replaced, oxygen evolution was
rapidly restored. Over time, the debate regarding the stoichiometry of manganese in PSII
has converged, and it is widely agreed upon that there are four manganese atoms per

photosystem II reaction center. In addition to the four manganese ions, it is known that

Ca™ and Cl are essential cofactors; their absence abolishes oxygen evolution.(For a

comprehensive review of PSII, see [2-4]). A cartoon that depicts the primary
photochemical events of PSII is shown in Figure 5-2. Upon photoexcitation, an electron
is ejected from the special pair of chlorophyll molecules called P680. This electron
travels through a pheophytin molecule, to the primary plastoquinone molecule Q,, and
then to a second plastoquinone molecule Qg, which can accommodate two electrons. Qg,
once doubly reduced, dissociates to the stromal side of the chloroplast membrane. The
reducing equivalents on this quinone molecule are ultimately used in the reduction of
NADP* to NADPH. P680" is one of the strongest oxidants known in biological systems
(~1.1eV). Once oxidized, it is immediately reduced by an electron from a redox active
tyrosine residue of the protein backbone, Y, to give a neutral tyrosine radical, Y,¢ . This
radical is then reduced by electrons derived from a substrate water molecule that is

interacting with the manganese cluster.
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Photosystem II

. quinone pool

Figure 5-1: Schematic of the Photosystem II reaction center. Numbers are approximate
molecular weights of the constituent polypeptides. See text for description of
components.
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Photosystem II

2H,0 N
5 (Mn),, Ca*, Cl
O,+4H" + de-

. quinone pool

Figure 5-2: Schematic depicting the primary photochemical events in photosystem II.
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After four electrons are removed from the manganese cluster, molecular oxygen is
released and the manganese cluster is reduced back to the S, state. There is another redox
active tyrosine residue, Y,, whose physiological role is unknown, that is stable in the
radical form, and exhibits a dark stable EPR signal.

That an organism has developed an enzymatic method whereby a thermodynamic
sink as stable as water can be oxidized is a remarkable achievement of evolutionary
action. The step-by-step molecular mechanism of oxygenic photosynthesis, however,
remains one of the puzzling mysteries of biophysical chemistry. From the stoichiometry
of water oxidation (1) it is clear that this process involves multiple electrons, which must

require the enzyme that carries out this

(1) 2H,0=>0,+4H" +4¢ E°=0.93V@pHS5.0

this process to exert considerable biochemical and physiological control. Whether the
substrate water is oxidized in a sequential, step-wise fashion, or in one concerted step, is
currently the subject of much debate.

Several key experiments have provided critical insight into the specific role
played by manganese ions in the water oxidation process. In 1969 an experiment where
oxygen evolution from chloroplasts of plants was measured as the samples were
subjected to short, saturating flashes of light[5]. It was noted that there was a burst of
oxygen released upon the third flash given to the dark-adapted samples, and subsequently

on every fourth flash thereafter. This observation led Bessel Kok, to propose the Kok
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cycle for oxygen evolution [6](Figure 5-3). This model for the “S-states” proposes that

there are five distinct oxidation levels involved in photosynthetic oxygen evolution.
These states, labeled S,-S,, represent different redox levels of the enzyme, with S, being
the most reduced form of the enzyme, and S, being the most oxidized. Dark adapted
samples, primarily in the S, state, are consecutively oxidized by one electron until the S4
state is reached. At this point water is oxidized to dioxygen in a concerted four electron
process, giving back the S state with the release of O,. The Kok model inspired much
thinking regarding the exact mechanism of oxygen evolution. However, with a lack of
specific, molecular-level information regarding the structure and geometry of the
manganese cluster, little evidence was available to prove the feasibility of any one model
over the others.

Another significant advance in the study of oxygen evolution in photosystem II,
occurred in 1981 when Dismukes and co-workers reported observing an EPR signal from
dark adapted PSII samples given a single flash of saturating light [7]. As with oxygen
evolution, the amplitude of this signal also exhibited a periodic four flash dependence.
This behavior is indicative of the EPR signal arising from the S, state of the enzyme. This
“multiline” signal (g=1.98 @ 9 GHz) consists of 18-22 lines, each separated by 75-90
gauss, and was assigned to a mixed-valence cluster of at least two exchange coupled
manganese atoms (Figure 5-4). When ""O-labeled water was used as the substrate, slight
line broadening in the multiline signal was observed[8] which was attributed to the
interaction between the S=5/2 ""O nucleus and the S=1/2 spin state of the manganese

cluster. In PSII samples treated with the substrate analog NH,, the multiline signal was
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Kok Cycle

Figure 5-3: Kok model for oxygen evolution.
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dy"/dH

0 1000 2000 3000 4000 5000

gauss

Figure 5-4: Multiline EPR spectrum of BBY particles, 200K illumination. 8K sample
temperature. Spectrum is the difference between a EPR spectrum acquired after
illumination at 200K, and the EPR spectrum of the sample before illumination.
Microwave power: 2 mW, 20 gauss modulation amplitude, gain =1x10°.
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altered, which suggests a direct interaction between the ammonia molecule, and the
manganese cluster[9, 10]. Both of these studies implicate the manganese ensemble as
being both the site of substrate binding as well as the site of subsequent substrate
oxidation.

Under conditions of CI depletion, or substitution with F, NH; or Sr**, the
manganese cluster exhibits an EPR signal attributed to the S, state that is observed at
g=4.1. The intensity of this signal appears at the expense of intensity of the S, multiline
signal. The g-value at which it appears is consistent with an S=3/2 or S=5/2 spin state,
which implies that a magnetic reorganization must occur for the manganese cluster to
switch between displaying the S=1/2 multiline signal and the g=4.1 signal. Because it is
widely agreed that the oxidation states of the individual manganese ions in the S, state are
(IILIV,IV,IV), the g=4.1 signal most likely arises from a S=5/2 state.

Other techniques that have contributed to the advancement in the understanding of
the organization of the manganese cluster (also called the Oxygen-Evolving Complex, or
OEC) of photosystem II are the various X-ray absorption spectroscopies, particularly X-
ray Absorption Near Edge Spectroscopy (XANES) and Extended X-ray Absorption Fine
Structure spectroscopy (EXAFS). EXAFS, when applied properly, has the potential to
provide information regarding the structure and coordination environment of a metal
ion[11-15]. While the validity of the various experiments that have been performed are
vigorously debated within the EXAFS community, one point of agreement that has been
reached is the existence in the manganese cluster of a metal-metal distance of 2.7A and a
second distance vector 3.3 A in length. Whether this 3.3 A distance is a Mn-Mn distance

or a Mn-Ca”* distance is not known. The 2.7 A distance, when compared to data acquired



fror
ator
the
that
mar

(to ¢

resp

Stateg

eject
Set fr

aboy




122
from model compound studies, is diagnostic of a Mn,0, structure, where the two oxygen

atoms form a bridge between the two manganese atoms in a di-p-oxo arrangement. On
the basis of these measurements and the EPR results, a model for the OEC was proposed
that consisted of two di-p-oxo dimers ( the so-called “dimer of dimers” model) of
manganese atoms (to accommodate the 2.7 A distance), linked by a mono-p-oxo bridge
(to accommodate the 3.3 A distance)[16]. Further experiments on layered, oriented PSII
samples, showed evidence for an open “C” geometry of the two di-p-oxo cores with

respect to one another (Figure 5-5) [17].

..........
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Figure 5-5: Open “C” model for the manganese cluster of Photosystem II

XANES is a technique that can be used in the determination of the oxidation
states of metal atoms[18, 19]. By examining the energy of the X-ray photon necessary to
eject an inner-shell electron from a metal atom, and then comparing that enefgy to a data
set from model compounds of known oxidation level, it is possible to draw conclusions

about the oxidation states of metal centers in proteins. While these experiments also are



not

mar
spe
que:
som
som

oxid

F igur,
Water

thes

disap



123

not without controversy, there are several points regarding the oxidation levels of the
manganese cluster in the various S-states that are agreed upon by a majority of the X-ray
spectroscopy practitioners[20]. These oxidation schemes are depicted in Figure 5-6. A
question remains as to whether manganese is oxidized on the S, to S, transition, or if
some organic cofactor is oxidized to generate an organic radical. Manganese XANES, in
some studies, does not show the characteristic small edge shift associated with metal

oxidation[20]. However, the data acquired from these experiments, and more particularly,

S, S,
(Mn", Mn", Mn", Mn") €= (Mn", Mn", Mn", Mn")

(Mn’, Mn' (Mn", Mn", Mn", Mn")

\" Mnlv MDIV)
S, \ S,

(Mn", Mnl", Man’ Man)
S,

Figure 5-6: Scheme of oxidation states of manganese cluster during the catalytic cycle of
water oxidation.

the subsequent treatment of these data, is subjective, and small subtle shifts can appear or

disappear depending upon the specific data treatment method utilized[21]. Under certain
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non-oxygen evolving conditions, a 90-180 gauss EPR signal centered at g=2 can be

observed in PSII samples that have been calcium depleted, or substituted with
fluoride[22-24]. Some have attributed this signal to a histidine residue that is oxidized on
the S, to S, transition in lieu of manganese [25, 26]. However, this assignment has been
effectively challenged by Britt and co-workers who, using pulsed EPR methods, showed
that this 90-180 gauss radical can be assigned to tyrosine Z in an altered environment,
induced by the removal of calcium([27].

All of the information regarding the possible structure and oxidation states of the
OEC have been assimilated in a model for oxygen evolution[28]. This model attempts to
incorporate the available structural and chemical information regarding the OEC, into one
comprehensive mechanism for water oxidation. A schematic of the model is presented in
Figure 5-7. A key aspect of the model is that the redox active tyrosine residue, Y, acts as
a hydrogen atom abstractor. In the S, state, substrate water is bound to the OEC, whose
four manganese atoms are at the (ILIILIV,IV) or (IILIILIILIV) oxidation level. Y, then
acts upon the substrate water, abstracting a hydrogen atom from the bound water. The
result is the S, state, in which the manganese cluster has been oxidized by one electron,
and the substrate now consists of a bound hydroxide ligand oriented cofacially to the
other substrate water molecule. Upon the next oxidation, which results in the S, state,
another hydrogen atom is abstracted, leaving the manganese in a (IILIV,IV,IV) oxidation
level. This is the state that gives rise to the multiline EPR signal. A manganese (III, IV)
dimer in which the two manganese are antiferromagnetically coupled, has an overall spin
of S=1/2. An antiferromagnetically coupled (IV,IV) dimer of manganese atoms has a spin

of S=0. Coupling these two spin states gives an overall spin state of S=1/2, which is the
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spin state attributed to the manganese ensemble when the multiline EPR signal is
observed[20]. An interesting proposal in this model is that, in order to avoid large
reorganization energies, Y, must only abstract hydrogen atoms from the top half of the
dimer of dimers cluster. Upon initial formation of the S, state, a species that is formally
an oxo species is generated, while there is still a bound water molecule on the bottom half
of the dimer. However, due to the basicity of this terminal oxo group, or due to the
necessity for the cluster to remain charge balanced, a proton from the substrate molecule
on the bottom dimer moves to the oxo moiety on the top half of the dimer. This allows
the tyrosine residue to continue abstracting hydrogen atoms from the top half of the dimer
pair, which obviates radical motion to reach the substrate molecule on the bottom half of
the dimer. The result, in the S, state, is two hydroxide ligands cofacially oriented across
the open “C” end of the manganese cluster. Further oxidation to the S, state results in an
oxo/hydroxo substrate configuration, and the S, state transiently forms cofacial oxos, that
spontaneously condense to give dioxygen, while the four electrons from the oxos (still
formally at the oxidation level of water) reduce the manganese cluster back to the S, state.
The role of calcium in this model is not clear, however, it could act as a substrate handler,
ferrying new substrate molecules into the active site of the enzyme. It is known that if
Sr** is substituted for Ca>*, oxygen evolution is supported, albeit at reduced rates (~40%),
while other divalent or univalent cations are ineffective at supporting O, evolution[29].
This observation demands further experimentation before divalent cation activation of

PSII becomes well understood.
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| Water Oxidation — Proposed Reaction Cycle I

Figure 5-7: Proposed sequence of steps in the water oxidation process[28].
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This hydrogen abstraction model for oxygen evolution is supported by many key

pieces of evidence. Electron spin echo modulation studies place Y, within 3.5-5 A of the
manganese ensemble, well within range for Y, to act directly upon manganese bound
substrate molecules[27, 30]. It was determined by examining the line widths of the
hyperfine couplings of the unpaired spin of the tyrosine Z radical to the B-protons of the
phenolic side chain that Y, has significant rotational mobility, which implies that it
performs a role more complex than that of a simple electron transfer cofactor. Contrary to
this, the other redox active tyrosine residue in PSII, Y, does not enjoy the rotational
freedom of Y,, indicating it is more likely to play the role of a pure electron transfer
cofactor[31]. There are several O, dependent metalloradical enzymes that utilize an
amino acid radical as a hydrogen-atom abstraction agent. These include ribonucleotide
reductase, galactose oxidase, and prostaglandin synthase[32, 33].

The bond dissociation energy (BDE) of the phenolic O-H group on Y, has been
found to be approximately 86-87kcal/mol. This value, when compared to the ~120
kcal/mol BDE for water would indicate the incompetence of tyrosine to perform
hydrogen abstraction upon substrate water. However, the BDE of water ligated to
manganese falls to ~82-94 kcal/mol, and to ~82-83 kcal/mol for hydroxide bound to
manganese. These values indicate that, indeed, Y, could be competent in performing
hydrogen atom abstraction on substrate water or hydroxide molecules[34-37].

While the Hoganson model incorporates much of the experimental information
now known about PSII, it is not widely accepted as the “correct” answer to the question

of the mechanism of photosynthetic water oxidation. In fact, several other mechanisms
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have been proposed that disagree with the mechanism described above. One model has

been proposed that utilizes two oxyl radicals in a di-p-oxyl bridging geometry in one of
the manganese dimers[20] as the species present in S,. The oxyl radicals then condense to
form dioxygen. Despite the differing theories for the precise mechanism of water
oxidation, it is clear that the various models that have been proposed need to be tested in
a clear, conclusive manner so that they may be fine tuned, overhauled, or rejected
outright. One aspect of the new series of models is that the S-states are predicted to
contain molecular structures that will present unique and characteristic signals in the low
frequency region of their vibrational spectra.

It has been a goal of ours to develop experimental methodologies whereby we can
obtain information about the low frequency vibrations exhibited by the manganese cluster
in photosystem II, and thus contribute specific information regarding the presence of (or
lack of) specific chemical species at certain points in the catalytic cycle of photosystem
II. An example of the utility of this type of information comes from the experiments that
utilized time resolved resonance Raman spectroscopy to investigate the respiratory
protein cytochrome c oxidase, which catalyzes the reduction of O, to water[38, 39]. These
experiments provided vibrational data that facilitated the formulation of proposals
regarding dioxygen reduction in the cytochrome ¢ oxidase. However, the presence of
chlorophyll molecules in PSII obscures any signals arising from the manganese, and
renders a resonance Raman approach ineffective.

Because Raman spectroscopy is not a viable option. for the study of the

manganese cluster in PSII, an obvious alternative is infrared spectroscopy. However, as
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was discussed in chapter 4, low-frequency information in the infrared spectra of proteins

is not information that is easily obtained. But, as we have found, the judicious use of
reaction-modulated infrared difference spectroscopy, can give us a foothold into this .
challenging area of spectroscopy. We have developed methods whereby we can obtain
high-quality Light-Induced FTIR difference (LI-FTIR) spectra that reflect the vibrational
differences between the S, and the S, state of the OEC. Within the vibrational difference
spectra, we intend to find information that will provide direct evidence of the existence of
specific molecular structures in the reaction center.

As an example of the type of information we plan to obtain, consider the model of
Hoganson et al presented in Figure 5-7. In the S, state, it is postulated that there will be a
water bound to one manganese, and a hydroxide bound to the second manganese. These
two ligands to manganese will have characteristic vibrational frequencies. If photosystem
II samples are illuminated at 200K the S, state will advance to the S, state. Further
advancement to the higher S-states is not possible due to the fact that at 200K or lower,
electron transfer from Q, to Qj is inhibited and thus only a single charge separation can
occur[40]. In the S, state it is theorized that there are two hydroxide molecules bound,
one to a Mn(IV) ion, and one to a Mn(IIl) ion. In S,, there was postulated a hydroxide ion
bound to a Mn(IIl) ion, and a water bound to another Mn(lIIlI) ion. In an infrared
difference spectrum of the S, state minus the S, state, negative modes will correspond to
vibrations that disappeared upon formation of the S, state, i.e. those that corresponded to
the S, state. Assuming that the Mn(III)-OH bond in S,, and the Mn(III)-OH bond in S, are
energetically degenerate, then the difference spectrum will show a positive mode

originating from the Mn(IV)-OH and a negative mode from the loss of the Mn(III)-H,0;
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the Mn(111)-OH modes cancel each other out. With the use of isotopically labeled water,

the identification of these modes should be straightforward, as a Mn-H,0, Mn-OH, or
Mn=0 structure will each present a unique and identifiable isotope dependence in its
vibrational frequency.

In order to gain access to the low frequency region of the infrared spectrum,
where these intermediates in the water oxidation process will vibrate, it has been
necessary to devise techniques to remove most of the bulk solvent water from the samples
in order that the low frequency vibrational modes are not obscured. Control experiments,
(EPR and oxygen evolution) have been performed to ensure that the samples retained
their biological integrity, and are thus fully competent to perform water oxidation. The

results of these experiments are described here.

Materials and Methods

Photosystem II enriched subchloroplast particles (BBYs) were prepared according
to the methods of Berthold et al [41]. The samples were suspended in SMN buffer which
consisted of 0.4M sucrose, SOmM 2-(N-Morpholino)ethanesulfonic acid (MES) (pH 6.0),
and 10mM NaCl. The particles exhibited oxygen evolution rates of 600-700
pmoles/O,/mg chl/hour. For FTIR measurements, the samples were resuspended in SmM
MES, 5mM CaCl,, 5SmM NaCl. The samples exhibited no decline in oxygen evolution in
this medium. Reaction center cores (RCCs) were prepared according to the methods of
Ghanotakis et al [42, 43]. Briefly, BBY particles were solubilized with the non-ionic

detergent octylthioglucoside. The solubilization served to strip away membrane
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fragments, and the light harvesting proteins, leaving an oxygen evolving core preparation.
The RCCs exhibited O, evolution rates of 1400-1600 umoles O,/mg chl/hour. Samples
for FTIR were resuspended in 150mM sucrose, 5 mM MES, 5mM NaCl, SmM CaCl,
(FTIR buffer). Oxygen rates were not affected by resuspension is such a medium, nor by
incubation in the dark, at 0°C, for ~24.

Manganese depleted samples were prepared by 1) incubating BBYs or RCCs in
the presence of 0.8M Tris(hydroxy-methyl)aminomethane (pH 8.0) (“tris”), 1.00 mM
EDTA for 30 minutes under room light at 0° C[44], or 2) by incubating BBY's or RCCs in
the presence of 10mM NH,OH, for 30 minutes, at 0°C, in the dark[45, 46]. After
manganese depletion, samples were washed twice in FTIR buffer to remove any Mn**
remaining after manganese depletion. Samples so treated exhibited no detectable oxygen
evolution.

For the g=4.1 studies, samples were prepared by either substitution with Sr** or
with ammonia. The Sr** samples were prepared by washing the reaction center cores in
0.4M sucrose, SOmM MES (pH 6.0), 2 M NaCl. This treatment removes the 17 and 23
kDa polypeptides. The samples were then resuspended in FTIR buffer containing 40mM
SrCl,. Ammonia treated samples were prepared by resuspending the samples into FTIR
buffer and adding 100mM NH,CI.

FTIR samples were prepared by depositing an aliquot of PSII’s onto 25mm
diameter AgCl IR windows (Wilmad). The amount of sample deposited was calculated to
give a total quantity of chlorophyll of 30ug, or ~107"° moles of reaction center cores,

based upon 250 chlorophyll molecules per BBY particle, and 75 chlorophyll molecules
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per reaction center core particle. The samples were deposited to give a sample “spot size”
of 1.3 cm in diameter. The samples were then dried under a stream of dry nitrogen gas,
for 15-20 minutes, until no liquid water was visible under visual examination. The
integrated intensity of the infrared water absorption band centered at ~3500 cm™ was
routinely 8-10 times that of the integrated intensity of the Amide I protein absorption
mode at 1650 cm™.

Control EPR experiments were performed on either fully aqueous samples, or on
partially hydrated samples deposited on to mylar, and dried in the same manner as the
FTIR samples. EPR spectra were run on a Bruker ER-300 Spectrometer equipped with an
Oxford Systems Liquid Helium cryostat for cryogenic studies, or at 200K for FTIR
control studies.

FTIR experiments were performed with a Nicolet 740 spectrometer with a KBr
beamsplitter and a Graseby Infrared MCT detector (Graseby Infrared Model MCT-16-
1.00). The sample was cooled to 200K by using a home-built nitrogen gas flow cryostat
(see chapter 4 for a description of the sample temperature system). The absolute
absorbance of the amide I band of the sample did not exceed 1.0 absorbance unit. The
sample temperature was controlled to +0.1°C with a LakeShore Cryogenics Model 321
temperature controller for the experiments using reaction center cores. The temperature
for the experiments with BBYs was controlled with an Omega model 76000 temperature
controller to £0.2°C. Double sided interferograms were collected at 4 cm™ resolution, and
apodized using a Happ-Ganzel apodization function. 500 scans were averaged for each

spectrum. Sample illumination was carried out with a 150W halogen bulb. Infrared
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components of the actinic light were removed by using two thick glass filters, 1 cm of 5%
copper sulfate solution, and a low frequency filter that passes visible light A>650nm. A
fiber optic probe positioned next to the sample window transmitted the light into the
sampling chamber. 20mW of light was incident upon the sample. S,Q,-/S,Q, difference
spectra were obtained by collecting a dark spectrum at 200K, illuminating the sample
directly in the cryostat, then collecting a spectrum of the illuminated sample. The ratio of
the “dark” to the “light” provided the S,Q,-/S,Q, difference spectrum. A smooth
polynomial function was subtracted from each light-minus-dark pair to correct for an
offset to the baseline. Multiple spectra (6-15 individual spectra, depending upon the
specific spectrum) were then averaged together to produce the final difference spectra.
Flat baselines were verified by ratioing two “dark” spectra together prior to illuminating
the sample. These “dark/dark™ spectra were collected and examined and no reproducible
peaks were found in the region below 1000 cm™ ( for example, see Figure 5-16).

Oxygen evolution measurements were performed with a Clark-type Oxygen
electrode. 100 uM or ImM 2,6 dichlorobenzoquinone was used as an electron acceptor

for BBYs, and RCCs respectively.

Results

Spectroscopic investigations of photosystem II rapidly progressed with the
development of refined preparations of photosystem II. Until 1981, the most highly
refined preparation consisted of plant chloroplasts where the membranes of the

chloroplast had been mechanically or biochemically broken. In 1981, however, Berthold
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and coworkers[41] reported a preparation of photosystem II in which a large percentage

of the chloroplast membrane had been digested away by using the detergent Triton X-
100. The remaining membranes were highly enriched in photosystem II. This
biochemical breakthrough gave spectroscopists access to samples in which the
Photosystem II concentration was double what was previously attainable in thylakoid
membrane preparations. Thylakoid membranes typically contain 400 chlorophyll
molecules per reaction center, whereas BBY particles contain 220-250
chlorophylls/reaction center[41]. More importantly, however, is the fact that these BBY
preparations contain minimal photosystem I contamination, which, under illumination,
would contribute to any light induced difference spectra.

EPR Control Experiments-BBYs: Because we are ultimately interested in observing FTIR
signals from the low frequency region of the infrared spectrum, it is necessary to devise
methods whereby we can remove the bulk of the solvent water from the sample, yet still
retain the biochemical activity of the samples. To establish the biological relevance of
these samples, it is critical to verify their biochemical integrity. Photosystem II has been
studied extensively by EPR[2]. Thus, we can use the well-characterized EPR signals as
diagnostic benchmarks to establish that our samples can withstand the partial dehydration
necessary for the infrared experiment. Figure 5-8a shows an EPR spectrum of BBY
particles in solution. The signal observed shows the dark stable radical signal attributed to
Yy, a redox active tyrosine residue in photosystem I1[47]. Figure 5-8b shows Tris-treated
(manganese depleted) BBY particles, in solution, at room temperature. In Tris treated
samples it can be seen that under illumination, there is a a light induced increase of the

tyrosine signal because there is no longer a reductant immediately available to reduce the
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radical generated at Y,. Thus the radical signal from Y, is added to the tyrosine signal

from the Y. Y, exhibits a highly stable EPR signal in O, evolving samples of BBYs.
Therefore it can be used as an intensity standard against which other signals from the
samples can be referenced. As discussed above , it is well known that the S, state of the
oxygen evolving cluster of photosystem II exhibits an EPR multiline signal. Therefore,
the multiline signal is an excellent control signal to verify that the S, state can be
successfully generated in the partially dehydrated samples needed for FTIR spectroscopy.
Figure 5-4 shows the multiline EPR signal generated in an aqueous sample of BBY
particles by illumination of the sample at 200K. It has been shown that continuous
illumination of PSII samples at 200K advances the S-state of the manganese cluster to the
S, state, but no further due to the fact that electron transfer from Q, to Qg is inhibited
below this temperature[40]. Because Q, can only accommodate one electron, the
manganese cluster is limited to a single turnover. Figure 5-9 shows the S, multiline signal
generated in BBY's, by 200K illumination, in partially dehydrated samples. The multiline
signal generated in the partially dehydrated samples is equal in amplitude (normalized to
the amplitude of Y) and appearance as that generated in fully hydrated samples. The
results of this EPR experiment show that we can successfully generate the S, state in
dehydrated samples of BBY particles.

Because we will generate the S, state by illumination at 200 K, in the FTIR
experiment, it is important that we also characterize the formation of any other light
induced species formed in the dried samples under these conditions. This will ensure that

we are fully aware of the species present when making assignments in the FTIR
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Figure 5-8a: Dark stable EPR signal from Yy, in BBY particles. Microwave
power ImW, 2.5 gauss modulation amplitude, 2 minute scan, room temperature.
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under illumination
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Figure 5-8b: Tris-washed BBY particles, before, and under illumination. Same spectral
conditions as Figure 5-8a.
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Figure 5-9: S,-multiline signal from partially dehydrated film of O, evolving BBY
particles illuminated at 200K. 2mW microwave power, 20 gauss modulation amplitude,
gain=1x10°.
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difference spectra. When the dark stable tyrosine signal is examined at 200K (Figure 5-

10a) in partially dehydrated, O, evolving BBYs, it is clear that under illumination there is
a small change in the signal. This change can be attributed to the generation of a small
amount of chlorophyll radical, based upon the linewidth and g value of the light induced
signal. Integration of the signal before and under illumination allows quantification of the
light induced radical, and shows that it is present in 10-15% of the reaction centers. Tris
washed, manganese depleted, BBY samples illuminated at 200K show a very large light
induced increase of the signal, indicative of the generation of chlorophyll radicals in
approximately 70% of the centers (Figure 5-10b).

FTIR Spectra of BBY Particles: We have developed conditions under which we can
partially dehydrate BBY samples and still retain biological integrity as evidenced by the
presence of EPR signals seen in native, fully hydrated reaction centers. Figure 5-11a
shows a LI-FTIR difference spectrum of oxygen evolving BBY particles between 1800
and 1000 cm™. The spectrum was collected by recording the dark spectrum of the samples
at 200 K, illuminating the sample for 10 seconds, allowing the sample to dark adapt for
two minutes to allow any unstable, transiently formed, chlorophyll radical to decay, then
recording a light spectrum. The ratio of the dark and light spectra was taken directly
against each other to obtain the final difference spectrum. Difference spectra from 18
samples were then averaged together to generate the final difference spectrum. This
spectrum, the S,Q,-/S,Q, difference spectrum show vibrations attributable to the S,Q,-

state as positive modes, and vibrations attributable to the S,Q, state as negative modes. In
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Figure 5-10a) (top) EPR spectrum, 200K, partially hydrated BBY particles, b) tris-
washed BBY particles before and after illumination. Microwave power = 0.2mW, 4 gauss
modulation amplitude, gain = 1x10°
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red is shown the average of the “dark/dark™ spectra taken before illumination, which

gives an indication of the noise levels and any systematic fluctuations in the experiment.

In Figure 5-11b is shown the lower frequency range (1000cm™-600 cm™) of the
same sample as Figure 5-11a. The technical advances described in the previous chapter
have allowed us to acquire and present data from the low frequency region for the first
time. A readily apparent feature of this spectrum is the presence of numerous difference
bands. This fact is encouraging in that it generates confidence that we are capable of
detecting absorptions in the low frequency region of the infrared spectrum and that the
low frequency region of the spectrum may contain data relevant to the mechanism of
photosynthetic water oxidation.

In Figure 5-12a is shown the LI-FTIR difference spectrum of Tris-treated BBY
particles. In Tris-treated BBY particles, the manganese cluster has been removed, and
thus any vibrations in the difference spectrum of O, evolving samples that are attributable
to the manganese cluster, should not be present in the difference spectrum of Tris-treated
samples. Figure 5-12b shows the spectrum of the same sample in the 1000cm™ to 600
cm’ range. In Figures 5-11b and 5-12b it can be seen that the signal to noise ratio for the
peaks in the 680 cm™ region is approximately two. In order to make clear, definitive
observation of the peaks, the signal to noise ratio must be increased. Because of this, it
would be advantageous to utilize a more highly resolved preparation of photosystem II,

such as reaction center cores. This would increase the effective concentration of

7
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Figure 5-11 a) (top) and b) (bottom) Black: S,Q,-/S,Q,- light induced FTIR difference
spectra of BBY particles, 200K, 9000 scans. Dash: “dark-dark” for noise reference.
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Figure 5-12a) (top) and b) (bottom) Light-induced FTIR difference spectrum of tris-
washed BBY particles, 200K. 6000 scans.
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oscillators in our samples, thus increasing the signal to noise ratio. However, the more
highly resolved preparations are more delicate, and thus require special conditions where
they can handle the partial dehydration process required for the FTIR work.

EPR Control Experiments-RCCs: Because of the increased reaction center concentration
in samples of reaction center cores as compared to subchloroplast preparations, it was
desirable to develop conditions where the more fragile reaction centers could withstand
the partial dehydration process and still exhibit the EPR signals attributed to fully native
reaction centers. Resuspension of the samples in a lightly buffered medium that contains
reduced amounts of sucrose, allows us to detect the various EPR signals with the dried
samples, that have been previously attributed to intact reaction center core preparations. If
the samples were suspended in a sucrose free buffer, such as that used for the BBY
experiments, then the dried samples exhibited the multiline EPR signal, but were not
competent in generating an alternate signal from the S, state, the g=4.1 signal. This g=4.1
signal is attributed to a magnetically different conformer of the S, state of the manganese
cluster. Additionally, it was found that with RCCs, the small amount of sucrose greatly
enhanced the signal amplitude in the LI-FTIR difference spectra. In the case of BBY
particles, the LI-FTIR signal amplitudes were not dependent upon the sucrose content of
the medium.

Figure 5-13 shows the multiline EPR spectrum generated in the partially hydrated
films of reaction center cores deposited on mylar strips. As in the case of the BBY
samples, the amplitude of the multiline signal generated in the partially hydrated films of
RCCs is equal in amplitude on a per chlorophyll basis as the multiline signal generated in

the fully aqueous reaction center core samples. Figures 5-14a-c show the dark stable
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radical Y,, spectra of the dried O,-evolving, tris-washed and Sr** substituted RCC films,

respectively, at 200K. Under illumination there is a significant increase in amplitude in
each spectrum, indicating that at 200K, a chlorophyll radical is generated in the samples.
Integration of the signals before and after illumination shows that chlorophyll radicals are
present in 50%, 85% and 75% for O,-evolving, tris-washed, and Sr** substituted samples
respectively. In Figure 5-15 is shown the EPR spectrum of the g=4.1 signal generated in
reaction center core samples by substituting S”** for Ca?*, or by introducing NH; to the
samples.

FTIR Spectra of Reaction Center Cores: Figures 5-16a and 5-16b show the light induced
FTIR difference spectrum at 200K of partially hydrated O,-evolving samples of reaction
center cores, from 1800 cm™ to 1000 cm™. This spectrum is the average of 13 different
samples. For reference, the average of the dark/dark spectra are also included to allow
visualization of the random noise levels present in the spectra. Immediately apparent is
the increased signal-to-noise ratio of the spectrum acquired from RCCs versus the same
spectrum generated with BBY particles. Part of this can be attributed to the increase in
reaction center concentration in the RCCs over the BBYs. RCCs typically contain
approximately 80 chlorophyll molecules per reaction center[42] while BBYs typically
contain 3 times that number. Hence, the increase in reaction center concentration should
substantially improve the signal to noise ratio of the light induced difference spectrum.
As in Figures 5-11a and 5-11b positive modes correspond to the vibrations induced upon
formation of the S,Q,- state and negative modes correspond to modes from the S,Q,

state. In Figure 5-17a and 5-17b, is presented the difference spectrum from Tris-treated
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Figure 5-13: Multiline EPR spectrum of partially-hydrated reaction center cores. 200pug
chlorophyll dried on mylar. Microwave power: 2 mW, 20 gauss modulation amplitude,
gain = 1x10°. Temperature = 8K.
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Figure 5-14a: EPR spectrum of O, evolving RCCs, before and after illumination.
Integration indicates the formation of chlorophyll radical in approximately ~50% of the
centers. Same spectral conditions as Figure 5-10.
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Figure 5-14b: EPR spectrum of Tris-washed RCCs at 200K, before and after
illumination. Integration of signals shows generation of chlorophyll radical in
approximately 85% of centers. Same spectral conditions as Figure 5-10.
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Figure 5-14c: EPR spectrum of Sr** substituted RCCs at 200K before and after
illumination. Integration of signals showed chlorophyll radicals generated in
approximately 75% of the centers. Same spectral conditions as Figure 5-10.
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Figure 5-15a: EPR spectrum of Sr** substituted g=4.1 signal in partially hydrated RCC
sample. Spectral conditions same as Figure 5-13.
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Figure 5-15b: EPR spectrum of NH; substituted g=4.1 signal in partially hydrated RCC
sample. Spectral conditions same as Figure 5-13.
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RCC particles. Because the tris-treated samples are manganese depleted, we expect that

any absorbances in the spectrum of O, evolving samples that are due to vibrations of the
manganese cluster should not be present in the spectrum of the manganese depleted
samples. As a control experiment, RCCs were manganese depleted using an alternative
method. L<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>