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Abstract

THE ELECTRON SPIN ECHO STUDIES OF METALLOPROTEINS

by

Haiyong Jin

Adviser: Dr. Hans Thomann

A systematic method is developed to analyze Electron Spin Echo (ESE)

spectra of frozen solution materials. The ESE signal of a frozen solution sample

arises from molecules which orient differently with respect to the applied field. The

"orientation selectivity" by EPR associates the ESE signal at a given field setting to

a distinct subset of molecules. This, together with the dependence of ESE envelope

modulation spectra on the field setting, makes it possible to obtain single crystal

level information about the molecular structure from a frozen solution sample.

In the ESE spectra of both native and isotopically enriched nitrogenase

molybdenum iron protein, nuclear modulation due to at least one nitrogen

coordinated to the iron molybdenum cofactor, the protein active site, have been
o

observed. Based on the nuclear quadrupole parameters (e qQ/h =  2.0 MHz, rj =

0.65) obtained from numerical analysis, in comparison with existing l4N Nuclear 

Quadrupole Resonance data and recent site-directed mutagenesis studies of the



protein, this nitrogen is most likely from the side chain of a histidine, or a 

glutamine. Furthermore, The significant change of the nitrogen modulation 

amplitude introduced by the difference in molybdenum isotope enrichment suggests 

that this nitrogen is likely connected to the FeMoco through coordination to the 

molybdenum.

In the ESE and EPR studies of the multicopper enzyme nitrous oxide 

reductase, two types of copper sites are identified: antiferromagnetically coupled (J  

> 200 cm- 1 ) dimeric sites and unusual Cu(II) sites. The EPR susceptibility arises 

from these Cu(II) sites and from binuclear mixed valence Cu(I)/Cu(II) half — met 

sites which are derived from partially reduced dimers. On average, six of the eight 

copper ions per protein are in the form of the EPR silent binuclear type 3 dimers. 

The inverse proportionality of EPR activity and biological activity among various 

forms of the enzyme suggests that the reduction of N2O may take place at the sites 

of EPR-silent binuclear dimers. Also, the ESE envelope modulation data of the 

enzyme provide a direct evidence that the CuA site, which exists in cytochrome c 

oxidase, is also present in this enzyme.
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PART I

ELECTRON SPIN ECHO SPECTROSCOPY

ABSTRACT

The ESE signal of a frozen solution sample arises from molecules which 

orient differently with respect to the applied field. The "orientation selectivity" by 

EPR associates the ESE signal at a given field setting to a distinct subset of 

molecules. This, together with the dependence of ESE envelope modulation spectra 

on the field setting, makes it possible to obtain single crystal level information 

about the molecular structure from a frozen solution sample. A systematic method 

is developed to extract such information. Simulations, with the consideration of 

"orientation selection", are optimized by a least—square minimization to achieve the 

best—match to the experimental data. In addition, the uniqueness of the extracted 

parameters can be ensured by the constraint that they are independent of 

experimental conditions such as the resonant frequency, the field setting, or the 

choice of inter—pulse time intervals.

A finite instrument "dead time" due to the probe ringdown from high power 

transmitter pulses causes problems in cosine Fourier transform spectra of ESE data. 

They include distortions to the baseline and phases of modulation frequency lines. 

A number of methods, including phase correction and Linear Prediction back 

extension, will be discussed in order to minimize these distortions.

1



Chapter 1

GENERAL INTRODUCTION

Enzymes, the catalysts of biological systems, are remarkable for their 

catalytic power and specificity. Enzymes consist of proteins specifically folded in 

three-dimensional structures such that a catalytically active site is formed in a 

small region of the macromolecule. Important transition metals including iron, 

copper, molybdenum and vanadium are essential elements that often form the key 

parts of active sites of the enzymes which participate in many of the most relevant 

biological reactions. The enzymes studied in this dissertation, the nitrogenase and 

nitrous oxide reductase, are involved in one of the important metabolisms — the 

nitrogen cycle, as shown in Figure 1.11-a. The process of nitrogen fixation (N2 —> 

NH3) is an essential source for the availability of fixed nitrogen which is often the 

limiting factor in plant growth.3 Most of the nitrogen fixation on earth is 

accomplished through the catalytic action of nitrogenase. On the other hand, 

nitrous oxide reductase is the terminal enzyme in the metabolic pathway for 

denitrification.4 The catalytic mechanism for these enzymes is still unknown, as is 

the case for most metalloproteins. The correlation of biological function to 

microscopic structure has been a focal point of many intensive research efforts.5' 0 

Knowledge of the structure of the active sites is needed to elucidate the catalytic 

mechanisms of these enzymes.

Biological systems often provide the motivation and testing ground for the 

development of spectroscopic probes. Electron Spin Echo (ESE) technique, a time 

domain extension of Electron Paramagnetic Resonance (EPR) spectroscopy, has

2
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been applied extensively in metalloprotein studies.7' 0 By analyzing the envelope 

modulation of an ESE signal, which is associated with the electron-nuclear 

interaction, it is possible to obtain information such as ligand identity, coupling 

strength, and geometrical parameters of the molecular levels.

EPR probes the transitions among energy levels of paramagnetic electrons in 

the presence of an external magnetic fidd . 10*27'28 A paramagnetic complex contains 

ion(s) which have permanent magnetic moments. In the absence of an external field 

such moments are randomly oriented, but the application of a fidd results in a 

redistribution over the various orientations in such a way that the complex acquires 

a net magnetic moment. Permanent magnetic dipoles occur only when the ion(s) 

possess a resultant angular momentum. Many ions have dosed dectron shells which 

have no resultant angular momentum and hence no permanent electronic magnetic 

moment. Partly filled shells, with permanent magnetic moments due to the orbital 

motion of the dectrons, or to th d r intrinsic spin, or both, occur in the transition 

groups. When a free ion has a  resultant angular momentum J  in its dectron 

system, its magnetic moment /a is

(1.1) - g 0 e J,

—21where /? is the Bohr magneton (9.2741 * 10 erg/gauss), and g is a pure number ©
of the order of unity, whose value depends on the rdative contributions of orbit and 

spin to the total angular momentum. If it contains a single unpaired dectron 

characterized by an orbital angular momentum quantum number L  and a spin 

quantum number 5  (5  =  1/2). Spin and orbital moments are combined, via 

spin-orbit coupling, into a total angular momentum characterized by the quantum 

number J. The 2J4-1 states are degenerate in the absence of a magnetic fidd. But 

in a  magnetic fidd H, the energy of each state is given by gL0  H  where is
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the magnetic quantum number with integral or half integral values - j ,  -j+ 1, ■■■, 

j - l ,  j. The Land6 ^-factor gL is given by

( 1 2 )  ,  - n  - f f j + l )  - H M )  +  S fS + 1)
L J (J+ 1 )

When a magnetic resonance experiment is performed, transitions may be induced 

among these levels if the excitation frequency is equal to the energy level splitting

(1.3) hv =  glf i e H

with the selection rule AAf — ± 1. In Equation 1.3, h is the Planck constant (6.62 

* 10“ 27 erg-s).

But, a paramagnetic ion in condensed media is by no means "free". It is

surrounded by diamagnetic atoms or ions which are only a few angstroms away.

These ligand ions produce a strong electrostatic field (the ligand field) which

interacts with the paramagnetic ion. The energy associated with the interaction
o

between the paramagnetic electrons and this ligand field varies roughly from 10 to 

10^ cm- * which falls into the infra-red frequency region. Because of this 

interaction, the behavior of the ion in a magnetic field is profoundly changed. 

Quantum states which were degenerate in the free ion become widely separated in 

energy, and only those states which lie at the lowest among energy levels are 

thermally populated. EPR technique, which measures energy transitions of a few 

wave numbers or less, are only capable of observing those between low-lying levels.

A convenient method is needed to represent the behavior of such a group of levels
■ ¥  "  

when a magnetic fidd is applied to the system. The concept of "effective spin", S,

has been found useful.10 It is a  fictitious angular momentum such that the
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degeneracy of the group of levels involved is set equal to (2S+1). With the use of 

the "effective spin", it is possible to set up an "effective spin" Hamiltonian that 

gives a correct description of the behavior of the group of levels in terms as concise 

as those for a free atom or ion.

The "effective spin" Hamiltonian facilitates the analysis of experimental 

data. The experimental quantities measured are g values, hyperfine coupling 

constants, and areas under the absorption curve. For a paramagnetic complex, the 

g factor is usually not a number, but a tensor. The symmetry of the tensor reflects 

the symmetry of the electric field at the ion site.10' 13 For example, Cu(Il) is 

normally found in an octahedral environment with tetragonal distortion, with four 

strongly bound equatorial ligands and one or two weakly bound axial ligands. 14 yy 

is measured when the applied fidd is oriented along the axial ligand direction, and 

Qx 01 18 S ta ined  when the fidd is in the equatorial plane. When gx is found to be

equal to g because of the symmetry of the site, Cu(II) complexes are described as
9

having an axial g tensor. Hyperfine structure, found in many of the signals, not 

only enables the identification of the metal ion, but also reflects the immediate 

environment of the metal ion. For example, the copper nucleus with a nuclear spin 

I  of 3/2 couples to the unpaired dectron, producing a hyperfine splitting pattern of 

21 +  1 =  4 components. It has been observed in copper protdns that one can relate 

the hyperfine coupling values to the degree of tetrahedral distortion of the Cu(II) 

coordination geometry. 14 In fact, the magnitude of the hyperfine coupling is one of 

the distinguishing features between type 1 and type 2 copper sites, two distinct 

dasses of Cu protdn.

In short, an EPR spectrum of a metalloprotein is capable of yidding a 

diverse amount of information concerning the paramagnetic metal ion(s) and its 

environment: the symmetry of the metal binding site; the covalent character of the 

metal—ligand bonds; the oxidation—reduction state of the ion(s) and the total
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amount of the paramagnetic spins. Usually, the EPR spectra of biological materials 

consist of a few broad lines rather than a well characterized hyperfine splitting 

pattern. Frozen solution samples containing transition metal ions generally have 

line widths on the order of several hundred gauss. This sets the limit as to how 

much information can be extracted from an EPR spectrum and provides one of 

motivations to perform Electron Spin Echo spectroscopy.



Chapter 2

INTRODUCTION TO ELECTRON SPIN ECHO SPECTROSCOPY

Electron Spin Echo spectroscopy is a time-domain technique. While a single 

pulse experiment can be performed in Fourier transform Nuclear Magnetic 

Resonance (FT—NMR) spectroscopy, 15 a time-domain EPR experiment usually can 

not be done with a single pulse. The NMR transitions can be uniformly excited by 

the applied pulse, while this is usually not the case for an EPR experiment. A 

typical pulse width for rotating electron spins by 90° is 20—30 nsec, corresponding 

to an excitation bandwidth of 30-60 MHz, or about 10 to 15 gauss. This is usually 

much smaller than typical transition-m etal EPR line widths, for example, the EPR 

line width of the nitrogenase molybdenum—iron protein is about 2500 gauss, or 

about 6000 MHz. Furthermore, there are limitations due to fast relaxation rates. 

For example, lines of 1 gauss width (considered to be very narrow for most samples 

of transition metal ions) would yield free induction decay (FID) signals decaying on 

the order of 100 nsec. Because the resonator has a finite recovery time after the 

application of the high power microwave pulses, the FID can not be detected 

immediately. This missing information or "dead time" piece in the data prevents us 

from observing the fast decaying EPR FID. Therefore, the application of FID 

spectroscopy in EPR is limited to samples with very narrow line widths, hence 

longer relaxation times. To study broad EPR signals, ESE techniques involving the 

application of multiple pulses is needed.

The major advantage of ESE is that it can give much higher spectral 

resolution than EPR. Two line widths can be identified in an EPR spectrum . 18

8
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One is the line width corresponding to the intrinsic coherence lifetime of spectral 

components centered around certain frequencies or electron spin packets. That iB 

the time during which the spin packets precess without serious disturbance from 

lattice relaxation, or from fluctuating magnetic fields due to other spins. This time 

is referred to as the phase memory time, Tm> The other is the line width observed 

in an EPR experiment, which is a superposition of a large number of narrow 

resonance lines accommodated within a smooth and slowly varying envelope which 

constitutes an "inhomogeneously broadened" line. Here the inhomogeneous 

broadening means that the precessions of individual spin packets are independent of 

one another. The inhomogeneous broadening can be due to the g—anisotropy in a 

polycrystalline sample, or to the presence of unresolved hyperfine lines. On the 

other hand, the spin packets have a coherence time determined by the macroscopic 

dynamics of the samples. The resolution obtainable in ESE studies is not limited by 

the inhomogeneous broadening, but by the intrinsic coherence lifetime of individual 

spin packets.

The spin echo forming process may be described quantum mechanically in 

terms of the density matrix formulation, or semi-dassically in terms of precessing 

gyroscopic magnets. The semi—classical approach will be depicted here. Figure 2.1 

shows the simplest ESE pulse sequence, the Hahn echo (two—pulse) sequence, 17 as 

well as the echo forming process for the sequence. The coordinate system shown in 

the figure represents a reference frame which rotates about the Zeeman fidd at an 

angular vdocity 2 x v  , where v  is the microwave frequency resonant with the EPR 

transitions. Since the EPR line is inhomogeneous, different spin packets precess 

about the Zeeman field at different rates. After the first pulse tilts the spin packets 

so that thd r average magnetization lies in the horizontal plane, the differences in 

precession rates among spin packets gives rise to a distribution of magnetization 

subsets. The second pulse, applied at time r  after the first pulse, reverses the
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Figure 2.1 The Hahn echo (two—pulse) sequence and the echo forming 

process. Magnetization M of spin packets are shown in the 

rotating coordinates system: (a,b) before and after the t t / 2  

pulse; (c,d) before and after the k  pulse; (e) phase convergence 

of all spin packets at the time of the echo.
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accumulated relative phases of the spin packets, but not their sense of precession. 

At time 2r  the magnetization of the spin packets interfere constructively, giving rise 

to the echo signal. In order for this constructive interference to occur, it is crucial 

that coherence be generated among the various "spin packets" by the first pulse. It 

is this coherence which makes cancellation of the accumulated relative phases 

possible, therefore, eliminating the effect of inhomogeneous broadening.

There are several types of ESE experiments, two of which are the nuclear 

modulation and echo-induced EPR (or echo detected EPR) experiments.

I. Electron Spin Echo Envelope Modulation (ESEEM)

In the nuclear modulation experiment, one sets the magnetic field to a value 

within the EPR line width, and with a sequence of microwave pulses generates a 

spin echo whose intensity is monitored as a function of the delay time between a 

pair of the pulses. The nuclear modulation effect, which changes the echo amplitude 

periodically, arises from the interaction of the electron spin with nearby nuclei. The 

local magnetic field at a nucleus is a sum of the applied magnetic field and the field 

produced by the electron. When the electron spins are rotated during the pulses in 

a time that is short compared to the precession frequency of the nuclear spin, the 

direction of the local field at the nuclear site is changed. The nucleus, aligned along 

the previous local field, begins to precess about the new local field, and a 

periodically varying local magnetic field will be seen by the electron. This changes 

the phase in the electron spin precession, therefore the echo amplitude. Thus, the 

analysis of the nuclear modulation effect affords a useful means of identifying the 

nuclei in a magnetic complex and investigating their interaction with an electron 

spin.

The nuclear modulation effect was experimentally demonstrated by Mims et
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a l 18 and Cowen et a/ .19 in their pioneering work. Rowan, Hahn and Mims30 

developed an expression describing the 2—pulse nuclear modulation effect, and 

confirmed it in their work on CaW0 4  single crystal doped with Ce*3. Expressions 

for the echo envelope modulation functions for the 2—pnlse and 3-pulse sequence, 

and their derivations and limitations are thoroughly discussed by Mims.31'33 The 

nuclear modulation effect has been utilized extensively for studying biological 

samples, transition metal complexes, organic radicals, coal, conducting polymers, 

and catalysts. The subject of ESE envelope modulation (ESEEM) as well as its 

application have been reviewed by several authors, details of which can be consulted 

there.7*10*33'3B

A qualitative understanding of ESEEM can be gained by analyzing a four 

level spin system where an electron spin 5 = 1 / 2  and a nuclear spin 7 = 1 / 2  

interact. In Figure 2.2.1, the electron and nuclear spin quantum numbers A7g and 

A/j are shown as labels for each energy level. In the energy level diagram, solid lines 

represent "allowed" transitions, where AA7g =  1, AAf{ =  0; while dashed lines 

represent "partially forbidden" transitions, where AAfg =  1, AAfj # 0. In an ESE 

experiment each pulse excites the transitions between the upper and lower 

manifolds. If the pulse excitation bandwidth is greater than the energy difference in 

either manifold, both the "allowed" and "partially forbidden" transitions can occur. 

For example, transitions from Ej and E4 to Ei can be simultaneously pumped, 

emitting photons with time coherencies. These coherent photons will interfere with 

each other, giving rise to the periodic changes of the echo amplitude. The echo 

amplitude is therefore modulated by the frequency (E j - E j)//*. Likewise, the 

frequency component (E j-E i) /h  modulates the echo amplitude in the similar 

fashion. The nuclear modulation effect is the consequence of the interference 

between "allowed" and "partially forbidden" transitions. The amplitude of a 

modulation component, therefore, is expected to be proportional to the "partially
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Figure 2.2.1 A four level spin system consisting of an electron and a spin 

1/2 nucleus. The magnetic quantum numbers for the 

dectronic and nuclear spin are denoted by Afg and Afj, 

respectivdy. The solid lines represent the "allowed" 

transitions AAfg — *1 and AAfj =  0; the dashed lines represent 

the "partially forbidden" transitions AAfg =  +1 and AAfj +1.
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forbidden" transition probability.

II. Echo-Induced EPR

Another common experiment is the echo-induced EPR (El—EPR). An 

El—EPR spectrum is obtained when the inter—pulse time intervals are fixed and the 

echo signal is monitored while the applied magnetic field is varied. Usually, the 

Hahn—echo sequence with a fixed r  is used. Unlike CW—EPR where the 

"derivative" absorption spectrum is recorded, El—EPR measures the absorption 

spectrum directly.

While CW—EPR is incapable of resolving the features caused by weak 

interactions, El—EPR is susceptible to the the nuclear modulation effect.16 This 

effect may depress or even remove signals from the El—EPR spectrum for certain 

values of the pulse interval r  and for certain components of the spectrum. It has 

been observed that when a pronounced modulation effect is present, the El—EPR 

spectrum can be quite distorted compared to the CW—EPR spectrum. Sometimes, 

El—EPR can dramatically demonstrate the differences caused by the weak magnetic 

interactions which are unresolvable in CW—EPR. Caution should be exercised when 

extracting quantitative information. The straightforward approach of measuring 

directly from a spectrum the hyperfine coupling values or the relative amplitudes of 

different spectral components, as done in CW—EPR ,27 may not be appropriate for 

El—EPR. Furthermore, the simulation of El—EPR spectra may require knowledge 

of the coupling parameters obtained from a complete simulation of the ESEEM 

spectra.



Chapter 3

NUMERICAL SIMULATION METHODS

In this chapter, numerical simulation of the ESE envelope modulation will be 

discussed. Since an El—EPR spectrum is taken with a fixed inter—pulse time

duration r  while the magnetic field is varied, one can simulate the El—EPR 

spectrum by calculating the echo amplitude at each field value for a particular r  

value. That is, El—EPR spectra can be simulated if the ESEEM simulation can be 

made. In this sense, the methods presented here are also applicable to the El—EPR 

simulation.

I. The Hamiltonian for the Numerical Simulation

A spin Hamiltonian describes the interactions of a spin system 

mathematically. When properly written, its quantum mechanical solutions can be 

used to derive chemical and physical information about the sample. 10 Due to the 

complexities of a spin system, approximations need to be made. The limitation to 

how well the spin system is described by the numerical simulation will be 

determined by the approximations made. On one hand, a simple procedure is 

needed to extract information from the experiments; on the other hand, excessive 

approximations should be avoided so that extra errors are not introduced into the 

analysis.

16



17

1. Election Zeeman Interaction

The interaction of paramagnetic electron spin 5  with the applied magnetic 

field can be written as

(3.1.1) — 0& H  • g * S

where g is the g—factor in the tensor form, 0  is the Bohr magneton, and H  is the

applied field. When 5 > 1, an electronic quadrapole term, D [S^ — j  5(5+1)] +  E

can be added into the Hamiltonian to account for splittings at zero

magnetic field, where D and E  are axial and rhombic zero-field splitting 

parameters, respectively.

The g—factor is a second—rank tensor. When cross terms are present, it 

describes the anisotropy of the electron Zeeman interaction. Usually, it is 

symmetric, i.e. g -  = g^ (i,j — z, y, z). The cross terms can be eliminated by a 

suitable choice for the coordinate axes, yielding the simpler form

(3.1.2) ^  =

The coordinate system so chosen will be referred to as the principal axes system 

(PAS) of g—tensor. It is possible for g , g , and g to have different signs.JfJf
However, it is convenient to make them all be positive, because an EPR spectrum is 

not changed by reversing the direction of the applied field. 10 That is, the signs of g^ 

do not change the EPR spectrum. By assuming all positive principal g values, as 

most researchers in the field, the author accepts the uncertainty of the direction of 

the axes.

The g—tensor reflects the symmetry of the paramagnetic ion site. 10
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Therefore, the PAS of the g—tensor can be used as a molecular reference frame. In a 

single crystal, there exists a fixed orientation of this coordinates system relative to 

the laboratory reference frame. Information gathered in one reference frame can be 

transformed into the other. But in a powder or a frozen solution sample, all 

orientations are present. As a consequence, the signal detected in the laboratory 

frame is a superposition of signals from many orientations. But relative to the PAS 

of the g—tensor, whether in a single crystal or a non-single crystal sample, the 

information obtained should be identical if it is recognized that a powder or a frozen 

solution sample consists of many randomly oriented molecules that have an identical 

molecular configuration. That is, information relative to the PAS of the g—tensor, if 

obtainable from a frozen solution sample, is equally informative as that from a 

single crystal. This point will be exploited further in Section 3.

Sometimes, it is possible to use a "fictitious spin" S ', instead of 5, to

describe the lowest energy levels.10 Without causing confusion, S still represents the

effective spin, and S, instead of S ', will be used for the "fictitious spin". If S is

different from S, an equation identical to Equation 3.1.2 can still be written, except

that the g values are no longer the same. "Apparent" g values need to be used

where principal "apparent" g values will be labeled as gi, g? and g3 with gi > g2 > g3-

For example, the EPR Bignal from nitrogenase MoFe protein is from a paramagnetic

center with spin 3/2.2B A large zero field splitting (D = 1.53 * 10® MHz, or 5.1 
 i 1 3  1

cm ) separates the Afg =  ± £ and Afg =  ± Sj levels, with Mg =  * j  lower than the 

other. 30' 31 A fictitious spin S =  1/2  can be used to describe the Mg =  ± j  levels. 

According to Venters et ai.30 and Graham et a/.31, principal g values for nitrogenase 

MoFe protein from Clostridium pasterianum are 2.017, 2.017, and 2.025; while 

"apparent" ones are 4.27, 3.79, and 2.01. Similar to the PAS of the g—tensor, the 

PAS of the "apparent" g—tensor can be defined, with the x, y, and z axes being the 

principal axes of the "apparent" g tensor. The relation between a parameter
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obtained in the PAS of the "effective spin" and that in the PAS of the "fictitious 

spin" can be derived by expressing the interaction in the two PAS, and comparing 

the tensor elements.

If the reference frame is defined, the orientation of the external field with 

respect to it  can be defined by the spherical polar angles (0, <p). H is then a function 

of these polar angles, H  (sin 0 cost/?, sin 0 sin </?, cosff). The electronic Zeeman 

interaction is now

(3.1.3) JL  — 0„{g sin0cosip  + g sin 0 sin tp  + g costp )H S  .
*e * 1  2 3 *

It can be rewritten as 0t g H S ^  which is similar to the expression for a free electron 

spin. Under a fixed microwave frequency, specifying a g value is equivalent to 

specifying the magnetic field setting H.

2. Hyperfine interaction

A hyperfine coupling term describes the interaction between spins of a

paramagnetic electron and a nucleus. The expression for the hyperfine interaction is

(3.1.4) <%f = ~ S - A - I

where A is a hyperfine tensor, and /  is the nuclear spin. This interaction can be 

separated into isotropic and anisotropic parts. The isotropic part A (S  • /), is
iso

also called Fermi contact term. Fermi first introduced this term to account for 

hyperfine structure in atomic spectra.33 It represents the interaction of the nuclear 

spin in the magnetic field produced at the nucleus by the electron. When an ion 

contains only one unpaired electron, A has the form
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(3.1.5) A ^ - ^ - g 0 eS , 0 , \ i , m 2

where /?_ is 5.27 « 10 erg/gauss, gw is the nuclear g value associated with thefl fl
o

gyromagnetic ratio of the specific nucleus, and \ip (0)| is the spin density at the 

nucleus. In general, it is represented by the trace of the tensor A  as

where A ^  A ^ f and are the diagonal elements of the hyperfine tensor. It has

the useful property that it is unchanged by the choice of the coordinate system. 

The anisotropic part of the interaction is sometimes referred to as the 

"pseudodipolar coupling". It is often approximated by the classical point-dipolar 

interaction, but they should be differentiated from each other. For a metal ion site 

with a low symmetry, which occurs in metalloproteins, it is unlikely that the 

interaction has the simple axial symmetry of the point-dipolar coupling. There is 

also no reason to suppose that the principal axes of A are collinear with the 

point—dipolar coupling vector. The approximation for the pseudodipolar interaction 

using the point-dipolar coupling has the form

to the distance between the electron and the nucleus. This should not be confused 

with true distance, a structurally important quantity. In their ESEBM study of

r

In this expression, r  should be properly denoted as r  , Since it is an approximation
e f f

Cu(II)-imidazole complexes, Mims et aL33 obtained r =  2.9 X for the distance
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between the Cu and the observed remotely coordinated nitrogen, however the true 

distance is 4.1 X. This difference can be attributed to covalency effects of the 

electrons.

Equation 3.1.4 can be written for the "fictitious11 spin S, except that an 

"apparent" hyperfine tensor A ' has to be defined in the place of A. The principal

values of the hyperfine interaction tensor A'^ ( j  = z, y, z) in the S ' coordinate

system are related to the principal values of hyperfine interaction tensor A- in the S 

coordinate system by the relation A'. — A .g '. / g -, when the g—tensor and hyperfine
«/ J  J  J

tensors are coaxial. A more complicated relation is expected if the two are not 

coaxial.

In the study of the nitrogenase MoFe protein, the g  ̂are all close to 2.O.30' 31 

In order to simplify the conversion between A j  and A j  so that one set of hyperfine 

values can be used across the resonant field, a modified form of hyperfine interaction 

has been written as

(3.1.8) = {S • g) - A • I

in the S coordinate system, and as

(3.1.9) «̂ {jF = {S  • g ') • A • I

in the S coordinate system. Now, no conversion is needed. The hyperfine tensor in 

the S coordinate system is 2.0 • A, and is g' • A  in the S' coordinate system. If the 

hyperfine coupling in the S  coordinate system is expressed in two parts, the isotropic 

and pseudodipolar parts, it can be written as
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(3.1.10) <%F =

+

3. Nuclear Zeeman Interaction

The nuclear Zeeman interaction describes the interaction between a nuclear 

spin I  and an external magnetic field. Usually, it is written as

(3.1.11) =

and an isotropic nuclear Zeeman coupling factor is adopted. The electronic Zeeman 

interaction can mix excited states into the ground state, and change the magnetic 

hyperfine interaction by an amount proportional to the external magnetic field. 10 

Since this term is linear in both the nuclear spin and the field, it seems that a term 

is added to the nuclear Zeeman coupling. This is called the "pseudo-nuclear 

Zeeman" interaction. Because the hyperfine coupling contains anisotropic

components, the nuclear Zeeman coupling factor after the above correction becomes 

a tensor. For example, in the case of nitrogenase MoFe protein, it is

(3.1.12) (» ,)„  =  4, [ Sij+  a 1‘ PJ ~ £ h
fl n

Aiao(S ’ 9'

eff

where S--= 1, i f : =  j, and 0 otherwise, and A =  2 <J D2, +  3 E  2 .34
J
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4. Nuclear Electric Quadrupole Interaction

When a nucleus has a spin I  > 1, and there is also an electric field gradient 

y . . ( y . . =  , x - , x- — x, y, z) at the nucleus, an interaction of the nuclear
V V 02?̂  j  »

electric quadrupole moment with the field gradient may arise.35' 37 If the principal 

values of a field gradient tensor are , and V ^, with -f V + Vzz ~  0

and | y ^ l , | V \ < | V J ,  the interaction can be described in the principal axes 

system (PAS) in an operator form

and q are defined aszz

(3.1.14) 4 / ( 2 / - I )
V — V 

v  WL
V .z z

where Q is the scalar quadrupole moment, and eq =  V .  In the case of I =  1 (OZZ z z
2

=  6 )* NQR terminologies for the zero—field splitting i/+, i/_, and i/ (i/+ — u .=

v ) have been defined aso

v . =  (3 +  ijj Qa
(3.1.15) { K. =  (3 -  , )  Q

Since a  full NQI tensor is symmetric, it has six different elements of which five are
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independent (one of them is not independent, because of the requirement that the 

matrix is traceless). If {Q ^, v) or (i/„ v.) are two of the above parameters, the 

Euler angles (a, /?, 7), relative to a known coordinate system (e.g., the PAS of the 

g—tensor), can be used as the other three parameters. The definitions of Euler 

angles are defined in Appendix 1. Therefore, the nuclear quadrupole interaction 

tensor is completely determined by these five parameters.

As will be discussed in Section 3.5, a large database exists for the quadrupole 

parameters of 14N. A comparison of these parameters, between the existing ones 

and those obtained from an ESEEM experiment, makes the assignment of the 

nitrogen molecule possible.

II. Expressions for Echo Envelope Functions

There are two pulse sequences which are often used in ESE experiments. 

The first one is the Hahn echo (two—pulse) sequence, which has been introduced in 

Chapter 2. The sequence is ir/2  — r  — x — r  — echo, where x/2 and x denote the 

spin rotation angles produced by the microwave pulses. The other one is the 

stimulated echo (three-pulse) sequence, which is x/2 — t  — x/2  — T — x/2  — r  — 

echo. The expressions for the envelope modulation function for these two sequences 

will be discussed below. The conventions for the symbols used by Mims21' 22 will be 

followed as closely as possible. The basic quantum mechanics can be found in many 

standard textbooks,38-40 hence will not be repeated here.

If p stands for the density matrix of the spin system, then the equation of the 

motion is

(3.2.1) -tjfir- =  -2jj2 [p, <X]
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and,

(3.2.2) <X =  <ar +  JK

In the expression, is a spin Hamiltonian without consideration of the applied 

resonant field and c£T describes the interaction of the spin system with the applied 

resonant field. During the pulses excitation, is assumed much stronger than <#, 

so <#= otherwise, is equal to <#. The echo amplitude is given by

(3.2.3) E = K T r ( p M )

where k is a constant of proportionality depending on experimental conditions. The 

solution to the differential equation in Equation 3.2.1 is

(3.2.4) p(t) = exp(— ^ 1 2 * ) p(0) cxpC- ' k f z l  )•

If R t =  exp(— and R~^ =  exp( % y^y ) are use^ for individual evolution

matrices, the time evolution of the density matrix in the Hahn echo sequence is

(3.2.5) R = R .  R R t
*Pi T *Pn T

p (2 r  + tp j  +  tp , ,)  = R  V o ) * .

where tp l, t p and r  are time durations for the first, second pulses and the 

inter—pulse interval. Similar expressions can be obtained for the stimulated echo. 

These results are quite general, they are independent of the considered spin system. 

In the system where S =  1/2 and the electron Zeeman is the dominant spin
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interaction, there are two electron spin manifolds a  and 0. The spin Hamiltonian

■H can be written as a block matrix form 
o

(3.2.6)
(a  states) 

(0  states)

(a states) 

U

(0 states) 

W

where U, V, and W  are the block matrices containing nuclear spin Hamiltonians 

associated with Mg =  1/ 2 , Afg =  —1/2  and the creation operator S+ (defined as Sx 

+  * £y)> respectively. W  may contain non-zero elements if there exists an 

anisotropy in the g—tensor. The energy levels diagram can be mapped out by 

diagonalizing <£T. The diagonalization can be carried out in two steps. First, 

eigenstates of the electron Zeeman interaction are found. This can be achieved by 

the following matrix

(3.2.7) C l

—sinB (g^costp—igjsin<p) 

g^cosO-g

g cosB+g

sin0{gco3<p+ ig^sintp)

where C is a normalization constant, and /  is a unit matrix of dimension 2/+1. In 

the new coordinate system, the magnitude of elements in the off—diagonal block 

matrices should be very small compared to the diagonal dectron Zeeman terms. As 

an approximation, the off-diagonal block matrices can be set to zero. Therefore,

(3.2.8) J T — f c r . - A  + ( < » ) ,

where ■ u/g is the dectronic Zeeman energy, and (< ^)H is the rest of the 

Hamiltonian. The second transformation matrix
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(3.2.9)
Ma  0 

0 M,0

can be applied to diagonalize the a  and 0  manifolds respectively.

The resonant field interaction induces EPR transitions between the twoi
manifolds. In a laboratory reference frame, which may or may not be coaxial with

the PAS of the g—tensor where was first written, can be written down in ao 1
block matrix form as

( a  sta tes) (/? states)

where H  is a time-independent Hermitian operator. If u  = u .  the resonantn 6
condition for absorption is met. Otherwise, no EPR transition will be induced, 

resulting in no ESE signal. If there is a resonance, can be transformed into 

(«^f)R in the resonance reference frame which is rotating at u e. The time 

dependence is removed simultaneously Rom by the same transformation, leaving 

only the time-independent part. In the PAS of the g-tensor, can also be 

written in the form of Expression 3.2.10, plus diagonal elements. The presence of 

the diagonal elements in adds phase factors to individual spin states. But, if the 

pulse widths are negligible, the phase corrections due to the diagonal elements can 

be neglected. Therefore, these diagonal elements can be dropped Rom the 

expression for . The calculation of E  is the simplest one if it is carried out in the 

coordinate system where {<^f)„ is diagonalized. If ff^ is defined as /,

can be transformed from the PAS of the g—tensor into the new coordinate system as

(a  states)
(3.2.10)

(0  states)
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(3.2.11) =
l

r---UHF H
0  M  

Aft 0

In Equation 3.2.11, Af =  Aft M ^  This is, exactly, Equation 34 in the publication 

by Mims.31 The result for the normalized echo envelope modulation functions from 

his lengthy calculation can, therefore, be used. For the Hahn echo,

H j  kfn
(3.2.12) EmJ r )  = xa + J j f r  + j , ' x f f i  r

i , j  k,n
i f j  ktn

+ X '  X '  + "j ^) r + -  4 * > *
i d  M

For the stimulated echo,

(3 213) Emj T , T )  = Xt +  S ’* - ?  4 “) r  + ™  4 “)( T +
i d
kfn

+ 2 [c°5 u \ S t + cos T  + r)]
k,n  

i t j  ktn

+ % '  lcosw$ ( r +  r)
*»i **»

+ cosJ^yr cos J $ (T +  t )]

In Equations 3.2.12 and 3.2.13, {y} are defined as

(3.2.14) *o ”   ̂ 2/4-1 ) X  
i ,k
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(3.2.15) x \ f  =  h ! 7 + T >  X  I “ i J 2 |M / ;
k

(3.2.16) -  ( - J T T r )  X  I % l 2 I " m l 2!
i

(3.2.17) 4 & P  =  <T 7+I->  « '  ( " i *  " i n  M)n  " * > '

There are several points to be made here:

First, when deriving the Equations 3.2.12 to 3.2.17 Mims specified that is 

a matrix with zeroed off—diagonal block submatrices (see, e.g. Equation 22 in 

reference 21). This is equivalent to assuming that there is no g-anisotropy, hence, 

the EPR line is narrow. Or if an isotropic g—tensor is not required, a coaxiality is 

assumed between the eigenstate coordinate system of the electron Zeeman 

interaction and the laboratory coordinate system. In a single crystal experiment, it 

is possible to align the two. But usually, especially in experiments involving a 

powder or frozen solution sample where multiple orientations are present, this is not 

the case. W hat has been shown here is that these assumptions are not necessary.

Secondly, in the above derivations, diagonalization of the spin Hamiltonian 

was performed in two steps. A simultaneous diagonalization of both the electron 

and nuclear spins does not generate results differing significantly from the two-step 

diagonalization method. In fact, a comparison of the two has been performed by 

Cornelius,41 and no significant difference was found. This is expected, since the 

electronic Zeeman is much more dominant than other terms.

Thirdly, although the collinearity is not required between the laboratory 

coordinate system and the PAS of the g—tensor, it is not strictly correct to write e# 

in the form of Expression 3.2.10 in the PAS of the g—tensor. Other than non-zero 

diagonal components which can be neglected, w depends on the projection cosines
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between the two coordinate systems, therefore on the orientation of the PAS of the 

g—tensor. However, the echo amplitude is proportional to This means that if

the same pulsing conditions are used in the laboratory reference frame for the same 

single crystal sample, the proportionality constant for the echo amplitude is 

expected to change with the orientation of the sample with respect to the external 

field. The problem will be more serious in an experiment involving a powder or 

frozen solution sample, because the proportionality constant is different for different 

parts of the sample. However, the distribution of in the resonator is determined 

by the details of the particular experiment. Therefore, it is difficult at this point to 

assess the errors due to this effect.

The fourth point to be made concerns the presence of multiple nuclei 

interacting with one paramagnetic center. When multiple nuclei are coupled to the 

same center, and the mutual interactions between them are negligible, individual 

Hamiltonians in (<#),, are independent of each other. In quantum mechanical 

terms, the independence of these individual Hamiltonians from one another means 

that they commute with each other. R in Equation 3.2.5 can be factored into a 

product, J " J  Rp in the rotating reference frame. Hence, is the product of

individual envelope functions.

Lastly, it is noteworthy that the origin of the nuclear modulation effect is 

reflected in Equations 3.2.12 to 3.2.17. The modulation effect arises from the 

interference between the EPR transitions, as can be seen by the product of the 

probabilities corresponding to these transitions. If M^  is rewritten as < t| k>,

| M ^| is the mixing between the pre-transition spin state |t>  and the 

post—transition state | fe>, therefore, proportional to the probability of this 

transition. Similar comments can be applied to other transitions. One can see from 

Equation 3.2.15 that the amplitude of the interference frequency a / ^  in the a 

manifold, is the summation of the product of the transition probabilities from
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i to k and from j  to k  over all states k  in the /? manifold. It is also worth 

commenting that the form of 1 Af̂ | 2 \ M ^ J or | <t | f c> |2 | < j | k> | 2 can not be
9  9

changed to |<t | fe>|  | | as suggested by Singd et al. The latter would

mean that there is an interference between the transitions t —» k and k —> j. These 

two transitions differ by a frequency of 2 this difference can not be detected by 

the ESE experiment. Furthermore, it has been observed by the author of this 

dissertation that for the case of /  =  1 , when Is expressed as a summation of

12) is not equivalent or equal to that of
2 2| | | Mjfo| , the correct one. No such difference is expected if /  < 1.

III. "Orientation Selective" ESE

The EPR spectrum of a powder or frozen solution sample is a superposition 

of the resonances from the randomly oriented molecules. I t is a summation of the 

signals for which the applied field assumes all possible (0,<p) orientations with 

respect to the molecular reference frame. However, the ESE experiment is 

performed at a fixed magnetic field strength H  with a finite pulse 2?, typically on 

the order of 5 — 10 gauss, which is usually much smaller than the inhomogeneous 

EPR line width. In metalloproteins, when the cross relaxation between the 

molecules is slow, so that spectral diffusion is negligible, the ESE signal arises only 

from the subset of molecules having orientations such that they contribute to the 

EPR intensity at H. This has been called the "orientation selectivity" of EPR. As 

an example, Figure 3.3.1 shows the frozen solution EPR absorption spectrum of the 

nitrogenase molybdenum—iron protein, and the correspondence between the 

magnetic field and the associated orientations of the fields with respect to the 

molecular reference frame.34

"Orientation selectivity" has been previously investigated in ENDOR
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Figure 3.3.1 Correspondence between magnetic field values in an EPR 

spectrum and field orientations within the PAS of g-tensor. 

Left: EPR spectrum taken at 2K for the MoFe protein from 

Azotobacter vinelandii. Right: Unit sphere with curves of 

constant g value drawn and several correspondence indicated. 

(From Hoffman et aL J. Magn. Reson. 1984, 5 9 ,110)
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spectroscopy. As firBt noticed by Hyde et al.,43~45 the orientation selectivity joins 

with other features of the ENDOR technique to permit the extraction of hyperfine 

parameters from the ENDOR spectra of powder samples. In particular, they noted 

that for magnetic field settings at the extreme edges of the EPR powder pattern, 

"single crystal like" spectra similar to those from an oriented single crystal will be 

observed Rom a frozen solution of paramagnetic centers with anisotropic magnetic 

interactions. Others (see for example, publications by Kreilick et a i46'47 and 

Hoffman et a/.48'49) have extended the work into other parts of the EPR spectra, 

and have developed methodologies to analyze such spectra. An ENDOR spectrum 

taken at H  in the central region of the EPR powder pattern is itself a powder 

pattern, but not a complete one. It certainly differs from the case of an oriented 

single crystal where all the molecules presumably take only one known orientation 

and from the "single crystal like" case where a special orientation is involved. It is 

associated with a distinct subset of molecular orientations selected by H.

Because of the complementary nature of ESE and ENDOR, direct transfer of 

the concept to ESE should be feasible. Variations of ESEEM spectra with field 

settings within the EPR line have been reported.50' 54 For example, Dikanov et al.so
i 9

recently observed a significant field dependence of the ESEEM spectra in VO 

complexes in frozen solutions. Singel et al.51 proposed a modulation amplitude 

fitting method and reexamined 14N ESEEM in mercaptoethanol complexes of 

myoglobin. By fitting the amplitude extracted with the LP method, they inferred 

the orientation of NQI tensor with respect to the PAS of the g-tensor. Based on 

Kreilick’s "orientation selective" CW—ENDOR software, Cornelius, McCracken et 

a t 62' 54 developed a routine for analyzing "orientation selection" ESEEM data and 

have applied it to such systems as the Cu(II)—pyridine complexes,52 amine 

oxidase,59 and fumarate reductase54.

A different method for the modulation analysis of the MoFe protein will be
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presented next, although the method is not limited to the discussion of the MoFe 

protein alone. The spin Hamiltonian described in Section 3.1 will be used. The 

hyperfine couplings of the paramagnetic ions will not be considered here, in part 

because °*Mo and 6eFe do not have a nuclear spin in the MoFe protein isotopically 

enriched with 0OMo. Inclusion of these terms in the analysis of other spin systems is 

quite straightforward, so long as a simulation of EPR can be made. The molecular 

reference frame is taken to be the PAS of g tensor. All interactions will be 

expressed in this coordinate system. Interactions expressed in other coordinate 

system are properly transformed as discussed in Appendix 2 , with transformation 

matrices listed in Appendix 1. The external field is considered to rotate with 

respect to the molecular frame, for the convenience of discussion. If an ESEEM 

spectrum is taken at the field value H, it is known from Equation 3.1.3 that 

contributions to the signal come from a subset of molecules whose orientations 

S(8,<p) satisfy

(3.3.1) =  g 2 air?8 co?ip 4- g 2 sir?6 sir?ip +  g 2 co?0
1 2  3

The modulation function Emo£ g j )  (t =  r  or T + r) is an average of over the 

orientations in S(0,y>). In particular, when g = 9m n̂ or g = 9max, the subset S  

consists of only one orientation. No average or summation is needed. An ESEEM 

experiment performed at 5mtn or 9max results in a "single crystal like" spectrum.

Variation of the field setting changes both the Zeeman energy and the subset 

of orientations over which the average is done. As a consequence, the interplay 

among various couplings will be different from one field setting to another. When 

both g and hyperfine tensor are anisotropic, contributions to the ESE signal will be 

different at different field settings, resulting in spectral variation across the EPR 

line. This provides dues for a complete determination of coupling parameters and



36

geometrical information.

One important requirement for the analysis is the consistency among the 

parameters extracted at different experimental conditions. This is based on the 

assumption that while molecules may be randomly oriented, they are identical with 

respect to the molecular reference frame. Therefore, only one Bet of parameters is 

needed to account for the spectral variations with the field settings , with the 

microwave frequencies, or with the inter—pulse time interval r.

Experimentally, ESEEM spectra need to be taken across the EPR line, in 

particular at the extreme g values. The EPR intensity at the edges may not be 

large, but ESEEM spectra taken at the edges can be better resolved, because the 

signal arises from a very limited number of orientations. No exhaustive effort is 

needed to collect spectra with fine field value resolution, since a distinct yet known 

subset of orientations is associated with the g value chosen. However, it is helpful 

to collect spectra at different microwave frequencies, but at the same g values. 

Multiple frequency spectra allow observation of peak variations as a function of the 

excitation frequency, which can be useful in assigning frequencies, and also give an 

opportunity for verifying the extracted information. Similar remarks apply to the 

choice of the r  values in the stimulated echo sequence, since the stimulated echo 

sequence data is known to depend on the choice of r .55

IV. About the Analysis Software

When analyzing 14N modulation spectra, quite a number of input parameters

are needed. To describe a hyperfine coupling term, six or four parameters (when

using A and point-dipolar model) are needed. To describe NQI, five are used, 
is o

This is certainly a disadvantage, and skepticism has been raised about the feasibility 

of such simulations. One way to do the analysis, as proposed by McCracken et a/.,53
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is to start with an intelligent guess about the hyperfine coupling and NQI 

parameters, iterative efforts are made so that a fit of the desired degree of accuracy 

can be achieved. The huge parameter space makes this approach 

operator-dependent, experience and accidental success must be relied oh.

A different approach has been taken. The method of least-square 

minimization is used in a simulation—fit program to achieve the best match of the 

simulation to the experimental data. Calculations based on equations given in 

Section 3.2, with the consideration of "orientation selectivity", are carried out in a 

specified parameter range. Each simulation is compared with the data using the 

measure of squared deviation. At the end of program, a list of the most probable 

parameter sets among all simulations is tabulated according to their least-square 

deviations. These parameters are compared with their counterparts at other field 

values, microwave frequencies, or r  values, in order to have a unique determination 

of these parameters.

A program PSU_OS2 in FORTRAN code has been written, the complete, 

listing of the program can be found in Appendix 4. Before the subset average 

begins, all interactions, except the electron Zeeman term, are expressed in the PAS 

of the g-tensor. Each orientation is examined to see if it belongs to the "selected" 

subset at the field setting. For the elements of the "selected" subset, the incomplete 

Hamiltonian with the addition of the electron Zeeman term at this orientation (also 

expressed in the PAS of the g-tensor) is diagonalized with EISPACK subroutines, 56 

energy levels and the M  matrix in Equation 3.2.10 can be found. The echo 

amplitude at this orientation can be calculated with Equations 3.2.12 to 3.2.17. 

This process is repeated for the other orientations in the subset. The square 

deviation of the simulation from the experimental data is calculated after the 

completion of the subset average. The whole process is again repeated for the other 

parameter sets. After going through every parameters specified by the input range,
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the program sorts out the most probable parameter sets and tabulates them 

according to the calculated squared deviation.

V. A Spherical Average Method for UN ESEEM

Of particular interest is the nuclear modulation effect due to 14N nuclei in 

the vicinity of a paramagnetic electron. It is of interest to biological studies, 

because a great portion of the samples consist of amino acids which have nitrogen as 

a major constituent. Around the biologically active sites of metalloenzymes, amino 

adds act as ligands and affect the properties of the metal sites such as the 

symmetry, the oxidation states, etc.. Nitrogen couplings have been evaluated 

through ESEEM in a variety of situations. 7,53,57' fll Furthermore, ESEEM can 

provide information about the origin of the nitrogen modulation. Due to intensive 

studies of Nudear Quadrupole Resonance (NQR) and ESEEM, there exists a large 

data base for nitrogen NQR parameters.7’82' 89 These parameters are observed to be 

a sensitive signature of nitrogen ligands. Upon being extracted from ESEEM 

experiments, nudear quadrupole parameters can be compared with the data base. 

Thereby, the identity of the nitrogen ligand can be established.

It is of interest to spectroscopic studies, since ESEEM is very effective on 

detecting nitrogen modulation. Often, the nitrogen nuclear Zeeman splitting (0.92 

MHz at 3,000 Gauss) is comparable to the hyperfine coupling between the nucleus 

and paramagnetic center, and to the nitrogen nuclear quadrupole splitting (e.g. 

nudear quadrupole moments of the nitrogens in an imidazole ring are 1.43 and 3.23 

MHz respectively). This will result in a favorable condition for the application of 

ESEEM, since the probability of "partially forbidden" transitions directly affect the 

modulation amplitudes. Furthermore, if the nuclear Zeeman and hyperfine 

interaction are comparable and cancel or nearly cancel each other in one of the
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electronic spin manifolds, then the spin Hamiltonian of that manifold in the rotating 

reference frame is reduced to the nuclear quadrupole interaction. Effectively, the 

nuclear quadrupole interaction can be probed with EPR sensitivity. This is the 

so-called "cancellation effect". In their ESEEM study of Cu(II)—imidazole 

complexes, Mims and Peisach33 observed the zero—field quadrupole frequencies for a 

protonated nitrogen of an imidazole given by Hunt et aLa7. Numerous observations 

of this effect have been reported, notably in many metalloproteins involving 

Cu(II).7,53,57*fll

But the extraction of the parameters is not straightforward, since the 

separation between the energy levels depends in a complex manner on the these 

interactions. This is significantly different from cases of I — 1 /2  nuclei, where a 

simple relation exists between the magnetic couplings and the modulation 

frequencies observed in ESEEM. Analytical expressions for the envelope 

modulation function obtained through approximations are no longer applicable. 

Although a complete determination of coupling parameters from the 14N modulation 

spectra can be performed, it does take a certain amount of computing time. 

Circumstances may arise when only qualitative information may be needed, instead 

of an elaborate analysis, a quick estimate of the parameter ranges can be made to 

reduce the amount of work needed for a detailed analysis. One can also ask if it is 

meaningful to have the pseudodipolar couplings determined, while there is little 

confidence in the extracted parameters.

The spherical average method, first developed by Mims and Peisack33, is 

designed to simplify the analysis for UN modulation. The number of simulation 

parameters is greatly reduced if the anisotropic components of the hyperfine 

coupling are ignored. Neglect of the anisotropic components may result in 

artificially narrowed frequency lines and changes of the modulation depth, and the 

line widths and relative peak intensities in experimental spectra may not be
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correctly represented. These limitations, however, do not prevent the determination 

of parameters for other more dominant couplings. A further simplification can be 

achieved if the spherical average approximation is adopted in which all orientations 

are equally probable. 70 That means, the relative orientation of the nuclear 

quadrupole moment to the molecular frame is no longer fixed, but allowed to rotate 

in order to encompass all possible orientations. The Hamiltonian after these 

approximations can be written down as

(3.5.1) ( * ) ,  =  g ,0 ,  H I ,  A J Z +  Qa  131 f  -  K M )  +  ,  ( i f  -  i f )  ] 

in a reference frame rotating at u  with the external field applied along the Z axis.Cr
Here, spin operators in the NQI term are primed to indicate that they are defined

with respect their own principal axis system (PAS of the NQI), and to distinguish

them from I  in the nuclear Zeeman term. A convenient reference frame is the PAS z
of the NQI. The spin Hamiltonian becomes

(3.5.2) ( )jj =  ± ^  s*n^ C0SiP +  ^  3*ntP +  cosO)

+ QzzW ? - K M )  + n ( i f - i f ) ]

If the first term almost cancels in one of electronic spin manifolds, the effective field

experienced by the nuclear spin in the manifold is zero, and the effective

Hamiltonian for the manifold looks like a zero filed NQR Hamiltonian. Using

Equation 3.5.2, a frequency histogram can be calculated by sampling orientations

uniformly over a  hemisphere. In contrast to the full analysis, three parameters need

to be determined, A , Q and t j . At the near cancellation condition, often
180

observed in nitrogen modulation spectra, A can be estimated from the size of
iso

nuclear Zeeman coupling. The NQI parameters can be estimated from the
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correlation of the peak positions with t/„ i/.t and Sometimes, a peak at

2 7  [(i/jj +  j  +  Q*zz ^  + associated Arn  ̂ =  2 "transitions" is

also observed.

Discussions about the applicability of this method can be found in Chapter 

10, where it has been applied to the nitrogen coordinations to the copper sites in 

Nitrous Oxide Reductase.



Chapter 4

DATA ANALYSIS AND EXPERIMENTAL METHODS

In this chapter, the ESE spectrometer will be briefly discussed. Then, 

problems in the cosine Fourier transform spectra of the ESE data due to the 

spectrometer "dead time" will be tackled. A few methods designed to minimize its 

effect will be presented. Also discussed is the phase cycling method for the 

transmitter pulses. Finally, a waveform division method utilized in the study of 

both nitrogenase MoFe protein and nitrous oxide reductase will be introduced.

I. The ESE Spectrometer

The home-built ESE spectrometer is operated at X—band over microwave 

frequency range of 8 — 11.5 GHz.71 Currently, a slotted tube resonator mounted in 

a Janis variable temperature cryostat is used. The spectrometer can be operated 

from 1.4 K to room temperature, and the temperature is monitored by a doped 

germanium resistor placed just outside the resonator. Figure 4.1.1 shows a 

schematic drawing of the spectrometer transmitter and receiver arms, not drawn are 

the pulse control unit and the computer. All pulse timing intervals were derived 

from a home built pulse programmer73 interfaced to a DEC LSI—11/73 

minicomputer. The minicomputer is also used to store experimental data from the 

ADC.
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Figure 4.1.1 Block Digram of the Electron Spin Echo spectrometer used for the experiments.

The probe shown is a  slotted tube resonator, (courtesy of Marcelino Bernardo)
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II. The Spectrometer "Dead Tune"

The nuclear modulation pattern consists of a superposition of cosine 

waveforms, as discussed in Section 3.2. The argument of these cosines is either r  in 

the Hahn echo data or T +r for the stimulated echo data. It would seem logical that 

the information contained in the time domain data could be presented in the most 

effective way in the frequency domain via a Fourier transform. Certain sets of 

frequency lines could then be assigned to nuclei associated with the paramagnetic 

center. The cosine transform would be the most effective, since the phase 

information of those cosine waveforms would be retained. Historically, it was not 

the case, either a magnitude Fourier transform was preferred73 or no transform was 

performed.23 The problems due to the spectrometer "dead time" arises when the 

cosine Fourier transform is applied to the modulation waveform.74 Due to the 

ringdown time of the probe or the recovery time of the receiver (a microwave switch 

can be useful in preventing transmitter pulses and oscillations due to the probe 

ringdown from getting into the receiver arm) one has to start data collection a finite 

time after the application of the pulses, this finite time period is termed the "dead 

time" period. Another source of missing data is the time required to complete the 

stimulated echo sequence. In our laboratory, the typical "dead time" for the 

two-pulse sequence is about 0.12 ps for the ESE probe at 9 GHz. For the 

three-pulse sequence, it is about twice that of the two-pulse case. This missing 

piece of the modulation data introduces artifacts in a cosine Fourier transform 

spectrum. According to the Fourier transform theory, if the missing piece is ignored 

in the transform it is equivalent to zero filling the "dead time" piece or changing the 

origin of time to the initial recording time.75 Mirroring the time domain data about 

the initial recording time results in phase changes in the frequency peaks, which 

changes the appearance of the spectrum. By zero filling we are convoluting the
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transform of the waveform with that of a step function. The convolution can distort 

both the baseline and the peak intensities in the transform, weak peaks can be 

indistinguishable from the sidelobes of the sine distortion resulting from the 

transform of the step function. On the other hand, the magnitude transform is not 

immune to these problems. It seems that it would not be affected by the incorrect 

phases of the frequency lines. In fact, any phase error present may introduce an 

off—phase (imaginary) component which is usually broader than the in—phase (real) 

component (this can be envisioned by examining the line shapes of both the real and 

imaginary parts of a Lorentzian line). Therefore, there is little advantage in doing 

the magnitude transform either. In the case of a powder or frozen solution sample 

the problem is even more pronounced, since in these materials the total duration of 

the modulation pattern is often shortened by a faster decaying time. The missing 

information due to the "dead time" may amount to a significant portion of the 

detectable modulation waveform. This will inevitably limit the amount of 

information one can extract from the experiment.

Two different approaches can be taken to overcome the "dead time" 

problem. One is to minimize the size of the "dead time" by: a) use of a two-mode 

microwave cavity. In this method, one mode is used for the application of the 

excitation pulses, the other mode, which is orthogonal to the first one, is used for 

detection.78 b) Longitudinal detection.77 This is a low frequency experiment, and is 

based on the observation of changes in the magnetization M  along the static field 

direction. Detection coils oriented parallel to the static field permit the recording of 

the time-dependent M 9 during the microwave pulses, c) The design of new pulse 

sequences. Five pulses, for example, are sequenced to produce waveforms which are 

equivalent to those from the Hahn-echo sequence with almost no "dead time".78 

Because more pulses means a longer time duration before the detection of the echo, 

this method may not be applicable to samples with short relaxation times, where



46

the problem of the "dead time" is the most severe. Furthermore, compared to the 

Hahn echo, the echo from this method loses intensity due to the presence of 

relaxation. The loss of signal intensity may result in longer experimental times if 

signal averaging is needed and therefore may not be applicable to samples with weak 

echoes.

The other approach is to "reconstruct" the missing portion of the waveform 

based on what can be detected, when the "dead time" portion is not a significant 

part of the observable modulation waveform. Since this is a "reconstruction" 

technique, caution roust be exercised to prevent the introduction of extra artifacts.

Several methods will be discussed to minimize the distortions caused by the 

"dead time". The first one deals with the phase distortion only. The second 

method, Linear Prediction back extension (LPBE), can be used to calculate the 

missing portion. Therefore, it can restore the phases of the frequency peaks and 

remove the sine function from the baseline of the spectrum.

III. Phase Correction in Fourier Transform Spectra

Phase correction has been used in NMR as a routine method in properly 

phasing the peakB in the spectrum. In ESEEM, as discussed above, there is a 

well-defined cosine function dependence and an easily identifiable starting time. 

The phase correction can therefore be calculated based on the duration of the "dead 

time" t D and the time interval between consecutive data points, At.* If only the 

positive part of the transform is considered, the phase at frequency /  is off by the 

amount

* Discussion of the subject initiated by M. Bernardo is gratefully acknowledged.
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(4.1.1) Av» =  - ( t D /  At) . *■ (/■ At)

When both the positive and negative parts of the spectrum are considered,

(4.1.2) A( p = -  (tD /  At) • 2* ■ (/* At).

The proof follows:

If the wave form can be described by (neglecting the decay function 

dependence)

(4.1.3) ^  A j cos Wjt,
i

and a new time is defined as t ' =  t -  fD =  n At — fD, then Equation 4.1.3 becomes

( 4 1 *4 ) X  A i 008 iV  +
i

or

(4.1.5) ^  A j cos (i»>j n A t +
n

Now, — WjtD is the phase correction term for the frequency component in the 

spectrum.

In a discrete form, ujt is 2ir n ' /  (N At), where 1/ (N At) is the increment in 

the frequency domain, n / is the peak position, and N is the total number of data 

points of the waveform. The phase correction is
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(4.1.6) -  ( t j /  At) • ir • (n '/2JV )

for the positive half of the transform spectrum, where 0 < n ' < N j2; and it is

(4.1.7) - ( « „ /  At) • 2 * .  (n '/JV )

for both the positive and negative halves of the transform spectrum, where — N/2 < 

n' < N/2. In some NMR data processing software (e.g., FTNMR), this would 

correspond to the first order (not the frequency—independent zeroth order) phase 

correction, which scales the phase correction linearly with the frequency ( n '/  At) 

or ( n '/  N  At). The coefficient needs to be input into the phase correction is given 

by either — (tQ/  At) • * or — (tD/  At) • 2ir.

The phase correction method is designed to remove the phase distortion only. 

Since it is equivalent to filling the "dead time" piece with the echo intensity at the 

initial recording time, it does not remove the distortion of the baseline caused by 

the step function. But, when the phases of the peaks are restored, it is sometimes 

possible to separate the real frequency peaks from the sine function distortion. Also, 

when the missing piece due to the "dead time" constitutes a fairly small portion of 

the observed modulation pattern, data processing with the phase correction alone 

may be sufficient, as long as the part of interest in the spectrum are not affected by 

the baseline distortion.

IV. Reconstruction with Linear Prediction Back Extension (LPBE)

Various methods have been created for reconstructing the missing portion of 

the modulation pattern. One intuitive approach, as explained by Mims79, is to start
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with the estimation of the echo amplitude y at the time t ( r  or r  +  71) =  0, then 

connect j/q to the first experimental data point with a quarter sine function

(4.2.1) y =  yQ -  (pQ -  y ■} sin (irf / 2 t J>).

The crudely reconstructed waveform is cosine transformed, and the prominent peaks 

in the transform spectrum are identified visually or with the aid of a subroutine. 

The peaks are then window—filtered one by one, mainly for the purpose of 

cosmeticB. However, the window—filtering does have the potential of either 

unfaithfully represent the experimental results or unknowingly omitting hidden 

information. The corrected and filtered spectrum is then transformed back to the 

time domain in the range of t =  0 to t = The experimental waveform with the 

back transformed portion is transformed again. This process can be repeated over 

again, until the desired result is obtained.

Another method, the Linear Prediction (LP), is less operator-dependent 

than Mims’ iterative approach, and has gained some popularity. It was introduced 

to the analysis of magnetic resonance spectra by Barkhuijsen et a/.80, based on the 

work of Kumaresan and Tufts81. Tang et a/.82'84 have developed similar analysis 

methods, and applied them to 1—D and 2—D NMR spectroscopy. The aim of the LP 

method is to estimate, without performing a Fast Fourier Transform (FFT), the 

parameters associated with damped cosine functions including frequency, amplitude, 

relaxation rate, and phase. The computationally efficient FFT is widely used in 

spectral analysis, including magnetic resonance. But the frequency resolution 

obtained is roughly the inverse of the duration of the signal, therefore it is poor 

when dealing with fast—relaxing or truncated data. And weak signals may be 

masked by sidelobes from nearby stronger signals. LP, when correctly applied, does 

yield higher resolution than FFT.
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The LP method involves fitting a model of multiple exponentially damped 

sinusoids directly to the time-domain data, and generating a table of frequencies, 

relaxation rates, amplitudes, and phases. The mathematical model to be fitted to 

the data is set up in two steps. It is assumed that the signal, which is sampled at 

regular time intervals nAt (0 < n < A^-l) consists of K  exponentially damped 

sinusoids plus white noise w. In the frequency spectrum, an exponentially damped 

sinusoid corresponds to a frequency peak with a Lorentzian line shape. The data 

sequence j/n is given by

i ,  - R n A t
(4.2.2) yn = 2 * Aj e coa(ujtA t+ ipp + w

i= i

It can be shown that without the presence of noise, each data point can be expressed 

as a linear combination of 2K previous data points,85 i.e.,

21

(4.2.3) ya  =  £  am  i/B_ m
m= 1

The above linear prediction relation is mathematically less rigorous in the presence 

of noise. However, it is a good approximation to frequency peaks close to 

Lorentzian line shapes, except that the effective number of LP coefficients is 

increased to a larger value of M. The above equations are linear equation in M 

unknown coefficients om- On the right hand side is a data matrix of dimension (N  * 

M) x Mt while the data vector on the left hand side is of dimension N  — M. 

Different linear least-square procedures, such as singular value decomposition 

(SVD)81 or truncated Householder triangularization decomposition (QRD)83, can be 

used to Bolve for these coefficients. The obtained LP coefficients contain
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information about the frequencies and relaxation rates. It was shown that for a 

noiseless signal with K exponentially damped sinusoids, the roots of the polynomial 

equation

(4.2.3) ? K -  ^  am ? K ~m  =  0
m= 1

are given by exp[ (fZ-± iujjjt ], where j  = 1,2,...,if.86 In practice, not all M roots are 

physical, only those with decay behavior are retained. The number can be further 

cut down to I coefficients with largest singular values among all roots retained. 

Calculation of the amplitudes and phases can be done by a second linear 

least-square fitting procedure for I sinusoids. The determination of I is 

straightforward, when the signal to noise ratio of the experimental data is good (> 

30). It is accomplished by looking for the sharp step in the plot of singular values.80 

But when the signal to noise ratio is not so good, choice of I may become a problem. 

If I is too large, one might enhance the noise; if it is too small, one might suppress 

certain frequency components. Normally, the LP method is used in such a way that 

sinusoids are generated according to the table of parameters obtained. Therefore, 

LP gives an essentially noiseless spectrum.

As discussed above, the applicability of the LP method relies on the 

assumption that frequency lines involved in the experimental data are Lorentzian. 

In many cases, especially where lines are broad, the approximation is not good. As 

discussed by Astashkin et aLt7, the frequency lines are usually not Lorentzian. The 

example illustrated in that publication indicates that LP fails to give a faithful 

reconstruction of the simulated data, when an artificial "dead time" is present. In 

all, caution must be exercised when generating spectrum solely based on parameters 

obtained from LP.
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On the other hand, using the LP method to reconstruct the "dead time" 

portion only, namely, extending the LP-calculated data points from the last missed 

point toward the zero time, may not cause as significant a problem as in the above 

case. After all, the experimentally recorded values constitute the major portion of 

the data to be Fourier transformed. As observed from practice, prominent features 

of the spectrum are not changed drastically by variations in the "dead time" piece. 

Fig. 4.4.1 shows the transform spectra from data filled with a quarter sine function 

in (a) and with LPBE in (b) in the "dead time" portion. The positions of 

prominent frequency peaks are barely altered. The application of LPBE makes it 

possible to minimize disadvantages from the application of LP alone and from 

Mims’ intuitive approach. On one hand, the small "made up" piece is not likely to 

distort the transform seriously (caution should be excised for a very fast decaying 

echo signal, for which a major portion of the information may have already been 

lost); on the other hand, operator-dependence inherent in Mims' intuitive approach 

can be avoided.

It is worth mentioning that when reconstructing the "dead time" portion 

with LPBE method the number of LP coefficients I is usually kept significantly 

larger than the number of prominent frequency lines. This helps to obtain a better 

fit of the experimental data than with a smaller L This has been also observed by 

others in their researches.83 Another practical measure to avoid possible distortion 

by LPBE is to check how well the LP method can fit the experimental data before 

utilizing it for reconstruction.

As for the study of the nitrogenase MoFe protein, ESEEM signal tends to be 

abnormally long for frozen solution samples, lines are quite well resolved, therefore, 

problems caused by the "dead time" are not pronounced. This is partly because the 

subset of molecular orientations associated with a field setting is a small one 

resulted from the unusually large g anisotropy. But when two waveforms are
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Figure 4.4.1 Comparison of of back-extension methods. Fourier transform 

spectra are from the same time-domain data as in (a) of 

Figure 6.1.1, but back extended with (a) a quarter sine 

function (b) LPBE method.
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divided, it becomes necessary to minimize distortions to the baseline in the 

transform spectrum, so that weak frequency lines in the quotient waveform can be 

identified. That is the reason for the application of LPBE in the study of the 

nitrogenase MoFe protein.

V. Phase Cycling of Microwave Pulses

When more than two pulses are applied, other than the echo monitored, 

there exists unwanted echoes.88'80 For example, in the stimulated echo sequence as 

illustrated in Figure 4.5.1, unwanted echoes are present at 2r, 2T, 2T + t , and 2T  

+ 2r. Echoes 1, 2, and 3 result from the application of the first and second pulse, 

the second and third pulses, and the first and the third pulses. And the echo at 2 T 

is the consequence of phase reversal of the focused magnetization at 2r. When T is 

varied, these echoes vary accordingly. It is possible that some of echoes may move 

in such a way that they coincide with the stimulated echo at certain value of T, 

therefore causing spurious peaks or "glitches" in the recorded echo envelope.89 

When t  = T, one of the unwanted echoes at 2 T + t  will coincide with the 

stimulated echo at 2 r +  T. Another unwanted echo at 2 T  will coincide with the 

stimulated echo at T = 2 t . Though these spurious peaks are easy to identify and 

only occur at specified times, it causes inconveniences in the data analysis. If not 

removed from the time domain data, they will introduce artifacts or distortions to 

the transform spectrum. If removed, they have to be replaced by values which are 

not obtained from experiments, rather, from intelligent guesses. When both r  and 

T  are small, the glitch have be observed to be quite significant as to overwhelm the 

interested echo, hence may prevent the effort to shorten the "dead time".

To overcome the problem, Bowman00 has proposed the method of phase 

cycling. By alternating the microwave phases of the first and the second
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Figure 4.5.1 Echoes observed with the stimulated echo sequence. The

experiment is performed to observe the stimulated echo 

denoted by SE. Echoes 1,2,3 and RE are two-pulse echoes 

resulted from various transmitter pulses and the refocused 

echo, respectively.
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transmitter pulses of the stimulated echo sequence, therefore alternating the phases 

of unwanted echoes resulted from two pulses, the glitches can be canceled. But the 

stimulated echo, which is the consequence of three pulses, is kept the same sign and 

added together.

The method of the phase cycling can be further developed.** Phases of all 

pulses can be alternated, as long as the addition and subtraction of the interested 

echo are carried out properly. This will be referred to as the complete phase 

cycling. If n pulses are present, the variations of the pulse sequence based on 

complete phase cycling will total 2n. In the stimulated echo sequence, for example, 

the phase of the third pulse is also alternated. Then there are eight non—identical 

pulse sequences altogether. The recorded echo amplitude is now subtracted horn, 

instead added to, the signal from the other phase. If the phase cycling is carried out 

in this fashion, the benefit is not only getting rid of glitches, but also obtaining a 

true baseline. Of course, the baseline can be obtained by collecting a separate data 

set at identical experimental conditions except that the paramagnetic species are 

not on resonance; it can also be obtained by measuring the signal at the time when 

no echo occurs. The basdine obtained is then subtracted from the echo data 

obtained separately. If a signal average is performed and the noise is taken into 

account, the signal to noise ratio is enhanced by the application of phase cycling by 

a factor of compared to the other approaches. This is because the averaged 

signal is proportional to the number of repetition, yet the noise is proportional to 

the square root of that number. Twice the number of repetitions would be needed 

with other methods to achieve the same signal to noise ratio as with the phase 

cycling method.

One may wonder whether a  complete phase cycling is necessary, if the

** Helpful discussions with P. Tindall and M. Bernardo are gratefully 
acknowledged.
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purpose is to get rid of glitches and obtaining a true baseline. Usually it is not. But 

there are cases where a complete phase cycling does help to eliminate problems due 

to differences in transmitter pulses. It has been observed that when a microwave 

phase modulator is used to change the transmitter pulses its insertion loss is 

different when it is on or off. The small difference between pulses generated at low 

power is magnified by the preamplifier and high power amplifier in the transmitter 

arm. This causes an incomplete cancellation of glitches and other deviations from 

baseline, when the phase cycling is incomplete. The complete phase cycling 

overcomes this problem. It has also been observed that even though on the 

oscilloscope the echo is still masked partially by the pulse ringdown, the data 

collected with the complete phase cycling are free from effects of pulse ringdown and 

glitches. The tail of pulse ringdown has been canceled. Of course, this can not 

extend too far into the pulse ringdown regime. But it does help minimizing the 

effects due to the "dead time".

VI. Method of Waveform Division

Waveform division technique is the most effective when small differences 

exist between two otherwise identical samples. The small differences can be 

enhanced by the quotient waveform which does not contain the common features 

between the numerator and denominator waveform. The usefulness of the method 

has been illustrated in several studies where different isotopes were enriched 

separately to the otherwise identical samples.9,53,81 For example, Zweier et al.9x 

reported the experimental results on the metalloprotein complex Cu(n) conalbumin. 

When the two-pulse echo data were taken on Cu(II) conalbumin bound by iaC 

oxalate or bound by 13C oxalate, certain minor differences between these two were 

detected. But both patterns were dominated by modulation due to protons and due
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to UN nuclei. To enhance the detected minor differences, the two waveforms were 

divided, and ESEEM component due to 13C was thus revealed. It was then 

established that oxalate was closely bonded to the metal ion in Cu(ll) conalbumin.

As noted by Rowan et of20 and Mims21, when several nuclei are coupled to 

the paramagnetic center, the resulting modulation pattern is given by the product of 

the modulation patterns due to each individual nucleus. But strictly speaking, this 

will be true only for a single crystal and when mutual interactions between these 

nuclei are negligible. As far as a powder or frozen sample is concerned, it is at best 

a good approximation, since the average of the multiple nuclei modulation pattern 

over different molecular orientations may be different from the product of the 

individually averaged pattern. Mathematically, it is equivalent to interchanging the 

multiplication of individual modulation patterns at a single orientation with the 

average over the orientations, which may or may not be valid. Given the success of 

past applications, it is fair to say that the approximation is reasonable. So, the 

division of two time domain modulation waveforms taken at identical experimental 

conditions and with an identical EPR spectrum will reveal any difference between 

the two samples, but not their common features. Any peaks with a phase of zero 

(or pointing upward) in the cosine Fourier transform of the quotient waveform are 

associated with the numerator waveform; those with a phase of it are associated 

with the denominator waveform.

It iB worth commenting that when the difference is small between two 

spectra, a flat baseline is much needed. Otherwise, one may not be able to 

distinguish small frequency peaks from distortions to the baseline. For this reason, 

the LPBE method serves the purpose: By removing baseline distortions from 

Fourier transforms of both numerator and denominator waveform, the distortions to 

the Fourier transform of the quotient waveform will be minimized.

Another related point to be noted is that the multiplication of individual
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modulation patterns may result in the so-called "combination frequency" 

peaks. 21,fll,82'M Due to the fact that more than one nuclei magnetically couple to 

the same paramagnetic center, the sum or difference of involved nuclear modulation 

frequencies may show up in the observed spectrum. McCracken et of.81 have 

combined the observation of "combination frequency" lines, the model compound 

comparison, and numerical simulations to show two nitrogens coordinations (from 

two imidazoles) to the Cu(II) center in the phenylalanine hydroxylase from 

Chromobacterium violaceum. The waveform division method may provide an extra 

help when "combination frequencies" are present: these peaks will be removed 

simultaneously with those which cause these peaks. That is, if peak C is the 

combination of peak A and B, removal of peak A or B will affect C. In a complex 

spectrum where many peaks are present, this will simplify the task of assigning 

frequency peaks.
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PART II ELECTRON SPIN ECHO STUDY

OF THE NITROGENASE 

MOLYBDENUM IRON PROTEIN

ABSTRACT

An ESEEM spectroscopic study has been performed on the nitrogenase 

molybdenum-iron protein from Clostridium pasteurianum. The analysis of the data 

and conclusions concerning the coordination structure of the molybdenum—iron 

cofactor (FeMoco) will be discussed.

Although the EPR spectrum of the ± 1 / 2  Kramers doublet of the 5 = 3 / 2  

system horn the protein enriched with 98Mo (I =  5/2) was observed to be essentially 

indistinguishable from the EPR spectrum of the protein enriched with 96Mo (I = 0), 

differences were observed in ESEEM and El—EPR spectra at resonance frequencies 

of both 10.7 GHz and 6 GHz. To isolate any difference between the two, the time 

domain ESEEM data of the 98Mo enriched MoFe protein were divided by the 96Mo 

enriched protein time domain ESEEM data taken at identical experimental 

conditions. The cosine Fourier transform from the division quotient clearly 

indicated the presence of multiple sharp peaks associated with transitions among 

quantum states of the molybdenum spin. The hyperfine coupling and nuclear 

quadrupolar coupling of the molybdenum obtained from the preliminary analysis are 

lower than the values obtained from the CW—ENDOR analysis.32

In all spectra, whether from the native protein or the proteins that were
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isotopically enriched, the nudear modulation due to at least one nitrogen has been 

observed. The interplay of the nudear Zeeman, hyperiine, and nudear electric 

quadrupolar interactions, together with the effect of "orientational sdectivity", 

results in a  pronounced dependence of the ESEEM spectra on the resonance 

magnetic field. This enables the extraction of a unique set of coupling parameters. 

Based on this analysis, in comparison with existing Nuclear Quadrupole Resonance 

data and recent site-directed mutagenesis studies, it is likely that the modulation is 

due to a nitrogen in the side chain of a histidine or a glutamine residue which is 

coordinated to the FeMoco. However, the possibility that the modulation is due to 

a nitrogen in the side chain of a lysine can not be ruled out.

While the nitrogen modulation frequencies do not depend on whether the 

protein is enriched with B5Mo or 9BMo, the modulation amplitudes are quite 

different. The significant change of the nitrogen modulation amplitudes introduced 

by the difference in molybdenum isotope enrichment suggests that this nitrogen is 

likely connected to the FeMoco through coordination to the molybdenum.



Chapter 5

INTRODUCTION TO NITROGENASE

Nitrogen fixation, either as the biological process or the industrial 

Haber—Bosch process, is often a limiting factor in supplying a reduced form of 

nitrogen to bacteria and plants, thus directly affecting growth.1 Most of the 

nitrogen fixation on earth is accomplished through the catalytic action of the 

enzyme nitrogenase. Nitrogenase is the enzyme in bacteria capable of reducing N2 

at ambient temperature and pressure, in contrast to the industrial process where 

high temperatures and pressures are needed.3 Studies of this enzyme are directed 

toward the understanding of how this enzyme utilizes the metal clusters which have 

unusual composition and novel physical properties to achieve its catalytic efficiency.

When isolated from various bacteria, nitrogenase is found to be an 

iron-sulphur protein containing molybdenum.3' 5 It was believed for quite a long 

time that molybdenum was the essential element for biological nitrogen fixation. 

Recently, evidence for Mo-independent nitrogenases, namely, V—nitrogenase 

systems and possibly an Fe only nitrogenase, has been presented.8 *8 This 

dissertation will, however, focus on the Mo—nitrogenase. In the following, unless 

otherwise specified, Mo—nitrogenase will be implicitly assumed.

Nitrogenase consists of two separate and distinct proteins, the MoFe protein 

(or component 1) and the Fe protein (or component 2), as shown schematically in 

Figure 5.1. They must act concertedly for catalysis in any of the biological 

reactions.9' 10 The exact details of the catalysiB of Nj reduction are still unknown,
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Figure 5.1 Schematic representation of Mo—nitrogenase (Courtesy of 

Dr. E. I. Stiefel).
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though a considerable amount of structural, kinetic, and biochemical data on the 

system is available. The Fe protein contains two identical subunits of molecular 

weight 30,000.11 A single Fe4S< center is present in the protein and appears to be 

bound between the two subunitB.12 During enzyme turnover this protein transfers 

electrons to the MoFe protein.13’14 The MoFe protein has a molecular weight 

around 220,000, and is isolated as a tetramer with subunit molecular weight of 

50,000 and 60,000 respectively. It contains 2 Mo, and approximately 30 Fe and 30
n

S per molecule.9’10 There are at least six metal-containing prosthetic groups, 

two of which constitute the so-called M center. The other four, called "P clusters", 

are thought to be involved in electron transfer and storage, presumably providing a 

reservoir of low potential electrons to be used by the M centers in substrate 

reduction.10' 16

The Iron—Molybdenum cofactor (FeMoco) has been extracted from the 

protein into N—methyl formamide (NMF) and other solvents. The similarity of 

FeMoco to the M center can be shown by the fact that FeMoco activates the MoFe 

protein from a mutant organism that produces protein which lacks the M center.10 

FeMoco consists of Mo, Fe and S with the ratio estimated to be 1 : 6—7 : 9-10.17 

Also, it contains homocitrate, recently proven as an intrinsic organic component.18 

Recent genetic evidence strongly implicates the FeMoco as the active site of Nj 

binding and reduction.19 The resemblance of the extracted cofactor to that of the M 

center in the protein has been shown spectroscopically and structurally.20*26 EPR 

spectra of FeMoco and the MoFe protein in its resting state are shown in Figure 5.2. 

In the case of the protein, the EPR signal is attributed to the M center, since all P 

clusters are reduced to a spin state of S  =  0. Both spectra are characteristic of an 5 

=  3/2 center in which the Mg =  ± 1/2 Kramers doublet lies lowest in energy. The 

spectrum of the cofactor is considerably broader and has somewhat greater 

rhombicity compared to that of the M center in the protein. Nevertheless, the S  =
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Figure 5.2 X—band EPR spectra taken at 5 K for the (a) the nitrogenase 

MoFe protein from Clostridium pasterianum; and (b) the 

FeMoco extracted from the protein in NMF. Other 

experimental conditions: microwave frequency at 9.222 GHz, 

H  =  2250 gauss, field span =  4000 gauss, and modulation field 

amplitude =  10 gauss.
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3/2 signature is unique for this protein system, and its presence in FeMoco and the 

M center spectra is indicative of the structural similarity. X—ray absorption 

spectroscopy (XAS) has given further support of the structural similarities.23*25 

The Mo XAS on MoFe proteins from both Clostridium pasterianum and Azotobacter 

vinelandii, as well as on FeMoco extracted in NMF indicates that the FeMoco 

extraction procedure leaves the metal coordination surroundings unchanged from 

the protein. The extended X—ray absorption fine structure (EXAFS) also reveals 

similarity between the Mo in FeMoco and in MoFe protein. In both the protein and 

FeMoco, 3 — 4 Sulphur at 2.4 1 from the Mo, plus 2 — 4 Iron at 2.7 X, and 1 — 2 low 

Z atoms (N or 0 )  at 2.2 S are found.

Additional support for the S  =  3/2 formulation comes from Mdssbauer and 

Electron Nuclear Double Resonance (ENDOR) spectroscopy.25,22 Mossbauer 

spectra of the 5 =  3/2 center have been decomposed into six components. They are 

spin—coupled as evident by the fact that the spin is shared by these iron atoms and 

by the observation of positive and negative hyperfine coupling constants. These 

conclusions have been supported by recent CW-ENDOR experiment. From their 

ENDOR analysis on 57Fe enriched protein, True et al.27 concluded that at least five 

inequivalent iron sites could be identified. In a separate report by Venters et al.22, 

9SMo ENDOR measurements also confirms that a single molybdenum is an integral 

part of the cluster.

Since the EPR signal of MoFe protein arises from the M center (or FeMoco), 

numerous EPR studies, including those on MoFe protein enriched with individual 

isotopes, have been performed in order to gather more information about this 

center. Among them, Palmer et al.28 examined the EPR of the ± ^  signal from the 

protein enriched with 95Mo, and observed that the spectra from the molybdenum 

enriched protein and from the native protein were essentially indistinguishable from 

each other. Similar results were also obtained from the protein isolated from
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different organisms by Smith et al..39 In addition, they observed a subtle 

broadening in the signal from ± ^  KramerB doublet for the protein isotopically 

enriched with s7Fe, suggesting the participation of Fe in the center. Recently, 

George et a l."  have performed EPR experiments on proteins enriched with various 

isotopes including 57Fe, "M o, and "Mo, and on proteins exchanged with 

isotopically labeled water. The sharpness of the signal from the excited states 

enabled the observation and quantitation of incompletely resolved hyperfine 

splittings Rom the magnetic nuclei "M o and B7Fe. Also, "M o hyperfine coupling 

deduced Rom that experiment were found to be different than that obtained Rom 

previous CW-ENDOR.

As discussed previously, the inhomogeneous broadening of the EPR spectra 

precludes more detailed analysis of the FeMoco structure. CW—ENDOR has been 

utilized to gather more information about this cluster. In a series of studies, 

Hoffman et a l33,31 examined native and isotopically enriched MoFe proteins. The 

major conclusions have been stated above. It is worth commenting that the "Mo 

ENDOR Requency peaks reported are rather broad with only a doublet present. 

Some peaks are assigned, but not clearly present. In addition, no observation of the 

cluster ligation was reported.

Because of its complementary nature to ENDOR spectroscopy, ESEEM 

should be an effective tool for exploring the environment of the cluster. Indeed, in 

the unpublished 2—pulse ESEEM data, Mims and Orme—Johnson observed31 

differences between the "Mo-enriched and "Mo-enriched proteins, without 

further analysis, it was assumed as an indication of the participation of molybdenum 

in the paramagnetic cluster. The purpose of this study is to investigate 

spectroscopic properties of FeMoco, and to provide information about the structure 

and coordination of the cluster.



Chapter 6

RESULTS

In this chapter, the ESE study on the nitrogenase MoFe protein and FeMoco 

extracted in NMF, both of natural isotopic abundance, will be first discussed. 

Initial experiments were performed at the temperature T « 5 K .  From this study, 

protein nitrogen coordination to FeMoco was identified. Then the study, performed 

at T a 1.5 K, on the protein enriched with molybdenum isotopes will be described. 

Discussions will be focused on identifying the origin of this nitrogen coordination 

and the mode of coordination to FeMoco. The preparation method of the protein 

sample is included as Appendix 3. The extraction procedure of FeMoco can be 

found in, for example, reference 17.

I. Experimental Results at 5 K

The experiments were performed on the nitrogenase MoFe protein and 

FeMoco which was extracted from the protein with NMF. Both samples were from 

Clostridium pasteurianum. ESEEM data were recorded on the spectrometer 

described, though with an overcoupled TE102 microwave cavity as the resonator, 

which is mounted on an Oxford Instruments E9 helium flow cryostat. The time 

domain waveform and its Fourier transform on the MoFe protein are shown in (A) 

and (B) of Figure 6.1.1. The time domain data were taken at g = 3.70 using the 

stimulated echo sequence with r  =  0.12 psec. The time duration for all pulses was 

20 nsec, and the time increment between consecutive data points was 10 nsec.
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Figure 6.1.1 The time-domain envelope waveform taken with the 

stimulated echo sequence is shown for the MoFe protein in (A) 

and its Fourier transform in (B) and for the FeMoco in (C) 

and its Fourier transform in (D). The experimental conditions 

were r  =  0.12 /xsec, H  =  1740 gauss, microwave frequency 

9.0595 GHz; temperature T =  5 K; and tt/2 pulse width was 

0.02 fjsec. Fourier transformation was facilitated by using 

the LPBB method.
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The Fourier transforms were obtained after reconstructing the "dead time" piece 

with LP method. Neither baseline correction before the transform nor phase 

correction after the transform were taken. The appreciable periodical amplitude 

change and sustained signal are transformed to well resolved sharp lines. There are 

four distinct modulation frequency lines located at 0.66, 1.45, 2.09, and 3.48 MHz. 

These well resolved lines are characteristic of nuclear quadrupole transitions for 

nitrogen coordinated to the paramagnetic metal center. Proton modulations are 

suppressed in the spectrum, due to proper choice of r  such that the stimulated echo 

sequence suppresses the proton Larmor frequency.32

ESEEM time domain data and its transform shown in (C) and (D) of Figure 

6.1.1 are from the experiment on FeMoco. At the end of time domain data, 20 

baseline points were collected in addition to 512 data points. The data were taken 

at the same experimental conditions as for the MoFe protein. No other data 

processing technique was applied except a cosine Fourier transform following the 

reconstruction of the "dead time" portion. The broad peak centered at 7.2 MHz, 

which is the Larmor frequency of a proton at that field, can be assigned to 

proton(s). The broad linewidth may indicate presence of very fast decaying protons 

or numerous coordinated protons. Given that the number of protons present in the 

sample is very large, and that no other information about distribution of protons 

surrounding the paramagnetic center, no attempt has been made to characterize 

these protons.

There are visible differences in both the time domain and frequency domain 

spectra between the MoFe protein and FeMoco. The most obvious difference is the 

absence of the four sharp modulation peaks discussed above in the FeMoco 

spectrum. The extra nitrogen modulation in the protein may have several possible 

origins. It may come from the substrate (Ns) molecules which remain associated 

with the protein, or from the TRIS buffer when the protein is prepared (FeMoco is



79

extracted from the protein in NMF, therefore, should be independent of which buffer 

is used), or from the protein structure surrounding FeMoco. When phosphate buffer 

was used to prepare the protein, no difference in the nitrogen modulation of the 

protein was found, indicating that the nitrogen does not come from buffer. 

Furthermore, allowing nitrogenase turn over with 15Nj (15N possesses a spin I =  1/2, 

while 14N, I =  1) as substrate did not change ESEEM modulation spectrum. If the 

modulation observed is due to remnant substrate nitrogen in the protein, it would 

be expected to be replaced by 16N in this experiment. The fact that no spectral 

change were observed eliminates this hypothesis. Therefore the modulation comes 

from a part of the protein adjacent to the FeMoco.

In principle, nitrogen modulation can be observed if a  nitrogen is directly 

coordinated to, indirectly coordinated to (coordination through other bonds), or 

located nearby but without any bonds with the paramagnetic center. To confirm 

the assignment of nitrogen, as well as to determine how the nitrogen connects to the 

FeMoco, a numerical simulation was performed based on the method described in 

Section 3.5.

Shown in Figure 6.1.2 and 6.1.3 are the comparisons of simulated spectra and

experimental data for the MoFe protein at g =  3.70 and 2.50. The parameters used

to generate the simulated spectrum in Figure 6.1.2 are: = 2.00 MHz, u. = 1.40

MHz, A = 1,65 MHz. u4 and v. can be converted to e*qQ/h = 2.27 MHz and q =  
180

0.53. The frequency peaks in the simulated spectrum are 0.66, 1.45, 2.11 and 3.48

MHz, which compare favorably with the experimental ones of 0.66, 1.45, 2.09, and

3.45 MHz. The nuclear quadrupole parameters used to generate the simulated

spectrum at g =  2.50 in Figure 6.1.3 are: «/«. =  2.19 MHz, v . =  1.33 MHz, A =
iso

1.50 MHz. v* and v . can be converted to t^qQfh =  2.35 MHz and rj =  0.73. The 

simulated frequency peaks are 0.86, 1.34, 2.19, and 3.75 MHz, which compare 

favorably with experimental ones at 0.86, 1.34, 2.19, and 3.78 MHz. Although
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Figure 6,1.2. Comparison of (a) the experimental and (b) simulated spectra 

for the MoFe protein at g = 3.70. The experimental conditions 

have been described in Figure 6.1.1. The phase correction, as 

discussed in Section 4.3, was performed following cosine 

Fourier transform. The simulation was performed with the 

spherical average method, as discussed in Section 3.5, with 

=  2.00 MHz, u. =  1.40 MHz, and A =  1.65 MHz.
’ iso



81

2 4 6 8 10
MHz 

Figure 6.1.2



82

Figure 6.1.3. Comparison of (a) the experimental and (b) simulated spectra 

for the MoFe protein at g — 2.50. The experimental conditions 

are the same to those in Figure 6.1.1, except H — 2577 gauss, r  

=  0.16 fisec. The phase correction, as discussed in Section 4.3, 

was performed following cosine Fourier transform. The 

simulation was performed in the same way as in Figure

6.1.2, except the simulation conditions: v+ =  2.19 MHz, u. =

1.33 MHz; A -  1.50 MHz.
iso
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modulation amplitudes are not well represented, but the frequencies are correctly 

reproduced.

It is interesting to note that the nuclear quadrupole parameters inferred are 

very similar to those involving the imidazole nitrogen directly bound to low-spin 

heme where e^qQfh =  2.53 MHz and rj = 0.32.33 It is also interesting that there 

exists a non—zero isotropic hyperfine coupling constant from the current analysis. 

The hyperfine coupling here is, sometimes, called "superhyperfine" coupling to 

distinguish the hyperfine coupling due to a ligand from that due to the metallic ion. 

Fermi has shown that for systems with one electron the metallic isotropic hyperfine 

interaction is given by

(6.1.1)  * j - | * ( 0 ) | \ / l ,

where ftQ and are magnetic moments of electron and nucleus respectively, ip (0) 

represents the wave function evaluated at the nucleus.34 Expressed in operator 

form, the Fermi contact interaction is

(6.1.2)

From the quantum mechanical model for the hydrogen atom, only electrons in s 

orbital have a non-zero probability of being at the nucleus. In general, the contact 

interaction is due to the presence of unpaired s-electron spins, which arises from 

polarization of the filled electron shells.35 By analogy, a non-zero isotropic 

superhyperfine coupling would mean the presence of paramagnetic electrons at the 

ligand nucleus, resulting from ligand coordination. The similarity of nitrogen 

quadrupole parameters in the MoFe protein to those in metal-imidazole complexes 

suggests that the observed frequencies most likely come from a directly coordinated
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nitrogen on an imidazole ring.

In summary, the ESEEM spectrum of the protein taken at T ~ 5 K contains 

lines characteristic of nuclear quadrupolar transitions for nitrogen coordination to 

the M center. These frequencies are absent from the spectrum of FeMoco isolated in 

NMF, suggesting that the FeMoco is coordinated to the protein through at least one 

nitrogen ligand. This conclusion is reinforced by the determination of a non-zero 

isotropic hyperfine term which shows direct interaction of the UN nuclear and 

electron spins.

However, these results were obtained at T ~ 5 K, where the electronic 

phase-memory time is shorter than that at T ~ 1.5 K. Also, spectra were taken at 

only a few g values, and the effect of "orientation selection" was not adequately 

considered. Due to differences of the EPR spectra between the MoFe protein and 

FeMoco, the comparison of the ESEEM spectra may be based on different sets of 

molecules whose molecular reference frames have different orientations to the 

external magnetic field. In addition, in the FeMoco spectrum, some low frequency 

lines are visible, though with small amplitude. It is arguable that the nitrogen 

observed in the MoFe protein could be present in FeMoco with a change of the 

magnetic coupling.

There are several questions concerning the nitrogen modulation need to be 

answered:

1) How many nitrogens does the modulation represent?

2) What is the identity of the nitrogen?

3) To which part of the FeMoco does the nitrogen bind?

These are the motivations of the study presented in the next section.
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II. Experimental Results at 1.5 K

The data were taken on the spectrometer described. When taking El—EPR 

spectra, the Hahn echo sequence was used, and typical field strength increment were 

5 or 10 gauss. The ESEEM data were taken typically at the time interval of 20 or 

30 nsec, which corresponds to Nyquist frequency of 25 or 16.67 MHz. The pulse 

repetition rate at which the pulse sequence is repeated is typically 400 Hz, or one 

pulse sequence per 2.5 msec. Unless specified, the stimulated echo (3—pulse) 

sequence were used. Five baseline points were collected at the end of scans. In 

order to prevent baseline artifacts in the Fourier transform spectra, Linear 

Prediction was used to back-extend the time-domain data to zero time, filling in 

the small missing piece due to the spectrometer "dead time". The decay 

backgrounds were removed by subtraction of suitably fitted polynomials. If LPBE 

was not applied, cosine Fourier transformed spectra taken were phase corrected 

according to the points missing at the beginning of the time data file, as described in 

Section 4.3. Data involved in the waveform division were taken under identical 

experimental conditions, i.e., the resonant frequency, magnetic field setting, 

temperature, and time intervals, etc..

1. ESEEM of FeMoco at 1.5 K

EPR spectra of FeMoco in unenriched NMF and 13C15N doubly labeled NMF 

at 5 K are observed to be indistinguishable (not shown). The identical spectra 

makes the comparison of ESEEM spectra between the two a fair one, in the sense 

that the "orientation selectivity" by EPR will be identical for both.

The comparison of ESEEM spectra of the two samples is shown in Figure 

6.2.1. Because the modulation is shallow and the echo envelope decays fast, it is
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Figure 6.2.1 ESE spectra at g =  2.05 for (a) FeMoco extracted in NMF; (b)

FeMoco in 1̂ CJ doubly labeled NMF. The experimental

conditions were: (a) microwave frequency u =  9.154 GHz, H =
e

3186 gauss and r  =  0.22 fjsec; (b) v -  9.170 GHz, H  =  3196C
gauss; t  =  0.22 /isec; T =  1.5 K, and x/2 pulse width was 0.03 

fisec. The phase correction was performed following the cosine 

Fourier transformation, as discussed in Section 4.3.
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difficult to remove the decay background from the time domain data properly, 

therefore distortions to the transform spectra are pronounced. But it is quite 

obvious that there are significant differences between the two spectra. Spectrum (a) 

contains a number of broad frequency peaks, which can possibly be assigned to UN 

or Mo (05Mo and 87Mo) nuclei. In spectrum (b), the sharp frequency peaks centered 

at 1.40 MHz and 3.45 MHz are very close to the Larmor frequencies of 1BN (1.38 

MHz) and 13C (3.42 MHz) at that field setting. Therefore, they can be assigned to 

18N and 13C nuclei in labeled NMF, respectively. The significant differences in the 

two Bpectra indicate that the observed frequencies in spectrum (a) are most likely 

due to NMF, not to the FeMoco. If a part of the observed frequencies in spectrum 

(a) are hypothesized to be due to the same nitrogen(s) responsible for the observed 

modulation in the MoFe protein, it would be inconsistent with the observation that 

these frequencies were replaced by the t5N frequency in spectrum (b). Therefore, it 

is firmly established that the non-cofactor part of the MoFe protein is responsible 

for the nitrogen modulation.

The above result is not only significant in confirming protein coordination, 

but also informative about the role of NMF. FeMoco was first isolated by Shah and 

Brill35 by extraction from acid-denatured MoFe protein into NMF. Efforts have 

been made to investigate why NMF remains a more successful and reliable 

extracting agent than other solvents. Yang et a l36 developed several modifications 

of the original extracting procedure; and concluded that NMF is not essential for the 

effective isolation or structural stability of FeMoco. There have been speculations 

about the connection between the protein coordination structure and the role of 

NMF. Walters et al.37 inferred from their FT—IR analysis that NMF is ligated to 

FeMoco via deprotonated nitrogen, and further hypothesized that in the MoFe 

protein, the primary coordination of the cofactor is via deprotonated backbone 

amide ligands. ESEEM study on FeMoco in individually labeled NMF, aimed at
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elucidating how many NMF molecules are bound, thus mode of binding to FeMoco, 

has been planned. The data and analysis will be presented on a later date.

2 El—EPR  Studies

The El—EPR spectra at 9 GHz with different inter-pulse time intervals on 

MoFe protein enriched with 05Mo and with S6Mo are shown in Figures 6.2.2 and

6.2.3. Those at 10.7 GHz (not shown) are very similar to these figures. The 

pronounced differences in the spectra of different molybdenum isotopic enrichments 

clearly indicate the effect of the molybdenum, especially at the higher magnetic field 

region of the spectra.

The stable isotopes 9sMo and 9aMo possess nuclear spins I =  5/2 and 1 =  0, 

respectively. So while the presence of the 9#Mo nucleus should not cause any 

hyperfine splitting of the EPR signal, the presence of the 95Mo nucleus would be 

expected to do so. The EPR signal of the ± 1/2 Kramers doublet of the 3/2 system 

from the MoFe protein enriched with 96Mo were observed to be essentially 

indistinguishable from that enriched with 96Mo, or that with natural abundance of 

isotopes, indicating a very small hyperfine coupling for the molybdenum.28139 While 

EPR is not sensitive to small hyperfine couplings, E I-EPR  can be susceptible to the 

nuclear modulation effect caused by weak magnetic interactions. As discussed in 

Chapter 2, El—EPR spectra would be identical to EPR spectra if the time interval 

between pulses were zero. Otherwise, the nuclear modulation effect needs to be 

considered. Because the nuclear modulation effect modifies the echo amplitude, the 

El—EPR data depend both on the interplay of various magnetic interactions and on 

the time interval between pulses. The differences in El—EPR spectra, notably in 

the higher field region, of the proteins enriched with 95Mo and with 96Mo clearly 

indicate the presence of magnetic interactions of the molybdenum. On the other
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Figure 6.2.2 Comparison of CW—EPR and El—EPR spectra of the MoFe

protein isotopically enriched with gsMo. The experimental

conditions: v =  9.056 GHz; temperature, 1.5 K; ir/2 pulse 
e

width 0.03 fjaec; r  of the Hahn echo sequence is indicated for 

each EI-E PR  spectrum in the Figure. Magnetic field strength 

and corresponding g values are labeled as the abscissa. The 

top spectrum was generated using the CW—EPR simulation 

parameters for the same protein at 4.2 K (George et ai 

Biochem. J. 1989, 262, 349).
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Figure 6.2.3 Comparison of CW -EPR and EI-EPR spectra of the MoFe 

protein isotopically enriched with ®5Mo. The top spectrum was 

generated using the CW—EPR simulation parameters for the 

same protein at 4.2 K (George et aL Biochem. J. 1989, 262, 

349). The experimental conditions are identical to those in 

Figure 6.2.2.
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hand, the technique does not allow the extraction of the hyperfine coupling and 

other interaction in a fashion similar to EPR. To extract these interactions, one 

needs to analyze the more informative ESEEM data.

3 ESEEM Studies

The ESEEM spectra of the MoFe protein with 9eMo and "M o enrichment at 

excitation frequencies of both 9 GHz and 10.7 GHz are shown in Figures 6.2.4 to 

6.2.7. The g values at which these spectra were taken are 2.01, 2.54, 3.79, and 4.13. 

Except g — 2.54, they are very dose to the principal apparent g values. The first 

thing to be noticed is the difference between the two sets of spectra. Additional 

peaks exist in the spectrum for fl5Mo spectrum. These peaks can be associated with 

the nudear modulation effect due to 95Mo. In order to isolate the differences, the 

method of waveform division was used. As discussed in Chapter 4, if the nuclear 

modulation effect is due to multiple nuclei magnetically coupled to the same 

paramagnetic center with negligible mutual interactions, then the time domain 

modulation is the product of those individual modulation functions. Because of this, 

the division of two sets of time domain modulation data taken at identical 

experimental conditions and with identical EPR spectra will reveal any difference 

between the two samples, but not their common features. Any peaks in the cosine 

Fourier transform of the division data with a phase of zero are associated with the 

numerator spectrum, ones with a phase of it, associated with the denominator 

spectrum Shown in Figure 6.2.8 are the time domain waveforms taken at 9 GHz 

and g =  2.01 for the 95Mo enriched and "M o enriched protein and the quotient from 

the division of the two waveforms. The corresponding cosine Fourier transform 

spectra are shown in Figure 6.2.9. The spectra from the quotient waveforms at 

other g values are shown in Figure 6.2.10. The presence of molybdenum is clearly
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Figure 6.2.4 ESEEM spectra at 1.5 K for the 9sMo enriched MoFe protein. 

The experimental conditions were: v  = 9.056 GHz; t  — 0.17
e

fisec, and ir/2 pulse width, 0.03 //sec. Field settings and g 

values are (from the top): g =  2.01, H = 3219 gauss; g — 2.54, 

H — 2548 gauss; g =  3.79, H — 1707 gauss; and g =  4.13, H  = 

1567 gauss. Fourier transformation was facilitated by using 

the LPBE method.
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Figure 6.2.5 ESEEM spectra at 1.5 K for the 95Mo enriched MoFe protein. 

The experimental conditions and data processing procedure are 

identical to those in Figure 6.2.4.
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Figure 6.2.6 ESEEM spectra at 1.5 K for the 9BMo enriched MoFe protein. 

Experimental conditions were: v =  10.682 GHz; t  = 0.25 /zsec, 

and w/2 pulse width, 0.03 /zsec. Field settings and g values are 

(from the top): g =  2.01, H =  3797 gauss; g — 2.54, H =  3005 

gauss; g = 3.79, H =  2014 gauss; and g = 4.13, H =  1847 gauss. 

The data processing procedure is the same as for Figure 6.2.4.
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Figure 6.2.7 ESEEM spectra at 1.5 K for the 95Mo enriched MoFe protein. 

The experimental conditions and data processing procedure are 

identical to those in Figure 6.2.6.
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Figure 6.2.8 The time domain waveform at g = 2.01 for: (a) the ®5Mo 

enriched MoFe protein, and (b) the 9BMo enriched MoFe 

protein. The quotient waveform of (a) over (b) is shown in

(c). The experimental conditions are the same as in Figure 

6.2.4 and 6.2.5. Data points from r  +  T  =  0.0 to 0.34 fi&ec 

were back-extended using LPBE method. Baseline points are 

shown at the end of time—domain data.
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Figure 6.2.9 Fourier transform spectra for the time domain waveforms 

shown in Figure 6 .2 .8.
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F igure 6.2.10 Fourier transform spectra for quotient waveforms obtained in 

the same way as in (c) in Figure 6.2.9. The experimental 

conditions are the same as in Figure 6.2.4 and 6.2.5, except in 

the middle spectrum: g — 2.23, and H  =  2901 gauss.
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indicated by the multiple sharp peaks pointing upward. Efforts were made to 

simulate numerically the experimental spectra with the consideration of 

"orientational selective averaging". The preliminary simulation results indicated 

that the spectra can be assigned to a molybdenum with hyperfine coupling of about 

5 MHz in the 5 — 3/2 spin coordinate system, and nuclear quadrupolar coupling 

e2qQ/h of about 2.5 MHz.

Both spectra contain sharp modulation peaks ranging from about 0.5 MHz to 

about 4 MHz whose amplitudes are strongly fidd dependent. These frequencies 

were also observed in the spectra of the protein with natural isotopic abundance, 

which are closer to those with B8Mo enrichment than with B5Mo enrichment, as 

shown in Figure 6.2.11. Comparisons to ESEEM data taken at 5 K were also made 

in order to assign these frequencies. Inspection of the 5 K spectrum at g = 3.70 and 

1.5 K spectrum at g =  3.79 has revealed that modulation frequencies are comparable 

to each other. Based on the previous discussion, these frequencies present in all 

forms of the protein have been attributed to nitrogen modulation. One interesting 

feature is that these modulation frequencies do not change significantly with g 

values changing from 2.01 to 4.13, while the modulation amplitudes change 

appreciably. The strong field dependence of these modulation amplitudes is the 

consequence of the "orientational selection" and the interplay of the nuclear Zeeman 

interaction, hyperfine interaction and the nuclear quadrupole interaction. Thorough 

analysis of these modulation patterns, with the consideration of "orientation 

selectivity", will provide information on the molecular level. From the analysis, 

which will be discussed in detail in Section 7.1, it is concluded the modulations can 

be assigned to at least one nitrogen atom.

Not only have these nitrogen modulations been observed for spectra for both 

BBMo and B5Mo, but part of these modulations peaks have been observed in the 

transform spectra of quotient waveform from the division of B5Mo over B6Mo.
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Figure 6.2.11 ESEEM spectra at 1.5 K for the native MoFe protein. The 

experimental conditions are the same as in Figure 6.2.4, except 

that g =  2.23, H  =  2901 gauss for spectrum (a). The Fourier 

transformation was facilitated by the application of the LPBE 

method.
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Because no frequency shifts, the presence of these modulations is the consequence of 

differences in the nitrogen modulation amplitude between the numerator and 

denominator spectra. To quantitate the differences, the time domain data of both 

96Mo and 9#Mo enriched proteins have been normalized against the echo amplitude 

at zero time prior to being Fourier transformed. If we measure the difference in 

modulation frequency amplitudes between the two Mo enriched proteins by the 

percentage deviation (defined as |(A -B )/(A + B )|) it can be as large as 100%. 

Table 6.2.1 lists nitrogen modulation amplitudes measured from transform spectra 

of normalized time—domain data for both proteins and the corresponding percentage 

deviations.

In Figures 6.2.4 and 6.2.5, some frequencies are peaked at twice of the proton 

Larmor frequency, and some around the proton Larmor frequency. And these peaks 

were observed to shift with the proton Larmor frequency. These are the so-called 

"combination frequencies" arising from the couplings of the nitrogen and proton(s) 

to the same paramagnetic ion, or from the couplings of multiple protons to the same 

paramagnetic ion. Given that no knowledge about the distribution of protons 

surrounding the FeMoco is present, no attempt has been made to characterize these 

protons. However, it is conceivable that the "combination frequencies" could be due 

to protons on the nitrogen ligand.

On the other hand, no combination between the nitrogen modulation 

frequencies were found other than those assignable to the nitrogen or molybdenum. 

If multiple nitrogens exist and couple to the same paramagnetic center, 

"combination frequencies" are expected to arise due to the deep modulation depth 

observed. The absence suggests that only one nitrogen is needed to account for 

those frequencies with pronounced amplitudes. Also, no combination between 95Mo 

modulation or between 95Mo and UN modulation frequencies was detected. The 

first part is expected since there is only one molybdenum present in the FeMoco,
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and the second part is compatible with the explanation that the nitrogen is ligated 

to the molybdenum, rather than to the rest of the FeMoco.



TABLE 6.2.1 Table of Relative Change of the Normalised Amplitudes of Modulation Froquatdes
Dae to Molybdenum Itotop>c Enrichments in the MoFe Protein

/(M Hs) 
Amp. (®Mo) 
Amp. i

A (% )

/(M H .) 

Amp. (S to )  
Amp.

A(%)

9 GHs 10.7 GHs

S =  2.01 S =  2.01

0.57 1.07 3.46 0.65 0.95 3.75
2.51 4.43 0.93 1.27 3.56 0.56
5.15 6.15 1.75 4.72 7.21 1.07

— 69 -3 3 -6 1 -1 0 0 -6 8 -6 3

y= 2.54 g = 2.54

0.78 1.30 2.10 1.06 1.21 2.11
6.56 9.64 12.30 3.88 4.51 4.38
6.32 7.49 9.85 9.45 9.09 8.27

— 4 25 22 -8 4 -6 7 -  62

A it defined as where Amp.(®W) or Amp. (“ Mo) it the normalized amplitude at the
Amp.(8Tdo)+Amp.(fl6Mo)

indicated frequency in the ESEEM tpectnun of the MoFe protein itotopically enriched with ®Mo or ®Mo.

Prim to being Fourier transformed, time-domain data were normalised againtt the echo amplitude at r  +  T — 0. which 
was obtained by LPBE.

Experimental condition!: T  =  1.5 K; a t the indicated microwave frequendet and g valuet; obtained with the ttimulated 
echo sequence: r  =0.17 p ec  for the 9 GHx data; r  =  0.25 p ec  for the 10.7 GHz data.

Only those frequendet which are present in the quotient spectra are listed in the table.



Chapter 7

DISCUSSION

The numerical simulations of nitrogen modulation spectra at 1.5 K will be 

described in Section 1. Based on the simulations and on recent genetic studies on 

the MoFe protein, an origin for the nitrogen modulation is postulated. The 

implication of the dependence of nitrogen modulation amplitudes on molybdenum 

isotopes will be discussed.

I. Numerical Simulation

Numerical simulations, based on the method described in Chapter 3, were 

carried out on CRAY XMP/14se, DEC VAX 8350, and VAX 750 computers, and 

were optimized by least-square minimization performed on the calculated envelope 

functions in order to find the best fit to the experimental spectra.

To reduce computing time, a m ulti-step approach has been taken. First, the 

input range is set to cover all possible parameter variations which can fit the input 

spectrum. This may not be necessary, if clues can be found about the best—fit 

parameters, using the spherical average method as discussed in Section 3.5. Ranges 

of variation for orientation parameters will be discussed later in this section. Then, 

calculations are made within the specified range, though usually without 

pseudodipolar coupling terms. In analyzing 14N modulations, the pseudodipolar 

coupling is usually the smallest of all, and only small errors are expected when it is 

neglected (compared to other coupling terms), also parameters describing other

115
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couplings can be better defined. The output, from the first minimization, is 

examined to give a reduced parameter range. The second minimization can be 

performed within the newer parameter range plus that for the pseudodipolar 

couplings. If input parameter ranges are properly set, this calculation should yield 

the best—fit parameters for the input spectrum. Refinements to the obtained 

parameters can be achieved by choices of finer parameter resolutions. The obtained 

parameter set are compared with their similarly extracted counterparts for other 

spectra. Often, further simulations are needed for visual examinations, or to verify 

the uniqueness of the parameter set, so that fits for all spectra of the same sample, 

at different field values, microwave frequencies or r  values, can be simulated with 

the same set of parameters.

The ranges over which orientational parameters may vary will be first 

considered. There are two sets: a, 0  and 7  for the NQI, and 0„,and tpv for the
II II

pseudodipolar coupling, all with respect to the PAS of g—tensor. From Appendix 1,

it is known that 0 < a < 360°, 0 < 0  < 180°, and 0 < 7  < 360°. But there is no one to

one correspondence for all three parameters. For example, if 0  =  0, a  +  7  =  a' +

7 ' .  If a  and 0  are viewed as the polar and azimuthal angles in a spherical

coordinates, the range specified for these two parameters should cover all possible

orientations. To reduce the number of parameters, 7  has been set to 0 (although it

is not difficult to include it as a simulation parameter). Therefore, the number.of

variable parameters used for simulations is eight: rj, a, 0, A , r  , 6_ and <pm.
* *  iso eff * »

Since the spin operators in NQI are all in squared forms, one might wonder if 

the ranges for a  and 0  can be reduced. To answer this, tests have been performed 

with the simulation software, results are shown in Figure 7.1.1 to 7.1.2. In Figure

7.1.1, principal g values were those of the MoFe protein; microwave frequency v =  

9.056 GHz; g =  2.01; QjJjh and i) were set to 0.5 MHz, 0.8 respectively; A = 0.7 

MHz as defined in Equation 3.1.10; r  , 0_, and <p_ were 2.2 1, 45°, and 60°,
eff * *
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Figure 7.1.1 Simulated spectra at g = 2.01 and v =  9.056 GHz using
e

PSU_OS2. The principal g values are g = 4.28, = 3.79,

and g =  2.01. The simulation parameters for the 14N nucleus 

are: Q j k  {e2qQ/Ah) =  0.5 MHz, t? =  0.5, 7 =  0; A = 0.7 

MHz (as defined in Eq. 3.1.10); r  = 2 . 2  i ,  8 = 45°, and <p
e f f  n  n

=  60. a  and 0  are: (a) 60°, 15°; (b) 60°, 165°; (c) 120°, 15°;

(d) 120°, 165°; (e) 60°, 195°; (f) 60°, 345°; (g) 120°, 195°; and 

(h) 120°, 345°.
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Figure 7.1.2 Simulated spectra at g = 2.54 and v = 9.056 GHz using
e

PSU_OS2. The principal g values are listed in Figure 7.1.1. 

The simulation parameters for the UN nucleus are: = 4.28,

g =  3.79, g =  2.01; Q -Jh  = 0.5 MHz, r] — 0.65, 7  =  0; A k
2 3 ISO

= -0.7 MHz (as defined in Eq. 3.1.10); r  =  2.2 X, 6 = 35°, 

and <p =  50°. a and 0  are: (a) 40°, 20°; (b) 40°, 160°; (c)
n

l40°, 20°; (d) 140°, 160°; (e) 40°, 200°; (f) 40°, 340°; (g) 

140°, 200°; and (h) 140°, 340°.
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respectively, a  and 0  were set to 60° and 15°, as well as their variations in all other 

quadrants (i.e. 180° — a, 180° +  a  and 360° — % and 180° — 0). It is clear that the 

spectra in the second half of the figure are identical to those in the first half. In 

other words, without introducing errors, the variation range of ot is from 0 to 180° 

(or from — 90° to 90°), that of 0, from 0 to 180°. The same conclusions can be 

reached by examining Figure 7.1.2. There, the inputs are: g =  2.54 ; ( QZJ^> V) are 

(0.50 MHz, 0.65); =  — 0.6 MHz; r  , 0  ̂ and tp̂  are 2.2 X, 35° and 50°. a  =

40°, 0 = 20° and their variations similar to those in Figure 7.1.1 was used. As for 

and tp t the orientation parameters for the pseudodipolar coupling, similar testsfl H
have been performed. A typical comparison is shown in Figure 7.1.3. The 

conditions for Figure 7.1.2 were used, except that a  and 0  were fixed at 60° and 

15°. and <p̂  were varied in a similar fashion as described for Figure 7.1.1, with

=  45° and fp„ =  60° in the first quadrant. The conclusion is: 0 < < 180° and
if "” 11

0 < tp- <  180°. From these tests, the ranges of parameter variations have been cutfl

by a factor of 4.

As discussed in the last chapter, modulations due to nitrogen have been 

observed for the M-center. An important feature of the results is that the 

modulation frequencies change very little when the g value is varied from 2.01 to 

4.13, (i.e., the nuclear Zeeman coupling is decreased by a factor of 2 ). Obviously, 

this result is difficult to explain in terms of the "cancellation effect". Furthermore, 

the other responsible party of the "cancellation effect", isotropic hyperfine coupling, 

is changing in the opposite direction. From Equations 3.1.9 and 3.1.10, the 

"apparent" hyperfine coupling in the effective spin coordinates (5  =  1/ 2) is 

proportional to the effective g value, which is increasing. The fact that the observed 

frequencies change little suggests that the nuclear quadrupole interaction is the 

dominant coupling, being larger than any other individual terms.

Simulation—fitting was performed in frequency domain for data obtained at
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Figure 7.1.3 Simulated spectra at g =  2.54 and v =  9.056 GHz using
e

PSU_OS2. The simulation parameters are the same as in 

Figure 7.1.2, except following: a  =  40°, /? =  20°; and 0 and
n

tp values are: (a) 35°, 50°; (b) 35°, 130°; (c) 145°, 50°; (d)
n

145°, 130°; (e) 35°, 230°; (£) 35°, 310°; (g) 145°, 230°; and (h) 

145°, 310°.
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both 9 GHz and 10.7 GHz. The results from simulations are tabulated in Table

7.1.1. A typical comparison of the fit and data are shown in Figure 7.1.4. The

spectrum represents Fourier transform of the data at 9 GHz, g =  2.01 and r = 0.17

fisec. The comparison at 10.7 GHz, r  =  0.25 psec and at the same g value is shown

in Figure 7.1.5. The simulation was generated with the same input parameters as

that of Figure 7.1.4. Inspection of Table 7.1.1 has revealed that although different

values may be determined for a given parameter at different experimental

conditions, there is a very limited range within which the determined values

fluctuate. For example, Q ^ h  varies from 0.5 to 0.52 MHz; rj varies from 0.55 to

0.7, though 0.65 is the most frequent. If the variations are considered fluctuations

around a mean value, the accuracy of the fit can be defined. The mean values,

defined this way, for the simulation parameters are: Q jJh  — 0.51 ± 0.01 MHz

(e2qQfh = 2.04 ± 0.04 MHz); rj = 0.63 ± 0.8; a  =  0; 0  =  5° ± 5°; 7  =  0 (not

examined); A =  — 0.375 ± 0.025 MHz (as defined in Equation 3.1.10, i.e. the 
iso

isotropic hyperfine coupling constant in the S =  3/2 coordinate system is — 0.75 

MHz); r  =  2.3 ± 0.1 J; 6 = 105° ± 15°; and <pu = 142° ± 8°. The accuracy of a
eff ** #

is no larger than 5°, which is the smallest division in a  used.

The negative sign of A is difficult to explain in terms of Equation 3.1.5,
iso

this would mean an existence of negative spin densities. A negative isotropic 

hyperfine coupling has been observed for the proton of a C -H  fragment in the 

malonic add radical,3* and confirmed both by molecular orbital calculations and 

proton NMR experiments. 39,40 When multiple electrons are present, Equation 3.1.5 

can be written as Q p, where Q is a proportionality constant, p is the net spin 

density at the nucleus. The negative isotropic hyperfine term has been interpreted 

as the presence of electron spin at the nudeus opposite to that of the system. They 

originate from the slight unpairing of bonding electrons affected by the spin (a good 

discussion can be found in Chapter 6 of reference 41). If the concept is applied to



TABLE 7.1.1 The Bert-Match Simulation Parameters 
for the Modulation ia ®Mo botopscaDy Enriched MoFe Protein

Ve 9 GHs 10.7 GHs

9 2.01 2.54 3.79 4.13 2.01 3.79 4.13

QJh(MBx) 0.52 0.5 0.5 0.5 0.52 0.5 0.5

V 0.7 0.55 0.65 0.65 0.7 0.65 0.65
a  (degree) 0. 0. 0. 0. 0. 0. 0.
/? (degree) 10. 0. 0. 0. 10. 0. 0.

A J M H .) -0.4 -0.4 -0.375 -0.4 -0.4 -0.35 . -0.4

2.3 2.2 2.4 2.4 2.3 2.4 2.4

9n (degree) 90. 100. 120. 125. 90. 125. 125.

V n  (degree) 150. 135. 150. 150. 150. 150. 150.

M
Cn

1. These parameter* are the outputs of the program PSU_OS2. 7  his been set to 0.

2. Experimental conditions: T = 1.5 K; r  of the stimulated echo sequence: 0.17 psec for the 9 GHs data, 0.25 /oec for the 
10.7 GHs data. Other conditions can be found in Figures 6.2.4 and 6.2.6.

3. No satisfactory fit was obtained for the data taken at v = 10.7 GHs and 9 = 2.54.
e

4. A is defined in Equation 3.1.10.
iso
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Figure 7.1.4 Comparison of (a) the experimental and (b) simulated spectra

at g =  2.01 and v — 9.056 GHz. The experimental conditions 
e

are listed in Figure 6.2.4. The simulation input for the 14N

nucleus are: QzJ h  =  0.5 MHz, 77 =  0.7, a  =  0°, /? =  10°, 7  =

0°; A = -0.4 MHz (as defined in Eq. 3.1.10); r  =  2.3 X, Iso eff
$n  =  90°, and tpn =  150°. The principal g values are listed in 

Figure 7.1.2
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Figure 7.1.5 Comparison of (a) the experimental and (b) simulated spectra

at g =  2.01 and v  =  10.682 GHz. The experimental conditions e
are listed in Figure 6.2.6. Other simulation input parameters 

are identical to those in Figure 7.1.4.
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the present case, the negative isotropic hyperfine term can be interpreted as

evidence for a nitrogen ligation to the FeMoco. And because of the ligation,

electrons with spin directions opposite to those of paramagnetic electrons are

present at the nitrogen nucleus. But Equation 3.1.10 contains the g—tensor. It can

not be ruled out that the negative A is attributable to the sign of the ^-tensor
is o

elements, therefore the direction of axes in the PAS of the the y-tensor. It is worth 

noting that because of the inherent ambiguity about the axes direction in the PAS 

of the g—tensor, caution should be exercised when interpreting orientational 

parameters.

As remarked in Table 7.1.1, no satisfactory fit was obtained for the spectrum 

taken at g =  2.54 and at 10.5 GHz. The peaks at 2.0 and 2.2 MHz were not 

properly represented in the simulation, as shown in Figure 7.1.6. An exhaustive 

effort has been made in the parameter range of 0.4 to 0.6 MHz for QZJ K  0-05 to 

0.95 for n, 1.8 to 2.8 2 for r  , and — 1.0 to  1.0 MHz for A (as defined in Equation
eff iso

3.1.10), as well as finer resolutions around the mean values listed above. No better

fit than that presented in Figure 7.1.6 was obtained. In addition, frequencies in

other spectra were generally well simulated, but relative amplitudes and linewidths,

were not always correctly represented. It is true that ESEEM spectra may be

modified by the presence of the "dead time" ,43 but sharp frequency peaks in a

transform spectrum (as observed for all protein data) correspond to a sustained

time-domain signal with little decay, and the much smaller "dead time" will not be

a serious problem. A better explanation for the difference may be the limitations of

the current model: a full hyperfine tensor may be needed, instead of an

approximation by A and a point-dipolar coupling, 
iso

As remarked in Chapter 3, the analysis is not limited to systems containing 

an /  =  1 nuclear spin. The least-square minimization is not necessary the best way 

to achieve fits. An overall match of modulation peaks is not guaranteed, since the
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Figure 7.1.6 Comparison of (a) the experimental and (b) simulated spectra

at g =  2.54 and u =  10.682 GHz. The experimental conditions

are listed in Figure 6.2.6. The simulation input for 14N nucleus

were: Qzj h  — 0.51 MHz, r\ — 0.63, a  =  0°, 0  =  5°, 7  =  0°;

A = -0.38 MHz (as defined in Eq. 3.1.10); r = 2.3 X, 6 
is o  7 e f f  n

— 105°, and ipn = 142°. The principal g values are listed in 

Figure 7.1.2.
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least-square minimization is not effective on fitting less pronounced features in 

spectra. In fact, some of the fits were obtained in the vicinity of the output 

parameters from the least-square minimization, after adjustments with visual 

examinations were made. However, it is fair to say that the output from the 

least-square minimization is close to the best—fit parameter set obtained. 

Therefore, only a refinement to the output, but not a major correction, is needed.

Less effort has been made, compared to the case of 14N, to analyze 

modulations due to "Mo, partly because no similar NQR database to that of l4N 

exists for "Mo. Furthermore, there has only been one report of observation of "Mo 

modulations: Doi et al.43 observed "M o frequencies in both ESEEM and 

CW—ENDOR experiments on complexes of molybdate with uteroferrin, a protein 

which probably contains a redox—active binuclear iron center.43 These workers 

observed a doublet around the "M o Larmor frequency with a hyperfine coupling of

1.2 MHz at g =  1.52 by both ESEEM and CW—ENDOR. Since the molybdate is 

not a suitable model compound for the FeMoco, the differences of ESEEM spectra 

between Doi’s study and the current one is not surprising. In addition, 

measurements on B7Mo enriched MoFe protein are planned, but have not yet been 

made. The Larmor frequency of 97Mo differs from that of "M o only by 2 %, but 

97Mo possesses a nuclear quadrupole moment about ten times as large as that of 

"Mo. The measurement will not only provide further evidences for the effect of Mo 

NQI, but might also assist in understanding the effect of molybdenum isotopes on 

nitrogen modulations.

Unlike ENDOR spectra, where a doublet assignable to =  ± 1/2 and other 

broad features has been observed, the modulation patterns are quite complicated. 

There is, however, a trend that modulation peaks with stronger intensities move 

toward the upper bound of the spectra as the field value is decreased. If these 

frequencies all arise from the same "transitions", then this suggests that interactions
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aie dominated by the iBOtropic hyperfine term. As discussed at the beginning of the 

section, the apparent isotropic hyperfine coupling is expected to increase as the field 

value is decreased, and this is consistent with the experimental observations. On 

the other hand, this may also contribute to the disappearance of 95Mo signal at the 

lower field region. The nuclear modulation effect is dependent on the presence of 

"partially forbidden" EPR transitions. The more dominating the hyperfine 

coupling, the better quantized the spin energy levels, and the smaller the "partially 

forbidden" transitions. In which case, it is expected to be difficult to observe the 

nuclear modulations due to the molybdenum. Furthermore, the nuclear Zeeman 

coupling, which may partially cancel the apparent hyperfine coupling in one of the 

dectron spin manifolds, is expected to decrease as the fidd value decreases. The 

result is an even more unfavorable condition for detecting the molybdenum 

modulation at the low fidd region, which may account for the observations that in 

ESE spectra no difference was found between proteins enriched with different 

isotopes at lower fidd value region.

A comparison of the experimental spectrum with the fit from a preliminary 

simulation is shown in Figure 7.1.7. The Fourier transform spectrum is from the 

quotient waveform of the gBMo enriched protdn data over the 96Mo enriched protdn 

data. Both the numerator and denominator data were taken at 10.5 GHz and at g 

=  2.54. The sharp frequency peaks pointing downward in the experimental 

spectrum are assodated with nitrogen modulations. The simulation was done using 

the same method as that for the nitrogen modulations, except that all Euler angles 

were artifidally set to zero. While this is not strictly correct, but it is justified by

the consistency of the extracted parameters. The parameters are: A — 2.5 MHz
iso

(the isotropic hyperfine coupling in the S =  3/2 coordinate system is 5.0 MHz); 

Q J h  =  0.05 MHz (or e2qQ/h =  2.0 MHz); tj =  0.5; r  =  1.5 X; =  75°; and tpM 

=  45°. The fact that Q%Jh is very small and that the simulated spectra are
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Figure 7.1.7 Comparison of (a) the experimental and (b) simulated spectra

at g =  2.54 and u =  10.682 GHz. The experimental conditions

are listed in Figure 6.2.6. The simulation input for the 95Mo

nucleus were: Q g jh  — 0 05 MHz, tj =  0.63, a  =  0°, 0  = 10°, 7

=  0°; A =  2.5 MHz (as defined in Eq. 3.1.10); r  =  1.5 1, 
iso eff

$n =  75°, and <pn = 45°. The principal g values are listed in 

Figure 7.1.2.
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insensitive to rj both BUggest an insignificant role for the NQI. With further works,

a better fit might be obtained, but for the moment, the current simulation may be

worth some discussion. A small isotropic hyperfine coupling indicates that the

paramagnetic spin density at the molybdenum nucleus is small. It could mean that

electrons reside mainly on Fe sites, and/or that electrons are quite delocalized at the

molybdenum site. The observation of a small A is qualitatively consistent with
iso

the conclusions from EPR and CW—ENDOR studies. Venters et al,n  estimated the
2

quadrupole moment e qQ/h and hyperfine coupling from their CW—ENDOR study
2

as 32.0 MHz and 8.1 MHz, respectively. Their e qQ/h value is significantly larger 

than that obtained in the present study. A very different simulation from the 

experimental data would be obtained if their e qQ/h and hyperfine value are used 

(not shown). Utilizing the sharpness of the excited states EPR transition, George et 

a/.*° gave an estimation of 9SMo hyperfine couplings as 2.9 MHz. This is certainly 

very different from that given by the CW -ENDOR study, and the resolution to this 

discrepancy may depend on a more complete ESEEM analysis. In ESEEM spectra, 

more spectral features are present than the CW—ENDOR spectra which contain 

only a single doublet; and a much better spectral resolution than that of EPR can 

be obtained. Because a further effort is needed to improve the present simulation, 

and the uniqueness of the parameters needs to be fully established, the ssMo 

ESEEM simulation should be considered preliminary.

n . Identity of the Nitrogen Ligand

From the systematic analysis presented in the last section, experimental 

spectra across the resonance field range can be simulated using a unique set of 

coupling parameters. Among them, the quadrupole coupling constant e qQ/h and 

asymmetry factor 17 are 2.04 MHz and 0.63, respectively. This information,
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combined with the database of nuclear quadrupole parameters for nitrogen 

compounds, and with recent genetic studies on the MoFe protein enable the possible 

identification of this nitrogen ligand.

As was discussed in Chapter 6 , the nitrogen modulation does not arise from a

nitrogen in the buffer (as different buffers do not alter the ESEEM spectra), or from

substrate or product nitrogen (as turnover with 1SN does not affect the spectrum).

Furthermore, the ESEEM experiments on the FeMoco extracted in spin-labeled

NMF and regular NMF revealed only the ligation of NMF to FeMoco, but no

nitrogen modulation from the FeMoco itself. Therefore, the existence of protein

nitrogen coordination has been unequivocally established. Based on indirect

evidence from FT -IR  study on FeMoco in NMF, Walters et a l37 have hypothesized

that in the MoFe protdn, the primary coordination of the cofactor is via

deprotonated backbone amide ligands. According to NQR data, and an ESEEM
o

study of Escherichia coli fumarate reductase, e qQ/h and r) for the backbone amide 

nitrogen are 3.3 MHz and 0.5, respectively.*4 These values are very different form 

those observed for the MoFe protdn, so the nitrogen ligation is unlikely to be from 

the polypeptide backbone of the protein. This possibility should not be completely 

excluded as it may be possible for amide nitrogens to coordinate differently than in 

fumarate reductase. Neverthdess, given that no significant difference is expected 

between polypeptide amides, substantially different nuclear quadrupole parameters 

would be unexpected.

The most likdy source of the nitrogen modulation is a polypeptide side 

chain. Among all the amino adds, arginine, asparagine, glutamine, histidine, lysine, 

and tryptophan contain at least one nitrogen in thd r side chains. According to the 

available NQR data on amino adds in thd r unbound form (no data has been 

reported for arginine or lysine), none of the above side chains contains a nitrogen 

which matches the observed one.45’40’47 Given that the modulation comes from a
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nitrogen ligand, this is not surprising as coordination of the nitrogen to metal ions

are likely to change quadrupole parameters of nitrogen. The observed nuclear

quadrupole parameters are, however, dose to that of an imidazole nitrogen

coordinated to low spin heme Fe in heme—imidazole complexes.33 There, the

imidazole nitrogen observed was assigned as directly coordinated to the Fe. The

observed nuclear quadrupole parameters are also close to those for the imino

nitrogen in Zn(II)-imidazole and Cd(II)-imidazole complexes measured by NQR.48
o

For example, the directly coordinated imidazole nitrogen was found to have e qQ/h 

=  2.0 MHz and y  =  0.68 in Zn(II) (imid)^ (NOjJj, and to have £ qQ/h = 2.09 MHz 

and r] — 0.58 in Zn(II) (imid)2 Br2. Therefore, it is likely that the modulations in 

nitrogenase observed in the present work originate from histidine nitrogen.

H

HC =C—CH2—1—COO"
xmino (Ns) v l  in  in
nitrogen T 3 polypeptide

H amino (N i) 
nitrogen

Figure 7.2.1 The structure of histidine at pH =  6.0.

Recently, Mims et a t49 has collected 14N quadrupole parameters from NQR 

and ESEEM for imidazole, metal imidazole complexes and metalloproteins, and
o

plotted them as e qQ/h vs. i). It is interesting to note that they fall in three 

regions, which are labeled as A, B and C. Region A is for the deprotonated l4N in 

histidine and imidazole. Region C contains the parameters for protonated 14N in 

histidine, in imidazole, and in copper proteins. Region B between the two contains
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the parameters for metal imidazole models in which the observed UN is directly 

coordinated by a metal ion, and for similar metalloproteins centers. The 14N 

quadrupole parameters in this study would be plotted at the edge of region B close 

to the region C. This further supports the hypothesis that the observed nitrogen 

ligand is from a histidine.

Another way to aid the assignment is to use a different plot. Instead of 
2 2plotting e qQ/h vs. rj, h/e qQ vs. tj is plotted, as shown in Figure 7.2.2. If these 

data points are fitted to a linear relation between h/e qQ and q, almost all the 

points representing imidazole complexes fall on or dose to the line. On the other 

hand, the point representing the polypeptide amide nitrogen from fumarate 

reductase would be way off the line. In contrast, the parameters from the MoFe 

protdn give a point very dose to the line, again implicating histidine nitrogen.
o

Inverse relation between e qQ/h and t j has been found to exist in coordinated

pyridine complexes. 50 Hsieh et al.60 used a modified Townes—Dailey model to study

metal ion-pyridine NQR data. The theory of Townes and Dailey relates NQR

parameters to atomic orbital electron densities. 51 While rdating the electric field

gradient at the nitrogen in pyridine complexes to the extent of charge transfer from
o

nitrogen, Hsieh et al. derived a linear relationship between e qQ/h and q. Such a 

linear relationship was, indeed, observed for a number of Zn(n)-pyridine and 

Cd(II)—pyridine complexes.50 A similar conclusion has been obtained by Ashby et 

al.** in the NQR study of Zn(U)-imidazole and Cd(II)—imidazole complexes. But
o

the linear relation between e qQ/h and q is not identical for the two nitrogens, as 

shown in Figure 7.2.3. Again, if the data for the MoFe nitrogen modulation is 

plotted the point would lie dose to the line for the imino nitrogen. Therefore, the 

assignment of an imino nitrogen for the protein nitrogen coordinated to FeMoco is 

favored. Although similar work on other nitrogen—containing complexes needs to be 

done, it would be straightforward to assign ESEEM frequences according to which
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Figure 7.2.2 Plot of h /e 1 qQ vs. Tj for imidazole nitrogens. The linear

relation was fitted without the data for the MoFe protein. (All 

data, except that for the MoFe protein, are from Mims et al 

IHI preprint, and references therein.)
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o
lines of A/e qQ vs. rj the observed quadrupole parameters fall on. This proposal can 

be tested for other observed l4N quadrupole parameters.

There are two nitrogens on the imidazole ring of a histidine. If the observed 

nitrogen is remotely coordinated to the paramagnetic center, the directly 

coordinated one would possess appreciable hyperfine coupling, as in the case of 

Cu—imidazole complexes. This would be detected easily by ENDOR techniques, 

even possibly by EPR. So far, there is no report of large hyperfine coupling due to 

nitrogen in either EPR or CW—ENDOR. Preliminary pulsed—ENDOR data on 

95Mo enriched protein showed no sign of such coupling in the range of 0. to 40 MHz. 

Hence the possibility that the observed nitrogen is a remotely coordinated one is 

unlikely. It is not unreasonable that this nitrogen is a directly coordinated nitrogen, 

and that the remote nitrogen is unobservable in ESEEM due to unfavorable 

conditions.

It is known that the binding of nitrogen at a metal site decreases the
2

quadrupole coupling constant e qQ/h. For example, the study by Hsieh et a l50 
2

established that e qQ/h decreases as 1/q in pyridine complexes, and the

above-mentioned plot for imidazole complexes showed a linear relationship of

h/e qQ with t). If a Townes—Dailey model can be applied to the present case, an 
2

inverse relation of e qQ/h and q is expected to exist for the side chain nitrogen of
o

amino adds in metal—bound form and in unbound form. In unbound form, (e qQ/h 

(MHz), q) are observed to be (2.83, 0.29) for glutamine, (2.72, 0.38) for asparagine, 

and (3.01, 0.18) for tryptophan. Each of them has a qualitative inverse relation 

with the quadrupole parameters observed for the MoFe protein. No data on 

arginine or lysine has been reported. But the side chain of an arginine contains 

three nitrogens near to each other. It is less likely that the observed nitrogen is that 

of arginine, since it is difficult to account for the other two missing nitrogens. The 

side chain nitrogen in lyBine iB of the amine type. Nuclear quadrupole values from
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CH3NH3 and C3H8N2 (or H2N CH3 CHa NH3) are (4.0, 0.37) and (4.0, 0.31) 

respectively.57 Though they are significantly different from the observed (2.0, 0.65), 

an inverse relationship does exist between them. By analogy, it is possible that 

lysine is a candidate for providing nitrogen coordination to the FeMoco.

According to the nucleotide sequence study on Azotobacter vinelandii 

nitrogenase structural gene duster53 and the latest mutagenetic results53’61, the 

regions encompassing amino adds 183 — 196 and 264 — 289 in a subunit (or nitrogen 

fixation gene D) of the protein are the most favorable candidates for providing 

ligands to FeMoco. In the following discussions the numbering of residue sequences 

will follow the convention for the MoFe protein of Azotobacter vinelandii (Avl) 

sequence, instead of Clostridium pasterianum (Cpl), for convenience of comparison 

with the genetic work in the literature. Scott et al.61 have shown that a mutant 

strain resulted from the substitution either at histidine 195 (His 195) or at 

glutamine 191 (Gin 191) exhibited an EPR spectrum which was changed in both 

lineshape and g value when compared with that of the wild—type. The change for 

the mutant strain with His 195 substitution was more pronounced and the intensity 

of EPR signal was also considerably diminished. Furthermore, the catalytic activity 

of nitrogenase containing these mutant strains was changed from the isogenic 

wild—type. It is very likely that the nitrogen modulation, which is responsible for 

the coordination to the FeMoco, comes from either His 195 or Gin 191. On the 

other hand, the mutation at asparagine 271 or 280 (Asn 271 and Asn 280) had no 

effect on the diazotrophic growth capabilities of the respective mutant strain, 

indicating that these residues are unlikely to provide essential N-ligands to FeMoco.

Other than Asn 271 and Asn 280, the region encompassing residue 264 to 289 

contains one asparagine (Asn 265), two glutamines (Gin 264 and Gin 274), one 

histidine (His 276), and two lysines (Lys 267 and Lys 289). None of them is 

conserved, except Lys 267 and Lys 289, in the nucleotide sequence among various
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organisms such as Clostridium pasterianum, Azotobacter vinelandii, etc. .54,55 

Differences in nitrogen modulation from the Cpl and other MoFe proteins could be 

expected if there is a difference in the amino acid type or the position on the 

polypeptide chain between different organisms. In particular, the comparison of the 

nitrogen modulation from Cpl and Avl would be especially informative, since in 

Avl there is no glutamine, and a histidine is at different position in Cpl in this 

region of amino acids. There is an extra lysine in Avl (Lys 269), and a 

nonconserved lysine (Lys 187) in Cpl in the region of 183 — 196. These can be 

distinguished by the comparison between Avl and Cpl using ESEEM. But the 

other two lysines (Lys 267 and Lys 289) are conserved in both Avl and Cpl. 

Further genetic work on these lysines is needed.

Based on the ESEEM and genetic study, His 195 and Gin 191 are leading 

candidates to provide nitrogen ligand to FeMoco. It is also possible that this 

nitrogen comes from His 196. There is no tryptophan in the two regions, and 

therefore, this amino acid is not considered a candidate for the nitrogen ligand. 

Asparagines may not provide the nitrogen ligand either, except Asn 265. But it is 

not present in other organisms. The comparison of nitrogen modulation from the 

Avl with the Cpl can not only clarify whether the nitrogen comes from Asn 265, 

but also provide answers to the role of other residues, such as that of Lys 187, Gin 

264, Gin 274 or His 276. No report of site-directed mutation at lysines has been 

reported. It can not be ruled out that the nitrogen ligation to the FeMoco is 

provided by a lysine.

Potentials of ESEEM as a ligand-identifying spectroscopic tool need to be 

exploited further. If the spectroscopy is applied to the site-directed substituted 

protein, unequivocal identification of the origin of the nitrogen ligated to the 

FeMoco should be accomplished. It is expected that when the residue which 

provides the nitrogen ligation is mutated, both EPR and biological activity would
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be changed; and ESEEM would give a null result as far as nitrogen ligation is 

concerned. The EPR properties concerning molybdenum are expected to change 

sharply, since the nitrogen binds at molybdenum first, then to the rest of the 

cofactor, as will be discussed next.

III. The Effect of Molybdenum Isotopes on the Nitrogen Modulation

The effect of molybdenum isotopes on the nitrogen modulation is an 

interesting one. With no frequency shift, or only a small shift within the frequency 

resolution of the Fourier transform (typically 0.04 MHz), the nitrogen modulation 

amplitude changes significantly when 9SMo is present instead of 9SMo. To account 

for this observation, it is proposed that the nitrogen is connected to the 

paramagnetic cluster through coordination to the molybdenum, and that the 

competition between 95Mo and 14N for polarization of the spin magnetization may 

be responsible for the 14N modulation amplitude change.

According to ESEEM theory, the modulation amplitude due to a nucleus is 

directly affected by the anisotropic part of the hyperfine interaction. If the 

anisotropic hyperfine interaction is modeled to be due to the pseudodipolar 

interaction or due to the bonding between the paramagnetic ion and the nucleus, the 

dependence of nitrogen modulation amplitudes on the molybdenum isotopic 

enrichments would mean the dependence of nitrogen hyperfine interactions on the 

presence of Mo. However, in the present case, the pseudodipolar distance or the 

bond length are not expected to be altered by the presence of such small magnetic 

interaction of 96Mo hyperfine coupling.

In order to account for the effect of the molybdenum on the nitrogen 

modulation amplitudes, an interaction between the molybdenum and the nitrogen 

must be considered. The interaction can result from the situations: 1) that the
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nitrogen acts as a bridging ligand between the molybdenum and the rest of the 

FeMoco; 2) that the nitrogen is coordinated to other parts of the FeMoco, but not 

to the molybdenum; 3) that the nitrogen binds both the molybdenum and other 

parts of the FeMoco, but not as bridging ligand; and 4) that the nitrogen connects 

to the FeMoco through direct coordination to the molybdenum.

Situation 1) is directly opposed to the assignment of the nitrogen being from 

the polypeptide side chain. Since no nitrogen modulation from FeMoco is observed, 

and an indistinguishable environment around the molybdenum exists both in the 

MoFe protein and FeMoco,33'36 the possibility of a nitrogen bridging ligand is 

unlikely.

The effect of the molybdenum on the nitrogen modulation amplitudes must 

be due to nuclear—nuclear interactions between the molybdenum and the nitrogen. 

If there is no coordination between them, two types of interaction can be imagined: 

the interaction through paramagnetic bonds and nuclear dipolar coupling. 

Bloembergen et a/.58 gave an estimate of size of the nuclear-nuclear interaction 

through paramagnetic bonds as 7U 7_ Au Av / A  E, where 7  represents the
Mo R Mo A

gyromagnetic ratio, A, the hyperfine coupling in gauss, and AE is the energy 

difference between the ground state and the excited state. With both hyperfine 

couplings being very small ( | A J < 2 gauss), the interaction through paramagnetic 

bonds is exceedingly small, therefore can not account for the observation. The 

nuclear dipolar interaction is of the order of 0 3 / r 3. For r  =  1.0 X, the

dipolar coupling is about 0.5 kHz, which is too small to cause a significant change of 

nitrogen modulation amplitude. For this interaction to contribute to the variation 

of modulation amplitudes, very long r  value, about 1/ (0.5 KHz) or 2 /xsec, for the 

stimulated echo sequence would be needed. 68 Yet, this is not at all the case for this 

study. Therefore, situation 2) is not likely.

Situation 3) is not unlikely, but is consistent with 4) in that the molybdenum
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and the nitrogen are directly coordinated. However, the coordination of the 

nitrogen to  the molybdenum should be stronger than other bond(s). Otherwise, the 

effect of molybdenum isotopes on the nitrogen would be minor one, since major 

portions of paramagnetic spin density reside in the other part of the FeMoco.

From the above discussions, the effect of the molybdenum on the nitrogen 

modulation amplitudes arises most likely from the situation 4) where the nitrogen is 

directly coordinated to the molybdenum, rather than to the rest of the FeMoco. 

The dependence of nitrogen modulation amplitudes on molybdenum isotopes may be 

plausibly explained by the competition for polarization of spin magnetization 

between the UN and g5Mo. The effect of the competition for polarization is an 

enhancement or suppression of certain transitions among energy levels, therefore 

affecting the nuclear modulation amplitudes without changing modulation 

frequencies. It is conceivable that the effect is the strongest when energy level 

splittings associated with the two individual nuclei are comparable to each other. 

This is consistent with the experimental observation in the higher field region that 

the modulation frequencies for 14N and 9SMo overlapped, and that the change of 

nitrogen modulation amplitudes due to molybdenum isotopes was also more 

pronounced. Similar observations of spectral changes due to difference in isotopic 

enrichments have been reported by Thomann et a/.59 in a CW-ENDOR experiment, 

and Robinson et a/.60 in a saturation recovery experiment, both on polyacetylene. 

They have also hypothesized the competition for polarization between considered 

nuclei in order to explain their observations.

In short, the dependence of nitrogen modulation amplitudes on molybdenum 

isotopes may be plausibly explained by the competition for polarization of 

magnetization between the l4N and 95Mo nuclei. This can occur when the 

connection between the nitrogen to FeMoco is mostly, if not entirely, through 

coordination to the molybdenum.
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IV . Conclusions about C oordination S tructu re  o f FeM oco

The spectroscopic findings from the ESEEM studies have been analyzed. 

The pronounced field dependence of ESEEM spectra can be accounted for by the 

"orientation selectivity" by EPR and the interplay of various interactions involved. 

The application of the systematic analysis method has benefited from the narrow 

excitation bandwidth of microwave pulses, in comparison with the very broad EPR 

line, and the absence of metallic hyperfine coupling in the 08Mo enriched protein.

Differences, some significant, have been observed in ESEEM and El—EPR 

spectra at X—band microwave frequencies for the 0SMo enriched and for the 06Mo 

enriched MoFe proteins. The waveform division method has been used to isolate 

these differences effectively. The cosine Fourier transform from the division 

quotient clearly indicates the presence of multiple sharp peaks associated with 

transitions among quantum states of molybdenum spin. The hyperfine coupling and 

nuclear quadrupolar coupling of the molybdenum obtained from the preliminary 

analysis are lower than that obtained from the CW—ENDOR analysis.

In all spectra, whether from native proteins or from proteins with 

molybdenum isotopic enrichment, nuclear modulations due to one nitrogen have 

been observed. The systematic analysis has resulted in a unique set of coupling 

parameters from the data. The nuclear quadrupole parameters obtained, in 

comparison with NQR data and genetic study, suggest that the nitrogen 

modulations observed are most plausibly assigned to the imino nitrogen of a 

histidine, or the amide nitrogen of a glutamine. The possibility that the 

modulations are due to the amine nitrogen of a lysine can not be ruled out.

Although the nitrogen modulation frequencies do not depend on whether the 

protein is enriched with 05Mo or with BeMo, the modulation amplitudes are quite
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different. The significant change of the modulation amplitude of the nitrogen 

introduced by the difference in molybdenum isotope enrichment suggests that this 

nitrogen is most likely connected to the FeMoco through coordination to the 

molybdenum.
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PART III

COPPER COORDINATION 

IN NITROUS OXIDE REDUCTASE

ABSTRACT

The structure of the copper sites in the multicopper enzyme nitrous oxide 

(NjO) reductase from Pseudomonas stutzeri have been studied by EPR and ESE 

spectroscopies. Correlations between the enzyme activity and paramagnetic 

susceptibility, the pH dependence of the EPR spectra, and exogenous ligand binding 

were investigated.

Two types of copper sites are identified; antiferromagnetically coupled (J  > 

200 cm '1) dimeric sites and unusual Cu(II) sites. The EPR susceptibility arises 

from these Cu(II) sites and from binuclear mixed valence Cu(I)/Cu(II) half-m et 

sites which are derived from partially reduced dimers. On average, six of the eight 

copper ions per protein, are in the form of the EPR silent binuclear type 3 dimers.

At g — 2.03 in the EPR spectrum, the Fourier transform of the stimulated 

echo envelope reveals a complex spectrum with narrow lines at 1.5, 1.9, 2.5, 2.9, 3.4 

MHz and broad lines centered at 0.8 and 3.8 MHz. This spectrum is not typical of 

either blue (type 1) or square planar (type 2) sites in copper proteins. However, 

with the exception of the lines at 2.5 and 3.4 MHz, the spectrum for N2O reductase 

is very similar to that observed for the CuA site in cytochrome c oxidase. This is
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the first time that the CuA site has been observed in an enzyme other than 

cytochrome c oxidase.

The ESE envelope spectrum can be simulated using three sets of |4N 

quadrupole coupling parameters. Two of these are characteristic of the distal 

nitrogen on imidazole ligands bound to Cu(II). By analogy to the ESE envelope 

spectra for the CuA site in cytochrome c oxidase, these two imidazole ligands are 

coordinated to the CuA site in N3O reductase. The third t4N, which is most likely 

coordinated to the half-m et site, has a quadrupole coupling that is close to that 

observed by NQR for amide nitrogen and to that deduced from ESE measurements 

for the distal nitrogen of substituted imidazoles in copper-imidazole complexes. 

However, in both cases the quadrupole asymmetry is much smaller than that 

deduced from the present data.

Water accessibility of the copper sites was investigated by ESE envelope 

spectroscopy. The deuteron modulation frequency observed for all forms of the 

enzyme dialyzed against D3O at different pH values indicates that the EPR active 

copper sites are accessible to water. A ten-fold increase in catalytic activity was 

observed after dialysis of the enzyme at pH 9.8. No concomitant change in the 

nitrogen ESE envelope spectrum was observed; but a significantly deeper deuteron 

modulation was observed for the enzyme dialyzed against D3O. The envelope 

waveform is characteristic of a  directly coordinated deuterated ligand, most likely a 

water or hydroxide. The increase in EPR line width and paramagnetic 

susceptibility, also observed at high pH, suggests that a new EPR active copper site 

which has more exchangeable protons is generated at high pH. However, a 

pH-induced protein conformation change or base-catalyzed proton exchange 

allowing enhanced solvent accessibility to the copper sites can not be ruled out.



CHAPTER 8

INTRODUCTION

Denitrification is the reduction of nitrate to dinitrogen, as shown 

schematically:

2NOI 2NOa —* 2NO —► NaO —* Na.

Nitrous oxide (NaO) is reduced to dinitrogen by denitrifying bacteria as part of the 

denitrification process. Nitrous oxide reductase is the enzyme that catalyzes the 

reduction of NaO to Na and HaO. The multicopper enzyme from Pseudomonas 

stutzeri (formally Pseudomonas perfectomarina) has been isolated and purified to 

homogeneity. The enzyme contains about eight copper atoms per molecular weight

140,000 and is composed of two identical subunits1. No other metal ions have been 

detected by plasma emission studies. Several different forms of the enzyme have 

been prepared. The more active purple form is obtained by purifying the enzyme 

under anaerobic conditions.3 Aerobic purification of NaO reductase produces a pink 

form which contains less copper and is two to five fold less active. Preparative 

isoelectric focusing of the purple form results in the resolution of two protein bands 

with slightly different isoelectric points (an anodic band at p l=  4.97 and a cathodic 

band at p l=  5.06). A blue inactive form is obtained by reduction with excess 

dithionite or ascorbate. A high pH form of the enzyme, prepared by dialysis against 

buffer at pH 9.8, has an activity approximately ten fold higher than that of the 

same enzyme at pH 7.5.s

Most copper centers in proteins have been classified into three types: "blue" 

(type 1), "normal" (type 2), and dimeric (type 3) that are distinguished by their
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characteristic EPR and UV—visible spectroscopic properties4.

Of the three types, type 1 copper centers are the best characterized, and 

detailed discussions of type 1 copper centers are found in several reviews.5 

Stellacyanin, the plastocyanins, and the azurins are the most widely studied 

metalloproteins which contain type 1 coppers. They are thought to take part in 

electron—transfer process. The most striking spectral feature of the these proteins, 

and the source of their name, is their intense optical absorption band in the region 

of 600 nm. For type 1 proteins, extinction coefficients at this wavelength are on the 

order of 5000 M '‘cm '1, while for "normal" cupric complexes, values are typically two 

orders of magnitude smaller. Another distinguishing spectroscopic feature is the 

narrowness of the cupric hyperfine splitting in EPR spectra (There is no EPR signal 

for cuprous, Cu(I) ion, since no unpaired electron is present.), gy > g^ > 2 is a 

common feature for paramagnetic Cu(II), this is also found for type 1 copper. 

However, the hyperfine splitting is always less than 100 Gauss, while inorganic 

copper complexes and type 2 sites usually exhibit hyperfine splitting greater than 

100 G. The coordination of the Cu sites, including type of ligands and symmetry 

associated with ligation, determines these spectral features. X — ray 

crystallographic studies on the plastocyanins have shown that two sulfur (from a 

cysteine and a methionine) and nitrogen (from two histidines) are the Cu ligands. 6

Complexes containing type 2 copper centers have optical and EPR properties 

similar to those containing inorganic copper. Superoxide dismutase, galactose 

oxidase, and the amine oxidase are examples such proteins. The EPR spectra 

consist of four hyperfine lines, with typical couplings ranging from 130 to 200 Gauss. 

Peisach and Blumberg7 compared the EPR characteristics of copper complexes with 

known structure to those of well—characterized type 2 proteins, and found that the 

latter closely resemble model compounds having 4 nitrogen or 2 nitrogen and 2 

oxygen ligands to Cu. The X—ray crystal structure of superoxide dismutase has
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been solved, and indicates that four nitrogen ligands (from three imidazoles and an 

imidazolate) coordinate to the type 2 center in a square plane with a limited 

tetrahedral distortion.

Type 3 copper proteins contain two copper atoms and are generally referred 

to as "binuclear copper". These include hemocyanin, tyrosinase, and laccase. 

Laccase also contains a type 1 and a type 2 copper center. In contrast to the other 

types of copper centers, type 3 sites are EPR silent. Adequately resolved X—ray 

crystallographic structural information does not yet exist; however, fairly detailed 

structural information has been inferred from other spectroscopic means. Extensive 

studies by Solomon et al.* on a series of derivatives of type 3 copper complexes, 

especially with exogenous ligands, have shown that there is probably a bridging 

endogenous ligand (most likely the oxygen of tyrosine) which allows for 

antiferromagnetic coupling of the two cupric atoms.

Previous EPR and optical absorption data on NjO reductase could not be 

readily described in terms of these three categories. N2O reductase displays an 

unusual EPR spectrum consisting of four to seven equidistant lines with hyperfine 

values Ay =  38 Gauss. The lack of additional signals at low magnetic field, as 

would be expected for larger hyperfine splittings, indicates that type 2 copper is 

absent. Furthermore, g =  4 signal, which would come from weakly coupled copper 

dimer, is not observed. Both the magnitude of A|| and optical parameters differ 

from those reported for type 1 copper proteins. It is concluded that N2O reductase 

contains a novel copper center. 3 In this study, a further investigation of the copper 

sites has been performed by detailed EPR and ESE studies on the different forms of 

the enzyme as a function of temperature and pH. The copper sites have also been 

probed by exogenous ligand binding studies. From this study, a spectroscopic model 

for the copper coordination in N2O reductase is constructed.



CHAPTER 9

EXPERIMENTAL RESULTS

I, Experimental Conditions

NaO reductase from Pseudomonas stutzeri (formerly Pseudomonas 

perfectomarina) was purified as previously described in the literature. 1,2,3 All 

manipulations were performed at 4’C, and 25mM TRIS-HC1, pH 7.5 was used 

throughout unless otherwise stated. The different forms of the enzyme used in this 

study are described in Table 9.1.1. N3O reductase activity was monitored 

spectrophotometrically as reported previously.2*3 Copper was detected using 

inductively coupled plasma/atomic absorption spectroscopy. The protein 

concentration was determined by the method of Lowry et al.B

The EPR spectra were recorded on an X-band Varian E109 spectrometer 

equipped with an Oxford Instruments E9 helium flow-through cryostat and 

interfaced to a Digital Equipment Corporation (DEC) MINC—11 microcomputer. 

The spectra were digitized at 2048 points over the full sweep width using a 12-bit 

analog-to-digital converter and integrated directly on the MINC-11. The spin 

susceptibility was determined using a MoSsfSjCNEtj^ standard whose 

susceptibility was independently calibrated using both a  dc vibrating magnetometer 

and an National Bureau of Standard ruby standard. Parameters for recording EPR 

spectra were typically: 100 Gauss/min. sweep rate, 10 Gauss peak to peak 

modulation amplitude, 100 kHz modulation frequency, and 0.1 mW incident 

microwave power, depending on the temperature.
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Table 9.1.1 Various Forms of Nitrons Oxide Reductase

Form Observations or Characteristics

A High—activity form; ca. 8 Cu per Mr 140 Da; isolated

(‘purple*) anaerobically (except IEF); 7 line EPR hyperfine

splitting (ref. 2,3).

B Part of form A that focuses in IEF towards the

(‘cathodic’) cathode at pi 5.06; integrity closest to native enzyme

(ref. 3).

C Part of form A that focuses in IEF towards the anode

(‘anodic’) at p i 4.97; integrity closest to native enzyme (ref. 3).

D Low—activity form; ca. 7 Cu per Mr; isolated

(‘pink’) aerobically; 4-5 line EPR hyperfine splitting (ref.l).

E Catalytically inactive; obtained from A, B, C or D

(‘blue’) upon addition of reductant; largely featureless EPR;

indications for presence of type I Cu (ref. 1-3).

F Form A after 24 hr. dialysis against 50 mM CHES

(‘pH 9.8’) buffer at pH =  9.8. Specific activity increases 10 fold

(ref.l).
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ESE data were recorded on the home built spectrometer operating at several 

resonance frequencies in X—band, as discussed in Chapter 3. Above 4.2 K, either an 

overcoupled TE102 microwave cavity or a slotted tube resonator mounted directly 

on the quartz insert dewar of an Oxford Instruments E9 helium flow cryostat was 

used. 10 Bdow 4.2 K, a  slotted tube resonator mounted in a Janis variable 

temperature cryostat was used. Typically, 400 data points were recorded in the 

time domain with 20 or 30 nsec increments between data points and at a 100 Hz 

repetition rate. Cosine Fourier transformation was performed after subtracting the 

spin relaxation decay function using a polynomial fit and zero filling to 2048 data 

points. No back extension method is used to reconstruct the "dead time" missing 

piece.

n. EPR Studies

EPR spectra were recorded for the oxidized and reduced pink, purple, and 

cathodic forms of the enzyme as well as the purple enzyme at pH9.8, over the 

temperature range 6 K to 50 K. Representative spectra, recorded at 10 K, for the 

oxidized (active) and reduced (inactive) forms of the enzyme are shown in Figures

9.2.1 and 9.2.2, respectively. Spectra were recorded under a variety of operating 

conditions to check for possible lineBhape distortion effects, particularly microwave 

power saturation and rapid passage effects. The onset of power saturation was 

established by determining the microwave power at which the signal intensity no 

longer doubled for a 6 dB change in incident power. At a given temperature, the 

onset of power saturation varied slightly (~ 20 %) among the different forms of the 

enzyme. A more significant difference between saturation powers was observed 

between each of the oxidized and their respective reduced forms. In this case, power 

differences of a factor of two were typically observed at T  ~ 10 K.
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Figure 9.2.1 X—band EPR spectra taken at 10 K for various oxidized forms

of N30  reductase: (A) pink form; (B) purple form; (C) 

cathodic form; (D) purple form at pH 9.8.
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Figure 9.2.2 X—band EPR spectra taken at 10 K for various reduced forms 

of NjO reductase: (A) pink; (B) purple; (C) cathodic.
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In previous EPR studies of this enzyme, four to seven copper hyperfine 

splitting was observed. An exception to this trend was the pH 9.8 form (D of Figure 

9.2.1), which had the highest activity but the poorest resolution of the hyperfine 

splitting pattern. At 10 K, the EPR linewidth decreased in the order: pink, purple, 

and cathodic, with the purple sample at pH 9.8 again exhibiting an anomalously 

broad line, comparable to the linewidth for the pink form. The resolution of the 

hyperfine splitting also depended on the temperature and the optimum temperature 

varied for each form of the enzyme.

An unusual feature of N20  reductase is that an EPR signal is still observed 

after the enzyme is reduced with an excess of dithionite. Although it  is possible 

that N20  reductase has some copper sites with an anomoulously low reduction 

potential, a more reasonable explanation is that the EPR is due to the 

inaccessibility of some of the copper sites to the reductant. The spectra for each of 

the reduced enzymes are shown in Figure 9.2.2. Weak hyperfine splittings 

characteristic of type 1 (blue) copper are observed for the reduced enzymes. Recent 

resonance Raman results on the reduced enzyme also suggested that the copper sites 

were typical type 1, blue copper sites.12 Additional hyperfine structure is observed 

for the reduced purple enzyme at pH 9.8; however, this enzyme became partially 

denatured upon addition of excess dithionite as evident by the formation of a 

precipitate.

The broadening of the linewidth, and the poorer resolution of the hyperfine 

splittings may indicate that subtle differences exist in the copper coordination 

among the different forms of the enzyme. Alternately, it may indicate that there 

are different EPR active copper Bites and the relative concentration of these sites 

depends on the form of the enzyme. In this case, copper sites with slightly different 

g—values but similar hyperfine splittings may be present in different amounts for the 

different forms of the enzyme. This is consistent with the observation that the
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hyperfine splittings for each of the two individual components (cathodic and anodic) 

of the purple form are better resolved than that observed for the purple form itself. 

The resolution is better for the cathodic form than for the anodic form, consistent 

with the higher enzyme activity of the cathodic form. In addition, the apparent gj| 

value for the cathodic form is shifted slightly with respect to the anodic form. This 

can account for the lower resolution observed for the purple form, which is actually 

a mixture of the cathodic and anodic forms. It is likely that at pH 9.8, some of the 

sites that were EPR silent at pH 7.5 become EPR active. If these new sites have 

slightly different EPR properties than those present at pH 7.5, the superposition of 

the EPR signals would result in an increase in the EPR susceptibility, broader EPR 

linewidth, and decreased resolution of hyperfine splittings.

The temperature dependence of the EPR susceptibility for the pink, purple, 

and cathodic forms of the enzyme are shown in Figure 9.2.3. The inverse of the 

molar susceptibilities of the oxidized enzyme are shown in A of Figure 9.2.3, and the 

inverse of the "normalized" susceptibilities, where y =  y — y ,
normalized ^oxidized ''’reduced

are plotted in B of Figure 9.2.3. EPR susceptibilities for all forms of the enzyme

f a  a  a '  8111(1 *  14 J  foUow th e  C urie ’8 la w > l l x  =  M T - T )  w ithoxidized reduced normalized Cr

Tc < 2 K (the experimental precision on the Curie temperature). The percentage of 

the copper that iB EPR active can be calculated from the slope of the inverse 

susceptibility curves in Figure 9.2.3. These results are summarized in Table 9.2.1. 

Both x  . values (A of Figure 9.2.3) and x  (B of Figure 9.2.3)
oxidized '  ' ^normalized v & *

decrease monotonically with enzyme activity for the pink, purple, and cathodic

enzymes. Differences in EPR susceptibility observed between the enzyme from

different preparations correlate with corresponding differences in enzyme activity.

A notable exception is observed for purple enzyme at pH 9.8 which had the highest

activity and the highest susceptibility. This is consistent with the formation of new

EPR active sites at high pH.
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Figure 9.2.3 Temperature dependence of inverse EPR susceptibility for 

various forms of N30  reductase. (A) Total susceptibility for 

the oxidized enzymes; (B) normalized susceptibility obtained 

by subtracting the susceptibility for the reduced enzymes from 

(A).
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Table 9.2.1 List of Percentage of Cn Which is EPR Active 

from the EPR Susceptibility Measurements on N20  Reductase

Form of Enzyme Oxidized "Normalized"

PINK 31.2 5.7

PURPLE 19.3 11.2

CATHODIC 15.0 6.7

pH 9.8 28.9

(from purple)

1. Measurement made within temperature range of 10 K — 50 K.

2. Curie-Weiss formula was used with Curie temperature of all forms less 

than 2.0 K, which is the experimental precision on Curie temperature.
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Between 15 and 30 % of the copper sites are EPR active depending on the 

form of the enzyme, the pH, and the particular enzyme preparation. The magnetic 

coupling between these EPR active sites is very small, as indicated by the very 

small values of T . No EPR signal was observed near g =  4 as would be expected 

for weakly coupled copper dimers. The remaining copper is EPR inactive, and most 

likely associated with strongly coupled Cu(Il) dimers with an antiferromagnetic 

exchange coupling greater than 200 cm '1. The EPR silent sites are not likely to be 

Cu(I) Bites because the EPR is not affected by ferricyanide oxidation.

The enzyme activity decreases and the number of copper sites that are EPR 

active increases upon lowering the pH from 7.5 to 6.0. Furthermore, the seven line 

hyperfine pattern sharpens significantly on lowering the pH from 7.5 to 6.0 

(compare A of Figures 9.2.4 (purple, pH 7.5) and 9.2.5 (purple, pH 6.0)). These 

results are similar to the trends observed for hemocyanin and tyrosinase where the 

concentration of the mixed valence Cu(I)/Cu(II) half—met sites increases upon 

lowering the pH. 8 These observations motivated exogenous azide binding studies as 

a spectroscopic probe of the copper sites. The addition of azide inhibits N2O 

reductase activity and reduces the EPR susceptibility. The relative change in 

susceptibility is sensitive to the pH and to the amount of azide used. At pH 6.0, a 

25 % decrease in the number of copper sites observed by EPR is obtained with a 

2500—fold excess of azide. At pH 7.5, a 25 % decrease was also observed using only 

a 400—fold excess of azide. Addition of azide also resulted in the complete loss of 

the seven line hyperfine structure in the EPR spectrum (B of Figure 9.2.4). In 

addition, new weak hyperfine splittings characteristic of square planar, type 2 

copper, were observed (B of Figure 9.2.5) for the sample at pH 6.0. Dialysis to 

remove excess azide and any type 2 Cu not bound to the protein did not restore the 

original EPR spectrum (C of Figure 9.2.5) and resulted in the loss of the type 2 Cu 

and a 20 % decrease in EPR susceptibility compared to the original value. The
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Figure 9.2.4 X—band EPR spectra for (A) oxidized purple enzyme at pH 7.5

and (B) after the addition of a 400—fold excess of azide over 

copper.
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Figure 9.2.5 X—band EPR spectra for (A) oxidized purple enzyme at pH

6.0; (B) after adding a 300-fold excess of azide over copper; 

and (C) following dialysis for 4 hours after the azide addition.
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resulting EPR spectrum (G of Figure 9.2.5) recorded at 10 K suggests a more 

isotropic magnetic interaction, consistent with a rapid electron exchange between 

the two copper atoms of a  half-m et site. 8 These results suggest that azide binds 

irreversibly to the EPR active sites.

Mechanisms by which azide binding can reduce the number of 

paramagnetically active sites are by oxidation of the cuprous ion in a half—met site, 

by bridging two uncoupled cupric ions to form a diamagnetic dimer, or by bridging 

a half—met (or dimer) site with a cupric ion to form a trimer. In hemocyanin and 

tryosinase, azide bridges the binuclear coupled copper site and reduces the strong 

antiferromagnetic exchange coupling between the coppers.8 For this type of 

binding, azide addition would be expected to increase, not decrease, the EPR 

susceptibility. On the other hand, azide also binds to the binuclear copper site in 

laccase, but not as a bridging ligand. 8 In this case, the EPR susceptibility would 

not be expected to change with addition of azide. Neither of these two binding 

mechanisms appear to be operative in N2O reductase since the EPR susceptibility 

decreases after azide addition. Two binding mechanisms consistent with the 

decrease in EPR susceptibility are for azide to bridge two closely lying Cu (II) ions 

or for the azide to bridge a cupric ion with a half—met site, forming effectively a 

copper trinuclear site. In either case, the azide bridging can increase the dipolar and 

exchange coupling between the EPR active copper ions to render them EPR silent. 

The Cu sites that remain EPR active after azide addition can be attributed to 

half—met sites where azide is bound, but not as a bridging ligand, or to the azide 

bridging of Cu(II) ions with EPR silent dimers, again forming an (EPR silent) 

trinuclear site. In either case, the non—bridged binding of azide can modify the 

copper hyperfine splittings (as observed) without modifying the EPR susceptibility.
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n. ESE Studies of Nitrogen Coordination

The ESE envelope time domain waveforms observed at T  =  1.8 K for the 

oxidized pink, and cathodic enzyme at pH 7.5 are shown in A and C of Figure 9.3.1. 

The most striking feature of the data is the extremely shallow modulation depth, 

roughly only 5% of the total signal intensity. The shallowness of the modulation 

depth is clearly evident by noting the modulation depth compared to the true 

baseline at longer time values, shown as inserts in Figure 9.3.1. The shallow 

modulation depth observed on the waveforms for N3O reductase is in sharp contrast 

to that observed for most other copper proteins where intense modulation, typically 

25% or more of the echo intensity, is observed for data recorded under similar 

experimental conditions.13

Low frequency oscillations are observed on the waveforms for the oxidized, 

but not on those for the reduced enzyme. The identification of these modulation 

frequencies is facilitated by Fourier transformation to obtain the ESE envelope 

spectra, shown in B and D of Figures 9.3.1, for the oxidized pink and cathodic 

enzymes. In addition to the proton peak at 13.6 MHz (not shown), complex spectra 

comprised of narrow lines at 1.5, 1.9, 2.5, 2.9, 3.4 MHz and broad lines between 0.7 -  

0.9 and 3.6 — 4.0 MHz are observed for the oxidized pink and cathodic enzyme. The 

modulation frequencies are characteristic of nuclear quadrupole transitions observed 

for nitrogen atoms coordinated to Gu(H) .13 When the echo envelope modulation 

depth is extremely shallow, as in the present case, the assignment of peaks below 0.5 

MHz becomes unreliable because low frequency peaks can be introduced by 

subtraction of the echo decay function. Although the paramagnetic susceptibility 

depends on the form of the enzyme, very little difference is observed in the low 

temperature echo envelope spectra, as evident in B and D of Figure 9.3.1.
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Figure 9.3.1 Time domain electron spin echo envelope waveforms for 

oxidized N20  reductase recorded at T ~  1.8 K: (A) oxidized 

pink (aerobically isolated); (C) oxidized cathodic 

(anaerobically isolated); (B) and (D) are the Fourier 

transforms of (A) and (C) respectively. Other conditions: t  =

0.14 psec, H  =  3280 gauss; g =  2.03. Inserts of the time domain 

waveforms show the baseline at the end of the data collection 

period.
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IV. ESE Studies of the Base—Activated Enzyme

A ten fold increase in catalytic activity has been observed after dialysis of 

the enzyme in buffer at pH 9.8. 3 As noted above, a 50% increase in EPR 

susceptibility was observed for the enzyme at pH 9.8 but no significant change was 

observed in the ESE modulation spectrum. Differences were observed in the 

deuteron modulation pattern for all forms of the enzyme dialyzed against D2O. The 

waveforms for the purple oxidized enzyme at pH 7.5 and at pH 9.8 are shown in A 

and B of Figures 9.4.1, respectively. In order to facilitate comparison of the 

modulation depths, the echo amplitudes in A and B of Figure 9.4.1 have been 

normalized to the same vertical scale. It is apparent that the deuteron modulation 

depth for the enzyme at pH 9.8 is substantially deeper than that observed for the 

same enzyme at pH 7.5. The modulation depth of the purple enzyme at pH 9.8 is 

also substantially deeper than observed for the cathodic form at pH 7.5 (not shown).

A more direct demonstration of the deeper deuteron modulation on the 

purple enzyme at pH 9.8 is obtained by dividing the time domain waveform for the 

pH 9.8 sample by the time domain waveform for the purple sample that was used to 

prepare it, as shown in A of Figure 9.4.2. Ab discussed in Chapter 4, when more 

than one nucleus is coupled to the paramagnetic center, the total modulation depth 

depends on the product of the modulation depth due to each nucleus per copper 

center. For data collected under identical experimental conditions, the ratio of two 

time domain waveforms isolates any differences in modulation depth between the 

waveforms. The deuteron modulation period is clearly visible in the quotient time 

domain waveforms as shown in A of Figure 9.4.2. The waveform division method 

was also performed by dividing the time domain waveforms of the purple by 

cathodic samples, both at pH 7.5, as shown in B of Figure 9.4.2. In this case, only a 

smooth decay and no deuteron modulation is observed in the ratio of the two
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Figure 9.4.1 Time domain spin echo envelope data for oxidized (A) purple 

enzyme at pH 7.5 and (B) purple enzyme at pH 9.8, enzyme 

dialyzed against DaO buffer. The intensities were normalized 

against the first peak in the modulation for easy comparison of 

the relative modulation depths. Spectra were recorded at T = 

5 K, t  =  0.24 |isec, other conditions are the same as for Figure 

9.3.1.
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waveforms.

The deuteron modulation may arise from water or hydroxide in the inner or 

outer copper coordination sphere or from labile protons associated with the copper 

site. Based on comparison to the deuteron modulation data observed for amine 

oxidase14 and several other Cu(II) complexes, 19 the modulation pattern observed is 

consistent with the presence of a directly coordinated protonated ligand.

The deeper deuteron modulation associated with the oxidized purple enzyme 

at pH 9.8 indicates that there are more deuterons associated with the EPR active 

sites at high pH. The increased susceptibility observed at pH 9.8 suggests that 

these additional deuterons result from a new EPR active site generated at higher pH 

that has more deuterons associated with it than the EPR active sites present at pH 

7.5. Dissociation of the EPR silent dimeric copper sites at high pH has previously 

been invoked by Solomon et al. to account for similar changes in the EPR spectra of 

binuclear copper sites.8

An alternate interpretation is that the deeper modulation at high pH arises 

from additional water or hydroxide in the inner or outer coordination sphere of the 

copper that is EPR active at pH 7.5. This increased proton accessibility would be 

consistent with either a pH—induced protein conformational change or 

base-catalyzed proton exchange allowing enhanced access to the copper sites.
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Figure 9.4.2 Ratio of spin echo envelope time domain waveforms for various 

oxidized enzymes dialyzed against TRIS buffer in DjO: (A) 

purple at pH 9.8 over purple at pH 7.5; (B) purple at pH 7.5 

over cathodic at pH 7.5.
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CHAPTER 10

DISCUSSION

According to the EPR susceptibility data, an apparent inverse correlation 

exists between the activity of the enzyme and the number of copper sites observed 

by EPR. In other words, EPR active Cu sites may not represent the catalytically 

active sites. Nevertheless, EPR and ESE studies provide important information 

about the catalytically active copper sites. EPR and ESE experiments are used to 

systematically follow changes in the structure of the EPR active sites between the 

different enzyme forms. Furthermore, the number of EPR active sites can be 

reversibly increased by changing the pH, in effect "turning on" the EPR silent 

copper sites for spectroscopic study. Additionally, exogenous ligands can be used as 

spectroscopic probes of EPR silent sites. Such experiments have been of 

considerable value in elucidating the structure of the EPR silent sites in other 

binudear copper enzymes such as hemocyanin and tyrosinase.8 Finally, the results 

of the EPR and ESE experiments are correlated with other experiments including 

CW—ENDOR, 38 extended X -ray absorption fine structure (EXAFS) ,18 resonance 

Raman, 10 and chemical analysis1*3 to develop a consistent spectroscopic model of the 

catalytically active copper sites.

I. Characterization of EPR Active Copper Sites

The hyperfine pattern in the EPR spectrum of N20  reductase is not

183
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characteristic of either type 1 or type 2 centers in copper proteins. 17 One possibility 

is that the spectrum arises from the overlap of two type 1 copper spectra with Ay ~ 

80 G and a relative shift in g|| « A ||/2 . This would result in an eight line hyperfine 

pattern (the eighth line is not resolved) with equal line intensities, in rather poor 

agreement with the approximately 1:2:3:4:3:2:1 intensity ratio observed in the 

experimental spectra. Two other possibilities are that the unusual hyperfine pattern 

arises from the superposition of two spectra from type 1 copper sites or from a 

mixed valence Cu(I)/Cu(n) half—met site. A seven line copper hyperfine pattern 

can be obtained from the partial overlap of the spectra for two type 1 copper 

centers. An intensity ratio of 1:1:1:2:1:1:1 can be obtained if the A|| hyperfine 

coupling is ~ 38.5 G (which is unusually small) and if the shift in g|| between the 

two sites is also approximately equal to Ay so that only one line of the two four line 

hyperfine patterns overlap. On the other hand, a seven line hyperfine pattern with 

an intensity ratio 1:2:3:4:3:2:1 and a hyperfine splitting one half the value of the 

usual blue copper value is expected for a mixed valence half—met site in which the 

unpaired electron spin density is shared equally between the two copper ions. The 

binudear structure of the half—met site provides a natural mechanism for more 

extensive delocalization of the paramagnetic electron, compared to the usual blue 

copper center. This delocalization provides a mechanism for redudng the unpaired 

electron spin density on a particular ligand, consistent with the shallow modulation 

depth and unusually small contact hyperfine coupling observed in the ESE 

experiments. While it would be highly fortuitous to obtain the relationship between 

the two unusual type 1 coppers, where Ay is exactly one half the value typically 

observed for type 1 copper, it iB not possible, based on the EPR results alone, to 

unambiguously distinguish between a mixed valence half—met site and these unusual 

type 1 sites. However, EPR experiments at other microwave frequences17 and the 

ESE results discussed below indicate that the EPR spectrum is comprised of
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contributions from both the half—met and the unusual Cu(II) type 1 sites.

The electron spin echo modulation data for N30  reductase differs markedly 

from that observed for most other copper proteins. 12 Intense (typically 25% or more 

of the echo intensity) low frequency modulation on the echo envelope waveforms is 

generally observed for all copper proteins containing type 1 or type 2 Cu(II) centers. 

This arises from the interaction of the paramagnetic electron on the Cu(II) ion with 

a nitrogenous ligand; usually the distal (N l) nitrogen on a coordinated imidazole 

ligand. The labelling of nitrogen on an imidazole ring is shown in Figure 7.2.1. 

Nuclear quadrupole transitions on this nitrogen can give rise to up to three peaks for 

each of the electron spin manifolds. The actual number of peaks observed depends 

on the relative magnitudes of the quadrupole and hyperfine couplings and on the 

hyperfine anisotropy and quadrupole asymmetry. 13 When the applied magnetic 

field is chosen so that the nuclear Larmor frequency will be canceled by the 

hyperfine coupling in one of the electron manifolds, three narrow pure nuclear 

quadrupole transitions are observed below 1.7 MHz in the echo envelope spectrum. 

In addition, a broader line near 4.0 — 4.5 MHz, corresponding to the double 

quantum transition in the other electron manifold, is usually observed. In contrast, 

an extremely shallow modulation depth (approximately 5 % of the echo intensity) 

and uncharacteristic peaks in the modulation spectrum are observed for N20  

reductase. The spectra for NaO reductase also contain many more peaks than are 

usually observed for type 1 or type 2 Cu(II) proteins. It is not likely that these 

additional peaks are due to combination frequencies arising from the coupling to 

more than one magnetically equivalent nitrogen (from more than one magnetically 

equivalent imidazole ligand on the same Cu(II) complex) 13 because the coefficients 

of the product frequencies will be extremely small due to the extremely shallow 

modulation depth.

One possible interpretation of these results is that the paramagnetic center in
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N20  reductase is not a paramagnetic Cu(II) site. However, the EPR spectrum 

clearly exhibits resolved Cu nuclear hyperfine splittings (albeit with an unusual 

hyperfine coupling pattern) which are not observed in the spectrum of the reduced 

inactive enzyme. The low frequency components in the echo envelope modulation 

pattern are also not observed for the reduced enzyme. Furthermore, only Cu is 

found by chemical analysis, the enzyme is inactivated, and no EPR signal is 

observed after Cu is removed from the enzyme.

Another possibility is that the echo envelope spectrum does not arise from an 

endogenous ligand but rather from the interaction with nitrogen atoms in the TRIS 

buffer. Interaction with nitrogen from the TRIS buffer was checked by repeating 

the ESE experiments on protein which was dialyzed against phosphate buffer. The 

spectra for these samples gave identical spectra to the samples run in TRIS buffer, 

ruling out the possibility that the low frequency modulation on the echo envelope 

waveform arises from interaction with a nitrogen in the buffer.

IE. Numerical Simulation of ESE Frequency Spectra

Numerical simulations were used to aid in identifying the possible nitrogen 

containing ligands giving rise to the modulation spectrum observed for NaO 

reductase. As discussed in Chapter 3, the complexity of the simulation and the 

number of unknown parameters is greatly reduced by ignoring the anisotropic 

components of the electron—nuclear dipolar interaction. Neglect of anisotropic 

components may result in artificially narrow lines and the relative peak intensities 

will not be correctly represented in the simulated spectrum. Despite these obvious 

limitations, the hyperfine contact coupling and principal values of the quadrupole 

interaction can be accurately assigned using this simplified Hamiltonian. It is these 

interactions that determine the number of lines and the line positions in the ESE



187

envelope spectrum. Furthermore, the extremely shallow modulation depth observed 

in the experimental results suggests that the anisotropic contribution to the 

hyperfine interaction is small so that neglecting the hyperfine anisotropy provides a 

good first order approximation to the experimental frequency spectrum.

A further simplification can be achieved if a  frequency histogram is 

calculated by sampling orientations uniformly over the hemisphere. It is possible 

that a more accurate treatment of the orientational averaging process could be 

achieved by utilizing the "orientation selection" scheme described in Chapter 3. 

However, spherical averaging provides a good approximation at g^. In their ESE 

studies of the copper binding site in phenylalanine hydroxylase, McCracken et al.19 

compared the simulations of 14N modulation using spherical averaging to those using 

"orientation selection" averaging. With identical parameters, the differences 

between the two are minor and would be difficult to distinguish experimentally. 

The reason for the validity of the spherical averaging in this instance probably 

stems from the ESEEM being dominated primarily by the NQ1, which is 

independent of magnetic field direction. Another example is the nitrogenase MoFe 

protein from Clostridium pasterianum. As discussed in Chapter 7, the spherical 

averaging method was used to simulate the ESEEM spectra taken at T ~ 5 K. The 

coupling parameters obtained from the method are close to what were obtained from 

simulations with "orientation selection" considerations. It should be noted, 

however, that this approximation will not be valid in all cases, and the uncertainty 

in the parameters derived from such simulations is difficult to estimate.

Reasonable starting values for the quadrupole terms can be obtained from 

zero field quadrupole frequency measurements.91 Spectra are computed for the 

appropriate magnetic field value and for a range of quadrupole and hyperfine 

contact interactions. The ESE envelope spectrum can be simulated using three sets 

of UN quadrupole coupling parameters. The corresponding spectra are shown in A
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and C of Figures 10.2 .1.

The computed spectrum shown in A of Figure 10.2.1 is obtained for an 14N 

with e2qQ/h =  1.44 ±  0.2 Mhz, rj = 0.7 ±  0.3, and a hyperfine contact coupling, 

A ^ 0 =  0.6 ±  0.1 MHz. These quadrupole parameters are characteristic of a 

protonated distal nitrogen, N l, but with an unusually small on an imidazole 

ligand bound to Cu(II). The broad absorption centered at 1.2 MHz is comprised of 

the v and nitrogen quadrupole transitions in the upper and lower electron 

manifolds. This broad absorption is not readily observed in the experimental 

spectrum because of the finite spectrometer dead time. Hyperfine anisotropy will 

further broaden these lines making them even more difficult to detect 

experimentally. The two main narrow peaks at 1.9 and 2.9 MHz are the two AM{ 

=  2 double quantum nitrogen nuclear transitions, arising from the upper and lower 

electron manifolds. When A^ / 2  < these double quantum transitions are 

narrow compared to the single quantum quadrupole transitions so that they are the 

only lines detected in the experimental spectrum. Unfortunately, the double 

quantum lines are less sensitive to the quadrupole asymmetry resulting in the 

relatively large uncertainty in rj.

The spectrum computed for the second i4N, shown in 6  of Figure 10.2.1, is 

obtained for e ^ Q /h  =  1.53 ±  0.2 MHz, T} =  0.87 ±  0.05, and A ^ Q =  1.65 ±  0.05 

MHz. In model copper-imidazole complexes, hydrogen bonding of the Nl nitrogen 

has been observed to increase e2qQ /h by 0.1 MHz but has little effect on the 

quadrupole asymmetry.33 The quadrupole parameters for the second nitrogen are 

therefore assigned to the distal nitrogen on an imidazole ligand bound to Cu(II). 

The hyperfine contact coupling of 1.65 MHz is closer to the value of 1.8 to 2.0 MHz 

typically observed for protonated imidazole ligands in type 1 and type 2 copper 

proteins and copper imidazole complexes. This value is close to the value which
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Figure 10.2.1 Simulated spin echo envelope spectra for various nitrogenous

ligands. The quadrupole coupling, e2qQ/h (MHz); quadrupole

asymmetry, 17; and hyperfine contact couplings, A (MHz),
iso

are: (A) 1.44, 0.7, 0.6; (B) 1.53, 0.87, 1.65; (C) 2.3, 0.76, 0.65. 

Other conditions: g =  2.03, H  =  3280 gauss. The weighted 

intensities for spectrum D are: 1.0 * A +  0.8 * B +  0.2 x C.
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cancels the 14N nuclear Zeeman splitting and gives rise to the narrow pure nuclear

quadrupole resonance lines shown in B of Figure 10.2.1. 13 The doublet centered at

0.8 MHz corresponds to the v and v_  transitions while the narrow line at 1.5 MHz

corresponds to the transition in one of the electron manifolds. The line at 3.8

MHz corresponds to the AM{ =  2 transition in the other dectron manifold and

occurs at approximately 2 ^  +  A ^ q. The broad absorption centered at 2 MHz

arises from the u and v  transitions in this dectron manifold. This broad o —
absorption is not readily observed in the experimental spectrum because of the 

spectrometer dead time.

The spectrum computed for the third UN, shown in C of Figure 10.2.1, is 

obtained for e ^ Q /h  =  2.3 ±  0.2 MHz, ij = 0.76 ±  0.15, and A ^ 0 =  0.65 ± 0 .1  

MHz. The comments made for the spectrum obtained for the first nitrogen, A of 

Figure 10.2.1, apply equally well to the spectrum obtained from the third nitrogen. 

Only the double quantum nitrogen quadrupole transitions in the two electron 

manifolds are observed in the experimental spectrum. The quadrupole interaction 

of 2.3 MHz is dose to that derived from NQR measurements on amide nitrogens21 

and also to that deduced from ESE measurements on substituted imidazole copper 

complexes. 32 However, for both the amide and the substituted imidazole nitrogens, 

the quadrupole asymmetry observed is much smaller than that derived from the 

present experimental results. But, as mentioned above, the double quantum 

transitions are sufficiently insensitive to the value of the quadrupole asymmetry 

that either of these could be possible ligands.

The composite spectrum, shown in D of Figure 10.2.1, is obtained by 

summing A, B and C in Figure 10.2 .1, using the weighted intensities of 1.0, 0.8, and

0.2, respectively. This spectrum reproduces the correct number of lines and the 

correct line positions of the experimental spectrum. As mentioned above, the broad 

absorption centered at 1.2 MHz is not expected to be observed in the experimental
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spectrum because of the finite spectrometer dead time. Hyperfine anisotropy will 

further broaden the lines observed in the experimental spectrum compared to those 

in the computed spectrum.

Modulation from directly coordinated nitrogen ligands is not observed on the 

echo envelope in tetrahedral or square planar copper complexes. 13 However, 

modulation from directly coordinated axial nitrogen ligands can be observed in five 

or six coordinate copper complexes.33 In ESE studies of copper complexes with 

directly coordinated axial nitrogens, the quadrupole couplings were observed to be 

larger than those typically obtained for the distal nitrogen on imidazole ligands 

bound to Cu(H). It is therefore possible that the quadrupole interaction of 2.3 MHz 

could arise from an axially coordinated nitrogen on a five or six coordinate copper 

complex. This would most likely be on a copper in the mixed valence half—met site 

since this possibility is consistent with the g—values and Cu hyperfine splittings 

observed in the EPR spectrum.

HI. Presence of Copper A Sites

Unusual EPR and ESE results have previously been reported for the CuA site 

in cytochrome c oxidase.34 The EPR spectrum has poorly resolved copper nuclear 

hyperfine splittings and unusual g—values.24̂  The spin echo envelope modulation 

spectrum for the CuA also does not resemble the spectra typically observed for 

either type 1 or type 2 sites in copper proteins.340 An uncharacteristically shallow 

modulation depth was observed with modulation frequencies at 0.9, 1.5, 1.9, 3.2, 

and 4.3 MHz. The ESE results observed for cytochrome c oxidase, while highly 

anomalous compared to other copper proteins, are very similar to the results for 

NjO reductase. In addition to the similarity in modulation depth, a matched set of 

lines for cytochrome c oxidase are observed in the ESE envelope spectrum of NaO
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reductase. The lines at 0.9, 1.5, and 4.3 MHz in the spectrum of cytochrome c 

oxidase correspond to the lines at 0 .8 , 1.5, and 3.8 MHz in the spectrum of NaO 

reductase. The double quantum line at 4.3 MHz occurs at a slightly higher 

frequency because of a slightly larger hyperfine contact coupling compared to N30  

reductase.35 The lines at 1.9 and 3.2 MHz observed for cytochrome c oxidase 

correspond to the lines at 1.9 and 2.9 MHz observed for N30  reductase. The 

slightly larger frequency splitting between these lines in cytochrome c oxidase can 

again be accounted for by a slightly larger hyperfine contact coupling.35 By analogy 

to the ESE envelope spectra for the CuA site in cytochrome c oxidase, we conclude 

that the two imidazole ligands assigned to the lines at 0 .8, 1.5, 3.8 MHz and 1.9, 2.9 

MHz in the spectrum of NaO reductase are coordinated to the CuA site. This is 

consistent with the conclusion derived above, that the nitrogenous ligand giving rise 

to the pair of lines at 2.5 and 3.4 MHz is coordinated to the half—met site.

The smaller hyperfine contact coupling observed for the two distal nitrogens 

on the imidazole ligands of the CuA site implies a reduced unpaired spin density on 

these N l nitrogens. This in turn suggests a reduced unpaired spin density on the 

directly coordinated (N3) nitrogen of the imidazole ligand. In recent Q—band 

ENDOR studies on the CuA site in cytochrome c oxidase, Werst et a laa observed 

two 14N ENDOR resonances corresponding to hyperfine contact couplings of 8.7 and 

17.6 MHz which are substantially smaller than the more typical values of 16 — 23 

and 32 — 49 MHz for the two directly coordinated N3 nitrogens in other copper 

proteins37 and copper tetraimidazole model compounds.38 Based on the similarities 

between the ESE results on the CuA sites, it is anticipated that the contact 

hyperfine couplings on the N3 imidazole nitrogens in N30  reductase will also be 

substantially reduced compared to type 1 and type 2 copper centers, analogous to 

the results for cytochrome c oxidase. In a recent Q-band ENDOR experiment, 

Nakagawa et ai.3t observed one type of nitrogen resonance with hyperfine coupling
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of 16 MHz on a new form of NaO reductase. This enzyme was obtained from a 

mutant strain, with defective Cu chromophore biosynthesis. It has ~ 2 Cu per 

protein, out of which 50 % are EPR-detectable. It is thought that these 

EPR-detectable Cu sites are also present in the purple form, corresponding to the 

CuA sites. Since the number of nitrogen ligands can not be determined by the 

ENDOR experiment, it is possible that both of the direct coordinated nitrogens 

from the two inequivalent imidazole ligands are responsible for the observed 

resonance frequencies. The indistinguishability of ENDOR frequencies between two 

direct coordinated nitrogens can be explained, if these two nitrogens are in a similar 

environment, while the two distal ones are in slightly different environment. The 

absence of signals from distal nitrogen in ENDOR experiment may have the same 

origin as in the case of the MoFe protein. Frequencies due to nitrogen ligated to 

FeMoco is fairly pronounced in the ESEEM experiment, but were not detected by 

previous CW—ENDOR experiment. 33 This again shows the complementary nature 

of two spectroscopies.

The smaller hyperfine contact coupling on the N3 nitrogen would also be 

expected to result in a reduced hyperfine anisotropy. Since the anisotropic 

components of the hyperfine interaction determines the depth of the modulation on 

the echo envelope waveform, 19,10 a reduced anisotropy is consistent with the 

unusually shallow modulation depth observed. However, we can not exclude the 

possibility that other copper centers are present in the oxidized enzymes (such as 

those observed after dithionite reduction) which contribute to the echo intensity but 

do not contribute to the echo envelope modulation.

Finally, the identification of the CuA site in N2O is further supported by 

conclusions from other spectroscopic studies10’18 and from recent genetic sequencing 

studies30. Both the EXAFS and magnetic circular dichroism (MCD) 18 data on NaO 

reductase appear to be remarkably similar to the data obtained for cytochrome c



195

oxidase and different from those obtained for type 1 or type 2 copper protein. In 

the genetic sequencing studies, the amino acid residues Cys-618, His-622, His-626 

and Met—629 show a matched spacing and conserved serin, resembling the proposed 

CuA site of cytochrome c oxidase subunit II.

VI. The Spectroscopic Model

The spectroscopic model for the Cu sites in NaO reductase that emerges from 

the present EPR and ESE study is that in the oxidized enzyme, between 70 and 85 

% of the copper ions are in the form of EPR silent binudear type 3 dimers. 

Between 15 and 30% of the copper ions are EPR active and are comprised of mixed 

valent half—met sites and isolated cupric sites. The ESE data are also consistent 

with the presence of multiple chemically inequivalent Cu(II) sites with imidazole 

coordination. Based on the strong similarity of their ESE results, we conclude that 

the cupric sites are unusual Cu(II) sites, very similar to the CuA sites in cytochrome 

c oxidase. This is the first time that the CuA site has been observed in an enzyme 

other than cytochrome c oxidase. The additional frequencies in the ESE envelope 

spectra of N2O reductase which are not observed in the spectra of cytochrome c 

oxidase most likely arise from an amide or substituted imidazole ligand coordinated 

to the EPR active half—met site. Further evidence for the presence of a  Cu^ site 

has been obtained from the results of recent genetic sequencing studies on N3O 

reductase30 where resemblance to the proposed CuA site of cytochrome c oxidase 

subunit II has been found.

Resonance Raman13 and EXAFS18 data are consistent with the proposed 

model. Dooley et al. have reported a resonance Raman study of NaO reductase and 

suggested that the activity correlates with the presence of a Cu(II)S2(Cys)N(His) 

site.13 EXAFS data suggest the presence of multiple copper sites with greater
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covalency than that usually observed for copper proteins.16 In addition, both the 

EXAFS and MCD data on NaO reductase appear to be remarkably similar to the 

data obtained for cytochrome c oxidase and different from that obtained for type 1 

or type 2 copper proteins. Finally, the Q-band CW—ENDOR results on NaO 

reductase are similar to those for cytochrome c oxidase, substantiating the expected 

presence of greatly reduced hyperfine coupling for the directly coordinated 

nitrogens.

Deeper deuteron modulation is observed for the oxidized enzyme at pH 9.8, 

indicating that there are more deuterons associated with the EPR active sites at 

higher pH. The ESE data indicates the presence of a coordinated deuterated ligand, 

most likely water or hydroxide. It is possible that this deuteron coupling is a 

consequence of either a pH-induced conformational change or a base-catalyzed 

proton exchange allowing enhanced access to the copper sites and accounting for the 

ten fold increase in enzyme activity. It is more likely, however, that at pH 9.8 a 

new copper site becomes EPR active which has more exchangeable protons than the 

EPR active copper sites present at pH 7.5. This is consistent with the observed 

increase in the EPR susceptibility and broader linewidth for the enzyme at pH 9.8.
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APPENDIX 1 THE TRANSFORMATION OF 

ANGULAR MOMENTUM EIGENVECTORS UNDER FINITE ROTATIONS

In the following discussions the term rotation will be interpreted as a 

rotation of the reference frame about the origin, the physical system being supposed 

fixed. Each point of three-dimensional space is thus given new coordinates, which 

are functions of the old coordinates and of the parameters which describe the 

rotation, namely the Euler angles.

As illustrated in Fig. A l, the rotations are to be performed successively in 

the order:

1) A rotation a  (0 < a  <  2ir) about the z-axis, bringing the frame of axes 

from the initial position S into the position S '. The axis of this rotation is 

commonly called the vertical.

2) A rotation 0  (0 < 0  < x) about the y-axis of the frame S ', called the line 

o f nodes. Note that its position is in general different from the initial position of the 

y—axis of the frame S. The resulting position of the frame axes is symbolized by S".

3) A rotation 7  (0 < 7  < 2 t) about the z-axis of the frame of axes S", called 

the figure axis; the position of this axis depends on the previous rotations. The final 

position of the frame is symbolized by Sr". Although the position values of a, 0  and 

7  are restricted, we do not have an one to one correspondence between rotations and 

parameters for all possible rotations; for example a rotation symbolized by ( 007 ) is 

identical with that symbolized by (a 'Q y )  if a + 7  =  o ' +  7 ' .

In 3—D Cartesian space, they corresponds to successive applications to the 

coordinates column vector of the following three matrices:

200
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(A1.1)
x'
V'
z '

cosy 3m y  
-ai« 7  cos'f

cos/3 - s i  
1

sin/} co 30

nff\ f  co 
- s i

m  [

cosa s tn a  
sin a  cosa

x
V
z

or

(A1.2) R(007) R(0/») R(o00) r =  R(o07) r

According to quantum mechanics, when there is a non-zero angular 

momentum present, this rotation is expressed in terms of unitary operators in an 

operator form as:

(A1 .3) D(aPi) = exp - p -  Jz exp Jy exp - j p  Jz

Note that D (a0i) is used for the rotation operator in order to distinguish it 

from the rotation matrix in the Cartesian space, R(a0i). It is defined as = 

D{a0i) where V' and ^  are the wave vector after and before the rotation 

respectivdy. In particular, | jM> =  E D{a0i) \jm>, or <jm’\jM> = E <jm' |
n id

D(af3i) | jm>, where m, Af are the indices of the magnetic quantum number of a 

spin j  system before and after the rotation, and they run from - j  to j.

It is convenient to write the matrix elements of D(a(3i) in a more compact 

from. If we put <jm' | D{a0i) \ jm> = let u) stand for the three Euler

angles, and write Z > ^ ( 0/?0) s  it can be shown that

(A1-4) =  exp im ' 7  d j j ^ (0 ) exp ima

and
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(A1.5) £ & » - [ ■
( j+ m ' )!(j—m ')! “11/2

- o  (a u _^_) 2tr+m'+m - 2 <r-m' - m

For the case of j  = 1,

(A1.6) d 1 W t )

.“ (wigjVT
^  sinfi e *7

«-•'“ (> <n| ) 2 «i 7

cosfi
-1
^2 e 5,nP

axn/J er*7

r i “(3i r | ) 2e- i7
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Figure A1 Euler angles and corresponding rotations. (From Edmonds, A. 

R. Angular Momentum in Quantum Mechanics; Princeton 

University Press, Princeton; 1974)



A PPEN D IX  2 EXPRESSION O F T H E  NUCLEAR QUADRUPOLE 

IN TER A CTIO N  IN  N O N -PR IN C IPA L  AXIS COORDINATES SYSTEM

The nuclear quadrupole interaction, which describes the interaction of the 

nuclear quadrupole moment of a nucleus with the electric field gradient, can be most 

easily expressed in its principal axis coordinates system (PAS) as

( A 2 1 )  =  1 ~ K r+ 1 )  "  ‘  W47(27—1)

For example, with I  = 1, <7Af | \ IM >  {M , =  —1,0,1) are

(A2.2) ----
4/(27—1)

1 0 7}
0 - 2  0 
17 0 1

To specify the interaction, it is customary to use e*qQ, ij, and a set of Euler angles 

(see Appendix 1) of the PAS with respect to the chosen reference frame. But it may 

be required to express this interaction in a non—PAS spin coordinate system. Let us 

denote the spin wave functions in the PAS as |/Af>, and in the other, | Im>. 

< /m J Hq | Im^> can be found in terms of <7M | \ IM^> and D ^ (a /? 7), as

discussed in Appendix 1 .

According to quantum mechanics,

(A2.3) <Imi\ H q \ I m >

=  y  y  <Im II M >  <IM I Hn II M >  < I M \ I m  > 
£ 4  £d  l1 1 v Q ' 2 21 2
M I

1 2
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where ^  | IM> <IM\ =  1 (The normalization condition for the projection 
I

operator). But <IM\ Im> is and its property of being unitary gives

(A2.4) <Im\ IM> s= <IM\ /m > t =  ( D ^  (a /b )) t  =

Therefore,

(A2.5) < /rn | Hq \Imj>

-  I X  ( « « <™,i i » >
1  1  1 1 3 2  

1 2

The discussion is not limited to the nuclear quadrupole interaction alone. 

Similar considerations may have to be taken for the hyperfine interaction.
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APPENDIX 3 Preparation of the MoFe protein** *

Cells of Clostridium pasteurianum W5 were grown as previously described by 

Mortenson (1972) in a 400 1 fermentor (New Brunswick Scientific, Edison, N.J), 

frozen in liquid nitrogen and stored at —75°C. Crude extracts from 1 kg of cells 

were made as before (Mortenson, 1972; Zumft and Mortenson, 1973), however, the 

purification protocol, with strict anaerobic conditions being maintained throughout 

all steps, has been substantially modified to warrant a more detailed account. The 

crude extract is loaded onto a DEAE Cellulose-52 (Whatman, Clifton, N.J.) 

column, 10.0 x 20.0 cm with a flow rate of 1000 m l/hr equilibrated with 50 mM PH 

7.5 Tris—HC1, ImM Na2Sa0 4  (buffer A). The column is developed with a linear 

gradient of 0.08 M to 0.80 M NaCl, 2 1 each in buffer A. The MoFe protein eluting 

at ca. 0.25 M Cl~ and the Fe protein eluting at ca. 0.35 M Cl~ are monitored by 

their brown color, collected separately and diluted 2x with water.

The MoFe protein is then loaded onto a  7.5 x 30 cm DEAE Sepharose 

C L-6B (Pharmacia, Piscataway, N.J.) column, 600 m l/hr previously equilibrated 

with buffer A. Using the FPLC system of Pharmacia, a linear gradient is developed 

over 360 min from 0.2 M to 0.45 M KC1 in buffer A. The protein is collected and 

diluted as above and is then applied to a 5.0 x 32 cm DEAE Sephacel (Pharmacia) 

column, 300 m l/hr in buffer A. Again using the FPLC system, a linear gradient 

from 0.15 M to 0.35 M KCI in buffer A is developed over 360 min. Fractions are 

assayed for acetylene reduction activity (Zumft and Mortenson, 1973; Mortenson et 

al 1976), concentrated by ultrafiltration (Amicon, Danvers, MA) and stored in 

liquid nitrogen. Typically, yields of 2-3 g of MoFe with a specific activity of

*** Courtesy of Richard E. Bare.
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1500—1800 nmol/min/mg can be expected.

95Mo and 96Mo (94.9% and 95.9% enriched, respectively) were obtained from 

Isotec Inc. (Miamisburg, OH) They were converted from the metal to sodium 

molybdate as in George et al (1989). Inoculum for the 4001 fermentor was obtained 

from a 500 ml chemostat (100 ml/hr) which was washed for at least 72 hours to 

exchange the Mo isotopes. Isotopic enrichments were estimated to  be at least 95% 

(see George et a l, 1989).
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APPENDIX 4 Program Listings

The program PSU_OS2 and subroutines are listed below. They were 
programed on VAX 8350. Not listed are the routines from EISPACK.

Program PSU_OS2

c FILE: PSU_OS2
c
c PURPOSE: Electron Spin Echo Envelope Modulation simulation
c for an S = l/2  electron coupled to 1 1=1 nucleus,
c g—anisotropy is considered instead of effective g.
c Hamiltonian includes Zeeman(including pseudo effect,
c pseudo-dipolar, contact term and NQ term
c (with arbitrary angle),
c Direct diagonalization method is used. Batch,
c Automation option. Matchs to the input spectrum
c are sorted,
c
c REFERENCES: W.B.Mims, Phys.Rev.B5,2409 (1972)
c Phys.Rev.B6, 3543 (1972)
c
c SUBPROGRAMS:
c (MAIN)  j— NQ_EULER adding NQ elements
c — ZEEMAN nuclear zeeman term
c — SZTERM terms grouped with Sz
c — SPTERM terms grouped with S-f
c j— SMTERM terms grouped with S—
c — MAT_DIA diagonalize matrices
c — TEST confirm eigenvectors correct
c — CAL ENV calculate ESE—EM waveform
c — HIST^_2P calculate ESE—EM spectra
c — HIST 3P calculate ESE—EM spectra
c - I N  BAT4 BATCH input
c {— LI§^_INF list information
c additional subprograms are
c MAT_DIA diagonalize hermitian matrix
c CMATMUL complex version of MATMUL
c MATADD matrices addition
c MAT_EXT matrices multiplication
c MAT_GEN generate spin matrices
c HERMIT hermitian of matrices
c
c HAIYONG JIN Feb. 1989 for Cray/Unicos
c Compilation: CFT77 -d p
c—----------------- ----------------------------------------------------------------------------------------------------

implicit double precision(a—h,o-z) 
)arameter(idim=4,max=32,io=22,nco=20) 
ogical dipol)xtal,no_dc,smooth,noherm
jyte header(72) 

integer pulse,option
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integer*2 lopcnt(40000)
real rmsq(40000),sigma,ydata(2048),delx
dimension Qzz(idim),eta(idim).acntct(idim)
dimension alpha(idim) ,gamma(idim) ,beta(idim)
dimension reff(idim) ,plu__n(idim),the_n(idim)
dimension e(2048),ep(maxj,en(max),amr(max,max)
dimension ami(max,max) ,tempr(max,max),tempi (max,max)
dimension hprfmax,max),hhifmax,max),hhr(max,max)
dimension hpifmax,maxi,hnr(max,max),hni(max,max)
dimension znr(max,max),zni(max,max)
common /mmat/amr,ami
common /envlop/e
common /gtnsor/gl,g2 ,g3 ,geff,hO,theO,phiO
common /m_n/acntct,Qzz,eta,alpha,beta,gamma,re£f,the_n,phi n
be=9.274026d—21
bn=5.050824d—24
h=6.626093d—27
pi=4.0d0*datan( 1 .OdO)

 input information
open(9,file=,mah.bat’,fo^m=’fo^matted’,status=’old,) 
call in_bat4(io,option,tauO,tO,delf,nthe,mout,ispin,gnu,dipol,

+  no_dc,smooth, sigma, nbest ,gep,t wo_D)
if(gl.eq.g2.and.g2.eq.g3) stop 
pmse= 2
if(tau0 .ne.0.d0) pulse—3 
v0=bn*h0/h/1.0d6 ! in MHz
ve0=be*h0/h/1.0d6 ! in MHz
delx=sngl(aeu) 
index= 0

 preparation of automation
if(Qzz(3).ne.0.d0) then 

nQzz=l+idint((Qzz(2)-Qzz(l))/Qzz(3)) 
else 

nQzz=l 
endif
if(eta(3).ne.0.d0) then 

neta=l+idint((eta(2)-eta(l))/eta(3)) 
dse 

neta= l 
endif
if(beta(3).ne.0.d0) then 

nheta=l+idint((beta(2)-beta(l))/beta(3 )) 
dse 

nbeta=l 
endif
if(alpha(3).ne.0.d0) then 

nalp=l+idint((alpha(2)-alpha(l))/alpha(3)) 
else 

nalp=l 
endif
if(reff(3).ne.0.d0) then 

nren= 1 +idint((reff(2)-reff(l))/reff(3)) 
dse 

nreff=l



210

endif
if(the_n(3).ne.0.d0) then 

n tn= l-fid in t((the_n(2)-the_n(l))/the_n(3)) 
else 

n tn = l 
endif
if(phi_n(3).ne.0.d0) then 

npn=l+idint((phi_n(2)^phi_n(l))/phi_n(3)) 
else 

npn= l 
endif
if(Acntct(3).ne.0.d0) then 

nA=l+idint((Acntct(2)—Acntct(l))/Acntct(3)) 
else 

nA =l 
endif
if((na*npn*ntn*nreff*nalp*nbeta*neta*nqzz).gt.40000) stop

c  loop over parameters
do 8000 iQzz=l,nQzz 
Qzz(4)=Qzz(l)+dfloat(iQzz—l)*Qzz(3) 
do 8100 ieta=l,neta 
eta(4)=eta(l)+dfloat(ieta-l)*eta(3) 
do 8200 ibeta=l,nbeta 
beta(4)=beta(l)+dfloat(ibeta—l)*beta(3) 
beta(4)=beta(4)*pi/1.8d2 ! deg. to grad, 
do 8300 ialp=l,nalp
alpha(4)=alpha(l)+dfloat(ialp—l)*alpha(3) 
alpha(4)=alpha(4)*pi/1.8a2 ! deg. to grad, 
do 8400 iren=l,nrefJ 
re£f(4)=reff(l)+dfloat(ireff—l)*reff(3) 
do 8500 itn= l,n tn
the__n(4)=the_n(l)+dfloat(itn—l)*the_n(3) 
the_n(4]=the_n(4)*pi/1.8d2 ! deg. to grad, 
do 8600 ipn=l,npn
phi__n(4)=phi_n( l)+dfloat (ipn—l)*phi n(3) 
phi_n(4)=phi_n(4)*pi/1.8d2 ! deg. to grad, 
do 8700 ia= l,na
acntct(4)=acntct(l)+dfloat(ia-l)*acntct(3)

c  initialization
ins=2*ispin 
do 7000 i=l,m out 

e(i)=0 .0d0 
7000 continue
c  nested for #  of nuclei

do 7005 is=l}m 
do 7005 j= l,in  

hpr(i,j)=0 .d0 
hpi(i,j;=0 .d0 

7005 continue
if(in.eq.6.and.Qzz(4).ne.0.d0) then 

Qxxyy=Qzz(4V*eta(4)
call nq_euler(Qzz(4\Qxxyy)hpr,hpi,alpha(4),

+  beta(4),gamma(4})
call mat genf 1.2 .tempr,imag.coeff..false.i ! unit matrix
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call mat_extrtempr,hpr,hpr,2 ,in/2  ,in) 
call mat_ext(tempr,hpi,hpi,2 ,in/2 ,in) 

endif
terms grouped with Sz matrix

iffdipol) then 
l=(be " “fbe/h)*gnu*bn/(re£f(4)**3) 

endif
call szterm(in/2,acntct(4),the n(4), 

phi_n(4) ,f,hnr ,nm ,dipoI) 
call mat genf2 .2 .tempr,imag,coeff,.false.) 
call mat_ext(tempr,hnr,hnr,2,in/2 ,in) 
call matadd(hnr,hpr,hpr,in,in,l) 
call mat_ext(tempr,hni,hni,2 ,in/2 ,in) 
call matadd(nni,hpi,hpi,in,in,l)

— terms grouped with S+ matrix
call spterm(in/2,acntct(4),the n(4), 

phi_nr4),f,hnr,hni,dip6I) 
call mat genf3.2.tempr,imag,coeff..false.) ! S+ matrix 
call mat_ext(tempr,hnr,hnr,2,in/2 ,in) 
call matadd(hnr,hpr,hpr,in,in, 1) 
call mat_ext(tempr,hni,hni,2 ,in/2 ,in) 
call matadd(hni,hpi,hpi,in,in,l)

— terms grouped with S— matrix
call smterm(in/2,acntct(4)lthe n(4), 

phi_nf 4) ,f,hnr,hni,dipoiy 
call mat gen?4,2.tempr.imag.coeff..false.) ! S— matrix 
call mat_ext(tempr,hnr,hnr,2 ,in/2 ,in) 
call matadd(nnr,hpr,hhr,in>in]l) 
call mat_ext(tempr,hni,hni,2 lin /2 lin) 
call matadd(hni,hpi,hhi,in,in,l) 

loop for sinftheta) 
do 80 isthe=l,nthe 

xt al= .false.
theta=pi*dfloat(2*isthe—l)/dfloat(4*nthe) Itheta 0—> pi/2 
stheta=dsin(theta) 
if(gl.eq.g2) then 

stheta=dsqrt((geff**2-g3**2)/(g2**2-g3**2)) 
theta—dasin(stheta) 
if(geff.eq.g3) xtal=.true. 
phi=dfloat(2*i8th e -l)* p i/2.d0/dfloat(nthe) 

else
if(g2.eq.g3) then 

if(geff.eq.gl) then 
stheta=l.dO 
theta=pi/2 .d0 

phi=0 ,d0 
xtal=.true.

d se
if(stheta.eq.0 .d0) then 

goto 80
d se

phi=(geff**2- g 2**2)/(g2**2-g l**2)/stheta**2 
if(phi.gt.l.d0 .or.pni.lt.0 .d0 ) then 

goto 80
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else
phi=dacos(dsqrt(phi))

endif
endif

endif
else

if(geff.eq.g3) then 
xtal=.true. 

stheta=0.d0 
theta= 0 .d0 

phi=0 .d0 
else

if(geff.eq.gl) then 
xtal=.true.
8theta=l.dO
theta= pi/2.d0
phi=0 .d0

else
if(stheta.eq.0.d0) then 

goto 80 
else

phi=(geff*2-g3**2)/stheta**2+g2**2-g3**2 
p h i= p h i/(g l^ 2-g 2**2) 
if(phi.gt.l.d0.or.phi.lt.0 .d0 ) then 

goto 80 
else

phi—dacos(dsqrt(phi)) 
endif 

endif 
endif 

endif 
endif 

endif
c --------- nested for +-sin(theta),and H—cos(phi) on left sphere

theO=theta
phi0=phi
weight=8theta/dfloat(ispin)

c --------- terms grouped with Unit m atnx (with HO)
7020 in= 2*ispin

call psu_zmn(gnulin/2,v0,the0,phi0)hnr,hni)g3,gep,two D,
+  Acntct(4),fIthe__n(4),phi__n(4))

call zeeman(gnu,gnu)gnu,in72,v0,
+ theOjpniOjhnr̂ m)

call mat__gen(l,2 ,tempr,imag,coeff,.fal8e.) ! unit matrix 
call mat ext(tempr,hnr,hnr,2 ,in/2 ,in) 
call matidd(hnr,hnr,hprlin,in) 1) 
call m at_ext(temprlhni,hni,2 ,in /2 ,in) 
call matadd(hni,hhi,hpi,iii,in,l)

c  add in electronic Zeeman term
call zeeman(gl,g2,g3,2,veO,theO,phiOihnr,hni) ! electron zeeman 
call mat gen(l,in /2 ,tempr.imag.coeff,.false.)! unit matrix 
call mat_ext(hnr,tempr,nnr,2,in /2 ,in) 
call mat ext(hni,tempr,hnil2 ,in/2 )in) 
call matadd(nnr,hpr,hpr,in,in(l)
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call matadd(hni ,hpi ,hpi ,in,in, 1)
c  diagonalization and testing

call m at_dia(in,hpr ,hpi ,ep,znr,zni)! diagonalize the whole H
c  find M matrix denned in tne paper

in=ispin 
do 7025 i= l,in  

en(i)=ep(i+in) 
do 7025 i= l,in

amr(i,j)=znr(i+in,j+in)
am i(ijJ=zni(i+in,j+in)

7025 continue
call hermit(in,znr,zm,hnr,hni)
call cmatmUl(hnr,hni1amr,ami,amr,ami)iii,in)in)

c --------- compute histograms
if(option.eq.2.or.option.eq.4) then 

call cal_env(mout,tO,tauO,delf,weight,in,ep,en,pulse) 
elseif(option.eq.l.or.option.eq.3) then 

if(pulse.eq.3) then
call hist_3p(mout,tau0,delf,weight,in,ep,en,no_dc) 

else
call h ist_ 2p(mout,delf] weight,in,ep,en,no_dc) 

endif 
endif

c --------- combination of theta and phi
if(xtal) goto 85 
if(the0 .1t.(p i/2 .d0 )) then 

if(phi0 .1t.(p i/2 .d0 )) then 
phi0=pi—phi

else
the0=pi—theta 

phi0=phi 
endif 

else
if(phi0 .1t .(p i/2 .d0 )) then 

phi0=pi—phi
el8e

phi0=phi0+ 2 .d0*pi ! exit the loop
endif

endif
if (theO.lt.pi .and. phiO.lt.pi) goto 7020

80 continue
c ----------output to disk
85 do 7030 i= l,m out

ydata(i)=sngl(e(i)) 
7030 continue

if(smooth) call lorentz(mout,ydata,delx,sigma) 
index=index+l 
lopcnt(index)=index 
call match(mout,ydata,rmsq(index))

8700 continue
8600 continue
8500 continue
8400 continue 
8300 continue



214

8200
8100
8000

c
c
c
c
c
c

2199

2200 
+  
+

2600

++
+
+

7035

2300
9999

continue
continue

continue
if(index.lt.2 ) then 

aelx=delx*float(mout—1) 
call ftkout(13,mout,delx,ydata) 
open(13,fonn=’unfonnatted\8tatu8=’new’) 
write(13) header 
do i= l.m out 

write(13) delx* (i—1) ,y data(i) 
end do 
close!13)
close(io(dispo8e = ’delete’) 
prin tvR oot—Mean-Squared error: ’,rmsq(l) 
goto 9999 

endif
call sort2 (index)nnsq,lopcnt) 
write(io,2199)
formatOl*,// * OUTPUT FROM PROGRAM PSU_OS2:’/)  
write(io,2200)
format(/,3xl’eeqQ(MHz)’,6xl’eta,,6x,,alpha(deg)’)4x, 
’beta(deg)’ 4x,’Aiso(MHzV,4x,’reff(AV>4x>’theta(deg)’,4x, 
,phi(degj,t/ )
if(nbest.eq.O) nbest=index 
do 7035 i= l,nbe8t 

itemp=neta*nbeta*nalp*nreff*ntn*npn*na 
ireman=lopcnt(i) 
call cntlop(iQzz,itemp,ireman) 
itemp=itemp/neta 
call cntlop(ieta,itemp,ireman) 
itemp=itemp/nbeta 
call cntlop(ibeta,itemp,ireman) 
itemp=itemp/nalp 
call cntlop(ialp,itemp,ireman) 
itemp=itemp/nreff 
call cntlop(ireff,itemp,i reman) 
itemp=itemp/ntn 
call cntlop(itn.itemp,ireman) 
itemp=itemp/npn 
call cntlop(ipn,itemp,ireman) 
itemp=itemp/na 
call cntlop(ia.itemp,ireman) 
write(io,2600) nnsq(i)
form at(/,’ Root—Mean—Squared error =  ’,gl2.6 ,’ for:’)

 ............“  ”lzz(3))»
Ualp-l)*alpha(3)),

m i v  r  tt il)+ (ia-l)*A cntct(3)),
reff(i)+(ireff-l)*reff(3)),
’the,j_n(l)+(itn-l)* the_n(3))I(phi__n(l)+(ipn—l)*phi__n(3))
continue
dose(io)
format(8(gl2.5,lx))
stop
end
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c
c

subroutine cal_env (m,tO,tau,delt,weight,in,wp,wn,kflag)
c
c PURPOSE: calculate ESE-EM, for 2— or 3—pulse
c
c DEFINITION: m, #  of data points
c in, dimension of the Hamiltonian
c kflag: 2 ,2—pulse; 3, 3—pulse
c tO,tau: starting time and tauO
c wp,wn: ESE freq. for Sz= l/2  and —1 /2
c
c---------------------------------------------------------------------------------------

implicit double precision (a—h,o-z) 
parameter (max=2048,idim=32l
dimension e(max).wp(idim),wn(idim),amr(idim.idim),anii(idim1idiin) 
dimension chi(3,3),chichi(3,2,3,2) 
common /mmat/amr,ami 
common /envlop/e

c
c --------e(k)=emod(tau,t) of W.B.Mims, B6 , 3543 (1972)
c
c --------diagonal (1.1): chiO in Mims’ paper

c fi( l,l)= 0 .d0 
do 70 i—l,in 
do 70 j= l,in
chi(l,l)=chi(l,l)+(am r(i,j)**2+ami(i,j)**2)**2

70 continue
c ---------offdiagonal: (i,j) for alpha, (j,i) for beta

do 75 i=2,in 
do 75 j= l,i—1 
chi(i,j)=0.d0 
chi(j,i)=0.d0 
do 71 k=l,in  

temp=(amr(i,k)}**2+(ami(i,k))**2

chi(i,j)=chi(i,j)+temp:"tempi 
temp=(amr(k,i))**2+(aminc,i))**2 
templ=(amr(k,j))**2+(ami(k,j))**2 
clil( j,i )=chi( j,i)+temp*templ

71 continue
75 continue
c  chichi: Chi ijkn

do 73 i=2,in 
do 73 j= l,i—1 
do 73 ks2^n 
do 73 n = l,k - l
chil=amr(i,k)*amr(i,n)+ami(i,k)*ami(i,n)

i(j,k)du 2=amr(in)*amrM,k)+amiyln)*amin,k) 
t emp= amr(i. k) *ami ml n)—amiH .k J * amr(i. n) 
templ=amr(j1n)*ami(j,k)-ami(j>n)*amr(jlk) 
temp2= 2 .0d0*(chi l*cni2—temp*templ)



chichi(i-l,j,k—l,n)=tem p2 
continue

scan over t

do 74 icon=l,m  
dblt=tO+delt*dfloat(icon—1) 
if (kflag.eq.2) tau=dblt 
e(icon)=e(icon)+chi(l,l) 
do 72 i=2,in 
do 72 j= l,i—1 
temp=wp(i)—wp(j) 
tempi=dcoB(temp*tau) 
temp=dcos(temp*dbltJ 
e(icon)=e(icon)-fchi(i,j)*(temp+templ) 
temp=(wn(i)—wn(j)) 
templ=dcos(temp*tau) 
temp=dco8(temp*dblt) 
e(icon)=e(icon)+dii(j,i)’'I(temp+templ) 
do 72 k=2,in 
do 72 n= l,k—1 
temp=wp(i)—wp(j) 
tem pl=(wn(k)-wn(n|) 
chil=dcos(temp*dblt) 
chi2=dcos(templ*tau) 
temp=dcos(temp*tau) 
templ=dcos(templ*dblt)
e(icon)=e(icon)+chichi(i—l,j,k—l,n)*(chil*chi2+temp*templ) 

continue 
continue 
return 
end

subroutine cntlop(i,inner,reman) 
integer reman 
if(inner.eq.l) then 
i=reman 
rem an=l

elseif(reman.eq.l) then 
i=reman

elseif( mod(reman,inner). ne.O) then 
i=rem an/inner+l 
reman=mod(reman, inner) 

elseif(mod(reman,inner).eq.O) then 
i=reman/inner 
reman=inner 

endif 
return 
end

subroutine cmatmul (a,bJc,d,e,f,ml,m2)m3)
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c PURPOSE: complex matrices multiplication
c (a,b)*(c,d) =  Je,f)
c when calling, (e,f) could be either input
c
c---------------------------------------------------------------------------------

parameter(max=32)
double precision afmax,maxl,b(max,max),c(max,max),d(max,max) 
double precision g(max,max),e(max,max),f(max,max),h(max,max)

c
c (a,b) is m l by m2 matrix, (c,d) is m2 by m3 matrix, (e,f) is the product 
c

do 1 i= l,m l 
do 1 i=l,m3 
g(i,j)=0.0d0 
h(i,j)=0 .0d0
do 1 k=l,m 2 

continue
do 2 i= l,m l 

do 2j=l,m3

2 continue
return 
end

SUBROUTINE dlinbro(nfdiv,delf,sigma)
C
C To use gaussian function to smooth the data
C

implicit double predsion(a-h,o-z) 
dimension ampli (2048; ,orig(2048)
common /finale/ampli
common /envlop/orig

c
do 100 i=l,nfdiv 

orig(i) =  ampli(i) 
ampU(i)=0 .0d0 

100 continue
if (sigma .eq. O.dO) sigma =  delf/9.d0 
x =  aelf/sigma 
nsum =  int(0.4d0/x) 
if (nsum .eq. 0) return 
do 110 i=nsum+l,nfdiv—nsum 

do 110 j=(i-nsum ).(i+nsum ),l 
weight =  dexp(-fdfloat(i-j)*x)**2) 
ampli(j) =  ampli(j) +  orig(i )* weight/dfloat (nsum) 

110 continue
return 
end
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subroutine ftkoutflunfile,isiz,swidth,yarr) 
c Modified from MB version
c  output subroutine

parameter maxpt=256 
real yarr(2048),swidth 
integerisiz 
real*4 xmx(maxpt) 
integer*4 ints(maxpt) 
equivalence (ints,xmx)

c
c*** Now get output file name and write it out

open(unit=lunSle,status=,new’,form=’unformatted’) 
do 10 i= l,m axpt 
xmx(i)=0 .

10 continue
ints(l)=isiz
ints(2)= l
xmxfl7)=swidth
xmx(18)=l. (spectrometer frequency
write(lunfile) -128,(ints(i),i= 1,256)
writeflunfile) isiz,((yarr(i),0 .0),i= 1 ,isiz)
dose(lunfile)
return
end

subroutine hermit(idimla,b,c,d)
c
c take hermittian of a complex matrix
c

implicit double precision(a—h,o-z) 
parameter(max=32)
dimension a(max,max),b(max,max),c(max,max),d(max,max) 
do 1 i=l,idim  

do 1 i—l,idim

Sffc®)
1 continue

return 
end

subroutine hist__2p (m,delf,weightlin,wp,wn,no_dc)
c
c PURPOSE: compute freq. histogram according to Mims’ method

c DEFINITION: m, #  of data points
c in, dimension of the Hamiltonian
c delf: spectral resolution
c
c---------------------------------------------------------------------------------------------------

implicit double precision (a-h,o-z) 
logical no dc
dimension f(2048]T,wp(32),wn(32),amr(32,32),ami(32,32)



common
common

/mmat/amr,ami
/envlop/f

chi zero term 
if(.not.no dc) then 
cniO — OjcTO 
do 76 i= l,in  
do 76 j= l,in
chi0=chi0+(amr(i,j)**2+ami(i,j)**2)**2

continue
chiO=chiO*weight
f(lW(l)+chiO

endif
compute chil(CHIij) and chi2(GHIkn) 

do 75 i=2,in 
do 75 j= l,i—1 
ch il= 0 .0d0 
chi2= 0 .0d0 
do 74 k= l,in

i

do 73 i=in,2,—1 
do 73 j= i—1,1-1 
do 73 k=in,2l—1 
do 73 n=k—1,1- 1  

do 73 i=2,in 
do 73 j= l,i—1 
do 73 k=2,in 
do 73 n= l,k—1
chil=amrfi,k)*amrfi,n)+ami(i,k)*ami(i,n)
^ 2=am r( j ,n )* ^ r(i,k)+amiM,n)*armM(k)
temp=amr(i.k)*amiQi;nl-ami(i.kj*amr(i.n)
tem pl=am r(j)n)*ami(j,k)-ami(j,n)*amr(j,k)
temp2=wdgnt*(chil*chi2-tem p*tem pl)
temp=wp(i>-wp(j)
templ=wn(k)—wn(n)
icon=idnint(aabs(temp+templ)/delf)! Wij+Wkn 
ifficon.gt.m) goto 999 
f(icon)=f(icon)+2 .0d0 *temp2 
icon=idnint(dabs(temp-templ)/delf) ! W ij-Wkn 
ifficon.gt.m) goto 999 
f(icon)=f(icon)+2 .0d0*temp2 

continue 
return
type *,’*** FATAL *** input freq. range too small’
stop
end

subroutine hist_3p (m,tauO,delf,WEIGHT,in,wp,wn,no

i
c m i= c iu iT ie m p  tem p i
temp=(amr(k,in**2+(ami(k,i))**2 
templ=(amr(k,j))**2+(am i(k,ij)**2 

CHIijkn term
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c
c PURPOSE: compute freq. histogram according to Mims’ method

c DEFINITION: m, #  of data points
c in, dimension of the Hamiltonian
c delf spectral resolution
c
c-----------------------------------------------------------------------------------------------------------------------

implicit double precision (a—h,o-z)
dimension ff2048),wp(32),wn(32),amr(32,32))ami(32,32)
logical no__ac
common /mmat/amr,ami 
common /envlop/f
twopi=8 .dQ*datan(1.0d0)

c -------chi zero term
if(no_dc.eq..false.) then 

chiO =  O.dO 
do 76 i= l,in  

do 76 j= l,in
chi0=chi0+(amr(i,j)**2+ami(i,j)**2)**2 

76 continue
f(l)=f(l)+chiO*weight

endif
c -------compute chil(CHIij) and chi2(CHIkn)

do 75 i=2 ,in 
do 75 j= l,i—1 
ch il= 0 .0d0 
chi2= 0 .0d0 
do 74 k= l,in
temp=(amr(i.kl)**2+(ami(i.k))**2
templ=(amr(j,K))**2+(ami(j,k))**2
chil=chil+temp*templ
temp=(amr(k,i))**2+(ami(k>i))**2
templ=(amr(k,j))**2+(and(k,j))*+2
chi2=chi2+temp*templ

74 continue
icon=idnint(dabs(wp(i)—wp(j))/delf)! up manifold 
if(icon.gt.m) goto 999 
f(icon)=f(i con)+ chi 1 * weight 
icon=idnint(dabs(wn(i)—wn(j))/delf)! low manifold 
if(icon.gt.m) goto 999 
f(icon)=f(icon)+chi2*weight 
iuno_dc.eq..false.) then 

ff l)=ffl)+weight*chil*dcos(twopi*temp*tauO) ! dc term 
f(l)=f(l)+weight*chi2*dco8(twopi*templ+tau0 ) ! dc term 

endif
75 continue 

c
c  CHIijkn term
c

do 73 i= 2 ,in 
do 73 j= l,i—1 
do 73 k=2,in 
do 73 n= l,k—1
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dul=amr(i,k}*amr(i,n)+ami(i,k)*amifi,n) 
du2=am r(j,n)*am ru,k)+am ih,nram in,k) 
temp=amr(i.k)*ami^i.nl—ami(l.k)*amr(i.nl 
templ=ami(j,n)*ami(j,k)—ami(j,n)*ami(j,ic) 
temp2=weignt*(chi l*chi2—temp*templ) 
temp=wp(i>-wp(j) 
templ=wn(k)-wn(n) 
icon=idnint(aabs(temp)/delf) 
itficon.gt.m) goto 999
f(icon)=f(icon)+2.0d0*temp2*dcos(twopi*templ*tau0) 
icon=idnint(dabs(templ)/delf) 
if(icon.gt.m) goto 999
f(icon)=f(icon)+2.0d0*temp2*dcos(twopi*temp*tau0) 

73 continue 
return

999 type *,»*** FATAL *** input freq. range too small’ 
stop 
end

subroutine in__bat4(iout,option, tauO, tO, delf,nt he, mout.ispin, gnu, 
+  dipollno_dc,smooth,sigma,nbest ,gep,t wo_D)

c
c batch input for B_MAH__OS#
c

implicit double precision(a-h,o-z) 
parameter(idim=4,max=32,nco=20)
logical dipol,no_dc, smooth
integer option
real w(nco),amp(nco),phase(nco),rdec(nco),sigma,temp
real ongf2048},dt,tstart.peak)ymin,ymax,rtemp,tpi
dimension Qzz(idim),eta(idim),acntct(idim)
dimension alpha(idim),gamma(idim).beta(idim)
dimension reff(idim),plu(idim),theta(idim)
byte header(72) 
character stnng
common /finale/orig
common /gtnsor/gl ,g2,g3,geff,h0,the0,phi0
common /in^/acntc^QzZfeta,alpha, beta, gamma, reff,theta,phi

c equivalence ftstart,record(403))
c equivalence (dt,record(407))

external peak
bn=5.050824d—24 
h=6.626093d—27 
tpi=atan(1.0)*8.0 
io=9
do 7000 i= 1,2048 

orig(i)=0.
7000 continue

read(io,110) option 
read (io,100) HO 
if(h0.1t.0.d0) stop 
read (io,100) geff 
if(gefut.0.d0) stop



222

100 format(dl6.8)
read (io,100) g l 
if(gl.le.0.d0) stop 
read (io,100, g2 
if(g2.1e.0.d0 stop 
read fio,100 g3 
if(g3.1e.0.d0) stop 
read(io,110) nthe

c --------- enter information for the nucleus
read (io,105) string 

105 format(a)
dipol=.false.
iffstring.eq.’y’.or.string.eq.’Y*) dipol=.true. 
read fio,110) ispin 
read (io,100) gnu

c ------- automate Acntct
read(io,*) acntct(l),Acntct(2),acntct(3)

c ------- automate Qzz
read(io,*) Qzz(l),Qzz(2),Qzz(3)

c ------- automate eta
read(io,*) eta(l),eta(2),eta(3)

c ------- automate beta
read(io,*) beta(l),beta(2),beta(3)

c ------- automate alpha
readfio,*) alpha(l),alpha(2),alpha(3) 
read(io.lOO) gamma(4) 
if(dipol) then

c ------- automate reff
read(io,*) reff(l),reff(2),reff(3)

c ------- automate theta
read(io,*) theta(l),theta(2),theta(3)

c ------- automate phi
read(io,*) phi(l),phi(2),phi(3) 

endif
150 format(3dl5.8)
c ------- fitting information

ymax=-10000. 
ymin=10000. 
if(option.eq.2) then 

read (io,1001 tauO 
if(tau0.1t.0.d0) stop 

c read (io,120) nch,(filnam(i),i=l,nch)
C120 format(q.40al)

open(10,tonn=’forxnatted,,Btatu8=’old’) 
c read(10) record

read(10,120) tstart,orig(l) 
readf 10,120) dt,orig(2) 
d t= a t-ts ta rt 
mout=2

9000 read(10,120,end=9001) temp,orig(mout+l)
120 format(2e20.10)

m out=m out+l
iffymax.lt origfil) ymax=orig(i) 
if(ymin.gt.orig(i)) ymin=orig(i)
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9001

110

1090

7100

+
7200

7300

7400
1190

goto 9000 
doseflO)
read(io,110) nbase ! baseline
mout=mout—nbase 

elseiff option.eq.l) then 
read(io.llO) mout 
format(i8)
if(mout.eq.0) mout=1024 
read (io,100) delf 
read (io,100) tauO 
if(tau0.1t.0.a0) stop 
read(io,105) string 
if(string.eq.’y’.or.string.eq.’Y’) then 

no_dc=.false. 
else 

no dc=.true. 
endiT
read(io,105) string 
if(string.eq.’n’.or.string.eq.’N’) then 

8mootn=.false, 
else 

smooth=.true. 
read(io,1090) sigma 

format(e20.10) 
if(sigma.eq.0.0) sigma=0.1 

endif
read(io,110) ico 
if(ico.gt.nco.or.ico.le.O) stop 
do 7100 i=l,ico
read(io,1190) ijunk,rdec(i),w(i),amp(i)>phase(i),rtemp 

continue
do 7300 i=l,m out 
do 7200 j=l,ico
origfij^rigfil+peakfsnglfdelfl.i.mout,

(w( j)/sngl(deli)),(rdec(j)/sngl(delfj) ,amp{ j),phase(j)) 
continue
iffymax.lt.origfil) ymax=orig(i) 
if(ymin.gt.orig(i)) ymin=orig(i) 

continue
elseiffoption.eq.4) then 
read(iot110) mout 
if(mout.eq.0) mout=1024 
read (io,100) delf 
if(dell,lt.0.d0) stop 
read (io,100) to 
if(t0.1t.0.d0) stop 
read (io,100) tauO 
if(tau0.1t.0.d0) stop 
read(io,110) ico 
if(ico.gt.nco.or.ico.le.O) Btop 
do 7400 i=l,ico 
read(io,1190) ijunk,rdec(i),w(i)lamp(i),phase(i)lrtemp 

continue
format(i4,5(3x,el2.5))

! #  of pts 

! time increment 

! starting time
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+
7500

7600

c

c

9500

9501

c —

do 7600 i= l,m out 
rtemp=tO+sngl(ddf)*(i—1) 
do 7500 j= l,ico
orig(i)=amp(j)*exp(-rtemp*rdec(j))*cos(w(j)+pha8e(j)) 

+  orig(i) 
continue
iffymax.lt.origfi)) ymax=orig(i) 
if(ymin.gt.orig(i)) ymin=orig(i) 

continue
elseif(option.eq.3) then 
read (io,100) tauO 
if(tau0.1t.0.d0) stop 
read(io,105) string 
if(string.eq.'y\or.string.eq.’Y’) then 

no__dc=. false, 
else 

no dc=.true. 
endiT
read(io,105) string 
if(string.eq.’n ’.or.8tring.eq.’N') then 

smootn=. false, 
dse 

smooth=.true. 
read(io,1090) sigma 
if(sigma.eq.0.0) sigma=0.1 

endif
read (io,120) nch,(filnam(i),i=l,nch)
open( 10 ,form=’format ted ',status=’old’)
read(10) record
Tead(l0,120) tstart ,orig(l)
read(10,120) dt,orig(2)
dt=at—tstart
mout=2
read(10,120,end=9501) temp,orig(mout+l) 
m out=mout+l
ifjfymax.lt.origfi)) ymax=orig(i) 
if(ymin.gt.orig(i)} ymin=orig(i) 
goto 9500 
doseflO) 

endif
readfio,110) nbest 
read(io,100j gep 
read(io,100) two_D 
dose(io) 

output to disk 
iffoption.eq.2) then 

delf=dble(dt) 
t0=dble( tstart) 

dseif(option.eq.3) then 
ddf=dble(dt) 

endif
open(iout,file=’simah.inf’lform=’formatted’,status=’new’) 
if(option.eq. 1.or. option, eq.4) then 

write(iout,2000)
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2000
+
+

+
7700
2110

c
C2800

2100
+

2105

2200
+

2250
+

2450

2205
+
+

+

2400

+
2500

+
2300

2710
+

2715
+

form at(/.lx,’For comparison with following input:’, 
/ / , lx , ’w(MHzRad)*,2x,’R(MHzRad)’,2x,’Amplitude’, 2x, 
’Phase(Radian)',3x,'v(MHz) ’,/)  
do 7700 i=l,ico
write(iout,2110) wfQ,___
amp(i),phase(i),(w(i)/tpi 

continue 
formatf5el2.5l

formatf/, lx ,’For comparison with ’,40al) 
endif
write(iout,2100) H0,geff
format( / ’ Static magnetic field = ’,gl0.5,’ G’,
/,5X ,’with geff = ’,gl2.7) 
write(iout,2105) gl,g2,g3
formatf/,* g l = ’,zl2.7,5x,’g2 = ’,g12.7,5x,’g3 = ’,gl2.7)
fi=gnu*bn*h0/h/l.d6
write(iout,2200) fi,ispin,gnu
form atf/,’ Nuclear Zeeman freq. at geff = ’,
d l0 .5 ’ MHz’,/,5X,’with 2 1 + 1  = ’,i3,’, gn = ’,d!2.7)
write(iout,2250) gep,two_D
form at(/,’ Pseudo nudear Zeeman effect correction parameters:’, 
/ ,5x,’g perp = ’,gl2.7,’, and 2D=’,gl2.7,’MHz’) 
write(iout,2450) nthe
form atf/,’ Divisions of sin(theta) wrt g coordinates = ’,i6) 
write(iout,2205)
form at(//,lx ,’Starting parameters are:’,
/ / ,3 x ’eeqG(MHz)’ 6x,’eta’,6x,’alpha(deg)’,4x,’beta(deg)’l4x,
,Aiso(MHz)’)4x,,reff(A)’,4x,’theta(deg)’,4x,’phi(deg)\/j
i= l
write(iout,2300) Qzz(i),eta(i),alpha(i),beta(i),Acntct(i),
reff(i),theta(i),phi(i)
write(iout,24O0
form at(//,lx ,’Ending parameters are:’,/) 
i=2
write(iout,2300) Qzz(i),eta(i),alpha(i),beta(i),Acntct(i)]
reff(i),theta(i),phi(i)
write(iout,2500)
form at(//,lx ,’Increaments are:’,/) 
i=3
write(iout,2300) Qzz(i),eta(i),alpha(i),beta(i),Acntct(i), 
reff(i),thetafi),phi(i) 
format (8(gl2 5,lx)) 
if(option.eq.l.or.option.eq.3) then 

if (tauO.gt.O.dO) then 
write(iout,2710) tau0,(delf*mout),delf 
format( / ,’ 3-pulse at tau=  ’,gl0.5,’ us spanning ’,gl0.5,
' MHz with resolution— ’,gl0.5,’ MHz’/)  

else
write(iout,2715) (delf*mout),ddf 
form at(/,’ 2—pulse Simulation spanning ’,gl0.5,
' MHz with resolution^ ’,gl0.5,’ MHz’/)  

endif
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if(no_dc) write(iout,2735)
2735 format(/,’ DC component will be artificially supressed’/)  

if(smooth) write(iout,2740) sigma 
2740 format( / , ’ Simulated Spectrum will be broadened with1,

+  /,8x,’Lorentzian line, where Gamma=’,gl0.5,’ MHz’,/)
dseif(option.eq.2.or.option.eq.4) then 
if (tauO.gt.O.dO) then 
write(iout,2700) tO,delf,mout,tauO 

2700 form at(/,’ 3-pulse Simulation from*,gl0.5,’ us a t’,gl0.5,
+  ’ us for’,i5,’ points',
+  /8x,’with tau=  ’,gl0.5/)

dse
write(iout,2705) tO,delf,mout 

2705 fonnat(/,’ 2-pulse Simulation from’,gl0.5,’ us a t’,gl0.5,
+  ’ us for’,i5,’ points’/)

endif 
endif
ymax=ymax—ymin 
do 7800 i=l,m out 

orig(i)=s(orig(i)—ymin)/ymax 
7800 continue

if(Qzz(3).eq.0.d0.and.eta(3).eq.0.d0.and.Acntct(3).eq.0.dO 
+  .and.alphaf3).eq.0.d0.and.beta(3).eq.0.d0.and.re£f(3).eq.0.d0
+  .and.theta(3).eq.0.d0.and.phi(3j.eq.0.d0) then

ymax=sngl(ddf) *mout 
call ftkout(12,mout,ymax,orig) 

c open(unit=12,form=’unformatted’,status=’new’)
c write(12) header
c do i=l,m out
c write(12) sngl(delf)*(i—l),orig(i)
c end do
c dose(12)

endif 
return 
end

subroutine lis inf( option,tau0,t0,delt,nthe,mout ,nucl,i8pin,dipol,
+  no_dc,Bmooth7sigma,io)

c
c  output to a file
c

implicit double predsionfa—h,o-z)
parameter(nudei=10)
logical dipol, smooth, no_dc
integer option
dimension ispin(nudei)
dimension gnu(nudei),Qzz(nudei),Qxxyy(nudei)
dimension alpha( nuclei),gamma(nudei).beta(nuclei)
dimension ren(nudei) ,phi(nuclei),theta(nudei)
dimension acntct(nudd)
common /gtnsor/gl]g2j3,geff,h0,the0,phi0
common /in n/gnu,acntct,Qzz,Qxxyy,alpha,beta,gamma,reff,theta,phi
be=9.2740263-21
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C
C —  
C

2100
+

2105

2450

2110

2115

2200
+

2400

2550
+
+

2730
+

2500
+

2700
+
+

2705
+

bn=5.050824d—24 
h=6.626093d—27

OUTPUT FILE FORMATS

write(io,2100) H0,geff
formatf/5x,* Static magnetic field = ’,gl0.5,’ G’,
/,8X,’with geff = ’,§12.7,/) 
write(io,2105) gl,g2,g3
format(/5x,’ gl = ’,gl2.7,5x,*g2 = ’,gl2.7,5x,’g3 = ’,gl2.7/)  
write(io,2450jnthe
format(/5x,’ Divisions of sin(theta) wrt g coordinates = ',i6 /) 
write(io,2110fnucl
format(/5x,’ The elctron is coupled to’,i3,’ nuclei.’/)
do i=l,nucl
write(io,2115) i,ispin(i)
format(/5x,’ For nucleus’,i3,’ 21+1 =  ’,i3/)
fi=gnu(i)*bn*h0/h/ l.d6
write(io,2200) fi,gnu(i)
format(/8x,’ Nuclear Zeeman freq. at geff —’,gl0.5,’ MHz’,
/,8X,’with gn s=*,gl2.7)
write(io,2400) Acntct(i)
format(y8x,’ isotropic contact —’,g9.4,’ MHz’)
vplus=3.dOI,,Qzz(i)+Qxxyy(i)
vminus=3 .d0*Qzz(i V-Qxxyyfi)
write (io,2550) Qzz(i),Qxxyy(ij,vplus,vminu8
format(/8x,’ Nuclear Quadrupole term: Qzz=’,gl0.5,’ MHz’,
’ Qxxyy=’,gl0.5,' MHz’,
/ ,5x,’where v+  =  ’,gl0.5,’ MHz, v—=  ’.gl0.5,’ MHz.’) 
write(io,2730) alpha(i),beta(i),gamma(i) 
format(/8x,'wrt g coordinates, alpha= ’,g8.3,5x,

’ beta= ’,g8.3,5x,’ gamma= ’,g8.3) 
if(dipol) then 

jdipol=gnu(i)*geff*‘(be/h)*(bn*l.d+18)/(reff(i)**3) 
write(io,2500)reff(i),theta(i),phi(i),fdipol 
format(/8x,’ Reff = ’,gl0.5,’ Angs.’,5x,’ theta= ',g8.3,5x,
’ phi= ’,g8.3,/llx ,’with F  at geff is about ’,gl2.7,’ MHz’/)  

endif 
end do
if[option.eq.2) then 
if (tauO.gt.O.aO) then 
write(io,2700) t0,delt,mout,tau0
format(/5x,' 3—pulse Simulation from’,gl0.5,’ us a t’,gl0.5,
’ us for’,i5,’ points’,
/8x,'with tau= *,gl0.5/) 

else
write(io,2705) t0,delt,mout
format(/5x,’ 2-pulse Simulation from*,gl0.5,’ us at*,gl0.5,
* us for’,i5,’ points’/) 

endif 
dse
if(option.eq.l) then 
ftotal=delt*dfloat(mout) 
if (tauO.gt.O.dO) then
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write(io,2710) tauO,ftotal,delt 
2710 format(/5x,’ 3-pulse at tau=  ’,810.5,’ us spanning ’,gl0.5,

+  ’ MHz with resolutions: ’,gl0.5,’ MHz’/)
else
write(io,2715) ftotal,delt 

2715 format(/5x,’ 2—pulse Simulation spanning ’,gl0.5,
+  ' MHz with resolution^ ’,810.5,' MHz’/)

endif
if(no dc) writefio,2735)

2735 format(/5x,’ DC component is artificially supressed’/)
if(smooth) write(io,2740) sigma 

2740 formatf/,5x,' Spectrum is smoothed, with Gaussian function:’,
+  /,8x,’ e(-{ff-fO)/sigma}!M‘2), where sigma = ’,gl0.5,’ MHz’,/)

else
ftotal=delt*dfloat(mout) 
write(io,2725) hO,ftotal,delt 

2725 fonnat(/5x,’ EI-ESR Simulation centered a t’,gl2.7,’ Gauss,’
+  ’ spanning ’,gl2.7,’ Gauss with resolution= ’,g8.3,’ Gauss’/)

endif 
endif
write (io,2600)

2600 fonnat(//,30x, *******************************',/)
close(unit=io)
return
end

subroutine matadd (a,b,c,ml,m2,jflag)
c
c PURPOSE: matrix addition; +: add; —: substract
c
C----------------------------------------------------------------------------------------------

double precision a(32,32),b(32,32),c(32,32) 
double precision t l  
tl=dfloat(jflag) 
do 1 i= l,m l 
do 1 j=l,m 2 
c(i»j)=a{i»j)+b(i,j)*tl

1 continue 
return 
end

subroutine match(mout ,ydata,rmsq) 
implicit real(a—h,o-z)
real*4 orig(2048),rmsq,ydata(2048)
common /finale/orig
byte header(72) 
ymax=ydata(l) 
ymin—ymax 
do i=2,mout 

iffydatafil.gt.ymax) ymax=ydatafi) 
if(ydata(i).lt.ymin) ymin=ydata(i)
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end do 
nnsq=0.
vmax=ymax-ymin 
if(ymax.ne.O.) then 
do i= l.m out
ydata(i)=(ydata(i)—ymin)/ymax 
rmsq=rmsq+(ydata(i)-orig(i))**2 

end do 
else
rmsq=float(mout)

endif
rmsq=sqrt(cmsq/float(mout))
return
end

subroutine mat_dia(in,a,b,w,c,d)

PURPOSE: diagonalize Hermitian matrix, finding 
eigenvalues and eigenvectors

CALLING: CH of EISPACK

double precision a(32,32),b(32,32),c(32,32) 
double precision d(32,32),w(32) 
double precision fvl(32),fv2(32),fml(2,32),ww(32) 
external ch
call ch(32,in,a,b,w,l,c,d,fvl,fv2,fml,ieer)
if (ieer.ne.O) print *,»*** DIAGONIZATION ERROR ***>
return
end

subroutine m at_ext (a,b,c,ml,m2,m3)

PURPOSE: matrix direct product extension
restricting to square matrices only

PARAMETERS: a is m l by m l, b, m2 by m2 and
c, m3 by m3 matrices; 
m l times m2 equal m3

double precision a(32,32),b(32,32),c(32,32) 
m3=ml*m2 
if (m l.eq.l) then 
do 2 i=l,m 2 
do 2 j= l,m 2 
c(i»j)=a(M)*b(i,j)

2 continue 
goto 4
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endif
if (m2.eq.l) then 
do 3 i= l,m l 
do 3 j= l.m l 
c(i,jj=a(i,j)*b(l,l)

3 continue 
goto 4 

endif
do 1 i= m l,l,—1 
do 1 j=m  1,1—1 
do 1 k=m 2,l,—1 
do 1 n=m2,1,-1 
n l= (i—l)*m2+k 
n2=(j—1 rm 2 + n  
c(nl,n2)=a(i,j)*b(k,n)

1 continue
4 return

end

subroutine mat_gen(iflag>ispin,a,imag,coeff,add)
c
c generate matrix according to iflag and isipn, with constant
c factor and real (imaginery) taken care,
c
c iflag =  1 unit
c 2 Sz(Iz)
c 3 S+(I+)

c 5 Sxjlx^
c 6 Sy(Iy)
c ispin =  2 S (l)= l/2
c 3 S(I)=1
c imag =  1 matrix is imaginery
c imag =  0 matrix is not imaginery
c

implicit double precision(a-h.o-z) 
logical add
dimension a(32,32)
imag =  0 
if (.not.add) then 
coeff=l.d0 
do 5 i=l,ispin 

do 5 j=l,ispin 
a(i,j)=0.d0 

5 continue
endif
go to (10,20,30,40,50,60), iflag
if(iflag.gt.6.or.iflag.lt. 1) stop* *** no such option in MAT_GEN *** *

10 do 15 i=l.ispin
a(i,i)=a(i,i)+coeff 

15 continue
return

20 a(l,l)=a(l,l)+coeff*tdfloat(i8pin—l)/2.d0
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a(ispin,ispin)=a(ispin,ispin)-coeff*dfloat(ispin—l)/2.d0 
return 

30 do 25 i=2,ispin
a(i—l,i)= a(i—l,i)+dsqrt(dfloat(ispin-l))*coeff 

25 continue
return 

40 do 35 i=2,ispin
a(i ,i—1)=a(i ,i—1)+coe£f*dsqrt (dfloat (ispin—1))

35 continue
return

50 iffispin.eq.2) then
a(l,2)=a(l,2)+0.5d0*coeff
a(2,l)=a(2,l)+0.5d0*coeff

else
a(l,2)=a(l,2)+coeff*dsqrt(0.5d0' 
a(2,3)=a(2,3)+coeff*dsqrt(0.5d0 
a(2,l]=a(2,lj+coeff*dsqrt(0.5d0 
af3,2)=a(3,2)+coeff*dsqrt(0.5d0 

enaif 
return 

60 im ag=l
if(ispin.eq.2) then 

a ( l t2)=a(l,2)-0.5d0*coeff 
a(2,l)=a(2,l)+0.5d0*coefE

«la«
1,2l-coeff|1dsqrt(0.5d0) 
2,3l-coeff*dBqrt(p.5dO) 

j ’2lll+coefi*dsqrtf0.5d0) 
a{3.2)=a(3,2)+coeff*dsqrt(0.5d0) 

enaif 
return 
end

c 
c
c subroutine m&tmul (a,b)c,ml,m2)m3)
c
c PURPOSE: matrix multiplication
c
c-------------------------------------------------------------

double precision a(32)32),b(32,32),c(32t32)
c
c a is m l by m2 matrix, b is m2 by m3 matrix, c is their product 
c

do 1 i= l,m l 
do 1 j= l,m 3 
c(i,j)=0.0d0 
do 1 k=l,m 2 
c(i, j)“ c(i, j)+a(i ,k)*b(k, j)

1 continue 
return 
end
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subroutine nq__euler(a,b,hr,hi,alpha,beta,gamina)
c
c PURPOSE: adding to Hermitian matrix the NQ term in a
c coordinate system which is (alpha,beta,gamma)
c relative to (x,y,c), in the (I,lz)
c representation
c only valid for 1=1
c
c DEFINITION: a=Qzz; B=Qxxyy
c alpha, beta and gamma are all in radians
c
c H. Jin Feb. 1,1989
c-

implidt double precisionfa—h,o-z) 
parameter(max=32)
dimension hr(max,max),hi(maxlmax) 
dimension tranlrf max,max) ,tranlif max, maxi
dimension tran2r(max,max),tran2i(max,max)

c
chbeta=dcos(beta/2.d0) 
chbet a=chbet a* chbet a 
shbeta=dsin(beta/2.d0) 
shbeta=shbeta*ahbeta 
sbeta=dsin(beta)/dsqrt(2.0d0) 
do 10 i—1,3 

do 10 i=l,3 
hr(i,j)=0.d0 
hi(i,j)=0.d0 
tranlr(i,j)=0.d0 
tranli(i,jj=0.d0 

10 continue
c -------- NQI in the PAS

h r( l,l)= a
hr(2,21=-2.0d0*a
hr(3,3)=a
hr(l,3)=b
hr(3 ,l)=b

c -------- now the transformation matrix
tranlr(l,l)=chbeta*dcos(aIpha-gamma) 
tran lr(3 ,3 j= tran lr(l,l) 
tranli(l,l)=chbeta*dsin(alpha-gamma) 
tranli(3,3' = - tra n li( l,l)  
tranlr(2,2)=dcos(beta) 
tran lrf l,2)=Bbeta*dcos(alpha) 
tranli(l,2j=sbeta*dsin(alpha) 
tran lri 3,2)=tranlr( 1,2) 
tranli(3,2' = —tranli(l,2) 
tran lrt 2,1l=-sbeta*dcos(gamma) 
tian li(2 ,l’ =-sbeta*dsin(gamma) 
tranlr(2,3j= tranlr(2,l) 
tranliC2,3j=-^tranli(2,l) 
tran ln  1,2)=-sbeta*dsin(alpha) 
tran li(l )2)=sbeta*dcos(aLpna)



tran lr
tranlii
tian lr
tranli
tran lr
tranli
tran lr
tran lr
tranli

’3,2)=—tranlr(l,2) 
3 ,2 l= tranli(l,2)
2.1)=-sb€ta*dsin(|
2.1)=sbeta*dcos(gf 
2,3J=—tranlr(2.1) 
2 ,3i= tranli(2 ,l)

3,1)
=-flhbeta*dcos(gamma+alpha) 
= tran lr(l,3 )
=shbeta*dsin(gamma+alpha) 

tran li(3 ,l)= —tranli(l,3) 
now the inverse of transformation maxtrix 

call hermit(3,tranlr,tranli,tran2r,tran2i) 
T+*H’*T=ff 

call cmatmulftran2r,tran2i,hr,hi,hr,hi,3,3,3) 
call cmatmul(hr,hi,tranlr,tranli,hr,hi,3,3,3) 
return 
end

subroutine p8U_zmn(gnu,idim,vO,theta1phi,hr,hi,gz,gep, 
two_D, Aiso,fdip,the_n,phi_n)

zeeman energy including pseudo nuclear zeeman effect 
v0=bn*h0/h 
gyrat=be/bn
two_d=2D for the energy seperation 
Ai80,fdipol,the_n,phi n hyperfine parameter 

pseudo Nuclear zeeman effect:

VO * (gn+gn) * I

implicit double predsionfa—h,o~z) 
parameter(max=32)
dimension hr(max,max)lhi(max,max),c(max,max),a(maxlmax) 
do 10 i=l,idim  

do 10 j= l,idim  
hr(i,j)=0.d0 
hi(i,i)=0.d0 
c(i,j)=0.d0 

continue
set up field vetor 
vOx=vO*dsin(theta)*dcoB(phi) 
v0y=v0*dsin thetardsinfphij 
v0z=v0*dcos(theta) 
constant factor
factor=—1.5d0*1.836141d3*gep/gnu/two_D ! 1.836141e3=be/bn 
set up gnu matrix 
temp:

;nuA'

A(3,l 
A(3,2)

=factor*(Aiso+fdip*(temp*dsinh>hi_n)**2—1.0d0))+gnu
=fdip*dsmfthe_n)*dcos(the_n)*dcos(phi_n)factor
=fdip*dsin(the__n)*dco8(the_n)*dsin(phi_n)*factor



coeff=v0x*A(l,l)+v0y*A(2,l)+v0z*A(3,l)
call any_i(5,idim,hr,imag,coen,.tnie.)
coeff=v0y*A(l,2)+v0y*A(2,2)-fv0z*A(3,2)
call any_i(6,idim,lii,imag]coen, .true.)
coeff=v0z*A(l,3)+v0y*A(2l3]4-v0z*A(3,3)
call any_i(2jdim,c,imag,coax,.true.)
call matadd(hr,c,hr,idim,idim,l)
return
end

subroutine smterm(idim,aiso)the_n,phi_n,f,hr,hi ,dipol)

terms grouped with S+

implicit double predsion(a—h,o-z) 
logical dipol
parameter(max=32)
common /gtn8or/gl,g2lg3,geff,h0,the0,phi0
dimension nr(max}maxl,ni(maxlmax)
do i=l,idim  

do j=l,idim  
hr(i,jj=0.d0 
hifi,jj=0.d0 

end do 
end do
if(.not.dipol) then 

coe£f=aiso*gl /2,d0
call m atgen (5 ,idim.hr,imag.coeff,.true.) ! Ix term 
coeff=-aiso*g2/2.d0
call mat_gen(6)idim,hr)imag,coeff,.true.) ! Iy term 
return 

ds6
coeff=( aiso-f)*gl/2.d0
call mat gen(5,idim,hr.imag,coeff..true.) ! Ix term 
coeff—-(5iso-f)*g2/2.d0
call mat_gen(6)idim,hr,imag,coeff,.true.) ! ly term 

endif

wA.u-i.uuu i 6x sthe**2*cthe*cphi
call mat gen(2,idim,hr,imag,coen..true.)! Iz term
coe£f=l .5a0*r'g2*sthe*cthe*sphi
call mat Ken(2.idimlhilimaglcoeffl.true.) ! Iz term
coeff=1.5d0*gl*f*8the**2*sphi**2
call mat gem5,idim.hr,imag.coeff..true.) ! Ix term
coeff=l .5a0*g2*£*sthe” 2*cphi*sphi
call mat gem5.idim.hi.imag.coen..true.) ! Ix term



coeff=-1.5d0*g2*f*sthe**2*cphi**2
call mat_jEen(6,idimthr.im ag,coeff,.troe.)! Iy  te rrm
coeff= 1.5a0*gl*f*8the**2*cphi*8phi 
call m at gem 6.idim .hi.im ag.coeff..true.)! Iy  te rrm
return
end

subroutine sort2(n ,ra,rb) 
im plicit real*4 (a—h,o—z) 
im plicit integer*2 (i—n) 
dimension ra fn l 
integer*2 rb(n)

subroutine modified from P.231 "Numerical Recipe11

L = n /2 + l 
ir= N  
continue 

if j^ L .|tl)  then

ir= ir—l  
iffir.eq .l) then  

ra ( l)= r ra  
rb ( l)= irb  
return 

endif

rra = ra
irb = rb

else



subroutine 8pterm(idim,ai80,the_n,phi_n,f,hr,hi,dipol)

terms grouped with S+

implidt double pretision(a—h,o—z) 
logical dipol
parameter(max=32)
common /gtn8or/gl,g2,g3lge£f)h0,the0,phi0
dimension hr (max,max),lu (max, max)
doi= l,id im  

do j= l,id im  
hr(i,j)=0.d0 
hi(itj)=0.d0 

end do 
end do
if(.not.dipol) then 

coeff=aiso*gl /2.d0
call mat een(51idimthrlimag,coeff,.true.)! Ix term 
coeff=aiio*g2/2.d0
call m at gen(6.idim.hr.imag.coeff..true.) ! Iy term 
return 

else
coeff=(aiso-f)*gl/2.d0
call mat gen(5 .idim.hr.imag .coeff.. true. 1! Ix term 
coeff=(aiso-f)*g2/2.d0
call mat gen(6,idim.hr.imag.coeff,.true.) ! Iy term 

endif

wicu-i.uuw * sthe**2*cthe*cphi
call mat gen(2,idim.hr.imag.coeff,.true.) ! Iz term
coeff=-l .5d(rf*jg2*sthe**2*cthe*sphi
call mat gen(2,idim.hi.imag.coeff..true.)! Iz term
coeff=1.5a0*gl*f*sthe**2*sphi**2
call mat gen(5,idim,hr,imag,coeff,.true.) ! Ix term
coeff=-1.5dCrg2*f*sthe**2*cphi*8phi
call mat gen(5,idim,hi,imag,coeff,.true.) ! Ix term
coeff=1.5d0*g2*f*sthe**2*cphi**2
call mat een(6,idim,hr,imag,coeff,.true.) ! Iy terrm
coeff= 1 .5a0*gl*f*sthe**2*cphi*sphi
call mat_gen(6,idim,hi,imag,coeff,.true.) ! Iy terrm
return
end

subroutine 8zterm(idim,aiso,the_n,phi_n,f,hr,hi,dipol) 

terms grouped with Sz
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implicit double precision(a—h,o—z) 
logical dipol
parameter(max=32)
common /gtnsox/gl^gS.geff.hO.theC^phiO
dimension ni(max,max),ni(max,max)
do i=l,idim  

do j=l,idim  
hr(i,i)=0.d0 
hi(i.j)=0.d0 

end do 
end do
coeff=g3*aiso 
if(.not.dipol) then 

call mat_gen(2,idim,hr,imag,coeff,. true.) ! Iz term 
return 

endif
cthe=dcos(the_n)
8the=dsin(the_nj 
cphi=dcos(phi_n) 
sphi=dsin(phi nj
coeff=coeH-g3*F(l.dO-3.dO*cthe**2)
call mat gen(2.idim.hr.imag.coeff,. true. ̂ ! Iz term
coeff=3.30*g3*r'sthe*cthe*cphi
call mat gen(5,idim.hr .imag,coeff.. tru e .)! Ix term
coeff=:3.30*g3*f*sthe*cthe*sphi
call mat gen(6,idim,hi,imag.coeff,.true.)! Iy terrm
return
end

subroutine TEST(iii,w,hamr,hami,eigr,eigi) 

PURPOSE: confirm diagonalization 

CALLED BY: DIRECT (MAIN)

double precision hamr(32,32),hami(32.32),w(32),b(32,32)
double precision eigr(32,32),eigi(32)32),a(32>32)
external matadd,matmul
call matmul (hamr,eigr,a,in,in,in) 
call matmul (hami,ei^i,btin}intin) 
call matadd (a,b,a,in,in,—1) 
do 1 i= l,in  
do 1 j—l,in ^

i/(Jabs(f(ij^-a(i^j|)).gt.l.Od—10) print *,’wrong at Re’,i,j 
1 continue

call matmul (hamr,eigi,b,in,in,in) 
call matmul (hami,eigr,a,in,intinj 
call matadd (b,a,b,in,in,l) 
do 2 i= l,in  
do 2 j= l,in



dgi(i,j)=eigi(i,i)*w(j)
if (d a b s^ g ^ ij)—b(i,j)).gt.l.Od—10) print *,’wrong at 

continue 
return 
end

subroutine zeeman(gl,g2)g3,idimIvO,theta,phi)hr)hi)

zeeman energy including anisotropic g or chemical shifts tensor 
for electron vO=b*hO/h

implicit double precision(a—h,o-z) 
parameter(max=32)
dimension hr(max,max),hi(max,max) 
do i=l,idim  

do j= l,id im  
hrfi ,jj=0.d0 
hi(i,j)=0.d0 

end do 
end do
gzx=vO*gl*dsin(theta)*dcos(phi) 
gzy= v0*g2*dsint theta r  asin(phi J 
gzz=v0*g3*dcos(theta) 
if (idim.eq.2) then

+0.5d0*gzz
-0.5d0*gzz
+0.5d0*gzx
+0.5d0*gzx

h r( l,l)= h r( l,l  
hr(2,2)=hr(2,2 
hr(l,2)=hr(l,2  
hr(2,l)=hr(2,l]- 
hi(l,2)=hi(l,2)-0.5d0*gzy 
hi(2.lj=hi(2,l)+0.5d0*gzy 

elseif(iaim.eq.3) then 
h r(l,l)= h r(l,l)+ gzz  
hr(l,2j=hr[l,2)+dsqrt(0.5d0)*gzx 
hifl,2]=hi(l,2)-dsqrt(0.5d0)’gzy 
hr(2,l)=hr(2,l)+d6qrt(0.5d0)*gzx 
hi(2,lj=hi(2,l)+d8qrt(0.5d0)*gzy 
hr(2,3j=hr(2,3)+dsqrt(0.5d0)*gzx 
hi(2,3)=hi(2,3)-dsqrt(0.5d0)*gzy 
hr(3,2)=hi(3,2)+dsqrt(0.5d0)*gzx 
hi(3,2)=hi(3,2)+dsqrt(0.5d0)*gzy 
hr(3,3)=hr(3,3)-gzz 

endif
return
end
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