
Florida State University Libraries

Electronic Theses, Treatises and Dissertations  The Graduate School

2004

A 9.4 Ghz EPR Investigation of the Non-
Heme Iron Active Site of Single Soybean
Lipoxygenase-1 Crystals
Gregory Kenneth Ottenberg

Follow this and additional works at the FSU Digital Library. For more information, please contact lib-ir@fsu.edu

http://fsu.digital.flvc.org/
mailto:lib-ir@fsu.edu


THE FLORIDA STATE UNIVERSITY

COLLEGE OF ARTS AND SCIENCES

A 9.4 GHz EPR INVESTIGATION OF THE NON-HEME IRON ACTIVE

SITE OF SINGLE SOYBEAN LIPOXYGENASE-1 CRYSTALS

By

GREGORY KENNETH OTTENBERG

A Thesis submitted to the
Department of Biological Science

in partial fulfillment of the
requirements for the degree of

Master of Science

Degree Awarded:
Fall Semester, 2004



ii

The members of the Committee approve the thesis of Gregory Kenneth Ottenberg

defended on November 5, 2004.

_________________________
                                                                           Betty Jean Gaffney

                                                                                       Professor Directing Thesis

                                                                                            ________________________
                                                                     Michael Blaber

                                                                            Committee Member

                                                                                          ________________________
                                                                  Thomas Keller

                                                                          Committee member

Approved:

__________________________________________________
Timothy Moerland, Chair, Department of Biological Sciences

The Office of Graduate Studies has verified and approved the above named committee
members.



iii

TABLE OF CONTENTS

LIST OF TABLES ..............................................................................................v
LIST OF FIGURES ............................................................................................vi
ABSTRACT .................................................................................................... vii

1. INTRODUCTION ...........................................................................................1

The Lipoxygenase Mechanism .................................................................1
The Structure of the Soybean Lipoxygenase Active Site ..........................3
The Quantum Chemistry of Iron ..............................................................5
The Significance of Nitric Oxide .............................................................9
Nitric Oxide Studies of Other Iron-Containing Proteins .........................10
Previous Single-crystal EPR Experiments ..............................................13
EPR Experiments of the Lipoxygenase-Nitric Oxide Complex ..............13

2. MATERIALS AND METHODS ...................................................................15

Soybean Lipoxygenase-1 Purification
and Preparation for Crystallization .............................................15

Crystallization of Soybean Lipoxygenase-1 ...........................................19
Experiment Showing the Suitability of

PAPANONOate as a Nitric Oxide Donor ....................................20
Preparation of Nitric Oxide-Lipoxygenase Complex ..............................21
Collection of X-band EPR Spectra..........................................................22
Xsophe Simulations of EPR Spectra ......................................................22

3. RESULTS .....................................................................................................24

Experimental EPR Spectrum from Isotropic
Nitric Oxide-Lipoxygenase Complex .........................................24

Simulation of EPR Spectrum from Isotropic
Nitric Oxide-Lipoxygenase Complex .........................................24

Results of Crystallization Experiments ..................................................27
Experimental Setup and Conditions .......................................................27
Experimental Spectra from Single Crystals of

Nitric Oxide-Lipoxygenase Complex .........................................30
Simulations of Spectra from Single Crystals of

Nitric Oxide-Lipoxygenase Complex .........................................30
Hypotheses for Angular Dependence of

EPR Signals in Experiments .......................................................34



iv

4. DISCUSSION ...............................................................................................39

LITERATURE CITED ......................................................................................43

BIOGRAPHICAL SKETCH .............................................................................49



v

LIST OF TABLES

1. Bond lengths from iron-coordinating atoms to the
iron molecule in the soybean lipoxygenase-1 active site ...........................6

2. Summary of results of crystallization experiments .......................................28



vi

LIST OF FIGURES

1. The generally accepted soybean lipoxygenase-1 reaction mechanism ............4

2. Graphical representation of the soybean lipoxygenase-1 iron-binding site .....7

3. A) Orbital diagrams demonstrating the changes in the electronic

structure of iron to make the Fe2+ or the Fe3+ ions. B) The d-orbital
diagram of the lipoxygenase-nitric oxide complex .........................................8

4. Example cation-exchange elution profile .....................................................18

5. Experimental X-band (9.26 GHz) EPR spectrum of the isotropic
lipoxygenase-nitric oxide complex at pH 5.2 ...............................................25

6. Simulation of the isotropic X-band EPR spectrum of the
lipoxygenase-nitric oxide complex at pH 5.2 ...............................................26

7. A graphical representation of the experimental apparatus used
to perform X-band EPR experiments on single crystals of lipoxygenase ......31

8. Experimentally recorded X-band (9.26 GHz) EPR spectra
of 0° and 90° orientations of a single crystal of the NO-LOX complex ........32

9. Experimental EPR spectra obtained from rotation of a single crystal
of the lipoxygenase-nitric oxide complex at X-band (9.26 GHz) ..................33

10. Simulation of the X-band EPR spectra arising from a hypothetical
single crystal of the lipoxygenase-nitric oxide complex ...............................35

11. A representation of the coordinate system for the simulations
of rotation of single lipoxygenase crystals in a magnetic field ......................36

12. First proposed model for the angular dependence
of the NO-LOX EPR signal .........................................................................37

13. Second proposed model for the angular dependence
of the NO-LOX EPR signal .........................................................................38



vii

ABSTRACT

Lipid oxidation pathways and nitric oxide signaling pathways are interrelating

pathways with significance both separately and in conjunction (1-2).  Lipid oxygenating

pathways involve the formation of hydroperoxides, alkanes, alkenes, aldehydes (notably

nonenal), epoxides, alcohols and other species from polyunsaturated fatty acids that are

readily oxidized.  The nitric oxide signaling pathway has been of great interest in the last

several years and involves the formation of nitric oxide near the site of inflammation and

its transport to other tissues to function as a messenger.  Oxidized lipid signaling

pathways are an active area of research, and many interactions with the nitric oxide

pathway are left open to discussion.  The interactions of nitric oxide and lipid oxidizing

enzymes have been demonstrated, and these interactions are of particular significance in

the regulation of vascular homeostasis.  The studies presented here investigate the

specific interactions of soybean lipoxygenase-1, a lipid-oxygenating enzyme, and nitric

oxide by electron paramagnetic resonance (EPR) analyses of single lipoxygenase crystals

complexed with nitric oxide.

Nitric oxide is known to bind with high affinity to the lipoxygenase active site

iron.  Though nitric oxide is often used as a dioxygen analog, molecular oxygen binds to

a fatty acid radical and not directly to the active site iron in the lipoxygenase mechanism,

so nitric oxide was not used as a dioxygen analog in our studies.  Rather, we expected the

electron configuration and any differences in coordination to be a reasonable model of a

transition state that mimics a peroxyl radical formed during catalysis.  The aim of this

project was to determine the local structure of the active site of a transition state analog

with mechanistic significance.

To complete this line of experimentation, I obtained a number of lipoxygenase

crystals similar to those used for x-ray analysis.  The crystals were then complexed with

nitric oxide using protocols that are similar to those used in previous studies of

lipoxygenase and other iron proteins.  X-band (9.26 GHz) EPR experiments were

performed and analyzed to determine the suitability of the experimental methodology

presented here for observation of changes in the electronic orbital structure of the active
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site.  Differences between the structure of the resting enzyme and the structure of the

NO–LOX complex that may be observed with EPR include both the positions of the

electron orbitals and the spatial orientation of the nitric oxide-iron bond, from which one

may be able to infer the positions and coordination of the other iron ligands.  While no

conclusions about the electronic structure of the lipoxygenase iron-nitric oxide bond

could be drawn from these experiments, the suitability of the experimental conditions for

further studies was proven.  This project also represents an advancement in the area of

EPR studies of small protein crystals, similar in size to those used in x-ray diffraction

experiments.  Further studies of the complex that were not included in the masters project

may include W-band (92.4 GHz) EPR studies and X-ray crystallography of crystals of the

nitric oxide-lipoxygenase complex.
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CHAPTER 1

INTRODUCTION

Lipoxygenases are a class of non-heme, iron-containing enzymes that are

involved in the so-called arachidonic acid cascade (3).  The primary function of

lipoxygenases is to convert arachidonic acid (A.A.), a polyunsaturated fatty acid, into

hydroxyeicosatetraenoic acids (HETEs) and into the precursors for leukotriene synthesis

via peroxidation (4).   Leukotrienes and other lipoxygenase metabolites, like lipoxins, are

known to be of consequence in mammalian inflammatory responses (5).  Soybean

lipoxygenase-1 (SLO) is used as a model for lipoxygenase studies because it has a high-

structural homology to human lipoxygenases that are found in leukocytes and are partly

responsible for the synthesis of leukotrienes and lipoxins.  In addition, isolation and

purification of this enzyme from plants is far more convenient than from animal sources

or bacterial expression.  Because of these factors, structural studies of the mechanism of

soybean lipoxygenase mediated lipid oxidation are important.

The Lipoxygenase Mechanism

In 1973 it was shown by Pistorius and Axelrod that soybean lipoxygenase

possessed one atom of iron per molecule (6).  Prior to that study it was believed that

soybean lipoxygenase was an anomaly among oxygenases, in that it contained no metal

in its active site, because prior studies were conducted that showed no inhibition of

catalysis by typical metal inhibitors (7).  Pistorius and Axelrod reasoned, based on

chelating experiments, that the lipoxygenase iron must be found in an oxidized ferric

form rather than the ferrous form.  Their evidence included treatment with a reducing

agent followed by a strong ferrous iron chelator that, when complexed to Fe2+ renders the

enzyme inactive.  They also showed that iron could be removed by an Fe3+ chelator,

although chelation was slow unless the enzyme was denatured.  This was the first
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evidence (though not apparent at the time) that the iron in soybean lipoxygenase has

different oxidation states at different points during catalysis.

After showing that lipoxygenases contained an iron atom, Pistorius, Axelrod and

Palmer went on to show that iron was an essential component of the lipoxygenase

reaction (8).  Their evidence for this was the EPR silence of resting lipoxygenase and the

EPR signal that arises when lipid hydroperoxide is added to the enzyme.  The EPR signal

they observed was centered around g = 6 and g = 2 with line shapes around g = 2 that

vary between reactions performed under aerobic and anaerobic conditions.  Also,

spectrophotometric data of reaction experiments under aerobic conditions showed a

change in the optical spectrum of the lipoxygenase reaction under aerobic conditions that

was not present under anaerobic conditions.  These results were inferred to mean that

lipoxygenase has a resting state that corresponds to ferrous iron and an active state that

corresponds to ferric iron.  These findings also suggested that molecular oxygen was

necessary for the reaction to go to completion and might have been involved in changing

the oxidation state of the active site iron.  It has been proven that the activation of

soybean lipoxygenase results from the direct interaction of the active site iron and HpOD

product, which results in inner sphere electron transfer and that oxidation of the active

site iron alone is not sufficient to eliminate the observed lag phase of the reaction (9).

After oxidation of the lipoxygenase iron, it is proposed that a hydrogen is

abstracted from the 1-4-diene substrate creating a non-localized pentadienyl fatty acid

radical.  Kinetic isotope effect investigations have shown that, under differing

experimental conditions using different lipoxygenases, that there are multiple rate

limiting steps for lipoxygenases, but C–H bond cleavage for hydrogen abstraction is a

primary rate-limiting step for human 12-lipoxygenase and human 15-lipoxygenase (10).

Hydrogen abstraction results in the reduction of the iron to the ferrous form. It was also

shown by kinetic isotope effect studies that hydrogen transfer in lipoxygenase proceeds

by a hydrogen tunneling mechanism (in which the hydrogen “tunnels” through the

activation energy barrier effectively lowering the energy required to reach the transition

state for this step) (11).  For a detailed description of the hydrogen tunneling model for

lipoxygenase see reference 12 and for a detailed explanation of the mechanics and

thermodynamics of hydrogen tunneling see references 13 and 14.
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After the formation of the non-localized pentadienyl radical, molecular oxygen is

introduced.  Studies of the hydrogen abstraction have shown that molecular oxygen is not

productively bound by lipoxygenase, but interacts directly with the substrate radical to

form a hydroperoxyl radical (15).  The peroxyl radical then reoxidizes the ferrous iron to

ferric iron and becomes a hydroperoxide anion that is then protonated.  Other kinetic

studies using inhibitors have confirmed that this is indeed how the mechanism proceeds

and that allosteric inhibitors, binding at a site away from the active site, allow for

activation of the active site iron but inhibit the reaction from proceeding (16).

 Protonation of the hydroperoxide anion results in product release.  The reaction

mechanism proposed here has been further supported by hybrid density functional theory

calculations that model the lipoxygenase active site (small molecules replace amino acid

side chains, e.g. ammonia for histidine) (17). The nitric oxide–Fe complex is proposed to

mimic a resonance structure between the peroxyl radical and the hydroperoxide anion.

That is, Fe2+–NO•  Fe3+–NO– mimics Fe2+–ROO•  Fe3+–ROO–.  The proposed

reaction mechanism and the structures of relevant substrate, intermediate, and product

molecules are depicted in Figure 1.

The Structure of the Soybean Lipoxygenase Active Site

Soybean lipoxygenase is composed of 839 amino acids with both an N-terminal

β-barrel and a major domain that consists of 22 α-helices and 8 β-strands and contains

the active site (18).  The active site of soybean lipoxygenase consists of an iron atom that

is coordinated by 5 ligands and a water molecule.  The ligating atoms are the ε-nitrogens

of 3 histidines, the δ-oxygen of an asparagine, and one oxygen of the main-chain

carboxyl group on the C-terminal asparagine (18).  The C-terminal ligation of a metal in a

protein is unique to lipoxygenases and represents a novel fold.  Two different groups

have published 3-dimensional structures of soybean lipoxygenase (19, 20).  The crystals I
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Figure 1:  The generally accepted soybean lipoxygenase-1 reaction mechanism
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used for EPR studies were prepared according to the conditions used by the latter group,

so bond lengths, stated in Table 1, are according to their findings.  A figure representing

the lipoxygenase active site is shown in Figure 2.

The Quantum Chemistry of Iron

To understand the function of iron in enzymes, one must first understand the basic

chemistry of iron.  Iron is a transition metal, and, as such, it has several oxidation states.

Transition metals all form one or more stable ions that have incompletely filled d-

orbitals. Iron has two common oxidation states (+2 and +3) in Fe2+ and Fe3+.  Figure 3A

shows orbital diagrams demonstrating the changes in the electronic structure of iron to

make the 2+ or the 3+ ions.  The 4s orbitals in Fe atoms are found at a lower energy level

than some of the 3d orbitals, but the 4s electrons are lost first, followed by one d electron,

in the ions shown.  An explanation of this unusual phenomenon in transition metals,

which arises from the overlap of orbital energies, can be found in an inorganic chemistry

text by James E. Huheey (21) and elsewhere.

Electrons usually fill the orbitals singly as far as possible.  After that, electrons

will fill the orbitals in pairs.  Paired electrons in the same orbital need to be distinguished

from each other because they are slightly different.  Quantum chemistry assigns each of

the electrons a property known as spin (a principle describing the intrinsic angular

momentum of the electron) to distinguish between them.  Electron spins are in one of two

states, up or down, represented by arrows in the orbital diagrams.  This is another way of

stating that the electron quantum number can be +1/2 or –1/2.   “High spin” refers to any

atom with more than one unpaired spin, and “low spin” refers to any atom with one

unpaired spin.  Iron(II) and iron(III) may be low or high spin with possible spin states of s

= 0, 2/2, 4/2 and s = 1/2, 3/2, 5/2, respectively.  The spin states of iron ions may be

changed upon coordination with ligands.

Transition metals are usually good catalysts because of their ability to change

oxidation states. For our experiments, we will consider the changes in oxidation states

and spin states of the lipoxygenase iron upon introduction of the free radical gas, nitric
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Table 1:  Bond lengths from iron-coordinating atoms to the iron molecule in the soybean
lipoxygenase-1 active site.  Bond lengths used for this table were taken from reference 7.

Coordinating Atom Distance to Fe (in Å)

His499 Nε2 2.23

His504 Nε2 2.26

His690 Nε2 2.21

Ile839 O1 2.40

Asn694 Oδ1 3.05

H2O
842 O 2.56
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Figure 2:  A graphical representation of the soybean lipoxygenase-1 iron-binding site.
Figure was taken from Boyington et al., Science, 1993; 260: 1482-1486.

Fe
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A)

B)

Figure 3:  A) Orbital diagrams demonstrating the changes in the electronic structure of

iron to make the Fe2+ or the Fe3+ ions.  B) The d-orbital diagram of the lipoxygenase-
nitric oxide complex.
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oxide (NO•).  We will also consider the effects of NO–Fe coordination on protein

structure.

The LOX iron is thought to oscillate between ferrous (inactive) and ferric (active)

forms during each cycle of catalysis as mentioned above.  Nitric oxide has been used in

biochemical studies of lipoxygenase that have included solution EPR (22, 23).  It is

thought that NO will mimic the hydroperoxyl radical intermediate in the lipoxygenase

reaction.  The d-orbital diagram of the lipoxygenase-nitric oxide complex would

resemble the one in Figure 3B.  Fe2+–NO• (or Fe3+–NO–) has intermediate spin and

gives an EPR signal.

Significance of Nitric Oxide

Nitric oxide is a gas and free radical, reactive oxygen species (may also be

referred to as a reactive nitrogen species) that has been shown to act as a signaling

molecule in biological systems.  The importance of nitric oxide in biological systems has

been increasingly recognized within the last few years (24).

Lipid oxidation is an important biological process that is affected by nitric oxide,

by both promotion and inhibition (5).  Lipid oxidation of polyunsaturated fatty acids

(linoleic and arachidonic acids, for example) can result in peroxyl radicals that can

extract a hydrogen from an adjacent fatty acid and form a lipid hydroperoxide (which

may be of consequence in signaling inflammation) and another lipid radical.  This causes

a non-enzymatic chain reaction of lipid peroxidation (25). Under normal physiological

conditions, nitric oxide may function as an inhibitor of the non-enzymatic lipid oxidation

pathway by terminating the chain-reaction propagation of lipid radicals (25).  Nitric oxide

is normally produced at low levels by endothelial nitric oxide synthase (eNOS).  Upon

wounding, nitric oxide is produced in elevated levels and may be converted into a

prooxidizing species (peroxynitrite) that can promote inflammatory damage to the

vasculature (5).  Thus, nitric oxide interactions with lipid oxygenation pathways can have

an effect on both the promotion and inhibition of inflammation.
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Nitric oxide has been implied to inhibit enzymes that catalyze introduction of a

dioxygen (endoperoxides in the case of cyclooxygenases, and hydroperoxides in the case

of lipoxygenases) to fatty acids by reducing the active site heme or non-heme iron from

an active Fe3+ form to an inactive Fe2+ form and trapping the iron in the reduced, inactive

form (26).  While it has been observed that nitric oxide may have interactions with the

lipid oxygenating pathway, a direct in vivo interaction between lipoxygenases and nitric

oxide has not been observed.  Nitric oxide has been shown to be capable of interaction

with the ferrous form of the lipoxygenase active site iron (27).

Nitric Oxide Studies of Other Iron-containing Proteins

Novel conformational changes have been observed in different classes of iron

containing proteins, including nitrophorins (a heme-containing protein) and clavaminate

synthase (an iron containing dioxygenase), when they interact with nitric oxide (28-32).

Nitric oxide, a native substrate of nitrophorins, was used to show that binding to the

heme-iron in nitrophorins pulls the iron out of the heme and into a “ruffled” conformation

(29).  The use of nitric oxide as a dioxygen analog with clavaminate synthase showed a

rearrangement of the iron ligands upon nitric oxide binding and suggested the possible

modes by which dioxygen might act in the reaction mechanism (28). Studies of the active

site of superoxide reductase have used nitric oxide as a substrate analog (33).  Though

our studies considered nitric oxide neither as a native substrate nor as a dioxygen or

substrate analog, one could use many of the same principles and techniques to determine

structures and use the findings to infer the behavior of nitric oxide bound to iron.

Nitrophorins

Nitrophorins are a class of heme-containing proteins that are found in several

species of blood-sucking insects.  This family contains at least four members usually

denoted as NP1-4.  Nitrophorins bind nitric oxide when in the saliva of the insect and

then release nitric oxide into the tissue of the higher animals on which the insect feeds.

The nitric oxide within the host tissue acts as a vasodilator and the nitrophorin sequesters
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histamine, which temporarily suppresses immune response, after nitric oxide dissociates

(31).

High-resolution structures of nitrophorin 4 have been determined.  A

conformational change, in which the distal pocket of NP4 closes upon NO• binding to

heme, has been shown (31).  This conformational change is presumably to allow the NP

to sequester histamine after NO• dissociation.  The determined electron density of

NP–NO originally showed that the nitric oxide could occupy two orientations in the

protein, linear or bent.  The two orientations, which could probably be caused by

different oxidation states of iron, were both considered.

Ultra-high-resolution studies performed subsequently have shown that the NO

orientation is neither linear nor bent, but maintains one orientation with a “slightly bent”

angle of 156° (29).  These ultra-high-resolution structures of nitrophorin 4 have shown

that ligation of nitric oxide to the heme-iron causes the iron to be moved out of the plane

of the heme.  The heme assumes a “ruffled” conformation.  The bend of the NO molecule

was shown to occur in the same plane as the proximal, ligating histidine ring.

The possibility of Fe–O–N coordination has been ruled out by EPR studies of

other proteins because the spectrum of Fe–O–N does not demonstrate nuclear splitting by

the nitrogen while the observed spectrum of Fe–N–O does.  The Fe–N–O binding

configuration was most conclusively proven by low-field, single crystal EPR, myoglobin

studies involving complexes of iron with nitric oxide containing different isotopes of

nitrogen (34).  The hyperfine splitting of the iron EPR signal observed in those studies

was different for the different isotopes of nitrogen, suggesting that the nitrogen must be

closest to the iron.

The even electron arrangement, S = 0, of NO–Fe(III) makes NP4 EPR silent,

requiring reduction by dithionite to obtain a spectrum from Fe(II)NO which has S = 1/2

(32).  {MNO}n
 formalism, developed by Enemark and Feltham, is used to describe the

sum of metal d-electrons and NO π-electrons present in the MNO unit.  The sum of the d-

plus π-electrons is represented by n.  For model heme-NO complexes, for n = 6 or less,

the MNO unit is linear, while for n = 7 and greater the MNO unit is bent.  EPR

spectroscopy has shown that NP1 can be {FeNO}6 or {FeNO}7 because of the loss of the
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proximal histidine ligand upon reduction by dithionite (32).  NP1, thus can have a five- or

six-coordinate Fe(II)NO heme center.  In conclusion, the studies that determined the

electronic structure of the nitrophorin active site showed that the Fe–NO bond is

susceptible to tilting and bending and the coordination about the iron is affected slightly

upon binding of nitric oxide.

Clavaminate Synthase

Clavaminate synthase (CAS) is an iron containing 2-oxoglutarate (2OG)

dependent dioxygenase that is involved in the synthesis of clavulanic acid (28).  CAS,

other 2OG synthases, and their mechanisms are of interest because they are structurally

related to isopenicillin N synthase, a non-heme iron containing oxidase that plays are role

in the synthesis of penicillin and related antibiotics.  Structural studies of CAS have used

nitric oxide as a dioxygen analogue.  When complexed with 2OG, the iron in this enzyme

is coordinated by a H2O molecule, the 2-oxo and 1-carboxylate groups of 2OG, one

glutamate side chain, and two histidine side chains.  Dioxygen binding, represented by

the NO analogue, was found to induce a rearrangement of the iron relative to the

substrate. The crystal structure of the enzyme–substrate–NO complex, in addition to

previous CD and MCD studies on the CAS–α-ketoglutarate complex, indicates that a

change from a 6-coordinate octahedral to a different 6-coordinate square pyramidal

geometry occurs when NO displaces water in the enzyme–Fe(II)–2OG complex and

binds to the position previously occupied by the 2OG 1-carboxylate.  The 2OG 1-

carboxylate rearranges to the position previously occupied by water.  This suggests

activation by dioxygen binding also causes a similar Fe–O rearrangement.

Superoxide Reductase

Studies of the mononuclear active site of superoxide reductase from Pyrococcus

furiosus have also used EPR to observe changes in coordination when nitric oxide was

used as a substrate analog (33).  The results of the study found that the S = 3/2 {FeNO}7

unit involved a high-spin (S = 5/2) Fe3+ center antiferromagnetically coupled to a NO
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anion (S = 1) that gave an EPR signal.  This Fe3+–NO– configuration is in resonance with

the Fe2+–NO• configuration and will give a signal similar to the NO–LOX iron signal.

Previous Single Crystal EPR Experiments

Electron paramagnetic resonance studies allow researchers to determine the local

environment of a paramagnetic atom (unpaired electron) by interaction of the atom with

internal magnetic fields within the molecule in the presence of an applied external

magnetic field (35).  In the experimental system we are studying, the paramagnetic signal

that is observed arises from the unpaired p-orbital electron of nitric oxide.   EPR studies

of biomolecules using frozen solutions are isotropic, meaning that any signal derived

from the sample represents the sum of all possible orientations of the paramagnetic

atom(s).  Single crystal experiments of biomolecules, including proteins, allow

researchers to determine electronic structures in a particular orientation because of the

repeating, identical lattices of the crystal.  Single crystal experiments have, until recently,

been primarily used for studies of small organic or inorganic molecules or proteins that

can grow into very large crystals (e.g. hemoglobin, myoglobin), because large crystals are

usually necessary for studies at low magnetic field (~9.1 GHz).

Myoglobin single crystal experiments were performed at low field as early as

1971 (36).  Low-field EPR experiments were performed on single-crystals of myoglobin

complexed with nitric oxide (MbNO) and several conclusions were drawn (34).  The

researchers calculated the Fe–N–O bond angle to be 153° and found that the

conformation of the nitric oxide bond changes upon freezing.  As mentioned in the

discussion of the nitrophorins, they also drew the important conclusion that nitric oxide

molecules containing different isotopes of nitrogen gave EPR signals with different

hyperfine splittings, proving that nitrogen, not oxygen, interacts with iron.
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EPR experiments of the Lipoxygenase–Nitric Oxide Complex

The lipoxygenase-nitric oxide complex has been considered for paramagnetic

studies for many years.  Two important papers discussing the nature of nitric oxide

complexes of lipoxygenase were published in 1978 and 1979 (37, 22).  A very important

paper that used EPR to discuss pH and ethanol effects on the NO–LOX complex was

published in 1987, and the author concluded that that the NO–LOX signal changed with

changing pH (23).  Another paper concluded that the differences in the EPR signal were

not dependent on pH, but that the iron is sensitive to the anionic composition of the

buffer solution and that the affinity of the charged buffer ligands may compensate the

charge as the iron oscillates between the ferrous and ferric forms (38).  Also, the local

metal environment of a manganese-containing lipoxygenase (for which the x-ray

structure has not been solved) has been predicted using EPR (39).  Many EPR studies

have discussed the access of different ligands to the iron center in lipoxygenase, from

which one may infer the way nitric oxide might orient itself upon binding.
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CHAPTER 2

MATERIALS AND METHODS

Soybean Lipoxygenase-1 Purification and Preparation for Crystallization

The purification scheme used is a modification of the Axelrod method described

in Methods in Enzymology (40).

Preparation of Soybeans

The purification of soybean lipoxygenase (SLO) begins with washing raw beans

and soaking in an acidic solution.  The methods described herein are for starting with 300

g of raw, dry soybeans.  (Mass of beans and subsequent volumes can be halved to speed

the preparation.)  First, the soybeans are rinsed with distilled water to remove any loose

particles or chemicals that may be on the beans.  Next, the soybeans are soaked for 10

minutes in 1 L of 0.002% w/v benzalkonium chloride (antibacterial detergent),

thoroughly rinsed, and finally soaked in 2 L of 0.2 M acetic acid, pH 4.5, for at least 3

hours.  The soak in the acidic solution serves both to soften the beans so they can be

easily ground and to help in the removal of the other lipoxygenase isoforms that are less

soluble at lower pH.

Initial Lipoxygenase Fractionation

The soybeans are ground, using a food processor, in the 0.2 M acetic acid solution

and filtered to remove large particulate matter from the protein solution.  The filtered

crude protein solution is centrifuged at 18,600 x g for 10 minutes to separate fine

particulate matter from the crude protein solution.  Ammonium sulfate (AMS) is added to

the supernatant to bring it to 30% of saturation (16.4 g AMS/100 cc of initial volume)

and the suspension is stirred for 20-30 minutes.  The AMS precipitated solution is then

centrifuged at 18,600 x g for 10 minutes and the pellet is discarded.  The supernatant is

brought to 60% of saturation with AMS (18.1 g AMS/100 cc of 30% AMS saturated
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solution) and the suspension is stirred for 20–30 minutes.  The suspension is centrifuged

at 18,600 x g for 10 minutes.  The pellet is resuspended in 50 ml of 0.01 M potassium

phosphate (KPi), pH 6.8, with 0.15 mM azide (antibacterial agent).  The resuspended

protein solution is dialyzed twice in 4 L of 0.01 M KPi, pH 6.8, with 0.15 mM azide for

at least three hours each time.

Anion Exchange Chromatography

DE52 (diethylaminoethyl) anion-exchange resin is hydrated in 0.2 M KPi, pH 6.8,

and loaded into a 2.5 cm x 50 cm chromatography column (resin bed volume 2.5 cm x 25

cm).  After loading, the pH of the resin is equilibrated to pH 6.8 by running high

concentration elution buffer through the column until the pH of the solution going into

the column is equal to the flow-through of the column.  High concentration elution buffer

used here is 0.2 M KPi, pH 6.8.  Subsequently, the column is washed with low

concentration wash buffer until the conductivities of the wash buffer and the flow-

through are the same.  Low concentration buffer used here is 0.01 M KPi, pH 6.8.  The

dialyzed protein solution is loaded onto the column followed by a 100 mL wash of low

concentration buffer.  A gravity-fed elution gradient of 300 mL of low concentration

buffer to 300 mL high concentration buffer is performed.  All eluted fractions are

collected and analyzed for protein concentration and activity by UV-visible spectroscopic

and kinetic analyses.  Kinetic analyses of the lipoxygenase reaction measure the increase

in absorbance at λ = 234 nm when lipoxygenase substrate (83 mM linoleic acid in 0.2 M

borate buffer) is converted to product (hydroperoxyoctadecadienoic acid, HpODE).  The

protein concentration in each of the fractions is measured using UV-visible measurement

of the absorbance at λ = 280 nm. (Concentration in mg/mL is given by the equation

[SLO] = Abs 280 nm/1.4.)  The fractions with the best activity and concentrations were

kept and dialyzed in 4 L of 0.01 M KPi, pH 6.8, at least 2 times for 3 hours each.  To

further purify the protein solution, DE52 anion-exchange column chromatography can be

repeated by following the steps above.
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Cation-Exchange Chromatography

The major modification of the Axelrod procedure introduced into our laboratory’s

protocol was the addition of a gravity-column, cation-exchange chromatography step.

Similar cation-exchange using HPLC was performed previously (41).  This

chromatography step speeds the overall enzyme purification scheme by eliminating the

need for repeated anion-exchange and HPLC purification steps.

In lieu of a second anion exchange chromatography step above, a cation exchange

column was used sometimes.   Before cation exchange, the active fractions from anion-

exchange chromatography were dialyzed twice in 500 ml of 25 mM N-morpholino-

ethane sulfonic acid (MES) + 10 mM sodium chloride (NaCl), pH 5.8, for at least 3 hrs

each.  The cation exchanger used is CM52 (carboxymethyl) cation-exchange resin.  A

1.25 cm x 15 cm bed volume of chromatography resin was prepared and equilibrated

with 25 mM MES + 10mM NaCl, pH 5.8.  The protein sample, in the same buffer, was

loaded onto the column.  An elution gradient of 250 mL of 25 mM MES + 10 mM NaCl,

pH 5.8, to 250 mL of 25 mM MES + 250 mM NaCl, pH 5.8, is used.  Colored fractions

containing impurities typically elute within the first five fractions, SLO typically elutes

between fractions 25–50 in a total volume of  ~30 ml.  The eluted fractions are analyzed

as with the anion-exchange chromatography.

A typical elution profile for the cation-exchange chromatography purification is

shown in Figure 4.

HPLC Purification

Samples collected after ion-exchange chromatography were dialyzed into 0.02 M

KPi, pH 7.0.  The column used for HPLC was a 9 mm x 250 mm Dionex ProPac PA1™

anion-exchange column.  The column was equilibrated with 0.02 M KPi, pH 7.0, and 1

mL injections of the protein samples were eluted with a 30 minute program consisting of

nonlinear concentration gradients of 0.02 M KPi, pH 7.0 (designated as buffer A), and

0.02M KPi + 1M NaCl, pH 7.0 (designated as buffer B).  The buffer content at each time

point of the elution gradient was as follows:  0 min = 100% A, 1 min = 100% A, 15 min

= 40% A: 60% B, 22 min = 100% B, 25 min = 100% B, 27 min = 100% A, and 30 min =

100% A.  A flow rate of 2 mL/min was used.
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Figure 4:  Typical elution profile for cation-exchange chromatography purification step.
This particular example was collected on July 8, 2004.  Typically SLO elution occurred
between tubes 25 and 50 in volumes of 3 ml/ tube.
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The concentration and specific activity of the purified protein were determined.

(Specific activity = µmol of HpODE produced/ mg SLO/ min.)  Maximal specific activity

is close to 180 µmol mg–1 min-1.  The collected fractions were then dialyzed into

appropriate buffers for crystallization.

Preparation of Purified SLO for Crystallization

After HPLC, the SLO solutions were appropriately concentrated for

crystallization by vapor-diffusion methods using an Amicon Minicon™ concentrator.

The concentrated SLO was dialyzed into an appropriate volume of 10 mM MES, pH 7.0;

or 0.01–0.20 M sodium acetate buffer, pH 4.6–5.2, depending on which crystallization

procedure was to be followed.  Multiple dialysis steps are necessary to completely

exchange salts.

The mother liquor (precipitant solution) used was either 20 mM MES, 4.7 M

sodium formate, 1 M ammonium acetate, 0.6 M lithium chloride, pH 7.0; or 0.01–0.2 M

acetate buffer containing 8–14% PEG-3400, pH 4.6–5.2.

Crystallization of Soybean Lipoxygenase-1

SLO was initially crystallized by the vapor diffusion method in two different

laboratories (42, 43).  The three-dimensional crystal structure of this enzyme was also

elucidated by both groups (19, 20).  Each group used different crystallization conditions

to obtain the protein crystals that were useful for X-ray crystallography and other

structural determination methods.  Crystals were obtained in the presence of a solution of

20 mM MES, 4.7 M sodium formate, 1 M ammonium acetate, 0.6 M lithium chloride, pH

7.0–7.4, resulting in crystals of monoclinic space group C2 with cell dimensions of a =

183.8 Å, b = 123.2 Å, c = 94.3 Å, and β = 102.9° (19).  Crystals were also obtained in the

presence of a solution of or 0.01–0.2 M acetate buffer containing 8–14% PEG-3400, pH

4.6–5.2, resulting in crystals of monoclinic space group P21 with cell dimensions of a =

95.4 Å, b = 94.2 Å, c = 50.4 Å, and β = 91.4° (20).  The different crystallization
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conditions produced nonisomorphous crystals that could be used to elucidate the same

structure.  The different crystal shapes may each be useful for different crystallographic

techniques. The narrower crystals produced in the presence of the polyethylene glycol

solution were chosen to be used for performance of single crystal electron paramagnetic

resonance (EPR) spectroscopy at low field (X-band, 9.4 GHz).   The rod-like shape of the

SLO crystals in PEG (as opposed to the more rhombic crystals in MES) and the P21

space group facilitates understanding of spatial orientations of molecules in the crystal.

Crystallization experiments following the protocols of each group were

performed.  Lipoxygenase crystals were obtained under each set of conditions.  Obtaining

crystals using the PEG protocol proved to be more difficult and yielded fewer crystals

than with the MES protocol.  Izit Crystal Dye™ (Hampton Research), a blue, small

molecule protein stain, was used to verify that small crystals prepared in PEG containing

solutions were indeed biomacromolecular crystals and not salt crystals.

Several crystals of near diffraction quality were obtained and very preliminary,

low resolution, X-ray data collection was performed.  Crystals were equilibrated in the

cryoprotectant solutions as described below, and these solutions did not contain nitric

oxide.  Crystals were picked up with a cryoloop and cryocooled in a cooled nitrogen gas

stream. Several crystals were used for X-ray data collection.  Data obtained was of very

low resolution (> 3 Å) and is not shown, but the data did allow us to verify that the

crystals were macromolecular protein crystals and that the space group of the crystals

was in agreement with the published structure (P21).

Experiment Showing the Suitability of PAPANONOate as a Nitric Oxide Donor

Equilibration of the buffers used for crystallization of lipoxygenase, at pH values

corresponding to crystallization conditions, with nitric oxide was performed and optical

measurements of the decay of the nitric oxide donor were taken.  The nitric oxide donor

used in these experiments was PAPANONOate from Cayman chemicals.

PAPANONOate dissociates in a pH dependent manner to give two molecules of NO• per
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molecule of PAPANONOate.  The half-time of dissociation is equal to 77 min at 22–25°

C in pH 7.3 solution; it is stable in basic solution.  A 1 M solution of PAPANONOate in

a basic solution of 8 mM potassium hydroxide was made.  Optical measurements of the

decay of PAPANONOate at λ = 250 nm were taken when it was introduced into acidic

solutions in the range 5.2–5.6 (pH ranges of the PEG crystallization buffers) and at pH

7.0–7.4 (pH of MES crystallization buffer).  Crystallization buffers were degassed with

argon before performance of optical spectroscopy using a Hewlett-Packard 8453 UV-

visible spectrophotometer.  Initially, measurements were taken in 5 to 10 second intervals

over one minute periods to determine the appropriate PAPANONOate concentrations in

1ml of the argon-purged buffers.  Measurements were then taken in 30-second

increments over 30 minutes to measure the time dependence decrease in absorbance at λ

= 250 nm at room temperature (spectra not shown).  Spectra showed that in the PEG

crystallization buffer at pH 5.6 and 23° C, the t1/2 of decay for PAPANONOate was

between 200 and 250 seconds.  The time to generate NO• in the other crystallization

buffer, which is at pH 7.0, was closer to 1 hour.  The results showed that PAPANONOate

is a suitable NO• donor at room temperature to be used for NO–LOX complex

experiments, even if the equilibration time in the PEG crystallization buffer is short

(<5min).

Preparation of Nitric Oxide–Lipoxygenase Complexes

Isotropic solutions of the NO–LOX complex were prepared by saturating 0.2 M

acetate buffer, pH 5.2, containing 8 mg/ml SLO with nitric oxide.  Addition of 2 µl of 1

M PAPANONOate in 8 mM potassium hydroxide (KOH) per 1 ml of buffer at pH 5.2

gave a 20-fold excess of nitric oxide to protein.

Protein crystals used for EPR were transferred from a hanging drop and placed in

a quartz capillary (approximate outside diameter of 0.9 mm) containing mother liquor

from the drop.  (A detailed description of the transfer of the crystal to the quartz capillary

is found in the results section.)  The mother liquor was then decanted using a very narrow

glass needle and replaced with a cryoprotectant solution consisting of mother liquor
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containing ethylene glycol.  The crystal was then incubated for 5–10 minutes in several

solutions with increasing concentrations (from 10–30%) of ethylene glycol (as in the

Minor et al X-ray studies of lipoxygenase, ref 7).  The final cryoprotectant solution was

previously saturated with nitric oxide by addition of 2 µl of 1 M PAPANONOate in 8

mM KOH per 1ml of buffer at pH 5.2.   The crystal was then allowed to react with the

nitric oxide saturated solution for several minutes to overnight before performing EPR.

Even though NO• is a very small molecule and should have been able to diffuse through

the crystal very quickly, several trials suggested several hours for the NO to react with

the available Fe2+ were needed.

The major difficulties of this part of the experiment were the safe transfer of the

crystal to the tube and balancing the stability of the crystal in the cryoprotectant with the

time it takes for the nitric oxide to react with the crystal.  Preliminary experiments

included observation of a crystal in the cryoprotectant to test its stability and the transfer

of a crystal to the quartz capillary tube using a very narrow (outside diameter of 0.3 mm)

quartz X-ray capillary as a funnel.

Collection of X-band EPR Spectra

Isotropic and single-crystal EPR spectra were both recorded at X-band (~9.26

GHz) using a Varian E 109 spectrometer equipped with an Oxford Instruments ESR9/10

pumped, gas-flow cryostat.  Experimental conditions for all experiments were as follows:

400 mT scan range, 200 mT central field, T = 3.5 K, 16 G modulation amplitude, and 10

mW microwave power.  Typically, the time constant used was 0.25 seconds and the scan

time was 16 minutes.  X-Band frequencies were measured at the bridge.  Indicated values

of buffer pH for EPR samples were measured at room temperature (~22° C).
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Xsophe® Simulations of EPR Spectra

Simulations of X-band EPR spectra of iron–nitric oxide complexes were

performed using the Xsophe® program (44).  Parameters for both sets of the Xsophe®

simulations were as follows: 3/2 group spin, 400 mT scan range, 200 mT central field, T

= 3.5 K, the line shape was Gaussian, and the line width was 25 Gauss for the isotropic

simulation and 20 Gauss for the single crystal simulations.  The zero field splitting

parameters were D = 15.8 cm-1 and E/D = 0.011 for simulations of samples at pH 5.2.

For reference, calculations were made to simulate rotations of the magnetic field

about axes parallel to each of the principal molecular axes, x, y, and z (see Figure 10 in

Chapter 3).  The Xsophe® program also allows for simulations of spectra where the

molecular axes do not line up directly with the external magnetic field.  Three angles,

Chi, Rho, and Tau are used to specify the relative orientation of two planes.  One plane is

defined by the x and y principal molecular axes, and the other is defined by initial and

final magnetic field positions (see Figure 11 in Chapter 3).  Different combinations of

Chi, Rho, and Tau angles were used to interpret spectra of experimental samples.
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CHAPTER 3

RESULTS

Experimental EPR Spectrum From the Isotropic Nitric Oxide–Lipoxygenase

Complex

A spectrum of the NO–LOX complex in solution was recorded experimentally at

X-band (9.26 GHz).  The magnetic field values of the spectrum we obtained (Figure 5)

were slightly different from those published by Mark Nelson in 1987 (23) probably

because our buffer was at a low pH (5.2) while his was at a higher pH (9.0).  The splitting

of the major peak at the lower magnetic field, which arises from the lipoxygenase iron

and the unpaired electron of the nitric oxide, is not visible at the lower field in Nelson’s

published spectrum, but it can be distinguished in our recorded spectrum.  This is

probably due to the lower pH of our buffer (pH 5.2 vs. pH 9.0) and slightly different

experimental conditions.  The large peak at the higher magnetic field arises from free

nitric oxide in the solution.

Simulation of EPR Spectrum From the Isotropic Nitric Oxide–Lipoxygenase

Complex

A simulated spectrum of the isotropic NO–LOX complex at X-band was

generated using the Xsophe® software module and is shown in Figure 6.  The simulation

of the isotropic NO–LOX spectrum was generated to examine the agreement of Xsophe®

simulations with spectra collected using our equipment and under our experimental

conditions.  The peak at the lowest field arises from the y-component, the peak at slightly

higher field from the x-component, and the small peak at the highest field from the z-

component.
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Figure 5:  Experimentally collected isotropic EPR spectrum of the lipoxygenase-nitric
oxide complex at X-band (9.26 GHz) at pH 5.2.  Nitric oxide dissolved in solution gives
the indicated peak observed at the highest magnetic field.
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Figure 6:  Simulation of the isotropic EPR spectrum of the lipoxygenase-nitric oxide
complex at X-band (9.26 GHz) at pH 5.2.  The directional components of the signal
arising from the lipoxygenase iron are indicated by letters.
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This designation of the directional components of EPR is consistent with generally

accepted conventions.

Transition metals that have two or more unpaired spins have three or more energy

levels, most of which are in pairs.  E and D are two parameters that are used to describe

the separation of energy levels.  D, which can be almost any number, is the zero field

splitting parameter. The separation of pairs of energy levels when no magnetic field is

applied is proportional to D.  E, which can be a number between 0 and 1/3, describes the

symmetry around the paramagnetic atom or molecule.  E = 0 corresponds to axial

symmetry, where the x-component is identical to the y-component.  E = 1/3 is rhombic

symmetry and any E value greater than 0 and less than 1/3 is deviation from axial

symmetry.  E/D is a zero field splitting parameter used to describe symmetry.  The values

of D and E/D that were used in the low field simulation were D = 15.8 cm-1 (from

reference 22) and E/D = 0.011.

Results of Crystallization Experiments

Several dozen SLO crystallization experiments were performed using conditions

similar to those previously published.  Results varied widely between experiments and a

summary of successful experiments using the two different crystallization protocols are

outlined in Table 2.

Experimental Setup and Conditions for Collection of Single Crystal EPR

Data

The system used to perform our experiments was a modification of the data

collection methods for isotropic spectra.  A crystal was placed in a small quartz capillary

tube (outside diameter 0.9 mm) by filling it and a very small quartz x-ray capillary

(outside diameter = 0.3 mm, flared to 1 mm on one end) with mother liquor and using the
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Table 2:  Summary of crystallization experiments.  Results of experiments using either
MES (42) or PEG (43) as precipitants are shown for comparison.  The 24 well plates used
had rows labeled as A-D and columns labeled as 1-6; well numbers containing crystals
were indicated accordingly.  If drops were seeded, then the date that the seed crystal was
plated is noted.  All experiments used the hanging drop method of vapor diffusion unless
noted that the sitting drop method was used.  Dates of unsuccessful experiments are
indicated at the bottom of the table.

N-morpholino ethane sulfonic acid (MES) precipitant
Date Date

preparation
completed

Crystals [SLO]
(mg/ml)

pH Seed Conditions varied

09/05/02 Done by BG D6 ? 7.0 None
10/17/02 10/15/02 Small crystals

throughout
13.5 7.0 09/05/02 Sitting drops;

Streak seeding was
done on rows A+B only

11/08/02 11/06/02 B2 small 8.9 7.0 Drop sizes were varied
down columns from 5

µl to 10 µl
12/19/02 12/18/02 B2, D1, D4,

D5, D6, all
small

Various from
30.0-15.0

7.0 10/17/02 Serial dilution of [seed]
across rows; Decreasing

[SLO down columns
12/19/02 12/18/02 C5, D1, both

very small
Various from

30.0-15.0
7.0 Sitting drops;

Decreasing [SLO] down
columns

12/20/02 12/18/02 C1 and C2
medium, D5

large

Various from
30.0-15.0

7.0 10/17/02 Serial dilution of [seed]
across rows; Decreasing

[SLO down columns
12/31/02 12/18/02 A3 large, B4

shard
10.0 7.0 10/17/02 Performed by BG; Seed

used in all drops was a
25x dilution of the stock

05/20/03 02/25/03 Small crystals
in rows C+D

12.0 7.0 Sitting drops;
performed by Tung Ho;
SLO not HPLC purified

06/02/03 05/21/03 A2 large and
well shaped,

A3 large,
C4 medium

10.7 in rows
A+B, 7.3 in
rows C+D

7.0 11/08/02 Two different [SLO]
used

06/03/03 05/21/03 A3, D3 both
small

10.7 7.0 12/31/02 No seed in column 1;
Serial dilution of [seed]

across rows
06/07/03 05/21/03 A3, B3, C4

all medium
10.7 in rows
A+B, 7.25 in

rows C+D

7.0 Two different [SLO]
used

08/05/03 07/31/03 B2 medium-
large,

B6, D1, D4
small

18.7 in row
A, 14.0 in

row B, 10.0
in rows C+D

7.0 06/02/03 Various [SLO]

Unsuccessful:  11/06/02, 11/08/02, 12/19/02, 01/15/03, 06/01/03, 06/03/03, 07/23/03, 08/01/03, 08/04/03
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Table 2 continued:

Polyethylene glycol (PEG) precipitant
Date Date

preparation
completed

Crystals [SLO]
(mg/ml)

pH [PEG]
(%)

Seed Conditions
varied

06/08/03 05/21/03 A3, B1, both
medium-large

6.7 5.6 10% 08/15/02
(BG)

Visible crystals
were yellow seed
crystals; no new
crystal growth

08/04/03 07/31/03 B2 small-
medium

12.0 5.2 14% None

09/18/03 09/16/03 Small crystals
through-out

14.0 5.2 14% 08/04/03 Column 1 no seed;
Serial dilution of

[seed] across rows
11/07/03 10//31/03 B3 medium-

large and well
shaped

10.6 5.2 14% Decreased drop
sizes down

columns from 10
µl- 5 µl

12/20/03 12/19/03 D1, D2, D3,
D6 all

medium

12.0 in
rows
A+B,
6.0 in
rows
C+D

5.2 10% in
rows
A+C,

14% in
rows
B+D

11/07/03 Varied [SLO] and
[PEG}

01/05/04 12/19/03 A1, A2 both
small, B1,
B3, C4 all

medium-large

6.0 5.2 14% 12/20/03 Serial dilution of
[seed] down

columns; Used B3
and C4 for x-ray

01/14/04 12/19/03 B4, B5, B6,
C1, C3, C4,
C5, C6, D1,
D2 all small

8.2 5.2 14% 12/20/03 Sitting Drop;
Serial dilution of

[seed] across rows

01/15/04 12/19/03 B1 medium,
B2, and B3

large and well
shaped

8.2 5.2 8% in
row A,
14% in
row B

12/20/03 Sitting Drop;
Serial dilution of

[seed] across rows

08/02/04 7/12/04 A3, A4
Visible

crystals were
yellow seed
crystals; no
new crystal

growth

4.3 5.5 9% 01/15/04 Used sitting drop
bridges in hanging

drop plates;
Equilibrated drops
for 2 days before
seeding row A

Unsuccessful:  08/15/02, 09/09/02, 09/17/02, 06/01/03, 06/03/03, 07/11/03, 07/14/03, 08/01/03, 08/04/03,
09/17/03, 09/18/03, 11/05/03 (2), 11/06/03, 11/08/03 (2), 11/13/03, 05/21/04 (4), 06/18/04 (4), 06/19/04,
07/01/04, 07/02/04 (2), 07/14/04
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x-ray capillary as a funnel.  No attempt was made to align the crystal in a particular

orientation, but in each experiment, the long axis of the crystal was almost parallel to the

capillary axis.  The quartz capillary was placed inside a quartz X-band EPR tube (outside

diameter = 4 mm) that was then capped with a septum and a goniometer.  A plumb line

was hung from a support placed on the same table as the microwave bridge to ensure

accuracy of measurements with the goniometer.  A graphical representation of the

experimental setup is shown in Figure 7.

Experimental Spectra from Single Crystals of the Nitric Oxide–Lipoxygenase

Complex

Several spectra of the iron–nitric oxide complex were recorded.  The first

spectrum was recorded to verify that a signal from the iron–nitric oxide complex was

detectable.  Once this was accomplished, the sample was rotated by 90° and a spectrum

was recorded to verify that the signal arising for the iron–nitric oxide complex contained

angular dependent information and was not isotropic.  These initial spectra are shown in

Figure 8.  After it was verified that the sample contained angular dependent information,

spectra were recorded every 10° from 0–90°.  These spectra are shown in Figure 9.  The

experiments were repeated on another lipoxygenase crystal, but very little angularly

dependent information was obtained, either because of insufficient incubation time in

nitric oxide saturated buffer or different crystal morphology (data not shown).

Simulations of Spectra from Single Crystals of the Nitric Oxide–Lipoxygenase

Complex

The signals arising from the rotation of a paramagnetic molecule in a magnetic

field vary in position (different field values) as a function of the angle of rotation.  The

signal from a radical is observed at the highest field when the magnetic field is parallel to

the p- or π-orbital direction and at the lowest field when the magnetic field is

perpendicular to the p- or π-orbital.  For complexes of metals, the centrosymmetric
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Figure 7:  A graphical representation of the experimental apparatus used to perform X-
band EPR experiments on single crystals of lipoxygenase.  A plumb line was hung from a
support placed on the same table as the microwave bridge.  A goniometer was attached to
a septum that capped the quartz X-band EPR tube (outside diameter of 4mm). A smaller
quartz capillary tube (outside diameter 0.9mm) that contained the crystal was placed
inside the quartz X-band EPR tube.  The crystal is represented as tilted, as it was
observed, inside the quartz capillary.
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Figure 8:  Experimentally recorded X-band (9.26 GHz) EPR spectra of the external
magnetic field at 0° and 90° orientations with respect to an arbitrary axis perpendicular to
the long axis of the EPR tube containing a single crystal of the NO-LOX complex.  The
bottom spectrum represents the background produced by the EPR tubes and buffer
saturated with nitric oxide.  The arrows indicate features that are strongly affected by the
orientation of the crystal.  The arrow to the far right indicates the signal from excess
nitric oxide which is unaffected by orientation.  The crystal used for this experiment was
prepared by the sitting drop method on January 15, 2004 and the experimental spectra
were taken on June 23, 2004.
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Figure 9:  Experimental EPR spectra obtained from rotation of a single crystal of the
lipoxygenase-nitric oxide complex at X-band (9.26 GHz). The different spectra indicate a
rotation of 90°, sampled every 10°.  The bottom spectrum indicates background produced
by the EPR tubes and buffer saturated with nitric oxide.
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d-orbitals give a more complicated relation of the resonance field and orbital directions.

The magnetic field positions of the signals are trigonometric periodic functions.

Simulated X-band spectra for a hypothetical NO–LOX crystal were calculated and are

shown in Figure 10.  The different spectra indicate rotations of 90° about each principal

molecular axis in the magnetic field, sampled every 10°.

The experimental spectra we obtained for the iron–nitric oxide complex did not

correspond to any of the simulated spectra for rotation about a principal molecular axis.

The experimental spectra were indicative of a magnetic field rotation axis that was at an

intermediate angle between the principal molecular axes.  The Xsophe® software

program was used to calculate spectra that were similar to those we observed

experimentally.  A graphical representation of the coordinate system that was used for the

simulated EPR spectra is shown in Figure 11.  The figure legend gives the definition of

the two angles, Rho and Chi, relating the magnetic field and molecular axes.

Hypotheses for Angular Dependence of EPR Signals in Experiments

The calculated spectra that were generated using Xsophe® were used to interpret

the experimentally obtained spectra.  The Xsophe® simulations provided at least two

different plausible explanations for the angular dependence of selected iron-nitric oxide

signals.  The first hypothesis is that Chi = 25° and Rho = 72.5°.  The second hypothesis is

that Chi = 70° and Rho = 39°, which means that the molecular y-axis is almost parallel to

the magnetic field plane.  This orientation of the molecular axes gives calculated spectra

similar to those for rotation about the molecular z-axis.  The external magnetic field

positions at which the calculated spectra crossed the baseline for each rotation angle were

recorded and translated to the experimental spectra.  The first and second proposed

hypotheses for the angular dependence of the EPR signal are presented in Figure 12 and

Figure 13 respectively.
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Figure 10:  Simulation of the X-band EPR spectra arising from a hypothetical single
crystal of the lipoxygenase–nitric oxide complex. The different spectra indicate rotations
of 90°, sampled every 10°, of the crystal in the magnetic field about each stated
molecular axis.  The simulation parameters included microwave frequency of 9.26 GHz,
T = 3.5 K. The central field was set at 200 mT, the sweep widths were set at 400 mT, and

line widths were set at 2 mT.  The value of D used was 15.8 cm-1 and the E/D value used
was 0.011.
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Figure 11:  A representation of the coordinate system for the simulations of rotation of

single lipoxygenase crystals in a magnetic field.  Binitial and Bfinal represent the initial and
final positions of the magnetic field perpendicular to the axis of rotation and are shown to
reflect 90° of rotation.  In this figure, the rotation axis is set as the vertical axis to reflect
the rotation of the EPR tube in the experimental setup.  The principal molecular x, y, and
z-axes and the x-y plane are shown as offset from the rotation axis.  The angle Rho
specifies the angle between the molecular z-axis and the rotation axis.  The angle Chi
defines the projection of the initial magnetic field position onto the x-y plane (such that
when Chi = 0, the projection of the external magnetic field is aligned with the molecular
x-axis).  The angle Tau is incremented between the initial and final positions of the
external magnetic field.  Combinations of various Chi, Rho, and Tau angles can be used
in Xsophe® simulations.  (See ref 44 for a description of the general usage of the
software).
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Figure 12:  First proposed model for the angular dependence of some of the NO–LOX
EPR signal.  Data points overlaid on the experimental spectrum indicate the calculated
values for the position of the NO–LOX signal when Rho = 72.5° and Chi = 25°.  The
range has been restricted to show only the magnetic field containing angularly dependent
data.
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Figure 13:  Second proposed model for the angular dependence of some of the NO–LOX
EPR signal.  Data points overlaid on the experimental spectrum indicate the calculated
values for the position of the NO–LOX signal when Rho = 39° and Chi = 70°. The range
has been restricted to show only the magnetic field containing angularly dependent data.
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CHAPTER 4

DISCUSSION

No clear conclusions about the electronic structure of the lipoxygenase iron–nitric

oxide bond could be drawn from information gathered from these experiments.

However, the suitability of the experimental conditions for the performance of EPR on

single soybean lipoxygenase-1 crystals complexed with nitric oxide was proven.  The

preliminary data gathered throughout the course of this project, thus, represents an

advancement in the area of EPR studies of small protein crystals.

A stepwise approach was taken to determine the conditions that were suitable for

EPR investigations of single crystals of lipoxygenase.  The first step was to obtain protein

crystals that were similar to those used for x-ray studies to determine if they were suitable

for EPR studies.  The crystallization of lipoxygenase using polyethylene glycol as a

precipitant, while successfully done previously, proved to be problematic in my

experiments.  The formation of suitably shaped crystals was intermittent and seeding the

drops did not provide good crystals in all cases.   Perhaps certain critical crystallization

conditions were not reported in the literature, or the soybeans used to obtain the

lipoxygenase were too old and contained inactive lipoxygenase.

After obtaining crystals by vapor diffusion methods it was necessary to verify that

they were protein and not small molecule crystals.  This was first accomplished by using

Izit™ crystal dye.  The small molecule protein stain partially stained the crystals

suggesting that they consisted of macromolecules.

For crystallization experiments that yielded the crystals that were used in the EPR

experiments, the concentration of the protein solution used was 8.2 mg/mL and 4 µL was

used in each drop.  Drops contained only one or two good crystals.  Assuming that all of

the available protein was sequestered into one or two crystals, each crystal had a mass of

approximately 16 µg.  From this mass, we estimated there to be approximately 9.6 x 1013
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protein molecules per crystal.  Since between 1012 and 1014 molecules of iron are

typically visible by EPR, we believed these crystals to be suitable for our EPR studies.

After the suitability of the crystals was established, conditions that were suitable

for the addition of nitric oxide needed to be established.  PAPANONOate from Cayman

Chemicals was selected as the nitric oxide donor because of its short t1/2 of NO•

dissociation.  The t1/2 of NO• dissociation at the pH of our EPR experiments (5.2, same

as crystallization mother liquor) was determined to be between 200 and 250 seconds by

examining the time dependent decay of the PAPANONOate molecule using UV-visible

spectroscopy.  The very short t1/2 of NO• dissociation suggested that only a short time

would be required to achieve saturation of NO• in the buffer.  This was important

because it would allow EPR experiments to be performed even if the protein crystals

tended to dissolve quickly in the NO• saturated cryoprotectant buffer.

After suitable conditions were established for the addition of nitric oxide to the

crystals, it was necessary to determine the stability of the protein crystals in the NO•

saturated cryoprotectant buffer.  Two crystals were placed in quartz capillary tubes

containing crystallization mother liquor.  Addition of mother liquor containing increasing

concentrations of ethylene glycol was performed as described in the materials and

methods section.  One crystal was left in a solution that contained 30% ethylene glycol

and no nitric oxide, and the other was left in a solution that contained 30% ethylene

glycol and was saturated with nitric oxide.  Both crystals were observed every 60 seconds

for the first 10 minutes and then observed every 5 minutes for several hours.  No

appreciable decrease in size was observed for either crystal so it was concluded that they

were stable in the cryoprotectant buffer to be used for the EPR studies.

Once the suitability of the conditions for the preparation of single crystals of the

nitric oxide–lipoxygenase complex was established, EPR experimentation could begin. A

spectrum was recorded for a single lipoxygenase crystal in a cryoprotectant solution

containing no nitric oxide.  The resulting spectrum (not shown) displayed no signal in the

magnetic field range expected for the iron nitric oxide complex.  Next, the crystal was

incubated for several hours in a cryoprotectant solution containing a 20-fold excess of

nitric oxide to protein.  A spectrum of the signal arising from the iron–nitric oxide



41

complex was recorded under the conditions described in the materials and methods

section.  The EPR tube was then rotated by 90º and another spectrum was recorded to

determine if the signal contained any angularly dependent information.  The two spectra,

shown in Figure 8, were different, suggesting that there was an angular dependence of the

signal.  The spectra also suggest that there were multiple orientations of molecules in the

crystals because, in each case, there was more than one peak that changed field position

as the crystal was rotated.

After it was determined that the signal from the iron–nitric oxide complex

contained angular dependent information, a spectrum was recorded every 10º over a 90º

rotation of the crystal.  The spectra, shown in Figure 9 in Chapter 3, were all different

which further confirmed the angular dependence of the signal.  While some trends for the

change in field positions of the peaks most strongly affected by the orientation of the

crystal could be observed, a complete interpretation of the spectra was difficult.

Xsophe® calculations were employed to aid in the interpretation of the data.  The

reliability of the Xsophe® simulations was verified by generating a simulated spectrum

of the isotropic iron–nitric oxide complex that was almost identical to one that was

collected experimentally.

The Xsophe® simulations were generated based on the assumption that the peaks

that were most affected by the orientation of the crystal represented the iron–nitric oxide

signal.  Because it was likely that there were multiple orientations of molecules in the

crystal, there were many possible explanations for the orientation dependent change in

the field positions of the signal.  Many different possible orientations of the iron–nitric

oxide bond were simulated.  The simulated spectra of two different orientations

accounted for some of the peaks in our observed spectra. The multiple possible

explanations for the angular dependence of the iron–nitric oxide signal made it

impossible to draw any conclusions about the orientation of the iron–nitric oxide bond in

lipoxygenase.  However, the use of Xsophe® calculations was shown to be very useful

when interpreting complicated experimentally obtained spectra.

This project served as a preliminary investigation of the conditions under which

EPR investigations of single crystals of the nitric oxide–lipoxygenase complex could be

performed.  Crystals were obtained.  A suitable nitric oxide donor was established and
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used.  Single crystals of the NO–LOX complex were studied by X-band EPR, and the

angular dependence of the signal was established.  Simulations of the NO–LOX signal

were generated to help interpret the experimental spectra.

An improvement that could be made to the experimental setup might include the

use of a mounting loop inside a capillary tube so that X-ray data could be recorded to

determine orientation of crystallographic axes of the mounted crystal (45).  Information

about the symmetry and crystal system could then be determined either before

performing EPR experiments or immediately after.  A logical continuation of this would

be to resolve the complete structure of the NO–LOX complex by x-ray diffraction.

Another logical continuation of this project would be to study single crystals of

the NO–LOX complex using higher magnetic fields.  The advent of high field EPR (W-

band, ~94 GHz) has allowed for the study of smaller crystals because of its high

sensitivity to small samples.   Examples of single crystals of proteins that have been

studied by high field EPR include ribonucleotide reductase (a di-iron centered protein),

quercetin 2,3-dioxygenase (a copper protein), [NiFe] hydrogenase (a nickel-iron protein),

and concavalin A (a manganese protein) (46–49).  The information obtained by this

project, combined with the body of literature of single crystal studies at W-band, show

that high field EPR studies of the NO–LOX complex are possible.  High field EPR

studies and x-ray analysis of crystals of the NO–LOX complex may eventually lead to the

elucidation of the electron orbital orientation of the iron–nitric oxide bond.



43

LITERATURE CITED

1. N Hogg, B Kalyanaraman
Nitric oxide and lipid peroxidation
Biochim. Biophys. Acta, 1999; 1411: 378-384

2. F Jobard, C Lefèvre, A Karaduman, C Blanchet-Bardon, S Emre, J Weissenbach,
M Özgüc, M Lathrop, JF Prud’homme, and J Fischer
Lipoxygenase -3 (ALOXE3) and 12(R)- lipoxygenase (ALOX12B) are mutated in
non-bullous congenital ichthyosiform erythroderma (NCIE) linked to
chromosome 17p13.1
Hum. Mol. Genet., 2002; 11: 107-113

3. I Feussner and C Wasternack
The lipoxygenase pathway
Annu. Rev. Plant. Biol., 2002; 53: 275-97

4. ST Prigge, JC Boyington, M Faig, KS Doctor, BJ Gaffney, and LM Amzel
Structure and mechanism of lipoxygenases
Biochimie, 1997; 79: 629-36

5. V O’Donnel and B Freeman
Interactions between nitric oxide and lipid oxidation pathways: Implications for
vascular disease
Circ. Res., 2001; 88: 12-21

6. EK Pistorius and B Axelrod
Iron, an essential component of lipoxygenase
J. Biol. Chem., 1974; 249: 3183-3186

7. AL Tappel
The Enzymes
Academic Press, NY, 1963, p282

8. EK Pistorius, B Axelrod, G Palmer
Evidence for participation of iron in lipoxygenase reaction from optical and
electron spin resonance studies
J. Biol. Chem., 1976; 251: 7144-7148

9. MJ Schilstra, GA Veldink, J Verhagen, and JFG Vliegenthart
Effect of lipid hydroperoxide on lipoxygenase kinetics
Biochemistry, 1992; 31: 7692-7699



44

10. EN Segraves and TR Holman
Kinetic investigations of the rate-limiting step in human 12- and 15-lipoxygenase
Biochemistry, 2003; 42: 5236-5243

11. KW Rickert and JP Klinman
Nature of hydrogen transfer in soybean lipoxygenase-1: Separation of primary
and secondary isotope effects
Biochemistry, 1999; 38: 12218-12228

12. MJ Knapp, K Rickert, JP Klinman
Temperature-dependent isotope effects in soybean lipoxygenase-1: Correlating
hydrogen tunneling with protein dynamics
J. Am. Chem. Soc., 2002; 124: 3865-3874

13. A Kohen and JP Klinman
Hydrogen tunneling in biology
Chemistry & Biology, 1999; 6: R191-R198

14. MJ Knapp and JP Klinman
Environmentally coupled hydrogen tunneling: linking catalysis to dynamics
Eur. J. Biochem., 2002; 269: 3113-3121

15. MH Glickman, JP Klinman
Lipoxygenase reaction mechanism: Demonstration that hydrogen abstraction from
substrate precedes dioxygen binding during catalytic turnover
Biochemistry, 1996; 35: 12882-12892

16. VC Ruddat, S Whitman, TR Holman, CF Bernasconi
Stopped-flow kinetic investigations of the activation of soybean lipoxygenase-1
and the influence of inhibitors on the allosteric site
Biochemistry, 2003; 42: 4172-4178

17. T Borowski and E Broclawik
Catalytic reaction mechanism of lipoxygenase: A density functional theory study
J. Phys. Chem. B., 2003; 107: 4639-4646

18. BJ Gaffney
Lipoxygenases: structural principles and spectroscopy
Annu. Rev. Biophys. Biomol. Struct., 1996; 25: 431-459

19. JC Boyington , BJ Gaffney, and LM Amzel
The three-dimensional structure of an arachidonic acid 15-lipoxygenase
Science, Jun 1993; 260: 1482-1486



45

20. W Minor, J Steczko, B Stec, Z Otwinowski, JT Bolin, R Walter, B Axelrod
Crystal structure of soybean lipoxygenase L-1 at 1.4 Å Resolution
Biochemistry, 1996; 35 (33): 10687-10701

21. JE Huheey
Inorganic Chemistry: Principles of Structure and Reactivity, Third edition
Harper and Row, NY, 1983, p40-46

22. JC Salerno and JN Siedow
The nature of the nitric oxide complexes of lipoxygenase
Biochim. Biophys. Acta., 1979; 579: 246-251

23. MJ Nelson
The nitric oxide complex of ferrous soybean lipoxygenase-1: Substrate, pH, and
ethanol effects on the active-site iron
J. Biol. Chem., 1987; 262: 12137-12142.

24. RP Patel, J McAndrew, H  Sellak, CR White, H Jo, BA Freeman, VM Darley-
Usmar
Biological aspects of reactive nitrogen species
Biochim. Biophys. Acta., 1999; 1411: 385-400

25. A Bloodsworth, VB O’Donnell, BA Freeman
Nitric oxide regulation of free radical- and enzyme-mediated lipid and lipoprotein
oxidation
Arterio. Thromb. Vasc. Biol., 2000; 20: 1707-1715

26. J Kanner, S Harel, R Granit
Nitric oxide, an inhibitor of lipid oxidation by lipoxygenase, cyclooxygenase and
hemoglobin
Lipids, 1992; 27: 46-49

27. R Wiesner, J Rathmann, H Holzhütter, R Stößer, K Mäder, H Nolting, H Kühn
Nitric oxide oxidises a ferrous mammalian lipoxygenase to a pre-activated ferric
species
FEBS Lett., 1996; 389: 229-232

28. Z Zhang, J Ren, K Harlos, CH McKinnon, IJ Clifton, and CJ Schofield
Crystal structure of a clavaminate synthase -Fe(II)-2-oxoglutarate-substrate-NO
complex: evidence for metal centered rearrangements
FEBS Lett., 2002; 517: 7-12.



46

29. SA Roberts, A Weichsel, Y Qiu, JA Shelnutt, FA Walker, and WR Montfort
Ligand-induced heme ruffling and bent NO geometry in ultra-high-resolution
structures of nitrophorin 4
Biochemistry, 2001; 40: 11327-37.

30. JF Andersen, XD Ding, C Balfour, TK Shokhireva, DE Champagne, FA Walker,
and WR Montfort
Kinetics and equilibria in ligand binding by nitrophorins 1-4: Evidence for
stabilization of a nitric oxide-ferriheme complex through a ligand-induced
conformational trap
Biochemistry, 2000; 39: 10118-10131.

31. A Weichsel, JF Andersen, SA Roberts, and WR Montfort
Nitric oxide binding to nitrophorin 4 induces complete distal pocket burial
Nat. Struct. Biol., 2000; 7: 551-554.

32. XD Ding, A Weichsel, JF Andersen, TK Shokhireva, C Balfour, AJ Pierik, BA
Averill, WR Montfort, FA Walker
Nitric oxide binding to the ferri- and ferroheme states of nitrophorin-1, a
reversible NO-binding heme protein from the saliva of the blood-sucking insect,
Rhodnius prolixus

J. Am. Chem. Soc., 1999; 121: 128-138

33. MD Clay, CA Cosper, FE Jenny Jr., MWW Adams, and MK Johnson
Nitric oxide binding at the mononuclear active site of reduced Pyrococcus

furiosus superoxide reductase
Proc. Natl. Acad. Sci. U.S., 2003; 100: 3796-3801

34. H Hori , M Ikeda-Saito, and T Yonetani
Single crystal EPR of myoglobin nitroxide. Freezing-induced reversible changes
in the molecular orientation of the ligand
J. Biol. Chem., 1981; 256: 7849-7855.

35. BJ Gaffney
Electron spin resonance of biomolecules
Encyclopedia of Molecular Cell Biology vol. 4, pp115-133, ed. RA Meyers, 2004

36. T Yonetani and JS Leigh Jr
Electromagnetic properties of hemoproteins. IV: Single crystal electron
paramagnetic resonance spectroscopy of hemoproteins at ambient temperature
J. Biol. Chem., 1971; 246: 4174-4177.

37. JR Galpin, GA Veldink, JF Vliegenthart, and J Boldingh
The interaction of nitric oxide with soybean lipoxygenase-1
Biochim. Biophys. Acta., 1978; 536: 356-362.



47

38. BJ Gaffney , DV Mavrophilipos, and KS Doctor
Access of ligands to the ferric center in lipoxygenase-1
Biophys. J., 1993; 64: 773-783

39. B. J. Gaffney, C. Su, and E. H. Oliw
Assignment of EPR transitions in a manganese-containing lipoxygenase and
prediction of local structure
Applied Magnetic Resonance, 2001; 21: 411-422

40. B Axelrod, TM Cheesebrough, S Laakso
Methods in Enzymology
1981; 71: 441-451

41. KW Rickert and JP Klinman
Nature of hydrogen transfer in soybean lipoxygenase-1: Separation of primary
and secondary isotope effects
Biochemistry, 1999; 38: 12218-12228

42. JC Boyington, BJ Gaffney, and LM Amzel
Crystallization and preliminary x-ray analysis of soybean lipoxygenase-1, a non-
heme iron-containing dioxygenase
J. Biol. Chem., 1990; 265: 12771-12773

43. J Steczko, CR Muchmore, JL Smith, and B Axelrod
Crystallization and preliminary X-ray investigation of lipoxygenase-1 from
soybeans
J. Biol. Chem., 1990; 265: 11352-11354

44. G Hanson, K Gates, C Noble, M Griffin, A Mitchell, and S Benson
Xsophe-Sophe-XeprView®.  A computer simulation software suite (v. 1.1.3) for
the analysis of continuous wave EPR spectra
J. Inorg. Biochem., 2004; 98: 903-916

45. W Hofbauer, A Zouni, R Bittl, J Kern, P Orth, F Lendzian, P Fromme, HT Witt,
and W Lubitz
Photosystem II single crystals studied by EPR spectroscopy at 94 GHz: The

      tyrosine radical YD
Proc. Natl. Acad. Sci. U.S., 2001; 98: 6623-6628

46. M Högbom, M Galander, M Andersson, M Kolberg, W Hofbauer, G Lassmann, P
Nordlund, and F Lendzian
Displacement of the tyrosyl radical cofactor in ribonucleotide reductase obtained
by single-crystal high-field EPR and 1.4-Å x-ray data
Proc. Natl. Acad. Sci. U.S., 2003; 100: 3209-3214



48

47. M Fittipaldi, RA Steiner, M Matsushita, BW Dijkstra, EJJ Groenen, and M Huber
Single-crystal EPR study at 95 GHz of the type 2 copper site of the inhibitor-
bound quercetin 2,3-dioxygenase
Biophys. J., 2003; 85: 4047-4054

48. O Trofanchuk, M Stein, Ch. Geßner, F Lendzian, Y Higuchi, W Lubitz
Single crystal EPR studies of the oxidized active site of [NiFe] hydrogenase from
Desulfovibrio vulgaris miyazaki F
J. Biol. Inorg. Chem., 2000; 5: 36-44

49. R Carmieli, P Manikandan, B Epel, AJ Kalb (Gilboa), A Schnegg, A Savitsky, K
Mobius, and D Goldfarb

Dynamics in the Mn2+ binding site in single crystals of concavalin A revealed by
high-field EPR spectroscopy
Biochemistry, 2003; 42: 7863-7870



49

BIOGRAPHICAL SKETCH

I. Personal

Born December 31, 1979, to Gary and Michele Ottenberg at Mercy Hospital in
Miami, Florida.  Received his high school diploma from Homestead Senior High
School in Homestead, Florida.

II. Education and Degrees

1997-1998 School for Advanced Studies/ Miami-Dade Community
College.  Dual enrollment program that allowed me to spend
my senior year of high school attending a community
college.

1998-1999     Tulane University, New Orleans, Louisiana

1999-2002 Florida State University, Tallahassee, Florida
Degree Received:  Bachelor of Science, Biological Science

2003-present   Florida State University, Tallahassee, Florida
Seeking Degree of Master of Science in Biological Science
Major Professor:  Dr. Betty Jean Gaffney

III. Research Assistantship

August 2002 – December 2002, Research Assistant, Florida State University,
Supervisor: Dr. Betty Jean Gaffney

IV. Teaching Workshops/ Courses Taught

August, 2003:  Completed Department of Biological Science teaching workshop.

Spring, 2003:  Taught BSC2011L (Animal Diversity) lab sections involving face-
to-face instruction of students as well as directing laboratory activities.

Fall, 2003:  Served as teaching assistant for the PCB3134 (Cell Structure and
Function) lecture course.

Spring 2004:  Taught BSC3402L (Experimental Biology Lab, Drosophila
Genetics and Evolution) involving face-to-face instruction of students as
well as directing laboratory activities.

Fall, 2004:  Teaching BSC 2010L (Biology I Lab) involving face-to-face
instruction of students as well as directing laboratory activities.


	The Florida State University
	DigiNole Commons
	11-5-2004

	A 9.4 GHz EPR Investigation of the Non-Heme Iron Active Site of Single Soybean Lipoxygenase-1 Crystals
	Gregory Kenneth Ottenberg
	Recommended Citation



