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Abstract

The Diiron Center in Methane Monooxygenase. The dinuclear iron center

._ of the hydroxylase component of soluble methane monooxygenase (MMO) from

Methylococcus capsulatus (Bath) and Methylosinus trichosporium (OB3b) has been studied

•' by X-ray absorption spectroscopy. Analysis of the Fe K-edge EXAFS revealed that the

first shell coordination of the Fe(III)Fe(III) oxidized state of the hydroxylase from M.

capsulatus (Bath) consists of approximately 6 N and O atoms at an average distance of 2.04

A. The Fe-Fe distance was determined to be 3.4 A. No evidence for the presence of a

short oxo bridge in the iron center of the oxidized hydroxylase was found, suggesting that

the active site of MMO is significantly different from the active sites of the dinuclear iron

proteins hemerythrin and ribonucleotide reductase. In addition, the results of the first shell

fits suggest that there are more oxygen than nitrogen donor ligands.

The active sites of the photoreduced Fe(III)Fe(II) semimet form of the hydroxylase

from both M. capsulatus (Bath) and M. trichosporium (OB3b) consist of approximately 6

N and O atoms at an average distance of 2.06 - 2.09 A with an Fe interaction at 3.41 - 3.43

A. This implies that the diiron center of the hydroxylase from the two species are

o structurally similar. In addition, the results of the second shell fits to the hydroxylase

suggest that there is a shell of low-Z atoms at ~ 3.0 A in both the diferric and semimet

active sites. Upon reduction to the Fe(II)Fe(II) reduced form, the average first shell

distance increased to 2.15 A and the Fe-Fe interaction was no longer detected.

The Fe K-edge EXAFS showed only minor metrical changes in the coordination

environment of the hydroxylase iron center due to the presence of substrate and component

B, the regulatory protein of the MMO enzyme system. This finding was true for the

complexes of semimet and reduced hydroxylase. The changes seen occured in the first

coordination sphere. In particular, the presence of component B seemed to have an effect

on the distance distribution of first shell atoms. No evidence of a Br contribution was seen

in the EXAFS of the hydroxylase in the presence of a brominated substrate. This suggests

that the site of interaction between the hydroxylase and substrate is more thml 4 k from the

iron center. The presence of substrate and component B was found to modify the Fe K-

edge spectra of the hydroxylase. The change seen in the spectra of the semirnet samples is

consistent with an increase in the covalency of the iron center. The appearance of the edges

of the reduced forms of the hydroxylase suggest that the presence of substrate or

. component B inhibits the reduction of the diferric hydroxylase to a diferrous state. These

studies suggest that the changes seen in the hydroxylase diiron site in the presence of
ii



substrate or component B result from subtle perturbations in the coordination environment

of the iron atoms accompanied by changes in the electronic structure, of the iron center.

Diiron Model Complexes. The analysis of the second shell data of the

hydroxylase suggested that the Fe-Fe distance determined may depend on the model

compound used in the fits. A detailed investigation of the apparent model bias was

therefore performed using nine structurally characterized di- and tri-bridged iron dimers ,.

representing a variety of bridging modes and Fe-Fe distances. In general, two minima

were found in fits to the second shell data: one at the correct Fe-Fe distance and one ~ 0.4

,_ away. The best fit to the second shell data, however, corresponded in every case to the

Fe-Fe distance most similar to that of the model compound used to extract the Fe amplitude

and phase parameters employed in the fit. This bias reflected only the Fe-Fe distance of the

model compound from which the parameters were obtained, and was independent of the

number or nature of bridges in the diiron center except as those factors determine the Fe-Fe

distance. A strong correlation between the second shell Fe and C parameters was also

observed, impacting both the coordination numbers and the distances of the Fe and C

contributions. These results illustrate that caution must be used in the interpretation of the

results of fits to second shell data from dinuclear iron centers. Similar caution should be

used in the analysis of other dinuclear metaUoprotein systems as well. Finally, other

information must be used in conjunction with EXAFS analysis before any final conclusions

can be reached regarding the second shell coordination. _,

The appearance of Fe K-edge XANES spectra for di- and tri-bridged iron dimers

was related to the ligation of the iron center and to the nature of the bridging groups. The

position of the edge moved to lower energy with increasing average first shell distance.

The spectra of some oxo-bridged models had a shoulder on the rising edge that was not

present in the spectra of the non-oxo-bridged models. The appearance of this shoulder in

the oxo-bridged dimer spectra was correlated to an increase in the N ligation relative to the

O ligation. A reasonable interpretation of this feature is that it is a shake down feature

associated with the ls-'_ 4p transition, and reflects an increase in the covalency of the iron

site due to the change in the ligation. The appearance of the pre-edge feature (ls---_3d

transition) was characteristic of the nature of the bridge in the diferric models, but not of the

number of bridges in the diiron site. In oxo-bridged compounds, the pre-edge feature was

asymmetric, while in the non-oxo-bridged compounds, the pre-edge feature was clearly

resolved into a doublet. The splitting or asymmetry of this feature is consistent with an

assignment of the transition to the 5T2g and 5Eg molecular states for the excited state d6

configuration. Greater overall intensity of the pre-edge feature was found for the oxo-

bridged models, reflecting the increased distortion of the iron site due to the presence of the
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short Fe-Ooxo bridge. The appearance of the edge and pre-edge regions of the edge spectra

for the oxidized hydroxylase of MMO is consistent with the absence of a kt-oxo bridge in

. the diiron site and with 6-coordinate iron atoms.

Photographic Materials. The sulfur and chlorine centers in spectral sensitizing

,' dyes and chemical sensitizing centers of importance to the photographic system were

characterized by S and CI K-edge X-ray absorption spectroscopy. This technique was

found to be sensitive to the different environments of S in the compounds investigated, as

well as to the nature and extent of the interaction between S and Au or Ag metals atoms. In

particular, a sharp, intense pre-edge feature seen in the spectra of compounds containing

exocyclic S (thione or thiol), is not seen in the spectra of thiazole-containing (cyclic S)

compounds. The use of oriented single-crystal studies permitted the assignment of the

exocyclic S pre-edge feature as a transition to a S ph* orbital. The main feature in ali S K-

edge spectra was assigned as a transition to a S po* orbital. C1 is present as a substituent

on the ring system of the dye molecules. The C1K-edge spectra changed little, reflecting

the similar environments the C1 atom occupies in the compounds studied. Dramatic

changes occured in the S K-edge spectra of covalent Ag and Au metal complexes, while

ionic interactions with metal atoms resulted in little change in the S spectra. Polarized

surface measurements at a glancing angle configuration were done on S species adsorbed

on AgBr sheet crystals. These studies clearly show that a bond is not formed between the

metal and S atoms. The interaction between the dye molecules and the AgBr substrate is

therefore of a physical rather than a chemical nature. In addition, the sensitivity of XAS to

the polarization properties of the S and C1 K-edge features provided insight into the

orientation of the dye molecules on the AgBr substrate.
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Chapter 1

Introduction to the Methane Monooxygenase Enzyme System
and the EXAFS Analysis Method



I.I. Scope and Organization of this Dissertation

This dissertation focuses on the results of experiments conducted over the past 5

years to characterize the dinuclear iron site in the hydroxylase of soluble methane

monooxygenase (MMO) from Methylococcus capsulatus (Bath). This work has been the

result of an extensive and productive collaboration with the group of Prof. Stephen J.

Lippard at the Massachusettes Institute of Technology, although very early on, Prof.

Howard Dalton's group at the University of Warwick in England provided hydroxylase

samples. The MIT group was responsible for isolation and purification of the hydroxylase

component from Methylococcus capsulatus (Bath), and the early part of their effort focused

on improving the purification procedure developed by the Warwick group. Ali of the

hydroxylase samples discussed in this thesis were prepared by the MIT group, as were

some of the model compounds which were indispensible to the analysis of the protein data.

In addition, the MIT group characterized the hydroxylase by spectroscopic techniques other

than X-ray absorption spectroscopy (XAS). The results of these early accomplishments

have been published 1 and the non-XAS results will not be discussed in this thesis. More

recently, the collaboration has focused on characterizing the interaction between the

hydroxylase, the regulatory protein of the MMO system, and substrate.

Only the results as obtained by X-ray absorption spectroscopy will be presented.

Each of the experimental chapters will have a brief introduction focusing specifically on the

aspect of the project to be discussed. A more general introduction to the methane

monooxygenase enzyme system is presented in Chapter 1, along with a discussion of the

EXAFS technique and the data reduction and analysis method employed. The EXAFS

analysis of the MMO hy_h'oxylase in its three oxidation states is presented in Chaper 2.

Chapter 3 discusses the EXAFS analysis of the hydroxylase in the presence of substrate

and the regulatory protein of the MMO system. A detailed investigation of the analysis

method applied to structurally-characterized dinuelear iron model compounds is presented

in Chapter 4. In Chapter 5, the relationship between the structure of the model compounds

and the appearance of the edge spectra is examined.

In addition to the biological work described above, a materials project was

undertaken as a collaboration with Dr. Teresa A. Smith of Eastman Kodak Company. X-

ray absorption spectroscopy was used to characterize the sulfur and chlorine centers in

photographic materials. The interaction between S in these materials and Ag mid Au metals

was also characterized using XAS. The project included single-crystal polarized studies as

well as surface measurements using a glancing-angle configuration. The last chapter of this

dissertation presents the results of these investigations.



1.2. Methanotrophic Bacteria

. Methane is used by methanotrophic bacteria as their primary and sometimes sole

source of carbon for growth and energy. 2 Methanotrophic bacteria are found in close

-" association with populations of methanogenic bacteria, which are anaerobic organisms that

produce methane as a waste product of their metabolism. The overall oxidation of methane

to carbon dioxide is achieved in a series of enzyme-catalyzed reactions, however the fu'st

and most difficult step in this pathway is the insertion of an oxygen atom from dioxygen

into a C-H bond of methane yielding methanol (eq. 1). This initial oxidation uses NADH

as the source of electrons, and is catalyzed by the enzyme system methane monooxygenase

(MMO).

MMO

CH4 + 02 + NADH + H+ _ CH3OH + H20 + NAD + (1)

The next step in the oxidation pathway is the conversion of methanol to formaldehyde via

methanol dehydrogenase. Formaldehyde is then either used as a source of carbon for

" cellular biomass, or as a source of cellular energy by further oxidation to CO2, 3 which

generates the NADH required for methane oxidation.
41

Methanotrophs are classified according to the pathway used to assimilate carbon

from formaldehyde into biomass) Type I methanotrophs use the ribulose monophosphate

pathway (RMP) in which formaldehyde is condensed with ribose 5-phosphate to eventually

yield triose phosphate. Type II methanotrophs use the serine pathway, producing serine

from the condensation of glycine with the formaldehyde-derived methylenetetrahydrofolate.

In addition to the utilization of different carbon assimilation pathways, Type I and Type II

methanothrophs exhibit different intracytoplasmic membrane structures. Type I

methanotrophs possess uniformly distributed arrays of stacked membranes, whereas Type

II methanotrophs possess paired peripheral membranes. The differences in the membrane

structure has been assumed to be correlated to differences in the initial metabolism of

methane, however the methane monooxygenase enzyme system is responsible for the

initiation of methane utilization for both Type I and Type II methanotrophs. 3

Methane monooxygenase activity is associated with the cellular membranes of

methanotrophic bacteria for ali methanotrophs, and with the soluble fractions of cell-free

extracts for some Type I and Type II methanotrophs. 4 The availability of copper in the

growth media was shown to trigger a switch in the cellular location of monooxygenase

activity. 5 As the concentration of copper in the growth media increased from 1 _tM to 5



/.tM, a change from soluble to particulate MMO was detected in cultures of type II

methanotroph Methylosinus trichosporium (OB3b) and type I methanotroph Methylococcus

capsulatus (Bath).6 In addition, oxygen limitation is believed to play a role in the cellular

location. It is interesting to note that increasing the concentration of copper (and oxygen)

also causes an increase in the amount of intracytoplasmic membrane structure. 7 It is not

entirely clear if the presence of copper induces the particulate form of MMO which in turn

causes the increase in membrane content, or if the increase in membrane content induces

expression of particulate MMO. The particulate form of MMO does contain a copper

protein, and the activity of particulate MMO fractions can be increased by the addition of

copper salts. Particulate MMO has not been as well-characterized as the soluble form of

MMO, but it is currently the subject of many ongoing investigations. 8

The soluble and particulate forms of MMO differ in almost every way except for

their monooxygenase activity. The particulate MMO system consists of a CO-binding

cytochrome c, a copper-containing protein and a small protein which has not been well

characterized, 9 while the soluble MMO system consists of an Fe2S2-flavoprotein, a

dinuclear non-heme iron protein, and a small regulatory protein, l0 Soluble MMO requires

NADH (or NADPH) as a source of electrons for methane oxidation, 11 but electrons from
lt

ascorbate or NADH, or from the methanol/formaldehyde dehydrogenase pathways can be

utilized by the particulate enzyme system.9 Particulate MMO activity is sensitive to

inhibiting agents such as metal chelators, electron transport inhibitors and other molecules, 9

whereas only 8-hydroxyquinoline and acetylene inhibit the soluble system. 12

Particulate and soluble MMO from Type I and Type II organisms are non-specific

enzyme systems, and catalyze the oxidation of a wide variety of compounds in addition to

methane. Some of these compounds are used as alternate growth substrates, and some are

cometabolized during oxidation of the primary growth substrate. The soluble MMO system

is capable of catalyzing the oxidation of alkanes, alkenes, alcohols, aromatic and alicyclic

hydrocarbons, amines and chlorinated hydrocarbons. 13 This lack of specificity is similar

to that found in cytochrome P-45014 and is a trait which enables the methanotrophic

bacteria to adapt to changing environmental conditions. The particulate MMO system is not

capable of oxidizing as wide a variety of substrates as the soluble system, and is limited to

alkenes with 5 carbons or less (the limitation for soluble MMO is 8 carbons) and cannot

oxidize alicyclic or aromatic compounds. 5c In addition, the products of oxidation are

somewhat different, with the n-alkanes being oxidized to primary and secondary alcohols

by the soluble system, while only secondary alcohols result from particulate MMO

oxidation.



The mechanism of oxidation for the soluble MMO system has been studied by

identifying the products of oxidation for a variety of substrates. Loss of stereochemistry

, for the oxidation of cis-l,4- and cis-l,3-dimethycyclohexane, allylic rearrangements

observed in methylene cyclohexane oxidation, the NIH shift observed for aromatic

o hydroxylation and the opening of cyclopropyl rings ali suggest a non-concerted reaction

mechanism of hydrogen abstraction followed by hydroxylation proceeding via carbocation

or radical intermediates. ]5 A large kinetic isotope effect has been reported for the oxidation

of methane, suggesting that breaking the C-H bond is rate-limiting. 16

The soluble form of MMO has been the focus of much of the research of

monooxygenase activity because of its broader substrate specificity and the greater ease of

isolation and purification of soluble extracts of MMO as compared to membrane-bound

forms. In general, however, the ability of MMO to catalyze the oxidation of methane to

methanol has generated interest in this enzyme system, or in models of this enzyme system,

as a biocatalyst for methane conversion and alkane oxidationo 17 A more recent interest in

the methanotrophic bacteria from which MMO is isolated concerns the ability of MMO to

catalyze the oxidation of halogenated hydrocarbons. Trichloroethylene (TCE) is a source

of considerable groundwater pollution and a suspected carcinogen. 15 The byproducts of
,lD

the naturally occurring anaerobic degradation of TCE (via reductive dehalogenation) are

o even more recalcitrant to anaerobic processes, and vinyl chloride, a known carcinogen,

accumulates in anaerobic TCE-contarninated aquifers. 19 Under aerobic conditions, the

degradation of TCE occurs readily, and the susceptibility of the byproducts to aerobic

degradation is greater than that of TCE. 20 TCE is not a growth substrate for

methanotrophs, however at low concentrations, TCE is cometabolized by methanotrophic

populations grown on methane (high concentrations of TCE is toxic to methanotrophs).

The rate and extent of TCE oxidation depends on a number of factors, including growth

conditions and availability of reducing power for the catabolic process. 21 With the proper

approach, however, undesirable solvents in groundwater supplies can be cometabilized by

methanotrophic populations. 22

1.3. The Soluble Methane Monooxygenase Enzyme System

Soluble methane monooxygenase has been isolated and purified from Type I

. methanotroph Methylococcus capsulatus (Bath), 10a.lla and Type II methanotrophs

Methylosinus trichosporium (OB3b) 10c,12and Methylobacterium sp. Strain CRL-26.10b

MMO from M. capsulatus (Bath) and M. trichosporium (OB3b) was resolved into three

components consisting of a hydroxylase, a reductase and a small regulatory protein



(component B). The soluble MMO system from Methylobacterium sp. Strain CRL-26

was resolved into only two components, the hydroxylase and the reductase. The

hydroxylase componentl0c, 23 (Mr 250 kDa) consists of three polypeptide subunits in an

ot2132Y2arrangement and contains 2-4 non-heme iron atoms per protein unit depending on

conditions of growth, harvesting and purification. EPR studies of the hydroxylase

component from M. capsulatus (Bath) have suggested that the protein is a non-heme

dinuclear iron protein. 24 The reductase component 25 (Mr 39 ld)a) contains one FAD and

one Fe2S2 cluster, while the regulatory protein 26 (Mr 16 ld)a) contains no metal atoms or

prosthetic groups. Ali three protein components are required for efficient oxidation of

substrate for the MMO enzyme ',_ystems from both M. capsulatus (Bath) and M.

trichosporium. (OB3b). The reductase from M. capsulatus (Bath) and Methylobacterium

sp. CRL-26 are essentially identical, giving rise to the same absorption spectrum (band at ~

460 nm with a shoulder at 395 rim), EPR spectrum (rhombic with g values of 1.86, 1.96,

2.04 typical of an Fe2S2 center) and redox potentials (-247, -195, -250 mV for the Fe2S2,

FAD/FADH, FAD/FADH2 couples from Methylobacterium sp. CRL-26; -220, -150, -260

mV for the same couples from M. capsulatus (Bath)).25

The reductase component from M. capsulatus (Bath) rapidly accepts electrons from a,

the NADH and transfers those electrons to the hydroxylase component. 27 Studies of the

oxidation of NADH by apo-Fe2S2 and apo-Fe2S2.apo-FAD reductase demonstrated that the

FAD center interacts directly with NADH accepting 2 electrons. These electrons are

transferred one at a time to the Fe2S2 center, which can carry only one electron, 28 and it is

the Fe2S2 center which interacts with the hydroxylase component relaying single constant-

potential electrons. Intermolecular transfer of electrons from NADH to the hydroxylase via

the reductase occurs in the presence or absence of substrate.

EPR studies of the hydroxylase component in the presence of ethene and

cyanomethane, in which the EPR spectra sharpened and increased in intensity, suggested

that the hydroxylase interacted directly with the substrate. 29 Studies with a high specific-

activity form of the hydroxylase from M. trichosporium(OB3b) have shown that in the

absence of reductase and component B, single turnover is achieved when the hydroxylase

is reduced to the diferrous form non-enzymatically and exposed to dioxygen. 30 This

confirms that the hydroxylase component contains the site where substrate binding and

oxidation occur, and the 2 e- reduced form of the hydroxylase is the catalytically important

state. While there is little doubt about the role of the reductase and hydroxylase

component, there is some question about the role of component B :,nthe substrate oxidation

process.



As noted above, electron transfer between the reductase and the hydroxylase occurs

in the absence or presence of substrate for the M. capsulatus (Bath) enzyme system,

, resulting in the reduction of 02 to H20. Substrate oxidation did not occur unless

component B was present. 27 In the absence of substrate and the presence of component B,

- electron transfer between the hydroxylase and the reductase decreased dramatically, or no

longer occurred. This suggests that component B serves to convert the hydroxylase from

an oxidase to an oxygenase by regulating the transfer of electrons from the reductase to the

hydroxylase to the presence of oxidizable substrate, perhaps as a conservation mechanism

for reducing equivalents. In contrast, oxidation products were 6etected for a system

consisting of a high specific-activity hydroxylase of MMO from M. trichosporium (OB3b),

02, NADH and reductase, with no component B present. 30 This difference in the role of

component B as a requirement for substrate oxidation could reflect a true difference in the

mechanism of oxidation for the MMO complex from the two Wpes of methanotrophs, or

the difference in the activity of the hydroxylase as isolated from M. trichosporium (OB3b),

or the differences may arise from the different relative concentrations of the various

proteins used to execute the studies. As noted above, the MMO system from

Methylobacterium sp. Strain CRL-26 consists of only the hydroxylase and reductase,

hence these three species could reflect specializations in the development of the MMO

• system in response to specific environmental conditions.

Component B interacts with the ot subunit of the hydroxylase, while the reductase

interacts with the 13subunit. 31 The presence of B perturbs the EPR spectrum of the

hydroxylase. In addition, the distribution of the oxidation products of the hydroxylation

reaction was found to change when B was present. 32 The interaction of the components of

the MMO enzyme system therefore has an effect on the diiron site in the hydroxylase

component. Understanding the nature of the change at the iron center is an important step

in developing an understanding of the mechanism of oxygen activation.

1.4. Spectroscopic Studies of Dinuclear Non-Heme Iron Centers

EPR studies of the hydroxylase component of soluble MMO 24 have suggested that

this protein belongs to the class of dinuclear non-heme iron proteins which includes

hemerythrin Oh'), ribonucleotide reductase subunit B2 (RRB2), purple acid phosphatase

. from beef spleen (PAP) and uteroferrin from porcine uterine linings (Uf). 33 These proteins

serve very different functions: hemerythrin is an oxygen transport protein, ribonucleotide

reductase converts ribonucleotide diphosphate to deoxyribonucleotide diphosphate for

DNA synthesis, the purple acid phosphatases hydrolyzes phosphate esters, and methane



monooxygenase is an oxygen activation protein; however, they have many similar

spectroscopic features 33 suggesting that they have similar active site structures as weil.

Understanding the structural basis of the spectroscopic similarities and functional

differences of these protein systems has been a major focus of research in a number of

laboratories.

Structurally characterized inorganic model compounds which mimic the

spectroscopic and/or catalytic properties of the dinuclear non-heme iron protein active site

are an important tool in understanding structure-function relationships in these protein

systems. As a result, a number of multiply bridged non-heme iron models have been

synthesized and spectroscopically characterized, and Kurtz has published an extensive

review of the models of dinuclear non-heme iron sites. 34 These models are di- or

tribridged with either an oxygen atom (oxo-bridge) or a hydroxide group (hydroxo-bridge)

as one of the bridging units, with the balance of the bridges being made up of carboxylate,

alkoxo, or hydroxo groups. 35 The dominant structural feature of these model compounds

is the presence (or absence) of a _z-oxo bridge between the iron atoms (Fe-Ooxo distance of

~ 1.8/_; Fe-Ohydroxo distance ~ 2.0 A), which imparts characteristic spectroscopic features.

The Fe-O-Fe unit gives rise to strong electronic absorption bands between 300 - 400 nm,

which have been assigned as ligand-to-metal (oxo-to-iron) charge transfer transitions, 36

and a pair of weak bands between 440 - 510 nm, attributed to ligand field transitions which ii

gain intensity by mixing of oxo-to-iron charge transfer transitions. 37 Hydroxo-bridged

models have relatively featureless electronic absorption spectra. The symmetric vibrational

stretch of the Fe-O-Fe occurs between 380 and 450 cm -1, and the asymmetric stretch

between 725 and 885 cm-l. The hydroxylase of methane monooxygenase exhibits none of

these absorption bands. 1 The Fe-OH-Fe stretch is reported to occur between 3400 and
3600 cm -1.

Diferric oxo- and hydroxo-bridged models exhibit isomer shifts in the range of

0.35-0.60 mm/s by M6ssbauer spectroscopy, characteristic of 5- or 6-coordinate high-spin

iron atoms (S = 5/2 ground state). Quadrupole splittings (AEQ) greater than 1 are

characteristic of the presence of an oxo-bridge; hydroxo-bridged models have quadrupole

splittings < 1. Magnetic susceptibility measurements indicate that in almost every case, the

diferric iron atoms exhibit antiferromagnetic coupling (J < 0). Values of the coupling

constant, J, for oxo-bridged compounds are in the range of 80 to 120 cm -1, while hydroxo-

bridge models have coupling constants in the 7 to 17 cm -1 range. The coupling constant

for the semimet hydroxylase has been determined to be J ----32 cm-l. 1 The large difference

in the magnitude of J is an indication of the ability of the oxo-bridge to mediate strong spin-

exchange coupling in these systems, and therefore of the involvement of oxo-bridge



orbitals in a superexchange pathway between the iron atoms. The presence of the other

bridges _n the center has little effect on the magnitude of J, and therefore play a negligible

. role in the spin-exhange coupling. A correlation has been shown to exist between the

magnitude of the coupling constant, J, and the shortest superexchange pathway in the

o molecule, which in every case would involve only the short Fe-oxo bridge (Fe-Ooxo

distance - 1.8 A,) instead of the longer Fe-carboxylato bridge (Fe-Ocarboxy distance - 2.0

A). 38

The diferric forms of Hr, RRB2, Uf, and MMO consist of 5- or 6-coordinate high-

spin iron atoms which are antifcrromagnetically coupled. Ali of the proteins mentioned

above have been structurally characterized by X-ray absorption spectroscopy, 39 and Hr and

RR have been characterized by crystallography as well.40 These studies have shown that

the iron active sites of these proteins have in common octahedrally-coordinated high spin

iron atoms which are antiferromagnetically coupled. I-lr has a (_t-oxo)bis(_t-carboxylato)

tribridged diiron core, an open coordination site for dioxygen binding and N ligation from

histidines (total of 5 histidine groups) completing the coordination sphere.40a, b The RR

diiron center has a (kt-oxo)(g-carboxylato) dibridgcd iron core with only two histidine

. atoms coordinating and the rest of the coordination sphere consisting of O-donating

carboxylate groups. 40c The iron core in Uf is suggested based on EXAFS analysis to also

. be dibridged, but no evidence for an oxo-bridge was found. Instead, a (_t-

hydroxo/alkoxo)(I.t-carboxylato) core is suggested for the Uf active site.

The differences in the structures of the dinuclear iron centers of the proteins

described above contribute to the different roles they serve. The characterization of the

active site of MMO using X-ray absorption spectroscopy will provide additional

information about the variations in the structure of dinuclear iron centers in biology which

lead to different functions.

1.5. X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) involves the measurement of the absorption

coefficient, It, of an element of interest as a function of energy (eV). Sharp discontinuities

in the absorption coefficient, called edges, arise when a photon is absorbed with energy

equal to the ionization energy of an electron in the absorbing species. The X-ray edges are

- named according to the Bohr atomic level from which the photoionized electron originates.

For example, a K-edge refers to the ionization of a ls electron. The spectrum obtained in

" an XAS experiment is divided into three regions (Figure 1.1). The structure in the edge

region, sometimes referred to as the X-ray absorption near-edge structure (XANES),
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Figure 1.1. An Fe K-edge X-ray absorption spectrum. _t is the absorption coefficient.

The data were measured in transmission mode. The slope in the pre-edge and EXAFS

region ir the background caused by the absorption of lower Z atoms in the sample, as well
as by absorption from air_tape and windows.

10



containsinformationabouttheelectronicstructureoftheabsorbingatom.Above theedge

region,themodulationintheabsorptioncoefficientisreferredtoastheextendedX-ray

- absorption fine structure (EXAFS) and contains information about the local geometric

structure of an absorbing atom. 41 The absorption edges for most biologically relevant

" transition metal ions are accessible with the current X-ray sources available, but the use of

high-intensity synchrotron radiation over a broad range of energies has been essential for

the application of XAS to the study of dilute metalloprotein samples.

XAS has proven itself to be a valuable probe of the active site of metalloproteins 42

because it specifically probes the environment around the metal center and can be used on

non-crystalline samples of dilute metalloproteins. The X-ray absorption edge region

contains transitions to bound atomic and molecular states localized on the absorbing atom,

as well as to localized and delocalized continuum resonances. 43 The positior_ :_,fthe edge is

directly related to the oxidation state of the absorbing atom, and variations i_, , position of

the edge features among samples in the same oxidation state therefore reflect claanges in the

covalency of the metal site. In addition, the appearance of the edge is indicative of the

coordination number and site symmetry of an absorbing atom. The analysis of the edge

, structure of dinuclear iron systems will be presented in Chapter 5 along with a more

detailed discussion of the interpretation of XANES (X-ray absorption near edge structure)
- data.

Above the edge region, the photoelectron is ejected into the continuum. Analysis of

the modulation pattern of the data in this region produced by backscattering of the X-ray

excited photon from neighboring atoms gives information about the type, number and

distances of nearest neighbors to the absorbing atom.44 The edge thresholds for first row

transition metals are separated by several hundred eV, which allows specific information

about different metal-containing sites within a single protein to be obtained. The theory and

use of EXAFS, and a description of the data reduction and analysis technique are presented

below. Details of the design and execution of an EXAFS experiment have been extensively

reviewed44A 5 and will not be presented here.

1.5.1. Extended X-ray Absorption Fine Structure

EXAFS analysis gives information about the average local structural environment

- of an absorbing atom. The modulations in the absorption coefficient result from a

scattering process involving the neighboring atoms and therefore depend on the

" coordination environment of the absorbing atom. The analysis below considers only the

single scattering interaction between the photoelectron and neighboring atoms. Single

11



scattering describes the process in which the photoelectron propagates away from the

absorbing atom, scatters off of a neighboring atom, and travels directly back to the

absorbing atom The standard EXAFS equation for the K-edge and single scattering is

given by:46

,,L

x(k) = _ Ns!fs(_'k)l exp(-2_ask 2) P_'2RasI sin[2kRas + Ot,s(k)] (2)
s kR2s ex !

where Ns is the number of scattering atoms at an average distance Ras from the absorbing

atom. Ifs(_,k)l is the backscattering amplitude and 0ras(k) is the phase shift of the scattering

atom; both are dependent on backscattering atom type. _, is the mean free path which

accounts for the finite lifetime of the photoelectron, and k is the photoelectron wavevector,

given by equation 3, below. The Debye-Waller factor, exp(-2k2a2as) accounts for thermal

and/or structural disorder in a given coordination sphere, with aas defined as the root-

mean-square variation of atomic distances from the average Ras. The EXAFS for any

absorbing atom/scattering atom pair can be represented as a damped sine wave with

amplitude ([Nslfs(_,k)lexp(-2a2ask2)exp(-Ras/'A,)]l[k(R2as)]), frequency (2Ras) and phase

shift (eras(k)) characteristic of the atoms involved. The total EXAFS is given by the

summation of the individual sine waves which describe each absorbing atom/scattering

atom interaction. The modulation of the absorption coefficient is therefore the interference

pattern resulting from the superposition of the various sine waves originating from the

interaction of the photoelectron with neighboring atoms, as measured at the location of the

absorbing atom. The frequency of the EXAFS contains information about the distance to

neighboring atoms, the amplitude has information about the numbers of neighboring

atoms, and information about the types of scattering atoms can be obtained from both the

amplitude and phase of the EXAFS. Analysis of the EXAFS data therefore yields

information about the geometric structure of an absorbing atom site.47

The amplitude of the EXAFS weakens at higher k due to the llk dependence of the

EXAFS expression, from damping by the exponential Debye-Waller term, and from the

lifetime limit represented by the mean free path. This damping effect can be compensated

for in the data analysis by k weighting x(k). In addition, the backscattering amplitude,

Ifs(_,k)l, describes an amplitude function that is characteristic of the atom type and reaches

a maximum at some value of k, representing the region of the EXAFS data to which the

atom contributes most significantly. Therefore, k weighting of the data can also increase

the relative contribution of atoms which scatter more strongly at higher k values and allow

this information to be enhanced in the EXAFS analysis. Among the atoms which

12



contribute to higher k data are transition metals, therefore the weighting scheme is

particularly important for metalloprotein data. Additionally, the single-scattering

, approximation which is used for the analysis of the EXAFS data is valid at higher k. In ali

of the analysis presented in this dissertation, the EXAFS analysis is based on k3-weighted

- data. This weighting scheme has proven to provide the best compromise between

enhancing the contribution of high k data without overemphasizing the increased noise level

of the data in the high k region.

As shown above, EXAFS is expressed as a function of k, the photoelectron wave

vector, however the absorption data is measured as a function of energy. The relationship

between energy and k is given by:

k = [2me(E- Eo)/_2] 1/2 (3)

where me is the electron mass, E is the photon energy, h is Planck's constant divided by

27r, and E0 is the threshold energy, where k is defined to be zero, with units of/_-1. The

contribution of each shell of atoms to the EXAFS data is represented as a damped sine

wave with a frequency and amplitude characteristic of the scattering pair. The individual

contributions can be conveniently visualized by performing a Fourier transform on the k3-

. weighted EXAFS data (from/_-1 to/_ space) which results in a peak corresponding to the

frequency of each sine wave component in the EXAFS. Since the frequency of the sine

wave is directly proportional to the distance between the absorbing and scattering atoms

(frequency = 2Ras) the generated Fourier transform represents the radial distribution of

atoms around an absorbing atom.

Each peak in the Fourier transform of the EXAFS data corresponds to a shell of

coordinating atoms, however the positions of the peaks do not give accurate distance

information because of the k-dependent phase shift, O_as(k), in equation 2. O_aswill

contribute to the frequency of the sine wave by an amount al, where al is the coefficient of

the k-weighted term in the expansion of %s (see equation 6, below). The true frequency of

the sine wave is then (2Ras + al) so the position of the peak is shifted from the correct

distance Ras by an amount al/2. The magnitude of this phase shift depends on the types of

atoms present in the center. Nevertheless, the Fourier transform allows the principal

frequency contributions to the EXAFS data to be isolated and independently analyzed

• which simplifies the initial curve-fitting procedure described in the foUowing section.

The EXAFS amplitude is proportional to (Ras)2, therefore the same atom at longer

- distances from the absorbing atom contribute less strongly to the EXAFS than one nearby.

EXAFS analysis can therefore yield structural information only within a limited radius of
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the absorbing atom. Structural disorder also contributes to the distance limitation of

EXAFS analysis by increasing the Debye-Waller term and therefore decreasing the EXAFS

amplitude. For dilute metalloprotein systems, structural information within 4 ,_ is typically ,

accessible by EXAFS. In addition, if an atom is in more than one environment in a

sample, the structural information obtained will be an average over ali absorbing atom sites.

The above description of the EXAFS does not include the contributions from

multiple scattering pathways. These pathways involve angle-dependent scattering of the

photoelectron which contribute to outer shell EXAFS data and involve the interaction of the

photoelectron with two or more atoms before returning to the absorbing atom. In general,

multiple scattering contributions are weaker than single scattering contributions within the

same coordination shell, but may be significant compared to single scattering processes

involving a more distance shell of atoms. Specifically, multiple scattering pathways may

contribute significantly to the second shell data of dinuclear metal systems and therefore

interfere with the analysis of the second shell data using the single scattering form of the

EXAFS equation described above. Further discussion of the multiple scattering process is

presented in Chapter 4. The ftrst shell data will have no contributions from multiple

scattering pathways due to the length of the pathways involved. The low k region of the
w

EXAFS data frequently can have dominant contributions from multiple scattering effects

and is not included in data analysis in the absence of a theoretical approach.

There are certain experimental considerations that impact the quality of experimental

EXAFS data. First and foremost is the signal-to-noise level of the data which is primarily a

function of the concentration of the absorbing atom in the samples. The EXAFS signal is

weak compared to the absorption edge (often a few percent of the intensity), therefore in an

EXAFS analysis, information is being extracted from a weak signal on a large background.

As noted above, the EXAFS signal is damped at high k and must therefore be weighted to

obtain an equal contribution over the entire k range. However, the noise contribution is

also increased by the weighting scheme, and will limit the amount of data available for

further analysis, whihc in turn limits the structural information which can be obtained. In

addition, the shorter the k range of the data, the less well-resolved are the frequency

contributions to the Fourier transform of the EXAFS data, and therefore the EXAFS

analysis will not be able to distinguish between shells of atoms in the same coordination

sphere at slightly different distances. For example, for data to k - 14 ,/_-1,the differences

in the distances of coordinating shells of atoms greater than ~ 0.11 ,/_can be resolved, but

for data to 10 ,_-1, the distance differences have to be greater than ~ 0.16/_. In general,

obtaining data to a high k range will improve the resolution of distance contributions within

the same shell.
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The most effective way to improve the signal-to-noise level is to maximize the

concentration of the absorbing species in the sample, sometimes difficult for biological

samples due to increasing viscosity of concentrated samples and dangers of precipitating

the protein. The signal-to-noise level for dilute systems is improved by collecting

. numerousscanswhichareaveragedtogetherforfurtheranalysis.The qualityandrangeof

dataisthenlimitedby theamount of timeavailabletocollectdataon thesample.

Additionally,theintensityoftheincomingbeam isanimportantfactoranduseofawiggler

beamlinegreatlyimprovesthequalityof thedatacompared to a bendingmagnet

bcamline.45 Anotherfactorwhichlimitstherangeofdataavailableforanalysisisthe

damping of the EXAFS resultingfrom disorderinthe structure.There arc two

contributionstotheDebye-Wallerfactor,adynamicanda staticterm.The statictermarises

fromstructuraldisorderinthesamplesuchasa varietyofdistancestoatomsinthet-n'st

coordinationsphere.The dynamicdisorderinvolvesvibrationalmotionofatomsrelativeto

eachother.The vibrationalcontributiontotheDebye-Wallerfactorcanbeminimizedby

collectingdataatlow temperatures,therebydecreasingthedamping of theEXAFS

amplitudeandimprovingthequalityofthedatatosome degree.Inaddition,maintaining

biologicalsamplesat low temperaturesmay reduceradiationdamage and slow
t

photorcductionofthesamplecausedby theformationofhydratedelectronsinaqueous

solutionswhichreactwiththemetalsite.

1.5.2. Data Reduction and Analysis

The initial steps in data reduction involve energy calibration of each scan, inspection

and averaging of individual scans, and removal of monochromator glitches if necessary

from the averaged data set. These methods are discussed in the experimental sections of

following chapters. The more critical steps in the data reduction procedure are background

subtraction and normalization which allow the EXAFS to be extracted from the averaged
data file.

EXAFS (z(k)) is defined as the modulation of the absorption coefficient, it, and

can be expressed as:

_(k)= (It-l.t0)/l.t0 (4)

where I,t0 is the free-atom absorption coefficient which would be observed if the sample

contained only the absorbing atom without any neighboring scattering atom. In equation 4,

the EXAFS modulations are isolated from, and normalized to, the free-atom absorption,
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effectively yielding information on a per atom basis. In an XAS experiment, the absorption

(or fluorescence) measured consists of the absorption coefficient, It, plus a background

contribution, ltback, arising from absorption from lower Z atoms in the sample or scatter

from the sample, as well as absorption from windows, tape or air in the beam path. In

order to obtain I.t from the experiment, the background must be subtracted from the

measured data. The absorption background, II,back, decreases monotonically with

increasing energy and can be approximated by a polynomial which is fit to the data in either

the pre-edge or post-edge region of the spectrum, extrapolated through the rest of the

spectrum and subtracted. Alternatively, the absorption of a blank sample containing

everything except the absorbing species of interest can be measured and then subtracted

from the sample absorption. In practice, creation of an accurate blank is a difficult task, so

the polynomial fitting method is typically used. This method does not result in complete

removal of the background and will leave some residual background, ltres, in the data

which is removed in the next step.

The free-atom absorption, _t0, cannot be measured and must therefore be

approximated in some way. The free-atom absorption would be a smooth curve upon

which the EXAFS oscillations are superimposed and can be modeled by a curve obtained

by fitting a polynomial spline to the data in the post-edge region. This method will also

model and remove II.res, the residual background left from the absorption correction
i,

procedure described above. A different value of lt0 must be used in the denominator of

equation 2 to normalize the EXAFS data because the curve will include ltres. The value of

I.t0used for normalization is usually calculated by using the Victoreen formula. 48

The determination of lt0 by the spline curve-fitting method is not a trivial task. In

general, a. three or four region spline is used depending on the range of data available, and

the fitting procedure involves changing the lengths of the various regions and the orders of

the polynomials used within each region. The criteria which must be matched is that the

polynomials must meet at the border of a region with equal value and equal slope. Care

must be taken to insure that the curve used to mimic the background does not distort the

EXAFS when it is subtracted from the data. This is generally done by monitoring both the

appearance of the spline, the EXAFS and the Fourier transform of the EXAFS during the

spline-fitting procedure. The curve chosen to represent lt0 + ltres should maximize the

intensity of the peaks in the Fourier transfom and minimize the low R noise, and the

amplitude of the EXAFS above and below the zero line should show no ultra-low-

frequency structure. Improper background subtraction can result in errors in the structural

information obtained by EXAFS analysis. Distortion of the EXAFS can be manifested as

changes in both the frequency and the amplitude of the data, thereby leading to incorrect
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distance and coordination number determinations. For that reason, it is best to use few

regions for the spline fitting technique and low orders of polynomial within the regions to

, prevent excessive curve in the spline. Using nodes in the EXAFS data as the end points of

the curve-fitting regions and distributing the regions evenly in k space has proven to be a

. reasonable approach for determining the spline.

The experimental factors which contribute to the background include harmonic

contamination of the incident beam, effects from ice in the solution samples, and absorption

from low Z atoms in, or scatter from, the sample as mentioned above. These effects can be

reduced by using proper experimental technique. Harmonic contamination can be

minimized by detuning the monochromator, which very slightly misaligns one of the two

monochromator crystals. This results in a decrease in the contribution to the intensity from

the higher harmonic reflection relative to the contribution from the primary reflection due to

the narrower shape of the higher-harmonic rocking curve. Ice effects, which range from

increased noise to diffraction peaks, can be minimized by adding ethylene glycol or

glycerol to the buffer/solvent system for solution samples to facilitate the formation of

glasses. Alternatively, if ice effects are a problem in the data, thawing and rapidly freezing

the sample may reduce the size of the ice crystals, thereby reducing the diffraction effects.
lD

The absorption from low Z atoms in the sample for data collected in transmission mode can

. only be eliminated by the background subtraction method discussed above. In general,

transmission measurements are used for concentrated samples, because the signal should

be large compared to the background. For dilute samples, the transmitted signal is weak

compared to the background, so fluorescence detection is used. In fluorescence mode,

contributions to the background from scatter can be reduced by using a filter which absorbs

the scatter at energies below the fluorescent signal of interest. The easiest way to achieve

this is to make a filter of the element one atomic number lower than the element of interest

(Z-1 filter) for first row transition metals. Solid state fluorescence detectors allow

electronic windowing of the signal of interest, so that only photons from the appropriate
Kct line are detected. 49

Normalization of the data scales the spectra to give a value of one for the absorption

edge and allows the data to be interpreted on a per atom basis. Data for different samples

can then be directly compared to one another. The edge region is sensitive to the chemical

environment of the absorbing atom, therefore the point at which the data is scaled must lie

above the edge region so that the normalization procedure is independent of the nature of

the sample. In practice, the data is normalized at E0, defined as the beginning of the

- continuum region of the XAS spectrum. The scale factor which is used to normalize the
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data corresponds to the difference between the curve fit to the postedge region and the

curve used to mimic and remove the absorption background, as measured at E0.

The first step in extracting metrical information from the normalized, background-

subtracted EXAFS is to Fourier transform the k3-weighted EXAFS data, thereby revealing

the phase-shifted radial distribution function. The individual contributions to the EXAFS

are isolated from the Fourier transform by applying a window, or filter, to isolate the

region of interest in the transform which is then backtransformed into k space for further

analysis. Fourier filtering will distort the data somewhat due to artifacts introduced by

truncating the data. These effects can be minimized by using a window smoothing
function. For that reason, a Gaussian window of width 0.1 A was used to smooth the

window used to isolate the EXAFS data for transformation to R (A) space, and the peaks in

the Fourier transform for backtransformation to k (A-1) space for curve-fitting analysis.
Analysis of the structural information contained in the EXAFS data involves the

simulation of the EXAFS for a hypothetical arrangement of atoms around the absorbing

atom. The EXAFS interaction between a given absorbing atom/scattering atom pair is

constructed with the use of the appropriate amplitude and phase functions (Ifs(x,k)l and

am(k) in equation 2), distances (Ras), coordination numbers (Ns), energy shifts (E0), and

Debye-Waller factors (a2as). In addition, an amplitude reduction factor may be required.

A non-linear least squares curve fitting technique is used fit the hypothetical EXAFS to the

data by allowing certain parameters to vary, depending on the method of curve fitting used.

Theoretical amplitude and phase functions are tabulated for the plane-wave 50 a:,.:_curved-

wave approximations.51 These functions often require the use of an amplitude reduction

factor and edge shift, AE0, to scale the theoretical amplitude and phase functions. These

values are sometimes determined with the aid of structurally characterized models in an

approach called FABM, or fine adjustment based on models. 52

A second approach involves the use of appropriate, structurally characterized

models to empirically determine amplitude and phase functions for a given scattering

pair, 53 and is the method used for the EXAFS analysis presented in this thesis. The

amplitude and phase functions required are parameterized according to:

Ifs(_,k)l = c0(exp[clk + c2k 2] k c3 (5)

ass(k)= a'-A-+ ao+ alk+ a2k2k (6)

The values of Cl and a-I are zero in the work described herein. The method involves fitting •

the Fourier-filtered EX.M_S data for the model compound (to isolate the shell of interest),
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using the correct distance and coordination number and optimizing the initial c and a

parameters in an iterative method. Initially, ali 6 parameters are varied in a fit to the data.

The optimized parameters are then used as the starting point for the next iteration bym

successively allowing just the amplitude or the phase parameters to vary in the fits to the

. data. Once the sets of amplitude and phase parameters no longer changed during the fits

(after 4 cycles), ali of the parameters were allowed to vary for the final iteration. These

empirically-derived amplitude and phase parameters for a scattering pair are then used to fit

the EXAFS of interest by letting the distance and coordination number vary in the fit to the

unknown.

Not surprisingly, the choice of the model compound from which to extract the

amplitude and phase functions in this manner is critical. The assumption implicit in the use

of amplitude and phase parameters as obtained by model compounds is that the parameters

describe a generic absorbing atom/scattering atom interaction and are therefore transferable

to other models; however, this is not always true. For that reason, models from which the

amplitude and phase backscattering parameters are extracted should be chosen based on a

reasonable similarity to the unknown. The compound chosen to model the absorbing

atom/scattering atom interaction should have an equidistant distribution of only the

scattering atom in the coordination shell of interest and the single scattering process should

dominate. In general, parameters obtained from a first shell analysis of a model compound

are not transferable to the second shell or vice versa. The transferability of the parameters

must be tested in fits to other structurally characterized models before fits to an unknown

are done. Similar Fourier transform ranges, windows and fitting ranges in both k (,_" 1)

and R (,/k) space should be used for extracting empirical parameters from models and fitting

the unknown both to minimize truncation artifacts due to the Fourier filtering technique,

and because of the k-dependence of the parameters. In addition, data on the models and the

unknown should be collected at the same temperature due to the dependence of the

amplitude function and Debye-Waller term on temperature.

Non-linear least-squares curve fitting tectmiques are subject to variable correlation,

especially between Ras and E0 and Ns and a2as . For that reason, two of the four variables

are generally fixed (one from each pair of correlated variables) and the other two are

allowed to float during the fitting procedure. The parameters varied in the FABM technique

are generally the distance and coordination number or Debye-Waller factor, using a value of

E0 and an amplitude reduction factor from model compounds to calibrate the theoreticalm

phase and amplitude functions, respectively. For the empirical method used here, E0 and

_, the Debye-Waller factor are f'med and the distance and the coordination number are varied.

The Debye-Waller factor is represented by c2 in the amplitude parameter set and is therefore
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determined using model compounds. The determination of E0 is arbitrary, but the value

used consistently for Fe, 7130 eV, has allowed the determination of accurate distances.

Using this technique in applications to structurally-characterized model compounds, errors

of + 0.03 A, in the distance determination, and of 25% in the coordination number are

estimated.44,47,49,53

When using a non-linear least squares fitting technique care must be taken in the

interpretation of fit results, lt is important to step through distances and coordination

numbers in the fitting procedure to insure the identification of a global, rather than a local,

minimum corresponding to the best fit. A fitting parameter, F (F = {[k6(data - fit)2]/(no.

points)} 1/2) is calculated for each fit attempt and the magnitude of F indicates the

"goodness" of the fit with smaller values suggesting a better fit, although one must still

inspect the data and the fit and not rely only on the value of F calculated. The fits are not

constrained, therefore chemical intuition must be used to evaluate the reasonableness of any

fit result. An examination of the application and limitation of the empirical curve-fitting

technique in fits to the first and second shell of dinuclear iron model compounds is

presented in Chapter 4.
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Chapter 2

X-ray Absorption Spectroscopic Studies of the Dinuclear Non-Heme Iron
Center in the Hydroxylase Component of Methane Monooxygenase and the

B2 subunit of Ribonucleotide Reductase
t
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2.1. Introduction

Methanotrophic bacteria oxidize methane to carbon dioxide for growth and energy. 1

The initial and most difficult step in the reaction is the incorporation of oxygen into methane

to yield methanol. This step is catalyzed by methane monooxygenase (MMO), a multi-

component enzyme present in both type I and type II methanotrophs. Type I and type II

methanotrophs, which differ in their intracytoplasmic membrane structure and their carbon

assimilation pathways, 2 express MMO in either a particulate or soluble form depending

primarily on the concentrations of copper and oxygen present during bacterial growth. 3

Particulate MMO is a copper-containing membrane-bound protein, 4 while soluble MMO
contains a non-heme iron center and is associated with the soluble fractions of cellular

extracts. 5 MMO in both the particulate and soluble form is a non-specific enzyme that

catalyzes the oxidation of a wide variety of substrates, including aliphatic, aromatic, cyclic

and halogenated compounds, 6 a property which makes methanotrophs interesting as a

possible biocatalyst.

Soluble MMO from Methylococcus capsulatus (Bath), 7 a type I methanotroph, and

Methylosinus trichosporium OB3b, 5c a type II methanotroph, has been resolved into three

components, which are called the hydroxylase, the reductase, and component B. Soluble

MMO from Methylobacterium sp. Strain CRL-26, also type II, has been resolved into only
J,

two components, identified as the hydroxylase and the reductase. 8 The reductase

component 9 (Mr 42,000), formerly protein C, is an iron-sulfur flavoprotein containing one

FAD and one Fe2S2 cluster. The reductase mediates the transfer of electrons one at a time

from NADH to the hydroxylase component 8a,10 (Mr 250,000), via its FAD and Fe2S2

redox centers. II The third component, component B12 (Mr 15,700), contains no

prosthetic groups or metals and is believed to serve a regulatory role, linking electron

transfer from the reductase to the hydroxylase to substrate oxidation. Recent studies of a

very high specific activity hydroxylase from M. trichosporium OB3b has verified that the

hydroxylase is the site of substrate binding and oxygen activation, and that monooxygenase

activity is associated with the fully reduced form of the hydroxylase. 1_

The hydroxylase component (formerly Protein A) is a non-heme protein containing

2-4 irons per unit depending on growth and harvesting conditions, lt contains no acid-

labile sulfur, and is made up of 3 smaller subunits in an 0t2132Y2polypeptide arrangement.

EPR studies 13 of the hydroxylase component of MMO have suggested that the protein
..

belongs to the class of non-heme dinuclear iron proteins which includes hemerythrin (I-lr),

ribonucleotide reductase (RRB2), purple acid phosphatase (PAP) and uteroferrin (Uf). 14

Structural studies on the dinuclear iron centers in these proteins are critical to understanding
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the functional differencesbetween the spectroscopically similar activesites (for a review of

the spectroscopic properties, see reference 14b).
Structural studies of the non-heme dinuclear iron center in the hydroxylase

9

component of MMO along with relevant model compounds using extended X-ray

. absorption fine structure (EXAFS) have been initiated.15 EXAFS has proven to be very
sensitive to the presence or absence of I_-oxobridges in dinuclear iron proteins and model

compounds. 16 Most notably, the EXAFS modulations of tt-oxo bridged diferric models

are remarkably similar to each other and different from the EXAFS of _t-hydroxobridged

diferric models. Also, the short Fe-O distance of the [Fe20] +4 core in model compounds

and proteins is distinctly resolved from the longer fast shell N/O ligands in the fits to the

EXAFS dataand a shortFe-O contribution (at - 1.8/!,) is required to obtain an adequate fit
to the data.16

Previous EXAFS experiments have been done on the oxidized and reduced forms

of the hydroxylase of MMO from M. capsulatus (Bath)15and on the oxidized form of the

hydroxylase from M. trichosporium OB3b.15b The oxidized protein samples from these

experiments were photoreduced by the X-ray beam to the semimet state. Analysis of the

EXAFS data on the semimet protein suggested that the protein does not contain a _-oxo

bridge in its dinuclear iron center. An EXAFS study on the oxidized hydroxylase of MMO

from Methylobacterium sp. Strain CRL-26 did not conclusively determine the presence or

absence of a _-oxo or I.t-hydroxobridge due to the limited k-range of the EXAFS data,

although the iron-iron distance determined (3.05 J0 is in the range of those found for some

I.t-oxobridged models and proteins as well as some dibridged models.17

Fe K-edge EXAFS data has been coUeetedon samples of the hydroxylase of MMO

from Methylococcus capsulatus (Bath) in its oxidized and reduced forms to add to the

information obtained in the previous studies on the photoreduced semimet forms of the

hydroxylase. EXAFS data on a diferric form of the protein was collected, with no

photoreduction of the protein to its semimet state. In addition, EXAFS data on the reduced
form of the iron center in the B2 subunit of ribonucleotide reductase has been collected.

The results of the experiments on the hydroxylase samples, including details about protein

purification and characterization byMOssbauerandEPR spectroscopy have been reported

elsewhere. 18 Details of the analysis of the Fe K-edge EXAFS of these samples and the

earlier samples, as well as the results of the analysis for the ribonucleotide reductase data

will be presented here.
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2.2. Experimental

2.2.1. EXAFS Sample Preparation

Soluble hydroxylase from Methylococcus capsulatus (Bath) and Methylosinus

trichosporium (OB3b) were obtained as discussed before. Purified hydroxylase was

diluted in buffer and frozen at -80" C until further use. The hydroxlase was then thawed

and concentrated to approximately 11 mg protein/ml using an Amicon PM 10 membrane.

The hydroxylase complexes were dialyzed into a 50% ethylene glycol solution of an

appropriate buffer 18 and further concentrated on a Centricon centrifugal microconcentrator.

The samples were then degassed and brought into a wet box. Samples EXAFS2,

EXAFS4, and EXAFS5 were loaded into lucite EXAFS cells (23 mm x 2 mm x 3mm,

- 140 _1 volume) with 25 _m Kapton windows. EXAFS3 and EXAFS6 were reduced

to the diferrous state by incubating the samples for 25 minutes with a 10-fold molar excess

of dithionite in the presence of 100 I.tM methyl viologen and 10 I.tM proflavin, and then

loaded into the lucite EXAFS cells. The samples were immediately frozen in liquid

nitrogen upon removal from the wet box and stored in a LN2 refrigerator. EXAFSl was

prepared as previously described. 15a The sample of ribonucleotide reductase was reduced

in the same manner as described above for the hydroxylase samples.

2.2.2. Data Collection, Reduction and Analysis

A summary of the samples is presented in Table 2.1. All protein sample data were

measured in fluorescence mode at 10 K maintained by using an Oxford Instruments

continuous flow liquid helium CF1208 cryostat. The EXAFSl sample was run at SSRL

on focused beamline 2-2 during dedicated conditions (3 GeV, 50-65 mA) by using a

Si(111) double-crystal monochromator tuned 100% at 7850 eV. 19 The fluorescence signal

was detected with an Ar-filled ionization chamber, 20 equipped with Soller slits and a Mn

filter. EXAFS2, EXAFS3, and EXAFS4 samples were run at SSRL on focused

wiggler beamline 4-2 during dedicated conditions by using a Si(111) double-crystal

monochromator tuned 100% at 7968 eV, and the same detector setup as for EXAFSl.

EXAFS5 sample was run at NSLS on unfocused beamline X-19A (2.5 GeV, 90-200

mA) by using a Si(220) double-crystal monochromator detuned for harmonic rejection to

66% of the maximum at 7375 eV. The fluorescence signal was monitored by using a 13-

element Ge solid state array detector 21 windowed on the Fe K0t signal. During the

experiment, count rates of approximately 37,000/s (total per element) were measured at
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7375 eV. The EXAFS5 sample was again measured at NSLS on beamline X-19A along

with EXAFS6 under the same conditions as the first EXAFS5 experiment, except that a

Si(111 ) double-crystal monochrornator detuned to 50% of the maximum at 7820 eV was

employed. Count rates of approximately 28,000/s (total per element) at 7800 eV were

measured for the Ge detector during this experiment. The RRB2 data was measured at

SSRL on beamline 7-3 using a Si(220) double-crystal monochromator detuned 45% at

7997 eV at 10 K using the Ge fluorescence detector.

Data reduction was performed according to methods described in detail *,lsewhere22

but briefly summarized here. Energies were calibrated by using an internal iron foil

standard, 23 assigning the first inflection point of the Fe absorption edge as 7111.2 eV.

Calibrated scans were inspected individually and rejected if the signal-to-noise level was

too high compared to the other scans as a result of beam instabilities or poor detector

statistics, or because a beam loss occurred during the scan. In the case of tile photoreduced

samples EXAFSl, EXAFS2 and EXAFS4, the edge shifted during the first

approximately four hours of irradiation. These scans were excluded from the subsequent

weighted average of scans used in the data analysis.

The same oxidized protein sample (EXAFSS) was run twice with different

monochromators (Table 2.1), giving rise to different background functions r, _litch

effects. An average of each data set was done separately (108/144 "scans" for ttae June w

1989 data and 91/91 "scans" for the September 1989 data), the two averages were

normalized to each other, and the EXAFS of the two files were averaged before fits were

performed on the merged data. Monochromator glitches were edited out of the EXAFS5

individual averages, as well as the EXAFS3 and EXAFS6 average files using a single

point replacement method (2, 4 and 2 points total edited, respectively).

A pre-edge subtraction was performed by fitting the EXAFS region with a smooth

polynomial which was extrapolated into the pre-edge region and subtracted. A three-

segment spline was fit to the EXAFS region and subtracted and the data normalized to an

edge jump of one. The spline was chosen so that it minimized residual low frequency

background but did not reduce the EXAFS amplitude as checked by monitoring the Fourier

transform of the EXAFS during the background subtraction process. The normalized,

background-subtracted data were convened to k space, where k is the photoelectron

wavevector defined by [2me(E - Eo)/ti2] 1/2. In this expression, me is the electron mass, E

is the photon energy, tl is Planck's constant divided by 2_, and Eo is the threshold energy,

7130 eV (where k is defined to be zero).

Analysis was performed with non-linear least squares curve fitting techniques22, 23

using empirical phase and amplitude parameters, as described previously. 22The following
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models were used to obtain the empirical Fe-X backscattering parameters of interest: Fe-O

and Fe-C from [Fe(acetylacetonate)3]; 24 Fe-N from [Fe(1,10-phenanthroline)3](C104)3; 25

Fe-Fe from the tribridged models [Fe2(OH)(OAc)2(HB(pz)3)2](C104) 26a (FEHBPZOH)G

and _e20(OAc)2(HB(pz)3)2] 28b (FEHBPZO). Data for these model compounds were

. collected as described previously. 15a

For ali the data presented, Fourier transforms (from k to R space) of 3.5 - 12.5 A-1

and 3.5 - 10.8 A-1 were performed and two data ranges, from 4.0 - 12.0/_-1 and 3.8 -

10.0 ,/_-1,respectively, were fit. A gaussian window of 0.1 ,/_was used for ali transforms,

The window widths used in the backtransforms (from R to k space) are listed in the tables.

They were kept as similar as possible to each other, as well as to the windows used to

extract amplitude and phase parameters from the models, to minimize artifacts introduced

by the Fourier filtering technique. Ali curve fitting was based on k3-weighted data and

applied to individual filtered shells as well as to wide-range filtered shells and to the raw

data. Only the structure-dependent parameters, i.e. the distance and the number of atoms in

the shell, were varied except where otherwise noted. For example, in the first shell fits the

same Debye-Waller factor as determined for the models was used in fitting the proteins and

the coordination number was varied. A "goodness-of-fit" parameter, F, was calculated as

F = {[k6(data - fit)2]/(no, of points) }1/2for each fit.

,lt

2.3. Results of XAS Experiments

The k3-weighted EXAFS of the protein samples EXAFS2-EXAFS6 are

presented in Figure 2.1 and the Fourier transforms in Figure 2.2 (for EXAFSl, see

reference 15a). The oxidized protein EXAFS are compared to the EXAFS of the model

compounds FEHBPZOH and FEHBPZO in Figure 2.3, and shows strong similarity to

the FEHBPZOH EXAFS. This suggests that the structure of the active site of the protein

resembles the iron center of the hydroxo-bridged model compound. The EXAFS of the

semimet protein samples (Figure 2.1b,c) have maxima (at - 7 and 11 J_-l) that are only

shoulders in the oxidized protein sample EXAFS. The overall features of the EXAFS of

the semimet protein samples from the two bacterial species are similar, despite the higher

noise-level for the M. trichosporium OB3b sample (EXAFS4), as are the Fourier

transforms (Figure 2.2b,c) indicating that the active sites of the hydroxylase from the two

species are similar. The reduced protein EXAFS maximum around k = 6 ,_-1 (Figure

2.ld,e) is shifted to lower k relative to the semimet and oxidized protein EXAFS and the

. first shell peak in the Fourier transform is shifted to higher R (Figure 2.2d,e) suggesting

that the first shell coordination around Fe is at a longer distance in the reduced form of the
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Figure 2.1. EXAFS data of the hydroxylase of MMO: (a) EXAFS$, (b) EXAFS2, (c)

EXAFS4, (d) EXAFS3, (e) EXAFS6; and the B2 subunit of RR: (f) RRB2. Note the

simpler metrical details of the reduced forms (d-f) over the oxidized and semimet forms.

The data shown are the data used for Fourier transforms.
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Figure 2.2. Fourier transforms of the EXAFS data presented in Figure 2.1. (a)

EXAFS5, (b) EXAFS2, (c) EXAFS4, (d) EXAFS3, (e) EXAFS6, (f) RRB2.

Note the absence of the second shell peak in the reduced sample data (d-f)
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Figure 2.3. A comparison of the EXAFS data for the oxidized hydroxylase data and

model compounds: (a) hydroxo-bridged FEHBPZOH, (b) EXAFS5, (c) oxo-bridged

FEHBPZO. Note the similarityof the hydroxo-bridgedmodel andhydroxylase EXAFS.
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hydroxylase relative to the semimet and oxidized forms. Only one peak is seen in the

Fourier transform of the reduced protein EXAFS; the peak attributed to Fe-Fe

backscattering is absent, and the overall structure of the reduced protein EXAFS is lessG

complicated than that of the semimet and oxidized protein EXAFS.

2.3.1. Photoreduction of the Oxidized Hydroxylase

The edge position of the first three oxidized protein A samples (EXAFSI,

EXAFS2, and EXAFS4) shifted approximately 1.5 eV to lower energy during the lh'st

four hours of exposure to the X-ray beam. This shift in energy is due to a 1 e"

photoreduction of the samples to the semimet state by the beam. For the same sample runs,

the Fe foil calibrations insured that these shifts were well outside any experimental error.

EPR studies on the photoreduced protein samples have verified that the dinuclear iron

center was intact after the XAS experiment, giving rise to a typical Fe2(II,III) spectrum

with g values of 1.92, 1.85, and 1.72.18 In Figure 2.4, the high resolution edge spectra of

the non-photoreduced oxidized protein sample (EXAFSS), a reduced protein sample

(EXAFS6, see Chapter 3), and a photoreduced protein sample (EXAFS7, see Chapter 3)
a

are presented. Photoreduction of the oxidized protein sample did not occur, due either to

the lower incident flux at NSLS compared to SSRL (unfocused bendir _ magnet vs.4"

focused wiggler beamlines) or because the new purification procedure 18 used for this

particular sample removed impurities that somehow mediated the photoreduction.

2.3.2. Results of Fits to the Hydroxylase EXAFS Data

2.3.2.1. First Shell Fits. The results of fits to the Fourier filtered first shell

data are presented in Table 2.2. The widths of the windows used to isolate the iru'st shell

data are listed in Table 2.2. A single N or O contribution could not adequately fit the data,

indicating that the fh-st shell contains backscattering atoms at more than one distance and

possibly of more than one type. The data could be fit with two contributions, however

more than one minima was found, depending on the initial relative Fe-N (RN) and Fe-O

(Ro) bond lengths. EXAFS can not normally discriminate between backscatterers of

similar strength as is the case with N and O (which differ only by one in atomic number),

giving rise to the multiple minima obtained from the fits. The N and O parameters werep

correlated over the range of data available, so the fit results reported will correspond to

. coordination-weighted average distances. The accuracy of this approach has been

conf'm'ned in fits to a number of dinuclear non-heme iron models (see Chapter 4).
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Figure 2.4. "lhc edge positions of the difcrfic (ExAFS5, solid), photoreduccd scmirnct

(EXAFST, dash) and diferrous (EXAFS6, doO forms of the hydroxylase of MMO from
M. capsular_ (Bath).
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The average of the RN > RO minima will be reported because Fe-N distances are

generally longer than the Fe-O distances in the model compounds of the dinuclear non-

, heme center. The coordination-weighted average first shell coordination for the RN < RO

minima was similar to the average of the other minima, with slightly lower total

- coordination number and average distance. For the oxidized hydroxylase sample

(EXAFS$), an average first shell coordination of 5.8 N/O at 2.04 ,/_ was found (Table

2.2, fit 5C). Upon photoreduction to the semirnet state, the first shell coordination distance

increased to 4.8 N/O at 2.07 ._ for EXAFSI (Table 2.2, fit lC), to 5.6 N/O at 2.08 ./_for

EXAFS2 (Table 2.2, fit 2C), and to 5.8 N/O at 2.06 _ for EXAFS4 (Table 2.2, fit 4C).

The quality of the fits to the M. trichosporium OB3b data set is worse because of the higher

noise-level in the data compared to that of M. capsulatus (Bath) (only 6 scans were

averaged for the M. trichosporium OB3b). The average first shell coordination of the

reduced protein samples (EXAFS3 and EXAFS6) was found to be 5.1 N/O at 2.15

(Table 2.2, fits 3C and 6C). Although the average distance determined is the same for both

reduced protein samples, the average coordination number for EXAFS3 was more than 5

N/O while that for EXAFS6 was less than 5 N/O, with the difference accounted for

. primarily in the coordination number of nitrogen.

Fits were also performed on ali the protein samples to probe the presence of a short

. (~ 1.80 _) Fe-O distance, indicative of an oxo bridged center. When a short Fe-O distance

was included, either negative coordination numbers resulted, or the total oxygen

contribution was split between two oxygen waves at distances on the order of 2.0 ,/_.Given

the previously shown high sensitivity of EXAFS to the presence or absence of the short

oxo bridge, 16this result, together with the similarity of the oxidized hydroxylase EXAFS

spectra to that of FEHBPZOH and the dissimilarity to that of FEHBPZO (Figure 2.3),

clearly indicates that the hydroxylase of methane monooxygenase does not have an oxo

bridge in its dinuclear iron center.

2.3.2.2. Second Shell Fits. The FEHBPZOH model was chosen as a

model for the Fe-Fe interaction in MMO for two reasons: first, in this model the

distribution of atoms in the second shell is such that the iron is more isolated from second

shell carbon and nitrogen than in the analogous oxo-bridged model, FEHBPZO (the

nearest C/N shell is 0.26 )k in FEHBPZOH and 0.05 ,_ in FEHBPZO 16); second, since

the first shell fits indicate that there is not a _t-oxo bridge in the iron center, a non-l.t-oxo

. bridged model should provide more reliable parameters to use in fits of the protein active
site.

" Using the empirical amplitude and phase parameters obtained from the

FEHBPZOH model to fit the second shell hydroxylase data, two Fe-Fe minima were
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found, one at - 3.0/_, and one at ~ 3.4/_, depending on the initial Fe-Fe distance used in

the fit (Table 2.3). In a subsequent series of Fe-only fits, stepping the initial Fe-Fe

distance value in intervals of 0.1 or 0.2 /_ from 2.6 to 4.2 /_, i't was found that the
ii,

calculated iron wave moved into phase with the maximum of the amplitude envelope of the

second shell data roughly every 0.4/I,, with the best fit (minimum in F and best similarity

in shape) and maximum coordination number occurring at the 3.4/_ Fe-Fe distance for

EXAFSI, EXAFS2 and EXAFSS. The same series of fits was performed by fixing

the coordination number at 1 and varying the distance and the Debye-Waller factor, and a

minimum in both F and the Debye-Waller factor was found at 3.4 ,/_ (Table 2.4, Figure

2.5) for EXAFSl, EXAFS2 and EXAFSS. For the noisier EXAFS4 data the results

were ambiguous, with the fits giving nearly equal preference to the 3.4 and 3.0/_ distances

(see comment on shorter data range fits below). As shown in Table 2.3, the two minima

obtained for Fe-only fits for EXAFSI, EXAFS2, EXAFS4, and EXAFS5 were

essentially identical, 3.41 - 3.42 A and 3.03 - 3.04/_ ('Fable 2.3, fits 1E-F, 2E-F, 4E-4F,

and 5E-F). The longer Fe-Fe distance gave a better fit with a larger coordination number

and lower F value than the shorter Fe-Fe distance, however the metrical details of the data

were not fully explained by the iron contribution, suggesting that something in additon to
$

iron needed to be added to the fits.

The addition of a carbon contribution to the second shell fits, while improving the

quality of the fits, confused the details of the fits. The iron and carbon shells were strongly

correlated, affecting both the Fe coordination number and distance. The results were once

more quite similar for EXAFSl, EXAFS2 and EXAFSS, but the Fe-Fe distance was

shortened to 3.35 - 3.38 A and the Fe coordination dropped by a factor of 2 or more when

a short (- 3.0/_,) Fe-C contribution was included (Table 2.3, fits 1J, 2J, and 5J). Attempts

to fit the data with the 3.4 ]_ Fe-distance and a longer Fe-C distance resulted in a second,

less well-defined fit with an Fe-C distance of- 3.3 A, and increased Fe-Fe distances of

3.45 - 3.47/1, and coordination numbers (Table 2.3, fits 1I, 2I, and 5I). Fits with a short

Fe-Fe distance and a short Fe-C distance resulted in chemically unreasonably short Fe-Fe

distances and a decrease in the Fe coordination number (Table 2.3, fits 1K, 2K, and 5K).

For EXAFS4 the 3.4 ,_,Fe contribution was essentially overshadowed by the 3.04 ,/kFe-

C wave, and showed very high correlation of the coordination numbers for the fit

consisting of the long Fe/long C distances (Table 2.3, fit 41). The best fit occurred at a

very short Fe-Fe distance with the 3.04 ,/_Fe-C distance (Table 2.3, fit 4J). C-only fits to

the data revealed two Fe-C fit minima at .--3.0 and 3.4 ,/_(Table 2.3, fits 1G-H, 2G-H, 4G-

H, and 5G-H), with a strong preference for the minimum corresponding to the 3.0/l,
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Table 2.4. Iron Fits to Second Shell Data for Oxidized and Semimet Hydroxylase

• Samples.a

" EXAFS5 EXAFS2 EXAFS4
i i

Fe-Fe DW b F Fe-Fe DW F Fe-Fe DW F

(A) (A) (A)
3.03 0.08240 0.67 3.04 0.07891 0.75 3.04 0.07452 0.68

3.42 0.07578 0.40 3.41 0.07404 0.59 3.40 0.07229 0.70

3.84 0.09105 0.88 3.83 0.09141 1.03 3.82 0.08795 1.20

aFm"thesefits,thecoordinationnumberwassetto I andtheFe-FedistanceandDebye-Wallerfactorwere

varied,bDW = Debye-Wallerfactor.Initialvalue= 0.07743.
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Figure 2.5. Fits to second shell data of EXAFS5 with iron. The fits were done by

fixing the coordination number at 1 and varying the distance and Debye-Waller factor (see

Table 2.4). Second shell data (solid), 3.42 A fit (dot), 3.03 A fit (dash).

r
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distance. This 3.0/_, Fe-C minimum had a lower F value and was a somewhat better fit to

the data than the Fe-only fits for ali samples.

- For the reduced samples EXAFS3 and EXAFS6, the Fourier transform shows

very low intensity in the second shell region compared to the oxidized and semimet

" hydroxylase Fourier transforms (Figure 2.2d,e). Fits to the reduced hydroxylase data were

attempted for a variety of backtransforms. No Fe-only, C-only or Fe + C wave could

successfully fit the data.
2.3.2.3. Wide Shell Fits. The same trends and distance information were

obtained from fits to EXAFS spectra from wide backtransforms of the data for the oxidized

and semimet protein samples (Table 2.5). Addition of Fe to the N and O contribution to the

fits was necessary to explain the metrical details of the data and improved the fit

dramatically (data for EXAFSS, Figure 2.6a,b ). The fit function dropped from a value of

1 for EXAFS5 (Table 2.5, fit 5L) to 0.52 (Table 2.5, fit 5M). The fits which included the

short 3.0/_ Fe contribution were not as good as the fits with the longer Fe distance except

for EXAFS4 (Table 2.5, fit 4M and 4N) which had a slightly lower F value for the short

Fe minimum (0.87 for 3.03 ./_Fe vs. 0.94 for 3.41 ./kFe). A comparison of the final fits to

, the filtered data with the non-f'dtered data is given in Figures 2.6d and 2.7.

The ability of the second shell Fe-C parameters to mimic the second shell

-, contribution were tested in fits to the wide backtransforms of the data. Fits consisting of

N, O and a 3.0 A C contribution had lower fit functions than the N, O and Fe fits to the

data (Table 2.5, O fits), although fits with a 3.4 ._ C contribution were worse (Table 2.5, P

fits). Addition of C to the N/O/Fe fits to the data resulted in the same correlation effects

between the Fe and C coordination numbers and distances noted before in the fits to the

second shell data. The addition of C to the N, O and Fe contributions moderately improved

the quality of the fit (Figure 2.6c), illustrating that something in addition to iron is required

to adequately explain the data. Ali of the fits reported in Table 2.5 for the wide filter fit

were repeated for the second first shell minimum found, corresponding to RN < RO. The

same trends were seen with slightly higher F values.

2.3.2.4. Model Dependence of EXAFS Results. Given that the Fe-Fe

distance obtained in the fits of the oxidized and semimet protein data was similar to that of

the FEHBPZOH model used to extract Fe-Fe backscattering parameters, we investigated

the possibility of model dependence of the fit results. These same parameters were

- therefore used to fit the data of the FEHBPZO model compound, and parameters obtained

from this model were used to fit the FEHBPZOH data. In both cases, two Fe-Fe

" distances were found, the correct one and one at about 0.4 ,/kaway, at 3.43 and 3.06 ,_,for

FEHBPZOH and at 3.15 and 3.52/_ for FEHBPZO (see Chapter 4, Table 4.4). The
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Figure 2.6. Fits to the Fourier filtered data (0.75 - 3.2 A) for EXAFS5. The solid line

represents the data and the dotted line is the fit. (a) Fit to the data with N and O (Table 2.5,

fit 5L), (b) fit to the data with N, O and Fe (Table 2.5, fit 5M), (c) fit to the data with N, O,

Fe and C (Table 2.5, fit 5R), (d) the unfiltered data (solid), the filtered data (dash) and the

fit to the filtered data (dot) (Table 2.5, fit 5M).
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Figure 2.7. A comparison of the unfiltered data (solid), the filtered data (dash), and the

fit to the filtered data (dot). (a) EXAFS2 (Table 2.5, fit 2M), (b) EXAFS4 (Table 2.5,

fit 4M), (c) EXAFS3 (Table 2.2, fit 3C), (d) EXAFS6 (Table 2.2, fit 6C), (e) RRB2

(Table 2.2, fit RR-C).
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goodness-of-fit parameter, however, was lower for the longer distance obtained for the

FEItBPZO model using Fe-Fe parameters from the hydroxo-bridged model (which has a

longer Fe-Fe distance) and for the shorter distance obtained for FEHBPZOH using Fe-Fe lr

parameters from the oxo-bridged model (which has a shorter Fe-Fe distance). There is

thus an apparent model dependence in which the correct distance is obtained but the results

are biased to give preference to the wrong distance if a model much different from the

unknown is employed. Since ftrst shell fits showed the absence of an oxo bridge, and the

Fe-Fe and Fe-low Z scattering distances are better separated in FEHBPZOH vs

FEHBPZO, we believe that the use of parameters from the hydroxo-bridged model,

FEHBPZOH, is most appropriate and that the 3.42 A distance is correct. While the

absence of an oxo-bridge is clear, it remains to be established whether our current approach

would successfully distinguish highly correlated Fe-Fe and Fe-C backscattering

contributions at the same distance for well characterized complexes containing the

Fe2(OR)2 bridge unit. 27 The apparent model dependence of the second shell fits to

dinuclear non-heme iron data, an effect which has also been addressed by others, 28

warrants careful consideration of the model used in the determination of Fe-Fe distances in

dinuclear iron centers. An investigation of this effect is presented in Chapter 4.

2.3.2.5. Fits to the Unfiltered Data. These fits were repeated for the

unfiltered data between k = 4 and 12 A-1 (Table 2.6). Although the quality of the fits was

generally worse due to the increased noise level of the unfiltered data, the results of the fits

were essentially the same as those reported for the wide shell fits in Table 2.5 for

EXAFSl, EXAFS2, EXAFS4, EXAFS5, and for the first shell fits in Table 2.2 for

reduced samples EXAFS3 and EXAFS6. Some variation in the coordinaiton numbers

of the low Z atoms were seen, however the total coordination number changed very little.

The fits for the raw data, the wide shell data and the filtered data are thus consistent.

2.3.2.6. Fits over a Shorter Data Range. Beyond k = 10 A-1 the EXAFS

data became increasingly noisy and beyond k = 13 A" 1 the data was unusable. To verify

that the results obtained for the k = 4 - 12 A-1 fits were not influenced by the increasing
noise of the data between 10 and 12 A-1, the data from 3.5 - 10.5 A -1 was Fourier

transformed into R space and fit between 3.8 and 10 A"1. In general, the sum of low-Z

coordination in the first shell decreased and was closer to 5 than 6, and the Fe coordination

decreased to about 1 for the 3.4 A,distance. Most importantly, fits to the shorter k range

for the oxidized and semimet protein samples with N, O and Fe showed a strong preference

for the long Fe-Fe distance. The fit with N, O and C was no longer better than the long Fe-

Fe fit. In addition, the correlation of the second shell C and Fe parameters was not as

strong over the shorter data range. The Fe-Fe distances stayed closer to the values found
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for the N, O, Fe fits to the data when C was added to the fit.

2.3.3. Results of Fits to the Ribonucleotide Reductase EXAFS Data
w

The EXAFS of the RRB2 sample (Figure 2.2f) and the reduced hydroyxlase ..

samples (Figure 2.2d,e) arc very similar although the quality of the RRB2 data is better in

the higher k range, suggesting that the diiron centers in the two proteins have similar

structmes There is a slight difference in the depth of the minimum above k = 8 A-1. The

Fourier transforms of the data (k = 3.5 - 12.5 A-1) are also very similar (Figure 2.3d-f).

Most interestingly, there is also no indication of a strong second shell contribution to the

RRB2 data.

The results of fits to the filtered f'irst shell data are presented in Table 2.2. As noted

above, more than one contribution was required to fit the f'trst shell data and in fits with two

contributions, more than one minima was found (Table 2.2, fit RR-C and RR-D),

depending on the initial values of RN and RO. The average first shell coordination was

found to be (for RN > RO) 4.3 N/O at 2.13 A. The filtered data, the fit to the filtered data

and the non-filtered data are compared in Figure 2.7e.

2.4. Discussion

2.4.1. Nature of the Hydroxylase Active Site

The fu'st shell data required two contributions to adequately fit the data, suggesting
that the first shell contains atoms at different distance distributions. This in turn means the

Fe atoms are located in a somewhat distorted environment. The EXAFS analysis clearly

indicates the absence of a _-oxo bridge in the iron center of the diferric and semimet

hydroxylase. The results are consistent with mixed N and O ligation to the iron atoms in

the first coordination sphere. The average first shell distance for the oxidized hydroxylase

was found to be 2.04 A, and for the semimet hydroxylase samples, the average first shell

distance was 2.06 - 2.09 A. The EXAFS, Fourier transforms and fit results of the

Fe(II)Fe(III) protein samples from both the M. capsulatus (Bath) and M. trichosporium

OB3b samples (EXAFSI, EXAFS2 and EXAFS4, Figure 2.1d,e and Figure 2.2b,c)

axe very similar, suggesting that the diiron centers in the two hydroxylases are also lm

structurally similar. For the reduced hydroxylase samples, the average first shell distance

was determined to be 2.15 ,/_,and the average coordination number was somewhat lower

than the value for the oxidized and semimet samples.

52

7



In fits to the second shell data with either an Fe or a C contribution, two minima

were found at ~ 3.0 and 3.4 A. It is difficult to obtain unique fits to second coordination

., sphere EXAFS in dinuclear metalloproteins because the second shell generally contains

carbon, nitrogen and/or oxygen scatterers at radial distances near that of the metal-metal

separation. These low-Z contributions are difficult to model adequately because of the

typical wide distribution of distances. If well-ordered, the contribution of 4-6 such low-Z

scatterers can be approximately of the same magnitude as that of a single metal scatterer.

Although the backscattering envelope from Fe should maximize at higher k values than

envelopes from low-Z scatterers, interference among several shells of low-Z scatterers can

effectively change the expected decreasing contribution to the EXAFS at higher k, and

make the backscattering envelope of low-Z scatterers appear quite similar to that of the

metal. 29 The use of C backscattering parameters derived from Fe(acac)3 to model the low-

Z contribution to seco:ld shell data has often been described in the literature; however, its

backscattering envelope is similar to that of a first row transition metal, most likely because

of interference of its two closely lying C second shells (Figure 2.8), resulting in the

adequate fits to the second shell data with C and no Fe contribution. This phenomenon has

been observed by others in fits to dinuclear non-heme iron models 30 and dinuclear copper

and mixed copper-iron dimers. 29

, For bridged dinuclear model compounds, the second coordination sphere normally

contains a large number of low-Z atoms spread around 3.0/_, always at a shorter distance

than, and independent of, the Fe-Fe distance. 16 lt is, however, quite unlikely in any Fe

coordination environment that outer C shells would be so ordered that they give an EXAFS

contribution as large as those seen for the oxidized and semimet hydroxylase samples. For

example, even in Fe(TPP), which has 8 well-ordered o_-carbon atoms, the second shell

peak in the Fourier transform is only about 1/3 the height of the first shell peak.31 It would

thus be expected that the strength of the 3.0/_ Fe-Fe distance minimum derives from

accidental coincidence of the frequency decrease in the phase of the Fe wave with a distance

where there is an actual strong contribution to the data from C/N/O backscatterers. The

3.4/_ distance, on the other hand, originates primarily from the Fe backscatterer, most

likely mixed with other low-Z backscatterers. As has been pointed out elsewhere, 30 longer

Fe-C distances are expected to contribute less distinctly to the EXAFS because they

originate from three-bond Fe-C distances, and thus are expected to have high thermal
,. disorder.

The most reasonable interpretation for the second shell results is that the second

" shell contains an Fe-backscatterer at a distance of about 3.42/_ for the oxidized and

semimet samples, and that there is a shell of low-Z scatterers distributed around 3.05 _.
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Figure 2.8. A comparison of the Fourier filtered second shell Fe-Fe data from

FEHBPZOH (solid) and the second shell Fe-C data from Fe(acac)3 (dash). Note that the

Fe-C wave reaches a maximum at higher k than the Fe-Fe wave.
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With Fe-N distances around 2.1-2.2 A, the Fe-C/N second shell distances lie in the 3.0-3.2

A range, in accord with the present observations. The presence of Fe in the second shell is

., compatible with EPR data showing the existence of a dinuclear iron center.5C,15,18 The Fe-

Fe distance should not be affected by intervening-atom multiple scattering effects, because

. the minimum Fe-O bridge distance of 2.0 A corresponds to a maximum Fe-O-Fe angle of

129°. 32 The 3.4 A distance is compatible with the presence of a monodentate bridging

group such as hydroxide, carboxylate or alkoxide. 33 In addition, the value implies the

existence of at least one other bridging group, most likely a syn, syn bidentate

carboxylate. 33b The J value of-32 cm "1 measured for the Fe(II)Fe(III) form of the

hydroxylase indicates weak antiferromagnetic exchange and is consistent with hydroxo,

alkoxo, or monodentate carboxylato bridging ligands.

The peak associated with the metal-metal interaction is missing for both reduced

hydroxylase samples and the reduced sample of ribonucleotide reductase B2 suggesting

that the cause of the reduction in the Fe-Fe backscattering peak is inherent in the structures

of the samples, and not in the data collection or analysis. The absence of a resolvable iron-

iron interaction in diferrous systems is not unusual. In deoxyhemeryttuin, the iron-iron

peak disappears upon warming the protein from 80 K to room temperature. 34 Also, noq.

Cu(I)-Cu(l) peak is seen in the Fourier transform of deoxyhemocyanin data. 35 In addition,

. the Fe-Fe peak could not be resolved in the semimet form (pink) of beef spleen purple acid

phosphatase. 36 This phenomenon could be caused by the loss of a bridge in the metal

center upon reduction causing uncorrelated vibrations of the metal atoms (increased Debye-

Waller factor), or by destructive interference in the second shell EXAFS between the Fe-Fe

wave and second shell Fe-N, Fe-C and/or Fe-O waves.

The change in the Fe and C coordination numbers and distances that occur when

adding a C contribution to the Fe contribution in second shell fits is a result of the

correlation between the Fe-Fe and Fe-C parameters. For model compounds, the correct

Fe-Fe distance is obtained when fitting with Fe alone, and a similar correlation effect is

seen for fits with the same Fe-Fe and Fe-C parameters used in the protein fits (see Chapter

4). The strength in the second shell low-Z atom backscattering could arise from second

shell atoms arranged in a rigid structure such as the imidazole ring (present in histidine).

The presence of rigid ligands has been associated with characteristic features in the outer

shell region of Fourier transforms arising from contributions to the data from multiple

. scattering pathways. The means by which to model the multiple scattering contributions

are still being developed. 37 The relatively weak outer shell features in the hydroxylase

,- samples suggest that such groups are not contributing significantly, therefore these

approaches have not yet been attempted.
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In addition to determining the nature of the bridge and the Fe-Fe separation in the

active site of the MMO hydroxylase, the coordination of the iron atoms in the active site is

of interest. The value of the quadropole splitting (AEQ) obtained by M6ssbauer studies,

was 1.05 mm/s which is larger than the quadropole splittings for hydroxo-bridged model

compounds and smaller than oxo-bridged iron centers. 18 The intermediate value can be

interpreted as meaning that the Fe-Obridge distance is intermediate between an oxo-bridge

distance and a hydroxo-bridge distance, or that the iron atoms are penacoordinate and/or in

a highly distorted octahedral environment. Although fits to the first shell EXAFS of the

diferric protein suggest that the coordination number of the iron atoms is approximately six,

it should be noted that EXAFS results represent the average of two not necessarily identical

iron centers, and therefore may not readily distinguish between five- and six-coordinate
iron atoms.

2.4.2. Comparison to Proteins Containing Diiron Cores

The spectroscopic similarities of the non-heme dinuclear iron proteins (Hr, RRB2,

PAP, Uf, and MMO) suggest that the active site structures may also be similar. A

comparison of EXAFS studies of RRB230,38 with those on crystallographically

characterized Hr30,34,39, have suggested that the two proteins possess similar active sites,
q

consisting of a pair of triply-bridged iron atoms at a separation on the order of 3.2 ,/_in the

diferric form, with a _t-oxo bridge and two syn,syn bidentate carboxylate bridges.

Recently, crystallographic characterization of RRB2 revealed the presence of one, not two,

bridging carboxylates. 40 "l_.eaverage first shell coordination of oxyHr consists of 5 N and

O atoms at 2.15 - 2.16 ,/_ while the average first shell coordination of diferric RRB2

consists of 5 N and O atoms at 2.04 - 2.06 ._ (excluding the oxo-bridge distance). In

general, Fe-N bond lengths are longer than Fe-O bond lengths in iron complexes; the

shorter average distance in the first shell coordination of RRB2 compared to oxyHr

suggests that there are fewer nitrogens and more oxygens coordinated to the iron atoms in

RRB2 than in oxyHr.38 The crystal structure has confimed that there are just two

histidines ligands coordinated to the iron atoms in RRB2, 40 as compared to five histidines

in Hr. 41 The average distance in the first coordination shell of the diferric form of MMO

was found to be 2.01 - 2.04 ]_, suggesting that I_:e RRB2, there are more oxygens and

fewer nitrogens coordinated to the iron atoms in MMO than in oxyHr. Unlike both diferric

centers in RRB2 and oxyHr, there is no la-oxo bridge in the dinuclear iron center of MMO

and the Fe-Fe distance, determined to be 3.42/_, is longer than the Fe-Fe distance in either .,
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of those proteins, as one would expect for a di- or tri-bridged complex without an oxo

bridge.

, No evidence for a _t-oxo bridge was found in the diferric form of beef spleen PAP

(purple), although the presence of short Fe-O (tyrosine) bonds in the protein could have

obscured the contribution of the Fe-O (bridge) chromophore to the data, 36 and therefore the

possibility of an oxo bridge could not be ruled out. An Fe-Fe distance of 3.00 A was

deduced by the FABM curve fitting technique with parameters obtained by using a mono-

bridged (I.t-oxo)diiron(III) model compound. The flu'st shell coordination was similar to

that reported here for MMO (Table 2.2, fit 5C), with 3.0 N/O at 2.13/_ and 3.5 N/O at

1.98 A, or an average of 6.5 N/O at 2.05 A. EXAFS analysis of the diferric center in

phosphate and arsenate bound forms of porcine uterine puple acid phosphatase (uteroferrin,

Uf) have established that the diiron center does not contain a I.t-oxo bridge. 42 The average

first shell coordination was found to be 6 N/O at 2.10 - 2.14/_, suggesting either that there

is greater N ligation to the iron center in Uf relative to MMO, or that the ligation of the

phosphate and arsenate anions distorts the iron center. The Fe-Fe distance was found to be

3.2- 3.3,1,.

EXAFS analysis of the oxidized hydroxylase from Methylobacterium CRL-26

indicated an Fe-Fe distance of 3.05/_ by using model corrected theoretical amplitude and

, phase parameters, while no evidence for or against an oxo bridge in the fin'st shell was

found owing to the limited range of the data. 17 This value disagrees with the Fe-Fe

distance found in the present study for the same protein from a different species. Although

it is possible that this difference is real, implying structurally different dinuclear iron

centers, the discrepancy may arise from differences in analysis protocol. The first shell

coordination of the hydroxylase from Methylobacterium CRL-26 consisted of 4 - 6 N/O at

an average distance of 1.92/_,. This distance is much shorter than that found for any other

difeixic protein.

The average increase of 0.04 A in the first shell coordination distance upon

photoreduction to the semimet state of MMO is similar to the increase in the average

coordination sphere for oxidized PAP (purple) upon conversion to its one electron reduced

(pink) form (6.0 N/O at 2.08/_).36 The Fe-Fe distance of 3.41 - 3.43 ,_,is slightly shorter

than the Fe-Fe distance found for semimethemerythrin azide. 30 Although one would

expect the Fe-Fe distance to lengthen upon reduction of the diferric hydroxylase to the

semimet form, our fit results do not show this trend. This suggests that the structure of the

iron core does not change as much as the hemerythrin core in met- and semimethemerythrin

•- azide 3° with reduction, lt is also possible that improvement of the carbon backscattering

parameters could give more precise results.
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Plots of individual contributions to the wide shell fits showed that the differences in

the EXAFS at ~ 7 and 11 A for the oxidized and semimet samples are caused by changes

in the N/O wave interaction with a more or less constant Fe wave. For the oxidized
v

sample, the Fe wave at ~ 7 and 11 A maximizes almost directly on top of minima in the

N/O wave, giving rise to the weak shoulder in the data at those two points relative to data

for the semimet hydroxylase. For the semimet sample, the N/O wave has shifted to lower

frequency and the Fe wave maxima at the two points in question are no longer at a location

corresponding to N/O minima, resulting in peak-like features. Due to the limited range of

data available, the origin of the differences in the first shell data cannot be determined by
EXAFS.

The average first shell coordination distance increased by an average of 0.12 A

from the diferric to the diferrous state. The data and fits for the two diferrous protein

samples are essentially identical, although EXAFS3 had higher coordination numbers than

EXAFS6. For deoxyhemerythrin, the average first shell coordination was 2.15 A by

EXAFS analysis, similar to the average first shell coordination of the diferrous

hydroxylase. The data for reduced RRB2 was very similar to the reduced hydroxylase,

with a 2.13 A average first shell distance. The peak associated with the metal-metal

interaction is missing for both reduced hydroxylase protein samples and the reduced

ribonucleotide reductase sample, suggesting that the absence of a Fe-Fe backscattering peak

is inherent in the structure of the samples, and that therefore the active sites of the reduced

hydroxylase of MMO and B2 subunit of RR may be similar. A 3.57 A Fe-Fe distance has

been reported for deoxyhemerythrin. 28

2.5. Conclusions

MMO is similar spectroscopically to the other non-heme dinuclear iron proteins,

however the EXAFS results clearly show that the active site structure is different from that

in Hr and RRB2. Specifically, the hydroxylase of MMO does not have a _t-oxo bridge in

its iron center. The 3.4 A Fe-Fe separation and the absence of the short Fe-O bridge

suggest that the iron atoms may contain an alkoxo, hydroxo or monodentate carboxylato

bridge and one or two bidentate carboxylato bridges. The coordination number of the iron

atoms is suggested to be 6, however this determination is not conclusive. In addition, the

average flu'st shell distance of 2.04 A suggests that there are fewer histidine ligands in the
oi

iron center of MMO than in Hr.

The determination of the second coordination sphere of the hydroxylase data has

proven to be a non-trivial problem. The FEHBPZOIt model is more likely to represent
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the protein active site than the FEHBPZO model, however, the apparent model-

dependence of second shell fits to the data warrants caution regarding conclusions about

, Fe-Fe distances in dinuclear centers. Based on the information available, the most

reasonable interpretation of the second shell data is that the Fe-Fe distance is ~ 3.4/_ and

that there is a shell of low Z atoms at ~ 3.0 ,_,from the iron center.
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Chapter 3

Structural Studies of the Diiron Center in Methane Monooxygenase in the
Presence of Substrate and the Regulatory Protein of the

MMO Enzyme System
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3.1. Introduction

Soluble methane monooxygenase (MMO) is a multi-component enzyme system

which catalyzes the NAD(P)H- and O2- dependent hydroxylation of methane to methanol

in methane-metabolizing bacteria. 1 MMO from Type I methanotroph Methylococcus

capsulatus (Bath)2 and Type II methanotroph Methylosinus trichosporium (OB3b) 3 has

been resolved into three components. The enzyme system from M. capsulatus (Bath) has

_een the most well-characterized and consists of a dinuclear non-heme iron enzyme 4

(hyJroxvlase, Mr 250 kDa), an Fe2S2-FAD electron transport protein 5 (reductase, Mr 39

ld)a) which mediates the transfer of electrons from NAD(P)H to the hydroxylase, and a

small regulatory protein (component B, Mr 16 kDa) which contains no metals or prosthetic

groups. 6 The soluble enzyme system is not methane-specific and catalyzes the oxidation of

a wide variety of alkanes, alkenes and alicyclic, aromatic and heterocyclic compounds. 7

The three components of the M. trichosporium (OB3b) MMO system are analagous to

those of the M. capsulatus (Bath) system, 8 and demonstrate the same lack of substrate-

specificity. 9

The hydroxylase component from M. trichosporium (Ob3b) can oxidize methane to

methanol in its chemically mediated fully reduced form in the presence of O2, or in the

presence of H202 when fully oxidized 10confirming that it is at the hydroxylase component

that both substrate binding and oxygen activation occurs. Neither the reductase nor

component B are catalytically competent, and ",tilthree components of the MMO enzyme

system are required for efficient oxidation of substrate. 10,11 EPR, M6ssbauer, and X-ray

absorption spectroscopy have been used to characterize the dinuclear non-heme iron active

site in the MMO hydroxylase component from both M. capsulatus (Bath)4,12 and M.

trichosporium (OB3b).8,10,12,13 These studies have shown that the hydroxylase from the

two methanotrophs are spectroscopically and structurally similar to each other and to the

other dinuclear non-heme iron proteins hemerythrin (Hr), ribonucleotide reductase (RR),

purple acid phosphatase (PAP) an_,uteroferrin CLlf).14 The oxidized Fe0II)Fe(III) form of

the hydroxylase has two high-spin ferric atoms and is EPR silent. The one-electron

reduced semimet Fe(III)Fe(II) form has an EPR signal with gay = 1.83 (for M. capsulatus

(Bath); gay = 1.85 for M. trichosporium (OB3b)), characteristic of an antiferromagnetically

coupled dinuclear non-heme iron center (S = 1/2 ground state). The reduced Fe(II)Fe(II)

form exhibits a g = 16 EPR signal, attributed to a ferromagnetically coupled 15integer spin

system.

EXAFS studies of the hydroxylase have shown that the first coordination sphere of

the iron active site in the oxidized form of the M. capsulatus (Bath) hydroxylase consists of
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- 6 N/O at an average distance of 2.04 A. The photoreduced semimet form has ~ 6 N/O at

2.08/_, for the M. capsulatus (Bath) hydroxylase, and ~ 6 N/O at 2.06 A for the M.

, trichosporium (OB3b) hydroxylase. The reduced hydroxylase from M. capsulatus (Bath)

has ~ 5 N/O at 2.15 A in its first coordination sphere. The iron-iron distance for the

. oxidized and semimet forms of the hydroxylao,, was determined to be ~ 3.4 A, and no iron-

iron interaction was seen in the EXAFS of the reduced form of the protein, although EPR

verified that the dinuclear iron center was intact after exposure to the beam.

These studies have formed the basis for understanding the mechanism of oxygen

activation and substrate oxidation. However, studies of the hydroxylase isolated from the

other required components of the MMO enzyme system can yield only limited information,

as it is known that ali three components are required in vivo. Kinetic studies on the roles

and interaction of the three components of the MMO system from M. capsulatus (Bath)6,11

have suggested the formation of protein complexes during the catalytic cycle which have an

effect on the oxygenase activity. Component B appears to serve a strict role in regulating

the oxygenase activity of the M. capsulatus (Bath) system, preventing reduction of the

hydroxylase by the reductase in the absence of substrate, and greatly increasing the electron

transfer rate between the two components in the presence of substrate. 11 In the M.

trichosporium (OB3b) system, electron transfer between the reductase and the hydroxylase

is inhibited, but not prevented by component B in the absence of substrate, and in the

presence of substrate, component B greatly increases the yield and the rate of product
formation, l0

Perturbations in the EPR spectra of the hydroxylase in the presence of component B

and in the presence of small molecules have been documented, suggesting that

complexation with the hydroxylase in some way affects the Fe site.16,17 The effects of

substrate, component B and the reductase on the redox potentials of the hydroxylase have

also been investigated z8 and show that dramatic changes in the electron affinity of the

hydroxylase core occur as a function of the presence of the other components. The change

in the redox potentials and the EPR of the complexed forms of the hydroxylase implies a

change in the electronic structure of the iron site which could be caused by changes in the

ligation of the diiron site, or by conformational changes of the protein near or at the iron

j cemer which affect the electronic properties of the diiron core. EXAFS data analysis would

be sensitive to any structural changes which occur as a result of the complex formation, and

. electronic perturbations would have an effect on the edge structure of the hydroxylase

complexes.

. We have collected Fe K-edge EXAFS data and high-resolution edge data on

hydroxylase sample_ in the diferric and diferrous forms in the presence of component B,
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bromopropene, and both component B and bromopropene to determine the nature of the

change in the coordination environment of the iron atoms. These studies show that no

dramatic change in the coordination of the iron atoms occurs upon formation of the various

complexes. Evidence for a change in the covalency of the diiron center in its semimet

form, and inhibition of the reduction of the hydroxylase component to its diferrous form in

the presence of component B and bromopropene is directly seen.

3.2. Experimental

3,2.1. EXAFS Sample Preparation

The soluble hydroxylase of MMO from M. capsulatus (Bath) was isolated and

purified as previously described. 12 Component B was produced from a strain of

Esherichia coli containing a plasmid with the gene for B from M. capsulatus (Bath). 19

Purified hydroxylase was frozen at -80" C in 50 mM PIPES buffer at pH - 7.0 until further

use at which point it was thawed and concentrated to approximately 11 mg protein/ml

using a Centriprep. For EXAFSI0, EXAFSI4, EXAFSlS, EXAFSI6, and

EXAFSl7, component B was added in the stoichiometric molar ratio of 2:1

B:hydroxylase. For EXAFSl8, EXAFSl9, and EXAFS20, and for EXAFSl6 and

EXAFSl7 after the addition of B, a 1000-fold excess of bromopropene (based on the

concentration of protein) was added to insure that the substrate would remain bound to the

hydroxylase during the subsequent concentration proceedure. The hydroxylase complexes

were dialyzed into a 50% ethylene glycol solution of 50 mM MOPS buffer (pH = 7.0) for

the non-bromopropene containing samples and EXAFSII, and into the above solution

with a 10,000-fold excess of bromopropene for EXAFS16, EXAFSl7, EXAFSI$,

EXAFS19 and EXAFS20. After dialysis, the samples were further concentrated on a

Centricon centrifugal microconcentrator, after which a 1000-fold excess of brcrnopropene

was added to EXAFSl6-20. For EXAFSI1, no bromopropene was added until after

the final concentration on the Centricon, at which point a 1000-fold excess was added.

The concentrated samples were degassed and brought into a wet box. The

hydroxylase is isolated in its oxidized form; the reduced form was prepared by adding a 10-

fold molar excess of sodium dithionite, 100 mM methyl viologen and 10mM proflavin to

samples EXAFSI5, EXAFSl7 and EXAFSl9 and letting the samples incubate for 40

minutes. The samples were loaded into lucite EXAFS cells equipped with caps and with

25 _tm Kapton windows (23 mm x 2 mm x 3 mm; 140 _1), immediately frozen in liquid

nitrogen upon removal from the box and stored in a liquid nitrogen refrigerator.



3.2.2. EXAFS Data Collection, Reduction and Analysis

. A description of each sample is presented in Table 3.1. EXAFS and high-energy

resolution edge scans were collected simultaneously by using a 1 mm vertical slit opening

. to maximize energy resolution and taking 0.15 eV steps over the edge region during an

EXAFS scan. Ali of the samples were run on unfocused 8-pole wiggler beamline 7-3 (18

kG) at the Stanford Synchrotron Radiation Laboratory (SSRL) operating at 3 GeV and 40 -

90 mA. A Si(220) double-crystal monochromator was used, detuned 45% at the end of the

Fe EXAFS scan (7995 eV, k = 15 ,_,-1) to reduce harmonic contamination in the incident

beam. The data were measured in fluorescence mode at 10 K using a continuous-flow LHc

cryostat (Oxford Instruments, model CF1208). The fluorescence signal was monitored

with a 13-element Ge solid.-state detector array 20 (Canberra) windowed on the Fe Kct

signal (6840 eV). Total count rates of between 25,000 and 35,000 per second per channel

(measured at 7997 eV detuned 45%) were maintained throughout the experiments. At these

count rates, the detector was below saturation limits. One of the channels showed

persistently high count rates; it was therefore not included in further data analysis.

The energy of the individual scans was calibrated using an internal Fe foil
,t

standard, 21assigning the f'trst inflection point to 7111.2 eV. For every scan, 13 data files

. (1 from each channel in the detector) were collected; each was inspected individually.

Individual channels of data were rejected if there were any discontinuities due to heat load

problems for the detector electronics or if any of the channels exhibited poor statistics

(erratic dark current values, persistently high count rates). Averages of the remaining data

files for each scan were then made and inspected. Individual scans were rejected for

signal-to-noise problems caused by low currents, or because of beam instability (short

lifettmes, orbit shifts) or loss of beam, or due to irreproducibility of the scans. The

remaining acceptable scans for each sample were then averaged and used for further

analysis (summary of averages in Table 3.1).

The data were background subtracted by fitting a polynomial through the EXAFS

region which was extrapolated through the pre-edge region and subtracted. A three- or

four-segment spline was fit to the post-edge region and subtracted to isolate the EXAFS

data and to normalize the edge jump to unity. The spline was chosen so that it removed the

low frequency noise without reducing the true EXAFS amplitude; this was checked by

. monitoring the Fourier transform of the EXAFS data during the spline and normalization

process. The normalized data were converted to k space, where k is the photoelectron

. wavevector def'med by [2rne(E- Eo)//i2] 1/2. In this expression, me is the electron mass, E
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Table3.1.SampleandDataCollectionSummarya

Sample# Description ...... [Fe]mM scansavg./scanscollected
forEXAFS analysis, ,mr',

EXAFS10 b Oxidizedhydroxylase 2.0 269/403
w/componentB

EXAFSll b Oxidizedhydroxylase 3.2 226/234
w/bromopropcne

E XAFS 14b Oxidizedhydroxylase 1.5 398/442
w/componentB

EXAFS16 b Oxidized hydroxylase 1.2 255/286
w/component B and
bromopropene

EXAFS18 b Oxidizedhydroxylase 1.4 230/260
w/bromopropene

EXAFS20 b Oxidizedhydroxylase < 1.9 124/143
w/bromopropcne

E X A F S7 Oxidized hydroxylase 3.4 84/91 .
non-complexed Edgeanalysisonly

EXAFS15 Reducedhydroxylase 1.1 448/481 -
w/componentB

EXAFS 17 Reducedhydroxylase 1.6 426/481
w/componentB and
bromopropene

EXAFS 19 Reduced hydroxylase 1.7 276/286
w/bromopropcne

EXAFS6 c Reducedhydroxylase 4 91/91
non-complexed Edgeanalysisonly

aAll sampleswererunin 1992at SSRLon unfocusedbeamline7-3 by usingSi(220)monochromator

crystals. A 13-elementsolid stateGe fluorescencedetectorwas used in everycase. bSample was

photoreducedto thesemimetstateby theX-raybeam. Onlythescansafterphotoreductionwascomplete

were averagedfor furtheranalysis. CTheresultsof the EXAFS analysis for EXAFS6 have been

previously reported,12howeveredgedatawerecollectedduringthe1992run.
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is the photon energy, h is Planck's constant divided by 2_r, and Eo is the threshold

energy, 7130 eV (where k is defined to be zero).

• Ali of the fits presented in this paper were based on k 3-weighted data. Non-linear

least-squares curve-fitting techniques using empirical amplitude and phase parameters were

" used to analyze the data, as described in Chapter 1 and elsewhere. 22 The errors estimated

in the EXAFS analysis are + 0.03 A in the distances and 25% in the coordination

numbers. 22 The fits proceeded by allowing the initial coordination numbers and distances

for an Fe-X pair of interest to vary. Empircal amplitude and phase parameters for the Fe-X

scattering pairs of interest were obtained from the following models: Fe-N from [Fe(1,10-

phenanthroline)3](CIO4)3; 23 Fe-O and Fe-C from [Fe(acetylacetonate)3]; 24 Fe-Fe from

[Fe2(OH)(OAc)2(HB(pz)3)2](C104)2. 25 Data for these model compounds were collected

as previously described. 26 For ali of the fits described in this paper, the EXAFS data from

3.5 to 12.5 A-1 were Fourier transformed to R (A) space to isolate the first and second shell

contributions to the data. The individual contributions were isolated, backtransformed to k

space, and fit from 4 to 12.0 A-1. In addition, both shells were backtransformed together

and fit between 4.0 and 12.0 A-1, as were the unfiltered data. The windows used to isolate

. the peaks in the Fourier transforms for the backtransforms are presented in the tables of the

fit results. A gaussian window width of 0.1 A,was used to reduce truncation artifacts in

" the Fourier transforms.

3.3. Results of XAS Experiments

The k 3-weighted EXAFS of the photoreduced semimet complexed samples are

presented along with the EXAFS data of the non-complexed semimet hydroxylase in

Figure 3.1. The Fourier transforms of the data (from 3.5 - 12.5 A) are presented in Figure

3.2. The data for the non-complexed semimet hydroxylase (EXAFS2) were collected and

analyzed as descried in Chapter 2 and reference 12. The increased noise level of the

EXAFS for the complexed-forms compared to the non-complexed forms reflects the lower

iron concentration for the former (1-2 mM Fe as compared to ~ 4 mM Fe). The EXAFS of

hydroxylase in the presence of component B of the MMO enzyme system (EXAFS10 and

EXAFSl4 w/B; EXAFSl6 w/B and bromopropene) are somewhat different from the

non-complexed form between k = 7 and 9 A-1. For the non-complexed hydroxylase

• (EXAFS2, Figure 3.la), the maxima at k > 8 A-1 is greater in amplitude than the maxima

at k < 8 A-I; in the B-complexed samples (EXAFSl0, Figure 3.1b and EXAFSl4,

" Figure 3.1c), the relative amplitudes of these maxima are reversed, and in the B plus

bromopropene complex (EXAFSI6, Figure 3.1g), the amplitudes are nearly equal. The
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Figure 3.1. EXAFS of the semimet hydroyxlase samples. (a) Semimet hydroyxlase

sample EXAFS2; with component B: (b) EXAFS10, (c) EXAFSI4; with

bromopropene" (d) EXAFSI1, (e) EXAFSI8, (f) EXAFS20; with B and

bromopropene: (g) EXAFS16. The data shown here are the data used for Fourier

transforms (k = 3.5-12.5/_,-1). Note the difference in the appearance of the EXAFS
between k = 7 and 10 _,-).
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Figure 3.2. Fourier transforms of the semimet hydroxylase EXAFS presented it, Figure

3.1. (a) Semimet hydroyxlase sample EXAFS2; with compone_x_ B: (b) EX_S?,0, (c)

EXAFS14; with bromopropene: (d) EXAFSll, (e) EXAFSl&, (!_ _-;'_:AIb'S20; with

B and bromopropene: (g) EXAFSI6.
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minimum at k = 9/_-1 is deeper for EXAFS10 and EXAFS14 than for EXAFS2 or

EXAFS16. The EXAFS of the hydroxylase in the presence of bromopropene

(EXAFSI1, Figure 3.ld, EXAFS18, Figure 3.le EXAFS20, Figure 3.1t") are very

similar to the non-complexed form (Figure 3.la).

Differences are seen in the Fourier transforms of the EXAFS data as well (Figure

3.2). The second shell peaks in the Fourier transform of the B-hydroxylase samples

(EXAFS10, Figure 3.2b and EXAFSI4, Figure 3.2c) are not as intense as the second

shell peaks for the rest of the samples, nor as well resolved from the first shell peaks. The

positions of the fwst and second shell peaks of the complexed forms of the hydroxylase are

within 0.05 ._ of the positions of the peaks of the non-complexed form, but the relative

separation of the Vn'stand second shell peaks is slightly wider for EXAFSI0, and slightly

narrower for EXAFSI6. The intensities of the peaks of the complexed forms (except for

EXAFSll and EXAFS20) are lower than the non-eomplexed form, but the relative

intensities of the second shell peaks to the Vn'stshell peaks for ali of the samples (except

EXAFSl4 and EXAFS20, and including EXAFSll) are within 10% of the value for

the non-complexed form (0.72). For EXAFSl4, the ratio of the second shell peak to the

first shell peak differs from the value for the non-complexed form by 30%, and for

EXAFS20, the ratio differs by 20%.

The EXAFS data for the reduced samples are presented in Figure 3.3, and the

Fourier transforms of the data given in Figure 3.4. The data for the non-complexed reduced

hydroxylase 12 are also presented for comparison. Here again, there are differences

between the complexed vs. the non-complexed forms of the reduced hydroxylase. The

EXAFS of the hydroxylase in the presence of component B (EXAFSI$ w/B, Figure

3.3c and EXAFS17 w/B and bromopropene, Figure 3.3e) are shifted slightly to higher

k, and the minimum at k = ~ 8.5 A"1 in the non-complexed samples (EXAFS3, Figure

3.3a and EXAFS6, Figure 3.3b) is not as distinct in the B-hydroxylase samples. The

bromopropene-hydroxylase sample (EXAFSlg, Figure 3.3d) is more similar to the non-

complexed samples (Figure 3.3a,b); however, the --.8.5 A"1minimum is shifted to lower k

for EXAFS19 relative to EXAFS3 and EXAFS6. These differences in the EXAFS

data are clearly seen in the Fourier transforms of the data (Figure 3.4), with the peak for the

B-complexed forms of the hydroxylase (Figure 3.4c,e) appearing 0.08 - 0.09 ,_ to lower R

than the peaks in the non-complexed (Figure 3.4a,b) and bromopropene-complexed

(Figure 3.4d) forms. Although the Fourier transforms above 2 A is different for aH of the .u

samples, there is no indication of a second shell Fe-Fe interaction like that seen in the

semimet samples (Figure 3.4) for any of the reduced samples.
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Figure 3.3. EXAFS data of the reduced hydroxylase samples. Reduced hydroxylase

samples: (a) EXAFS3, (b)EXAFS6; with component B" (c) EXAFSI5; with

bromopropene: (d) EXAFS19; with B and bromopropene: (e) EXAFSl7. The data

shown are the data used for Fourier transforms (k = 3.5-12.5 A-l). Note the difference in

the appearance of the EXAFS above k = 8 A-1.
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Figure 3.4. Fourier transforms of the reduced hydroxylase EXAFS data presented in

Figure 3.3. Reduced hydroxylase samples: (a) EXAFS3, (b) EXAFS6; with component

B: (c) EXAFS15; with bromopropene: (d) EXAFSI9; with B and bromopropene: (e)
EXAFS17.
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3.3.1. Photoreduction of the Oxidized Hydroxylase Samples

. As mentioned above, the oxidized samples of the complexed hydroxylase were

photoreduced to the 1-electron reduced semimet state (FelIl/FelI) by the X-ray beam, a

• phenomenon which has been observed before. 12,26 Anticipating the photoreduction

process, SSRL beamline 2-3 (unfocused bending magnet; Si(220) double crystal

monochromator) was used to pre-photoreduce EXAFS14, EXAFSl6 and EXAFS18

(temperature 95 - 100K, monochromator fully tuned at 7900 eV, slits 4 by 15 mm), as

judged by monitoring the positon of the edge as a function of time (~ 2.0 eV shift to lower

energy occurs from oxidized to semimet form). Scans were collected every 3-4 hours

using a 1 mm high beam to maximize energy resolution with the monochromator detuned

50 % ccw at 74OOeV. During this process, it was noted that the rate of photoreduction

decreased with decreasing ring current; after 21 hours in the beam between 58 -30 mA_ t.he

edge of EXAFS14 had shifted only 0.8 eV. After injection to ~ 90 mA, an additional ,-. 1

eV shift occured in 11 hours. After the pre-photoreduction process, the samples were

moved to beamline 7-3 for data collection and in ali cases, photoreduction of the samples

continued for a few hours. Only the scans collected after the photoreduction process was
i

judged to be complete were used for further data analysis.

3.3.2. Results of Fits

3.3.2.1. First Shell Fits. Results of the fits for the Fourier filtered first

coordination shell are presented in Table 3.2. For all of the samples, a single N or O

contribution did not adequately fit the data (fits A and B for all samples), however the data

could be fit with two contributions at different bond lengths. This effect has been noted

before in fits to structurally characterized model compounds by us and others, 27 in which

single contribution fits resulted in both incorrect coordination numbers and average bond

lengths. This has been attributed to interference effects between the N and O EXAFS at

different but unresolvable distances.

Sati:;factory fits were obtained with 2 N contributions, 20 contributions, or a

mixed N/O contribution (Table 3.2, fits C-F for all samples). The ability of two N or two
O waves to fit the data as well as a mixed N/O contribution reflects the limitation of the

. EXAFS technique to discriminate between two atoms of similar backscattering strength as

is the case with N and O. EPR studies are consistent with a mixed N/O coordination

• coordination for the Fe site; 28 the results with 2N or 20 contributions are therefore more

indicative of a first shell consisting of atoms at two different distance distributions, rather
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than suggesting an ali N or ali O first shell. Accordingly, the chemically relevant mixed

N/O fits will be focused on for the present studies.

. For a mixed N/O fit to the data, two possible minima were found in every case

depending on the relative starting distances of the N vs. O contributions, one

, corresponding to RN > RO and one to RN < RO (where RN and RO are the starting Fe-N

and Fe-O bond lengths, respectively). The N and O parameters were highly correlated for

the limited k range of the data and we therefore piace a greater emphasis on the

coordination-weighted average bond lengths than on the individual Fe-N and Fe-O

contributions. Since Fe-N bond distances are generally longer than Fe-O bond distances in

compounds of this type, the fit results with RN > RO were used as the starting point for

wide-sheU fits to the data. The validity of this approach has previously been confirmed by

similar fits to mixed N/O dinuclear iron models 12(see Chapters 2 and 4).

The average first shell coordination for ali of the complexed forms of the semimet

hydroxylase are very similiar to each other. For semimet hydroxylase in the presence of

component B, an average coordination of 6.4 N/O at 2.08/t_ from the iron center (Table

3.2, fit 10E) was found for EXAFSI0, and of 5.7 N/O at 2.08/_ (Table 3.2, fit 14E) for

EXAFS14. The bromopropene-complexed form of the hydroxylase had an average

coordination of 5.6 N/O at 2.06/_ for EXAFSll (Table 3.2, fit 1 lE), and 5.3 N/O at

, 2.07/_ for EXAFSI8 and EXAFS20 (Table 3.2, fits 18E and 20E respectively). In the

presence of both component B and bromoproper_e (EXAFS16), the average first shell

coordination was found to be 5.3 N/O at 2.07 A, (Table 3.2, fit 16E). No evidence of a

short Fe-O contribution which would be consistent with the presence of an oxo-bridged

iron center was found. For the reduced forms of the hydroxylase, the average coordination

number dropped and the average bond length increased relative to the semimet forms of the

hydroxylase, tor the reduced hydroxylase with component B (EXAFS15) a first shell

coordination of 4.6 N/O at 2.11 A (Table 3.2, fit 15E) was found, consistent with the shift

of the fir_:tpeak in the Fourier transform to shorter R relative to the non-complexed form

(average first shell coordination ~ 5 N/O at 2.15 A, reference 12). For reduced

hydroxylase with bromopropene, the average coordination of the first shell was 4.8 N/O at

2.14 A (EXAFSl9, Table 3.2, fit 19E), and with both B and bromopropene

(EXAFSl7), the first shell was found to consist of 4.4 N/O at 2.13 A (Table 3.2, fit

17E).

Although the average first shell coordinations are similar for the semimet samples

and the reduced samples, there is a systematic difference in the individual contributions to

- the fits discussed above. For the B-complexed samples (EXAFS10 and EXAFS14), the

coordination numbers of each contribution is about 3, but for the bromopropene-complexed
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samples (EXAFSll, EXAFS18 and EXAFS20), the coordination number of the long
distance contribution is lower than the coordination number of the short distance

contribution (compare the E fits in Ta_l.: 3.2). This is similar to the results of the first shell

fits for the non-complexed hydroxylase sample (see Chapter 2, Table 2.2, fit 2C). For the

reduced samples, the coordination numbers are equal for the two contributions for the B-
p

complexed sample (EXAFS15), but the coordination number for the long distance

contribution is greaterthan the short distance contribution for the bromopropene-complexed

sample (EXAFS19). The contributions of each wave in the B + bromopropene sample

are similar to the bromopropene samples in the semimet state, and to the B samples in the

reduced state. The differences in the relative contributions may be responsible for the

metrical differences seen in the EXAFS of the various samples at k ~ 8 A-1 discussed above
and illustrated later.

3.3.2.2. Second Shell Fits The results of second shell fits to the data are

presented in Table 3.3. Two minima were found for Fe-only fits to the data, one

corresponding to ~ 3.0 A and one to -- 3.4 A, with the better fit corresponding to the 3.4 A

fit. We have previously described the bias of the second shell fits for the Fe-Fe distance

corresponding to the distance in the model compound from which parameters were

obtained. 12 However, based on the lack of an oxo-bridge in the iron center, it is best to

use a non-oxo-bridged model compound for obtaining the empirical parameters.12, 29 For

that reason, the hydroxo-bridged model [Fe2(OH)(OAc)2(HB(pz)3)2](C104)2 (3.4 A,Fe-Fe

distance) 25 was used to extract parameters for modeling the second shell Fe-Fe interaction.

For the semimet hydroxylase in the presence of component B (EXAFSI0 and

EXAFSI4), the best fit Fe-only minimum corresponded to 1.0 - 0.8 Fe at 3.39 A (Table

3.3, fits 10G and 14G respectively). The Fe-Fe coordination for the hydroxylase with

bromopropene was found to be 1.5 Fe at 3.40 A, for EXAFSII (Table 3.3, fit 11G), 1.2

Fe at 3.41 A for EXAFSl8 (Table 3.3, fit 18G) and 1.4 Fe at 3.41 ,/k for EXAFS20

(Table 3.3, fit 20G). For the hydroxylase with both B and bromopropene (EXAFSl6),

the best Fe-only fit corresponded to 1.2 Fe at 3.40 A (Table 3.3, fit 16G). The 3.0 A

minima (Table 3.3, fits H for ali samples) are believed to be due to coincidence of the Fe

phase with the phase of the contribution from the low Z atoms which are almost certainly

present at ~ 3.0 A from the iron in bridged, dinuclear iron centers. 30

The limitations involved with the use of second shell Fe-C parameters obtained

from Fe(acac)3 have been described elsewhere (Chapter 2 and reference 12). Although the

Fe-C parameters are known not to be entirely reliable, we have used IJaem to try to obtain

additional information about contributions to the second shell data. 12 For C-only fits to the

data, two minima were again found, at ~ 3.0 A, and ~ 3.4 A, however the best fit
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corresponded to the 3.0 ,/_minimum for the C-only fits (Table 3.3, fits I for ali samples).

For fits including both Fe and C, the individual contributions were highly correlated,

affecting both coordination numbers and distances. The best fit to the data corresponded to

a long (3.4 /_.) Fe-Fe distance, and a short (3.0 /1,) Fe-C distance for EXAFSI0,

EXAFSII,EXAFS18, and EXAFS20 (Table 3.3, fits 10K, llK, 18K, 20K). For

these fits, both the Fe and the C coordination numbers were lower than the values obtained

for the long Fe-only fit and the short C-only fit (fits G and I, respectively), and the Fe-Fe

distance decreased while the Fe-C distance increased. For EXAFSl6, the long Fe/short

C fit was the second best fit (Table 3.3 fit 16K) and showed the same correlation effect. It

should be noted that for EXAFSl4, fit 14K was the result for both a long Fe/long C and a

long Fe/short C starting point.

These results demonstrate that there are two contributions to the second shell data,

from atoms at an average distance of 3.0 ,/k and 3.4 A from the iron center. A strong

preference for a 3.4 A Fe-Fe distance and a 3.0 A Fe-C distance was given by the fit results

(Table 3.3, fits G and I respectively). The assignment of the longer distance to Fe and the

shorter distance to C is consistent with the lack of an oxo-bridged iron center and with the

distribution of low Z atoms in structurally characterized models. 25,29 To aid in the

interpretation of these results, it is useful to compare the Fourier transforms of the fits (4 -

12 A-1) with the 4 - 12 A-1 Fourier transform of the second shell contribution. The fits to

the filtered second shell data and the Fourier transforms of the fits to the data for

EXAFSl0 are presented in Figure 3.5. The 3.39 A Fe fit (Table 3.3, fit 10G; Figure

3.5a) matches the Fourier transform of the second shell wave (at 2.68 A) better than the

3.01 A Fe fit (Table 3.3, fit 10H; Figure 3.5b) both in terms of peak height and position.

The Fourier transform of the 3.39 ,_,Fe fit is shifted 0.11 A to longer R (at 2.79 A), and is

81% of the height of the data peak, whereas the 3.01 A Fe fit is 0.27 A to shorter R (at

2.41/_) and only 61% of the peak height. The Fourier transform of the 3.03 A C-only fit

to the data (Table 3.3, fit 10I; Figure 3.5c) matches the Fourier transform of the data very

weil, with only a 0.02 A shift in the peak position of the fit to lower R (at 2.66 A), whereas

the 3.38 ,_, C-only fit to the data (Table 3.3, fit 10J; Figure 3.5d) occurs 0.33 A to higher R

(at 3.01 A). The height of the peak of the short C fit is 84% that of the data and the long C

fit is 52% of the data peak height. Clearly, the 3.39 A Fe fit or the 3.03 A C fit better

explain the second shell data than the 3.01 A Fe fit or the 3.38J_ C fit, supporting the

assignment of the longer distance contribution as iron and the shorter distance contribution

as carbon. For the Fe + C fits to the data, the fits consisting of long Fe and short C (Fit

10K, Figure 3.5e), long Fe and long C (Fit 10L, Figure 3.5f) and short Fe and short C (Fit
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Figure 3.5. Fourier transforms of the second shell fits to the data for EXAFS10 (k =

4-12 A-1). The solid line is the Fourier transform of the second shell EXAFS in every

case. (a) Fe-only fits to the data; 3.39 A Fe fit (Table 3.3, fit 10G) (dash) and 3.01 A Fe

fit (Table 3.3, fit H) (dot). (b) C-only fits to the data; 3.38 A C fit (Table 3.3, fit 10J)

(dash) and 3.03 A C fit (Table 3.3, fit 10I) (dot). (c) Fe + C fits to the data; long Fe and

. short C (Table 3.3, fit 10K) (dash), long Fe and long C (Table 3.3, fit 1OL) (dot), and

short Fe and short C (Table 3.3, fit 10M) (dash dot).
di,
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10M, Figure 3.5g) are ali quite good, however the improvement to the fits simply reflects

the:correlation of the Fe and the C pararaeters in the latter two fits to the data.

For the reduced data sets, fits to the filtered data over the region between 2.5 and

3.5 A were attempted with Fe or C and could be adequately fit with either less than 0.5 Fe

at - 3.4 ._ or about 2 C at - 3.0 ,_. These results are chemically unreasonable for the diiron

center based on a comparison of these contributions with the known second shell

contributions in structurally characterized diferrous models. In the second shell of the

multiply-bridged diferrous model compounds [Fe2OH(O2CH3)2(Me3TACN)2](C104)-

H20 31 and [Fe2(O2CH)4(BIPhMe)2], 32 there are 11 C atoms between 2.89 and 3.16 ,/_,

and 10 atom at 3.3 A (the Me3TACN compound also has Fe at 3.32 ,_; the Fe distance in

the BIPhMe model is 3.57 ,_). The low height of the peak in the second shell region of the

Fourier transform, and the low coordination numbers for the fits especially in the 3.0 - 3.2

_. range, suggest that there is some high frequency contribution to the data that can be

mathmatically modeled with the Fe and C parameters, but does not necessarily reflect the

true second shell environment of the ferrous iron center.33

3.3.2.3. Wide Shell Fits. The same trends seen in the first and second shell

fits to the semimet data were se_':ain the fits to the backtransform of both of the peaks in the

Fouriertransform(Table3.4).OnlytheresultsforRN > RO arereported,althoughallof

thefitswithRN < RO wereper_brmed.The fitfunctionfortheNIO fittothedatawas

aboutIforallofthesamples(Table3.4,fitsO),andimprovedbya factorof1.8to2 with

theadditionofa eithera 3.4A Fc contribution(Table3.4,fitsP)orby afactorof1.3to

2.6witha 3.0,I,C contribution(Table3.4,fitsS).With theadditionofbotha 3.4A Fe

anda 3.0A C contribution(Table3.4,fitsT),thefitsimprovedonlyslightlyoverthe3.4

A Fc-onlyorthe3.0A C-onlyfits,andthesamecorrelationeffects(reductionintheFeand

C coordinationnumberandFe distance,increaseinC distance)wereseenforallsamples

withtheexceptionofEXAFSI4, forwhichno minimum correspondingtoa 3.4A Feand

3.0A C initialstartingpointwas found.

The dataand fitstothedataarepresentedinFibre 3.6forEXAFS10. The

descriptionhereisentirelyanalagousfortherestofthesamplesasweil.The N/O fit

describesboththelowfrequencycontributiontothedataandtheoverallamplitudeofthe

data(Table3.4,fit100, Figure3.6a)but does not explainthe higherfrequency

componentsoftheEXAFS. The effectofaddingthehighfrequencyFetotheN andO fit

(Table3.4,fit10P)isseeninFigure3.6b,withthebeatpatternabovek = 7 A "linthedata

now beingmimickedbythefittothedata.The inclusionoftheshortC contributiontofit

10P (Table 3.4, fit 10T, Figure 3.6c) primarily improves the match in the frequency above
k- 10/_-l.
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Figure 3.6. Fits to the Fourier filtered first and second shell EXAFS for EXAFSI0 (k

=4-12 ,/_-1). The solid line is the data and the dashed line is the fit. (a) Fit to the data with

N and O (Table 3.4, fit 100), (b) fit to the data with N, O, and Fe (Table 3.4, fit 10P), (c)

Fit to the data with N, O, Fe, and C (Table 3.4, fit 10T). Note the improvement in the fit
with the addition of Fe to the N and O contributions.
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3.3.2.4. The Or_n of the Metrical Differences in the EXAFS. There

are subtle differences in tk._beat pattern of the EXAFS data seen above k = 7 ,/_-I (Figure

3.1) for the hydroxylase c_rr_plexes vs. the non-complexed hydroxylase as described
.l

above. These differences suggest that there may be a structural change that occurs in the

complexed forms of the hydroxylase, however the fit results do not support a significant

change in the ligation of the iron atoms as a result of the presence of component B or

substrate based on a comparison of the average f++++stshell coordination. Although the

differences in the EXAFS c+,+,nnotbe completely accounted for by the fit results,

qualitatively it can be shown that the differences arise from differences in the first shell

EXAFS. The backtransforms of the first shell data for representative complexed forms of

the hydroxylase are compared to the first shell EXAFS of the non-complexed hydroxylase

in Figure 3.7, and of the second shell data in Figure 3.8. Significant changes in the first

shell EXAFS occur in both amplitude and phase above k = 7 ,_-I for all of the samples,

although the non-complexed form a_] the bromopropene-complexed forms are very

similar. The second shell data, while not identical for all of the samples, are certainly more

similar to each other than the first shell data. The differences in the beat pattern of the

EXAFS can therefore be attributed +oWe +Aifferencesin the first shell data above k = 7 _-l

interacting with a relatively constant second shell contribution. The differences in the f'_-st

shell EXAFS are probably reflected by the differences in the relative coordination numbers

of the long and short distance contributions to the first shell fits of the B-complexed vs.

bromopropene-cornplexed samples described above. The effect of the first shell data on the

appearance of the EXAFS is illustrated in Figure 3.9, which shows the filtered EXAFS of

the B-complexed hydroxylase (EXAFSI0), along with the EXAFS from the addition of

the first shell data from EXAFSI0 to the second shell data of the non-complexed sample

and the filtered EXAFS of the non-complexed hydroxylase. Addition of the second shell

EXAFS of the non-complexed form to the f'wst shell EXAFS of the B-complexed form

(Figure 3.9b) results in EXAFS more like that of the true B-complexed samples (Figure

3.9a) than the non-complex_ _arr_ple(Figure 3.9c).

3.3.2.5. Fits to ti_e Non-Filtered Data. Fits to the non-filtered data

between 4 and 12 _-1 were done for all of the semimet and reduced samples (Table 3.5).

Ali of the trends described above were seen for the fits to the wide f'fltereddata, although

the fit functions were higher due to the increased noise level of the data. The data and the

fit to the data (Table 3.5, fit U) for ali of the semimet samples are shown in Figure 3.10.

The Fourier transforms (4 - 12/_-1) of the fits in Table 3.5 for EXAFSI0 are compared to

the 4 - 12 _-1 Fourier transform of the data in Figure 3.11. The N/O contribution to the

data matches the f'wstshell peak in the Fourier transform very well for ali of the fits. For

93



5 ' I ' ! ' I '

-5 , I i I i I i
3.5 6 8 10 12.5

k (A

Figure 3.7. Comparison of the Fourier backtransforms of the first shell data (see Figure

3.2) for the semimet hydroxylase samples. Semimet hydroxylase sample, EXAFS2 i_

(solid); with component B, EXAFSl0 (dash); with bromopropene, EXAFSI8 (dot);

and with B and bromopropene, EXAFSI6 (dash dot). The Fourier filter window widths

used for these backtransforms are given in Table 3.2. Note the difference in the EXAFS

above k = 8 }k-1, especially for EXAFS10.
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Figure 3.8. Fomier backtransformsof the second shell data (see Figure 3.2) for the

semirnet hydroxylase samples. Semimet hydroxylase sample, EXAFS2 (solid); with

component B, EXAFSM) (dash); with bromopropene,EXAFSI8 (dot); and with B and

bromopropene, EXAFSI6 (dash dot). The Fourierfilter window widths used for these

backtransformsaregiven inTable 3.3.
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Figure 3.9. A comparison of the interaction between the first and second shell semimet

hydroxylase EXAFS data. (a) Fourier filtered EXAFS of EXAFSl0 (with component
B); (b) the 1"1 addition of the Fourier filtered first shell data of EXAFSI0 with the

Fourier filtered second shell data of EXAFS2; (c) Fourier filtered EXAFS of EXAFS2

(non-complexed form).
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Figure 3.10. Fits to the non-filtered data for the sernimet hydroxylase samples (fitting

range k = 4-12/_-l). The solid line is the data and the dashed line is the fit to the data. The

fit shown is the N,O and Fe fit (Table 3.5, fit U for all). (a) EXAFSI0, (b) EXAFSl4,

(c) EXAFSll, (d) EXAFSI8, (e) EXAFS20, (f) EXAFSI6.
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Figure 3.11. Fourier transformsof the fits to the non-filtered data for EXAFSI0

(Fouriertransformrangek = 4-12 A-I). The solid line is the data. (a) Fit to the data with

N and O (dash) (Table3.5, fit 1OU),(b) fit to the data withN, O and long Fe (dash)(Table

3.5, fit 10V) and N,O and shortFe (dot) (Table 3.5, fit 10W), (c) fit to the data with N, O

andlong C (dash)(Table 3.5, fit 10X)and N, O and shortC (dot) (Table 3.5, fit 10Y), (d)

fit to the datawith N, O, Fe and C (dash) (Table3.5, fit 10Z). Note thatthe fit to the data ,.

with N, O and a long Fe contributionis betterthan the N, O and shortFe fit, while the fit

including the short Fe-C contribution is better than the fit including the long Fe-C
contribution.
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Fit 10V (Table 3.5, Figure 3.1 lb), the second shell peak is slightly mismatched in

position, with the fit to the data occuring at a slightly higher R value, but the amplitude of

the peaks is well-matched, similar to what was described for the second shell fits above.

The Fourier transform of the N/O/sho_'t Fe fit to the data (Table 3.5, fit 10W) is a poor

match for the data (Figure 3.11b). For Fit 10Z, the amplitude of the fit in the second shella

region is slightly high, but the addition of the short C contribution to the N/O/long Fe fit

improves the match in the position of the peak of the fit to the data with the second shell

peak of the data (Figure 3.1ld). Clearly, this shows that the Fe-Fe parameters employed

cannot by themselves explain the second shell data completely, and that something in

addition to iron needs to be added to the fits.

The same procedure was performed for the reduced data, and the fit results are also

presented in Table 3.5. Although the N/O fits to the data were adequate to explain the data,

the broad feature suggested on the low k side of the 10/_'1 maximum was not accounted

for (Figure 3.12a,c,d). However, with either the addition of a small 3.0 _1,C contribution

or a 3.4 li, Fe contribution, a better fit to the data at higher k was found (illustrated for

EXAFS15, Figure 3.12b). As described above in the fits to the second shell data, that

while improving the fit to the data mathematically, the actual numerical results of the high

" frequency contribution should not be interpreted as reflecting a true second shell

environment. The Fourier transforms of the data and the fits to the data shown in Figure

3.12 are presented in Figure 3.13. The inclusion of Fe or C to the fit models the small

peak above 2.5 A.

3.3.3. X-ray Absorption Near Edge Spectra

The edge spectra of the semimet hydroxylase samples are presented in Figure 3,14.

The spectra consist of a small, low intensity feature at - 7114 eV (Feature A), the main

transition at- 7129 eV (Feature B) and a broad maximum at ~ 7134 eV (Feature C). The

intensity of feature B increases in the presence of component B (EXAFSI0 and

EXAFSI6) and a shoulder appears on the rising edge at ~ 7124 eV (Feature A'). The

energy position of Feature A does not change for the various samples, but its intensity

increases for the samples with component B (see Figure 3.14 inset). The shapes of the

pre-edge features for the other two complexes of the hydroxylase are not significantly

different from the non-complexed form.

Upon reduction to the diferrous state (Figure 3.15), the the main transition moves

, to lower energy (~ 7125 eV) and the shape changes dramatically, increasing in intensity and

becoming narrow. This change is typical of the reduction of Fe(IIl) to Fe(II) in models
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Figure 3.12. Fits to the non-filtered data for the reduced hydroxylase samples (fitting

range k = 4-12/I_-I). The solid line is the data and the dashed line is the fit to the data. (a)

Fit to the data for EXAFSI$ with N and O (Table 3.5, fit G), (b) fit to the data for

EX:AFSI$ with N, O and Fe (Table 3.5, fit H). N and O only fits to (c) EXAFSI9

(Table 3.5, fit 19(3) and (d) EXAFSI7 (Table 3.5, fit 17G). Note that the inclusion of Fe

to the fit for EXAFS1S accounts for the shoulder in the EXAFS between k = 8 and 9/_-1.
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Figure 3.13. Fourier transforms of the fits to the non-filtered data for EXAFSI$

(Fottrier transform range k = 4-12,,_,-1).The solid line is the Fourier transform of the data

and tb.edashed line is the fit for (a) N and O fit (Table 3.5, fit G) and (b) N, O and Fe fit

(Table 3.5, fit H). Note that the inclusion of Fe to the fit explains the 3.0 ,_ peak in the
Fourier transform.
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Figure 3.14. Edge spectra of semimet hydroxylase samples. Non-compl©xedsample,

EXAFS7 (solid); sample with component B, EXAFSI0 (dash); sample with

bromopropene, EXAFS18 (dot); sample with B and bromopropene EXAFSI6 (dash

dot). Note the appearanceof a shoulder¢.mthe rising edge in the _ of the hydroxylase

samples in the presence of B and bromopropene. The pre-edge feature of EXAFSI0 is

more intensethan the pre-edgefeaturesof the othersamples.
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Figure3.15.Edge spectraofscmimet(solid)andreduced(dash)hydroxylasesamples.

The datashown arcfor(a)thenon-complexedformsofthehydroxylase(EXAFS7 and

EXAFS6) and (b)the hydroxylasesampleswithcomponent B (EXAFS10 and

EXAFSI5). The change in the appearance of the edge spectra of the hydroxylase samples

in the presence of component B is not as great as the change that occurs in the non-

. complexed samples.
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with mixed O and N ligation (see Chapter 5). The shape of the pre-edge feature (Feature

A) changes (Figure 3.15 inset) and the positon of the pre-edge feature moves to lower

energy by about 1 eV to 7113 eV.
!/

The edges of the reduced hydroxylase complexes are compared in Figure 3.16.

The position of Feature A does not change, but the intensity decreases relative to the non-

complexed sample edge. Among the hydroxylase complexes, the intensity of the feature is

slightly greater for the hydroxylase sample in the presence of bromopropene than for the

other samples. The shape of Feature A is different for the complexes with component B

(EXAFSI5 and EXAFSI7) from the bromopropene-complexed and non-complexed

hydroxylase (EXAFSI9 and EXAFS6). The pre-edge feature rises to a maximum more

steeply for EXAFS6 and EXAFSI9 than for EXAFSI$ and EXAFSI7. The

intensity of the main transition decreases and becomes more narrow relative to the edge of

the non-complexed samples, and a shoulder to the high energy side of Feature B _arure

C) at ~ 7131 eV appears for the hydroxylase in the presence of component B.

3.4. Discussion

3.4.1. The Empirical Fitting Proceedure

The underlying assumption of the empirical fitting approach applied herein is that

only single scattering interactions contribute to the EXAFS, and multiple scattering

contributions to outer shell data are neglected. The empirical fitting proeeedure used for

these fits has proven to be very reliable for the first coordination sphere and is especially

sensitive to the distance distribution around the Fe atom, although it may not always

accurately reflect the relative numbers of one atom type to another, as has been seen for

these samples. Second shell empirical fitting methods are hampered by the difficulty in

adequately modeling ali of the second-shell low-Z atoms distributed at various distances

and in various numbers around metal atoms in dinuclear metalloproteins. The Fe-C

parameters obtained from Fe(acetylacetonate)3, commonly used to model the second shell

low-Z atom contribution to the data, describe a wave which mimicks the second shell Fe-Fe

contribution (Chapter 2, Figure 2.8), resulting in the satisfactory "C-only" fits to the data at

the same distances as the Fe-only fits. This also contributes to the high degree of
correlation between the Fe and C contributions to the fits when both Fe and C were used to

fit the second shell data. The ability of second shell carbon to mimic a first row transition

metal contribution has been noted before in fits to dinuclear copper proteins. 34 The net

result is that it is difficult to isolate the second shell metal-metal interaction from the second
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Figure 3.16. Edge spectra of reduced hydroxylase samples. Reduced hydroxyalse

sample, EXAFS6 (solid); sample with component B, EXAFSl5 (dash); sample with

bromopropene, EXAFSl9 (dot); sample with component B and brompropene,

EXAFSI7 (dash dot). Note that the intensity of the main feature decreases in the

presence of component B and bromopropene.
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shell metal-low-Z atom interaction using a single-scattering empirical approach, an effect

clearly seen in the fits to the second shell EXAFS data. The inclusion of this shell clearly

shows that at least a second contribution is needed to model the second shell properly.

Multiple scattering interactions from the presence of rigid ligand groups such as

imidazoles can often contribute significantly to the outer shell data. Semi-empirical

methods of dealing with the presence of imidazole groups, in which a set of amplitude and

phase parameters which describe the contribution of the imidazole group as a unit, have had

limited success. 35 Recent efforts have focused on including the individual multiple-

scattering pathways based on theoretical calculations within the imidazole group in fits to

the data. 36 The possibility that multiple scattering from other ligands bound to the iron

atom are contributing to the second shell data cannot be ruled out, as it has recently been

shown that multiple scattering contributes significantly to the outer shell data in

Fe(acac)3. 37 This suggests that in addition to imidazole groups, multiple scattering

interactions from bidentate coordination of a carboxylate group to a single Fe atom may

also contribute to the second shell data. The crystal structure of ribonucleotide reductase

B238 shows an aspartate group coordinated to an Fe atom in just such a manner and it is

certainly possible, based on the similarity between the average first shell data for RR and

MMO hydroxylase as determined by EXAFS, 12 that similar coordination of carboxylate

groups occur in the hydroxylase active site. The application of a multiple scattering

analysis to the second shell data is currently under developement. 37

3.4.2. The Effect of Substrate and Component B on the Structure of the
Diiron Center

Perturbations in the EPR spectrum of the semimet hydroxylase in the presence of

substrate was the first indication that the hydroxylase component interacted directly with

substrate.4C, 17 In the presence of small molecules, the EPR spectrum was generally

sharpened and intensified, however the presence of component B caused a dramatic

difference in the EPR spectrum of the semimet hydroxylase. 16a The hydroxylase no longer

exhibited the gay = 1.85 signal (M. trichosporium (OB3b)), and a different saturation

behaviour was observed, resulting in an EPR signal with gay = 1.75. These results

suggest that the interaction of component B with the hydroxylase in its semimet form is

more significant than the interaction of substrate. In the fully reduced form, the presence of

component B does not affect the EPR as drastically as in the semimet form and only

sharpens and intensifies the g - 16 signal, suggesting that the interaction of B with the b,,

reduced hydroxylase is not as significant as its interaction with the semimet hydroxylase.
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These trends are qualitatively seen in the EXAFS of the semimet (Figure 3.1) and reduced

samples (Figure 3.3). The EXAFS of the complex formed between semimet hydroxylase

and bromopropene (Figure 3.1d-f) is very similar to the non-complexed EXAFS (Figure

3.la), whereas the EXAFS of the semimet hydroxylase with component B (Figure 3.1b,c)

. is different from the non-complexed form. The B plus bromopropene sample (Figure

3.1g) resembles a combination of the B-hydroxylase and the bromopropene-hydroxylase

samples. The EXAFS of the reduced hydroxylase in the presence of component B (Figure

3.3c) is somewhat different from the non-complexed form (Figure 3.3a,b).

The presence of component B and substrate also alters the redox potentials of the

hydroxylase iron site. 18 The redox potentials of the Fe(III)Fe(III)/Fe(II)Fe(III) and

Fe(II)Fe(III)/Fe(II)Fe(II) pairs were slightly lowered in the presence of propylene,

suggesting a decrease in the electron affinity of the iron site and a slight inhibition of the

reduction process. In the presence of stoichiometric amounts of component B and

reductase, no reduction of the hydroxylase occured, suggesting that both component B and

reductase are required to inhibit reduction of the hydroxylase. Earlier kinetic studies

suggested that component B alone was responsible for the inhibition of the reduction of

hydroxylase in the absence of substrate.6,11 The XAS sample of the reduced form of the

hydroxylase with component B was subjected to the reduction mediators after the protein

complex had been formed. The edge spectrum (Figure 3.16) is consistent with the reduced

form of a diiron center, therefore reduction of the hydroxylase can proceed in the presence

of component B and the absence of substrate. This conf'Lrrns that both the reductase and

component B are required in the absence of substrate to effectively inhibit reduction of the

hydroxylase diirion site.

3.4.2.1 Changes in the Coordination Sphere of the Iron Center. The

fit results do not show any significant difference in the iron coordination sphere due to the

formation of hydroxylase complexes. The average first shell coordination of the

complexed forms of the semimet hydroxylase (5.3 - 6.4 N/O at 2.06 - 2.08/_, Table 3.6)

do not vary significantly from the average first shell coordination of the non-complexed

semimet hydroxylase (5.6 N/O at 2.08/I,, Table 3.6). Considering the Fe-only fits to the

second shell data, the Fe-Fe distance for ali of the sernimet complexes is also very similar,

varying from 3.39 ,/_ to 3.41 /I,. Based on a comparison of the coordination weighted

average first shell date, the results suggest that no significant change in the coordination of

the iron occurs due to the formation of hydroxylase complexes with component B or

substrate. However, there is a change in the relative coordination numbers of the long and

. short distance contributions to the f'trst shell data for the B-hydroyxlase samples. Given the

inability of EXAFS to strictly determine the relative numbers of similar strength
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backscattering atoms, we hesitate to interpret the change in the contributions of the

individual waves as representing a real change in the relative N and O ligation to the iron

center, however the results indicate that some minor change does occur in the first

coordination sphere. Whether the origin of the difference arises from a change in the

ligation of the iron atoms, or a distortion of the coordination environment, or a change in

the covalency of the metal site can not be determined based on the EXAFS analysis.

Although it is known that substrate interacts with the hydroxylase component, the

location of the binding site has not been determined. A brominated substrate was used for

the hydroxylase/substrate complex to provide information about the proximity of the

substrate binding site to the iron center. Bromine is a stronger backscatterer than Fe, so an

Fe-Br interaction should be detected ff the substrate were to bind close enough to an iron

atom in an ordered configuration (with little rotational or vibrational motion). If 1-

bromopropene were to bind to an Fe atom, the Fe-Br distance would be on the order of

2.5-3.75 ,_ if the terminal C to which Br is attached binds to the iron atom, depending on

the angles of the Fe-C to C-Br bonds. If the second carbon, at the internal end of the

double bond, binds to iron the Fe-Br distance would be on the order of 3.0-5.3 A, again

depending on the relative bonding angles. EXAFS should be sensitive to a Br interaction

within 4.0 A. Since Br is such a strong backscatterer, it might be possible to detect an Fe-

Br interaction at a longer distance and therefore be able to determine the distance to the

substrate binding site.

To evaluate this, we have collected EXAFS data on a brominated derivative of

Fe(acac)3, [tris-(3-bromo-2,4-pentanedionate)3 iron 0II)]39 (or Fe(3-Br-acac)3) in which

the Fe-Br distance is expected to be on the order of 5.2 A.4° The contributions of the three

bromine atoms at this distance are clearly seen in the Fourier transform of Fe(3-Br-acac)3

compared to Fe(acac)3 (Figure 3.17), suggesting that an Fe-Br interaction at a distance as

long as 5 A could be detectable by XAS. Inspection of the Fourier transforms of the

semimet and reduced bromopropene complexes (EXAFSII, EXAFSI6, EXAFSI8,

EXAFS20, Figure 3.2; EXAFSI7, EXAFSIg, Figure 3.4) shows no suggestion of a

strong interaction above 3.5 A, suggesting that substrate binds at a distance greater than 5

A. If the bromine were located between 3 and 3.5 A from the iron atoms, it would be

expected that the fit results to the second shell data would be different for the hydroxylase

samples with bromopropene from the non-bromopropene complexed samples, however

this was not the case. We have not yet identified an appropriate model for an Fe-Br

interaction at 3-3.5 A, so we have been unable to fit the second shell data to test for the

presence of bromine. Pending the application of appropriateFe-Br parameters to the fitting

proceedure, and given that the data can be well explained by only second shell Fe and C
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contributions, these results suggest that substrate does not bind directly tO the iron atoms;

instead, it binds at a location such that the Br atom is more more than 4 ,_ away from the

iron site. This conclusion is consistent with the results of an ENDOR study of the

hydroxylase in the presence of methanol, 16bin which no evidence was seen for coupling of

the methyl protons to the iron site. Coupling with exchangeable imidazole protons 5-6 A,

away from the iron site was seen, so the methanol binding site must be more than 6 A away

from the iron atoms. In addition, the limited deuterium exchange that occured during the

course of this study suggested limited access to the diiron site for water, therefore access is

probably limited for largermolecules such as bromopropene as weil.

3.4.2.2. Interpretation of the Hydroxylase Edge Spectra. The weak

pre-edge feature seen well below the 4p transition in transition metal spectra has been

assigned to a formally dipole forbidden ls'--_3d transition made allowed by 4p mixing

into the 3d states as a result of symmetry distortions and vibronic coupling.41, 42 The

intensity of this feature is inversely proportional to the symmetry of the metal site and

increases as the metal site is distorted from octahedral to tetrahedral symmetry. The

intensity of the feature can be therefore be used to infer the coordnation number and/or site

symmetry of the metal atom.43 The presence of the ls'--_3d feature in the edge spectra of

the hydroxylase samples (Figure 3.14 and 3.15, feature A) indicates that the Fe site is

distorted from octahedral symmetry. The intensity of this transition is consistent with the
)

proposed 5-6 atom coordination of the iron site in the MMO hydroxylase. The increase in

the intensity of the ls"-_3d transition for EXAFS10 relative to EXAFS7 suggests that

the Fe site is more distorted in the presence of component B.

The appearance of the shoulder of the rising edge of the semimet hydroxylase

spectra (Feature A') is similar to changes seen in the edge spectra of Cu and Fe systems as

a result of the increase in the covalency of the metal site.41, 44 This feature has been

assigned as a ligand-to-metal charge transfer (LMCT) shake-down feature 45 associated

with ls---_4p transition in the Cu systems. If Feature A' reflects covalency in the iron

site, then the improved resolution of this feature in the hydroxylase complexes suggests

that the covalency of the iron site increases as a result of the interaction with component B

and/or bromopropene. The decrease in the electron affinity of the iron site in the presence

of propylene as measured by the change in the redox potentials is consistent with an

increase in the covalency of the Fe(H]) iron center. 18

For the reduced hydroxylase samples, the 1s-'_ 3d feature appears to be split by

about 2 eV in the complex formed with bromopropene (EXAFSIg) and in the non-

complexed form 0EXAFS6). Splitting seen in ferrous compounds has been attributed to

transitions to the 4F (lower energy transition) and 4p (higher energy transition) multiplet
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levels of the d 7 final state.44 The relative intensities of the two features in the reduced

hydroxylase spectraare not in accordwith predictions (4F:4P7:3).44 Due to the noise level

and the reductionin intensity of theleading edge of the feature for the B-complexed forms,

it cannot be established if the pre-edgefeatureis splitfor these samples.

. During XAS sample preparation, the hydroxylase complexes were made before the

samples were reduced. This suggests that the changes in the edge of the reduced samples

derive from an interference in the reduction process as a result of the complex formed

between the hydroxylase and component B or bromopropene. The intensity difference of

the main transition for the semimet and reduced complexes with B (Feature B, Figure

3.15b) is not as great as the intensity difference of the main transition for the non-

complexed semimet and reduced samples (Feature B, Figure 3.15a). If the difference in

the edge of the non-complexed forms represents a conversion from semimet to diferrous,

then perhaps a lesser degree of change represents an incomplete conversion to the fully

reduced form. Therefore, perhaps the intensity of the ls---_4p transition is directly related

to the ability of the hydroxyalse component to undergo chemical reduction.

In the edge spectra of the reduced hydroxylase samples (Figure 3.16), the intensity

of the ls.-_4p transition decreases from the non-complexed form (EXAFS6) to the

" complex with bromopropene (EXAFS19) followed by the complex with both B and

bromopropene (EXAFS17) and the complex with only B (EXAFSIS). Based on the

arguement presented above, this suggests that in the presence of B reduction is inhibited,
but the inhibition is lifted if substrate is added to B, and further decreased if substrate is

added and B is removed. This trend is consistent with the results of kinetic studiesl0,11 in

which the reduction of the hydroxylase was inhibited or halted by the presence of

component B in the absence of substrate, but occured in the presence of substrate. In

addition, the reduction of the redox potentials of the hydroxylase in the presence of

substrate (El o = 30 mV; E2 o = -156 mV) as compared to the redox potentials of the

hydroxylase alone (El o = 48 mV; E2o = -135 mV)18 suggest a slight decrease in the

electron affinity of the iron site in the presence of substrate. These studies suggest that

reduction of the hydroxylase in the presence of substrate is very slightly inhibited, and in

the presence of component B without substrate, reduction of the hydroxylase is strongly

inhibited. The interpretation of the decrease in the intensity of the Is_4p transition in the

edge spectra of the reduced hydroxylase samples is consistent with these results, lt would

be interesting to see if longer exposure to the reduction mediators would result in more

complete reduction of the complexed forms of the hydroxylase (samples were incubated for

• approximately aOminutes).
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3.5. Conclusions

The resultsof theEXAFS analysis for the rangeof dataavailabledo not show any .

significant changein the averagecoordinationenvironmentof the ironcenteras a resultof

complex formation. The interactionof componentB and bromc@ropenethereforeoccursat

a location other than the iron site. Based on the comparisonof the Fouriertransformsof

the bromopropene-hydroxylasesamples andFe(3-Br-acac)3,and the results of anENDOR

study of the hydroxylasecomponent,16bthe site of the substrateinteractionis more than 4

}_away from the iron site. The presence of componentB has an effect on the first shell of

the hydroyxlase active site, reflected in the change in the distance distribution of the

individualcontributionsto the first shell data(Table3.2). The natureof thischangecannot

be determinedfor the datarange available,butpossible explanations include distortionof

the iron environment, changes in the ligation of the iron atoms, or a change in the

covalency of the iron site due to distant interactions between the hydroxylase and

component B.

Direct evidencefor the inhibitionof the chemicalreductionof the hydroxylasein the

presence of component B and bromopropeneis seen in the edge spectra. The appearance

of a shoulder on the rising edge of the spectra of the sernimetedges suggests that the

covalancy of the diiron center changes due to the presence of component B and substrate. B

These studies suggest thatthe changes which occur in the hydroxylase diironcenterin the

presenceof the component B or substrateinvolve subtleperturbationsin the coordination

environmentof the iron atomsaccompanied by changes in the electronic structureof the
iron center.
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An Investigation of the Model Dependency of EXAFS Data Analysis for
Dinuclear Non-Heme Iron Systems
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4.1. Introduction

EXAFS has been used for many years to elucidatethe local structure around metal
J

atoms in biological systems and has been appliedto a wide varietyof metalloproteins.1 We

have been using EXAFS to study the structureof the non-heme dinuclear ironcenter in the a

hydroxylase component of methane monooxygenase from Methylococcus capsulatus

(Bath) and Methylosinus trichosporium (OB3b).2 These early studies on the hydroxylase

component and relevant dinuclear ironmodel compounds3have revealed the sensitivity of
the EXAFS technique to the presence or absence of a g-oxo bridge in the firstcoordination

sphere of a dinuclear iron center, and the accuracy which can be achieved in deterrrfining. . .

the average first shell coordination of the iron atoms. Additionally, these investigations

have revealed various difficulties arising from the applications of experimentally derived

amplitude and phase parameters in fits to second shell data.za However, the use of

amplitude and phase functions derived from EXAFS analysis of appropriate model

compounds has been shown to give more accurateresults in fits to metal foil EXAFS data

than the use of theoretical amplitude and phase functions. 4 We have therefore used

empirically derived amplitude and phase functions for the investigations discussed in this
work.

We have previously discussed fits to the second shell data using second shell Fe-C

parameters fromFe(acac)3 (see Chapters 2 and 3 and reference 2a) and have remarked on

the ability of the second shell low-Z parameters to mimic a second shell metal-metal

interaction, an effect which has been seen by others in fits to binuclear copper and mixed

metal systems.5 We also have noted the high degreeof correlationbetween the Fe-Fe and

Fe-C parameters, which makes the interpretation of the results of second shell fits less

definitive. A more interesting effect was noted in fits to the second shell oxidized and

semimet hydroxylase data with only an iron contribution, which suggested that the fits to

the second shen data may exhibit a model bias.za

In the earlier studies, Fe-Fe parameterswere obtained from two tribridgedmodels,

one which has an oxo bridge and one which has a hydroxo bridge

([Fe20(OAc)2(HB(pz)3)2]and [Fe2OH(OAc)2(HB(pz)3)2](CIO4)).2 Use of the parameters

from either one of these models resulted in the same two minima in least-squares fits to the

second sheUhydroxylase data at distances separated by about 0.4 A,.2a It was found that

the minimum which corresponded to the best fit to the data depended on which set of

parameters wereused. Most significantly, it was found that the shorterFe-Fe distance was

a better fit to the hydroxylse data when the oxo-bridged model (Fe-Fe 3.14 A) parameters

were used, and the longer Fe-Fe distances was a better fit when the hydroxo-bridged model
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(Fe-Fe 3.44 A) parameters were used. Therefore, the best fit to the hydroxylase data

corresponded to the fit result with a distance most like the Fe-Fe distance of the model

compound used to extract the amplitude and phase parameters employed in the fits,

suggesting that the fit results were model-dependent.

To more fully explore the apparent bias of the second shell Fe fits to the

hydroxylase data, Fe K-edge EXAFS was collected on 6 dinuclear iron models. The data

from these 6 models plus the 3 models previously investigated 2 were used to investigate

model dependence of second shell fit results for dinuclear non-heme iron centers. Di- and

tribridged models with a variety of bridging groups and Fe-Fe distances were used in this

study to determine if the model dependence was a function of the numbers of bridges, the

types of bridges, or the Fe-Fe distance. Fits to the data which included a low-Z atom

contribution were done for some of the models to test the capabilities of the Fe-Fe and Fe-C

parameters to discriminate between Fe and C contributions occuring at the same distance.

In addition, the model compounds investigated represented a range of different ligation to

the Fe atoms, from 6 O atoms to 3 O and 3 N atoms. Fits to the first shell data of these

models as well as to the first shell data for two iron monomers (with 60 and 6 N atoms in

the first shell, respectively) were done to investigate the ability of EXAFS to distinguish

between different numbers of N and O atoms in the lust coordination sphere.

b

4.2. Experimental

The model compounds investigated for this study are summarized in Table 4.1.6

The compounds were synthesized according to the references listed in the Table with the

following exceptions. Ali of the tribridged samples were provided by Prof. Stephen

Lippard of the Massachusetts Institute of Technology. The SALMP dibridged compounds

in ali three oxidation states were provided by Prof. Richard Holm of Harvard University.

Data for [Fe2(OH)(OAc)2(HB(pz)3)2](CIO4)2, 6d [Fe20(OAc)2(HB(pz)3)2], 6e

[FeO(O2CH)4(BIPhMe)2](CH3OH), 6c [Fe(acac)3]6h, i and the oxidized and semimet forms

of the hydroxylase component of MMO from Methylococcus capsulatus (Bath) (EXAFS5

and EXAFS2 respectively) were collected as previously described. 2 Samples for XAS

experiments were diluted with BN powder, finely ground with a mortar and pestle, and

pressed into a lmm thick A1 sample spacer windowed with Mylar tape (total sample

weight, ~ 55 mg). The samples were run in transmission mode at the Stanford

Synchrotron Radiation Laboratory (SSRL) on unfocused 8-pole wiggler beamlines 4-3 or

, 7-3 (18 kG) or on unfocused bending magnet beamline X19A at the National Synchrotron

Light Source (NSLS) at Brookhaven National Laboratory using either a Si(220) or a
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Si(111) monochromator (see Table 4.1). Ring operating conditions were 3.0 GeV and 40-

90 mA at SSRL, and 2.5 GeV and 90-200 mA at NSLS. Higher harmonics in the incident

beam were rejected by detuning the monochromator 50% at 7820 eV on beamline X19A, ,,d

and at 7997 eV on beamlines 4-3 and 7-3. The incident and transmitted beam intensity

were monitored by using N2-filled ionization chambers of standard design. The

temperature of the samples was l0 K maintained by a continuous flow LHc cryostat
(Oxford Instruments model CF1208).

Energy calibration for each scan was perfomed by using an internal foil calibration

method 7, setting the energy of the first inflection point of an iron foil as 7111.2 eV. More

than one scan was measured to insure reproducibility of the data. In general, 4 scans were

averaged together for each sample and a single-point replacement method was used to

remove monochromator glitches in the averaged data where necessary (see Table 4.1). The

data were background subtracted by fitting a polynomial to the EXAFS region which was

extrapolated through the preedge region and subtracted. A three or four segment spline

was fit to the postedge region and subtracted to isolate the EXAFS data and to normalize

the edge jump to unity. The spline was chosen so that it removed the low frequency noise

without reducing the true EXAFS amplitude; this was checked by monitoring the Fourier

transformoftheEXAFS dataduringthenormalizationprocess.The normalizeddatawere

convertedtok space,where k isthephotoelectronwavevectordefinedby [2me(E-
.i

Eo)/_2]I/2.Inthisexpression,mc istheelectronrestmass,E isthephotonenergy(eV),

Eo isthethresholdenergy(7130eV foriron,wherek = 0)and h isPlanck'sconstant

dividedby27r.

The EXAFS data between 3.5 and 12.5 ,_-1 for all of the models with the exception

of FE2CO2 and FESALMP2 were Fourier transformed to R (,/_) space to isolate the first

and second shell contributions to the data. For FE2CO2, the data between 3.8 and 12.3

,/_-1were Fourier transformed to R (A) space due to the presence of the Co edge above 12.3

,/_-1and duplicated data points in the region between 3.5 and 3.8 ,/_-1caused by a problem
in the data aquisition program. For FESALMP2, the data between 3.5 and 12.3 ,_-1 were

Fourier transformed to R (,/k) space because of a spike in the data above 12.3 ,/_-1which

was too broad to be removed by the standard editing methods without the risk of altering
thedata.

The individualfirstandsecondshellcontributionstothedatawerebacktransformed

tok spaceand fitfrom4.0to12.0,_-l.The windowsusedtoisolatethepeaksinthe

Fouriertransformsforthebacktransformsarepresentedinthetablesofthefitresults.A

gaussian window of width 0.1 _I,was applied to minimize truncation artifacts introduced by ,

the Fourier transform technique. Non-linear least-squares curve-fitting techniques using
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empirical amplitude and phase parameters were used to analyze the data, as described in

Chapter 1 and elsewhere. 8 Ali curve fitting was based on k3-weighted data and applied to

• individual f'dtered shells. Only the structure-dependent parameters, i.e. the distance and the

number of atoms in the shell were allowed to vary in the refinements. A "goodness-of-fit"

parameter, F, was calculated as F = {[k6(data - fit)2]/(no, of points) }112for each fit. The

fits proceeded by allowing the initial coordination numbers and distances for an Fe-X pair

of interest to vary. Empircal ';'nplitude and phase parameters for the fast coordination shell

Fe-X scattering pairs of interest were obtained from the following models: Fe-N from

[Fe(1,10-phenanthroline)3](CIO4)3; 9 Fe-O from [Fe(acetylacetonate)3]. 6h,i Data for these

samples were collected as previously described. 2

For second shell fits to the data, Fe-Fe parameters were extracted from 6 of the

model compounds discussed in this paper, chosen to represent a variety of Fe-Fe distances

and bridging geometries. The Fe-Fe parameters were extracted by fitting the second shell

data using the correct Fe-Fe distance from the crystal structure of the model compound, a

coordination number of 1, and initial amplitude and phase parameters from one of the

standards previously used for second shell Fe-Fe fits ( FEHBPZO or FEHBPZOH, see

Chapters 2 and 3). The amplitude and phase parameters were allowed to vary in an

iterative manner with the distance and coordination number fixed. In the first cycle, ali of

the amplitude and phase parameters were allowed to vary. The optimized parameters were

then used as the starting point for the next iteration by successively allowing just the

amplitude or the phase parameters to vary in the fits to the data. Once the sets of amplitude

and phase parameters no longer changed during the fits (after 4 cycles), ali of the

parameters were allowed to vary for the final iteration. The parameters thus obtained were

confh'med by repeating the method using initial amplitude and phase parameters from the

other Fe-Fe standard, and verifying that the Fe-Fe parameters for the new model compound

refined to the same values independently of the initial starting values. These parameters

were then applied in fits to the second shell data of ali of the dimers and to the second shell

data of the oxidized and semimet forms of the hydroxylase of MMO from Methylococcus

capsulatus (Bath).

4.3. Results of Fits to the Model Data

The model compounds used in this investigation were predominantly ferric, and ali

were octahedrally coordinated by a mixture of N and O atoms, ranging from 6 N

- (FE3HBPZ, monomeric ferric compound) to 60 (FEACAC, monomeric ferric

compound and FE2CO2, ferric dimer) with various combinations of N and O ligation
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represented in the series (Table 4.1). Both di- and tri-bridged compounds were

investigated, with the bridging groups consisting of combinations of hydroxo, alkoxo, oxo

and carboxylato ligands (Table 4.1). The Fe-Fe distances represented by the compounds

discussed below range between 3.06 and 3.44 ,_, and the Fe-Obr-Fe angles range from

94.9" to 124.4". Most of the classes of multiply-bridged diferric non-heme iron models

currently available l0 are represented by the compounds listed in Table 4.1. The exception

is the dibridged (I.t-oxo)(I.t-carboxylato) models. 11 The data should provide a sufficient

framework to investigate the trends and limitations of the empirical non-linear least-squares

fitting approach used in XAS studies of dinuclear non-heme iron centers. The EXAFS data

of the model compounds discussed in this paper are presented in Figures 4.1-4.3, and the

Fourier transforms of the EXAFS data in Figures 4.4-4.6.

4.3.1. A Description of the Trends Seen in First Shell Fits.

The results of the fits to the first shell data are presented in Table 4.2. The results

presented in the Table will not be exhaustively discussed; rather, a few models will be

discussed to illustrate the general trends noted. Fits to the data were attempted with single

N and single O contributions, with two N or two O contributions, and with a combined N

and O contribution. For the monomeric models FEACAC and FE3HBPZ, which have

respectively an octahedral f_rst shell of O or N atoms, the fits with more than _ single

contribution resulted in either unreasonably high or negative coordination numbers. The

fits with just a single N or O contribution (Table 4.2, fits 4.2-1, 4.2-2, 4.2-3, 4.2-4) were

satisfactory in each case, but a better fit was obtained with only N atoms for FE3HBPZ

(Table 4.2, fit 4.2-1). For FEACAC, a better fit was obtained for the O-only fit (Table

4.2, fit 4.2-4), which is not surprising when one considers that the parameters used for this
fit were obtained from FEACAC.

For the dimeric models, which have a mixed N and O first shell environment at a

range of distances, the fits consisting of just a single N or O contribution resulted in low

coordination numbers. The best fits to the data corresponded to two separate contributions

(either two N, two O, or N and O) at different distances for the non-oxo-bridged models.

For example, for FEHBPZOH, the addition of an O contribution to the N contribution

results in the total coordination number increasing from 4 (Table 4.2, fit 4.2-23) to ~ 6

(Table 4.2, fits 4.2-27 and 4.2-28) with a drop in the fit function, F, from 0.95 to 0.22.

The improvement seen in the fit to the first shell data of FEHBPZOH with the addition of

a second contribution is presented in Figure 4.7. For the oxo-bridged models, a third

contribution corresponding to the Fe-Ooxo distance was required in addition to the other
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Figure 4.1. EXAFS of tribridged model compounds. (a) FEHBPZOH, (b)

FEHBPZO, (c) FE2CO2, (d) FE3BIPHME.
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Figure 4.2. EXAFS of &bridged model compounds. (a) FECHEL, (b) FEDIPIC,
(c) FESALMP0, (d) FESALMP1, (e) FESALMP2.
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Figure 4.3. EXAFS of monomeric mc_lelcompounds. (a) FE3HBPZ, (b) FEACAC.
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Figure 4.4. Fourier transformsof the EXAFS of tribridgedmodel compounds (Figure
4.1). (a) FEHBPZOH, (b) FEHBPZO, (c) FE2CO2, (d) FE3BIPHME.
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Figure 4.5. Fourier transforms of the EXAFS of dibridged model compounds (Figure

4.2). (a) FECHEL, (b) FEDIPIC, (c) FESALMP0, (d) FESALMP1, (e)

FESALMP2.
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Figure 4.6. Fouriertransformsof the EXAFS of monomeric model compounds (Figure

4.3). (a) FE3HBPZ, (b) FEACAC.
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Figure 4.7. Fits to the first shell data of FEHBPZOH. The solid line is the data, the

dashed line is the fit to the data with only N (Table 4.2, fit 4.2-23), and the dotted line is

the fit to the data with N and O (Table 4.2, fit 4.2-27). Note the improvement in the fit in

the high k region with the addition of a second contribution.
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two contributions. Attempts to fit the data with N and O only, without the short Fe-O

contribution resulted in negative or unreasonably high coordination numbers. However,

the addition of a short Fe-O contribution resulted in a total coordination number of ~ 6 with

a fit function of 0.12 - 0.15 for FEHBPZO (Table 4.2, fit 4.2-31 and 4.2-32). For the "

fits to the FEHBPZO data with a single N or O contribution, the coordination number was
il,

~ 3 and the fit function was 0.62 - 0.66 (Table 4.2, fit 4.2-29 and 4.2-30). As noted

before in fits to the MMO hydroxylase data (see Chapters 2 and 3), two minima were found

for the N/O fits to the data, depending on the relative initial Fe-N and Fe-O distances used

in the fits. This arises from the correlation of the amplitude and phase functions which

describe the Fe-N and Fe-O interactions over the range of data available. The satisfactory

results obtained by the two N and two O fits to the mixed N/O dimers reflects the similar

backscattering strength of N and O atoms. The distance distribution rather than the atom

type appears to be determining factor in the number of contributions required to fit the data.

Dimers with different numbers of N and O atoms were fit to determine if the fitting

technique could discriminate between different ratios of N and O atoms in the first shell.

Both FECHEL and FEDIPIC have 50 and 1 N in the f'trst coordination sphere, and

good fits to the data were obtained with approximately 1 N at 1.93-1.95 A and 4.60 at

2.01-2.02 A (Table 4.2, fits 4.2-10 and 4.2-16). The results of the fits agree with the

crystallographic distances and coordination numbers (Table 4.1), however the result

assigns the wrong atom type to the short distance. The 1.9 A distance should be an oxygen

atom, and th_'zFe-N distance should be 2.057 A for FECHEL and 2.070 A for

FEDIPIC. Attempts to obtain a fit with a single short O contribution and 5 N

contributions at the longer distance were unsuccesful, and in fits to the data with two O

contributions (Table 4.2, fit 4.2-8 and 4.2-14), the lower contribution corresponded to the

longer distance instead of to the shorter distance. The O-only fits to the data gave a

satisfactory result as well (Table 4.2, fit 4.2-6 and 4.2-12). FESALMP0 is coordinated

by 40 atoms at an average distance of 1.98 A and 2 N atoms at an average distance of 2.15

A (Table 4.1), but the best fits corresponded to either 3.3 N at 2.14 A and 2.80 at 1.95 A

(Table 4.2, fit 4.2-21) or 3.0 N at 1.94 A and 3.00 at 2.08/I, (Table 4.2, fit 4.2-22). The

distances are within the expected 0.03 A error for the crystallographic data based on atom

type, but the coordination numbers are inaccurate. These results suggests that the relative

numbers of N and O atoms cannot be reliably determined from the fits.

The model FE2CO2 has an ali O environment with a single oxygen atom at 1.795

A and the remaining oxygen atoms at an average distance of 2.06 A. The most reasonable

fit to the data suggests that the non-oxo-bridge ligands correspond to a distribution of 1.20
,mm

at 1.95/_ and 3.70 at 2.08/_ (Table 4.2, fit 4.2-35), however there is no Fe-O distance at
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1.95 A according to the crystal structure. The coordination-weighted average distance for

this fit, 4.90 at 2.05 tit, is in good agreement with the crystallographic data. The

coordination-weighted average distances for fits to the model compounds are listed in Table
B

4.3 along with the average distance calculated from the crystallographic data. There is

excellent agreement between the crystallographic average and the EXAFS average for ali of
i

the model compounds. This illustrates that accurate information can be obtained by

considering the coordination-weighted average distance from the fit results, even if the
individual contributions are not accurate.

Fits were also done to the semimet and diferrous model compounds with the

SALMP ligand, FESALMP1 and FESALMP2 and the results are also presented in

Table 4.2 with the coordination-weighted averages given in Table 4.3. For the

corresponding diferric model, FESALMP0, the average first shell distance from the

crystal structure was 6 N/O at 2.03 A and the average based on the EXAFS analysis was

6.1 N/O at 2.05 A (Table 4.2, fit 4.2-21). The result of fits to the semimet data was 6.3

N/O at 2.09 A (Table 4.2, fit 4.2-45), which agrees quite well with the crystallographic

average of 6 N/O at 2.08 A. For the reduced data, the average coordination was found to

be 6.1 N/O at 2.15 A (Table 4.2, fit 4.2-51), also in good agreement with the

" crystallographic data (6 N/O at 2.13 A). The average distance in the f'trst coordination

sphere increases by 0.05 A going from the diferric to the semimet oxidation state (2.03 to

2.08 A) and by another 0.05 A upon reduction to the diferrous state (to 2.13 A) according

to the crystal structures. The fit results reflect this trend, with the average distance

increasing by 0.04 A between the diferric and semimet states, and by an additional 0.04

to the diferrous state. The parameters used for the first shell fits, and the method of

considering the coordination-weighted average of the fit result, therefore accurately reflect

the increase in the Fe-ligand distances which occurs upon reduction of the diiron site.

4.3.2. The Dependence of Second Shell Fits on Choice of Model

Compound

4.3.2.1. Investigation with Model Data. The model compounds chosen to

test the transferability of the Fe-Fe parameters and the results of the fits to the second shell

model data are listed in Table 4.4. Parameters were extracted from two diferric dibridged

models (3.063 A and 3.078 A Fe-Fe distance), three diferric tribridged models (3.439 A,

" 3.143 A, and 3.20 A Fe-Fe distance) and a diferrous dibridged model (3.20 A Fe-Fe

distance) and used in fits to each other as well as to other models. In every case, twow

minima separated by approximately 0.4 A, were found in fits to the second shell data,
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Table 4.3. A Comparison of the Average First Shell Distances by EXAFS and

Crystallography.

Nm

Average First Shell Coordination

Sample from EXAFS analysis a from crystal structure

FE3HBPZ 6.7 N at 1.94 A 6 N at 1.95 A

FEACAC 6.00 at 1.99 ]_ 60 at 1.99 A

FECHEL 5.6 N/O at 2.01 A 6 N/O at 2.02 A

FEDIPIC 6.2 N/O at 2.03 A 6 N/O at 2.03 A

FESALMP0 6.1 N/O at 2.05 A 6 N/O at 2.03 A

FEHBPZOH 6.7 N/O at 2.04 A 6 N/O at 2.04 A

FEHBPZO 4.8 N/O at 2.11 _; 10 at 1.78 _ 5 N/O at 2.11 _; 10 at 1.79 A

FE2CO2 4.90 at 2.04 _,; 0.80 at 1.72 A 50 at 2.06 A; 10 at 1.79 A

FE3BIPHME 4.5 N/O at 2.11 A; 10 at 1.78 A 5 N/O at 2.10 A; 10 at 1.79 A

FESALMPl 6.3 N/O at 2.09 A 6 N/O at 2.08 A

FESALMP2 6.1 N/O at 2.15 A 6 N/O at 2.13 A

aTheaveragedistancereportedis for the minimumcorrespondingto RN > RO. ForFE2CO2, theali

oxygenfit is reported.
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similar to the trend seen in second shell fits to the MMO hydroxylase data (see Chapters 2

and 3). The Fe-Fe distances were consistently longer by 0.03 - 0.08 ,/_ for the fit results

using the diferrous FESALMP2 parameters to fit the diferric model data, except for
v

FE3BIPHME which has the same Fe-Fe distance as FESALMP2 (3.2 ,/_). A distance

within 0.05 ,_,of the correct Fe-Fe distance was found for ali of the samples, however in

some cases the coordination number was off by a factor of two (Table 4.4). Using

FECHEL parameters in fits to FESALMP0, which has a much more intense second

shell peak relative to the first shell peak than FECHEL (Figure 4.4a and 4.4c), the

coordination number was 1.9. In fits to FEDIPIC with the FECHEL parameters (which

have similar intensity second shell peaks, Figure 4.4a and 4.4b), a coordination number of

1 was found. Similarly, in fits to FECHEL with FESALMP0 parameters, the

coordination was 0.4 Fe, half of the correct amount. The inaccuracy of the amplitude

parameters reflects the relative weakness of the Fe-Fe contribution to the data (relative to

the strength of the first shell contribution) in some models compared to others (see Figure

4.2). The enhanced amplitude of the second shell peaks in some models over others will

be discussed below.

Of the two minima found during the fitting proceedure, the better fit to the data

corresponded in every case to the minimum with the Fe-Fe distance closer to that of the

model from which the parameters were obtained. This result was independent of the
t

number and types of bridges in the iron center as well as the oxidation state of the diiron

center. FESALMP0 has a dialkoxo-bridged center with an Fe-Fe distance of 3.06 A.

Using the FESALMP0 parameters in fits to FEHBPZOH data, a tribridged diferric

center with a hydroxo-bridge and a 3.44/tr Fe-Fe distance, the best fit to the data

corresponded to 0.7 Fe at 3.065 ,_, (Figure 4.8a). In addition, a fit of 0.6 Fe at 3.45 ,/_was

found, but the fit was much worse than the fit at the shorter distance (Figure 4.8a).

Likewise, use of the FEHBPZOH Fe-Fe parameters in fits to the FESALMP0 data

resulted in a better fit at 3.44 ,_ than at the correct distance of 3.06 ,_ (Figure 4.8b). Using

the parameters from FE3BIPHME, a tribridged center with an oxo-bridge and a 3.20/_

Fe-Fe distance, in fits to FEHBPZOH, fits at 3.08 ,_ and 3.43 ,_ were obtained with the

better fit corresponding to the shorter distance (Figure 4.8c). The overall worse fit function

value obtained in the fits to FEHBPZOH with the FE3BIPHME parameters over the fits

with the FESALMP0 parameters reflects the difference in the appearance of the second

shell data (discussed below).

The backtransforms of the second shell data of the models from which Fe-Fe

parameters were obtained are presented in Figure 4.9. The windows used to isolate the

second shell data are listed in Table 4.4. The shapes of the amplitude envelopes are quite
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Figure 4.8. Comparison of the model-dependent fits to the second shell data (Table

4.4). The solid line is the data, the dashed line is the fit to the data with a short Fe

contribution and the dotted line is the fit to the data with a long Fe contribution. (a) Fit to

FEI-IBPZOI-I with FESALMP0 Fe parameters. (b) Fit to FESALMP0 with

FEttBPZOI-I Fe parameters. (c) Fit to FEHBPZOH with FE3BIPHME Fe

. parameters.
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Figure 4.9. Comparison of the filtered sccond shell data of iron dimers. The windows

used to isolate the data from the Fourier transforms are given in Table 4.4. (a) FECHEL,
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different for each sample, however there does not seem to be any correspondence to the

shape of the amplitude envelope with either Fe-Fe distance or bridging geometry. The data

for FEHBPZO, FEHBPZOH, and FESALMP0 (tribridge oxo, 3.14 /_ Fe-Fe;

tribridge hydroxyo, 3.43 A Fe-Fe; dibridge alkoxo, 3.06 A Fe-Fe, respectively) reach a

maximum at around 8 A'] and dampen out at both ends of the data range (Figure 4.9e, 4.9d

and 4.9c, respectively). For FE3BIPHME, another tribridge oxo compound like

FEHBPZO, the data are damped in the low k region and reach a maximum above 9 ,_-1

(Figure 4.9g), while for FECHEL, which has an Fe-Fe distance similar to that of

FESALMP0, the data reach a maximum at 8 ]_-1, but do not dampen out over the data

range (Figure 4.9a). In addition, the amplitude is not as great for the FECHEL data as for

the FESALMP0 data (Figure 4.9a and 4.9c).

Both FE3BIPHME and FESALMP2 have Fe-Fe distances of 3.2 ,_, however

FE3BIPHME is a diferric tribridged compound with an oxo bridge, while FESALMP2

is a dibridged diferrous compound. The second shell data for FESALMP2 (Figure 4.9i)

does not resemble the FE3BIPHME second shell data (Figure 4.9g). Using these

parameters in fits to FE2CO2, a 3.185 /1, Fe-Fe distance was obtained with the

FESALMP2 parameters, and a 3.165 ./k Fe-Fe distance with the FE3BIPItME

" parameters (Table 4.4). For both fits, the distance is within 0.01/I. of the correct distance

of 3.17 A, however the fit to the data is better with the FE3BIPHME parameters than

with the FESALMP2 parameters because the amplitude envelope of the second shell

FE3BIPHME data and FE2CO2 data resemble each other (Figure 4.10). The only

advantage of making a choice of a model compound based on the shape of the second shell

data is a purely cosmetic one. Not surprisingly, better fits to any set of data correspond to

the use of parameters from a model with a similarly shaped amplitude envelope, however

the same two minima were found using any set of Fe parameters in fits to any data set.

Additionally, the shape of the second shell amplitude envelope for FE3BIPHME and

FE2CO2, suggests that the second shell data has more than a single contribution of atoms.
4.3.2.2. Correlations with Second Shell Low-Z Atoms. Previous

investigations of the hydroxylase data revealed a strong correlation of the second shell low-

Z and Fe parameters which impacted both the distances and coordination numbers. To test

whether this fitting approach can distinguish between an Fe-Fe interaction and an Fe-C

interaction at approximately the same distance, as is the case for the structurally

characterized Fe2(OR)2 iron center, a second tell low-Z contribution was added to some

of the iron fits in Table 4.4 for FECHEL and FESALMP0. Specifically, a carbon

• contribution was added to the fits of FECHEL with FESALMP0 parameters, and to fits

of FESALMP0 with FECHEL parameters. These models have similar bridging
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environments and Fe-Fe distances (3.08 and 3.06 A, respectively), but the second shell

peaks in the Fourier transforms have different intensities (Figure 4.9a and 4.9c). The

difference in the amplitudes of the second shell contributions should provide insight into
t,.

the interference between low-Z and metal contributions which may contribute to the

enhancement or reduction of the second shell peak in the Fourier transforms. In addition, a

C contribution was added to fits to the second shell data of FEHBPZOH with FECHEL

and FESALMP0 parameters, and to fits to FECHEL and FESALMP0 data with

FEHBPZOH parameters to explore the effect the addition of another contribution has on

the model dependent results of second shell fits. The results are presented inTable 4.5.

The second shell data for the three models were first fit with only a second shell C

contribution from Fe(acac)3. As noted before in fits to the hydroxylase data (Chapters 2

and 3), two minima were found, separated by 0.4/_ at the same distances as the Fe-only

fits to the data (Table 4.5, fits 4.5-1, 4.5-2, 4.5-9, 4.5-10, 4.5-17 and 4.5-18, compare

with Table 4.4). The better fit to the data corresponded to the shorter Fe-C distance,

similar to what was seen for the hydroxylase data. The distance of the short C fit for

FECHEL is slightly long and it should be pointed out that there are no atoms 3.4/_ away

from the iron site according to the crystal structure. In general, the distances for the short

" C minima were slightly longer than the crystallographically determined distances, and the

coordination numbers were inaccurate as well for FEHBPZOH and FESALMP0. For

example, in the second shell of FEHBPZOH, there is a cluster of 6 N and 4 C atoms

from the pyrazole rings between 3.0 and 3.05 ./k, however the fit to the data with the C

parameters resulted in a coordination number of 5.6 C at 3.06 A (Table 4.5, fit 4.5-17).

For FESALMP0, the coordination numbers of the low-Z contribution were high.

According to the crystal structure, there are 6 C at 3.04 ,_,and 5 N/C at 3.45/_,, but the fits

determine 8.2 C at 3.07 ,/kor 7.5 C at 3.43 ,/_,with the longer fit being considerably worse

(Table 4.5, fit 4.5-9 and 4.5-10). To properly fit the second shell data, three contributions

should be included, consisting of two C and one Fe wave, however, such a fit would be

unreasonable to try due to the correlation of the C and Fe parameters and the ability of the C
contribution to mimic the Fe contribution.

In general, the addition of C to the Fe contribution improved the quality of the fits,

resulting in lower values of the fit function F by as much as a factor of 2. The bias of the

best fit for the Fe-Fe distance of the model from which the parameters were derived was

maintained in the Fe + C fits to the data. The overall best fit using the FEHBPZOH
m

parameters in fits to FECHEL and FESALMP0 corresponded to the 3.4 A Fe minimum

, (Table 4.5, fit 4.5-5 and 4.5-13). The Fe contribution remained about the same for both

samples (relative to the Fe-only fits, see Table 4.4), but the coordination number of C
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decreased from 3.8 to 0.8 (Table 4.5, fit 4.5-5) for FECHEL. Both the C coordination

number and distance decreased for FESALMP0, from 7.5 C at 3.43 ,_ (fit 4.5-10) to 3.3

C at 3.34 ,/_(fit 4.5-13). Fits to the data consisting of a long Fe and a short C contribution

resulted in negative coordination numbers. The addition of C to the short Fe distance

resulted in a small decrease in the Fe distance and both the Fe and C coordination number

(Table 4.5, fit 4.5-3 and 4.5-4 for FECHEL and 4.5-11 and 4.5-12 for FESALMP0).

The C contribution for these fits was dominant over the Fe contribution.

Using the FECHEL and FESALMP0 parameters in Fe + C fits to the

FEHBPZOH data, the best fit corresponded to the shorter Fe-Fe distance (Table 4.5, fits

4.5-19 and 4.5-21). The C coordination number and distance decreased for the short

Fe/short C fit to the data (fits 4.5-19 and 4.5-21) while the Fe distance increased by about

0.01 - 0.02 A. Addition of C to the long Fe distance resulted in a decrease in the

coordination number from 0.6 Fe to 0.4 Fe for the fits with FESALMP0 (Table 4.5, fit

4.5-22), while the Fe contribution for the fits with FECHEL stayed the same (Table 4.5,

fit 4.5-20). Fits to the FEHBPZOH data with Fe and a long C contribution resulted in

negative coordination numbers.

The results of the Fe + C fits for FECHEL and FESALMP0 using FESALMP0
D

and FECHEL parameters, respectively, also showed correlation effects. The coordination

number of Fe stayed at 0.4 for the short Fe fits to FECHEL with FESALMP0

parameters, but the Fe distance decreased to 3.01 ,_,from 3.07 _ with the addition of a

short C contribution (Table 4.5, fit 4.5-6), while the C distance increased from 3.08 _ to

3.14 ,_. In the short _:e/ahort C fit to FESALMP0 with FECHEL parameters, the Fe

coordination number decreased from 1.9 to 1.0 and the distance increased 0.02 ,_ (Table

4.5, fit 4.5-14), while the C coordination decreased from 8.2 to 5.2. This fit agrees with

the distribution of atoms in the second shell of FESALMP0, but the Fe-Fe distance is

slightly long. The fits to the data with the 3.4.3, Fe contribution and a short C contribution

resulted in little or no difference in the C coordination number and distance, but the Fe

coordination number and distance decTeased slightly (Table 4.5, fits 4.5-8 and 4.5-16).

The overall best fits to the data were for the short Fe/short C fit to the data. Fits to the data

with a long Fe and long C contribution resulted in negative coordination numbers.

4.3.2.3. Investigation with Hydroxylase Data. The parameters from the

various models were used in fits to the second shell data of the hydroxylase component of

MMO from Methylococcus capsulatus (Bath) in its oxidized and semimet state (EXAFS5

and EXAFS2, respectively). The results using FEHBPZOH and FEHBPZO

parameters have been briefly reported (Chapter 2 and ref. 2a) but are included here in

detail. Two minima were found in every case, and the better fit to the data corresponded to
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the minimum with the Fe-Fe distance close to that of the model compound from which the

parameters were obtained (Table 4.6). ;t addition, the coordination number for Fe was

. closer to 1 for the short Fe minimum than for the long Fe minimum except for the fits with

FE3BIPHME and FEHBPZOH parameters, for which the coordination number was

closer to 1 for both Fe minima. In general, the short Fe minimum was strongly preferred

over the longer Fe minimum, except for the fits with FEHBPZOH, which are biased for

the longer Fe minimum. I: is interesting to note that while the long Fe minimum varies

from 3.38 to 3.46 A (0.08 A) for EXAFSS and 3.35 to 3.43 A (0.08 A) for EXAFS2,

the short Fe minima varies by only 0.05 A. In addition, in every case, the two minima

found were on the order of 3.0 A and 3.4 A even with the 3.2 A parameters from

FE3BIPHME, whereas use of the FE3BIPHME fits to the diferric FEHBPZO and

semimet FESALMPI resulted in minima greater than 3.1 and 3.5 A. This result strongly

supports the previous conclusion that the second shell contributions to the data occur at 3.0

and 3.4 A. A comparison of the fits to the data for EXAFS5 with the FESALMP0

parameters and FEHBPZOH parameters is presented in Figure 4.11.

4.4. Discussion

. 4.4.1. Interpretation of First Shell Fits

The EXAFS technique has long been recognized as being able to accurately

determine the first shell coordination of an absorbing atom. The model compounds

investigated in this paper were ali octahedraUy coordinated, but had different numbers of N

and O atoms coordinating the Fe atoms as well as different numbers and types of bridges

between the Fe atoms. For the monomeric compounds, which contain a shell of nearly

equidistant N or O atoms, the data could be adequately described by a single contribution at

the correct distance (Table 4.2, FE3HBPZ and FEACAC). Fits to the iron dimer data

with a single N or O contribution resulted in low coordination numbers, although the

distance was generally close to the average first shell distance from the crystal structure

(excluding the oxo-bridge distance in the average distance). Instead, two contributions at

different distances were required to adequately fit the data in the absence of an oxo-bridge,

and three contributions if an oxo-bridge was present (the third contribution representing the
, oxo-bridge itself).

The fit results did not correspond to the crystallographic information based on the

- numbers of N or O atoms in the first shell, but instead seemed to reflect the distribution of

atoms in the first shell based on the distance from the iron atom. The distortion of the iron
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Table 4.6. Fits to Second Shell Hydroxylase Data.

i ii

Sample: EXAFS$ (diferric) EXAFS2 (semimet)

Window (A): 2.15- 3.20 2.20- 3.40
"Fe-Fe

.t)arameters: Fe R (A) F Fe R (._) F .

FESALMP0 0.6 3.04 0.23 0.6 3.04 0.42

3.063 A 0.3 3.41 0.86 0.3 3.40 0.99

FECHEL 1.0 3.05 0.47 1.3 3.04 0.58

3.078 A 0.2 3.38 0.92 0.3 3.35 1.04

FEHBPZO 0.8 3.03 0.22 0.8 3.03 0.26

3.145 A 0.5 3.41 0.81 0.5 3.39 0.95
i i I III I I I

FE3BIPHME 1.0 3.05 0.52 1.2 3.04 0.43

3.200 A 0.6 3.37 0.85 0.8 3.35 0.93

FESALMP2 0.8 3.08 0.25 0.8 3.07 0.5 .

3.202 A 0.2 3.46 0.90 0.2 3.43 1.0

FEHBPZOH 0.7 3.04 0.65 0.8 3.04 0.73

3.439A I.I 3.42 0.40 I.I 3.41 0.61
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Figure 4.11. Fits to the oxidized hydroxylase data (Table 4.5). The solid line is the

data, the dashed line is the fit to the data with a short Fe contribution and the dotted line is

the fit to the data with a long Fe contribution. (a) Fit to EXAFS5 data with FESALMP0
Fe parameters. (b) Fits to EXAFS5 data with FEHBPZOH data.
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site from octahedral symmetry imposed by the bridging and ligand geometries, and the

mixture of N and O ligation results in a range of f'trst shell distances. In the oxo-bridged

models, the bond lengths range from -1.8 A for the oxo-bridge Fe-O distance to over 2.1

A for the atom coordinated in a position trans to the oxo bridge (see Table 4.1). The

"elationship governing the resolution of distances as determined by the EXAFS technique

as a function of the range of data available is given by Ak AR = _/2 where Ak is the range

of data (A -l) and AR is the corresponding limit on the resolution of the distances

determined in the fitting technique (A). For data to k = 12.5 A-1, the corresponding

resolution of bond lengths is 0.126/lt. This explains the sensitivity of the EXAFS

_:_:hnique to the presence of the 1.8 A Fe-O distance of the oxo-bridge, which is ~ 0.2 A

shorter r2_zaathe average bond length of the rest of the atoms. In the model compounds

investigated in this study, the range of distances is close to this resolution limit, and

although two contributions are required to fit the data, the correct individual contributions

cannot be determined due to the limited range of data used for these investigations. In the

first shell of FESALMP0, the distribution of atoms can be divided into two sets,

corresponding to 3 atoms at an average distance of 1.95 A and 3 atoms at an average

distance of 2.11 A which differ by 0.16 A (Table 4.1). The fits to the data (Table 4.2, fits
,li

4.2-21 and 4.2-22) correspond quite well to this interpretation of the crystal structure data.

In FECHEL, the range of distances in the f'trst coordination sphere is 0.126 A, with a

single O atom at 1.97 A and 5 atoms at an average distance of 2.05 A. The fit to the data

reflects this distance distribution (Table 4.2, fit 4.2-10) although N corresponded to the

short distance contribution. The fast shell fit results thus seem to reflect the distribution of

atoms based on their average distance from the iron atom, rather than the contribution of a

specific atom type at a given distance.

lt was only with the information provided by the crystal structure that the individual

contributions based on the fit results could be interpreted for some of the models discussed

here. For an unknown structure, such an interpretation would not be possible. The

inability of this approach to accurately determine the numbers of N and O atoms reflects in

part the similar backscattering strength of these atoms. The approach taken in the curve-

fitting technique employed here assumes that the Debye-Waller factors for the

experimentally derived first shell Fe-N and Fe-O parameters are transferable to the model

compounds, however this is not necessarily true. Further investigation of the first shell fits

using fixed, correct coordination numbers and allowing the distance and Debye-Waller

factor to float would provide additional insight into the ability of the curve-fitting technique

to resolve individual contributions to the first shell data. In addition, more than one fit

minimum was found, depending on the relative initial distances of the N and O
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contributions. The shorter distance was sometimes conserved in the two minima, but the

longer distance sometimes changed by more the,, 0.1 A which is greater than the expected

distance error for the EXAFS technique (+ 0.03 A). $ This suggests that the individual

contributions should not be interpreted as giving accurate information about the distance

. distribution of atoms in the first coordinat_',n sphere for the range of data investigated.

Data to a higher k range would provide more accurate and reliable distance information.

The most reliable way to use the results of fits to the first shell data is to consider

the coordination-weighted average distance information. For ali of the model compounds,

the coordination-weighted average of both fit minima falls within the expected error for

both the coordination number and distance for the EXAFS technique. 8 This has been the

proceedure used to interpret the results for the hydroxylase data (Chapters 2 and 3). It has

generally been assumed that the average distance corresponds to the relative numbers of N

and O in the first coordination sphere: 12in addition, the average first shell distance reflects

the presence of an oxo-bridge in the center. The presence of an oxo-bridge tends to distort

the iron site and results in longer first shell distances, and therefore a longer average

distance, than non-oxo-bridged models. This is seen clearly by comparing the average first

shell distances for FEHBPZO and FEHBPZOH excluding the shortest bridging

distance. FEHBPZO and FEHBPZOH both are coordinated by 30 and 3 N atoms and

the primary difference in their structure is the presence of the oxo-bridge in FEHBPZO.

The average first shell distance in FEHBPZO (excluding the oxo-bridge) is 2.12 A,

whereas in FEHBPZOH, the average distance is 2.06 A (excluding the hydroxo-bridge).

If the bridging distance is included, the average for FEHBPZO decreases to 2.06 A and to

2.04 A for FEHBPZOH. The average distances in the first coordination sphere for ali

atoms for a variety of multiply-bridged ferric iron dimers with N and O coordination are

listed in Table 4.7 and presented graphically in Figure 4.12. In general, the average first

shell distance does tend to increase as the number of N atoms relative to O atoms increases,

and for the same N and O ligation, the average first shell distance will be longer if an oxo

bridge is present.

4.4.2. Model.Dependent Results of Second Shell Fits

4.4.2.1. Model Compounds. It has previously been pointed out that care

must be taken when choosing a model compound to mimic the second shell interaction of

an unknown compound, and one of the criterion suggested was that the irons in the model

. have similar bridging oxygens to what is suspected in the unknown. 13 This does not seem

to be the case for the model compounds discussed above. If it were true that the types of

162

I' m un



163



2.08 ' u ' I ' I ' I ' I ' J '"
m

O
*l

2.06 •

O

,,<
2.04 o

{:LI)

_ o

2.02 o • -

• 2.00 I I t I l I I I , I , I I
0 1 2 3 4 5 6 7

" O/N

Figure 4.12. Comparison of the averagef'n'stshell distance with the numbersof O to N

atoms coordinating the iron atoms (Table 4.7). The solid circles are the oxo-bridged model

data and the open circles are the non-oxo-bridged model data.

164



bridges determined the choice of an appropriate model, then the tribridged models with an

oxo-bridge should be poor choices for the dihydroxo and dialkoxo models, however the

fits do not support this hypothesis ('fable 4A). The parameters from both FEHBPZO and

FE3BIPHME adequately fit the dialkoxo model FESALMP0 and the dihydroxo models

FECHEL and FEDIPIC at the correct distance (the coordination numbers are low for fits
I

to FECHEL and FEDIPIC with the FEHBPZO parameters). Likewise, the

FESALMP0 and FECHEL parameters adequately fit the tribridged FEHBPZO and
FE3BIPHME second shell data.

None of the models tested gave satisfactory fits to the FEHBPZOH second shell

data at the cen'ect 3.4 ._ Fe-Fe distance. The correct distance was found in every case, but

the better fit corresponded to the shorter distance minimum. All of the models with the

exception of FEHBPZOH have Fe-Fe distances of 3.2 J_ or less. Using the

FEHBPZOH Fe-Fe parameters in fits to the other models, the better fit occured in every

case at a distance on the order of 3.4 _ or longer. These results clearly demonstrate that

fits to the second shell data are strongly dependent on the compound chosen to model the

Fe-Fe interaction. In particular, the bias favors the Fe-Fe distance of the model rather than

the number or types of bridges in the diiron center. 14

One would also expect, if similar bridging geometry determined an appropriate

model choice, that the dihydroxo-bridged models FECHEL and FEDIPIC would be
,I

excellent models for dialkoxo-bridged FESALMP0, all of which have Fe-Fe distances

between 3.1 and 3.0 ,_ and Fe-Obr-Fe angles around 100". Although the distance

information obtained is reasonable in cross-fits between these models, the coordination

numbers are off by a factor of two. Inspection of the Fourier transforms shows that the

second sheU peak in FEDIPIC and FECHEL is much less intense relative to the first

shell peak compared to the Fourier transform of FESALMP0. This would lead to

different amplitude functions and therefore incorrect coordination numbers for the cross

fits. Similar differences in amplitude functions have been noted in fits to iron dimers and

has been attributed to multiple scattering contributions to the data arising from the focusing

effect of the intervening oxo-bridge, however this effect was determined to be a factor only

fftheFe-O-Fcbridgingangleweregreate_than150".15 Inadditiontothefocusingeffect

formodelswithanglesgrcatedthan150",thevariousmultiplescatteringpathwayswould

not be resolveableintheFouriertransformof thedatawhich would alsoleadtoa

broadeningofthesecondshellcontribution.For FESALMP0, and theothermodels

investigatedinthispaper,multiplescatteringcontributionsinvolvingtheFe20 coreshould

not interfere with the second shell data.
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The various contributions from the multiple scattering pathways should be resolved

in the data of FESALMP0, however the second shell peak (Figure 4.5c) is rather broad.

The presence of rigid groups such as imidazole also contribute strongly to outer shell data,a

resulting in strong peaks in Fourier transforms. 16 lt is interesting to note that a recent

• multiple scattering analysis of Fe(acac)317 has revealed that there is a very strong

contribution to the second shell data from a multiple scattering pathway involving the Fe-O-

C unit (Fe-O-C angle 129.3"). This demonstrates that Fe(acac)3 is not a good choice as a

model for the single-scattering Fe-C parameters. This kind of geometry may be similar to

ligation of metal sites in proteins by carboxylate groups and so may similarly contribute to

the data. It would be interesting to investigate the angular dependence of multiple scattering

contributions from various chelating groups. Clearly, an understanding of the relationship

between the geometries of the ligands coordinating diiron centers and the multiple scattering

pathways which contribute significantly to the second shell data of dinuclear non-heme iron

models and protein systems needs to be developed. The determination of the multiple

pathways which contribute to the second shell data of model compounds investigated for

this paper would provide a great deal of insight into the active site structures of the

hydroxylase of MMO, uteroferrin, ribonucleotide reductase and hemerythrin.

" The distances of the Fe-Fe contributions in FECHEL (3.08/_) FEHBPZOH

(3.44 ,_,) are well resolved from the contributions of second shell low-Z atoms (2.9/_ for

FECHEL and between 3.0 and 3.05 A for FEHBPZOH). Fits to the second shell data

should therefore lead to well defined minima corresponding to the Fe and the low-Z atom

contribution (modeled as C), however this was not the case. As seen before in fits to the

hydroxylase data, the second shell Fe and C parameters were strongly correlated, with the

Fe and C distances and coordination numbers changing for the Fe + C fits from the values

obtained in the Fe-only and C-only fits to the data. The model bias held in the Fe + C fits

to the data as weil, with the best fit corresponding to the iron distance closest to the Fe

distance of the model used for Fe parameters. This certainly impacted the results of the fits

to FEHBPZOH, as none of the other models are adequate models of this compound.

However, a reasonable fit was obtained for FESALMP0 using FECHEL Fe parameters

and a short C contribution. The difference between the Fe and C shells in FESALMP0 is

less than 0.1 ,/_. Given the general trends seen in the Fe + C fits to the second shell data, it

is not entirely clear if this result reflects the quality of the FECHEL parameters in fits of

this kind, or if it is simply coincidental.

Moreover, the best fit to the data corresponded to the minimum in which both the

• Fe-C and Fe-Fe di.stance were closest to the Fe-Fe distance of the parameter model. In

general, the second shell low-Z contribution did not model the total low-Z atom
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contribution to the data at a given distance, nor did the Fe + C fits agree with the crystal

structure data (with the exception noted above). The use, and the interpretation of results

from the use, of Fe(acac)3 (and therefore other metal(acac)3 compounds) as a model of the

single scattering Fe-C second shell contribution should be reexamined in light of the

multiple scattering analysis discussed above.

4.4.2.2. The Hydroxylse Active Site. In the earlier studies of the

hydroxylase active site, the 3.4 ,_ minimum was assigned as the Fe contribution and the

3.0/_ mimimum was assigned as the low-Z atom contribution due to the presence of

clusters of low-Z atoms at -- 3.0 _ in model compounds and a recognition that low-Z atoms

located at more than 3.0,1, would not contribute strongly to the EXAFS due to the

increased disorder of three-bond Fe-C distances (see Chapter 2). The fits to the second

shell data with the various model compounds done for this work consistently resulted in a

3.0 /_, minimum and a 3.4 _ minimum, supporting the interpretation that there are

contributions to the second shell data at those distances, however it is not as easy to

dismiss the 3.0 ,/_minimum as the iron contribution in light of the strong preference for that

distance over the longer distance in fits using the Fe2(OR)2 model parameters.

The lack of evidence of an oxo-bridge in the diferric iron center was used as the

basis for the choice of the hydroxo-bridged diferric model FEHBPZOH as the model of

the Fe-Fe interaction for the hydroxylase data over the oxo-bridged model FEHBPZO.

The choice of model compound based on the lack of the presence of an oxo-bridge in the

MMO center is certainly a valid one, but it is not clear how to choose between two models

with different bridging environments and Fe-Fe distances, but each of which lacks an oxo-

bridge. Such a choice is represented by FEHBPZOH (tribridge, Fe-Fe 3.44 A) and

FESALMP0 (dibridge, Fe-Fe 3.06 A).I8 Based on the results of fits to the hydroxylase

data with FESALMP0 parameters, one would conclude that the Fe-Fe distance in the

oxidized hydroxylase is 3.04/_,, but with FEHBPZOH parameters, the data suggest that
the correct Fe-Fe distance is 3.42 tl,.

If the diiron center in the hydroxylase were a dibridged center similar to that in the

FESALMP model compounds, then it would be expected that in the diferrous form of the

hydroxylase, the Fe-Fe distance would be on the order of 3.2 ,/_. For such a compact

dinuclear iron site, it would be reasonable to expect to see the Fe-Fe interaction in the

Fourier transform, similar to that which is seen in the diferrous FESALMP2 data (Figure

4.5e). For the diferrous protein data, however, no Fe-Fe interaction is seen in the Fourier

transform (see Figure 2.2 in Chapter 2) suggesting that the Fe-Fe distance in the diferrous

form of the hydroxylase is longer than 3.2 ,/_. This in turn suggests that the Fe-Fe distance

in the diferric form is longer than 3.0 ,/_,supporting the assignment of the 3.4 A minimum
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as the Fe contribution. Another possibility, however, is that the Fe distance in the

hydroxylase is on the order of 3.0/_ and that upon reduction to the diferrous state, a major

rearrangement in the bridging ligands occurs, resulting in an Fe-Fe distance in the diferrous
d

state that is longer than what can be detected with EXAFS. Such a rearrangement may

involve a shift in the coordinating mode of carboxylate groups ligating the iron center. 19
m

Although the only known diferric model with a 3.4 ,_ Fe-Fe distance is the

tribridged FEHBPZOH, the possibility that the hydroxylase is dibridged cannot be

eliminated. While the dibridged FESALMP models exhibit different magnetic behaviour

from the MMO hydroxylase (being ferromagnetic, 6b whereas MMO is antiferromagnetic 2)

which eliminates them as models for the hydroxylase, the other dibridged models

(FECHEL, FEDIPIC, FEPIC) are antiferromagnetically coupled. The only dibridged

model with a 3.4/_ Fe-Fe distance is [Fe20(TPA)2PHT] 11 which has a (_t-oxo)(I,t-

carboxylato) core (see footnote 14). Since it was possible to synthesize the hydroxo-

bridged derivative of the (_-oxo)bis(I.t-carboxylato) model [Fe20(OAc)2(HB(pz)3)2], 6c a

model with a (I.t-hydroxo)(kt-carboxylato) core may also be possible to synthesize which

would have a longer Fe-Fe distance and should exhibit magnetic behaviour similar to that

of the hydroxylase active site.

" 4.4.2.3. Survey of Other Second Shell Analysis Methods. A variety

of other techniques have been used to de,,ermine the Fe-Fe distances in dinuclear iron

centers. The ratio method has been used to determine the Fe-Fe distances in various forms

of hemerythrin 13,20 in which the amplitude and phase parameters of structurally

characterized models are compared the the amplitude and phase parameters of the

unknown. The earlier results 20determined with this method have been corrected 13 based

on an evaluation of the model compounds employed, and a set of criteria ha_.'e been

described by the authors as the basis for determining the app,opriate model to use ,_:_the

determination of the correct Fe-Fe distance. 13 In the earlier work, the long Fe-Fe di_:':,_:;es

obtained for oxy- and methemerythrin (3.59 and 3.49 A respectively) were obtained _,_Ath

the use of a 3.3/_ Fe-Fe model. 20a Using data between 5 and 12 A-1 to eliminate k:.'w-Z

atom interference, the early results were reevaluted using the tribridged oxo-bridged dimer

FEHBPZO which is known based by comparison with the crystal ._u'oct_u'eto !_ very

similar to the active site of hemerythrin. 21 A distance of 3.2_ ,i_ -_x,_'_c_i_a!,red for

oxyhemerythrin, in gGod agreement with the crystal structure (the _,_-_:_:,._ce in the

model is 3.14/_, see Table 4.1).

" The discrepancy between the earlier and later results was attributed to the

, dissimilarity of the bridging groups in the 3.3 ,_ Fe model to those in hemerythrin, as well

as to the inclusion of low k data in the earlier analysis, which would have a strong
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contributions from second shell low-Z scatterers. 22 Although the the use of the 3.14 ,_

model could be justified based on the known structure of the protein, there was an

indication that the results of this analysis may also be model-dependent. The authors

repeated the fits using the 3.30/_, Fe-Fe model and th_ new protocol and stated that the use

of a 3.30 A Fe-Fe model in fits to the protein data resulted in consistently longer Fe-Fe

distances by about 0.2 ,_ than the results obtained by the use of the 3.14 ,_,Fe-Fe model. 13

A second method employed in the determination of second shell Fe-Fe distances is

the FABM (fine adjustment based on models) method which uses empirically adjusted

theoretical parameters.12.23 In this approach, fits to a model compound are done with the

correct distance information and theoretical parameters, while adjusting both an amplitude

reduction factor (A) and shell-specific energy shift (AI:.)during the fitting proceedure 12,23a

or just an amplitude factor.23b, 23c These parameters are then used in non-linear least-

squares fits to the data using the theoretical parameters and allowing the distance and

coordination number (or Debye-Waller factor) to vary. Different values of A and AE were

obtained in references 12 and 23a, so there is some dependence of these parameters on the

model employed. 24 The dependence of the values of A and AE on the model compound,

and the dependence of the results using the different A and AE sets has not been explored.

Reliable Fe-Fe distances were obtained in tests on model compounds,12, 23a but in some

cases more than one Fe minima was found, similar to results reported here (see Table II in

reference 12). It would be informative to explore the range of applicability and any

limitations of this approach.

4.5. Conclusions

These studies have demonstrated the utility of the EXAFS technique in determining

the average first shell coordination of iron atoms in non-heme dinuclear iron centers. The

distances obtained with these fits for a variety of model compounds were accurate to within

0.03 A and the total coordination number to within 10 %. The sensitivity of this technique

to the presence or absence of a short I.t-oxo bridge was once again demonstrated. The exact

numbers of N and O atoms ligated to the iron center could not be directly determined. The

average first shell distance as determined by EXAFS analysis was found to correlate with

both the relative numbers of N and O atoms and the presence of an oxo-bridge in the iron

center (for mixed N and O ligation).

The non-linear least-squares curve-fitting method using Fe-Fe parameters derived

from model compounds has proven to be extremely model-dependent. The other 6

techniques used for the analysis of second shell data also seem to be susceptible to model
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dependence, although this has not yet been throughly tested. Unlike the conclusion

reached from the ratio method of determining Fe-Fe distances, 13 these studies show that

the bias seen reflects the Fe-Fe distance of the model compound from which the parameters

were obtained, and is independent of the number or nature of bridges in the diiron center

except as those factors determine the Fe-Fe distance. A strong correlation between them

second shell Fe and C parameters was also observed for the di- and tribridged models

tested, impacting both the coordination numbers and the distances of the Fe and C

contributions. These results illustrate that care must be taken in the analysis and

interpretation of the second shell data for dinuclear iron systems. Similar caution should be

used in the interpretation of fits for other dimetallic systems as weil.

The method employed in fits to the second shell dinuclear iron data assumes that the

strongest contribution to the second shell EXAFS will be the single-scattering event

between the two iron atoms, however multiple scattering contributions could be

contributing as weil. Multiple scattering pathways involving the Fe20 core should not

impact the second shell data of the models investigated here. 15 Rigid coordinating groups

such as imidazole also have an effect on second shell data. 16 It has recently been

discovered that for monomeric Fe(acac)3, multiple scattering along the Fe-O-C path

" contibutes significantly to the second shell amplitude, suggesting that other pathways may

be important. The pathways which contribute strongly to the second shell EXAFS need to
m

be determined before the second shell data for dinuclear iron systems can be completely

understood. An understanding of the multiple scattering contributions and the

developement of a protocol for properly accounting for both the multiple and single

scattering interactions will be an important step in the reliable application of the EXAFS

technique to second shell data in dinuclear metalloprotein systems. Finally, with the

emergence of the theoretical fitting codes FEFF 25 and GNXAS, 26 a systematic

investigation of theoretical fitting approaches to the complicated systems discussed in this

paper can be done and compared to the results obtained from the use of empirically derived

amplitude and phase parameters presented here.
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Chapter 5

Fe K-Edge X-ray Absorption Edge Spectra of Iron Models Relevant to
Dinuclear Non-Heme Iron Enzyme Systems
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5.1. Introduction

The appearanceof transition metal edge spectra arecharacteristic of the coordination

environment and oxidation state of the metal ion andhave been both explained by, and used

to demonstrate the utility of, crystal fieldl and molecular orbital theory. 2 Transition metal _,

edges have been the subject of investigation for a number of years, however few definitive

assignments of the observed transitions have been made. 3 Systematic investigations of

structurally characterized inorganic models by X-ray absorption near edge spectroscopy

(XANES) have resulted in correlations of the appearance of the edge spectra with

symmetry, oxidation state and ligand environment. These studies have been used to

provide insight into the structuralenvironment of the active sites of metalloprotein systems,

including the multi-copper oxidase laccase4, the mangenese-containing oxygen evolving

complex from photosystem II,5 and the nickel enzymes carbon monoxide dehydrogenase6

and hydrogenase. ./ We propose to utilize X-ray absorption spectroscopy to similarly

characterize Fe XANES specwa of dinuclear non-heme iron model compounds of relevance

to hemerythrin, ribonucleotide reductase, purple acid phosphatase and methane

monooxygenase. 8

Fe K-edge X-ray absorption spectra have been collected on a number of dinuclear

non-heme iron models. Ali of the compounds studied have high-spin octahedrally

coordinated iron atoms with N and/or O ligation. The model compounds investigated

cor_tained tri-, di-, and mono-bridged iron centers with various combinations of oxo,

hydroxo, alkoxo and carboxylato bridging groups. Correlations of the appearance of the

edge spectra with the numbers and types of bridges, changes in the ligation sphere, and

changes in the oxidation state of the diiron center will be discussed. Comparisons will be

made with the edge spectra of the hydroxylase component of soluble methane

monooxygenase from Methylococcua capsulatus (Bath).9

5.1.1. Interpretation of Transition Metal XANES Spectra

The dipole-allowedtransitionforanX-rayabsorptionK-edgeisfromaninitial1s

state to a final np state (A/ = 1) and will correspond to the most intense region in the edge

spectrum. Transitions are commonly seen below the 4p threshold for transition metal

spectra. The weak pre-edge feature has been attributed to a formally dipole-forbidden

l s _3d transition made allowed by 4p mixing into the 3d states as a result of non-

centrosymmetricsymmetryofthemetalsiteandvibroniccoupling.lO,II Thisassignment

hasbeenconfirmedby theabsenceofthisfeatureinK-edge spectraofdI0transition
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metals,12 andby single-crystalpolarizedstudiesforothermetals.13The intensityofthis

feature increases as the metal site is distorted from octahedral to tetrahedral symmetry

(greater4pmixingduetosymmetryreduction),andcanthereforebcusedasaprobeofthe

coordnation number and/or the site synuncty of the absorbing atom. 14

Shouldershavebeenobservedon therisingedgeofsome transitionmetalspectra
#,

whichhavebeenexplainedastheforbiddenIs--_4stransitionorastheallowedIs--_4p

transition.Single-crystalorientededgestudieshavebe.cninstrumentalindeterminingthe

assignmentofthisfeature.Transitionstothesphericallysymmetric4sorbitalwouldnot

exhibitanypolarizationdependenceunliketransitionstothedirectional4p orbitals.A

single-crystalpolarizedstudyofa Cu(1)compound whose edge spectrumexhibiteda

shoulderon therisingedge showed the featureto exhibitpolarization-dcpcndcnt

intensity,15andpermittedassignmentofthetransitionasoccuringtoa 4pz finalstate

orbital.The sameconclusionwas reachedfora similarfeatureintheedgespectrumofa

distortedOh Fe(III)compound usingorientedsingle-crystalmeasurements.16 Thc

sharpnessandintensityofthisfeaturehasbeennotedtobequitestrongandweU-rcsolvcd

insquareplanarcomplexesofFe,14Cu 15andNi,6,7whichreflectsthesplittingofthe4p

levelsasexpectedforD4h symmetry metalsites.I

The generallyacceptedexplanationoftheshoulderisthatitisa shake-downfeature

associatedwiththeIs---_4ptransitionresultingfromthetransferofanelectronfroma

ligandvalenceorbitalintothe metal 3d manifoldmade allowedby finalstatc

relaxation.l7,18Thisligand-to-metal-chargetransfer(LMCT) shakedownfcaturcwould

occurtolowerenergythanthemetalIs--._4ptransitionby an amount equaltothe

differenceinenergybetweentheligand2pandmetal3dlevels.The energyofthevalence

levelofa morecovalentligandishigherthanthatofa lesscovalentligand,resultingina

greaterenergydifferencebetweentheligandorbitalandtherelaxedmctal3d state.The

positionoftheLMCT shake-downfeaturewouldthereforebeexpectedtomove tolowcr

energyasthecovalencyoftheligandsincreased.

)

5.2. Experimental

The modelcompoundsinvestigatedforthisstudyaresummarizedinTable5.1.19

The compoundsweresynthesizedaccordingtothereferenceslistedinthetablewiththc

followingexceptions.Allofthetribridgcdsampleswere providedby Prof.Stephen

" Lippard of the Massachusetts Institute of Technology. The SALMP dibridgcd compounds

, in ali three oxidation states were provided by Prof. Richard Holm of Harvard University.
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Details of the pi-eparation and data collection for the hydroxylase samples (EXAFS5,

EXAFS7, and EXAFS6) have been presented in reference 9 and in Chapters 2 and 3.

Samples for XAS experiments were diluted with BN powder, finely ground with a

mortar and pestle, and pressed into a lmm thick A1 sample spacer windowed with Mylar

tape (total sample weight, ~ 55 rag). The samples were run in transmission mode at the

" Stanford Synchrotron Radiation Laboratory (SSRL) on unfocused 8-pole wiggler

beamlines 4-3 or 7-3 (18 kO), or on unfocused bending magnet beamline X19A at the

National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory (see Table

5.1). Ring operating conditions were 3.0 GeV and 40-90 mA at SSRL, and 2.5 GeV and

90-200 mA at NSLS. The height of the beam was defined to be 1 mm using slits in front

of the monochromator, and a Si(220) monochromator was used to maximize energy

resolution for the edge speelra (-2 eV under these conditions for Fe). The edge spectra of

the samples run at NSLS have worse resolution due to software limitations on the step size

in the edge region. The monoehromator was detuned 50% at 7475 eV (the end of the Fe

edge scan) to reject higher harmonics in the incident beam. The incident and transmitted

beam intensity was monitored by using N2-filled ionization chambers of the standard

design. The diferrous and semimet model compounds were run at 10 K by using a

continuous flow LHc cryostat (Oxford Instruments model CF1208). The diferric models

were either run at ambient temtmrature, or at 10 K if the cryostat was already in use.

" Energy calibration for each scan was perfomed by using an internal foil calibration

method 20, setting the energy of the first inflection point of the iron foil as 7111.2 eV.

Although the signal-to-noise ratio for the model compounds is high enough to obtain

satisfactory data with one scan, more than one scan was measured to insure reproducibility

of the data. In general, 2 or 3 scans were averaged together for each sample. The data

were background-subtracted by fitting a polynomial to the pre-edge region which was

extracted through the post-edge region and subtracted. The edge jump was normalized to

unity using a polynomial through the post-edge region. Care was taken to insure that the

data for each sample were normalized to each other for direct comparison. This process

involved adjusting the background subtraction to insure that the slope of the data from

sample to sample was the same, and adjusting the normalization to insure that the edge

jump from sample to sample was the same.

5.3. Results and Discussion

Positions of the features in the edge spectra were determined by measuring the

position of the half-width at half-height of the second deriviative of the spectra, and are
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presented in Table 5.2. In many cases, features were suggested by the second derivative

that were not clearly resolved in the edge spectrum themselves. The positions of these

features arcenclosed in parentheses.

5.3.1. Description of the Edge Spectra

5.3.1.1. Models Containing a g-oxo Bridge. InFigure 5.1 are the edge

spectra of representative tri-, di-, and mono-bridged models which incorporate a g-oxo

bridge. The spectra representdifferent ligation of the iron site, from 60 (FE2CO2) to 5

N and I O (FE2OHBPZ). The most intense pre-edge transition (region A in the spectra),

occurs between 7114.1 - 7114.8 eV (Figure 5.2, top curve). A lower energy transition can

be seen in the spectra of the di-and mono-bridged compounds (see FE2OPHEN) and

occurs between 7112.2 - 7112.6 eV. The energy splitting between the two features is on

the orderof 2 eV. The resolutionof the low-energy shouldercorrelateswith the increase in

the numberof N atoms in the f'ast coordinationsphere. It is best resolved in the complexes

which have 20 and 4 N (FETPAOAC and FE2OPHEN, Figure 5.2; FETPACO3 and

FETPAPHT, data not shown). In FEHBPZO (3 0/3 N, Figure 5.2), FE3BIPHME

(4 0/2 N, see Figure 5.5) or FE2CO2 (6 O, Figure 5.2), the lower energy transition is

not as clearly resolved and leads to the asymmetric apperance of _e pre-edge feature. This

trend also coincidentally correlates with the decrease in the numberof bridges from three to

two. It cannot be determined if the ligation or the number of bridges is a more important

factor in determining the appearance of the pre-edge feature based on the data available.

A shoulder on the rising edge of the spectra (Feature B) is clearly resolved in the

models containing more than 3 N atoms in the first coordination sphere (Figure 5.1, bottom

curve), however the second derivatives suggest the presence of this feature in the other

models as weil. In the tribridged models, the shoulder occurs between 7125.3 and 7125.9

eV and in the di- and mono-bridged models, the feature appears between 7123.5 and

7125.6 eV. The intensity of this feature is lowest in the 5 N/lO model FE2OHBPZ and

highest in the 4 N/20 model FE2OPHEN. As seenwith the resolution of the shoulder in

the pre-edge feature, the appearance of the shoulder correlates both with increasing N

ligation and decreasing number of bridges.

The most intense transition in the edge spectra occurs between 7128.1 and 7130.0

eV (Feature C). This feature is more narrow in the di- and mono-bridged compounds than

in the tri-bridged compounds. The position of the feature does not seem to correlate with

either the number of bridges or the first shell ligation. The energy difference between the

postion of the rising edge shoulder and the primary transition ranges from 3.7 eV for
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Figure 5.1. The Fe K-edge XANES spectra of oxo-bridged model compounds.

Tribridged models FE2CO2 (solid) and FEHBPZO (dot) are presented in the top curve.

Dibridged models FETPAOAC (solid), FE2OPHEN (dash) and FE2OHBPZ (dot) are

presented in the bottom curve.
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Figure $.2. The pre-edge features of iron model compounds. The top curve shows the

pre-edge transitions of oxo-bridged models FE2CO2 (solid), FEHBPZO (dash),

FETPAOAC (dot) and FE2OPHEN (dash-dot) The middle curve shows the pre-edge

transitions of non-oxo-bridged models FECHEL (solid), FEDIPIC (dash) and

FEHBPZOH (dot). The bottom curve shows the pre-edge feature from monomeric

Fe(acac)3 (solid). Note the difference in the appearance of the pre-edge feature of the oxo-

bridged models compared to the non-oxo-bridged models.
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FETPACO3 to 5.5 eV for FETPAPHT with the splittings for all of the rest of the

compounds falling within this range (Table 5.2). There is also a broad feature above 7135

eV in all of the compounds whose appearance and position also varies in a non-systematic
q

way from compound to compound.

5.3.1.2. Non-oxo Bridged Models. The edge spectra for representative di-

and tribridged models which do not contain an oxo bridge are presented in Figure 5.3.

These models represent ligation of 50 and 1 N (FECHEL and FEDIPIC) and 3 O and 3

N (FEHBPZOH). The edge spectrum of FESALMP0 (4 O/2 N) is presented in Figure

5.4. The shape of the pre-edge feature (region A) in these models is is also independent of

the number of bridges in the diiron center (Figure 5.2, middle curve) and quite different

from the pre-edge feature of the oxo-bridged models. In ali of the non-oxo-bridged

models, the pre-edge feature is clearly a doublet, with the more intense transition occuring

between 7112.4 and 7112.9 eV and the weaker transition occuring between 7114.3 and

7114.6. The difference in relative intensities of these transitions is greater for the 5 O/1 N

compounds than for the 4 0/2 N (see Figure 5.5) or 3 O/3 N compound and the energy

splitting between the transitions is in the range of 1.6 to 1.9 eV. In addition, a shoulder is

seen between the pre-edge transition and the rising edge in the spectra of FECHEL and

- FEDIPIC at ~ 7118 eV (Fig_re 5.2). A feature is seen in this region of the second

derivatives of the edge spectra _or ali of the models, however it is not clearly seen in the

edge spectra themselves. This t;zature may be the forbidden ls---_4s transition, which

would also be made allowed by vibronic coupling.

There is a suggestion of a shoulder on the rising edge of FECI-IEL (5 O/1N),

which occurs at 7127.9 eV according to the second derivative of the edge spectrum.

Unlike the oxo-bridged models, however, the appearance of a rising edge shoulder does

not occur with increasing numbers of N atoms in the first coordination sphere as a shoulder

is not seen in FEHBPZOI-I which has 3 N and 30 atoms. In the non-oxo-bridged

models, then, the appearance of the shoulder may be due to the reduction in the number of

bridges in the diiron center. This is also consistent with the appearance of the rising edge

shoulder in the oxo-bridged models, however in the case of the non-oxo-bridged models,

the effect is not as dramatic. 21

The main transition in the non-oxo-bridged models (Feature C) occurs at 7130 eV

in the spectrum of FEHBPZOH and FEDIPIC, and at 7131.6 in the spectrum of

FECHEL. The edge spectrum of FESALMP0 is not very well defined (Figure 5.4).

The position of Feature C in the non-oxo-bridged models occurs at slightly higher energies

than the position of the corresponding feature in the oxo-bridged models (7128.1 - 7130
,t
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Figure 5.3. The Fe K-edge XANES spectra of non-oxo-bridged model compounds.

Tribridged model FEHBPZOH (solid) is presented in the top curve. Dibridged models

FECHEL (solid), and FEDIPIC (dot) are presented in the bottom curve.
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eV). As in the edge spectra of the oxo-bridged models, there is a broad feature which

occurs above 7135 eV in the spectra of FECHEL, FEDIPIC, and FEHBPZOH.

5.3.1.3. Changes in Spectra with Oxidation State. The spectra of the

FESALMP dimer series in all three oxidation states are presented in Figure 5.4 (top

curve). Upon reduction from the diferrric Fe(III)Fe(III) state to the semimet Fe(III)Fe(II)

state, the position of the edge (measured at an absorption value of 1) moves to lower

energy by 2.3 eV, the edge broadens, and the intensity of the main transition region

(Feature C) decreases somewhat. In the diferrous Fe(II)/Fe(II) state, the position of the

edge moves 4.3 eV to lower energy relative to the diferric edge and the shape of the edge

changes, increasing in intensity and becoming more narrow. For the BIPHME models

(Figure 5.4, bottom curve), the edge moves 3.3 eV to lower energy from the diferric

, (FE3BIPHME) to the diferrous (FE2BIPHME) state, and the intensity and appearance

of the main transitions change in a manner similar to that described for the FESALMP

' series.

The pre-edge feature in the reduced forms of tl'_,,_semodels is also a doublet (Figure

5.5, top curve), and like the non-oxo-bridged difer_ . _cw.lels, the first transition is more

intense than the second transition. The ftrst transition o_curs at 7111.6 eV in the diferrous

" models and the second transition occurs at 7113.7 eV for FE2BIPI-IME and at 7118.3 eV

for FESALMP2, corresponding to a splitting of 2.1 and 2.2 eV, respectively. The pre-

edge of the semimet model FESALMPI is broader and less well-resolved than the pre-

edge of FESALMP0. There is very little change in the intensity of the pre-edge feature in

going from the diferric to diferrous forms in the FESALMP models, but in the

F EBIPHME models, there is a loss in intensity. This reduction in intensity is

counterintuitive to expectation, based on the change in the coordination of the iron atom

which occurs in the diferrous form of FE2BIPHME. One of the hexacoordinate iron

atoms becomes pentacoordinate in FE2BIPHME, and the decrease in the symmetry

should result in an increase in the pre-edge intensity. The loss of the oxo-bridge which

occurs upon reduction of FE3BIPI-IME, which would result in a decrease in the

distortion of the iron site, may offset any gain in intensity due to the decrease in the

coordination number. The intensities of the diferrous model pre-edge features are similar to

each other, therefore it is unlikely that this information can be used to distinguish between

symmetric and unsymmetric ferrous diiron sites.

187



3.2 ' I ' ! ' i '

,/ -.,-,,.
,/ .I °-. _,

I

-- IIit I1"// ".. _,

2.4 , ..,..
fl

Sl t

,LD
<: ," ,

"0

°°

• -,b.,,. ; .,.. •

0.8- -

0.0 " - i I I
7105 7116 7i28 7139 7150

Energy (eV)

Figure 5.4. Changes in the edge spectra with change in oxidation state. The top curve

shows the spectra of diferric Fe(I_Fe(]II) FESALMP0 (solid), sem/met Fe(III)Fe(II)

FESALMPl (dash), and diferrous Fe(II)Fe(II) FESALMP2 (dot). The bottom curve

shows the spectra of diferric FE3BIPHME (solid) and diferrous FE2BIPHME (dot).

188



Figure 5.5. Changes in the pre-edge feature with change in oxidation state. The pre-

edge of the difcrdc models FESALMP2 (solid) and FE2BIPHME (dot) are compared in

the top curve. The middle curve shows the pre-edge features of FESALMP0 (solid),

FESALMP1 (dash) and FESALMP2 (dot). The pre-edge features of FE3BIPHME

(solid) and FE2BIPHME (dot) are compared in the bottom curve.
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5.3.2. Interpretation of Edge Spectra

Ali of the compoundsinvestigated had octahedral, or nearly octahcdral coordination

around the iron atoms and the edge spectra are relatively similar for ali of the compounds

studied here. The most dramatic change occurs in the pre-edge region, which will be

discussed separately. The _fferences observed in the appearance of the edge structure can
be correlated to the nature ,:,f _',a_ebridging groups in the diiron center and to changes in the

relative numbers of Nan<.',_ijatoms l._gatedto the iron atoms.

5.3.2.1. Changes in the Edge Spectra with Bridging Geometry. The

position of the edge (measured at an absorption value of 1/3) is correlated to the average

first shell bond length for the models stu_tied (Table 5.3 and Figure 5.6) with the

exceptions of FE2CO2 and FESALMP0. In general, the oxo-bridged models have

longer average bond lengths than the no_',,-oxo-bridged models due to the distortion of the

site caused by the presence of the short Fe-O bond (see Table 4.1 in Chapter 4). FE2CO2

is an exception to this observation due to the all O ligation which decreases the distortion

effect of the oxo-bridge. The bond length of FE2CO2 is similar to the bond lengths of the

non-oxo-bridged models, but the edge position is similar to the oxo-bridged models. The

average distance of FESALMP0 is consistent with the lack of an oxo-bridge, but the

position of the edge of is similar to the positions of the oxo-bridged model edges.

Otherwise, however, the position of the edge moves to lower energy as the average first

shell bond length increases. The increase in the average bond length is itself loosely

correlated to the number of N and O atoms ligating the iron center.

The data available for a direct comparison of the effect of an oxo-bridge on the edge

spectra of otherwise identical models is limited, however the number of bridges seems to

have an effect on the appearance of the edges. In general, the appearance of the features in

_ the edge spectra of the tribridged models are not as well-defined as in the edge spectra of

the di- and mono-bridged models, although FESALMP0 is an exception to this

observation. For example, the edges of oxo-bridged FEHBPZO and hydoxo-bridged

FEHBPZOH (both tribridged models) are more similar to each other (Figure 5.7, top

curve) than FEHBPZO is to oxo-bridged FETPAOAC or FEHBPZOH is to hydroxo-

bridged FECHEL (Figure 5.7, compare dotted lines and solid lines, respectively). In

addition, the edges of FETPAOAC and FECHEL (both dibridged models) are relatively

similar to each other (Figure 5.7, middle curve), although the edge of the oxo-bridged

model is less intense and broader than the hydroxo-bridged model. Comparing the spectra

of FEHBPZO and FEHBPZOH, a similar effect is seen, with the edge of the oxo-
,11

bridg_"d model appearing wider than that of the analagous hydroxo-bridged model (Figure
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Table 5.3. Comparison of Average First Shell Distance with Edge Position.

Sample Coordination Avg. First Shell Position of

Environment Distance a (,/k) Edge b (eV)

. OXO-BRIDGED MODELS

FE2CO2 60 2.02 7122.2

FE3BIPHME 4 O, 2 N 2.05 7122.6

FEHBPZO 3 O, 3 N 2.06 7122.0

FETPAOAC 4 N, 20 2.07 7121.9

FETPACO3 4 N, 20 2.07 7121.7

FETPAPHT 4 N, 20 2.08 7121.5

NON.OXO-BRIDGED MODELS

FECHEL 5 O, 1 N 2.02 7123.4

FEDIPIC 5 O, 1 N 2.03 7123.1

FE_ALMP0 4 O, 2 N 2.03 7122.2

FEHBPZOH 3 O, 3 N 2.04 7123.1

HYDROXYLASE SAMPLE

EXAFS5 6 N/O 2.04 7122.6

aThe averagedistanceincludesali firstshell distancesfromthe crystal structuresof the

models, bi'he edgepositionwasmeasuredat an intensityvalueof 1/3. CThedatafor the

hydroxyalsesamplewasdeterminedbyEXAFS(seeChaper2).
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bridged models. The x is the oxidized hydroxyase dam.
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Figure 5.7. Comparisons of model and MMO hydroxylase edges. The solid lines are

spectra of non-oxo-bridged models, while the dotted lines are oxo-bridged model spectra°

The top curve compares the edge spectra of tribridged models FEHBPZOH (solid) and

FEHBPZO (dot). The middle curve compares the edge spectra of dibridged models

FECHEL (solid) and FETPAOAC (dot). The edge spectrum of the oxidized

hydroxylase sample EXAFS5 is presented in the lower curve, and more resembles the

spectra of the tribridged models presented in the top curve.
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5.7, top curve). It should be noted that the ligation of the iron center also changes for

FETPAOAC (4 N/2 O) and FECHEL (5 O/1 N) in addition to the types of bridges

changing,whichintroducesanothervariableintothecomparison.

5.3.2.2. Changes in the Edge Spectra with Changes in Ligation. The

appearance of the shoulder on the rising edge in the oxo-bridged models (Figure 5.1)

corresponded to the increase in the number of N atoms relative to O atoms in the first

coordination sphere, suggesting that this feature may be related to changes in the covalency

of the active site due to differences in the ligation sphere. S;_milareffects in the edge spectra

of Ni, 7 Cu,4 and Fe9 models and proteins have been seen with changes in the ligation of

the metal center which have been attributed to an increase in the covalency of the metal site.

In the Ni and Cu compounds studied, this shoulder has been interpreted as a ligand-to-

metal charge transfer shake down feature associated with the 1s _4p transition. A similar

interpretation of the feature for the oxo-bridged dinuclear iron centers could apply here as

well. No such change in the edge spectra was seen in the non-oxo-bridged compounds as

a result of changing ligation sphere, however, the spectrum of dibridged FECHEL has a

weak shoulder, whereas the spectrum of tribridged FEHBPZOH does not. This suggests

that the decrease in the number of bridges may also impact the presence of the shoulder,

perhaps reflecting greater distortion in the diiron center imposed by the bridging geometry.

This interpretation is consistent with the greater intensity of the 1s _3d pre-edge feature

of FECHEL relative to FEHBPZOH (Figure 5.2, middle curve).

5.3.2.3. Pre-edge Feature. The intensity of the pre-edge feature is gained by

the non-centrosymmetric character of the Fe site in the iron dimers which allows 4p and 3d

mixing to occur. The intensity of the pre-edge feature is related to the amount of 4p mixing

into the 3d orbitals and is inversely proportional to the coordination number of the metal

site.3, 5 For the models studi_ h¢'re, the coordination number is 6 in every case so any

variation in the intensity of the pre-edge feature reflects the amount of distortion around the

iron site. The edge spectrum of oxo-bridged model FEHBPZO and hydroxo-bridged

model FEHBPZOH are compared in Figure 5.5a. Both of these compounds are

coordinated by 3 N and 30 atoms. The intensity of the pre-edge feature in the oxo-bridged

model is greater than the intensity in the non-oxo-bridged model, reflecting the increased

distortion of the iron site due to the presence of the short oxo-bridge (see Table 4.1 in

Chapter 4). In the oxo-bridged model, the average lh'st shell distances range from 1.79 to

2.19 A (0.4 A difference), while in the hydroxo-bridged model, the average first shell

distances range from 1.96 to 2.11 A (0.15 A difference). In addition, the pre-edge features

of the non-oxo-bridged models are very similar to the pre-edge feature of Fe(acac)322
la"

(Figure 5.2, bottom curve), a monomeric octahedral compound coordinated by 60 atoms
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whose bond lengths range from 1.986 to 2.004 ,/L The presence of the pre-edge feature in

the Fe(acac)3 compound reflects the sensitivity of the transition to slight symmetry

distortions.

The pre-edge feature is clearly split in ali non-oxo-bridged models, and asymmetric

in ali oxo-bridged models (Figure 5.2). The appearance of this feature is therefore

characteristic of the nature of the bridge in the iron center, but not of the number of bridges.

There are two possible explanations for the splitting seen in the pre-edge feature. One is

that each transition corresponds to the 1s_ 3d transition for each iron atom in the dimer.

This doesn't seem very likely as the edge spectra seen will be the average for both iron

atoms and the individual iron sites within each dimer are very nearly identical to each other.

In addition, the presence of a split pre-edge feature in monomeric Fe(acac)3 argues against

this explanation. The alternative explanation is that the transitions seen are to different

molecular states in the f'mal d-state configuration.

The transition which occurs in the pre-edge region is from an initial [ls2...3d 5]

state to a final [1sl...3d6] state and will occur to states of maximum spin multiplicity. In

the free ion limit, only the 5D state is available, however at somewhat stronger fields (but

still in the weak field limit), transitions can occur to the 5T2g and 5Eg molecular states.

" The splitting seen in the pre-edge region of the edge spectra is therefore consistent with

transitions to the 5T2g and 5Eg states ( 5T2g < 5Eg). The energy splittings seen in the pre-

edge region of the diferric dimers were betweeen 1.6 and 2.2 eV (-13,000 - 17,700 cm-1),

which correspond to Dq/B values in the range from 1.3 to 1.75. These values are

consistent with the high-spin character of these model compounds. The electronic

configuration which gives rise to the 5T2g ai_d 5Egmolecular states are (t24e2) and (t23e3),

respectively, so the energy splittings observed it, the pre-edge correspond to 10Dq for the

various model compounds.

The overall increase in intensity of the pre-edge feature for the oxo-bridged model

spectra over the non-oxo-bridged models can be explained by the increased distortion of the

Fe site due to the presence of the short Fe-Ooxo bridging distance. In the spectra of the

non-oxo-bridged models, the transition to the 5T2g state is the most intense, while the

transition to the 5Eg state is the most intense in the spectra of the oxo-bridged models. The

intensity differences may reflect a greater amount of 4p mixing into the 5Eg final state over

the 5T2g state for the oxo-bridged models due to the lowering of the symmetry of the iron

atoms caused by the presence of the oxo-bridge.

In the diferrous systems, splitting in the pre-edge region has commonly been

attributed to transitions to the free ion 4F and 4p states of the d 7 excited state
dt

configuration, l° The relative intensities of the two transitions has been calculated to be 7:3
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for F:P (4F < 4p), so the higher energy transition should be less intense. This is the case

for the ferrous models (Figure 5.5, top curve). The magnitude of the splitting seen (2.1

and 2.2 eV) is consistent with the energy difference expected for the 4F and 4p levels.

Alternatively, the transitions seen could be to the 4Tlg and 4T2g molecular states which

correspond to Dq/B values of 1.8 and 1.9. These values of Dq/B are consistent with the

high-spin character of the model compounds but correspond to 10Dq values of- 16,500

cm -1 for FE2BIPHME and --17,400 cm -1 for FESALMP2, somewhat greater than the

corresponding ferric models (10Dq for FE3BIPHME and FESALMP0 was calculated to

be -15,000 cm-1). This is not not consistent with the relative positions of Fe+2 and Fe +3in

the spectrochemical series and supports the assignment of the transitions as corresponding
to the free ion 4F and 4p states.

5.3.2.4. Comparisons with Hydroxylase Edge Spectra. The edge

spectrum of the oxidized hydroxylase is included in Figure 5.7 for comparison the the

dimer edges. The appearance of the hydroxylse spectrum is most similar to tribridged

FEHBPZOH and FEHBPZO and to dibridged FESALMP0 (shown in Figure 5.4, top

curve). It is not clear why the spectrum of FESALMP0 is less distinct than the other

models, but may reflect the extended bridges in the structure (see Table 5.2). The pre-edge

features of these four samples are compared in Figure 5.8 (bottom curve). The pre-edge

feature of the hydroxylase is asymmetric and the higher energy region is more intense than

the lower energy region, similar to oxo-bridged model pre-edge features. The overall

intensity of the hydroxylase pre-edge feature is more like the non-oxo-bridged model pre-

edge features. The hydroxylase data are certainly more consistent with the lack of an oxo-

bridge in the iron center, however the exact nature of the bridging geometry is not revealed

by this analysis. Inclusion of the diferric hydroxylase on the plot in Figure 5.6

(represented as an x) using the average first shell distance of 2.04 _ determined by EXAFS

analysis (see Chapter 2) is also consistent with the lack of an oxo bridge in the diiron site.

The EXAFS analysis clearly shows that there is no oxo bridge in the iron center (Chapter

2).

The main transition in the differous hydroxylase edge is sharper than in the edge

spectrum of either FESALMP2 or FE2BIPHME, and lacks the high energy shoulder

seen at around 7135 eV (see Figure 5.4 in Chapter 2). The edge of the semimet

hydroxylase appears to be a little broader on the rising edge than the edge of the oxidized

hydroxylase. The change in the edge of the hydroxylase with reduction to the semimet and

diferrous state is similar to the change seen for the FESALMP and FEBIPHME models

(compare Figure 5.4 with Figure 5.4 in Chapter 2). The intensity of the pre-edge features

in both the semimet and reduced hydroxylase spectra is greater than the intensity of the
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Figure 5.8. A comparison of the pre-edge features of the models and the MMO

hydroxylase samples. The solid lines are the protein spectra. The top curve compares the

reduced hydroxylase sample EXAFS6 (solid)with FESALMP2 (dot)and

FE2BIPHME (dash) and the middle curve compares the semimet hydroxylase sample

EXAFS7 (solid) with FESALMPI (dot). The bottom curve compares the feature of

oxo-bridged FEHBPZO (dash-dot) with the oxidized hydroxylase sample EXAFS5

" (solid) and the non-oxo-bridged models FEHBPZOH (dash) and FESALMP0 (dot).
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corresponding model compounds (Figure 5.8, top curve for reduced samples, middle curve

for semimet samples), suggesting that the coordination or symmetry of the hydroxylase

diiron center may be different than in the model compounds, however the difference may

be due to subtraction of the different background contributions for transmission (model)

data and fluorescent (protein) data are different.
4

5.4. Conclusions

The appearance of the Fe K-edge XANES spectra of the model compounds is

related to the nature of the bridges in the diiron center and with the ligation of the iron

atoms. In general, the features in the spectra are more well-defined for the dibridged

models than the tribridged models (compare upper and lower curves in Figures 5.1 and

5.3). The presence of an oxo bridge tends to broaden the edge somewhat over the edges of

the non-oxo-bridged models (Figure 5.7). The appearance of a shoulder on the rising edge

of the spectra reflects a decrease in the number of bridges in the non-oxo-bridged models.

In the oxo-bridged models, the appearance of the shoulder was correlated with the increase

in the N ligation of the iron center. A reasonable interpretation of this feature is that it is a

shake down feature associated with the ls _4p transition, and reflects an increase in the

covalancy of the iron site due to the change in the ligation. The final assignment of this

feature as a shake down transition awaits confirmation by XPS/PES experiments. The

position of the edge decreases in energy as the average first shell distance in the models

decreases, and is related to the presence or absence of a _t-ox0 bridge in the center.

The appearance of the pre-edge feature is characteristic only of the presence or

absence of a g-oxo bridge in the diferric center and not of the number of bridges in the

diiron site. In o×o-bridged compounds, the pre-edge feature is asymmetric with the most

intense transition occuring at ~ 7114 eV. In the non-oxo-bridged compounds, the pre-edge

feature is clearly resolved into a doublet with the lower energy transition (~ 7113 eV)

having more intensity than the 7114 eV transition. The splitting of the transitions is

consistent with the assignment of the transition to the 5T2g and 5Eg molecular states for the

excited state d6 configuration. The greater overall intensity of the oxo-bridged models is

consistent with the increased distortion of the iron site over the non-oxo-bridged models

due to the presence of the short Fe-O bridge. Additionally, the differences in the relative

intensities of the two pre-edge transitions for the oxo- and non-oxo-bridged models

probably arises from differences in the site symmetry of the iron atoms which impacts the

amount of 4p mixing into the different molecular states. For the diferrous model, a

reasonable interpretation of the split transition is that it occurs to the free ion 4F and 4p _"
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molecular states. The intensity of this feature is similar for both symmetrically substituted

FESALMP2 and asymmetrically substituted FE2BIPHME, making conclusions about

the coordination of the iron atoms in the reduced state difficult based on the pre-edge

information.

The diferric hydroxylase edge is most consistent with the lack of an oxo-bridge in
m

the diiron center, supporting the results from the EXAFS analysis (Chapter 2). The shape

of the pre-edge feature is reminiscent of an oxo-bridged compound, but the intensity is

more like FESALMP0 and FEHBPZOH, suggesting the the octahedral symmetry of the

iron site in the hydroxylase is more like that in the latter models. The changes in the edge

seen with reduction of the diferric state to the diferrous state are similar for the protein and

model t;ompounds. The greater intensity of the pre-edge features of the semiznet and

reduced hydroxylase samples compared to the semimet and reduced models may reflect

lower coordination or symmetry at the Fe center in the protein samples. A systematic study

of the edge structure of reduced and semimet model compounds would greatly aid in the

interpretation of the edge structure of these forms of the protein samples.
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Chapter 6

Sulfur and Chlorine K-Edge X-ray Absorption Spectroscopic Studies of
Photographic Materials

D
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6.1. Introduction

Sulfur is present in several important components of the photographic system

including spectral sensitizing dyes and chemical sensitizing centers. These components

exist at the surface of the photoactive silver halide crystals and are involved in electron and

energy transfer processes. It is therefore likely that the surface structure and electronic

environment of these sensitizing dyes and centers will have an effect on photographic

performance. X-ray absorption spectroscopy (XAS) studies can directly probe the local

geometric and electronic structure of these important surface-active species on the

photoactive substrate.

Previous sulfur XAS studies have shown that the S K-edge has sharp absorption

features in the edge and near-edge region arising from bound-state transitions from the

sulfur ls orbital to low-lying unoccupied or partially occupied atomic or molecular orbit, _.

These features have been shown to be very dependent on the local geometry and oxida_,_,.:_

state of the absorbing atom.l,2, 3 With a spectrometer energy resolution of 0.5 eV at these

energies (2-3 keV), shifts of as much as 13 eV have been seen with a change in the
oxidation state of sulfur from -2 to +6.

Studies of the sulfur K-edge of numerous organic and inorganic compounds have

revealed characteristic absorption spectra dependent on the nature of sulfur in the

compound, making XAS a useful tool in determining the forms and relative amounts of

sulfur present in petroleum asphaltenes and coal. 4 Polarized K-edge measurements

together with theoretical calculations using a multiple-scattered wave X-ct formalism have

resulted in assignments of some of these S K-edge features. 5 A number of soft X-ray

studies have been done on gaseous 6 and surface-adsorbed6a, 7 organic and inorganic sulfur-

containing molecules, such as thiols, thioethers, and sulfuryl halides. These studies

provide further insight into the origin and nature of the S K-edge features, including

information about the symmetry of the f'mal state orbitals to which the transition occurs,

and the orientation dependence of the edge features of adsorbed speeies.6a,6b,8

Spectral sensitizing dyes are used in many applications such as non-linear optics,

solar energy conversion, electrophotography and silver halide photography. Merocyanine

and cyanine dyes extend the response of photographic materials beyond the intrinsic

blue/ultraviolet absorption of the silver halide photoconductor into the visible and infrared

regions. The spectral sensitivity imparted to the silver halide substrate depends on the

visible absorption properties of the dye molecules. Spectral shifts of the visible absorption

features to longer wave-lengths result from the aggregation of the dye molecules on the

surface, and depend on both the concentration and the orientation of the dye molecules. -'
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The degree and extent of aggregation, and consequently of the spectral shift, is in part

determined by silver halide morphology, the presence of other adsorbates, and structural

features of the dye molecules themselves. 9 Structural properties of dye molecules which

" are important for aggregation formation include extended delocalization of _ electrons,

planarity of the molecule, and reduction of positional isomers.

" The sensitization process involves the transfer of electrons or energy as an exciton

from the photoexcited state of the dye molecule aggregate into the conduction band of the

silver halide substrate. For well-ordered, strongly interacting molecular systems, excitons

are transferred via coupled oscillations of the molecules in a time period shorter than the

period of the molecular vibrations. The transfer of the exciton from the dye aggregate to

the substrate conduction band requires that the dye molecules exist in an adsorbed state on

the surface of the silver halide grains. The nature of the interaction between the dye

aggregates and the silver halide substrate has been the subject of many studies. For dyes

containing benzthiazole groups (belonging to the cyanine dye class), it has been postulated

that the adsorbed dye molecules are oriented with their sulfur atoms directed toward the

silver halide surface.10,11, XPS experiments of dyed AgC1 crystals 12 and electrophoretic

mobilities of dyed silver halide grains13 have suggested that direct interaction between the

. sulfur atoms and the silver ions on the crystal surface is a driving force in the adsorption

process and a determining factor in the orientation of dye molecules on silver halide crystal

- faces.

Another important process in photography is latent image formation. Latent image

formation involves the reduction of Ag+ to Ag o which appear as dark areas on negatives

and are invisible until the film is exposed to developer. The aggregates of Ag metal are

referred to as latent image centers. The efficiency of formation of latent image centers is

related to the size of the Ag metal aggregates and the competition between combination of

the photoelectron with Ag+ and electron-hole recombination. The efficiency of latent image

formation, which means that less exposure time is required to form an image, can be

improved by the formation of chemical sensitization centers on the silver halide surface.

Chemical sensitization centers are formed by the treatment of silver halide crystals

with aqueous solutions of labile sulfur-containing compounds such as thiosulfate and

thioureas. The sensitization centers are believed to be silver sulfide specks on the silver

halide surface which act as electron traps for photoelectrons. 14 The electron-trapping

capabilities of these centers result in a reduction in the electron-hole recombination rate

. which improves the efficiency of latent image formation, and they may also promote or

stabilize latent image center formation. The highest degree of chemical sensitization is
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achieved with a combination of sulfur compounds and gold-containing salts, however the

nature of these chemical sensitization centers is not well understood.

We have used S and C1 K-edge XAS to characterize the electronic and geometric

structure of a wide variety of compounds important to the photographic system, including

cyanine and merocyanine dyes and dye intermediates, and thiol- and thione-containing

molecules. The nature of the interaction between the metal ions and the forms of sulfur of

importance in the photographic system have been studied by S K-edge XAS measurements

on silver and gold complexes of sulfides, thiazoles, and thiol- and thione-containing

ligands. Oriented single-crystal polarized studies of representative dye nuclei and a metal-

sulfur compound have been used to determine the angular dependence of the features seen

the in powder spectra. These studies permit assignments of the features and provide a

basis for interpreting polarized measurements of dye molecules and chemical sensitization

centers on silver bromide sheet crystals.

6.2. Experimental

The samples discussed in this paper are presented in Tables 6.1-6.4. The dye

samples (Tables 6.1 and 6.2) were measured to be 90% pure by HPLC. Ali of the samples

with the exception of 9,10-dichloroanthracene were supplied by Eastman Kodak Co.

Single crystals of 2-thiohydantoin 15 (IM4) were obtained from ethanol as orange rhombic -

plates with sides 1-2 mm long and 0.3 - 0.5 mm thick. Yellow needles of 3,3'-

diethylthiacyanine bromide 16 (DC5) were obtained from propanol (1-2 mm x ~ 0.25 mm x

-0.25 mm). Single crystals of 9,10-dichloroanthracene 17 (DCA) were obtained from

saturated petroleum ether solutions of the compound placed in a dessicator containing

scraps of paraffin. The crystals were yellow plates of dimensions 1 - 2 mm x 0.3 mm x <

0.3 mm. White single crystals of bis(ethylenethiourea) gold (I) chloride hydrate 18 were

obtained from water. The crystals were parallelograms, 2 mm x 1 mm x 0.5 mm. The

integrity of the crystals after exposure to synchrotron radiation was verified by checking

that degradation of the diffraction quality of the crystal had not occtwrext, and by confu'ming

the unit cell dimensions using a diffractometer after the conclusion of the experiments.

AgBr sheet crystals (50 I.t thick) were grown on quartz plates using a growth gradient

technique. The dyed surface samples were prepared by submerging the sheet crystal in 10"

5 M aqueous solutions of the dyes (20 minutes at 40" C). The chemically sensitized

samples were prepared by submerging the sheet crystals in 10-5 M aqueous solutions of

sodium thiosulfate or aurous dithiosulfate (20 minutes at 50" C).
ii
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Table 6.4. Energies of Transitions in Silver- and Gold-Sulfur Complexes.

i i iii

Compound Sample Feature A Feature B
ii.

name (eV) (eV)

silver (I) benzthiazole AGBENZ 2473.3* 2474.5

tetrafluoroborate
.:.± ...... _.: ..:.-....-._-. ........................ _. .............. _ ....... _............ _ ........................ : ........................ : .............

silver (I) 3-carboxymethyl-4-methyl-4- AGCMMT 2473.7 2476.1

thiazoline-2-thione hydrate 2471.8 (sh)

tetrafluoroborate

silver (I) phenylmercaptotetrazole AGPMT 2473.3*

tetrafluoroborate

silver (I) bis(trimethyltriazolium- AGTRZ 2473.6* 2474.8

....t__°:la!e),te_u0m ._._._ra.re, monomer ....................................,2473:0 (sh) ..... ........................

silver (I) bis(trimethyltriazolium- AG'IRZ2 2473.3*

thiolate) teuafluoroborate, polymer

silver (I) tetris(trimethyltriazolium- AGTRTA 2473.2* (sh at 2472.7

thiolate) tetrafluoroborate, monomer pk at 2473.6)

gold (I) bis(ethylenethiourea) chloride AUETU2 2473.3* 2475.3

- ,.hydrate

gold (I) bis(ethylenethiourea) chloride AUETU2X 2473.5 2475.3*

hydrate

in-plane, along C-S

gold (I) bis(ethylenethiourea) chloride AUETU2Y 2473.4* 2475.4

hydrate

in-plane, along Au-S

gold (I) bis(ethylenethiourea) chloride AUETU2Z 2473.2* 2474.5

hydrate 2475.6

out-of-plane

gold (I) thiourea tetrafluoroborate AUTHIOUR 2473.3* 2475.0

gold (I) tetrarnethylthiourea AUTMTU 2473.3* 2474.9

tetrafluoroborate 2472.6 (sh)

gold (I) bis(trimethyltriazolium thiolate) A_ 2473.5* 2475.1

•. tetrafluoroborate

silver (I) gold (I) bis(trimethyl- AGAUTRZ2 2473.6* 2475.4
%¢

triazolium thiolate) tetrafluoroborate
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Table 6.4. continued

, i i i IL |l|

CompourKt Sample Featme A Feature B

,., name (ev) , (ev) -
Metal Sulfides
i i ii

silver (I) sulfide AG2S 2471.8 2474.1" -

gold (I) sulfide AU2S 2472.6*

gold ([IT)sulfide AU2S3 2472.3*

(Ph4P)4[AuI2S8] AU12S8 2473.4* 2476.0

* mostintensefeature
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Experiments were conducted under dedicated conditions on the unfocused 8-pole

wiggler beamline 4-1 and the focused 54-pole wiggler beamline 6-2 (in low magnetic field

mode) at Stanford Synchrotron Radiation Laboratory (3.0 GeV, 40 - 80 mA), and on

unfocused bending magnet beamlines X19A and X10C at the National Synchrotron Light

Source (2.5 GeV, 90 - 200 mA) by using Si (111) double crystal monochromators.
m.

Higher harmonics were rejected by detuning the monochromator 80% at 2740 eV for the

sulfur edge and 60% at 3250 eV for the chlorine edge on beamline 4-1. On beamline 6-2,

higher harmonics were rejected by placing 3-4 layers of Al foil between the sample holder

and the detector and detuning the monochromator at 2740 eV for S and 3150 eV for C1until

the fluorescent signal approached dark current level, resulting in - 20% detuning. Incident
radiation was detuned 20% - 30% at 2740 eV on beamlines X19A and X10C. Beam size

for the powder samples was defined to be 2 mm x ~ 15 mm except on beamline 6-2 which

was defined by the focusing mirror to be ~ 1.5 mm x 4.0 mm. For the single crystal

samples, the incident beam size was defined to be slightly larger than the size of the t,n'ystal

in the appropriate orientation. For the polarized surface measurements (performed on

beamline 6-2 at SSRL), the width of the beam was determined by the size of the focusing

optics. Slits were set to allow the maximum amount of sample to be illuminated by a

narrow band of beam (7 x 1 mm for X = 0", 5 x 2 mm for X = 90").

Data were collected at room temperature in fluorescence mode using a N2-.filled gas

ionization detector of the Stern/Heald/Lytle design.2,19 Powder samples were finely

ground in a mortar and dusted onto Mylar tape to avoid self-absorption effects. At the low

energies at which these experiments were conducted (~ 2460 eV to - 3200 eV), reduction

in incident radiation intensity by air absorption is of major concern. To alleviate this

problem, the experiment was conducted under a helium beam path for the incident radiation

and sample fluorescence. Polypropylene windows of thickness 6.3 ktm were used where

necessary. Scans of Na2S203.2H20 collected between sample measurements were used to

calibrate the energy of the sample spectra by assigning the position of the first peak in the

thiosulfate scan at 2472.02 eV. For each sample, 2-5 calibrated scans were averaged and

the inherent background in the data was removed by fitting a polynomial to the pre-edge

region which was extrapolated through the entire spectrum and subtracted. The data were

normalized to an edge jump of unity for direct comparisons of intensifies of features. The

positions of the edge features were determined by locating the position of the half-width at

half-maximum of the second derivative in the region of the feature of interest, and are listed

- in Tables 6.1-6.4.
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6.2.1. Single.Crystal Polarized Studies

For dipole-allowed transitions, the features seen in the K-edge spectra are governed

by the following relation:

o = I<'_Pfle.rlVi>12 (1) -

which can be approximated by:

o - cos20l<WflrlWi>l 2 (2)

where o is the photoabsorption cross section, _Pfis the final state wave function, riai is the

initial state wave function (S or CI ls orbital), e is the polarization vector of the incident

radiation (perpendicular to the direction of the incident radiation and in the plane of the

synchrotron ring), r is the transition dipole operator (x, y, or z) and 0 is the angle between

e and r. The dipole-allowed transition from an initial ls state is to a final p state (AI= + 1),

and the maximum in the photoabsorption cross section is obtained when 0 = 0", when the

polarization vector and the dipole operator are parallel. By aligning a molecular orientation

in the sample (for example, a C-S bond) with the direction of the incident radiation

polarization vector, one can selectively excite transitions into the orbitals along that

molecular orientation. The symmetry of the transitions (po or p_) seen in the anisotropic

powder spectrum can be therefore be determined by observing the polarization properties of

the various transitions as a function of molecular alignment.

Single crystal samples were mounted on a glass fiber using polymethylmethacrylate

in methylene chloride as the adhesive for the S-containing crystals, and a standard 5 minute

epoxy (which contains S) for the Cl-containing crystals, and attached on a standard

goniometer head. On the beamline, a lid to the sample chamber containing a goniometer

mount was used allowing full rotation in phi with chi fixed at 180". The samples were

preoriented on a Syntex P21 4-circle diffractometer in such a way that the molecular

orientation of interest could be isolated solely by rotations in phi. This geometric restriction

meant that more than one crystal was required to isolate ali of the orientations of interest.

For 2-thiohydantoin and 9,10-dichloroanthracene, two crystals were used to isolate three

orientations. For bis(ethylenethiourea) Au (13and 3,3'-diethylthiacyanine bromide, one

crystal per orientation was required, for a total of three crystals for AUETU2, and two

crystals for DC5. The largest source of error in these polarized measurements is due to
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misalignment of the samples in the beam, however we estimate that the maximum

misalignment of the goniometer mount on the beamline is 2°, resulting in less than a 5%

loss of polarization. After the data at the proper phi setting were measured, the crystal was

misaligned 2-5* to insure that the features noted were not due to Bragg diffraction peaks

from the crystal lattice planes.

6.2.2. Polarized Surface Measurements

Surface X-ray measurements at glancing angle configurations take advantage of the

fact that X-rays undergo total external reflection below the critical angle, Oc, and therefore

penetrate only 20 - 30/_ into the surface. 20 At angles less than the critical angle, the signal

of an adsorbed species on the surface of a substrate is enhanced relative to that of the

substrate due to the decreasing penetration depth of the incident radiation. The critical angle

is dependent on the type of substrate the X-rays reflect from and is governed by the

following equation for Oc in radians: 21

Oc =_.(5.4 x 101_} 1/2 (3)

. where _. is the wavelength of radiation (cm), and Z is the atomic number, p the den_> and

A the atomic weight of the substrate. For a AgBr substrate, the critical angle (in degrees)

ranges from 1.13 at the S K-edge (2470 eV), to 1.02 at the end of a typical sulfur scan

(2740 eV), and from 0.987 at the CI K-edge (2820 eV ) to 0.883 at the end of a chlorine

scan (3150 eV). The measurements reported for this work were done at angles of 1°,

which was sufficient at ali energies to obtain an acceptable signal-to-noise level. There has

been a study of low-Z adsorbates on high-Z substrates using fluorescence detection in

which the authors found that a glancing angle configuration was not required for the

characterization of the surface species. 22 This will be tested on this system as weil. The

surface samples were mounted on a sample plate attached to a rotation stage, thereby

allowing full phi rotations to be made (in the azimuthal plane). The sample plate and

rotation stage were placed on a 90 ° chi circle mounted perpendicular to the beam to allow

both in-plane and out-of-plane orientations to be collected at grazing incidence angles

(Figure 6.1).
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Figure 6.1. Schematic of the geometry utilized for the surface measurements. Z refers
to the orientation of the surfacerelative to the table andO refersto the angle of the surface

relative to the incidentradiation. (a) Z - 0"orientation. (b) Z - 90"orientation.
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6.3. Results

. 6.3.1. S K-Edge Spectra of Dye Molecules

- 6.3.1.1. Cyanine Dye Molecules. Cyanine spectral sensitizing dyes contain

cyclic sulfur in 5-membered rings such as thiazole, benzthiazole and napththiazole with

various ring substituents and bridges between the dye nuclei (Table 6.1). The sulfur

spectra of cyanine molecules consists of two features (Figure 6.2), a high-intensity feature

at 2473.3 - 2474.1 eV (Feature A) and a lower-intensity transition at 2475.2 - 2476.4 eV

(Feature B). The relative intensities of these features and the shape of the multiple

scattering regime (above ~ 2478 eV) reflects changes in the local environment of the S

atom. The energy of Features A and B are relatively invariant, however the features appear

at a slightly higher energy for cyanine-type molecules which contain aromatic groups, such

as the benzthiazole (IC2, DC1, DC2, DC3, DC5, DC6) and napththiazole (IC3) derivatives

(Feature A at 2473.8 - 2474.0 eV; Feature B at 2475.8 - 2476.4 eV) relative to the non-

aromatic thiazole compounds (ICl, DC4: Feature A at 2473.3 - 2473.5 eV; Feature B at

2475.2 - 2475.3 eV). This suggests that the presence of the electron-withdrawing aromatic

groups results in an effective positive charge on the sulfur atom relative to the non-aromatic

. group-containing dyes and dye intermediates.

Single-crystal polarized spectra of the benzthiazole-containing dye molecule 3,3'-

diethylthiacyanine bromide are presented in Figure 6.3. Spectra were obtained for two

polarizations, one corresponding to polarization in the plane defined by the benzthiazole

group (DC5X), and the other corresponding to polarization along the average normal to that

plane (DC5Z). The molecule is not completely planar, with a dihedral angle of ~ 13"

between the thiazoline rings, therefore the polarizations of this molecule could not be

completely isolated. In the powder spectrum, the most intense feature occurs at 2473.8 eV,

and Feature B appears at 2475.6 with a shoulder at 2476.4 eV. In the in-plane polarized

, spectrum, the white-line feature occurs at 2473.5 eV, and in the out-of-plane polarized

spectrum at 2473.9 eV. The shoulder at around 2475.6 eV is also present in both polarized

spectra, however it occurs as a single feature in the in-plane polarized spectrum at 2475.1

eV, and as a doublet in the out-of-plane spectrum at 2475.6 and 2476.5 eV. The white-line

feature is somewhat more intense in the in-plane polarized spectrum than in the out-of-plane

spectrum, suggesting that the contribution to the S K-edge absorption features of 3,3'-o

diethylthiacyanine bromide, and by extension to the other molecules with S heterocyclic

groups, involves transitions to final states with po type symmetry. The presence of the

2473.9 eV feature in the out-of-plane spectrum might be due to the inability to completely
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Figure 6.3. The powder spectrum (top) of DC5, a cyanine dye molecule, compared with

the single-crystal spectra (bottom) corresponding to polarization along the average X (solid)

and Z (dash) molecular axes.
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isolate the out-of-plane orientation from the in-plane orientation due to the packing of the

molecules in the crystal structure of this compound, or it could reflect a transition to an

orbital oriented along the normal to the benzthiazole plane (discussed below).

These studies on the cyanine dye molecules are consistent with the results of the soft -

X-ray studies and calculations done for a variety of S heterocycles, thiols and thioethers. 6,7

In these studies, the dominant feature in the S K-edge spectra occurs between 2472.3 and

2473.4 eV (relative to the tlu resonance of SF6 at 2486 eV), similar to the location of the

strongest feature in the cyanine dyes and dye intermediaries. This feature has been

assigned to a transition to a S-C final state with o* symmetry, 2,6,7 which supports the

qualitative determination of the symmetry of this feature based on our polarized single-

crystal study. One explanation for the 2473.9 eV feature in the Z, or out-of-plane

orientation of 3,3'-diethylthiacyanine bromide is that there is a final state orbital with n

character that accounts for some of the intensity of the primary feature in the powder

spectrum. In a study of the aromatic molecule thiophene, 6a MS-Xct calculations show that

the lowest unoccupied valence orbital has n* symmetry and occurs at approximately the

same energy as the S-C ¢_*orbital. The aromatic character of thiophene allows appreciable

delocalization of the _* level onto the sulfur atom, accounting for approximately 25% of the

intensity of the 2473 eV feature, with the balance being accounted for by the transition to

the S-C o* orbital. It is therefore likely that there is a contribution to the white-line feature

from a transition to a final state with pn symmetry due to the extended conjugated system of

3,3'-diethylthiacyanine bromide, and that the presence of the 2473.9 eV feature in the out-

of-plane polarized spectrum is not due solely to the crystallographic limitations on iso_. ,ing

the out-of-plane orientation from the in-plane orientation.

6.3.1.2. Merocyanine Dye Molecules. Merocyanine spectral sensitizing

dyes contain sulfur as a terminal thione group on 5- or 6-membered heterocyclic rings such

as thiohydantoin, benzoxazole, bcnzimidazole, or thiobarbituric acid (Table 6.2). Like

cyanine dyes, the merocyanine dye spectra have a feature between 2473.4 and 2474.0 eV

(Feature A), which has been attributed to a transition to a final state with po symmetry

(Figure 6.4). However, this feature is less intense relative to the edge jump in the

merocyanine dye spectra than in the cyanine dye spectra (see Figure 6.6a). The shoulder

on the high energy side of Feature A in the cyanine dye spectra is absent in the rncrocyanine

dye spectra, however a broad feature which in some cases has a low energy shoulder, is

seen in ali of the merocyanine dye spectra (2475.4 - 2478.2 eV, Feature B). The most

striking difference between the merocyanine and cyanine dye spectra occurs to the low

energy side of Feature A. The merocyanine dye spectra are characterized by a sharp feature
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(Feature A') at 2470.5 - 2472.5 eV, which is unique to the presence of the terminal thione

group.

The single-crystal polarized spectra for 2-thiohydantoin, a merocyanine dye

intermediate, are presented in Figure 6.5. Three orientations were isolated, corresponding

to polarization in the plane of the ring and along the C=S bond (X polarization), in the

plane and perpendicular to the C=S bond (Y polarization), and perpendicular to the plane

and the C=S bond (Z polarization). The Z orientation is 100% polarized normal to the

plane of the 2-thiohydantoin molecule, while the X and Y orientations are each 70%

polarized. The spectra reveal that the features in the powder spectrum have different

polarization properties. The sharp pre-edge feature at 2471.2 eV, characteristic of the

thione sulfur, is polarized almost entirely along the normal to the plane of the 2-

thiohydantoin molecule, while the white-line feature at 2473.7 eV is polarized in the plane

of the molecule, predominantly along the C=S bond. This is consistent with the results of

the single-crystal polarized study of the cyanine dye molecule, in which the ~ 2474 eV

white-line feature corresponds to a transition to a final state with pa symmetry. The sharp

pre-edge feature, on the other hand, can be accounted for by a transition to a state with pn

symmetry due to the presence of unfilled ph* orbitals for molecules of this type.

The compounds 3-ethylrhodanine and 3-carboxymethyl-1,4-methyl-4-thiazoline-2-

thione contain sulfur in both a heterocyclic and exocyclic form (IM3 and CMMT,

respectively, Table 6.2). The spectra are a superposition of the features characteristic of

both the thione and thiazole S, with a pre-edge feature characteristic of the thione S and a

white-line intensity similar to that of the cyclic sulfur cyanine dyes (Figure 6.6).

In addition to the merocyanine dye and dye intermediates discussed above, spectra

were collected on a variety of thioureas, mercaptotetrazoles and mercaptotriazoles (Figure

6.7). In the thioureas, the sulfur is present as a thione, similar to the merocyanine dyes,

while the mercaptotetrazoles and triazoles contain sulfur as a thiol (Table 6.2). Although

Feature A' is present in ali of the spectra, its position and resolution from Feature A is

sample dependent. In the thione-containing compounds, the feature occurs between

2470.5 and 2472.0 eV. Upon protonation of the thione sulfur to a thiol group, the position

of the _%ature shifts to higher energy and occurs at 2471.8 eV for the phenyl-substituted

mercaptotetrazoles (PMT and APMT) and at 2472.5 eV for ethylmercaptotetrazole and

trimethyltriazolium thiolate (EMT and TRZ). Upon deprotonation of the thiolate in the

sodium salt of 2-acetamidophenylmercaptotetrazole (APMTNA), the pre-edge feature

appears as a poorly resolved shoulder on the rising edge at 2472.4 eV (Figure 6.8).
lp

There have been a few S K-edge studies of compounds containing a terminal sulfur

group.6b-c, 7 Both CS2 and SCO have features below 2473 eV (at 2470.8 for CS2 and 0
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2472.0 for SCO), which have been assigned to transitions with final states of n symmetry,

consistent with the qualitative results of the polarized single-crystal measurements on 2-

thiohydantoin reported herein. In contrast to the thiols studied here, there is no low energy

" pre-edge feature seen in the S K-edge spectra of the alkyl thiols studied by Dezarnaud ct.

al. 6b The primary difference between the alkyl thiols and the thiols studied in this work is

" the presence of the conjugated system in the mercaptotetrazoles and -triazoles. The low

energy feature may thus reflect the involvement of the terminal S group in some sort of a

system, whether it be a double bond to C as in the merocyanine dye molecules and the

thioureas, or the presence of a conjugated n system such as in the mercaptotetrazoles and

-triazoles. The factors involved in determining the relative intensities and the energies of

the terminal sulfur low energy feature studied in this work have not yet been established.

Qualitatively, the position of this feature moves to higher energy from thione to thiol to

thiolate (Figure 6.8), suggesting that the position of the low energy feature is related at least

in part to the accumulation of negative charge on the terminal sulfur.

6.3.2. C! K-Edge Spectra of Dye Molecules

. Chlorine is present as a substituent on both merocyanine and cyanine dye molecules

(Table 6.3) and clearances the aggregation of the dye molecules resulting in the desired

" spectral shift to longer wavelengths. The CI spectra are similar in ali cases (Figure 6.9),
with a white line transition between 2824.8 and 2825.1 eV, and a broad feature occurring

between 2829.1 and 2830.6 eV.

To understand the polarization properties of C1as a substituent on dye molecules,

single-crystal polarized studies on 9,10-dichloroanthracene (DCA) were performed. The

powder spectrum of DCA has the same spectral features as the CI K-edge spectra of the dye

and dye intermediate samples, making it an appropriate choice for the single crystal studies.

The polarized spectra are presented along with the powder spectrum in Figure 6.10. The

three spectra correspond to having the polarization vector in the plane of the molecule and

along the CI-C1 vector (X orientation), in the plane of the molecule and perpendicular to the

CI-C1 vector (Y orientation), and perpendicular to the plane of the molecule (Z orientation).

The features in the powder spectra are present in ali three of the polarized spectra, however

the X orientation shows the highest intensity of the three spectra. In the Z polarized

spectrum, the white-line feature is shifted to slightly lower energy, to 2824.6 eV and is a

, much narrower transition than for the in-plane oriented spectra, indicating that there may be

multiple transitions occurring in the in-plane orientation. These results suggest that the

white-line feature of compounds containing CI in this kind of an environment is primarily
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due to a transition to a final state orbital with o symmetry. The presence of the feature in

the out-of-plane polarized spectrum could be due to a transition to a n symmetry orbital due

to the aromatic nature of 9,10-dichloroanthracene, similar to the case of thiophene. 6a

There have been no other studies of CI present as it is in the dye systems studied •

here, however CI K-edge spectra have been reported for SC12, $2C12, SOC12, and

SO2C12.6d-e For these compounds, the C1 K-edge spectra is similar to the C1 K-edge

spectra of the dye molecules studied here, with the most intense feature occurring between

2821.4 and 2822.5 eV. This feature has been assigned as a transition to a final state with

S-C1 o* symmetry, supporting the qualitative conclusion that the white line feature in the C1

K-edge of the dye molecules can be attributed to a transition to a final state with o

symmetry.

6.3.3. Au and Ag Complexes with Sulfur.Containing Ligands

S K-edge XAS measurements were done on a wide variety of complexes formed

between Ag or Au and S present as a thione group (3-carboxymethyl-4-methyl-4-

thiazoline-2-thione, thiourea, ethylenethiourea and trimethylthiourea), a thiol group

(phenylmercaptotetrazole, trimethyl-l,2,4-triazolium thiolate) or S present in a ring
f

(benzthiazole), as well as on a variety of metal sulfides (Table 6.4). These compounds

were chosen to investigate the effect that Ag or Au metal complexation would have on the

electronic structure of photographic dyes, and to investigate the nature of the chemical

sensitization centers. A comparison of representative ligand and metal-ligand complexes is

presented in Figure 6.11. In ali of the metal-sulfur compounds, the 2473 - 2474 eV white-

line feature changes as a result of metal complexation and a shoulder to the high-energy

side of the white-line feature appears at ~ 2475 eV. For the complex between Ag and a

benzthiazole group (AGBENZ), the white-line feature broadens and decreases in intensity

(Figure 6.1 la). In complexes between Ag and terminal sulfur-containing ligands, such as

AGCMMT (Figure 6.11b), AGPMT (Figure 6.11c), AGTRZ (Figure 6.1 ld), AGTRZ2

and AGTRZ4 (Figure 6.1 le), the white-line feature increases in intensity and the pre-edge

feature between 2470.5 and 2472.0 eV is absent. The pre-edge feature has been attributed

to a transition to a p_* orbital by our single-crystal polarized studies; it's absence in the

metal complexes suggests that the ph* orbital of S is directly involved in the covalent metal-

sulfur interaction.

The presence of gold has a much stronger effect on the S K-edge spectra than silver

(Figure 6.12). In general, the intensity of the white-line feature of the Au complexes

studied here (AUTMTU, AUETU2, AUTHIO, AUTRZ2, Figure 6.12a-d, respectively) is
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Figure 6.11. The spectra of Ag-S complexes. The solid lines are the spectra of the

metal complexes and the dotted lines are the spectra of the ligands. (a) AGBENZ and

BENZ, (b) AGCMMT and CMMT, (c) AGPMT and PMT, (D) AGTRZ and TRZ, (e)
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metal complexes and the dotted lines are the spectra of the ligands. (a) AUTMTU and
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(e), the spectra of a mixed metal complex (AUAGTRZ, solid) is compared to the spectra of

a Au (AUTRZ2, dDt) and Ag (AGTRZ2, dash) complex with the same ligand.
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greater than that of the Ag complexes. The white-line transition in the Au complexes is also

more narrow than in the Ag complexes and a shoulder can be seen on the high energy side

of the main transition which is sometimes well-resolved. In the Ag complexes, the main

transition is broadened to the high energy side, however no shoulder is resolved from this

feature. In a comparison of Ag vs. Au complexation with the same ligand (AUTRZ2 and

•' AGTRZ2, Figure 6.12e), the Au-containing complex has a much more intense white-line

feature than the analogous Ag complex, and in the mixed metal AGAUTRZ compound, the

spectrum is more similar to that of AUTRZ2 than AGTRZ2 (Figure 6.12e).

Data were collected on a series on Ag, Au and mixed metal sulfides (AG2S,

AU12S8, AU2S, AU2S3) as models of the chemical sensitization centers. AU2S and

AU2S3 are indistinguishable from each other, but the larger cluster, AU12S8, has a

narrower white-line with a second transition to higher energy (Figure 6.13). The position

of the white-line occurs at a higher energy than the white-line position of the smaller

clusters as weil. Silver sulfide is different from ali of the gold sulfides (Figure 6.13), with

a split, less intense and broader white-line. Although the S K-edge spectra do not provide

enough information to determine the size of the metal sulfide clusters formed on the

photographic substrate, it may be possible to decipher between Au and Ag sulfide clusters

based on the shape and intensity of the white-line feature.

Single-crystal polarized S K-edge measurements were done on bis(ethylenethiourea)

, Au(I) hydrate hydrochloride (AUETU2), in which the Au metal forms a complex with the

thione S. The powder spectra of AUETU2 and ethylenthiourea are compared in Figure

6.12b. For the powder spectrum of AUETU2, the low energy feature attributable to the

thione S seen in the ligand spectrum is absent, and the spectrum contains an intense feature

at 2473.3 eV and a lower-intensity feature at 2475.3 eV. For the polarized measurements,

X was defined to be in the plane of the ligand rings along the average C-Sthione bond, Z

was defined to be the average of the ligand plane normals, and Y, defined to be the cross-

product of X and Z, is directed roughly along the S-Au-S bond. As a result of this

definition, the Y orientation will contain some X character.

The polarized spectra reveal that the features in the powder spectra of AUETU2 are

polarized primarily in the plane of the ligand rings (Figure 6.14). In the Y-oriented

spectrum, the sharp white-line feature occurs at the same energy as in the powder

spectrum, but in the X-oriented spectrum, the feature is broad and occurs at 2473.9 eV.

This suggests that the white-line feature of the powder spectra of AUETU2 can be

attributed to transitions to two final states, one with Au-S _* character (2473.3 eV), and

one with C-S a* character (2473.9 eV). The shoulder at 2475.3 eV is the dominant feature

"_ in the X-polarized spectrum and it can therefore be concluded that this feature is due to a
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Figure 6.13. The S K-edge spectra for Ag and Au sulfides. (a) the powder spectrum of

AG2S, (b) the powder spectra of AU12S8 (solid), AU2S (dash) and AU2S3 (dot).
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Figure 6.14. The powder spectrum (top) of AUETU2 compared with the single-crystal
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(dot) molecular axes.
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transition to a C-S o-type orbital. In the Z-polarized (out-of-plane) spectrum, there is a

feature at 2473.2 eV, whereas in the out-of-plane orientation of 2-thiohydantoin, no

transition occurs at this energy (see Figure 6.5). The presence of the 2473.2 eV feature in

the out-of-plane spectrum of bis(ethylenethiourea) Au(I) must therefore be due to the metal-

sulfur interaction, and either reflects a transition to a final Au-S state with ph" symmetry

which occurs at energies similar to those of the metal- and C-S a-type final states, or

represents a shift in the energy of the C-S ph* final state as a result of the interaction of the

metal and sulfur atoms.

Extending these results to the other metal-sulfur complexes, it can be concluded that

the intense feature at 2473 eV is due to transitions to two final states of o symmetry, one

with metal-S o character, and the other with C-S o character, while the shoulder at 2475 eV

is due to a transition to a C-S o-type orbital. A comparison of the spectra of a thiol-ligand

(APMT), a Ag-thiol complex (AGPMT), and the sodium salt of a thiol group (APMTNA)

is shown in Figure 6.15. In contrast to the dramatic change seen in the S K-edge spectra as

a result of a covalent interaction between Ag or Au and S, an ionic interaction between S

and a metal results in the loss of the pre-edge peak, but no change in the shape or intensity

of the white-line feature. This suggests that the ionic interaction between Na and S has

little or no effect on the o-symmetry final state orbitals, whereas the covalent interaction @,

between Ag and S has a significant effect. As noted before, the loss in the pre-edge feature

from thione to thiol to thiolate seems to be correlated to the accumulation of negative charge

on the S atom, perhaps as a result of destabilization of the pn* orbitals.

6.3.4. Surface Measurements

Data were collected on two dyed and three chemically sensitized AgBr sheet crystal

samples at glancing angle incidence. The dyed samples were treated with a cyanine dye

(DC6) or a merocyanine dye (DM4), both of which contain CI, thereby allowing CI K-edge

polarized measurements to be undertaken as weil. Polarized measurements were collected

on the merocyartine-dyed sample, corresponding to in-plane (X = 0°) and out-of-plane (X =

90 °) orientations. For the cyanine-dyed sample, the signal-to-noise level was very poor in

the out-of-plane orientation, so only in-plane measurements were made. The chemically

sensitized samples consisted of a thiosulfate-treated AgBr sheet crystal, and two Au/S

treated sheet crystal samples with differing Au:S ratios (Au:S 1:2 and 1:4). Data for these

samples were collected in the in-plane orientation.

The in-plane polarized DC6 sample is compared to its powder spectrum in Figure

6.16. Although the noise level of the surface sample is very high, the intensity of the main "
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Figure 6.15. The S K-edge spectra of an exocyclic S-containing molecule (APMT,

solid) compared with the spectra of an ionic (APMTNA, dash) and covalent complex

(AGPMT, dot) with a similar molecule.
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Figure 6.16. S K-edge surface spectrum of a AgBr sheet crystal treated with cyanine

dye DC6 measured at X= 0" (solid), compared to the powder spectrum of DC6 (dash).

245



transition increases relative to the intensity of the same transition in the powder spectrum.

The change in the surface DC6 spectrum is different from the change seen due to the

interaction between Ag and benzthiazole sulfur (see Figure 6.12a), in which the intensity of

" the ligand feature decreases and the feature broadens. This suggests that the interaction

between the cyanine dye S and the AgBr sheet crystal does not involve the same kind of
z

interaction which occurs in silver benzthiazole. _The same is observed for the merocyanine

dyed surface sample. In both the in- and out-of-plane orientations (Figure 6.17), the thione

pre-edge feature is present, and the white-line feature does not increase in intensity,

therefore no bond between the thione S and the Ag in the AgBr sheet crystal is formed (see

AGCMMT, Figure 6.13b; AUTMTU, AUETU2, and AUTHIOUR, Figure 6.13a-c). The

features in the DM4 sample show an orientational dependence. The thione feature is more

pronounced in the in-plane polarization than in the out-of-plane orientation. For

polarization studies, intensity enhancement occurs when the polarization vector of the

incident radiation is codirectional with the orbital of interest. The pre-edge feature is due to

a transition to a S ph* orbital oriented out of the plane of the molecule. For the intensity of

this feature to increase, the molecule is oriented on the surface so that this orbital is

perpendicular to the direction of the beam and parallel to the polarization vector (Figure

• 6.1). This can only happen if the dye molecules are oriented _ge-on, with the plane of the

ring perpendicular to the surface and in the plane defined by the direction of the beam. If
ql

the orbital of interest is 100% parallel to the polarization vector in the in-plane orientation,

one would expect the intensity of this feature to vanish in the out-of-plane orientation. The

pre-edge feature does not vanish in the out-of-plane orientation, but it is about half as

intense as in the in-plane spectrum. This suggests that the dye molecules may be tilted with

respect to the plane of the surface with the result that the overlap of the ph° orbital with the

polarization vector is not 0* in the out-of-plane configuration, resulting in some amount of
excitation into this orbital.

The CI K-i_dge data for the DC6 dyed sample is presented in Figure 6.18. For this

sample, the white-line is very intense in the in-plane orientation and much less intense in

the out-of-plane configuration. This suggests that the dye molecules are oriented so as to

maximize the overlap of the C-CI bond with the polarization vector for the in-plane

orientation suggesting that the molecule is oriented with a ring axis perpendicular to the

direction of the beam and parallel to the sheet crystal surface, lt cannot be determined from

these data if the dye molecules are oriented edge-on (with the plane of the ring

. perpendicular to the surface) or flat-on (with the plane of the ring parallel to the surface) as

these orientations are identical with respect to the C-C1 bond. The polarized CI K-edge

spectra of the DM4 samples do not exhibit much polarization dependence (Figure 6.19),

246



Figure 6.17. S K-edge surface spectra of a AgBr sheet crystal treated with merocyanine

dye DM4, measured at Z = 0" (solid) and Z = 90" (dash).
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Figare 6.18. C1K-edge surface spectraof a AgBr sheet crystal treated with cyanine dye

DC6, measured at X= 0"(solid) and g = 90" (dash).
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Figure 6.19. CI K-edge surfacespectra of a AgBr sheet crystal treated with merocyanine
dye DM4, measured at _ - 0" (solid) and _ = 90" (dash).
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suggesting that there may be some disorder in the alignment of the dye molecules on the

AgBr substrate.

The thiosulfate-treated AgBr sheet crystal sample has an edge very similar to that of

" Ag2S powder, and also similar to H2S-treated Ag on quartz, suggesting that silver sulfide

is the species formed during the sensitization process (Figure 6.20a, see Figure 6.13). The

presence of Au in the 4:1 (Figure 20b) and 2:1 (Figure 20c) S: Au samples modifies the

appearance of the edge features, with an increase in the intensity of the lower energy feature

of the split main transition as the amount of gold increases. The edge spectra of the Au-

treated samples are also different in appearance from the edge spectra of pure Au2S3 or

Au2S (Figure 6.13b), suggesting that the species formed during the sensitization treatment

of the AgBr sheet crystals is distinct from Ag2S and Au2S3 or Au2S.

6.4. Discussion

These studies have shown that S and C1 K-edge X-ray absorption spectroscopy can

be used to characterize the electronic and geometric structure of these low-Z atoms in

components of the photographic system. The C1 K-edge spectra are essentially identical

, and do not depend on the type of molecule or on the position of C1on the molecule. There

are, however, striking differences in the spectra of molecules containing sulfur in an

" exocyclic (thione(ol)) position compared to a cyclic sulfur (thiazole). The white-line feature

occurs at about the same position for ali of the compounds studied, but is more intense for

the thiazole compounds than for those containing thione(ol). This feature is polarized along

the C-S bond and corresponds primarily to a transition to C-S po* orbital. Xot calculations

on thiophene, however, suggest that a transition to a p_* also contributes. 6a This was also

seen from our single-crystal polarized studies in which a transition in the region of the

white-line feature was seen in the out-of-plane orientation. For the exocyclic S

compounds, only a transition to the C-S po* orbital contributes to the white-line feature.

This difference could account for the increase of the white-line feature intensity of the

thiazoles relative to the thione(ol)s.

A pre-edge feature below the position of the white-line is seen for compounds in

which S is present as a thione or a thiol; this feature is absent in the cyclic sulfur

compounds. The presence of this feature is due to a transition to a final state p orbital

arising from the involvement of the exocyclic sulfur in a p_ system. This has been

• conf'trrned by our single-crystal polarized measurements, in which this feature was shown

to be polarized perpendicular to the C=S bond and the plane of the ring, and by Xot

" calculations by others. 6bc,7 For molecules containing exocyclic sulfur, the position of the
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Figure 6.20. Surface spectra of (a) thiosulfate treated AgBr sheet crystal measured at

= 0", and gold dithiosulfate treated AgBr sheet crystals in a S:Au ratio of (b) 4:1 and (c)
2:1, measured at Z = 0".
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pre-edge feature moves to higher energy from thione to thiol to thiolate (Figure 6.8) and the

position of the white-line feature moves to lower energy in accordance with the

accumulation of negative charge on the sulfur atom. The movement of the thione feature to

• higher energy suggests that the change in the S environment from thione to thiol to thiolate

must effect the final state C-S ph* orbital as weil. The involvement of this orbital either in

a covalent bond with H (thiol) or an ionic bond with Na+ (thiolate) results in the partial or

total filling of the otherwise empty p_* orbital, resulting in a destabilization of this orbital

relative to the core level, hence the transition to this orbital appears at a higher energy.

There is also some variation seen in the intensity and position of the pre-edge feature

within the thiourea molecules, in which the sulfur is present only as a thione, and within

the tetrazoles, in which the S is present as a thiol. The differences in the intensity of the

pre-edge feature from sample to sample probably reflect the amount of S P_z mixing in the

final state orbital, whereas the differences in the position of the feature might reflect the

accumulation of electron density on the S atom as a result of structural differences within

the two classes of compounds. For example, EMT has an ethyl group in the 2 position,

PMT has a phenyl group at the same location, and APMT has an acetamido-substituted

phenyl group in the same position. In Figure 6.21, the S K-edge spectra of these

compounds is compared. EMT has almost no pre-edge feature, whereas APMT has a well-

resolved pre-edge feature, and PMT lies somewhere in between these two. It has

previously been demonstrated that in going from a thione to a thiol to a thiolate (Figure 6.8)

the pre-edge peak moves to higher energy and the white-line transition moves to lower

energy as the electron density on the S atom increases. One possible explanation is that

destabilization of the pn* orbital relative to the core level occurs due to the partial filling of

that orbital by the interaction with H or Na, with the result that the transition occurs at

higher energy. If the accumulation of electron density results in a shift to higher energy of

the thione(ol) pre-edge feature, one would expect that EMT, which has an electron--

donating group in the 2 position, would have the least resolved pre-edge feature, whereas

APMT, which has a better electron-withdrawing group than PMT, would have the best

resolved pre-edge feature. At the same time, the white-fine transition of EMT should occur

at a lower energy than that of APMT. These trends are seen in the data (Table 6.2).

The nature and extent of the interaction between S in photographic materials and Ag

and Au metals, in conjunction with single-crystal polarized measurements, have been

characterized. Covalent or ionic interactions with a metal (Ag, Au or Na+) results in a

, dramatic change in the S K-edge (Figures 6.12, 6.13 and 6.15). The white-line feature for

ali exocyclic S-containing ligands increases in intensity due to a C-S p_* interaction

between S and the metal, and the pre-edge feature vanishes due to an interaction between
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Figure 6.21. The powder spectra of EMT (top), PMT (middle) and APMT (bottom).
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the S ph* orbital and the metal. The _,,hite-line feature has been shown by single-crystal

polarized studies to have contribution from transitions to two ¢_orbitals, one with metal-

sulfur character and one with carbon-sulfm" character. This could explain the increase in

the intensity of this feature upon complexation with a metal. There is also a feature in this

_, same energy region for the out-of-plane oriented spectrum (Figure 6.14), which could be
due to a transition to a Au-S p_-type orbital occurring at the same energy as the a

transitions, or it could be that the involvement of the S ph* orbital with the metal results in

a shift of the C-S p_* orbital of the non-complexed thione(ol) group (Figure 6.5) to this

energy. Both of these possibilities would also contribute to the intensity of the white-line

feature. For the silver benzthiazole compound, in which the silver metal interacts with a

cyclic S compound, the white-line feature broadens and decreases in intensity, lt is clear

from these studies that the covalent interaction between Ag and Au with S in photographic

materials results in a significant degree of change in the electronic structure of the S atoms

and that studies of this type can be used to characterize the extent of the interaction between

these metals and sulfur-containing components of the photographic system.

The dyed AgBr sheet crystal samples did not show the dramatic change in the S K-

edge features associated with a bonding interaction between the metal and the sulfur (Figure

' 6.16 and Figure 6.17). This suggests either that the nature of the interaction in the systems

,. studied is of a physical, rather than a chemical nature, or that any direct bonding interaction

which does occur between the dye molecules and the AgBr substrate does not involve the S

atoms. Although we believe that there was only a monolayer of dye on the surface, we

cannot eliminate the possibility that we were sampling a multilayer region of the substrate

and not the substrate/adsorbate interface. Unlike the study done by Sttihr ct. al, 22 we

found that at angles greater than the glancing angle, there was a tremendous increase in the

background which swamped the signal of interest. For these types of systems, a glancing

angle configuration is required.

In the in-plane polarized spectrum of the merocyanine-dyed AgBr sheet crystal

(thione S), the pre-edge feature is enhanced relative to the powder and the out-of-plane

spectra. The enhancement of this feature in the in-plane polarized spectrum means that the

dye molecules are oriented such that this orbital is parallel to the polarization vector; this in

turn means that the plane of the ring of the molecule is in the plane defined by the direction

of the beam and that the molecules stack together with the rings parallel. The presence of

this feature in the out-of-plane polarized spectrum suggests that the alignment of the p_*

' orbital is not perfectly parallel to the surface; if the molecule were tilted with respect to the

surface, there would be some amount of overlap with the polarization vector in the out-of-

plane orientation resulting in some possibility of a transition occurring. The best insight
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intotheorientationoftheDC6 molecules(thiazoleS)isobtainedfromthepolarization

propertiesoftheClK-edge,aswe wereunabletoobtaina scanoftheS K-edgeinthe_ =

90"orientation."lhcwhite-linefeaturefortheCIcdgcofDC6 was mostintenseinthein-
J,

plane spectrum, and decreased in the out-of-plane spectrum (Figure 6.18), suggesting that

the C-CI bond is paraLlelto the polarization vector in the in-plane orientation. However, we O¢
cannot determine if the molecule is oriented edge-on or flat-on based on the results of the CI

K-edge studies. The treatment of the AgBr sheet crystals with gold dithiosulfate results in

a sulfide species distinct from pure Ag2S, Au2S or Au3S2, although the exact nature of the

metal sulfide cluster formed cannot be determined from the data available.

6.5. Conclusions

X-ray absorption spectroscopy is particularly sensitive to the different environment of

S in the merocyanine and cyanine dyes and dye intermediates, and single-crystal polarized

studies have allowed determination of the origin of the transitions seen in the spectra to be

made. XAS can distinguish between covalent and ionic interactions between a metal and

exocyclic sulfur. A distinctive change occurs in the S K-edge spectra of Ag and Au metal

complexes,allowingpredictionsof thenatureof thedye adsorbate/AgBrsubstrate

interactiontobemade,andclearlyshowingthatthereisnocovalentinteractionbetweenthe
d,

Ag intheAgBr sheetcrystalsandtheS inthecyanineandmerocyaninedyemolecules.In

addition,thesensitivityofXAS tothepolarizationpropertiesoftheS K-edgefeatures

providesinsightintotheorientationofthedyemoleculeson theAgBr substrate.X-ray

absorptionspectroscopyhasproventobe a valuabletechniqueforcharacterizingand

understandingthenatureofS and CIpresentinelementsofthephotographicsystem,as

wellasthenatureoftheinteractionbetweenS andAg andAu metals.
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