
Chapter 5

Characterization of the Electronic and Geometric S~c~re

of Non-Heme fion Active Sites Using Fe K-Edge XAS
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5.1. Mononuclear Non-Heme Iron Em~es

5.1.1. Mechanistic and Structural Background

Mononuclear non-heme iron active sites are present in a variety of enzymes

involved in a wide rmge of important biological functions requiring dioxygen. These

non-heme iron enzymes include superoxide dismutases, oxidases, extra- and intradiol

dioxygenases, cis-hydroxylases, pterin- and u-ketoglutarate-dependent hydroxylases,

lipoxygenases, and bleomycin. Several recent reviews of non-heme iron enzymes have

14 Both the ferric and ferrous oxidation states have beenappeared in the literature.

determined to be involved in catalysis for different enzymes in this class with the iron

usually coordinated to four, five, or six oxygen or titrogen ligands. For several enzymes,

substrate and oxygen bound intermediates are reasonably stable. Furthermore, nitric oxide

derivatives of the ferrous sites have been reported for many of these enzymes which serve

as reversible andogues of possible dioxygen intermediates. Representative enzymes and

the reaction they catalyze are given in Table 5.1. More detailed mechanistic and

structural information for these enzymes is presented below.

Zron superoxide dismutase (FeSOD) catalyzes the disputation of superoxide

5’6 The determination of the -anions to peroxide and molecular oxygen in procaryotes.

three-dimensiond c~std structure of FeSOD from E. coli has given the first insight into

the coordination chemistry of this class of enzymes and has underlined its similarity to

the bacterial manganese-dependent enzymes catalyzing the same reaction.
5,7,8

Fe(IH)SOD has a distorted trigond bipyramidd structure with four endogenous protein

ligands (His-26, His-73, Asn- 156, and His-160). His-26 coordinates axially with the

5’7>8 There is some controversy regardingother three ligands forming the trigond plane.

the possible coordination of solvent in the axial fifth position. Stoddard et al. 7 propose

that the fifth site is devoid of a bound water molecule or an anion and place the metal at

0.5 ~ out of the plane of the trigond ligands towards the axial histidine. Stdlings et al.5

position the metal ion in the plane of the trigonal ligands and find that the solvent

(hydroxide) occupies the fifth, axial coordination position on the Fe3+. There is little

structural change upon reduction to the ferrous state; however, the uptake of one proton

per electron is observed from titration experiments which is accounted for in the Stdlings

8 Magnetic circular dichroismet al. structure by the bound hydroxide-going to water.

(MCD) and Mossbauer studies indicate that a five-coordinate structure is present in the

reduced state,5 with a more square pyrarnidd electronic symmetry indicated from the

MCD analysis. g Azide is an intibitor of dismutase acti~rity and binds to the ferric site
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Table 5.1. Mononuclem Non-Heme Iron Enzymes.

Oxygen Representative
Reativ@ Enzyme

Reaction Catiyzed

Dismuwtion
superoxide
dismuwe 202- +2H+ * %

● H202 + 02
FemJII)SOD

isopenicillin -fi~ti %e~ys.-~~Oxidation h’ synthase
2Hfl-. mO-

Monooxygenation ohydroxylase RCH3 %
●

Fe(II)oH
RCH20H

Extradiol catechol
Dioxygenation 2,34ioxygenase 9:1 OH

H

%, 5
,CHO
. ~H

Fe(II)2,3-~ H

-H

Intradiol

Q

COOH
protocatechuate &

Dioxygenation 3,4-dioxygenase
:1 ~

w Fe(~l)P~ o
1’ COOH

H COOH

cis-Hydroxylation
phthalate

dioxygenase

Pterin-Dependent phenylalanine
Hydroxylation hydroxylase @cHz-~~:%+ ‘$$~$w HO~.%-!_..,+

HzO.H~biopEM
:m.

o~’~)%’h‘+’ o~~~’”’
wcc]nak,CO~

u-Ketoglu~rate-
Dependent clavarninate o~”&N%+ ‘cF$)y2 ● o~y””’”Hydroxylation &

Oxidative Wng
synthase cm wctina&,C@.H~O

-.

Closure

Hydroperoxidation lipoxygenases .=, ~ Fe(III)LO ‘;nR

DNA Cleavage bleomycin DNA
@

~ base propends
Fe(II)BLM

reproduced in part from reference 4
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5 Superoxide binding to the ferric center iswith an increase in the coordination number.

proposed to parallel azide binding, and catalysis involves a cyclic oxidatioflreduction

mechanism5’6 which ultimately results in the disputation process.

Isopenicillin N synthse (IPNS) is a non-heme, Fe2+- and oxygen-dependent

10 This enzymeenzyme found in ~-lactarn antibiotic-producing microorganisms.

11 desaturative cyclization of &(L-a-arninoadipoy l)-L-cysteinyl-catalyzes the stepwise,

12 the precursor of d] penicillins.D-valine LLD-ACV) to form isopenicillin N, 13 T~s

key step in the biosynthesis of penicillins and cephdosporins resdts in the four~lectron

14 The loss of fourreduction of one equivalent of dioxygen to two equivalents of water.

hydrogen atoms is stereospecific and the intemti C-N ad C-S bonds are formed with

15116 Nthough no crystal structure of ttis enzymecomplete retention of configuration.

exists, information on the active site has been gained using a variety of spectroscopic

14 electron pararnagnetic resonance (EPR), 17techniques including optical absorption,

electron spin echo envelope modulation (ES EEM), 13 nuclear magnetic resonance

(NMR), ]8 Mossbauer, 17and X-ray absorption spectroscopy (XAS).l ‘-21 The native

enzyme is believed to be coordinated by four endogenous residues, three histidines and

one monodentate aspartate, with water or hydroxide occupying the remaining sites in a

distorted octahedral geometry. There are two consemed cysteine residues which have

been shown by site directed mutagenesis studies22 to affect substrate and small molecule

binding, but are not directly ligated to the iron. Three independent observations support

the notion that substrate binds to the metal center through a thiolate sulfur. First, the

Mossbauer isomer shift of the iron center in Feigns is decreased from 1.3 to

1.1 tis upon ACV binding. 17 Second CU(H)PNS develops an intense band at 390 nm9

upon addition of ACV, which is assigned as a thiolate-to-metd charge transfer

transition 14 Lastly, EXAFS analysis of the Fe(H)IPNS-ACV and Fe(H) PNS-ACV-NO

0 19-2] Ni~ic oxide dso binds to thecomplexes require a sulfur scatterer at about 2.3 A.

native metal center to form a complex with a characteristic S = 3/2 EPR signal. At this

point little is known about the catalytic mechanism of this enzyme, although a

high-vdent iron-oxo intermediate has been proposed. 15’23’24

The hydroxylation of fatty acids and dkanes and the epoxidation of tienes using

molecular oxygen are catalyzed by @Hydroxyhse (oH) .25 WH is one of the three

components, including a flavoprotein reductase and rubredoxin, of the non-heme iron

monooxygenme system from Psetiomonas oleovarans. This system has proven difficult

to purify, therefore

Phospholipids and a

for full activity .25

limiting the available mechanistic and structural inforrnation.26.27

stoichiometry of one atom of iron per polypeptide chain are required

NMR has shown that the epoxidation of terrnind olefins to the



corresponding 1,2-oxides proceeds with a high degrm of stereoselectivity md specificity,

28 The stepwiseresulting primarily in inversion of the original olefin geometry.

mechanism does not involve complex hydrogen atom abstraction but rather initial attack

of “activated” oxygen and find ring closure to the epoxide product. 26 At most, one

cysteine sulfur may be ligated to the iron of oH. However, iron contributes only slightly

to the visible absorption spectrum which displays no charge transfer transitions. Thus

OH is proposed to have principtiy nitrogen andor oxygen coordination. 25

The catechol dioxygenases serve as pti of nature’s strategy for degrading

aromatic molecules in the environment. They are found in soil bacteria such as

pseudomonades and bacilli and act in the last step of transforming aromatic precursors into

diphatic products. The catechol substrates can be oxidatively cleaved by non-heme iron

dioxygenases in two distinct modes: intra- and extradiol cleavage. The intradiol cleaving

enzymes have a ferric active site and act on catechol md protocatechuate, while the

extradiol cleaving enzymes have a ferrous active site and act on a larger number of

2’29 The ferrous site of extradiol cleavingsubstrates including the two already mentioned.

enzymes is stable in the presence of dioxygen, binds substrate in a bidentate fashion, and

has a third coordination position available for small molecule binding and oxygen

reactivity. 30 The intradiol cleaving enzymes involve a ferric site with two open

coordination positions for substrate bindingz and are the best studied with high resolution

crystal structures available for protocatechuate 3,4-dioxygenase (PCD) from

Pseudomonas aeruginosa 31 and Brevibacterium fuscum.32 Both active sites have a

trigonal bipyramidd metal environment with Tyr- 147 and His-162 coordinated axially

and Tyr-118, His- 160, and a hydroxide bound in the equatorial plane. The substrate is

thought to bind as a chelate replacing the hydroxide and axial tyrosine. 33 Binding to the

ferric site is believed to activate this substrate either by inducing semiquinone-Fe*+

character through high covdency,~ with oxygen then reacting with either the substrate or

the iron,35 or by a weakening of the binding of one of the catecholate oxygens with Fe~+

to induce ketonization of the substrate followed by oxygen attack on the coordinated

hydroxyl group. 29 For either model of substrate activation, the enzyme-substrate-02

intermediate observed in the initial phase of this reaction is thought to involve a peroxy

adduct of the substrate coordinated to the iron. This converts to enzyme-substrate-02*

which is a product complex. For the extradiol dioxygenase catechol 2,3-dioxygenase

(2,3 -CTD), substrate binding activates the ferrous site for small molecule binding.36 A

crystal stmcture of an extradiol dioxygenase 2,3-dihydroxybiphenyl 1,2-dioxygenase

(1,2 -DBD) has just been completed37 and shows that this site is square pyramidal as

predicted by MCD spectroscopy on the analogous enzyme 2,3-CTD. The ligation
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consists of two bound water molecules, a nitrogen from His-210, and an oxygen from a

carboxylate group which form the equatorial plane, and a nitrogen from His-146

coordinated nidly.

Phtha~fe dioxygenase (PDO) catalyzes the cis-hydroxylation of phthalate to

1,2-dihydroxy-4,5 -dicarboxy-3,5-cy clohexadiene in the presence of phthalate

dioxygenase reductase (PDR), NADH as an electron source, substrate, and oxygen. PDO

is substrate specific, activating only phthdate or aromatics with vicind anionic groups.

Athough PDO can oxygenate phthdate in the presence of oxygen, PDR is required for

38 PDO is a member of a broad class of environmentally significantefficient catalysis.

bacterial dioxygenases which activate aromatic substrates to their cis-dihydrodiols for

further degradation and catabolism. Other enzymes in this family include benzene
4039 benzoate dioxygenase,dioxygenase, naphthalene dioxygenase,41 pyrazon

43 W of which contain a [2Fe-2S] Rieske sitedioxygenase,42 and toluene dioxygenase,

and a mononuclear non-heme iron center. k addition to the bacterial dioxygenmes, there

are other enzymes which also contain a Rieske cluster in addition to a mononuclear

w 4-chlorophenylacetatenon-heme iron site but do not yield the dihydrodiol products:

3,4 dioxygenase converts substrate to catechol with c~oride elimination,45 vanillate

demethylase pmicipates in the biodegradation of lignin,46 and 4-methoxybenzoate

0-demethylase (putidamonooxin) catalyzes the conversion of 4-methoxybenzoic acid to

47 In all of these systems, the mononuclear4-hydroxybenzoic acid and formaldehyde.

non-heme iron is believed to be the active site for catalysis and presumably binds and

activates molecular oxygen. PDO is the best studied enzyme in its class because it is

available in high yield and is extremely stable even at room temperature. However.

spectroscopic studies that have been performed on PDO, including resonance Raman

(rR) 48’49 electron-nuclear double resonance @NDOR),50’51 and XAS52’53 have focused,

primarily on investigation of the Rieske site due to its dominant spectroscopic features.

The mononuclear non-heme active site has been probed indtiectly through XAS studies

52353 From XAS Co- and Zn-edge and EXAFSof C02+- and Zn2+-substituted protein.

studies 53 the mononuclear site has been shown to have predominantly oxygen ligation,

with a coordination number of five or six. Oxidation of the Rieske cluster antior binding

of phthalate seem to favor a five-coordinate form of the site, while reduction of the

Rieske and/or removal of phthalate appear to favor a six-coordinate form of the

mononuclear site. The mononuclear iron site has also been probed directly by low

temperature MCD since the Rieske site can be rendered diamagnetic (i.e. no temperature

dependent MCD) by oxidation to the antiferromagneticdly -coupled [FellLFe~] state.54

This data shows that the resting enzyme has a six-coordinate ferrous site, while addition
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of substrate causes the active site to be five-coordinate. Azide binds to the ferrous site in

the enzyme-substrate form to produce a new six-coordinate form, this indicates that

substrate binding causes the ferrous site to convert from six- to ‘five-coordinate, opening a

coordination position on the iron for 02 reactivity.

The hydroxylation of phenylalanine, tyrosine and tryptophan to tyrosine,

3,4-dihydroxyphenylalanine, and 5-hydroxytryptophan, respectively, are catalyzed by

hydroxylases that depend on Fe2+ ad tetrahydropterins. 55 Phenybhnine hydroxytie

(PAH) is the most well-studied of these enzymes. PAH is found in the liver and kidney

and its deficiency is responsible for the genetic disorder phenylketonuria that is

56 It has been thought that the role of the metalassociated with severe mental retardation.

ion is to generate a 4a-hydroperoxy intermediate and activate it through forming a

p-peroxy pterin-iron containing complex which could further generate a non-heme

oxo-ferryl intermediate and the experimentally observed 4a-hydroxypterin species. 57 In

support of this, PAH from Chromobacterjum vjolaceum (CVPAH), thought to be a

copper enzyme, showed an ESEEM spectrum of a pterin directly coordinated to the metal

ion58 and crystallographic studies on Cu-pterin model complexes indicate that the pterin

59 Further, pmamagneticcofactor binds to the metal center through positions 04 and N5.

NMR studies on Co2+-substituted tyrosine hydroxylase show that phenyldanine, which is

also a substrate for this enzyme, binds such that the aromatic ring is in the “second

60 Recent studies of CVPAH61 have questionedcoordination sphere” of the metal ion.

whether the copper ion is in fact required for activity and thus whether the iron in

mamrndian PAHs (which is strictiy required for activi~) plays a direct oxygen activation

role or an indirect structural role in catalysis. As reduction of the Fe2+ state is required

for catalysis, it is critically important to probe the interaction of pterin cofactor with this

reduced iron site. However, all studies thus far reported have been on the EPR-active

resting ferric site. These studies62>63 have shown that both active (axial) and inactive

(rhombic) iron sites are present which do not interconvert and have a relative ratio

dependent on the preparative conditions.ti

Bacterial resistance to penic~in antibiotics is largely due to the hydrolytic activity

of the ~-lactamase enzymes. Ctivaminate synthase (CS) catalyzes the key biosynthetic

ring closure step in the formation of clavulanic acid, a potent ~-lactarnme inhibitor. 65 ~S

is a member of a large class of non-heme iron enzymes dependent on u-ketoglutarate

(a-KG) as a cofactor. This class also includes prolyl and lysyl hydroxylases (involved in

66 thymine hydroxylase,collagen synthesis), 67 and 4-hydroxyphenylpy ruvate

dioxygenase, 68 all of which catalyze the hydroxylation of substrate. In contrast. CS

catalyzes oxidative ring closure similar to the reaction catalyzed by ~NS,23 which is not
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an a-KG-dependent enzyme. CS is a p~icularly interesting enzyme in that, depending

on substrate, this enzyme can dso catalyze hydroxylation 69 as well as ring closure and

desaturation chemistry. 65’70 The mechanism of a-KG-dependent enzymes generally

involves the reaction of an a-KG-bound fenous active site with dioxygen. Model

studies71 have shown that an a-KG analog binds to the ferrous site in a bidentate fashion

through one carboxylate oxygen and one carbonyl oxygen. The enzymatic reaction

generates succinate, C02, and an activated iron-oxygen species, thought to be an

oxo-ferryl unit72 which goes on to hydroxylate substrate or catalyze oxidative ring

closure through the heteroatom.

The lipoxygenases (LOS) catalyze the hydroperoxidation of

cis, cis- 1,4-pentadiene-containing fatty acids. Mammalian LOS catalyze the conversion of

arachidonic acid to leukotrienes (5-LOS), which mediate hypersensitivity and

inflammation, and fipoxins (15-LOS), which inhibit cellular irnrnunity.73 15-LOS are dso

implicated in the oxidation of low density lipoprotein to the athrogenic form which leads

74 Most mechanistic studies have been performedto the growth of atherosclerotic lesions.

on the plant enzyme from soybeans (SLO- 1) which has linoleic acid as a substrate. The

resting enzyme is air-stable in its ferrous oxidation state, but is activated by reaction with

75 The fatty acid substrate reactsthe hydroperoxide product to produce the ferric site.

with this ferric site to produce an intermediate, which then oxygenates to generate the -

hydroperoxide. The substrate-active site intermediate has been proposed to be either an

organometallic complex formed by proton abstraction and coordination of the carbanion

substrate to the ferric center76 or a ferrous center with a fatty acid radicd, which may not

be directly coordinated to the iron. 77>78 It has been of significant pharmacological

importance to develop inhibitors of the lipoxygenases which are mostiy found to be

reversible and function by reducing the active ferric center to the ferrous state. 79

Spectroscopic studies have generally indicated that the ferrous site is six-coordinate with

9180’81 Recently, two crystal structures have appeared82’83at least three histidine ligands.

on the resting enzyme which disagree with respect to the active site ligation. Four amino

acid ligands are common to both structures: His499(N&), His-504 (N&), His-609 (N&),

82 of the iron site isand Ile-389 (OT2). The Boyington et al. crystilographic description

four coordinate with a ligand arrangement described as “distorted octahedral with two

adjacent unoccupied positions”. Alternatively, the Minor e? al. structure83 has an

additiond residue as a ligand, Asn-694. (081), and further possibility of a sixth water

based Iigand as has been proposed from EPR line-broadening studies on the ferric

enzyme.84
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Bleomycjn (BLM), ahistidine-containing glycopeptide antibiotic produced by

strains of Streptomyces verticjllus, is used in treatment against a variety of carcinomas

85 The anticancer activity of the drug Blenoxane involves selectivemd lymphomas.

DNA cleavage at certain GT and GC sites in the presence of metal ions and

dioxygen. 86-88 The structure of BLM contains three domains: the bithiazole tail which

is involved in BLM binding to DNA, the sugar moiety which is believed to be

responsible for uptake by cancer cells, and the ~-aminodanine-pyritidine-fistidne

region which binds metal ions. BLM is generally thought to be most reactive as a ferrous

complex with histidine, deprotonated amide, pytidine, and secondary amine nitrogens

86’87 No crysti structure exists of the ferrous complex and presentas equatorial ligands.

descriptions are based on correlations to a CU(II) complex of the related biosynthetic

precursor P-3A, which has a square-pyrarnidd geometry. 89 However, Cu 2+ has strong

structurti preferences due to the Jahn-Teller effect which Fe2+ does not, and P-3A lacks

the disaccharide and bithiuole moieties of BLM, the former being a potential ligand.

Thus, there is some controversy with respect to axial ligation where both the carbarnoyl

group of the mannose sugargo and the primary amine from the ~-aminodtie91 have

been implicated, with the sixth position being the site of exogenous Lgand binding. BLM

binds to DhTA via intercalation andor ionic interactions with the minor groove, with both

the bithiazole tail and the metal chelating regions playing a significant role in the binding -

‘2-94 finetic and spectral studies 95’96 have demonstrated that theand specificity.

mechanism of activation involves a high-spin Fe(H)BLM species reacting with dioxygen

to form oxygenated BLM, described as a ferric-superoxide complex. This in turn

acquires an additional electron either from a second Fe(II)BLM molecule or another

reductant to generate activated BLM. Activated BLM reacts with DNA by hydrogen

atom abstraction from the C-4’ position of the deoxyribose sugar, leading to DhTA

degradation concomitant with base propend forrnation.86

XAS edge and EXAFS analysis can be used to obtain information on the

electronic and geometric structure of the iron active sites in the above mentioned

enzymes. A detailed analysis of the intensity and splitting of the pre-edge features allows

one to obtain the oxidation state, spin state, and coordination geometry of the iron active

site (as described in Chapter 4). EXAFS analysis provides accurate first shell distances

with information on the number and ~pe of coordinating atoms. Not only can these

types of analyses be performed on the resting enzymes, but stable substrate and oxygen

bound intermediates can also be studied including the nitric oxide derivatives of the

ferrous active sites which serve as reversible analogues of possible dioxygen

intermediates. Mechanistic information can be gained by studying the various forms of
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the enzymes and comparing them to the resting enzyme. In the fo~owing sections XAS

has been used to characterize the iron site in specific enzymes. h section 5.2, edge

structure analysis has been used to determine the oxidation state of the iron in {FeNO }7

systems. The ferrous active sites of BLM and a related model complex were

characterized by both Fe K-edge and EXAFS analyses = described in section 5.3. Then,

XAS was used to detetine the oxidation, spin state and coordination, geometry of

activated BLM as shown in section 5.4. The iron active sites of both mtiian and

soybean lipoxygenases were characterized utilizing XAS and the resulti are presented in

section 5.5. An Fe K-edge and EXAFS study of phenyldanine hydroxylase is described

in section 5.6. Finally, the ferrous, ferric, substrate-bound and NO-bound forms of

protocatechuate 3,4-dioxygenase were studied and the results are presented in section 5.7.
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5.2. {FeNO}7 Complex~

5.2.1. Intrtiuction

As described in the previous section, mononuclear non-heme iron centers are
--

present in the catalytic cycle of a number of proteins involved in oxygen activation. 1‘z h

order to understand the reactivity of these systems it is necessary to have a detailed

description of the electronic as well as geometric structure of the non-heme tion active

site.3 Since most of these systems ae involved in oxygen activation, identification of

oxygen intermediates during the catalytic cycle is necessary to obtain insight into

reactivity at the molecular level. These intermediates, however, are often very short-lived

and difficult to study experimentally.

As a probe of non-heme iron active sites, nitric oxide has been shown to react

with the ferrous state of many mononuclear non-heme iron enzymes, e.g. soybean

lipoxygenme,4’5 protocatechuate 4,5-dioxygenase,6 metapyrocatecha se,7

8 d isopenicdlin N synthase,g to form stable nitrosyl complexes whichputidamonooxin, an

can serve as reversible analogs of the possible dioxygen intermediates involved in

catalysis. These non-heme iron enzyme nitrosyl derivatives have a distinctive S=3/2

ground state. This distinctive S=3/2 electron paramagnetic resonance (EPR) signal

allows one to probe non-heme ferrous complexes which are normally EPR silent. For

intra- and extradiol dioxygenases Fe-NO EPR has been used as an andyticd probe of

substrate and water coordination through superhypefilne effects on the spectrum. 6,7

Mossbauer spectroscopy has dso proved to be a very useful analytical probe,lo’l 1 but

conflicting descriptions of the electronic origin of the S=3/2 ground state have been

suggested. The Mossbauer isomer shift for the NO complex of protocatechuate

4,5-dioxygenase has been used to argue against a ferric configurational 2 while the

equivalent isomer shift for the substrate-NO ternary complex of putidamonooxin has been

used to support its description m an intermediate spin ferric site.8

The description of metal nitrosyl complexes is a problem of both theoretical and

experimental interest. An early classic review by Enemark md Feltham gives a basic

13 In the EnemarWelthamdescription of metal-nitrosyl complexes and their bonding.

notation, the metal nitrosyl unit is described as a discrete unit, i.e. {MNO }V, where n

13 The Fe-NO species generatedrepresents the sum of the metal d and NO n* electrons.

in non-heme ferrous enzymes is thus designated {FeNO }7. A variety of descriptions of

the electronic structure of these complexes have been put forth in the literature. These

include: [ Fe+d7(S=3/2j - NO+( S = O ) ] , 14 [Fe~+d6(S=2) - NOO(S=l/2)]
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antiferromagnetically coupled,l 5 [Fe3 ‘d5(S=l/2) - NO-( S=l)] ferromagnetically

1] None of these descriptions, however, arecoupled,16 and [Fe3+d5(S=3/2) - NO-( S=O)].

consistent with dl of the experimental and theoretical data that exist.

In this study, the XAS edge spectra of three S=3/2 {FeNO }7 model complexes,

FeEDTA-NO, Fe(sden)NO and [Fe(TMC)NO](BF4)2, 17 were compared to spectra of

ferrous and femic complexes with similar ligation to elucidate the oxidation state of the

iron in the {FeNO }7 systems. In addition, an analysis of the intensity of the pre-edge

features provided information on the distortion of the iron site. The results of this XAS

study were combined with results from absorption (abs), variable-temperature,

variable-field magnetic circular dichroism (MCD), resonance Rarnan (rR), EPR, and

magnetism measurements (performed by Yan Zhang and Mark Pavlosky) and self

consistent field-Xu-scattered wave (SCF-XU-SW) theoretical calculations (performed by

Carl Brown) to develop a dettiled description of the distinctive S=3/2 {FeNO }7 site. 18’19

These studies indicate that the iron is best described as high spin ferric (S=5/2) and the

NO as NO- (S= 1) which are spin coupled antifemomagneticdly to produce the correct

Iotd spin state of S=3/2.

5.2.2. Experimental Section

The X-ray absorption spectra were recorded at the Stanford Synchrotron

Radiation Laboratory on unfocused betiine 7-3 during dedicated conditions (3 GeV,

25-95 mA). The radiation was monochromatized using a Si(220) double crystal

monochromators detuned 507c at 7474 eV to minitize hmonic conttination. An

Oxford kstruments continuous-flow liquid helium CF1 208 cryosmt was used to maintain

a constant temperature. Data were measured to k=9.5 ~-1 with 1 mm high

pre-monochromator beam defiting slits. Energies were calibrated using an internal Fe

20 The spectrometer energyfoil standard, assigning the fmt inflection pointto711 1.2 eV.

resolution was approximately 1.4 eV21 with reproducibility of edge position

determination of< 0.2 eV.

~e(TMC)NO](BF4)2,22 ~e(TMC)N3](BF4),23 Fe(sden)N024 and Fe(sden)C125

were prepared as described in the literature. With the exception of Fe(salen)Cl, all

samples were prepared in an inert atmosphere, j.e. in an anaerobic wet or dry box or on a

Schlenk line and handled in a nitrogen-filled inert atmosphere dry glove box during the

following sample preparation. [Fe(TMC)NO](BF4)2, ~e(TMC)N3]@F4), Fe(sden)NO

and Fe(salen)Cl crystalline samples were mixed with BN and ground into a fine powder.

The BN/sample mixture was pressed into a 1 mm thick Al spacer that was sealed with
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63.5 ym Mylar tape windows and frozen in liquid nitrogen. Data were measured in

transmission mode with N2-filled ionization chambers. Data were measured at 10 K for

Fe(sden)Cl, at room temperature for [Fe(TMC)N3](BF4) and at 220 K for the S=3/2

forms of Fe(sden)NO and [FeflMC)NO]@F4)2.

~e(OH2)EDTA]2- solution, 50 rnM in Fe, was prepared by anaerobic addition of

ferrous ammonium sulfate to a 60 mM solution of Na2EDTA in pH = 6.5, 0.1 M

deoxygenated phosphate buffer. Oxidizing tis solution produced ~e(OH2)EDTA]-. An

FeEDTA-NO solution was prepared by purging an ~e(OH2)EDTA]2- solution with NO

gas under anaerobic conditions for approximately 20 minutes, or until the solution

stopped changing color, indicating completion of the reaction. To form an ice

crys~-free glass, solution samples were prepared by adding 50% (by volume) glycerol

resulting in samples wkch were 25 mM in Fe. ~e(OH2)EDTA]2-, ~e(OH2)EDTA]- and

FeEDTA-NO solution samples were loaded into 140 WL Lucite EXAFS cells

(23 x 2 x 3 mm) with 37 ~m Kapton windows and frozen in liquid nitrogen. Data were

collected in fluorescence mode at 10 K. The fluorescence signal was collected by an

Ar-filled ionization chamber,26’27 equipped with Soiler sfits and a Mn filter.

Five to nine scans were averaged for each EDTA solution while two scans were

averaged for each powder sample. A smooth pre-edge background was removed from the

averaged spectra by fitting a first or second order polynomial to the pre-edge region and

subtracting this polynomial from the entire spectrum. A one-segment spline of order one

was fit to the EXAFS region and the data normalized to an edge jump of one at 7130 eV.

The intensities and energies of pre-edge features were quantitated by fits to the data. The

fitting program EDG_~, which utilizes the double precision version of the public

domain M~TPAK fitting library28 was used. EDG_HT was written by Dr. Graham hT.

George of the Stanford Synchrotron Radiation Laboratory. All spectra were fit over the

range 7108-7118 eV. Pre-edge features were modeled by pseudo-Voigt line shapes

(simple sums of Lorentzian and Gaussian functions) .21.27’2g>30 A fixed 50:50 ratio of

Lorentzian to Gaussian contribution for the pre-edge feature successfully reproduced

these spectral features. The value reported for the area of a fitted feature was calculated

by multiplying the height of the feature by the full-width-at-hdf-maximum (~).

5.2.3. Resul& and Analysis

To detetine the oxidation state of the iron in {FeNO 7 systems the Fe K edge

X-ray absorption spectra of S=3/2 {FeNO }7 complexes were compared to the spectra of

ferrous and ferric complexes with similar ligation. XAS edge data vere collected on
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three S=3/2 {FeNO }7 complexes: FeEDTA-NO, [Fe(TMC)NO](BF4)2 , and

Fe(sden)NO. The FeEDTA-NO spectrum was compared with spectra of ferrous and

ferric complexes of EDTA, [Fe(OH2)EDTA]2- and [Fe(OH2 ) E D T A ]-.

~e(TMC)NO](BF4)2 data were compared to those for the ferrous complex

~e(TMC)N3]@F4), ~d Fe(sden)NO data to those for the ferric complex Fe(sden)C1.

The WS edge spectra are sho~ in Figure 5.1 for ~e(OH2)EDTA]2-, [Fe(OH2)EDTA]-

ad FeEDTA-NO, in Figure 5.2 for ~e(TMC)NO](BF4)2 and ~e(TMC)N3](BF4), and in

Figure 5.3 for Fe(sden)NO and Fe(sden)C1. The lowest energy transitions are the weak

1s—>3d pre-edge peaks at approximately 7112 eV followed by the 1s—9p transition at

approximately 7123 eV. The 1s— >3d pre-edge region has been expanded and is shown

as insets in Figures 5.1, 5.2 and 5.3. The energies and areas of the pre-edge features were

determined by fits to the data and are presented in Table 5.2. The spectrum of

[Fe(OH2)EDTA]2- has two low intensity pre%dge peaks that are spht by -2 eV (solid line

in Figure 5.1 inset). The [FeflMC)N3](BF4) data contain an intense feature at 7111.5 eV

with the second derivative of the data (not shown) clearly showing another feature at

7113.3 eV (solid line in Figure 5.2 inset). [Fe(OH2) ED TA]-, FeEDTA-NO,

[Fe(TMC)NO](BF4)2, Fe(sden)Cl and Fe(sden)NO dl have a features whose maximum

lie between 7112.6 and 7113.0 eV (Figure 5.1, 5.2, and 5.3 insets). The pre-edge features

of FeEDTA-NO and Fe(salen)NO are more intense than the pre-edge features of ~

~e(OH2)EDTA]- and Fe(sden)Cl (Figure 5.1 and 5.3 insets), respectively.

The 1s—>3d pre-edge feature can be used to probe the iron oxidation state in

{FeNO }7 systems. The 1s—>3d transition is forrndly electric dipole forbidden, but

gains intensity through an allowed quadruple transition and more dominantly by 4p

mixing into the 3d states as a result of the noncentrosymmetric environment of the metal

site. Because the final state ( 1s13dn+l ) has a different electronic configuration for high

spin ferric and high spin fenous ions, the 1s—>3d feature is sensitive to the oxidation

state of the iron site. In the weak field limit, two final states of m=imum spin

multiplicity can be reached in the d7 high spin ferrous case, 4F and 4P, while only one

state of maximum spin multiplicity can be reached in the d6 figh spin ferric case, 5D.31

The free ion splitting of the 4F and 4P is 2 eV32 and is readily resolvable at the Fe

K-edge. However, when the iron atom is placed in an octahedrd ligmd field the splitting

of the d orbitds into the t2 and e set causes the free ion terms to split into mmy-electron

states. k the ferrous case, the 4F term splits into 4T 1, 4T2, and 4A2 many-electron states,

33 The 4A2 many-electron state will not bewhile the 4P term turns into a 4Tl state.

dlo~ed as it would require a two-electron transition (see Chapter 4). ti a relatively weak

field, the splitting of the three states is determined mainly by electron repulsion (~’s.
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ligand field) and the pre-edge feature that arises from transitions into the 4T 1 and 4T2

states from the 4F term wdl he -2 eV lower in energy than that from a transition into the

4T 1 state from the 4P term. h the high spin ferric case, in an octahedrd ligand field the

33 Thus an octahedrd high spin ferric complexSD term splits into the 5T2 and SE states. ,

has two pre-edge features from transitions into the 5T2 and SE states split by 10Dq.

The splitting of the pre-edge in ~e(OH2)EDTA]2- is attributed to the splitting of

the 4T1 and 4T2 states from the 4F term and the 4T1 stite from the 4P term (Figure 5.1 and

Table 5.2). The two pre-edge features in the spectrum of [Fe(OH2)EDTA]2- have an

intensity ratio of -2:1 (Table 5.2) as would be expected shce the lower energy feature

tises from transitions into two triplet states, while the higher energy feature arises from a

transition into one triplet state. The total =ea of the ~e(OH2)EDTA]2- pre-edge feature

is higher than that observed for octahedral high spin ferrous complexes (Table 4.1,

Chapter 4) due to distortions of the iron site from variation in ligation and bond distances.

The pre-edge region of [Fe(OH2)EDTA]- was fit with two features at 7112.8 and

7113.8 eV (Figure 5.1 and Table 5.2). As in the ferrous case, the total area of the

.[Fe(OH2)EDTA]- pre-edge feature is higher thm that observed for octahedrd high spin

ferric complexes (Table 4.1, Chapter 4) due distortions of the iron site from variation in

ligation and bond distances. The pre-edge feature of FeEDTA-NO was fit with a single

feature at 7112.8 eV (Figure 5.1 and Table 5.2). This feature is positioned at

approximately the same energy as that for ~e(OH2)EDTA]-, however, the pre-edge

feature of FeEDTA-NO is more intense than that of [Fe(OH2)EDTA]-. One does not

observe the two features at -7111.5 and 7113.5 eV in the spectrum of FeEDTA-NO that

are characteristic of high spin ferrous complexes ~able 4.1, Chapter 4).

The pre-edge region of the spectrum ~e~MC)N3](BF4) can k fit with an intense

feature at 7111.5 eV and a very we~ feature at 7113.3 eV (Figure 5.2 and Table 5.2).

Since the high spin ferrous atom in [Fe(TMC)N3](BF4) is in a noncentrosymetric site,

4p mixing into the 3d orbitals is ~lowed. As explained in detail in Chapter 4, the

pre-edge feature for a high spin femous complex in a square pyramidal geometry has a

lower energy, intense pe~ due to 4pZ character mixing into the 3dZ2 orbital with a we~

peti -2 eV higher in energy (see Figure 4.7 in Chapter 4). The pre-edge region for

~e(TMC)NO](BF4)2 can dso be fit with two features, however, the most intense feature

is the higher energy feature which is -1 eV higher in energy than that for

~e(TMC)N3]@F4). The energy of the intense pre-edge feature for [Fe(TMC)NO](BF4)Z

is much more similar to that of high spin ferric complexes (Table 4.1, Chapter 4). In

addition to the intense feature at 7112.6 eV, the pre-edge region for [Fe(TMC)NO](BF~)~

was fit with a weti feature at 7111.5 eV. This feature can be explained if the iron is in a
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Fi~re 5.1. XAS Fe K-edge spectra of ~e(OH2)EDTA]2- (—), ~e(OH2)EDTA]- (---),

and FeEDTA-NO (.....). The inset shows an expansion of the 1s—>3d pre-edge region.
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Table 5.2. XAS Pre-Edge Ener~ies md Areas for {FeNO )7 and Related Complexes.

total
Fe oxida- Fe-N-O pre-edge - pre-edge pre-edge

compound tion state angle ener~ (ev)a areaa’b areab

~e~20)EDTA]2- +2 --- 7111.48 (0.02) 3.9 (0.2) 5.7 (0.5)
7113.45 (0.04) 1.8 (0.05)

~e~20)EDTA]- +3 --- 7112.82 (0.03) 2.9 (0.4) 7.0 (0.2)
7113.81 (0.07) 4.1 (0.5)

FeEDTA-NO --- 156°C 7112.75 (0.02) 10.4 (0.4) 10.4 (0.4)
~e~MC)N3](BF4) +2 --- 7111.47 (0.01) 12.4 (0.5) 13.4 (0.3)

7113.30 (0.05) 1.0 (0.2)
[Fe~MC)NO]@F4)2 --- 178= 7111.52 (0.05) 1.1 (0.4) 15.5 (1.1)

7112.64 (0.02) 14.3(1 .4)
Fe(sden)Cl +3 --- 7112.91 (0.01) 12.9 (0.3) 14.4 (0.6)

7114.25 (0.07) 1.5 (0.4)
Fe(sden)NO --- 149° 7112.96 (0.01) 24.2 (0.6) 24.2 (0.6)

a Pre-edge energies and areas were determined by fits to the data as described in the
Experimental Section. b Pre-edge areas were calculated by multiplying the height of
the fitted feature by the Wm (the values reported for the pre-edge areas were
multiplied by 100). CThe Fe-N-O angle in this case was determined by a GNXAS
analysis of the EXAFS data (see Chapter 3).
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ferric oxidation state and the increased electronic repulsion from the short Fe-N(0) bond

increases the energy of the dZ2 orbital so that it is no longer the lowest 3d orbital in

energy. Hence, the we~ feature at 7111.5 ev could arise from transitions into dxy or

dxz, dxz (see Scheme 6 in Chapter 4). The pre-dge feature of Fe(sden)Cl can be fit with

an intense feature at 7112.91 and a we~er feature at 7114.25 eV (see Figure 4.13), while

that of Fe(sden)NO can be fit with at single more intense feature at 7112.96 eV (Figure

5.3 and Table 5.2). From the energies of the pre-edge features, the iron in {FeNO }7

appears to be in the ferric oxidation state as the pre-edge feature of FeEDTA-NO is much

more similar in shape and in energy to that of [Fe(OH2) E D T A ]- than of

~e(OH2)EDTA]2-. In addition, the pre-edge feature of ~e(TMC)NO](BF4)2 and of

Fe(sden)NO are much more similar to that of the ferric square pyrarnidd complex,

Fe(sden)NO, than to that of the ferrous square pyramidal complex, ~e(TMC)N3]@F4).

The energy of the edge position ( 1s—Mp transition) is dependent upon the

effective nuclear charge of the absorbing meti atom. The effective nuclear charge of the

metal ion is governed by a combination of effects including the forrnd oxidation state of

the metal, the number and type of ligating atoms and the coordination geometry .32>34-38

Therefore, the oxidation state of a meti atom cannot be determined by the edge position

without careful consideration of ligation effects on the effective nuclear charge of the

metal atom. In the three cases in this study, differences between the types of ligating .

atoms and the coordination spheres are tinirnized so that changes in the edge energy can

be considered to be strongly related to the oxidation state of the iron (Figure 5.1, 5.2, and

5.3). The energy of the FeEDTA-NO edge lies between that of the reduced and oxidized

iron -EDTA edges (Figure 5.1). However, the FeEDTA-NO spectrum is similar in

intensity and shape to the [Fe(OH2)EDTA]- spectrum. The edge of ~e(TMC)NOl (BF4)2

is shifted to higher energy than the edge of [Fe(TMC)N3]@F4) by -2 eV (Figure 5.2),

which is consistent with the difference in oxidation state between ferrous and ferric.
32

The edges of Fe(salen)Cl and Fe(sden)NO (Figure 5.3) occur at the same energy

indicating that the iron in each site has the same +3 oxidation state.

h a previous study (presented in Chapter 3),39 iron-ligand bond distances were

obtained by extended X-ray absorption fine structure (EXAFS) for [Fe(OH2)EDTA]2-,

~e(OH2)EDTA]- and FeEDTA-NO. The first shell bond distances obtained from the

~e(OH2)EDTA]- data were 2.04 and 2.34 ~ for the Fe-O and Fe-N bonds, respectively.

The analogous distances obtained from the ~e(OH2)EDTA]2- data were 2.17 and 2.34 ~.

The first shell bond distance obtained from the FeEDTA-NO data were 1.76 ~ for the

Fe-N(0) bond and 2.05 and 2.27 ~ for the Fe-O and Fe-N bond distances of the EDTA

ligand, The Fe-EDTA bond dist~ces in FeEDTA-NO are more closely matched to the
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fernc-EDTA bond distances, in further experimental support of the ferric oxidation state

description.

The XAS edge and pre-dge features as well as the iron-ligmd distances obtained

from EXAFS data are rdl consistent and indicate that the iron atom in these {FeNO ]7

complexes is in the ferric oxidation state. However, there are quantitative differences in

the edge spectra between the ferric reference complexes and the {FeNO }7 complexes,

giving insight into the geometric and electronic structure of the these {FeNO }7

complexes. First, the pre%dge feature of the iron-nitrosyl complexes is more intense than

that of their ferric counterparts. Empirically, the strength of the pre-edge transition is

found to be dependent on the amount of 3d4p mixing.36 A distortion of the metal site

allows for more 3d4p mixing resulting in an increase in the pre-edge intensity since the

1s—~p transition is electric dipole allowed. This effect is the origin of the increase in

the pre-edge intensity of Fe(sden)Cl (solid line in Figure 5.3 inset), which has a square

pyramidal geometry relative to [Fe(OH2)EDTA]- (dashed line Figure 5.1 inset), which

has a distorted octahedral geometry. The effect can dso be seen in a comparison of

~e(OH2)EDTA]2- (solid line in Figure 5.1 inset) and ~eflMC)N3](BF4) (solid line in

Figure 5.2 inset) where the first pre-edge feature in [Fe~MC)N3](BF4) increased in

intensity due to the lowering of symmetry from distorted octahedrd to square pyramidd.

In the case of FeEDTA-NO, [Fe(TMC)NO](BF4)2, and Fe(salen)NO complexes, the

short Fe-N(0) bond lowers the syrnme~ around the iron site resulting in an increase in

the intensity of the 1s—>3d pre-edge feature (dotted lines in Figure 5.1, 5.2, and 5.3

insets).

The intensity of the 1s— >3d pre-edge feature can be used to gain information on

the distortion around the iron site. As described in detail in Chapter 4, the intensi~ of the

1s—>3d pre-edge feature can be used to quantitate the amount of 4p mixing into the 3d

orbitds. For example, FeEDTA-NO has a total pre-edge area of 10.4. Assuming that 5

units originate from quadruple transition intensity (the value for centrosymmetric high

spin ferric complexes, Table 4.1 in Chapter 4), 5.4 units originate from dipole transition

intensity (i. e. 4p mixing into the 3d orbitds). If the quadruple intensity is 17C of the

dipole intensity, then there is 5.4% 4p mixing into the 3d orbitds for FeEDTA-NO. This

percentage of 4p mixing is very similar to the 5.570 4p mixing into the 3d orbitals

obtained for (enH2)~e20(HEDTA) 2]*6H20 (Chapter 4), where instead of a short 1.8 ~

Fe-N(0) bond as in FeEDTA-NO there is a short 1.8 ~ Fe-O bond from a p-oxo bridge.

Distorting the iron site further would increase the amount of 4p mixing into the 3d

orbitds and, thus, increase the pre-edge intensity. Such is the case upon removing an

=ial ligand and creating a square pyrarnidd iron site. [Fe(TMC)NO](BF4)~, which has a
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Iinear Fe-N-O unit, has atotalpre-edge area of 15.5 which corresponds to 10.5% 4p

mixing into the 3d orbitds. The amount of 4p fixing into the 3d orbitds is much greater

for [Fe(TMC)NO](BF4)2, a square-pyramidal complex, than for FeEDTA-NO, a

purported seven-coordinate complex (see Chapter 3). The amount of 4p character in the

3d orbitds of [FeflMC)NO](BF4)2 is slighfly more than the value of 9.490 obtained for

Fe(sden)Cl, rdso a square pyramidd complex, due to the shorter iron-axially ligand bond

in [Fe(TMC)NO](BF4)2. Fe(salen)NOj which has a bent Fe-N-O unit, has a total

pre-edge area of 24.2, which corresponds to 19.2% 4p fixing into the 3d orbitds. The

main difference in the iron site symmetry between [Fe(TMC)NO](BF4)2 and

Fe(sden)NO is a linear vs. bent Fe-N-O unit. Thus, the differences in the pre-edge area

and the related 4p mixing into the 3d orbitds must be affected by the bending of the

Fe-N-O unit. The increase in 4p mixing into the 3d orbitds upon bending the Fe-N-O

unit has also been observed in SCF-X~-SW calculations of an {FeNO }7 model

complexes where the amount of 4pz mixing into the 3dz2 orbital doubled upon bending

the Fe-N-O utit frofi 180° to 150°.19

The second quantitative difference involves the energy of the rising edge, with

‘that of FeEDTA-NO being lower than that of [Fe(OH2)EDTA]- Figure 5.1). As has

been stated previously, the 1s— Ap edge energy is affected by changes in the effective

nuclear charge of the metal atom as well as ligand field effects. ln his cme, tie H20 of .

the ferric EDTA complex is replaced by NO- in FeEDTA-NO. The resulting short

Fe-N(O) bond causes a strong axial distortion that splits the 4p levels with the 4pz orbital

shifting to tigher energy. Thus, one would expect the 1s—~p transition to split with the

transition to the 4pX,Y orbital occurring at approximately the same energy and the

transition to the 4pz orbital occurring at higher energy. However, experimentally the

FeEDTA-NO edge is at lower energy than the ~e(OH2)EDTA]- edge (Figure 5.1). This

shift to lower energy can be explained by charge donation from the NO- to the ferric

center which reduces the effective nuclear charge of the iron and causes the FeEDTA-NTO

edge to be at a lower energy. Alternatively, in the Fe(salen)Cl and Fe(salen)NO

comparison (Figure 5.3), the edges lie at the same energy. Since Fe(salen)Cl is square

pyrafidd, the 4p orbitds are split with the 4pz orbital lying lower in energy. Thus, when

the NO- replaces the Cl- with a much shorter bond length (1.78 vs. 2.24 ~) the 1s—~pz

should increase in energy resulting in an edge shift to higher energy. Experimentally the

edges are at the same ener~, thus there must dso be charge donation from the NO- to the

ferric center of the sden complex reducing the effective nuclear charge of the iron.
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5.2.4. Discmsion

In summary, both the energy of the rising edge and the shape of the edge of the

{FeNO }7 complexes are similar to the ferric complexes with corresponding ligation (i.e.

~e(OH2)EDTA]- vs. FeEDTA-NO and Fe(sden)Cl vs. Fe(sden)NO, Figure 5.1 and 5.3,

respectively). Al three of the {FeNO }7 complexes exhibit an intense pre%dge feature at

-7113 eV which is consistent with a ferric complex that has a distorted iron site. k the

{FeNO }7 complexes, the short Fe-N(0) bond of -1.7 ~ provides a strong axial distortion

of the iron active site. The bond distances obtained from EXAFS data of

[Fe(OH2)EDTA]2-, ~e(OH2)EDTA~ and FeEDTA-NO show that the Fe-EDTA

distances of FeEDTA-NO are much more similar to the distances in [Fe(OH2)EDTA]-

than in ~e(OH2)EDTA]2-.39 On a quantitative level the rising edge of FeEDTA-NO is

shifted by 2 eV to lower energy relative to ~e(OH2)EDTA]- consistent with significant

charge donation from the NO- ligand to the Fe3+ center.

The results obtained from the XAS experiments on {FeNO }7 systems can be used

in conjunction with experimental (absorption, variable-temperature, variable-field MCD,

“resonance Raman, EPR, and magnetism) and theoretical (SCF-Xa-SW) results to obtain a

detailed electronic description of S=3/2 {FeNO}7 systems. The theoretical and

experimental electronic structure description we have developed for the {FeNO }7 S=3/2 ~

non-heme iron complex involves a high spin Fe3+ S=5/2 ion antiferromagnetically

coupled to an NO- ligand with S= 1.18319 From the SCF-Xa-SW calculations, the tigh

spin ferric description derives from the large exchange stabilization of the d5

configuration. 19 h the spin unrestricted calculations, which allow spin up and spin down

electrons to occupy different orbitis, the occupied spin up d orbitds are stabilized below

the unoccupied spin down counterpms by 6 eV due to this exchange interaction. The

occupied spin down NO n* orbitds are stabilized due to their direct overlap with the spin

19 Thus this orbital overlap leads to the S= 1 on the NO- unitup iron dxz and dYZorbitrds. ,

and its antiferromagnetic coupling to the high spin ferric center.

Experimental support for this description comes from XAS, rR and abs~CD/rR

19 From the XAS, the pre-edge peak at -7113 eV,profile excited state spectroscopes.

rather than two peaks split by 1.9 eV as in the ferrous complexes, and the shape and

energy of the rising edge both indicate that the iron is in the high spin ferric oxidation

state. Furthermore, the first shell EXAFS distances of the NO complex are -0.1 ~

shofler than the ferrous complex with corresponding ligation but very close to those of

the ferric analog. From rR, the intra-ligand frequency of -1750 cm-l combined with

metal ligand vibrational data on the Fe-NO unit via a normal coordinate analysis give an
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NO stretching force constant which, compared to molecular NO species, is significantly

reduced, indicating electron trasfer into the NO n* orbital resulting in an NO- species. 19

From excited state spectroscopes, the ligand field and charge transfer (CT) transitions

have been identified using rR profiles. The tigand field transition energies are consistent

with those observed for high spin ferric complexes and the CT transitions are in an

energy range and ordering consistent with predictions from the SCF-Xa-SW electronic

struc~~re calculations for NO-n*—>Fe3+3d CT transitions.

The data further show evidence for a highly covalent Fe3+-NO- ligand donor

bond. 19 First, from magnetic susceptibility the electrons of the NO- are strongly

antiferromagnetically coupled to the iron to give the S=3/2 spin state which requires

significant orbital overlap. Secondly, the rising edges of the XAS spectra of the

Fe3+-NO- complexes are at lower energy than the respective ferric complexes, even when

ligand field effects on the 4p orbitds are t~en into account, indicating charge donation

from the NO- to the ferric center. Finally, the intra-figand frequency and calculated force

constant are significantly higher than those found for molecular NO- again indicating

charge donation from an antibonding orbital on the NO- of the iron-nitrosyl complex.

“The spin unrestricted SCF-Xa-SW calculations 19 provide insight into the nature of the

strong Fe3+-hTO- bond. There are two strong donor interactions which are, in fact, o in

character. These involve the NO- 40+ and 5d orbitds. The former is o antibonding

with respect to the NO- and dominates the charge donation to the Fe3+ due to better

overlap (i. e. increased N character in the antibonding NO molecdar orbital). This charge

donation thus removes electron density from a strongly antibonding orbital, which

significantly increases the strength of the intramolecular NO- bond, leading to the large

increase in the bound NO force constant observed experimentally. It is impofiant to

emphasize that reduction of the hTOby the ferrous complex involves electron fiansfer into

the KO x * orbital while charge donation of the bound NO- to the Fe3+ dominantly

involves electron transfer from an NO G* orbital. Thus charge donation from the bound

NO- to the Fe~+ can significantly increase the strength of the NO bond.

Thus an expenmenttily and theoretically consistent electronic s~cture has been

generated for the {FeNO }7 S=3/2 systems, which can be described as high spin ferric

(S=5/2) antiferromagneticdly coupled to NO- (S= 1) to produce the S=3/2 ground state. 19

This new bonding description provides a general understanding of the interaction of NO

with the high-spin ferrous site, and the spectral features can be quantitated to provide

insight into differences in bonding and electron distribution which can be related to

dioxygen activation by non-heme iron enzymes.
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5.3. Iron(II) Bleomycin

5.3.1. Introduction

Bleomycin (BLM) is a histidine-contining glycopeptide antibiotic isolated as a

CU(H) complex from the fungus Streptomyces vetiicillus. 1-3 The tig Blenoxane,

composed maidy of BLM A2, is used in treatment agtist a variety of carcinom= because

4 The structure of BLM A2 Figureof its ability to degrade DNA with squence specificity.

5.4a) includes three domains: the bithiuole tail is befievti to be involved in BLM binding

to DNA 5-7 the sugar moiety is tiought to control uptake of BLM by cacer cells,8’9 and7

the ~-tinodanine-pyrimidine-histidine region is responsible for metal chelation. 10’11

DNA degradation by BLM is oxygen and metal ion dependent 12-15 with the greatest

12’16-21 Oxygen binds to Fe(U)BLM producing a ternaryenhancement observed for iron.

complex (oxygenated BLM) that is stable in the presence of excess DNA.22-24 Transfer of

an additional electron from a second Fe(II)BLM molecule (or other reductant) to

oxygenated BLM produces activated BLM, the species responsible for DNA strand

scission. 25 The similarity in mechanism to cytochrome P-450 has led researchers to

postulate a ferry] (Fe(N)=O) BLM interrnediate,l”’19 as has generally been considered to

be present in heme chemistry. 26 Ntematively, electron paramagnetic resonance (EPR), 19

Mossbauer,24 mass spectrometry, 27 and X-ray absorption spectroscopy (XAS)28 of

activated BL.M are most consistent with a low spin Fe(~) -peroxide site (see section 5.4.

Acti\7ated BLM).

No crystal structure exists for the femous complex of BLM and there is some

controversy concerning the ligation of BLM to Fe2+. Present descriptions are based on

correlation to a CU(H) complex of the related biosynthetic precursor P-3A, which has been

crystallographically defined and shown to have a five-coordinate, square pyramidal

geometry with pynrnidine, imitiole, deprotonated amide, and secondary amine functions

forming the equatorial plane, and a primary amine function coordinating axidly.29

However, CU2+ has strong s~cturd preferences due to the Jahn-Teller effect which Fe2+

does not and P-3A lacks tie disauharide and bithi=ole moieties of BLM, the former being

a potential ligand. Axi4 coordination in Fe(H)BLM of the carbamoyl group of the

mannose sugar has been implicated by 1H nuclear magnetic resonance m) studies30-3z

and two-dimensiond NMR studies of the carbon monoxide bound fem. 33 In contrast.

earl~er studies of CO-bound Fe(H)BLM maintained axial coordination of the primary amine

and proposed that the sugar portion played a steric role in goveting CO binding constants

34 EPR spectroscopy on thevia hydrogen bonding to the ~-arnino-propionatide group.
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(a) Bleomycin A2

(b) PMAH

H

Fi@re 5.4. Structural ligand frarnewor~ of (a) Bleomycin A2 and (b) the analogous

model complex PMAH. Coordinating nitrogens are denoted with asterisks (*) for each

structure.
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nitrosyl complex of Fe(H)BLM has been used to futier support the model that the axial

donor trans to the bound NO is the primary nitrogen of the a-amino group of the

~-aminodanine portion. 35-37 Additiond evidence for axial coordination of the primary

amine derives from the variation in EPR parameters for Fe(HI)BLM and the ferric

complexes of depyruvarnide BLM and deamido BLM.38

There is little direct spectroscopic evidence available on Fe(H)BLM as the

Mossbauer spectra exhibit broad, unresolved magnetic features and high spin Fe2+

24 As a result, most experimentsnon-Krarners ions generally do not exhibit EPR signals.

have focused on the spectroscopically accessible ferric forms of the drug. k tis study Fe

K-edge XAS was used to characterize the electronic ad geometric structure of Fe(~)BLM.

Examination of the pre-edge feature cm give insight into the coordination number and

geometry of the iron site, while the position of the edge is dependent upon the effective

nuclear charge of the iron. In addition, an EXAFS analysis can be used to accurately

determine the distices to the ligands. Due to the complexity of the glycopeptide and the

range of possible metal coordinating functional groups in BLM, synthetic models have

been prepared in an effort to obtain insight into the structure. 39A5 The synthetic an~og

PMAH46 which has a sitilar metal binding domain but lacks the sugar moiety and the

bithiazole tail (Figure 5.4b) has also been investigated. The ferrous complex serves as a

good model of Fe(H)BLM in that it reacts with dioxygen to generate an analog of activated ~

BLM which has a nearly identicd EPR spectrum and causes DNA cleavage with similar

39 XAS data was collected on ~e(H)PMA]+ both in the solid and solutionspecificity.

form. The results from this study were combined with results from optical absorption

(Abs), magnetic circular dichroism (MCD), and resonance Rarnan (rR) spectroscopes to

develop a detailed description of the geometric and electronic structure of the Fe(H)BLM

active site.47

5.3.2. Experimental Section

Bleomycin sulfate (Blenoxme), a mixture of 60% BLM A2, 30% BLM B2, and

10TC other BLM fractions, was obtained as a gift from Bristol-Meyers Squibb and used

without further purification. The individud components differ only in the terrnind amine

functionality which has no influence on the spectroscopic characteristics of the metal

binding domain. 1g All concentration% were calculated with a molecular weight of

-1510 Daltons. The Fe(H)BLM sample was prepared as a glass in 507c (v/v) glycerol-d~

(98 atom % D; Aldrich), HEPES buffer (Sigma) dissolved in D20 (99.9 atom % D;

Adnch) and adjusted to a pD in the range 6.0 to 9.0 with 40 wt % NaOD (Adrich) in D~O,
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Septum stoppered reaction flasks were not sufficient to prevent 02 reaction, therefore, d]

solutions were rigorously degassed with 10-15 freeze, pump, tiaw cycles at 10-3 Torr in

Teflon or ground glass stoppered flasks and immediately placed in a N2 atmosphere

(< 10 ppm 02). Solid forms of metal free BLM and Fe(N~)2(S04)2*6H20 @eAS;

MCB Manufacturing Chemists, he.) were solvated just prior to use in an hert atmosphere

with buffered solution and D20, respwtively. Fe~I)BLM was prepared in the presence of

20% excess figand by addition of 5 @ of the FeAS stock solution to 5 mM meti frm BLM

to give a find sample concentration of -4 rnM. Sample integrity W= confined by optical

absorption (Q76 = 380 M-1 cm- 1)18 and EPR. The use of reducing agents to itibit Fe2+

oxidation wu strictly avoided as it was determined to significantly alter both the CD and

MCD spectra of Fe(~BLM.

The ligand PW,48 was synthesized according to published procedures, fo~owed

by anaerobic complexation with Fe2+ to form ~e(~)(PMA)]Cl*MeOH. A [Fe(H)PMA]+

solution was prepared in a N2 atmosphere with degassed methanol-~ (99.9 atom 90 D;

Mdrich) and ethanol-d6 (99+ atom 76 D; Mdrich) in a ratio of 1 to 4 to facilitate glassing.

Sample concentration was determined by optical absorption (&670([Fe(ll)pMAl+) =

1850 M-lcm-l) to be -4 W.

X-ray absorption spectra were recorded at the Stanford Synchrotron Radiation

Laboratory on unfocused betiine 7-3 during dedicated conditions (3 GeV, 50-100 mA).

The radiation was monochromatized using a Si(220) double-crystd monochromators.

Unless specified otherwise, data were measured to k = 15 ~-] with 1 ~ high

pre-monochromator beam defining slits and the monochromators was detuned by 50% at

7998 eV to minimize harmonic contamination. An Oxford kstruments continuous-flow

liquid helium CF1 208 cryostat was used to maintain a constant temperature of 10 K.

Energies were calibrated using an intemd Fe foil standmd, assigning the first inflection

point to 7111.2 eV.49 The spectrometer energy resolution was -1.4 eV with

reproducibility in edge position detetiation of< 0.2 eV.

The [Fe(I1)PMA]+ solution and Fe(II)BLM XAS samples were prepared as

described above. The solution samples were syringed into Lucite EXAFS ce~s (23 x 1 x

3 mm) with 37 gm Kapton windows under a N2 atmosphere and subsequently frozen in

liquid nitrogen prior to exposure to air. The fluorescence signal was monitored by using a

13-element Ge solid-state array detectors windowed on the Fe Ka signal. During the

experiment, count rates of approximately 30,000 s-1 total per element were not exceeded.

Approximately thirty scans were averaged for Fe(H)BLM and eleven scans were averaged

for the [Fe(II)PMA]+ solution. The powder

and ground into a fine powder in a K2-filled
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pressed into a 1 mm tick M spacer that was sealed with 63.5 ~m Mylar tape windows and

frozen in liquid nitrogen. Data were measured in transmission mode with N2-filled

ionization chambers. The fmd spectrum represents a six scan average.

EXAFS data reduction was performed on the averaged spectra according to

established methods .51-53 A smooth pre-edge background was removed from the averaged

spectra by fitting a second order polynotid to the pre-edge region and subtracting this

polynomial from the entire spectrum. A three-segment spline approximately even in

k-space was fit to the EXAFS region and the data normalized to an edge jump of one at

7130 eV. The spline was chosen so that it minitied residud 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 data were

converted to k-space. The photoelectron wave vector, k, is defined by [2@(E-Eo)/ h 2]1’2

where ~ is the electron mass, E is the photon energy, h is Planck’s constant divided by

2n, and Eo is the threshold energy of the absorption edge, which was defined to be

7130 eV for the Fe K absorption edge. The empirical EXAFS data analyses were

perfomed with nonlinear least-square curve-fitting49’5 1’53 techniques using empirical

phase and ampfitude parameters. The following models were used to obtin the empincd

Fe-X backscattering parameters of interest: Fe-O from [Fe(acetylacetonate) 3]54’55 and

Fe-N from [Fe(l, 10-phenanthroline) 3](C104)3. 56>57 Fourier transforms (from k to R

space) were performed for the data range 3.5-12.5 ~-’ with a Gaussian window of

0.1 ~-1. The window widths used in the backtransforms (from R to k space) are given in

the Results md Analysis section. The window widths were kept as similar as possible to

those used to extract amplitude and phase parameters from the model compounds to

minimize artifacts introduced by the Fourier filtering tectique. N curve-fitting was based

on k3-weighted data and applied to the individual filtered shell of interest. Only the

structure-dependent parameters, the distance and coordination number, were varied unless

stated otherwise. A “goodness of fit” parameter, F, was calculated as F = {[k6(data -

fit)2]/(no. of points)} 1/2 for each fit.

Fe K-edge spectra were 4s0 co~ected on a five- and a six<oordinate ferrous model

complex. [Fe(TMC)N3]BF458 (where TMC refers to tetramethylcylcam) and

~e(imidazole)6] C1259were prepared as described in the literature. The XAS smples were

prepared in the same manner as the Fe(II)PMA]+ solid sample. Data were measured in

transmission mode with NZ-filled ionization chambers to k = 9.5 ~-l detuning the

monochromators 507c at 7474 eV to minimize harmonic contamination. Two to three scans

were averaged for each sample. A smooth pre-edge background was removed from the

averaged spectra by fitting a first order polynomial to the pre-edge region and subtracting
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this polynomial from the entire spectrum. A two segment sphne of order two was fit to the

EMS region and the data norrndtid to an dge jump of one at.7 130 eV.

5.3.3. Results and Analysis

5.3.3.1. Fe K-Edge XAS. Fe K edge spectra of [Fe(II)PMA]+ solid,

[Fe(II)PMA]+ solution and Fe(II)BLM Me shown in Figure 5.5A. The lowest energy

peaks arise from the weak 1s—>3d pre-edge trasition which is at -7113 eV followed by

the 1s—~p transition at -7127 eV. An expanded view of the ls—>3d pre-dge region is

shown for the same samples in Figure 5.5B. Figure 5.5C contains the 1s—>3d pre-edge

region of representative five-and six-coordinate high spin ferrous model complexes,

[Fe(TMC)N3]BF458 and [Fe(ifiduole)6] C12,59 respectively. The Pe(itiduole)6]C12

spectrum (solid line) has two very weak pre-edge features at -7111.5 and -7113.5 ev,

while the [Fe(TMC)N3]BF4 spectrum (dashed line) has a much more intense feature at

7111.5 eV (Figure 5.5 C). The spectra of [Fe(II)PMA]+ solid (solid line) and

[Fe(H)PMA]+ solution (dashed line) show two features at -7112 and -7113.5 eV with the

f~st transition at7112 eV for [Fe~I)PMA]+ solid being more intense (Figure 5.5 B). The

spectrum of Fe(H)BLM (dotted line) has two we~ features at approximately 7111.5 and

7113.5 eV @igure 5.5 B). The feature at -7127 eV, attributed to the 1s—>4p transition, is

more intense and at slightly lower energy for Fe(mBLM relative to that of [Fe(H) PMA]+

samples. The [Fe(II)PMA]+ solid feature lies -1 eV above that of [Fe(II)PMA]+ in

solution (Figure 5.5A).

The energy of the 1s—flp transition is dependent upon the effective nucleu charge

of the absorbtig me~ atom. This charge is governed by a combination of effects including

the formal oxidation state of the metal, the number and type of ligating atoms, and the

coordination geometry. 60-63 Differences in the edge energy position of the ferrous BLM

and PMA complexes in Figure 5.5A thus reflect vtiation in the coordination number and

the ligand-iron bonding interactions. One would expect the edge of a five-coordinate

complex to be at lower energy than that of a six-coordinate complex 63 due to reduced

ligand repulsion, however the edge of ~e(H)PMA]+ solid occurs at slightiy tigher energy

than ~e(~)PMA]+ solution indicating increased charge donation to the Iigand set. This

likely reflects the pyritidine backbonding (vide infra), which from the edge energy

positions, follows the trend: ~e(H)PMA]+ sohd > [Fe(H) PMA]+ solution > Fe(H)BLM.

As discussed in detail in Chapter 4, the ls—>3d pre-edge feature can be used to

probe the coordination number of an iron active site. The 1s—>3d transition is forrnall>

electric dipole forbidden, but gains intensity through an allowed quadruple trmsition and
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Figure 5.5. A) Fe-K XASedge spectra of [Fe(D) PMA]+solid(— ), [Fe(H)PMA]+

solution (-----), and Fe(H)BLM (...... ). B) Expansion of the ls->3d pre-edge region of A.

C) The 1s–>3d pre-edge region of a six-coordinate high spin ferrous model complex

[Fe(imid~ole)6]Cl~ (— ) and a five-coordinate complex ~e(TMC)N3]BF4 (-----).
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more dominantly by 4p mixing into the 3d states as a result of the non-centrosymmetric

environment of the meti site. It has been shown for ferric ~d ferrous complexes that

when the symmetry of the iron site is lowered, the pre-edge intensi~ increases due to an

63M men a high spin ferrous atom is in an octahedrd site,increase in the 3d-4p tiing.

three transitions are observed into 4T 1, 4T2, and 4T 1 many-electron excited states (see

Chapter 4). The transitions into these states are ordy quadruple diowed as the iron is in a

centrosymmetic site and therefore there is no 4p3d mixing. Therefore, one observes three

we~ peaks (solid line in Figure 5.5C) positioned at approximately 7111.2, 7112.3, and

7113.67 eV for octahedrd high spin ferrous complexes with nitrogen ligation. The

pre-edge area of five-coordinate high spin ferrous model complexes is greater than that of

six-coordinate complexes @igure 5.5 C). This increase in intensity is due to 4p mixing into

the 3d orbitis as a resdt of the loss of the inversion center at the iron site. men an tidy

ligand is removed and the high spin ferrous atom is in a square pyramidd site, the intensity

of the lower energy feature increases dramatically since there is now 4pZ fixing into the

3 d ~2 orbital due to the loss of a center of inversion, as can be seen in the

(BF4)[Fe(TMC)N3] spectrum (dashed line in Figure 5.5 C). Empincdly the pre-edge of

the [Fe(H) PMA]+ solution and Fe(H)BLM look much more similar in shape and intensity

to the six-coordinate ferrous complex (Figure 5.5B and 5.5 C). The pre-edge of

[Fe(II)PMA]+ solid has more intensity in the lowest energy feature, as does

~e(TMC)N3]BF4, which is consistent with the MCD results of ~e(H)PMA]+ solid being

five-coordinate 47 However, the f~st pre-edge transition of ~e(II)PMA]+ solid is not as

intense as that of [Fe(TMC)N3] BF4. This could be due to the Fe 4pZ orbital of

[Fe(H) PMA]+ solid mixing with then* orbital of the pyritidine, This would ditinish the

intensity of the pre%dge feature since for square pyramidd geometry the 4pZ orbiti should

be the dominant iron p-orbital mixing into the d-orbitds based on its lower energy62 and

the lack of inversion along the z-axis. This 4pz-pyrimidine n* mixing would shift electric

dipole intensi~ from the pre%dge into a higher energy region of tie XAS spectrum.

5.3.3.2. EXAFS. EXAFS studies of [Fe(II)PMA]+ solid, [Fe(II)PMA]+

solution and Fe(H)BLM were dso pursued to obtain metrical information on the iron acti~’e

site. The EXAFS spectra of ~e(lI)PMA]+ solid, ~e(H)PMA]+ solution and Fe(H)BLM

are shown in Figure 5.6A and the Fourier transforms ~s), taken over the k range of 3.5-

12.5 ~-1, are shown Figure 5.6B. Curve-fitting was performed on filtered first

coordination shell contributions with ~ backtransfom windows given in Table 5.3 over

the k range 4- 12 ~-1 varying bond distances and coordination numbers. The results from

the curve-fitting analysis are presented in Table 5.3. It should be noted that EXAFS

analysis cannot readily distinguish between O and N coordination. However, given the
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Figure 5.6. A) EXAFS daw (*k3) for ~e@)PMA]+ solid, [Fe(H) PMA]+ solution, and

Fe(H)BLM (the ordinate scale is 5 between major tick marks on an absolute scale from

the abscissa with solid horizontal lines indicating the zero point of each plot). B) The

Fourier transforms (non-phase shift corrected) over the k-range 3.5 - 12.5 ~-1 of the

EXAFS data for [Fe@) PMA]+ solid (—), ~e(H)PMA]+ solution (-----), and Fe(II)BLM

().
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Table 5.3. Summary of EXMS Curve-Fitting Results.

~ window bond length

compound Fit # width (~) ~a~b element (A)b F

~e(H)P~]+ 1

solid 2

3

~e(H)P~]+ 4

solution 5

6

Fe(H)BLM 7

8

9

0.8 -2.1

0.8 -2.1

0.8 -2.1

0.8 -2.2

0.8 -2.2

0.8 -2.2

1.0-2.25

1.0-2.25

1.0-2.25

1.5

1.8

1.6

1.3

2.9

1.1

1.4

2.0

2.9

2.1

3.3

0.6

3.0

1.4

3.0

1.6

4.2

0.8

N 2.04 0.53

N 1.98 0.31

N 2.12
N 1.93 0.25

N 2.07

N 2.23

N 2.13 0.75

N 2.00 0.17

N 2.17
~ 1.99 0.14

h’ 2.15

N 2.29

N’ 2.16 0.41

N 2.08 0.29

x 2.19

N ~.06 0.23

N 2.19

N 2.40

a c~ = coordination number. b Errors in distances (tO.02 ~) and

coordination numbers (*2570) are estimated from the variance between

EX~S fiting results md values from models of crystilographicdly hewn

smcture.51
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Fi~re 5.7. Empirical first shell fits to the Fourier-filtered EXAFS data with the solid

lines representing the experimental data and the dashed lines representing the fits to the

data. A) Fits 2 and 3 to the [Fe(E)PMA]+ solid data (Table 5.3). B) Fits 5 and 6 to the

~e(H)PMA]+ solution data. C) Fits 8 and 9 to the Fe(H)BLM data. (The ordinate scale

is 2. between consecuti~’e tick marks with solid horizontal lines going through the zero

point of each plot.)
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likely ligation, only N parameters were used in the fits to the data. The EXAFS data of

[Fe(II)PMA]+ solid could not be adequately fit with one shell of N atoms (Fit 1). The

“goodness of fit parameter”, F, was dramatically reduced when a second shell of N was

added to the fit Tit 2) giving N distances of 1.98 ad 2.12 ~. However, tie coordination

number of 3.4 was still low and there was a mismatch in the fit to the data in the higher k

region. Thus, a third shell of N was added to the fit Fit 3). The F value was somewhat

reduced and the fit matched the data more closely in the higher k region, @igure 5.7A)

giving the best fit to the data with 1 N at 1.93 ~, 3 N at 2.07 ~, and 1 N at 2.23 ~. The

[Fe(H)PMA]+ solution data dso could not be fit adequately with a single shell of N @it 4j.

The F value dropped by a factor of 4 when a second shell of N was added @it 5), giving 2

N at 2.00 ~ and 3 N at 2.17 ~. kclusion of a third shell of N @it 6) did not substantially

improve the fit (Figure 5.7B) and this contribution had a relatively low coordination

number of 0.6. Thus, the physical significance of the contribution at 2.29 ~ is more

questionable. The Fe(II)BLM EXAFS data could be fit reasonably well with one shell of

N at 2.16 ~ (Fit 7). A two shell fit (Fit 8) improved the F value and increased the

coordination numbers. A three shell fit was dso tried (Fit 9), however the fit to the data

did not improve substantially Figure 5 .7C). The F value improved slightly and the total

coordination numbers increased to 6.6 (vs. 4.4 for Fit 8).

The average first shell distance of Te(H)PMA]+ in solution is -0.1 ~ longer than

that of the ~e(II)PMA]+ solid, consistent with the Fe K-edge data which indicates that

[Fe(~) PMA]+ sotid is five-coordinate while ~e(H)PMA]+ solution is six-coordinate. Both

[Fe(H) PMA]+ solid and ~e(H)PMA]+ solution have a fust coordination sphere that has

several contributions, as is evident from tie cume-fimlng results ~d the multiple pe~s in.

the nS (Figure 5.6B). Fe(~)BLM has a more regular first shell with an average first shell

distance of 2.16 ~ which is consistent with that of other six-coordinate high spin ferrous

0 65-68 Importantly, a short Fe(H)-N contribution is present incomplexes (2.16 * 0.03 A).

d] three complexes, which increases in length along the series ~e(H)PMA]+ solid ( 1.93 A)

< [Fe(II)PMA]+ solution (2.00 ~] < Fe(II)BLM (2.06-2.08 ~). This short N can

reasonably be assi~ed to the pyrirnidine based upon the high degree of covdency derived

from Abs, MCD, and rR results. 47 The trend in Fe-Npm distances comelates with the Fe

K-edge energy positions and with differences in n-backbonding as discussed below.

5.3.4. Discussion

The results obtained from these XAS experiments on Fe(H)BLM and ~e~PMA]+

can be used in conjunction with results from Abs, MCD, and rR spectroscopes to develop
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a detailed description of the geometric and electronic of the Fe(H)BLM active site. 47 With

the array of data in the literature regarding the solution structure of Fe(II)BLM, some

controversy still remains as to the definitive metal-chelating mode of this ligand. This

problem has been addressed by comparison to [Fe(H) PMA]+, which has been found by

molecular modeling to be most stable with the pyrimidine, imid=ole, deprotonated amide

and secondary amine coordinated equatoridly and the prim~ amine bound axi~y, and is

thought to have a solvent molecule coordinated at the open site in solution. 69 Binding of

solvent to the sixth site is confined from the ligand field MCD spectra of solid and

47 Solid ~e@)PMA]+ has a 5Eg splitting of 6100 cm-1 indicatingsolution [Fe~)PMA]+.

a five-coordinate, square pyramidal structure. In solution the 5Eg splitting for

[Fe(II)PMA]+ decreases to 2110 cm-l indicating addition of a solvent molecule to the

vacant aid position. The increfie in coordination number is consistent with a decre~e in

the XAS pre-edge intensity as shown in FiWre 5.5 and an increase in Fe–N bond lengths

proceeding from five- to six-coordination as determined from the EXAFS analysis in Table

5.3. The similarities in the MCD ligand field spectrum md A5Eg splitting of Fe(H)BLM to

that of the [Fe(H) PMA]+ in solution,47 m well as the comparable pre-edge shapes and

intensities suggest that the coordination spheres of Fe(II)BLM and [Fe(II)PMA]+ in

solution are not markedly different. The EXAFS analysis does indicate m overall increase

in the Fe–N bond lengths of Fe(II)BLM relative to those of [Fe(H) PMA]+ which is

consistent with the increased steric bulk of the BLM ligand compared with the more

compact PMAH framework. Thus, a proposed solution structure of Fe(U)BLM is given in

Figure 16 of reference 47 which is based on the PMAH ligand set and the experimental

evidence that solvent coordinates at the sixth position.

The steric constraints of the BLM ligand framework coupled with the labile

coordination site occupied by the solvent molecule suggest that oxygen binding to the Fe*+

center occurs via a dissociative mechanism. This is supported by the fact that in solution

the A5Eg splitting in the room temperature CD spectrum of Fe(II)BLM increases to

-3600 cm-l indicating that an axial ligand, Wely H*O or OH-, in Fe(~)BLM is we~y

47 of solid [Fe(H) PMA]+ have defined thecoordinated to the iron. Our spectral studies

five-coordinate complex as being square pyrtidal which produces an open coordination

position available for 02 reaction. On the basis of the similarity in spectral features and

activation chemistry of [Fe(II)PMA]+ and Fe(II)BLM in solution, this square pyramidal

structure is reasonably correlated with the reactive intermediate in the mechanism of 02

binding to Fe(~)BLM.

In addition to the geometric structure obtained for Fe(U)BLM through the hICD

excited state ligand field and XAS analyses, the electronic swctures of Fe(II)BLM and



~e@)PMA]+ have been elucidated through MCD ligand field ground state, charge transfer

47 From the ligand field analysis, ~e(H)PMA]+ solidexcited state, and rR spectroscopes.

exhibits nested saturation magnetization curves consistent with the five< oordinate, square

pyramidd geome~. The value of V/2A (0.33) derived from this analysis indicates that the

structure is hig~y rhombic due to the short Fe–N bond distance in the equatorial plane

determined from the EXAFS results which supports the presence of strong metd-ligand

z backbonding, In solution [Fe(H) PMA]+ md Fe(IQBLM dso exhibit nested saturation

magnetization curves that result in unusually small values of the spin Hamiltonian

parameter (6), not generally obsewed for six-coordinate non-heme ferrous active sites.

This corresponds to a large splitting of the tzg set of d-orbitds (-A) which requires strong

n-bonding interactions between the metal and pyrimidine X* orbitds. The values of V/2A

of 0.24 for [Fe(D) PMA]+ and 0.18 for Fe(H)BLM indicate a more moderate degree of

rhombic distortion which decreases with increasing Fe–N bond length. Thus the

magnitudes of 6 (and -A) are different from typical six-coordinate model complexes

indicating that strong n-bonding effects are present, consistent with the EXAFS results

exhibiting a short Fe–N distance.

An important deviation from non-heme ferrous behavior demonstrated by

Fe(II)BLM and [Fe(II)PMA]+ is the existence of low energy CT transitions analogous to

d_>n* MLCT transitions in heme systems. 70 The presence of moderately intense. low

energy MLCT transitions in the low temperature Abs and MCD spectra of ~e(D)PMA]+

and Fe(H) BLM47 represents an important deviation from other non-heme iron centers and

reflects high co~rdency. The ~CT transition energies and intensities determine the deeaee

of metal-ligand n-backbonding which decreases along the series solid [Fe(II)PMA]+ >

solution ~e(II)PMA]+ > Fe(I~BLM. Assignment of these bands as Fe(~+>pyrimidine

MLCT transitions is derived from the strong resonance enhancement of the pyrirnidine

normal modes at 680, 744, 1519, and 1542 cm-’ in the [Fe(H) PMA]+ Rarnan spectrum.

thereby implicating pyrimidine as the specific ligand msociated with the large dn splitting

and short Fe–NTbond.47

These MLCT trmsitions in Fe(IoBLM and [Fe(H)PMA]+ indicate the presence of

si@ficant n-backbonding not obsemed for other non-heme iron centers. This results from

the presence of five strong field nitrogen ligands (with solvent occupying the sixth site)

complexed to the Fe*+ which raises the energy of the d-manifold, reduces the energy gap

between the d* and ligand Z* orbitds, and increases the propensity for metal-ligand

backbonding at the site. This n-backbonding contributes to the unique chernistg and

reacti~rity of Fe(II)BLM. Unlike other non-heme iron active sites, Fe(E)BLM reversibly

binds CO and reacts with NO and other strong field ligands to form low spin complexes.
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Addition of this sixth strong field ligand induces the low spin conversion through an

increase in the already sizable splitting (i.e., dl nitrogen ligands) of the d-orbitds ( 10Dq)

wfich overcomes the electron-spin pairing energy. The unusual binding of CO derives

from the tendency of the Fe(II)BLM site to backbond. Similar “symbiotic” behavior is

common in inorganic coordination complexes and is rationalized by the relative softness

(i.e., polarizability) of the meti center induced by the coortiation sphere.71 Formation of

the Fe~)BLMZO complex is further promoted by the increased tigand field stabilization

energy of the resultant low spin d6 configuration. The presence of backbonding also

contributes to the unusual 02 reactivity of this site relative to other non-heme Fe systems.

Backbonding to the pyrimidine ligand decreases the extent of charge transfer to the 02

which shifts the equilibrium in eq. ( 1) to the left, making FeBLM less likely to dissociate

02-, and contributing to the reversible binding of 02 by the site.

Fe2+ + 02 ~ Fe3+— 02- ~- Fe3+ + 02- (1)

This reduced charge transfer to the bound superoxide rdso enhances its propensity for

further reduction to form the Fe(~}022- site of activated BLM. This is in contrast to a

pathway observed in other non-heme iron systems where strong n-backbonding is absent.

b these cmes, a diffisable superoxide radicd may be formed by direct autoxidation of the

Fe2+ site (eq. (l), right). 72’73 k the presence of DNA, a superoxide radicd would lead to

non-selective cleavage products which are not observed ti BLM chemistry. 10

The low energy MLCT transitions, the reversible binding of 02, and the formation

of low spin complexes with CO and NO suggest that Fe(H)BLM more closely parallels

heme rather than non-heme iron chemistry. Yet the differences in these ferrous centers are

significant as heme systems exhibit more intense (& = 10,000 M-l cm-l), lower energy

(- 10,000 cm-l) MLCT transitions than Fe(II)BLM indicating much greater Fez+

70 This difference in backbonding correlatesbackbonding into the tetrapyrrole macrocycle.

with differences in the ~ reactivity of BLM relative to heme iron centers. k particular, the

oxygen intermediate of cytochrome P450 is thought to be a ferryl species 26,74 w~ch is

structurally distinct from the peroxide-level intermediate of activated BLM.27’28 Our

results suggest that other non-heme Fe enzymes wtich exhibit Iitde or no low energy

~~ transitions relative to Fe~BLM may be expected to form intermediates which more

closely resemble the ferric-peroxide species of activated BLM than the ferryl species of

heme systems.

In summary, these studies have provided significant insight into the oxygen

reactivity of Fe(H)BLM. The labili~ of high spin iron combined with steric constraints of



the BLM ligand framework and its weaker axial interaction with solvent support a

dissociative mechanism for 02 reactivity. These spectroscopic studies of solid

[Fe(II)PMA]+ have defined the nature of such a five-coordinate intermediate as square

pyrarnidd which provides an open coordination position for reaction with 02. A major

electronic smcture difference between Fe~BLM (and ~e~PMA]+) and other non-heme

ferrous sites is the presence of low energy CT transitions which reflect strong

Fe(H) ->pyrimidine backbonding. Relative to non-heme iron complexes this backbonding

results in reduced charge donation to the 02 which 1) contributes to the reversible binding

of 02 exhibited by Fe(U)BLM, 2) stabfizes the initird Fe(~~2- intermediate from loss of

02- and reaction with substrate, and 3) promotes the further reduction of Fe(~)BLM–O~-

to fom activated BLM. Despite generally being considered a non-heme iron system due to

the absence of an extensive delocalized n network, the existence of low energy MLCT

mansitions with reasonable intensity, hence the presence of some backbonding, identify

BLM as an important N bridging the chemistry of non-heme and heme active sites.
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5.4. Acti~Tated Bleomycin

5.4.1. Intrtiuction

Bleomycin @LM), a glycopeptide antibiotic produced by strains of Stieptomyces

vetiicillus, is currently used in treatment against a variety of carcinomas and

lymphomas. 1 Its therapeutic activi~ involves selective DNA cleavage at certain GT and

GC sites in the presence of metal ions (in particular Fe2’) and dioxygen.2>3 The

coordination environment of the iron is believed to be square pyrarnidd with the iron

hgated to five nitrogens from histidine, pyrirnidine, a deprotonated peptide function, and

primary and secondary amine groups (see section 5.3) .4 ~etic and spectral studies have

demonstrated that the activation mechanism involves high spin Fe(H)BLM reacting with

dioxygen and an electron to form activated BLM wtich is formally at the peroxo-femic

level.5 Activated BLM (and the activated form of the analogous PMA model complex)6

is the first mononuclear non-heme iron oxygen intermediate stable enough for detailed

spectroscopic study. DhTA degradation by activated BLM involves C-H bond cleavage at

the C4’ position of deoxyribose moieties and results in the production of base

propends.3’7 This mechanism is similar to the monooxygenation mechanism of

cytmhrome P-450 and has led researchers to postulate an oxo-fe~l BLM intermediate,3

as has been generally considered to be present in P+50 chemistry. Alternatively,

spectroscopic model studies 6>8 and mass spectrometric studies9 have indicated activated

BLM to have an iron (IH)-peroxide site. In this study, X-ray absorption spectroscopy

(XAS) has been used to directiy probe the oxidation and spin state of the iron in activated

BLM and to determine if a short iron-oxo bond is present, which would be characteristic

of the oxo-ferryl species of heme iron. Both the pre-edge and edge regions of the Fe

K-edge spectra indicate that activated BLM is a low spin ferric complex. Bond distances

obtained from extended X-ray absorption fine structure @XAFS) are similar to those in

low spin Fe(IH)BLM and show no evidence for a short iron-oxo bond. These data

indicate that the Fe(I~)-peroxide formalism is an appropriate description of the iron

center in activated BLM and suggest that such an intermediate may play an important

role in activating 02 for further chemistry in the catalytic cycles of mononuclear

non-heme iron enzymes.
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5.4.2. Expenmentil Section

Blenoxane (a mixture of 60% BLM A2, 30% BLM B2, and 10% other BLMs) was

obtained as a gift from Bristol-Meyers Squibb and used without further purification. For

dl XAS samples a 5 mM apo-BLM solution consisting of equal volumes of 300 rnM, pH

7.0, HEPES buffer (Sigma) and ethylene glycol (Mallinckrodt) was prepared.

Subsequent anaerobic and aerobic additions of 5 ~ of a Fe(NH4)2(S04~=6H20 (FeAS;

MCB Manufacturing Chetists, Inc.) stock solution yielded -4 ti Fe(II)BLM and

Fe(HI)BLM, respectively. Sample integrity (e 5% ferric impurity) was confirmed by

optical absorption with an HP 8452A diode array spectrophotometer and by electron

pararna=~etic resonance (EPR) using a Bruker ER 220D-SRC spectrometer intefiaced to

an IBM XT computer and a Bruker ER 042MRH microwave bridge (X-band). The

Fe(II)BLM sample was syringed into the XAS sample cell (Lucite cell 23 x 1 x 3 mm

with 37 ~m Kapton windows) under a hT2 atmosphere and frozen in liquid N2 before

exposure to air. Activated BLM was formed from the reaction of low spin Fe(~)BLM

with H202 (Mdlinckodt),5 because the reaction of Fe(H)BLM with 02 yields a 50:50

mixture of activated BLM and low spin Fe(~)BLM. The intermediate was prepared at

4 “C by rapid addition of 3.8 VL of H202 (100-fold excess) to 80 VL Fe(HI)BLIM

followed by simultaneous freezing in the XAS sample cell and a 3 mm EPR tube, after a

25 sec incubation This method resulted in samples with superimposable EPR spectra.

The concentrations of the individual components of the activated BLM sample were

determined by spin quantization of the sample in the EPR tube using a 1 mM

CUS04*5H20 (Mdlinckrodt) solution, in 2 W HCI and 2 M NaC104 (Fisher), and a

3 mM Fe(III)EDTA solution in 50/50 glycerol (Baker) /water (prepared by stirring

Fe(IH)C13”6H20 (Baker) with excess Na2EDTA*2H20 (Aldrich) for 12 hours) as

standards in the g=2.O and g4.3 regions, respectively. The proportionality of the high

field feature in the Fe(~)BLM EPR spectrum (g= 1.89) to the total low spin ferric signal

was used to account for this contribution to the overlapping features in the EPR spectrum

of the intermediate and quantitate the remaining low spin signal attributed to activated

BLM. Quantization of the EPR silent degradation product was achieved by subtracting

the percentages of the EPR detectable components from the total Fe(III)BLM

concentration determined by quantization of the sample prior to activation and accounting

for the 3.8 ~L H202 dilution. This revealed a sample composed of 81(4)70 activated

BLM, 7(1)% low spin Fe(HI)BLM, 4(1)% high spin ferric, and 8(1)% Fe degradation

product undetectable by EPR at 77 K. A separate sample with the degradation product of
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the Fe(HI)BLM-H202 reaction was generated by allowing activated BLM to decay for 12

hours producing 8% high spti ferric with the remaining 92% Fe EPR silent at 77 K.

X-ray absorption spectra were recorded at the Stanford Synchrotron Radiation

Laboratory (SSRL) on unfocused wiggler be~ine 7-3 during dedicated conditions

(3 GeV, 50-100 mA). The radiation was monochromatized using a Si(220)

double-crystd monochromators. An Oxford bstruments continuous-flow fiquid helium

CF 1208 cryostat was used to maintain a constant temperature of 10 K. Energies were

calibrated using an intemd Fe foil standard, assigning the first inflection point to

7111.2 eV. 10 The spectrometer energy resolution was approximately 1.4 eV 11 with

reproducibility in edge position determination of< 0.2 eV.

Data were collected on Fe(~)BLM, Fe(~)BLM, 81(4)70 activated BLM, and the

degradation product of the Fe(~I)BLM-H202 reaction . Data were measured to

k = 15 ~-1 with 1 mm high pre-monochromator beam defining slits, detuning the

monochromators 507c at 7998 eV to minimize harmonic contamination. The fluorescence

sign~ was mofitored by using a 13-element Ge solid-state array detectorl 2 windowed on

the Fe Ku signal. During the experiment, count rates of approximately 30,000 s- I total

per element were not exceeded. Approximately thirty scans were averaged for each

sample. A smooth pre-edge background was removed from the averaged spectra by

fitting a second order polynomial to the pre-edge region and subtracting this polynomial

from the entire spectrum. A three-segment spline approximately even in k-space was fit

to the EXAFS region and the data normalized to an edge jump of one at 7130 eV. The

spline was chosen so that it minimized residud 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.

Fe K-edge spectra were also collected on several iron model complexes.

[Fe(P~ep)2]”2CH30H and [Fe(Prpep)2]C104 ”2CH30H*CH3CN were obtained as gifts

from Pradip Mascharak. 13 [Fe(irnidazole) 6]C1214 and Fe(acac)3 15’16 were prepared as

described in the literature. [Fe(Prpep)2]=2CH30H, [Fe(Prpep)2]C104 ”2CH30H”CH3CN,

and [Fe(irnidazole) 6]C12 me air-sensitive and thus the following procedure was carried

out in a nitrogen-filled glove box. The crystdfine samples were each mixed with boron

nitride @N) and ground into a fine powder. The BN/sarnple mixture was pressed into a

1 mm thick Al spacer that was sealed with 63.5 pm Mylar tape windows and frozen in

liquid nitrogen. Data were measured in transmission mode with N2-filled ionization

chambers to k = 9.5 ~-] detuning the monochromators 507c at 7474 eV to minimize

harmonic contamination. Two to three scans were averaged for each sample. A smooth

pre-edge background was removed from the averaged spectra by fitting a first order
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polynomial to the pre-edge region and subtracting this polynomial from the entire

spectrum. A two segment spline of order two was fit to the EXAFS region and the data

normalized to an edge jump of one at 7130 eV.

EXAFS data reduction was performed on the norrntized BLM spectra according

to established methods. 17-]9 The normalized data were converted to k-space. The

photoelectron wave vector, k, is defined by [2~(E-~)/fi 2]1/2 where me is the electron

mass, E is the photon energy, h is Plancks constant divided by 2x, and EO is the tkeshold

energy of the absorption edge, which was defined to be 7130 eV for the Fe K absorption

edge. The empirical EXAFS data analyses were pefiormed with nonlinear least-square

curve-fitting 1”17-19 techniques using empirical phase and amplitude parmeters. The

following models were used to obtain the empirical Fe-X backscattering parameters of

interest: Fe-O from Fe(acac)315’16 and Fe-N from

20’21 Fourier transfoms (from k to R space) were~e( 1,10-phenathroline)3 ](C104)3 .

performed for the data range 3.5-12.5 ~-1 with a Gaussian window of 0.1 ~-1. The

window widths used in the backtransforrns (from R to k space) for the BLM samples are

given in the Results and Analysis section. The window widths were kept as similar as

possible to those used to extract amplitude and phase parameters from the model

compounds to minimize artifacts introduced by the Fourier filtering technique. All

curve-fitting was based on k3-weighted data and applied to the individud filtered shell of

interest. Only the structure-dependent parameters, the distance and coordination number,

were varied unless stated otherwise. A “goodness of fit” parameter, F, was calculated as

F = {[~(data - fit)2]/(no. of points)} 112for each fit.

Contributions to the XAS spectrum due to low spin Fe(~)BLM and degradation

product were subtracted from the normalized data of the 81% activated BLM spectrum to

obtain a 96Yc activated BLM spectrum. As stated above, dl the averaged specwa were

normalized to m edge jump of one. FeQH)BLM and degradation product data were used

to subtract off 7% and 8%, respectively, from the normalized 81% activated BLM

spectrum, giving a 9670 pure activated BLM spectrum which was then re-normdized to

an edge jump of one. The remaining 470 corresponds to a high spin ferric impurity for

which no reference is available. The 96T0 activated BLM edge spectrum was identicd in

shape to that of the 8 17Cpure sample, however, the edge shifted 0.7 eV to higher energ?r.

The 967c activated BLM spectrum was used in the edge analysis, whereas the original

81 ~c activated BLM spectrum was used in the EXAFS an~ysis.



5.4.3. Resul@ and Analysis

5.4.3.1. Fe K-~ge ~S. The Fe-K edge spectra of Fe(~BLM, Fe~)BLM, and

activated BLM are shown in Figure 5.8, whereas the inset shows an expanded view of the

1s—>3d pre-edge region. The lowest energy peaks arise from the weak 1s—>3d

transition at -7113 eV followed by the 1s—=p transition at -7125 eV. The spectrum of

Fe(II)BLM (solid line) has two low-intensity pre-edge peaks at 7111.4 and 7113.6 eV

(Figure 5.8 inset). The data for both Fe(HI)BLM (dashed line) and activated BLM

(dotted line) have similar pre-edge features, each with a maximum at 7112.5 eV with

similar intensity and a barely resolvable low energy shoulder for Fe(III)BLM at

-7111 eV and a sloping tail in this lower energy region in activated BLM. The rising

edge inflection points occur at 7121.3 eV for Fe(D) BLM, 7127.0 eV for Fe(~)BLM, and

7127.3 eV for activated BLM. Figure 5.9 displays the 1s—>3d pre-edge region for

representative iron model complexes: a) a low spin ferrous complex,

[Fe(Prpep)2]”2CH30 H 22; b) a high spin ferrous complex, [Fe(irnidazole)6 ]C1214;

c) a low spin fenic complex, [Fe(Prpep)2]C104”2CH30H”CH3CN22; and d) a tigh spin

femic complex, Fe(acac)3. 15’16 The ~e(Prpep)2].2CH30H spectrum has a single peak in

the pre-edge region located at 7112.1 eV, while the [Fe(imidazole)6 ]C12 spectrum has

three features positioned at approximately 7111.2, 7112.3, and 7113.67 eV. The data for

[Fe(Prpep)2]C104 *2CH30H”CH3CN shows three pre-edge features: a low-energy

shoulder at 7111.0 eV, a more intense peak at 7112.7 eV, and a weaker feature at

7114.4 eV. The pre-edge region in the spectrum for Fe(acac)3 has two features

positioned at 7112.8 and 7114.3 eV.

The energy of the edge position (dominated by the 1s—~p transition) is

dependent upon the effective nuclear charge of the absorbing metal atom. This charge is

governed by a combination of effects, including the formal metal oxidation state, the

number and type of ligating atoms, and the coordination geometry .23-28 In this case, the

types of ligating atoms and the coordination sphere are similar, thus changes in the edge

energy can be correlated to the iron oxidation state. From Figure 5.8, the edge spec~m

of activated BLM is very close in energy and similar in shape to that of Fe(IH)BLM, in

contrast to the Fe(II)BLM spectmm which is -4 eV lower in energy and has a more

intense 1s—~p feature, indicating that activated BLM contains a ferric metal center. It

should be noted that the edge inflection point of horseradish peroxidase compound 1.

which has a purported Fe(IV)=O meti site, was observed to be at -2 eV higher in energy

than that of the resting ferric horseradish peroxidase. 29
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Fi~re 5.8. Fe-K ~S edge spectra of Fe(II)BLM (— ), Fe(~)BLM (---), and activated

BLM (....). The inset shows an expansion of the 1s—>3d pre-edge region and includes

pre-edge data of Fe(Me3TACN)~O)(N3)2 (–.–), which has a Fe-N[O) bond of 1.74 ~.

215



I I

*E
w

a

b
3T1/3T2/lT ‘T

1 2
1A + i

d

1 I 1 I

7108 7110 7112 7114 7116 7118

Energy (eV)

Fi~re 5.9. The 1s— >3d pre-edge region of representative iron model complexes. a) a

10WTspin ferrous complex, [Fe(Prpep)2]*2CH30H; b) a high spin ferrous complex,

~e(imidUole)b]C12; c) a low7spin ferric complex, ~e(pTep)21C104*2CH30H”CH3CN:

md d) a tigh spin ferric complex, Fe(acac)3. The individud spectra are offset vefically

by increments of 0.05 on the y~scde.
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The 1s—>3d pre-edge feature can be used to probe the spin and oxidation states

of the iron site in activated BLM, since the 3dn+1 final state has a different multiplet

splitting for high spin ferrous (4T 1,4T2,4T I), high spin ferric (5T2,5E), low spin ferrous

(2E), and low spin ferric (1A 1,3TI ,3T2, lT1 ,1T2) cases (as described in detail in Chapter

4). The number, intensity ratio, and energies of the pre-edge multiplet features are

indicative of the specific oxidation and spin states of the iron. As can be seen in Figure

5.9, the low spin ferrous complex has a single pre-dge feature which has a maximum at

-7112 eV (Figure 5.9a), while high spin ferrous complexes have three features positioned

at approximately 7111.2, 7112.3, and 7113.7 eV (Figure 5.9b). This correlates with the

fact that there is a single allowed final state for low spin ferrous complexes (2E) while

there are three final states of maximum spin multiplicity for the high spin ferrous

complexes (4T] ,4T2,4T1). A typical pre-edge for a low spin ferric complex has a low

energy feature at -7111 eV with a more intense feature at -7112.5 eV (Figure 5.9c).

3T2, and IT 1 many-electron states,corresponding to transitions into the 1A1 and 3T 1,

respectively (features from transitions into the higher energy 1T2 state are much harder to

resolve due to the onset of the rising edge). There are two features in pre-edge region of

Fe(acac)3 (Figure 5.9d) corresponding to trmsitions into the two find states of m=imum

spin multiplicity allowed for high spin ferric complexes, the 5T2 and 5E states. The

pre-edge region for Fe(~)BLM (inset Figure 5.8 solid line) exhibits a we~ broad feature

that is similar in shape and energy to that observed for octahedral high spin ferrous

complexes. Fe(~)BLM and activated BLM both have a pre-edge feature with maximum

at 7112.5 eV with a lower enera~ shoulder being barely resolved in the Fe(~)BLM data.

The energy position of the pre-edge features and the shape of both the Fe(~)BLM and

the acti~rated BLM indicate that both complexes have a low spin ferric active site.

The pre-edge features can dso provide information on the geometric structure of

the active site. The 1s—>3d pre-edge feature is formally electric dipole forbidden, but

gains intensity through an allowed quadruple transition and through 4p fixing into the

3d states as a result of the non-centrosymmetric environment of the meti site. When the

symmetry of the iron site is lowered, the pre-edge intensity increases due to an increase in

the 3d-4p mixing (see Chapter 4).27’30 Iron-oxo31 and iron-nitrosy132 complexes

typically have pre-edge features that are a factor of two more intense than their

centrosyrnmetnc counterparts, due to their shofi -1.8 ~ Fe-ON bond. See, for example.

the factor of two increase for Fe(Me3TA~)(NO)N3)233 (where TACN = NN\N”-

trimethyl- 1,4,7-tri=acylcononane) which has been included in inset in Figure 5.8 (dot

dmhed line) as a reference. This iron-nitrosyl complex has an Fe-N(0) bond length of

1.74 ~. The pre-edge intensi~ of a fi~re-coordinate oxo-ferryl porphyrin complex with an
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Fe-O bond of 1.65 ~ is even greater than that of Fe(Me3TACN)(NO) (N3)2, due to the

34 h contrast, the spectrum of activated BLM (inset Figure 5.8shorter Fe-O bond length.

dotted line) has a pre-edge intensity which is typical of a six coordinate low spin ferric

complex with no severe distortion around the iron site, efifinating the possibility of a

short Fe-O bond.

5.4.3.2. EWFS. The EXAFS spectra of Fe(H)BLM, Fe(~)BLM, and activated

BLM are shown in Figure 5.10A and the Fourier transforms ~s), calculated over the k

range of 3.5-12.5 ~-1, are shown in Figure 5.1OB. Curve-fitting was

performed on filtered first shell contributions over the k range 4-12 ~-1 varying bond

distances and coordination numbers. The results of the curve-fitting are presented in

Table 5.4 with the best fits shown in Figure 5.11. The first shell of each sample could not

be adequately fit with a single Iow-Z wave (Fits 1,3,5 in Table 5.4). The Fe(H)BLM data

were well fit by 2 shells of N atoms (Fit 2 in Table 5.4 and Fi~re 5. 11) with an average

Fe-N distance of 2.16 ~. The Fe(H~BLM and activated BLM data were dso fit with two

shells of low Z atoms (Fits 4,6 in Table 5.4 and Figure 5.11), but with an average first

-shell distance 0.2 ~ shorter than in Fe(II)BLM (see ~s in Figure 5. 10B). The two N

shells from the fit to the Fe(HI)BLM and activated BLM data have very sitilar distances

with slight changes in the coordination numbers consistent with both being low spin

ferric complexes. In contrast, an oxo-ferryl species would have a bond length of

-1 65 ~.29 The presence of a short Fe-O was further examined by fixing an Fe-O

distance of 1.65 and 1.75 ~ with a coordination number of 1, while varying the

coordination numbers and distances of the two longer shells of N. These fits to tie data

do not support a shorter Fe-O distance, in that there was a much worse fit to the data,

when a 1.65 or 1.75 ~ contribution was added (Fit 7, Figure 5.11) and the coordination

numbers of the other N shells became unreasonable (toti CN of -11). When the third

shell distance was allowed to vary it refined to a value of 1.83 ~ with the fit ha~’ing a

similar F value as Fit 6 (Table 5.4). These studies indicate that an oxo-ferryl species is

clearly not present from the analysis of the EXAFS data.

5.4.4. Discmsion

Both the aergy position and shape of the rising edge of the activated BLM XAS

spectrum are very similar to those for Fe(~)BLM, indicating that the iron in activated

BLM is ferric. Both Fe(III)BLM and activated BLM exhibit a we~ pre-edge feature at

7112.5 eV with a lower energy shoulder, indicative of a low spin ferric active site with no

severe distortion (i.e. no short iron-oxo bond). The first shell distances obtained from the
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Fi~re 5.10. A) EXAFS data (*k3) for Fe(H)BLM, Fe@)BLM, md activated BLM (the

ordinate scale is 5 between major tick marks on an absolute scale from the abscissa with

solid horizontal lines indicating the zero point of each plot). B) The Fourier transforms

(non-phase shift corrected) over the k-range 3.5- 12.5 A-1 of the EXAFS data for

Fe(II)BLM (—), Fe(~)BLh4 (---), and activated BLh4 ().
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Table 5.4. Sumrn w of EX~S Curve-Fitting Results.

~ window bond length

sample Fit # width (~) element CNa~b (A)b F

Fe(D)BLM

Fe(UI)BLM

activated BLM

1

2

3

4

5

6

7

[1.0-2.25] N

[1.0-2.25] N

N

[0.75-2.0] N

[0.75-2.0] N

N

[0.7-2.0] N

[0.7-2.0] N
N

[0.7-2.0] O

N

N

3.0

1.4

3.0

3.3

3.4

2.5

2.5

2.5

3.0
1*

7.0

2.9

2.16 0.41

2.08 0.29

2.19

1.94 0.73

1.90 0.31

2.03

1.96 0.84

1.89 0.36

2.03

1.65* 0.75

1.91

2.07

a ChT = coordination number. b E~ors in distances (M.02 ~) and coordination

numbers (fi59c) are estimated from the variance between EMS fitting results

and values from models of c~stallographcally hewn structure. 17 * values

fixed.
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Fi~re 5.11. Empirical f~st shell fits to the Fomier-filtered EX~S data with the solid

lines representing the experimental data and the dashed line representing the fit to the

data. Fits 2, 4, and 6 are the best empirical fits to the Fe(II)BLM, Fe(III)BLM and

activated BLM data, respectively. Fit 7 is a fit to the activated BLM data where a shon

1.65 ~ Fe-O bond distance was included. (The ordinate scale is 4 between major tick

marks on an absolute scale from the abscissa with solid horizontal lines indicating the

zero point of each plot. )
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EXAFS data of activated BLM are within 0.01 ~ of the Fe(~)BLM distances with shght

changes in the coordination numbers. Thus, the XAS data of activated BLM are not

consistent with a FeflV)=O species, but rather with a low spin ferric-peroxide description

of the active site. These results confirm the description of activated BLM being a

peroxy-Fe(~)BLM species presented in a recent mass spectrometry study.9 The XAS

results provide a direct determination of both the iron oxidation and spin states and the

fact that there is no shofl iron-oxo bond. Activated BLM is the first mononuclear

non-heme iron oxygen intermediate to be characterized and its description suggests that

such a peroxy-fernc complex may play an important role in 02 activation by this class of

enzymes. Experiments are currently underway to define the peroxide binding mode and

to generate a detailed electronic structure description of activated BLM in order to

understand the nature of the oxygen activation.
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5.5. Lipoxygenases

5.5.1. Introduction

Lipoxygenases ~Os)are non-heme iron enzymes which catiyze the reaction of

dioxygen with cis, cis- 1,4-pentadiene-containing fatty acids, e.g., holeic and arachidonic

acids, to form hydroperoxide products (see Table 5.1). Certtin LOS me position ally

specific and are classified by the carbon position at which the hydroperoxidation of

arachidonic acid occurs. Mammalian 5-, 12-, and 15-LOS catalyze the formation of the

direct precursors to Ieukotrienes and lipoxins,l compounds which mediate infl~ation,

hypersensitivity, md cellular immuni~. LOS have dso kn implicated in the oxidation of

2.3 ~us, the development of LO itibitorslow-density lipoprotein to i~ atherogenic form,

has been the target of many pharmaceutical compties. h plants, LOS are involved in

immunity and growth regulation .4 Soybean Lpoxygenase- 1 (SLO- 1) ad marnmdian 5-

5 Mtid Agnment of theand 15-LOS have regions of high tino acid sequence identi~.

LOS shows that the middle and COOH terminal portions are very similar. The

non-homology of the first 117 residues of SLO- 1 (W -95,~) with the mmdian LOS

(~’ -75,~) is thought to be due to a additiond region present ordy in plant LOS.5>6

SLO- 1, a 15-LO, catalyzes the reaction of 02 with linoleic acid to give primarily ~

13(S)-hydroperoxy-9, 11-(E, ~-mtadecadienoic acid ( 13-HPOD) as product. The native

ferrous enzyme is stable in air7 and must be oxidized to the active ferric form for reaction

with substrate. There are two classes of proposed mechanisms for LO catiysis. The first

is a radicd-based mechanism in which the fatty acid is activated through oxidation by the

ferric center to form a fatty acid radicd. 8>9The ferrous site generated may then activate 0~

for reaction with the radicd, or 02 may react with the radicd to generate product. The

second mechanism involves a direct reaction of the ferric center and the substrate, forming

an organo-iron complex 10 to which 02 inserts, forming a ferric peroxo complex and

subsequently product.

Two recent X-ray crystal structures 6’11 of ferrous SLO- 1 have identified four

cornrnon tino acid active site figands: histidine499N&, histidine5@&, fistl~e69@T&, and

isoleucine8390T2, the terminal carboxylate. Each of these residues is conserved in all

sequenced hpoxygenases, with the exception of a vtine replacement of the isoleucine in rat

leukmyte 5-LO. 12 One c~stdlographic active site description is four-coordinate distorted

6 The other crystal structureoctahedral with two adj scent unoccupied ligand positions. 11

has an additional

water-based Iigand:

ligand, asparaglne694061, with the further possibility of a sixth

such a ligand has been proposed from electron parama~~etic resonance
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13 This asparagine residue is(EPR) line broadening studies on the ferric enzyme.

conserved in dl sequenced LOS with the exception of rabbit reticulocyte and human

15-LOS, in which a histidine is in the analogous positions

There have been a limited number of spectroscopic studies aimed at defting the

geometric and electronic structure of the ferrous site of SLO- 1. Magnetic susceptibility

measurements show that the ferrous active site ground state is high-spin with S = 2.

X-ray absorption (XAS), 14 Mossbauer, 15 and circular and magnetic circular dichroism 16

(CD~CD) studies predicted a distorted octahedral geometry. However, a more recent

XAS study on a frozen solution of ferrous SLO- 1 found the 1s–>3d pre-edge intensity

greater than what was found for six<oordinate high-spin iron(~) model complexes, but

17 These studies now appear to have beencomparable to that of a five-coordinate model.

complicated by solvent effects as a recent CD~CD study 18 in the near-infrared (Nm)

region on native SLO- 1 in solution using sucrose as a non-perturbing low-temperature

glassing agent showed that native ferrous SLO- 1 exists as a mixture of two forms, one

five-coordinate and one six-coordinate, and that the addition of glycerol converts the

fixture to tie pure six-coordinate form.
19

Considering the discrepancies between the two crystals s~ctures6’11 (which

predict a four- and five-coordinate active site, respectively) and the spectroscopic studies

(which predict a five-17 and six-coordinate14-16 active site), both Fe K-edge and extended

X-ray absorption fine structure (EXAFS) measurements were performed on SLO- 1 in

glycerol to obtain information on the coordination number md geometry of the iron active

18 k addition Fe K-edge XAS data were obtained for two mammaliansite in a pure form.

LOS, rabbit reticulocyte 15-LO ( 15-~0) and recombinant human 15-LO ( 15-HLO), to

compare to SLO- 1. The XAS results have been combined with the results from a Nm

CD~CD study of SLO- 1, 15-RLO and 15-HLO in solution and glycerol to obtain an

understanding of the geometic and electronic s~cture of these three LOS.

5.5.2. Experimental Section

SLO- 1 was purified from soybeans milliams Variety, Tabor Seed Division.

Decatur, K) following published procedures. 20 Enzyme activity was determined by

monitoring the absorption of 13-HPOD product formed during the enzymatic reaction at

234 nm (&234 = 2.5X104 M-lcm-l ). The specific activity of the final enzyme was

-200 units/mg. NTative SLO- 1 samples were buffered in 0.1 M sulfonic acid solutions:

MES, 5.6<pDc7; HEPES, 7.5<pD<8.2; CHES, 8.5cpD<9.5;

Human 15-lipoxygenase was purified from an baculovtis/insect cell
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21 Rabbit 15-lipoxygenase wasanion-exchange chromatography on a Mono Q column.

purified from a 55% monium sulfate precipitate of rabbit reticulocyte lysate to greater

than 98% purity according to the published method with the following modifications:

desdting the protein with a PD- 10 column instead of didysis and replacement of the Mono

S with a Mono Q column. 22 The Bradford method was used for determining protein

21 Ml purification steps were carried out at 4 ‘C or on ice.concentration.

X-ray absorption spec~a were recorded at the Stanford Synchrotron Radiation

Laboratory on unfocused bearrdine 7-3 during dedicated conditions (3 GeV, 50-100 mA).

The radiation was monochromatized using a Si(220) double-crystd monochromators. An

Oxford kstiments continuous-flow fiquid helium CF1208 cryostat was used to maintin a

constant temperature of 10 K. Energies were calibrated using an intemd Fe foil standard,

23 The s~trometer energy resolution wasassigning the fwst inflection point to 7111.2 eV.

approximately 1.4 eV with reproducibility in edge position determination of e 0.2 eV.

The SLO- 1, 15-RLO, and 15-HLO XAS samples were prepared as described above

with 5070 glycerol. The samples were loaded into Lucite EXAFS cells (23 x 1 x 3 mm)

with 37 ~m Kapton windows and frozen in hquid nitrogen. Data were measured to k =

13 ~-I with 1 mm high pre-monochromator beam defining slits, detuning the

monochromators 507c at 7824 eV to minimize harmonic contamination. The fluorescence

signal was monitored by using a 13-element Ge solid-state array detecto~4 windowed on

the Fe Ka signal. During the experiment, count rates of approximately 30,000 s-l toti per

element were not exceeded. Approximately 30 scans were averaged for each protein

sample. A pre-edge subtraction was performed by fitting the tail of a Gaussian to the

pre-edge region and subtracting this polynomial from the averaged spectra.25 A

three-segment spline approximately even in k-space was fit to the EXAFS region ad the

data normalized to an edge jump of one at 7130 eV. The spline was chosen so that it

minimized residud low-frequency background but did not reduce the EXAFS amplitude as

checked by monitoring the Fourier transfom of the EXAFS during the background

subtraction process.

Fe K-edge spectra were dso collected on four-, five-, and six-coordinate ferrous

model complexes. Fe(HB(3,5-/Tr2pz) 3)C126 28was obtained as a gift from N. Kitajima.

[Fe(imidazole)6 ]C122g and (BF4)[Fe(TMC)Cl]27 was prepared as described in the

literature. These three samples are air-sensitive and thus the following procedure was

carried out in a nitrogen-filled glove box. The crystalline samples were each mixed with

BNTand ground into a fine powder. The BN/sample mixture was pressed into a 1 mm thick

Al spacer that was sealed with 63.5 pm Mylar tape windows and frozen in liquid nitrogen.

Data were measured in transmission mode with N2-filled ionization chambers to k =
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9.5 ~-1, detuning the monochromators 5070 at 7474 eV to minimize harmonic

conttination. Two to three scans were averaged for each s~ple. A smooth pre-edge

background was removed from the averaged spectra by fitting a first order polynomial to

the pre-edge region and subtracting this polynomial from the entire spectrum. A

two-segment sphe of order two was fit to the EXAFS region and the data nom~ed to an

edge jump of one at 7130 eV.

EX~S dam reduction was performed on the notiized protein spectra according

to established methods.30-32 The normalized data were converted to k-space. The

photoelectron wave vector, k, is defined by [2~@-E0)fi2] 112where ~ is the electron

mass, E is the photon energy, h is Planck’s cons~t divided by 2x, and EO is the threshold

enerb~ of the absorption edge, which was defined to be 7130 eV for the Fe K absorption

edge. The empirical EXAFS data mtiyses were performed with nonlinear least-squmes

curve-fitting 23’30-32 techniques using empirical phase ~d amplitude parameters. The

following models were used to obtain the empirical Fe-X backscattering p~ameters of

interest: Fe-O from [Fe(acetylacetonate) 3]3334 and Fe-N from

.[Fe( l,lO-phenanthroline) 3](C104)3. 35’36 Fourier transforms (from k to R space) were

performed for the data range 3.5-12.5 ~-1 with a Gaussian window of 0.1 ~-l. The

window widths used in the backtrmsforrns (from R to k space) for the proteins are given in

the Results and Analysis. The window widths were kept as sitilar as possible to those

used to extract amplitude and phase parameters from the model compounds to minimize

artifacts introduced by the Fourier filtering technique. Ml curve-fitting was based on

k3-weighted data and applied to the individual filtered shell of interest. Only the

structure-dependent parameters, the distmce and coordination number, were varied unless

stated otherwise. A “goodness of fit” parameter, F, was calculated as F = { [k6(data -

fit)2]/(no. of points)) l\2 for each fit.

The intensities and energies of pre-edge fea~res of the model complex and protein

data were quantitated by fits to the data. The fitting program EDG_~, which utilizes the

double precision version of the public domain MINPAK fitting library37 was used.

EDG_~ was written by Dr. Grahm N. George of the Stmford Synchrotron Radiation

Laboratory. Ml spectra were fit over the range 7108-7118 eV. Pre-edge features were

modeled by pseudo-Voigt line shapes (simple sums of Lorentzim and Gaussian

functions). 38-41 A fixed 50i50 ratio of Lorentzian to Gaussim contribution for the

pre-edge feature successfully reproduced these spectral features. Functions modeling the

background underneath the pre-edge features were chosen empirically to give the best fit.

The second derivative

cases, a number of fits

of the data was compared to the second derivative of the fit. In dl

were obtained which reproduced the data and the second denvati~’e.



The value reported for the area of a fitted feature (where the pe& area was approximated by

the height x full width at half-maximum (~)) is the average of d the pseudo-Voigts

which successfully fit the feature. For each sample, the standtid deviation of the average

of the areas was calculated to quantitate the error.

5.5.3. Results and Analysis

5.5.3.1. Fe K-Edge XAS. Fe K-edge X-ray absorption spectra of ferrous

SLO- 1, 15-WO, and 15-HLO have been compared to spectra of four-, five-, and

six-coordinate ferrous model complexes to obtain hforrnation on the coordination number

of the ion active site in the LOS. N three protein samples contained glycerol to ensure that

18’19 The XAS edge spectra for SLO- 1, 15-MO, anda pure form was being studied.

15-HLO are shown in the upper portion of Figure 5.12, while the lower portion contains

spectra of representative four-, five-, and six-coordinate ferrous model complexes:

Fe(HB(3,5-iPr2pz) 3)Cl,26 @F4)[Fe(TMC)Cl],27 and [Fe(irnidazole) 6]C12,29respectively.

The lowest energy pe~s arise from the we~ ls—>3d transition which is at -7112 eV

followed by the 1s—~p transition at -7125 eV. An expanded view of the 1s—>3d

pre-edge region is shown for the three LOS as well as for the model complexes in Figure

5.12 insets A and B, respectively. The energies and areas of the pre-edge features were

determined by fits to the data and are presented in Table 5.5. The SLO- 1, 15-MO, and

15-HLO spectra 41 have a very broad low-intensity pre-edge feature wfich can be fit with

two features that have a total pre-edge area of -8. The three ferrous model complexes,

Fe(HB(3,5-iPr2pz) 3)Cl, (BF4)[Fe(TMC)Cl], and [Fe(imidazole)6 ]C12, dl have what

appear to be two pre-edge features split by -2 eV with varying intensities (Figure 5.12

inset B). The four-coordinate complex has the most intense pre-edge feature with a total

area of 19.8, while the six-coordinate complex has the least intense pre-edge feature with a

total pre-edge area of 3.8. The “white line”, attributed to the 1s—~p transition at

-7125 eV, is very similar in shape and intensi~ in dl three LO samples, while this feature

differs drastically in shape between the four-, five-, and six-coordinate femous complexes

(Figure 5. 12).

The 1s—>3d pre-edge feature can be used to probe the coordination number of the

iron in the active site of the LOS. The 1s—>3d transition is formally electric dipole

forbidden, but gains intensity through an allowed quadruple transition and more

dominantly by 4p mixing into the 3d states as a result of the noncentrosymmetric

en~r~ronment of the metal site. It has been shown for ferric and ferrous complexes that

when the symmetry of the iron site is lowered. the pre-edge intensity increases due to an
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five- and six-coordinate ferrous model complexes:
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1s—>3d pre-edge region for the model complexes.
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Table 5.5. XAS Pre-Edge Energies and Areas for LO’s md Ferrous Model Complexes.

pre~dge pre-dge pre~dge

sample CN” ener~ (eV)b ~eab, c areac

Fe(HB(3,5-ZR2pz) 3)Cl 4 7111.64 (0.02)

7113.17 (0.02)

@F~)~e~C)Cl] 5 7111.41 (0.01)

7113.43 (0.02)

~e(itidZole)6]C12 6 7111.24 (0.03)

7112.35 (0.16)

7113.66 (0.02)

SLO- 1 in glycerol -- 7111.64 (0.07)

7113.34 (0.15)

15-NO -- 7111.85 (0.08)

7113.35 (0.32)

.15-HLO -- 7111.69 (0.08)

14.2 (0.5)

5.6 (0.9)

10.9 (0.1)

2.0 (0.3)

1.6 (0.5)

1.6 (0.8)

0.6 (0.2)

4.4 (0.9)

4.3 (1.2)

4.1 (1.4)

4.0 (1.7)

4.0 (0.9)

19.8 (0.9)

12.9 (0.2)

3.8 (0.3)

8.7 (1.1)

8.1 (2.6)

7.9 (1.4)

7113.35 (0.19) 3.9 (0.7)

a CN = coordination number. b pre-edge energies and areas were determined by fits to

the data as described in the Experimental Section. c Pre-edge areas were calculated by

multiplying the height of the fitted feature by the ~’HM (the ~r~ues repofled ~’ere

multiplied by 100).
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increase in the 3d4p mixing.42~43 As described in more detail in Chapter 4, the pre-edge

spliting and intensity distribution is indicative of the site symmetry of the iron atom. When

a high spin ferrous atom is in an octahedrd site, three transitions are observed into 4T 1,

4T2, and 4T 1 excited states (a transition into the 4A2 state is not observed as it would

involve a two electron transition). The transitions into these states are only quadruple

allowed as the iron is in a centrosymmetric site and therefore there is no 4p-3d tixing.

Thus, one observes three weak peaks as can be seen in the ~e(imidazo1e)6]C]2 spectrum

(Figure 5.12 inset B) with the f~st two features being barely resolvable and centered at

7111.2 and 7112.4 eV and the third feature positioned at 7113.7 eV. Since the difference

in energy between the lowest energy 4T 1 sate and the 4T2 state is about the same as the

energy resolution at the Fe K-edge, occasionally ody two pre-edge features are observed

for tigh spin ferrous complexes with the first feature attributed to transitions into both the

4T 1 and the 4T2 states and the second feature -2 eV higher in energy attributed to a

transition into the higher energy 4T 1 state. When a high spin ferrous atom is in a square

pyrarnidd site, tie intensity of the lower energy feature increases dramatically since there is

now 4pz fixing into the 3dz2 orbital due to the loss of a center of inversion, as can be seen

in the @F4)[FeuMC)Cl] spectrum (dashed tine in Figure 5.12 inset B). When a high spin

ferrous atom is in a tetrahedral site, there are two intense pre-edge features due to 4p

mixing into the dxy, dxz, dYzorbitis. with the lower energy feature being more intense than

the higher energy feature, as can be seen in the (Fe(~(3,5-lTr2pz) 3)Cl spectrum (dotted

line in Figure 5.12 inset B). See Chapter 4 for a more detailed analysis of the distribution

of the dipole intensity in the 1s—>3d pre-edge features of high spin ferrous complexes.

Empirically the pre-edge features of SLO- 1, 15-RLO, and 15-~0 look much more

similar in shape and intensi~ to that of the six-coordinate ferrous model and quite different

from those of the four- and five-coordinate model complexes. The total fitted area of the

pre-edge features of the LOS at -8 is higher than tiat of Fe(imidazole)6]C12 at 4. The larger

pre-edge in the LOS can be attributed to an oved less symmetric iron site caused by fixed

ligation and variation in bond lengths. However, the shape of the LOS’ pre-edge feature is

very similar to that of the ~e(imidazole)6]C12 and other six-coordinate ferrous complexes

(see Chapter 4). k addition, the shapes of the “white line” in the SLO- 1, 15-RLO, and

15-~0 spectra at -7127 eV are very much dike and similar to that in the six-coordinate

~e(itidazole)6]C12 spectrum. These results indicate that dl three LOS in glycerol ha~re a

six-coordinate iron active site.

5.5.3.2. EXAFS. EXAFS studies of SLO-1 in glycerol were also pursued to

obtain metrical information on the iron active site of the pure six-coordinate form. 18.19

High-quality, high-k EXAFS data could not be obtained on the 15-HLO or 15-RLO
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samples due to the low protein concentration of -1 W. The EXAFS spectrum of SLO- 1

in glycerol is shown in Figure 5.13A, and the Fourier transform ~), t~en over the k

range of 3.5 - 12.5 ~-1, is shown in Figure 5. 13C. Curve-fitting was performed on

filtered first shell contributions over the k range 4- 12 ~-1. Fits were petiomed by

stepping though fixed coordination numbers while allowing the bond distance and C2 to

vary. C2 is the amplitude pmameter which has the functional form of the Debye-Wdler
2 23,30-32 As dete~ned in ‘tiese fits, thefactor, i.e., exp(xk2), where x = C2 or x = –2~a.

value of C2 is correlated to o: only in a relative manner. Since Ac2 = -2A o:, , a more

negative value of C2 denotes a larger value of o: md thus a we~er bond or a greater

distribution of distances for scatterers. The values of C2 for Fe–O from

Fe(acetylacetonate)3 and Fe–N from ~e( 1,10-phenantkoline) 3](C104)3 were -0.02391

and -0.02083, respectively. These values correspond to a well-ordered shell of nearest

neighbors.

The ~ pe~ centered at -1.8 ~ (non-phase shift comected) could be adequately fit

with either one shell of O’s or N’s @its 1-6 in Table 5.6; Figure 5. 13B) with an average

first she~ distance of 2.15 and 2.18 ~, respectively. Fits 1-3 with dl O ligation matched

the data better in the lower k region, while Fits 4-6 with dl N ligation matched the data

better in tie higher k region. The coordination number and C2 are hig~y correlated, as can

be seen in Fits 1-3 and 4-6 in Table 5.6, with the C2 values becoting more negative as the

coordination number is increased. The F vrdue is lowest with a coordination number of 4

using the Fe-O parameters (Fit 1) and a coordination number of 5 or 6 using the Fe-N

parameters Fit 6, Figure 5. 13B). Two shell fits with both an O and a N contribution were

also attempted (Fits 7-9). These fits gave no indication that the first shell has two

components since the distances remained the same (and thus not separable), the C2

parameters were hig~y correlated, and the C2 parameter of O increased to such a level

where its resulting contribution was negligible. Previous results on SLO- 1 in frozen

buffered solution 14 indicated that there were 20 at a distance of 1.94 ~. Therefore. the

possibility of a shorter low Z contribution was further examined by fixing an Fe–O

distance at 1.95,2.00, 2.05 and 2.10 ~ @its 10-15) and varying both the C2 value and the

second shell distance. When both distances of these two shell fits were allowed to vq.

the same results as in Fits 7-9 were obtained. These fits to the data on SLO- 1 in glycerol

thus do not support a shorter Fe–O distance. The fit became significantly worse with the

addition of a second she~ in that the C2 value for the shorter Fe4 contribution is more than

an order a magnitude more negative than is chemically reasonable.

Fits were also performed where C2 was fixed to -0.02391 and -0.02083 for the

Fe–O and Fe–N contributions, respectively, letting both the distance and coordination
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Table 5.6. Surnm ary of EMS Curve-Fitting Results for SLO- 1 in Glycerol.

CNb

Fit element (fixed) distancec c2d “ F

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

0
0
0
N

N

N

o
N

o
N

o
N

o
N

o
N

o
N

o
N

o
N

o

4

5

6

4

5

6

1

5

2

4

3

3

1

5

2

4

3

3

2

4

2

4

2

2.15

2.15

2.15

2.18

2.18

2.18

2.15

2.18

2.15

2.18

2.15

2.18

1.95*

2.18

1.95*

2.18

1.95*

2.18

2.00*

2.18

2.05*

2.18

2.1O*

N 4 2.18

-0.02U9

-0.02814

-0.03158

-0.01973

-0.02250

-0.02500

-0.05671

-0.02299

-0.05148

-0.02086

-0.04811

-0.01830

-0.69547

-0.02250

-0.64971

-0.01973

-0.65984

-0.01650

-0.68207

-0.01973

-0.07232

-0.01978

-0.04990

-0.02053

0.32

0.47

0.63

0.45

0.34

0.32

0.28

0.25

0.22

0.34

0.45

0.63

0.45

0.42

0.30

a ~ range 3.5 - 12.5 ~-l; FTback-transforrn range 1.0 -2.5 ~. b CN =

coordination number. c Errors in distances (_W.02 ~) are estimated from the

variance between EXAFS fitting results and values from models of

structure .30 d C2 values for Fe-O fromcrystallographi cally knom’n

Fe(acetylacetonate)3 and Fe-N from [Fe( 1, 10-phenanthroline) 3](C104)3 were

-0.023g 1 and -0.02083, respectively. * Values fixed.
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number vary. As expected, this gave the same results. The coordination numbers obtained

from these fits were low, 3.8 for a fit with one O shell and 4.6. for a fit with one N shell.

The low coordination numbers from these fits and the fact that the C2 values (when CN =

6) are more negative than the respective values for Fe(acetylacetonate)3 and

[Fe( 1, 10-phenanthroline) 3](C104)3 indicate that SLO- 1 has a greater distribution of

scatterers tian the model complexes, as would be expected for the active site of a protein.

Experimentally for a spread in fust shell distances of 0.15 ~ for a six-coordinate complex

with fixed O and hTligation, it has been observed fiat the C2 values were -0.03408 for a fit

w’ith one shell of O and -0.02816 for a fit with one shell of N. The fact that Fits 3 and Fit 6

have less negative C2 values, respectively, suggests that the spread of frost shell distances in

SLO-1 is less than 0.15 ~. This is dso supported by the fact that a two shell fit Tits 7-9)

does not match the data significantly better than a one shell fit Fits 1-6) nd that two shells

should be readdy discetible over the k range 4- 12 ~-1 if the spread of f~st-shell distances

is greater than -0.1 A.

.5.5.4. Discussion

In surnm~, the Fe K*dge shape and pre-edge intensity for d] three 15-LO acti~re

sites are very similar to each other and dl consistent with six-coordination. The EXAFS

data of SLO- 1 show that the iron active site has 5 A 1 0~ ligands at -2.16 ~. The average

bond length dso supports a six-coordinate site: crystallographic information on ferrous

model complexes wfith oxygen and nitrogen ligation reports average bond lengths of

U-48 2 12 + 0.01 ~ for five-coordinate sites,2.16 i 0.03 ~ for six-coordinate sites, . –
26,27

26 There is no indication of the previouslyand 2.00 f 0.01 ~ for four-coordinate sites.

14 Furthermore, these resultsreported shorter Fe–O distance of Van der Heijdt e?. al..

show an average first shell distance that is -0.1 ~ longer than the previous result of

2.05 ~. 14 However, the EXAFS data collected by Van der Heijdt et. al. was of a pH 9

sodium borate buffered frozen solution and lyophilized native SLO- 1 samples. There is

18 The fact that nativenow evidence that native SLO- 1 consists of more than one form.

SLO- 1 contains a five-coordinate and a six~oordinate form could dso explain the tigher

pre-edge intensity obsemed by Scarrow et. al. in the active site of native SLO- 1. ]7 The

edge and EXAFS analysis of SLO- 1 in 507c glycerol from this work and that of

SLO - 1N .MeOH of Scarrow et. al. give very similar first-shell coordination and

distances 17 indicating that iron active site in SLO-1 in glycerol and methanol is,

six-coordinate.
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The XAS results can be combined with Nm CD~CD and VTVH MCD to better

understand the coordination geometries of the iron active site in plant and mamrndian

LOS 19 NR CD and MCD spectroscopes Mow the direct determination of the splitting of

the ferrous 5Eg excited state which through ligand field (LF) theory is dependent on the

49’50 Through analysis of the NR CD and MCD spectra, it hascoordination geometry.

been detefined that native SLO- 1 in solution exists as a nearly equal mixture of five- and

six-coordinate forms. 18 Addition of hnoleate subsfiate or alcohols shifts the mixture to the

purely six-coordinate form, which is consistent with the XAS pre-edge results and the

EXAFS results of SLO- 1 in glycerol which show the iron active site to have 5fl N/O at

-2.16 ~.

The two crysti structures 6’*1 of SLO- 1 have four common tigands, three histidines

and the carboxylate terminus isoleucine. The NIR CD~CD and XAS spectroscopic

results indicate that one and two additional ligands are present in the five- and

six-coordinate forms of SLO- 1, respectively. One hgmd is likely a water or hydroxide, as

Nelson 13 has performed a EPR line broadening experiment on Fe+3 SLO- 1 in H2 170

which showed evidence tiat in the ferric e~yme a water or hydroxide is present. Minor et

al. leave a water-breed hgand open as a possibility in their structure, while Boyington et al.

find no evidence for a water-based ligand. A significant difference in the crysti s~ctures

is in the binding of Asn694. Minor et al. show this residue bound through the carbonyl

oxygen of the amide side chain, while the side chain is 3.3 ~ from the Fe+2 in the

Boyington et al. structure. An amide carbonyl oxygen would be a relatively weak ligand

which could be perturbed by hydrogen bonding or steric effects. Boyin~on er al. have the

asparagine side chain hydrogen bonded to a neighboring glycine. The asparagine is dso

conserved in dl sequenced LOS, except for rabbit reticulocyte and human 15-LOS. It is

reasonable for the sixth ligand in the native six~oordinate SLO- 1 site to be this asparagine.

Since the ligands perturb the d-orbitd energy levels in a way dependent on their

51T52LF cdcUlatiOnSarrangement around the ferrous center, 51 were performed on two

spectroscopically effective active site models 19 (one five< oordinate without Asn694 bound

and one six- coordinate with ASn694bound) of SLO- 1 buflt upon the crystallography 6,11 ~

well as on the four-coordinate structure of Boyington et al. (described as a distorted

octahedron missing two cis ligands). Comparison of the calculated 5Eg energy levels to

those of the experimental 5Eg splittings shows that the five- and six-coordinate LF

calculations accurately model the experim~ntily observed splittings of the two components

in the native SLO- 1 spectmm. The four-coordinate SLO- 1 calculation show the presence

of two transitions in the 5000- 13,000 cm-l region

transition at >13,000 cm-1. Since the experimental Nm

and an additional high-energy

CD~CD data on SLO- 1 do not



exhibit such high-energy transitions, the four-coordinate crystal structure does not

accurately describe the ferrous site in solution. The observed CD~CD transitions for

native ferrous SLO- 1 are consistent with the five- and six<oortiate sites.

The effect of ~cohols on the NR CD~CD data for the native ferrous SLO- 1 site is

dso dramatic, shifting the mixture of forms to a purely six-coordinate site which has very

similar spectral features to the six-coordinate component of the native enzyme. The ferric

53’54to be a mixture of two fairly tid forms withenzyme has been shown by EPR studies

g = 6.2 and 7.4. Addition of alcohols causes the mixture of EPR signals to shift to the

clean g = 6.2 peak. 53 The coordination number of the two ferric forms is not known, but

MCD studies55 indicate that a sixwoordinate site may dso be appropriate for the g = 6.2

species, as it is the only form present when alcohols and glycerol me added to the ferric

56 of the ferric enzpe showed that alcohols bind near the active siteenzyme. W studies

but not directly to the iron, likely in the hydrophobic fatty acid substrate binding site. This

may dso relate to the alcohol effects on the native ferrous site, which have the same effect

as substrate binding to native ferrous SLO- 1, and thus the alcohols are likely to bind at the

substrate binding site. Asn694 is at the end of a cavity which starts at the surface of the

enzyme6 and which may relate to the fatty acid binding site. It appears that when holeate

(or alcohols) are present at the fatty acid binding site, a change in the active site

en~’ironment occurs allowing the OS 1 of ASn694 to bind to the iron. converting the active

site to the purely six-coordinate form. Thus the ferrous SLO- 1 plus linoleate substrate

form may be the most relevant with respect to catiysis.

The NIR CD and MCD studies on the two native marnrndian 15-LO active sites

show that in contrast to SLO- 1, they exist as purely six-coordinate structures rather than a

19 XAS pre-edge intensities dso indicate that themixwre of five- and six-coordinate sites.

marnrndian 15-LOS in glycerol are six-coordinate. The edge shapes are dso very similar to

those of six-coordinate model complexes. The corresponding Asn694 amino acid position

in SLO- 1 is substituted with histidine in rabbit reticulocyte and human 15-LOS.5 The

differences in the Nm CD~CD spectra of the native plant vs. these marnm~ian 15-LOS is

reasonably associated with this substitution, as histidine would be a stronger ligand than

the carbonyl oxygen of asparagine and lead to a stronger bond. A LF calculation was dso

performed on a model structure, in which the asparagine O has been replaced with a

histidine N 19 Comparison of the resulting calculated d-orbital energy levels to the

experimentally observed transitions for 15-MO and 15-MO shows general agreement for

the 5Eg splittings. The calculated 5T2g splittings for both the soybean and mammalian

enzymes are also qualitatively similar to the ground-state splittings obtained though the
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VTVH MCD analysis, showing a larger 5T2g splitting for the five-coordinate SLO- 1 site

thm for the six~oordinate LOS.

The saturation magnetization data for the mammalian- 15-LOS are qualitatively

different from those of tie six<oordinate SLO- 1, exhibiting tighter nesting compared to the

plant enzyme data. The ~VH MCD mdysis of these data shows that both the five- and

six-coordinate sites of SLO- 1 have a positive zero field splitting (+D), while the

mamrndian LOS have a negative zero field spfitting (-D). Thus replacing one ligand going

from the plant to the mammtian enzymes causes large perturbations in the electronic

structure of the ferrous site which are clearly exhibited in the behavior of the VTVH MCD

data. LF calculations which differ only by the parameters associated with the Asn+His

substitution along the molecular z-axis (with the asparagine O weaker than the histidine N)

reproduce the +D ground state darbitd pattern for six-coordinate SLO- 1 and the -D pattern

for the marnmdian LOS. Therefore, although the spectra of six-coordinate SLO- 1 and

15-~LO are qualitatively sitilar, the ground-state VTVH MCD and LF analyses

demonstrate significmt differences in the electronic s~cture of the ferrous site between the

soybean and m~tian enzymes reasonably ascribed to the Asn+His ligand substitution.
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5.6. Phenylalanine

5.6.1. Introduction

Hydroxylase

Phenyldanine hydroxylase (PAH), tyrosine hydroxylase flH), and tryptophan

hydroxylase (TPH) are mammdiu aromatic @no acid hydroxylases that uniquely use

tetrahydropterins as obligatory cofactors. The reactions catiyzed by these enzymes are d]

used in tino acid metabolism: PAH initiates the detoxification of high levels of

phenyldtie 1‘2w~e TH and TPH catiyze the commi~ed steps in the biosynthesis of the

neurotransmitters dihydroxyphenyldmine 3’4 and serotomn,. 5’6respectively. A role for the

non-heme iron in oxygen activation is strongly suggested, since dl of the mamrndian

hydroxylases contain one non-heme iron per subunit and each enzyme requires the

7-9 It appems certain that Fe~) is the catiytic~ypresence of its meti center for reactivity.

10 but the Fe(m) state may play a role in feedback regulation. 11impofiant oxidation state,

Due to the relatively large quantity of PAH available from rat liver as well as its soluble

nature and ease of purification by substrate-induced hydrophobic binding, much more

work has been done on this enzyme than the other hydroxylases. Thus, PAH serves as the

prototype aromatic amino acid hydroxylase. 12

PAH catalyzes the rate-limiting step in the removal of phenyldanine from blood.

Dysfunction of this enzyme leads to a condition called phenylketonuria, which is

characterized by irreversible, progressive brain damage that results from the buildup of

13 PAH 1s a tetramer of -50 kDa subunits.phenyldanine and its neurotoxic metabolizes.

each of which contins a non-heme iron that is absolutely required for reactivity.7-9 During

the hydroxylation of phenylalanine, the enzyme uses molecular oxygen and one

tetrahydrobioptefi (VP) to generate tyrosine and a molecde of oxidized pterin cofactor:

y 02, H4BP

Q
/\ CH2–~– NH3+

+ HoecH2-?-NH3+
coo H20, H~BP coo-

Dioxygen is partitioned heterolfiic~y between the phenofic hydroxy group of tyrosine and

the initial C4a-cmbinolarnine form of the oxidized ptenn, which subsequently dehydrates to

yield the oxidized, quinonoid dihydropterin. In order to avoid depletion of phenyldanine

from the liver, the enzyme is ody active h the presence of elevated levels of its amino acid

substrate. In studies of the protein, it has been observed that phenylalanine binds to an

allosteric effecter site (as distinguished from the active phenylalanine binding site)

concomitant with an increase in the specific activity of the protein. This “activation”
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process has a large energetic bmier (30 -40 kc~mol by Arrhenius analysis) and is

accompanied by a large structural rearrangement of the PAH protein. 14 The transition

between the resting low affinity state (the “T” state) and the activated Mgh afftity state (the

14 Enzyme activation“R” state) is rquired for the enzyme to achieve catiytic competence.

can dso be accomplished using lysolecithin, a<hymotrypsin, or N%thylmdeimide.2 For

the reaction of the resting enzyme with ~BP an ordered sequential mechanism is

observed, 15 phenyldanine + UP + 02, because tight binding of the ptenn to the resting

enzyme Mbits its conversion to the activated state.

By analogy to flavin chemistry, it was originally proposed that dioxygen reacts

tiectiy with tie pterin cofactor to generate 4a-hydroperoxy-tetrahydrobiopterin (4a-OOH),

which decays to fom the active oxidant. Substantial experirnenti evidence supports this

hypothesis. 12.16’17 According to this mechanism, Fe@) would react with the peroxidated

cofactor, rather than with dioxygen itself, forming an Fe(H)peroxypterine (Fe-004a)

adduct. Heterolytic decomposition of this intermediate is proposed to yield 4a-OH (which

has been observed experimentally 12, and a ferryl species that is the active oxidant. This

theory appeared to be supported by the existence of a “copper-free” form of PAH from

Chromobacterium violaceum, 18since the heterolytic cleavage of hydroperoxides is known

to occur under certain metal free conditions. Conversely, a reaction between the reduced

metal and di oxygen may precede formation of the 4a-OOH intermediate. The strongest

evidence for such a role for iron in PAH is the diminished oxidation rate of the cofactor in

12 On the basis of chemistry observed in other enzymes andabsence of the metal ion.

model systems and the clear requirement for reduced iron, it may be that a ferric-

superoxide/ferrous-dioxygen adduct forms initially which then peroxidizes the VP. ]9

The reaction would yield the same Fe(D) -004a cofactor adduct discussed above and result

in possibly the same heterolytic decomposition pathway. The current experimental data

unfortunately cmot differentiate these two pathways.

As isolated from either rat liver or an E. coli-based overexpression system, 14 PAH

is oxidized and in the “T” state ~e(~)PAHT). Eitier reduction or activation may occur

next, to give Fe(U)PAHT or Fe(~) PAHR, respectively. Finally, the generation of active

enzyme follows activation or reduction to give Fe(D) PAHR. Note that Fe(H)PAHR has

phenyldanine in both the allosteric and the active site. It is this activated form of the

ferrous enzyme that reacts with VP md 02 to generate tyrosine and an oxidized form of

the pterin cofactor (see previous page).

X-ray absorption spectroscopy (XAS) can be used to characterize the essential

non-heme iron site, both in the absence and presence of substrates and competitive

inhibitors of substrates. An understanding of the structure of this iron site will aid in
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elucidating the complex mechanism of PAH catalysis. h the study presented here, XAS

was used to define the geometric and elatronic structure of the non-heme iron active site of

Fe(II)PAHR, Fe(II)PAHT, Fe(III)PAHR, and Fe(III)PAHT. Fe K-edge data were

collected for these four fores of PAH and compared to data of four-, five-, and

six<oordinate ferrous and ferric model complexes to determine the coortiation number of

the non-heme active site. In addition, an extended X-ray absorption fine structure

@XAFS) analysis was performed on the dab of Fe(~PAHR, Fe(H)PNT, FeflH)PAHR,

and Fe(~)PAHT to provide information on the types of ligmds surrounding the iron site

and the distances to those figands.

5.6.2. Experimental Section

The PAH samples were prepared in Prof. John Caradonna’s laborato~ at Yale

University using an E. coli-based overexpression system. 14 As-isolated PAH is in the

Fe(III)PAHT form. Each of the four samples @e(D) PAHR, Fe(H)PAHT, Fe(~) PAHR.

fid Fe(~) PAHT) were exchanged into low-salt 50 mM 3-(N-morphohno) propmesulfonic

acid (MOPS) buffer and concentrated over a YM30 ultrtilltration membrane to -2 d. At

this point, 2 volumes of 50 mM MOPS/759C glycerol were added and then the samples

were concentrated back down to -0.2 rnL. The Fe(II)PAHT sample was obtained by

reducing the Fe(HI)P~T sample with one equivalent of dthionite. The R state samples

were generated by dissolving the protein in 50 fi MOPS buffer (pH 7.3 at 25 ‘C) that

contained 1 mM phenyldanine and activated by heating the sample to 25 “C for 10 tiutes.

The samples were then concentrated as described above. Two volumes of 50 mM

MOPS/75% glyceroUIO rnM phenyldanine were added and then the R state samples were

concentrated back down to -0.2 rnL. The iron concentrations of dl four samples were

between 2.0 -2.7 rnM in Fe. The sting specific activity for the Fe@)PAHT sample was

7.9 U/mg with about 0.75 Fe/subunit. The starting specific activi~ for the Fe(~)PAHR

sample was 6.0 U/mg with about 0.75 Fe/subunit. The samples were loaded into Lucite

EXAFS ce~s (23 x 1 x 3 rnrn) with 37 ~ Kapton windows and frozen in fiquid nitrogen.

The samples were characterized before and after exposure to the X-ray beam using elwtron

paramagnetic resonance @PR).

X-ray absorption spectra were recorded at the Stanford Synchrotron Radiation

Laboratory (SSRL) on unfocused beadine 7-3 during dedicated conditions (3 GeI’,

50-100 mA). The radiation was energy resolved using a Si(220) double-crystal

monochromators with 1 mm high pre-monochromator beam defining slits. An Oxford

Instruments continuous-flow liquid helium CF1208 cryostat was used to maintain a
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constant temperature of 10 K. Energies were calibrated using an intemd Fe foil standard,

20 The spwtrometer energy resolution wasassigning the frost inflection point to 7111.2 eV.

approximately 1.4 eV with reproducibility in edge position determination of< 0.2 eV.40

Data were measured to k = 15 ~-1, detuning the monochromators 5090 at 7998 eV to

minimize harmonic contamination. The fluorescence signal was monitored using a

13-element Ge solid-state array detecto~ 1 windowed on the Fe Ka signal. During the

experiment, count rates of approximately 30,000s- 1 toti per element were not exceeded.

Thirty scans were collected on the Fe(II)PAHT sample and twenty-two scans were

collected on the Fe(H)PAHR sample. Both the Fe(DI)PAHR and Fe(~)PAHT samples

photo-reduced in the beam, as was evident by changes in the edge shape and position.

Therefore, the Fe(IH)PAHT sample was exposed to the beam in two different spots and

thus two ‘f~st’ scans and a total of eleven scans were co~ected. Since the photo-reduction

of Fe(III)PAHR was anticipated, the sample was exposed in four different spots giving

four ‘first’ scans and a total of twenty scans. The edge position of the data in the ‘fifth’

scans was at -1 eV lower in energy than that in the ‘first’ scans for both ferric protein

“samples. From comparison of ‘first’ scan data to ‘second’ scan data to ‘third’ scan data,

etc., no discernible changes in the EXAFS could be detected. Therefore, the edge spectra

of Fe(IH)PAHT and Fe(IH)PAHR presented in this section are an average of the ‘first’

scans only, while the EXAFS data shown are an average of dl the scans collected. A

pre-edge subtraction was performed by fitting the tail of a Gaussian to the pre-edge region

22 A three-segment splineand subtracting this polynomial from the averaged spectra.

approximately even in k-space was fit to the EXAFS region and the dam normalized to an

edge jump of one at 7130 eV. 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.

Fe K-edge spectra were dso collected on four-, five-, and six-coordinate ferrous

and ferric model complexes. Fe(acac)3 was purchased from Ndrich. 23 Fe(HB(3.5-

iPr2pz)3)C124was obtained as a gift from N. Kitajima. (BF4)[Fe(TMC)Cl],25

[Fe(imidazole)6] C12,26 Fe(sden)Cl, 27 and (E@) ~eC4]28 were prepared as described in

the literature. The model complex XAS samples were prepared in the following manner.

[Fe(fidazole)6] C12, Fe(~(3,5-ZTr2pz) 3)Cl, and @F4)~e(TMC)Cl] are air-sensitive and

thus the following procedure was carried out in a nitrogen-filled glove box for these three

samples. The crystalline samples were each mixed with BN and ground into a fine

powder. The BN/sarnple mixture was pressed into a 1 mm thick M spacer that was setied

with 63.5 ~m Mylar tape windows and frozen in liquid nitrogen. Data were measured in
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transmission mode with N2-filled ionization chambers to k = 9.5 ~-1 detuning the

monochromators 5070 at 7474 eV to minimize harmonic continuation. Two to three scans

were averaged for each sample. A smooth pre-edge background was removed from the

averaged spectra by fitting a fmt order polynomial to the pre=dge region and subtracting

this polynomial from the entire spwtrum. A two segment sptine of order two was fit to the

EMS region and the data norrntied to an edge jump of one at 7130 eV. The intensities

and energies of the pre~dge features were determined as described below.

EXAFS data reduction wm performed on the notiized protein spectra according

to established methods.29-31 The normalized data were converted to k-space. The

photoelectron wave vector, k, is defined by [2u(E-Eo)/ k 2] l/2 where ~ is the electron

mass, E is the photon energy, h is Planck’s constant divided by 2z, and EO is the

threshold energy of the absorption edge, which was defined to be 7130 eV for the Fe K

absorption edge. The empirical EXAFS data analyses were performed with nonlinear

least-square curve-fitting techniques20’29-31 using empirical phase and amplitude

parameters. The following models were used to obtain the empirical Fe-X backscattering

parameters of interest: Fe-O from [Fe(acac)3]32’33 and Fe-N from [Fe( 1,10-

phenanthroline) 3](C104)3. 34’35 Fourier transforms (from k to R space) were performed

for the data rmge 3.5-12.5 ~-1 with a Gaussian window of 0.1 ~-l. The window widths

used in the backtransforrns (from R to k space) for the proteins are given in the results

section. The window widths were kept as similar as possible to those used to extract

amplitude and phase parameters from the model compounds to minimize artifacts

introduced by the Fourier filtering technique. N1 cuwe-fitting was based on k3-weighted

data and applied to the individud filtered shell of interest. Only the structure-dependent

parameters, the distance and coordination number, were varied udess stated othemise. A

“goodness of fit” parameter, F, was calculated as F = { [~(data - fit)2]/(no. of points)} lj2

for each fit.

The intensities and energies of pre-edge features of the model complex and protein

data were quantitated by fits to the data. The fitting program EDG_~, which utilizes the

double precision version of the public domain MINPAK fitting library was used.

EDG_~ was written by Dr. Graham N. George of the Stanford Synchrotron Radiation

Laboratory. All spectra were fit over the range 7108-7118 eV. Pre-edge features were

modeled by pseudo-Voigt line shapes (simple sums of Lorentzian and Gaussian

functions). 36-39 A fixed 50:50 ratio of Lorentzian to Gaussian contribution for the

pre-edge feature successfully reproduced these spectral features. Functions modeling the

background underneath the pre-edge features were chosen empirically to give the best fit.

The second derivative of the data was compared to the second derivative of the fil. In dl



cases, a number of fits were obtained which reproduced the data and the second derivative.

me value reported for the area of a fitted feature (where pe~ arm was approtiated by the

height x full-width-at-hdf-maximum ~)) is the average of dl the pseudo-Voigts

which successfully fit the feature. For each sample, the standard deviation of the average

of the areas was cdctiated to quantitate the error.

5.6.3. Results and Analysis

5.6.3.1. Fe K-Edge XAS. Fe K-edge XAS data of Fe(II)PAHR,

Fe(H) PAHT, Fe(~) PAHR, and Fe(~)P~T have been compared to dam of four-, five-,

and six-coordinate femous and ferric model complexes to obtain information on the

coordination number and the geometry of the iron active site of PAH. The XAS edge

spectra for Fe(II)PAHR and Fe(II)PAHT are shown in Figure 5.14A and those of

Fe(III)PAHR and Fe(~)PAHT are shown in Figure 5. 14B. Figure 5.15 contains spectra

of representative four-, five-, and six-coordinate ferrous model complexes:

‘Fe(HB(3,5-ZTr2pz) 3)Cl,24 (BF4)[Fe(TMC)Cl],25 and ~e(imidazole)6] C1226 in part And

ferric model complexes @@)~eC14], 28 Fe(sden)Cl, 27 and Fe(acac)3 32’33in part B. The

lowest energy pe~s arise from the we~ 1s—>3d trmsition which is at -7112 eV fo~owed

by the 1s—flp transition at -7125 eV. An expanded view of the 1s—>3d pre+dge region

is shown for the proteins as well as for the model complexes as insets in figures 5.14 and

5.15, respectively. The energies and areas of the pre~dge features were determined by fits

to the data and are presented in Table 5.7.

The spectra for Fe(H) PAHR, Fe(H) PAHT, Fe(~PAHR, and Fe(~)P~T dl ha~e

a very broad, low-intensity pre-edge feature which can be fit with two features. The three

ferrous complexes, Fe(HB(3,5-lTr2pz) 3)Cl, @F4)~e(TMC)Cl], and [Fe(ifiduole)6] Cl~,

dl have what appear to be two pre-edge features split by -2 eV with varying intensities.

The four-coordinate complex has the most intense pre-edge feature (19.8 toti area), while

the six-coordinate complex has the least intense pre-edge feature (3.8). The ferric

four-coordinate complex, (Et4N)[FeC14], has a single intense pre-edge feature (20.7),

while the five-coordinate model, Fe(sden)Cl, has two pre-edge pe~s with the lower

energy pe~ being much more intense. The ferric six-coordinate complex has two

relatively we~ features (4.6 total area) with an intensity ratio of 3:2. The most intense

edge feature, attributed to the 1s— Mp transition at -7125 eV, is very sitiar in shape and

intensity in Fe(II)PAHR and Fe(H)PAHT (Figure 5.14A). The main edge features of

Fe(HI)PAHR and Fe(~)PAHT dso look very similar and lie at approfimate]y 4 eV tighe

than the respective ferrous proteins. The edge features of the femic four-, five-.
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Fe(acac)3 (—). The insets are expansions of the 1s —> 3d pre-edge region.

~50



Table 5.7. XAS Pre-Edge Energies and Areas for PAH and Model Complexes.

oxid. pre-dge energy pre<dge

sample state ma (e~ arkb toti areab

Fe(~(3,5-ZTr2pz) 3)Cl

@F4)~emMC)Cl]

~e(irnidZole)6]C12

Fe(H)PAHT

Fe(H)PAHR

@4N)~eC4]

Fe(sden)Cl

Fe(acac)3

Fe(~)PAHT

Fe(IH)PAHR

2+

2+

2+

2+

2+

3+

3+

3+

3+

3+

4

5

6

--

--

4

5

6

--

--

7111.64 (0.02)

7113.17 (0.02)

7111.41 (0.01)

7113.43 (0.02)

7111.24 (0.03)

7112.35 (0.16)

7113.66 (0.02)

7111.72 (0.06)

7113.58 (0.11)

7111.75 (0.07)

7113.60 (0.08)

7113.16 (0.00)

7112.91 (0.01)

7114.25 (0.07)

7112.79 (0.02)

7114.31 (0.04)

7112.41 (0.06)

7114.28 (0.06)

7112.75 (0.07)

7114.24 (0.08)

14.2 (0.5)

5.6 (0.9)

10.9 (0.1)

2.0 (0.3)

1.6 (0.5)

1.6 (0.8)

0.6 (0.2)

4.6 (0.7)

5.3 (0.7)

5.1 (0.7)

3.1 (0.7)

20.7 (0.8)

12.9 (0.3)

1.5 (0.4)

2.7 (0.3)

1.9 (0.1)

5.4 (1.4)

8.3 (4.5)

2.3 (0.4)

5.9 (1.0)

19.8 (0.9)

1,2.9(0.2)

3.8 (0.3)

9.9 (1.4)

8.2 (1.0)

20.7 (0.8)

14.4 (0.6)

4.6 (0.3)

13.7 (4.1)

8.2 (1.1)

a CN = coordination number. b Pre-edge areas and errors were determined from fiw to

the data and the values reported were multiplied by 100. See the Experimental Section

for a discussion of fittig praedure and error detetiation.
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six-coordinate model complexes differ drastically in shape (Figure 5.15) with the edge

position of the ferric complexes being -4 eV tigher in energy than the ferrous complexes.

The 1s—>3d pre-dge feature can be used to probe the coordination number of the

iron in the active site of PAH. The 1s—>3d transition is formtiy electric dipole forbidden,

but gains intensity through m allowed quadruple trmsition and dso by 4p mixing into the

3d states as a result of the noncentrosymmetric environment of the metal site. It has been

shown for ferric md ferrous complexes that when the symmetry of the iron site is lowered,

the pre-edge intensity increases due to an increase in the 3d4p mixing. 40,41 AS descfibed

in more detail in Chapter 4, the pre-edge splitting and intensi~ distribution is indicative of

the site syrnrne~ of the iron.

When a high spin ferrous ion is in an octahedrd site, three transition are observed

for an 1s electron into 4T1, 4T2, and 4TI d(n+l ) excited stites (a transition into the 4A2 state

is not observed as it would involve a two electron transition). The transitions into these

states are only quadruple allowed as the iron is in a centrosymmetric site and therefore

there is no 4p-3d mixing. Thus, one observes three weak peaks in the pre-edge region, as

can be seen in the ~e(imidUole)6]C12 spectrum @igure 5. 15A). However, in some cases

only two transitions are observed since the difference in energy betwmn the lowest 4T 1 and

the 4T2 states is about the same as the energy resolution at the Fe K~dge. When a high

spin ferrous atom is in a square pyramidd site, the intensity of the lower energy pre-edge

feature increases dramaticdly, since there is now 4pZ tig into the 3dZ2 orbiti due to the

loss of center of symmetry, as can be seen in the @F4)[Fe(TMC)Cl] spectrum (Figure

5.15A). When a high spin ferrous atom is in a tetrahedral site, the are two intense pre-edge

features due to 4p mixing into the dXY,dxz, dYZorbitals, with the lower energy feature

being more intense than the higher energy feature, as can be seen in the (Fe(~(3,5-

ZTr2pz)3)Cl spectrum in Figure 5.15A.

Empirically the pre-edge features of Fe(H)P~R and Fe(H)PAHT @igure 5. 14A)

look much more similar in shape and intensity to those of the six-coordinate ferrous

complex and quite different from those of the four- and five-coordinate complexes. The

broad pre-edge feature of Fe(H)P~R and Fe@)PAHT can be fit with two peaks, with the

fmt peak having a wider ~ than second peak, indicating that the fmt feature contains

transitions into both the 4T 1and the 4T2 states. The fmt pre%dge feature of Fe(H)PAHR is

more intense than the second, similar to what is seen in an octahedrd ferrous case. In

Fe(II)PAHT both features are approximately equal intensity. The energies of the pre-edge

peaks of both Fe(II)PAHR and Fe(H)PAHT are consistent with those seen in octahedral

ferrous complexes. The total fitted area of the pre-edge features is tigher in the two ferrous

proteins than in the octahedrd ferrous model complex, which cm be attributed to an overall
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less syrnrnetic iron site caused by mixed ligation and variation in bond lengths. However,

the shape of the ferrous PAH pre-edge feature is very. similar to that of the

[Fe(imidazole)6] C12 and other six~oordinate ferrous complexes. b addition, the shapes of

the main edge feature at -7126 eV in the Fe(H)PAHR and Fe(H)PAHT spectra are very

much tike and similar to that of the six-coordinate [Fe(irnidazole) 6]C12 spectrum. The

results are consistent in indicating that both Fe(H)PAHR and Fe(II)PAHT have a

six-coordinate iron active site with little difference between the “R” and “T” forms of the

enzyme.

The intensi~ pattern and energy splittings of the pre%dge features of ferric iron are

dso indicative of the iron’s site symmetry. When a high spin ferric atom is in an octiedrd

site, two features are observed from transitions of an 1s electron into 5T2 and SE d(n+l )

excited states. The transitions into these states are ody quadruple Wowed as the iron is in

a centrosymmetric site and therefore there is no 4p-3d mixing. Thus, one observes two

weak trmsitions with an intensity ratio of 3:2 as can be seen in the Fe(acac)3 spectrum

@igure 5. 15B). When a tigh spin ferric atom is in a square pyramiti site, the intensi~ of

the lower energy transition increases dramaticdly, since there is now 4pz fixing into the

3dz2 orbital due to the loss of center of symmetry, as can be seen in the Fe(sden)Cl

spectrum (Figure 5. 15B). When a high spin ferric atom is in a tetrahedral site, there is a

single very intense pre-edge feature due to 4p mixing into the dxy, du, dyz orbitds, as can

be seen in the (E@)~eC4] spectrum in Figure 5. 15B.

Empirically the pre%dge features of Fe(~)PAHR and Fe(~)PAHT (Figure 5. 14B)

look much more similar in shape and intensity to that of the six-coordinate ferric complex

and quite different than that of the four- and five-coordinate complexes. The broad

pre-edge feature of Fe(IH)PAHR and Fe(~)PAHT can be fit with two peaks that are vev

similar in energy to the two features in the Fe(acac)3 spectrum (Table 5.7). However, the

area of the higher energy pre<dge feature in both the Fe(~)PAHR and Fe@)PAHT data

is larger thm that of the lower enerb~ feature with the toti area of the fitted features being

between that of the five- and six-coordinate model complexes. This could arise from two

possible otigins, first it is possible that the background subtraction is less accurate in

protein data due to the incremed noise level and second the iron site wi~ be less symmetric

due to mixed ligation and variation in bond lengths. However, the shapes of the main edge

feature at -7135 eV in the Fe(~)PAHR and Fe(U)PAHT spectra are very much dike and

similar to that of the six-coordinate Fe(acac)3 spectrum, indicating that both Fe(~)PAHR

and Fe(III)PAHT have a six-coordinate iron active site with little difference between the

“R” and “T” forms of the enzyme.
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5.6.3.2. EMFS. EXAFS studies of Fe(II)PAHR, Fe(II)PAHT, Fe(III)PAHR,

and Fe@)PAHT were pursued to obtain metrical information on-the iron active site of each

of these species. The EXAFS spectra of Fe(H)PAHR and Fe(H) PMT are shown in

Figure 5.16A with the Fourier transforms (~s) taken over the k range of 3.5 -12.5 ~-1

shown in 5. 16B. Figure 5.17A contains the EXAFS spectra of Fe(lII)PAHR and

Fe(III)PAHT with the ~s &en over the k range of 3.5- 12.5 A-l shown in 5. 17B.

Curve-fitttig was performed on filtered frost shell contributions over the k range 4-12 ~-1

varying bond distances and coordination numbers. Note that curve-fitting was dso

performed over the k range of 3.8-10 A-l for the Fe(~)PAHR and Fe(~)PNT dab and

over the k range of 4- 14 ~-] for the Fe(H)PAHR and Fe(~)PAHT data. h addition, the

averaged ‘f~st scan’ data of Fe(~)P~R and Fe(~)PAHT were fit over the k range of 3.8

-10 ~-1. The curve-fitting results over the different k ranges were dl very similar (dl

within the error of the technique) to those over the k range of 4- 12 ~-1 that are presented

in Table 5.8. In each of the four cases, the ~ peak centered at -1.8 ~ (non-phase shift

corrected) could not be adequately fit with a single shell of either O’s or N“s (Fits 1, 2, 7,

-8, 13, 14, 19, and 20), although this was the least prominent for Fe(I1)PAHR. h

particular, these single shell fits did not match the frequency of the data at higher k and

gave unreasonably low coordination numbers. The F values were significantly reduced

(typically by a factor of 2) when a second shell was included in the fit. The tabulated -

results show fits with two O waves, an O (shofler) and a N wave , an O and a N (shorter)

wave, and two NTwaves. The coordination numbers obtained from these two shell fits are

6~1 for Fe(lI)PAHT, 5tl for Fe(II)PAHR, 6*1 for Fe(III)PAHT, and 6~1 for .

Fe(~)PAHR. There are only subtie differences between an Fe-O and Fe-N EXAFS wave

and they can generally not be distinguished in EX~S fits. Furthermore, it is even more

difficult to distinguish the two elements in non-heme iron e-es due to the quality of the

data and the fact that there is usually both O and N in the f~st coordination sphere. Usually

Fe-O distances are shorter than Fe-N distances, with octahedrd Fe(D)-N distances being

-220 ~,42 Fe(II)-O distances being -2.15 ~,43-46 Fe(III)-N distances being

0 47-54 The two Shell fits with the O-2.15 A,47-52 and Fe(IH)-O distances being -1.98 A.

shell at a shorter distance than the N shell @its 4, 10, 16, and 22) are therefore presented in

comparison to the backtrmsformed data in Figure 5.18.

There are subtle differences between the fits to the Fe(II)PAHT and Fe(II)PAHR

EXAFS data. k comparing Fits 4 and 10, the distances of both the O and N shell lengthen

by -0.04 ~ in going from Fe(II)PAHT to Fe(II)PAHR and the total coordination number

decreases from 6.2 to 4.5 with a marked decrease in the coordination number of the second

shell in Fe(H) PAHR. However, the pre-edge and edge features of Fe(H)PAHT and

254



k (~-1)

2 4 6 8 10. 12
1 I I I I

I I I w t 1 I

I
I
I
I
I I

1

\
I

o 1 2 3456
R (A)

Fi@re 5.16. A) EXAFS data (*k3) for Fe(H)PA~ and Fe(H)PAHR (the ordinate scale

is 5 between tick marks with solid horizontal lines indicating the zero point of each plot).

B) Fourier transform (non-phase shift c-orrected) over the k-range 3.5- 12.5 ~-1 of the

EXAFS data of Fe(H)PAHT (—) and Fe(II)PAHR (---).
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Fi~re 5.17. A) EXAFS data (*k3) for Fe(~)P~ and Fe(~)PAHR (the ordinate scale

is 5 between tick marks witi solid horizontal lines indicating the zero point of each plot).

B) Fourier transform (non-phase shift corrected) o~er the k-range 3.5- 12.5 ~-1 of the

EWS data of Fe(~)PAHT (—) and Fe(~)PAHR (---).
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Table 5.8. Summary of EXAFS Curve-Fitting Results.

~ window bond len@

sample Fit # width (~) element CNa,b - (A)b F

Fe(H)PAHT 1 N 2.9 2.14

2

3

4

5

6

Fe(H)PAHR 7

8

9

10

11

12

Fe(~)PAHT 13
14

15

16

17

18

Fe(III)PAHR 19
20
21

22

23

24

[0.8-2.3]
[0.8-2.3]
[0.8-2.3]

[0.8-2.3]

[0.8-2.3]

[0.8-2.3]

[1.0-2.15]
[1.0-2.15]
[1.0-2.15]

[1.0-2.15]

[1.0-2.15]

[1.0-2.15]

[0.7-2.2]
[0.7-2.2]
[0.7-2.2]

[0.7-2.2]

[0.7-2.2]

[0.7-2.2]

[0.9-2.15]
[0.9-2.15]
[0.9-2.15]

[0.9-2.15]

[0.9-2.15]

[0.9-2.15]

o
0
0
0
N
o
N
N
N
N
o
0
0
0
N
o
N
N
N
N
o
0
0
0
N
o
N
N
N
N

o
0
0
0
N
o
x
N

2.5
3.2
2.0
3.5
2.4
2.5
3.7
4.3
3.2
4.1
3.4
3.6
0.7
3.7
0.8
2.2
2.8
4.2
2.1
2.8
2.5
1.9
3.4
2.4
4.0
3.7
2.1
2.9
4.6
2.4
2.2
2.3
3.2
2.7
3.7
3.5
2.6
3.3
4.4

2.12
2.09
2.25
2.10
2.29
2.22
2.10
2.11
2.27
2.17
2.15
2.14
2.29
2.14
2.33
2.20
2.13
2.15
2.27
2.08
2.05
1.93
2.09
1.96
2.14
2.08
1.94
1.97
2.13
2.07
2.04
1.94
2.10
1.96
2.15
2.09
1.95
1.97
2.13

0.91
0.75
0.36

0.34

0.27

0.25

0.58
0.39
0.32

0.32

0.36

0.37

1.1

0.94

0.44

0.46

0.44

0.49

1.2

0.99

0.32

0.33

0.24

0.29

a CN = coordination number. b E~orS in dlst~ces (tO.02 ~) and coordination

numbers (f15 %) are estimated from the vtiance between E~S fitting results and

values from models of crystilographicdly hewn structure.



4 6 8 10 12

k (A-l)

Fi~re 5.18. Fits to the Fourier filtered data of Fe(H)PAHT Fit 4), Fe(H)PAHR (Fit 10).

Fe(~)PAHT (Fit 16), and Fe(HI)PAHR (Fit 22), where the solid line represents the

backtransformed data while tie dashed line is the fit to the data. (The ordinate scale is 5

between tick marks with solid horizontal lines indicating the zero point of each plot).
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Fe(U)PAHR looked very sifilar and stiar to that of sti-coordinated model complexes.

This suggests that the coordination number of 4.5 extracted from the fit to the Fe(~PAHR

EXWS data is low due to correlation of the two EXAFS waves. h addition, the average

distance to dl the ligands in the fust coordtiation sphere is 2.18 ~ for Fe(H)PAHT and

2.17 ~ for Fe(H) PAHR. These distances are typical of six-coordinate ferrous iron as

crystiographic information on ferrous model complexes witi oxygen and nitrogen ligation

reports average bond lengths of 2. 17ti.03 ~ for six-coordinate sites,
43-46,55-57

2.1 lN.02 ~ for five-coordinate sites, 58’59 md 2.~,01 ~ for four-coordinate sites.24

The fits to the Fe(~)PNT and Fe(~)PAHR EXMS data are extremely sitilar with Fits

16 and 22 having nemly identical Fe-O and Fe-N distances and similar coordination

numbers. The average ligand distance is 2.07 ~ in both of these fits, typical of

six-coordinate ferric iron. Crystallographic information on ferric model complexes witi O

and N ligation reports average bond lengths of 2.03*0.03 ~ for six-coordinate

s1tes,32~33~47-541.97 ~ for a five-coordinate site, 60 and 1.86H.01 ~ for four-coordinate

sites.6’

5.6.4. Discussion

h summary, the Fe K-edge and pre-edge features of Fe(~PAHT and Fe(H)PAHR -

look very similar to each other and to that of ferrous six<oordinate model complexes. The

fits to the EXAFS data of these NO forms of PAH give ligand distances typical of ferrous

six-coordinate model complexes with oxygen and nitrogen ligation. However, there are

subtie differences in the fits to the EMS to these two proteins suggesting a sbght change

in ligand environment between Fe(~PAHT and Fe(U)PAHR with both iron sites looking

six-coordinate. The edge and pre-edge features of Fe(~)PAHT and Fe(~)P~R look

nearly identical and dso very similar to six-coordinate ferric model with oxygen and

nitrogen ligation. The average ligand distance of 2.07 ~, obttined from the fits to the

EWS data of Fe(~)P~T and Fe@)PAHR, is typical of six<oordinate ferric iron.

There are subtie differences in the EXAFS fits to the data of Fe(H)PAHT and

Fe(II)PAHR with there being an increase in the contribution of the figands at shorter

distance with respect to the contribution of the ligands at the longer distance in the

Fe(II)PAHR data. Magnetic circular dichroism (MCD) data of Fe(II)PAHT and

Fe(II)PAHR dso show that the iron site in both of these forms of PAH is six-coordinate

with the data of Fe(H)PAHR ha~’ing features slighdy higher in energy indicative of a larger

10Dq value. 62 This increase in ligand field strength is consistent with an increase in the

contribution of the ligands at shorter distance seen in the fits to the EXAFS data. The
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differences seen in the EXAFS and MCD data of Fe(H)PAHT and Fe(H)PAHR can either

be attributed to changes caused by phenyldanine in the active site or by the activation

process (i.e. phenyldanine in the dlosteric site). Previous EPR- studies on ferric forms of

PAH have shown that data for Fe(~) PAHT, Fe(~)PAHR activated with lysolecithin (i. e.

activated but with no phenyldanine in the active site), and Fe(~)PAHR activated with

N-ethylmdeimide (i.e. activated but with no phenyldanine in the active site) are sitiar.

Data for Fe(IH)PAHR and Fe(UI)PAHT with tryptophan in the active site are sitilar to

each other, but different than those of the previous three samples discussed. 14 This

indicates that phenyldtie in the active site causes the differences seen in the EPR data of

the ferric forms of the enzyme. It is unclear as to whether the changes observed in the

EXAFS and MCD data of Fe(H)PAHT and Fe(H)PAHR are caused by the same effect.

Thus, further XAS and MCD studies need to be done on Fe(II)PAHR activated with

lysolecithin, a-chymotrypsin, or N-ethylmaleimide (i.e. activated but with no

phenyldtine in the active site) and Fe(H)PAHT with tryptophan in the active site to sort

out the effects of phenyldanine in the active site vs. the dlosteric site. k addition, an

EXAFS study of Fe(H)PAHR with iodonated phenyldanine could be used to help define

“the proximity of phenyldtie to the tion active site. Further XAS studies additionally can

be used to detetine the effects of tie ferrous site in both activated and non-activated forms

with pterin and non-reactive small molecule analogs of 02. An understanding of the -

chmges that occur to the iron active site upon activation and addition of pterin cofactor will

aid in elucidating the mechtism of catiysis.
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5.7.

5.7.1.

Proto@techuate3,4-Dioxygenase

htroduction

The catechol dioxygenases serve as part of nature’s strategy for degrading

1 A critical point of this degradation is thearomatic molecules in the environment.

opening of the chemically stable aromatic fig. b typical aerobic pathways, the ring is

f~st activated by hydroxylation on adjacent carbons to form a catecholate-like complex.

Ring cleavage, catalyzed by dioxygenase, then proceeds between the hydroxylated carbon

atoms (intradiol- or ortho-cleavage) or adjacent to one of these carbon atoms (extradiol-

2 The intradiol cleaving enzymes utilize a ferric active site and act onor meta-cleavage).

catechol and protocatechuate resulting in muconic acids, while the extradiol cleaving

enzymes utilize a ferrous active site and act on a larger number of substrates producing

muconic semiddehydes cable 5.1 ).3>4

The most well-characterized intradiol dioxygenase is protocatechuate

3,4-dioxygenase (PCD). Crystal structures of PCD from Psuedomonas aeruginosa5’6 and

Brevibacterium fuscum7 both have trigond bipyramidd iron sites with a tyrosine (Tyr)

and histidine (His) coordinated axially and a Tyr, His, and water-based molecule bound

in the equatorial plane. The iron coordination environment defined by the crystal

structure corresponds remarkably well to the active site proposed on the basis of

8 The enzyme exhibits a distinct burgundy red color (kmaX -spectroscopic studies.

460 nm) that is associated with a tyrosinate->Fe~ charge transfer (CT) transition with

the presence of two distinct tyrosine ligands indicated by the appearance of two vco

bands in the resonance Raman (rR) spectrum. “1° Histidine ligation was dso suggested

by rR studies with the observation of a low-energy VFe-~~) feature at 276.5 cm-1 and by

the presence of second and third shell features in the Fourier transform (~) of the

extended X-ray abso~tion fine structure (EXAFS) data ascribable to the itidazole

ring. 11 A bound water ligand was indicated by the line broadening found in the electron

pararnagnetic resonance (EPR) spectrum of the native enzyme from Brevibacterium

fuscum when dissolved in H2170 .12 A subsequent EXAFS study suggested that the

bound water-based molecule is a hydroxide based on the Fe-O distance. 13

The extradiol dioxygenases are less understood in comparison to their intradiol

counterparts, since the active iron site is in the ferrous oxidation state and thus more

difficult to study spectroscopically. However, a recent crystal structure of extradiol

dioxygenase 2,3 dihydroxybiphenyl 1,2-dioxygenase (1,2 -DBD) showed a

pyramidal iron site with ligands from two histidine and one glutamate residues
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water molecules.’4 A square pyramidd geometry was predicted by magnetic circular

dichroism (MCD) spectroscopy on an analogous enzyme, -catechol 2,3-dioxygenase

(2,3 -CTD).15

mowing the structure of the iron active site of the native enzymes is only the first

step in the broader objective of understanding the iron’s role in the enzyme mechanism.

It is clear that the native intradiol dioxygenases have a tigh spin ferric active site 16 and
.-

that the enzyme mechanism involves initial substrate binding followed by 02 attack. 1‘

An attractive mechanism postulated early on suggested reduction of the ferric site by

substrate, followed by dioxygen binding to the ferrous center. However, Mossbauer and

EPR studies have shown that the iron retains its ferric oxidation state even after the

substrate is bound. 18’1g Stopped-flow kinetic studies have revealed the involvement of

three intermediates subsequent to 02 attack on the enzyme-substrate complex, all of

which retain their visible chromophores, indicating that the metal center remains high

20121 These results led to the postulation of a substrate activation mechanismspin femc.

in which the coordination of catechol to the ferric center activates the catechol for direct

attack by the 02. The mechanism of the extradiol dioxygenases is less understood. The

active form of the extradiol dioxygenases have a high spin ferrous site, as has been

22’23 It is dso known from MCD studies onascertained from Mossbauer spectroscopy.

2,3-CTD that substrate binding activates the ferrous site for small molecule binding. 15

The changes that occur to the iron active site due to substrate binding and 02

activation in catechol dioxygenases can be further probed using NO as an 02 analog.

Intradiol dioxygenases do not bind NO in their native ferric state, however, the ferrous

form of the enzyme binds NO to form an S=3/2 {FeNO }7 species .24 A different S=3/2

complex is formed when NO binds to a preformed enzyme-substrate complex.
24

Additiondly, substrate does not bind to the enzyme-NO complex indicating that initial

NO binding blocks the single site for exogenous ligand binding to the iron, thereby

inhibiting substrate association. k contrast, substrate binding before NO appears to

evoke an enzyme conformation change that allows simultaneous NO binding in another

site 24 On the other hand, native extradiol dioxygenases bind NO to form a {FeNO }7

S=3/2 species, as does the enzyme-substrate form. Particularly interesting is the fact that

the NO binding constant increases by two orders of magnitude upon substrate

binding. 25’26 From EPR studies on the NO forms of protocatechuate 4,5-dioxygenase

and gentisate 1,2-dioxygenase, it has been shown that substrate binds in a bidentate

manner in the NO complex and thus there are three available sites on the iron for

exogenous ligand binding, two for substrate and one for NO (and presumably 0~).25.26
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Ttis fact is supported by the MCD studies on 2,3-CTD15 and the crystal structure of

1,2-DBD.14

Since X-ray absorption spectroscopy ~AS) is not dependent on the oxidation or

spin state of tie iron, comparable data can be obtained on the different forms of the intra-

and extradiol dioxygenases to obtain more detailed information on the electronic and

geometric structures of the iron active site. The ferrous and ferric forms of these enzymes

can be studied, as well as the enzyme-NO, enzyme-substrate, and enzyme-substrate-hTO

forms. The changes observed in the edge and EXAFS region of the XAS spectra ca be

used to obttin a detailed description of the iron active site in stages of the mechanism for

which forms can be isolated or shbilized. k this study, both Fe K edge and EXAFS data

were collected on Fe(III)PCD, Fe(II)PCD, Fe(IH)PCD + 3,4 dihydroxybenzoic acid

(Fe(III)PCA), and FePCD-NO. The intensities and energy splitting of the ls—>3d

pre-edge features and the energy and shape of the rising dge indicate that Fe(H)PCD has

a six-coordinate iron site, while Fe(III)PCD, Fe(III)PCA, and FePCD-NO have

five-coordinate active sites. The edge shape and intensity of FePCD-NO indicates that

the iron is in the ferric oxidation state. An EXAFS analysis provided iron-ligand

distances for each of the four fores of the protein. Additiondly, the GNXAS approach

was used to fit the experimental EXAFS data of Fe(~)PCD and FePCD-NO in order to

investigate the Fe-N-O angle in FePCD-NO.

5.7.2. Experimental Section

5.7.2.1. Sample Preparation. PCD was isolated from Brevibacterium fiscum as

12’19’27 Ml XAS samples had a concentration of -3 rnM in Fe inpreviously described.

50 rnM 3-(N-morpholino)propanesulfonic acid (MOPS) buffer at pH 7.0 and contained

509c glycerol by volume. As isolated, the protein is in the ferric oxidation state md thus

the Fe(HI)PCD sample was obttined by concentrating isolated PCD in 50 W MOPS to

-6 rnM in Fe and then adding 50% glycerol by volume. The sample was then synnged

into a Lucite XAS cell (23 x 1 x 3 mm) with 37 ~m Kapton windows and frozen in liquid

nitrogen. The Fe(III)PCD XAS sample was characterized using liquid He EPR and

19 Fe(H)PCD was obtained by reducingshowed the typical hgh spin ferric signal at 4.3.

degassed Fe(III)PCD (-6 rnM in Fe in 50 rnM MOPS) with 5 pl of -1 M degassed

dithionite solution (- 15-fold reducing equivalents of Fe) anaerobically. The protein

sample turned from burgundy to clear indicating a complete reduction of the iron site.

Degassed glycerol

Fe(IIjPCD sample

was

was

then added to the sample under anaerobic conditions. The

loaded into the XAS cell in a nitrogen-filled glove box and
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immediately frozen in liquid nitrogen. FePCD-NO was prepmed by bubbling NO gas

over the headspace of Fe(H)PCD (-3 rnM in Fe in 50 rnM MOPS with 50% glycerol by

volume) while tipping/mixing for -20 min. under anaerobic conditions until the color of

the sample changed to a yellowish green and stopped changing color. The FePCD-hTO

sample was then loaded into an XAS cell in a nitrogen-filled glove box and immediately

frozen in liquid nitrogen. The quality of the FePCD-NO XAS sample was characterized

by the S=3/2 He EPR signal. EPR spectra Men before and after the sample was exposed

to the X-ray beam showed the characteristic {FeNO }7 S=3/2 EPR signal, 24 thus showing

that NO was bound. k addition, there is a significant change in the edge feature between

Fe(H)PCD and FePCD-NO (vide infia), indicative of the NO being bound to the iron.

The edge shape and position of FePCD-NO was closely monitored during data collection

to ensure that the NO was not photo-dissociating with there being no change in the edge

feature for the duration of the experiment. Fe(~)PCA was prep~ed by anaerobically

mixing Fe(III)PCD (-6 mM in Fe in 50 mM MOPS) with 3,4-dihydroxybenzoic acid

(30 mM in MOPS) and glycerol (dl three solutions were thoroug~y degassed prior to

fixing). The sample was then loaded into an XAS cell in a nitrogen-filled glove box and

immediately frozen in liquid nitrogen. The liquid He EPR signal of Fe(HI)PCA was

identicd to that previously reported. 19

5.7.2.2. Data Collection and Reduction. X-ray absorption spectra were -

recorded at the Stanford Synchrotron Radiation Laboratory (SSRL) on unfocused

beamline 7-3 during dedicated conditions (3 GeV, 50-100 mA). The radiation was

energy resolved using a Si(220) double-crystal monochromators with 1 m vertical

pre-monochromator beam defining slits. An Oxford kstruments continuous-flow liquid

helium CF1 208 cgostat was used to maintain a constant temperature of 10 K. Energies

were calibrated using an intemd Fe foil standard, assigning the first inflection point to

71112 eV.28 The spectrometer energy resolution was approximately 1.4 eV2g with

reproducibility in edge position determination of <0.2 eV. Data were measured to k =

15 ~-1, detuning the monochromators 507c at 7998 eV to minimize harmonic

contamination. The fluorescence signal was monitored using a 13*lement Ge solid-state

array detector 30 windowed on the Fe Ku signrd. During the experiment, count rates of

approximately 30,000s- 1 total per element were not exceeded. Thirty-five scans were

collected on the Fe(II)PCD sample. Thirty-two scans were collected on the Fe(III)PCD

and Fe(~)PCA samples. Both the Fe(~)PCD and Fe(~)PCA samples photo-reduced in

the beam, as was evident by chmges in the edge shape and position. Therefore, these

samples were exposed to the beam in eight different spots (four

cells) producing eight ‘first’ scans and a total of thirty-two scans.

spots on two separate

There was less than a
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0.5 eV energy shift between the ‘fret’ and ‘fourth’ scans. There was no discetible change

in the EWS data from comparison of the average of the ‘f~sf’ scan data to the average

of the ‘fourth’ scan data. Therefore, the spectra of Fe@)PCD and Fe(~)PCA presented

in this section are an average dl thirty-two scans. Two data sets were collected on

FePCD-NO (on separate protein samples). The fust data set contained a thirty-four scan

average and the second data set contained a thirty scan average. The data presented in

this section is an average of the two data sets (i.e. a sixty-four scan average), since both

the edge and EXAFS features of the two data sets were identicd within the noise level. A

pre-edge subtraction was perfomed by fitting the tail of a Gaussian to the pre-edge

31 A tiee-segmentregion and subtracting this polynomial from the averaged spectra.

spline approximately even in k-space was fit to the EXAFS region and the data

normalized to an edge jump of one at 7130 eV. The spline was chosen so that it

minimized residud low-frequency background but did not reduce the EXAFS amplitude

as checked by monitoring the ~ of the EXAFS during the background subtraction

process.

Fe K-edge spectra were dso collected on four-, five-, and six-coordinate femous

and ferric model complexes. Fe(acac)3 was purchased from Aldrich.32

Fe(~(3,5-iPr2pz) 3)C133was obtained as a gift from N. Kitajima. (BF4)~e(TMC)Cl],34

35 Fe(sden)Cl, 36 (AsP~)[Fe(N3)5],37[Fe(itidazole)6] C12, and (Et~)~eC4]38 were

prepared as previously described. The model complex XAS samples were prepued in the

following manner. The crystiline samples were each mixed with BN and ground into a

fine powder. The BN/sample mixture was pressed into a 1 mm thick N spacer that was

sealed with 63.5 pm Mylar tape windows and frozen in liquid nitrogen.

~e(imidazo1e)6] C12, Fe(~(3,5-iPr2pz) 3)Cl, and @F4)~e(TMC)Cl] are air-sensitive and

thus the preparation was ctied out in a nitrogen-filled glove box for these three samples.

Data were measured in transmission mode with N2-filled ionization chambers to k =

9.5 ~-1 detuning the monochromators 5070 at 7474 eV to minimize harmonic

contamination. Two to three scans were averaged for each sample. A smooth pre-edge

background was removed from the averaged spectra by fitting a fust order polynomial to

the pre-edge region and subtracting this polynomial from the entire spectrum. A two

segment spline of order two was fit to the EXAFS region and the data normalized to an

edge jump of one at 7130 eV. The intensities and energies of the pre-dge features were

determined as described below.

5.7.2.3. Empirical EXAFS Analysis. EXAFS data analysis was performed on
39-41 The nomdizedthe nomalized protein spectra according to established methods.

data were converted to k-space. The photoelectron wave vector, k, is defined by
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[2~(E-~)/h 2]lf2 where u is the electron mass, E is the photon ener~, h is Planck’s

constant divided by 2x, and E. is the threshold energy of the absorption edge, which was

defined to be 7130 eV for the Fe K absorption edge. The empirical EXAFS data

analyses were performed with nonlinear least-square curve-fitting techniques
28,3941

using empirical phase and amplitude parameters. The following models were used to

obtain the empirical Fe-X backscattering parameters of interest: Fe-O from

~e(acac)3]42’43 and Fe-N from [Fe( 1, 10-phenanthroline)3 ](C104)3.4’45 Fourier

transforms (from k to R space) were performed for the data range 3.5- 14.5 ~-1 with a

Gaussian window of 0.1 ~-1. The window widths used in the backtransforrns (from R to

k space) for the proteins are given in the results section. The window widths were kept as

similar as possible to those used to extract amplitude and phase parameters from the

model compounds to rninitie artifacts introduced by the Fourier filtering technique. All

curve-fitting was based on k3-weighted data and applied to the individud filtered shell of

interest. Only the structure-dependent parameters, the distance and coordination number,

were varied unless stated otherwise. A “goodness of fit” parameter, F, was calculated as

F = {[@(data - fit)2]/(no. of points)} 112for each fit.

5.7.2.4. GNXAS Data Analysis. As described in detail in Chapter 2 and

elsewhere 46-48 the GNXAS programs generate model EXAFS signals for each shell

around the photoabsorber based on an initial structural model. Both single-scattering and

multiple-scattering contributions are summed to generate a theoretical spectrum for the

model which is then fit to the non-Fotier-filtered experiment data.M48

The crystallographic coordinates were used as input for Fe(HI)PCD.6 Phase shifts

were cticulated using the standard muffin-tin approximation with dl the atoms associated

with each compound and up to an energy fitit of 70 Ry (950 eV) above the Fe K edge.

The Mattheiss prescription 49 of overlapping, self-consistent atomic charge densities of

the atoms of the cluster was used to construct the Coulomb portion of the effective

one-electron potential. Proper account of the charge rel=ation around the core hole was

taken. The Hedin-Lundqvist plasmon-pole approximation was used to model its

50 The imaginary pm of the latter takes into accountexchange and correlation part.

inelastic scattering processes of the photoelectron propagating out of the system and

models a priori its mean-free path. The muffin-tin radii were chosen by scaling Norman

radii of the cluster atoms by a factor of about 0.8 as to match the nearest neighbor

distance.

The theoretical EXAFS spectrum was calculated to include contributions from

two-atom and three-atom configurations. Within each n-atom configuration, d] the MS

4648 The two-atom and three-atom configurationscontributions were taken into account.
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were identified in each cluster up to 4.5 ~ and averaged with a frquency tolerance of

0.1 ~. The resultant information was used to calculate the various EX~S y(2) and y(3)

signals associated with each two-atom and three-atom contribution using the

crystallographic bond lengths and distances.

The GNXAS fitting program constructs the theoretical absorption spectrum by

summing d] the y (2) and y(3) signals md compares this theoretical specwm with the

experimental absorption spectrum with the residud function R being a measure of the

48 Lemt-squares fits are performed on the averaged, energy-calibrated,quality of the fit.

raw absorption data without prior background sub~action or Fourier filtering. Raw data

are compared directly with a model absorption coefficient composed of an appropriate

background plus the oscillatory structural contribution from the theoretically calculated

EXAFS.48 A spline of orders 4,4,4 with defining energy points of 7147,7269,7577, and

7998 eV was used for Fe(III)PCD. The first spline point used for FePCD-hTO was

7149 eV to reduce low-frequency noise in the FT. Least-squares fits were done with

k~-weighting where the first and the last spline points determined the range of the fit.

The structural parameters varied in the refinements were the distance @) and the

bond variance (o;), the mean square variation in the bond distance, for each two-atom

configuration and the distances, the angle and the covariance matrix elements 46A* for the

three-atom configurations. Distances and angles were allowed to vary within a preset -

range, typically H.05 ~ and fro. Bond and angle variances were also allowed to vw in

restricted ranges: to.005 ~2 and *5O (degrees)2, respectively. The off-diagonal

covariance matrix elements were kept f~ed at zero. The coordination numbers were kept

fixed. The nonstructural parameters in the fits were EO (a pmarneter that aligns the

experimental energy scale to the theoretical energy scale), S.2 (many-body amplitude

reduction factor), r ~ (core-hole lifetime), and Er (experimental resolution). These

parameters were refined within narrow limits around expected vdues.5 1’52

5.7.2.5. l->3d Pre-~ge Analysk. The intensities and energies of pre-edge

features of the model complex and protein data were quantitated by fits to the data. The

fitting program EDG_HT, which utilizes the double precision version of the public

domain M~PAK fitting library was used. EDG_~ was written by Dr. Graham N.

George of the Stanford Synchrotron Radiation Laborato~. N1 spectra were fit over the

range 7108-7118 eV. Pre-edge features were modeled by pseudo-Voigt line shapes

(simple sums of Lorentzian and Gaussian functions) .29’53-55 A fixed 50:50 ratio of

Lorentzian to Gaussian contribution for the pre-edge feature successfully reproduced

these spectral features. Functions modeling the background underneath the pre-edge

features were chosen empirically to give the best fit. The second derivative of the data
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was compared to the second derivative of the fit. h all cases, a number of fits were

obtained which reproduced the data and the second derivative. The value reported for the

area of a fitted feature (where ped area was approximated by the height x full-width-at-

hdf-maximum (-M)) is the average of d] the pseudo-Voigts which successfully fit

the feature. For each sample, the standard deviation of the average of the areas was

calculated to quantitate the error.

5.7.3. RMults md balysis

5.7.3.1. Fe K-Mge WS. Fe K%dge XAS data for Fe(II)PCD, Fe(DI)PCD,

Fe(~)PCA, and FePCD-NO were measured to obtin information on the electronic and

geometric s~cture of the iron sites of these forms of the protein. The protein data were

compared to data of four-, five-, and six-coordinate ferrous and ferric model complexes to

obtain information on the coordination number and the geometry of the non-heme iron

site. Information on the oxidation state and the site symetry of the iron in FePCD-hTO

was dso obtained from the edge spectra. The XAS edge spectra for Fe(II)PCD,

Fe(~)PCD, Fe(~)PCA, and FePCD-NO are shown in Figure 5.19. Figure 5.20 displays

spectra of representative four-, five-, and six-coordinate ferrous model complexes,

Fe(HB(3,5-tTr2pz) 3)Cl,33 @F4)~eflMC)Cl],34 and [Fe(imidazole)6] C12,35 in pm A and

ferric model complexes, (E4N)[FeC4], 38 Fe(salen)Cl, 36 (AsPh)[Fe(N3)5], 37 and

Fe(acac)3, 42’43 in part B. The lowest energy pe~s arise from the wek 1s—>3d

transition which is at -7112 eV followed by the 1s—flp transition at -7125 eV. An

expanded view of the 1s—>3d pre-edge region is shown for the proteins as well as for the

model complexes as insets in Figures 5.19 md 5.20, respectively. The energies and areas

of the pre-edge features were determined by fits to the data and are presented in Table

5.9.

Fe(H)PCD has a broad, low-intensity pre-edge feature which can be fit with two

pe~s. Fe(III)PCD has an intense pre-edge feature centered at -7113.4 eV, while

Fe(~)PCA has a broader feature centered -0.1 eV lower in energy. FePCD-NO has a

relatively intense, broad pre-edge feature that can be fit with two pre-edge pe~s. The

three ferrous model complexes, Fe(HB(3,5-lTr2pz) 3)Cl, (BF4)[Fe(TMC)Cl], and

[Fe(imidazole)6] C12, dl have what appear to be two pre-edge features split by -2 eV with

varying intensities (Figure 5.20A). The four-coordinate complex has the most intense

pre-edge feature with a total area of 19.8, while the six-coordinate complex has the least

intense pre-edge feature with a total pre-edge area of 3.8. The ferric four-coordinate

complex, (E@)[FeC4], has a single intense pre-edge feature with a total fitted pre-edge
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Fi~re 5.19. Fe K-edge XASspectia of Fe(H) PCD(-), Fe(~)PCD (---), Fe(~)PCA

(...), ~dFePCNO(0)— -). Thetiset isanexpasion of thels-> 3dpre-edge region.
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Fi~re 5.20. Fe K-edge XAS spectra of four-, five-, andsix-coordinate femous model

complexes ae shown in part A: Fe(~(3,5-jPr2pz) 3)Cl (...), (BF4)[Fe(TMC)Cl] (---),

and [Fe(imidazole)6 ]C12 (—). XAS spectra of four-, five-, and six-coordinate ferric

model complexes are shown in part B: (E4N)[FeC41 (—-), [Fe(salen)Cll (---),

(AsTh)~e(N3)5] (), and Fe(acac)3 (—). The insets are expansions of the 1s —> 3d

pre-edge region.



Table 5.9. =S Pre-Edge Energies and Areas for PCD nd Model Complexes.

Fe total

oxid. pre-edge pie-edge pre-edge

sample state CN” energy (eV)b areab~c areac

Fe(~(3,5-tTr2pz) 3)Cl

(BF4)~eflMC)Cl]

~e(itidWole)6]C12

Fe(H)PCD

(Et~)~eC4]

Fe(sden)Cl

(AsP~)~e(N3)5]

Fe(acac)3

Fe(~)PCD

Fe(~)PCA

FePCD-NO

2+

2+

2+

2+

3+

3+

3+

3+

3+

3+

--

4

5

6

--

4

5

5

6

--

--

--

7111.64 (0.02) 14.2 (0.5)

7113.17 (0.02) 5.6 (0.9)

7111.41 (0.01) 10.9(0.1)

7113.43 (0.02) 2.0 (0.3)

7111.24 (0.03) 1.6 (0.5)

7112.35 (0.16) 1.6 (0.8)

7113.66 (0.02) 0.6 (0.2)

7111.81 (0.02) 5.7 (0.8)

7113.43 (0.03) 3.0 (0.4)

7113.16 (0.00) 20.7 (0.8)

7112.91 (0.01) 12.9 (0.3)

7114.25 (0.07) 1.5 (0.4)

7112.94 (0.01) 11.7 (0.6)

7112.79 (0.02) 2.7 (0.3)

7114.31 (0.04) 1.9 (0.1)

7113.35 (0.02) 16.4 (1.7)

7113.27 (0.01) 20.3 (0.7)

7112.71 (0.04) 14.2 (2.0)

7114.47 (0.08) 4.1 (1.6)

19.8 (0.9)

12.9(0.2)

3.8 (0.3)

8.8 (0.9)

20,7 (0.8)

14.4 (0.6)

11.7 (0.6)

4.6 (0.3)

16.4 (1.7)

20.3 (0.7)

18.3 (2.8)

a CN = coordination number. b Pre-edge energies and areas were detefined by fits

to the data as described in the Experimental Section. c Pre-edge areas were calculated

by multiplying the height of the fitted feature by the Wm (the values reported were

multiplied by 100).
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area of 20.7 at 7113.2 eV. The two five-coordinate models, Fe(salen)Cl and

(AsP&)~e(N3)5], have pre-edge features that are less intense-with fitted areas of 14.4

and 11.7, respectively Figure 5.20B and Table 5.9). The ferric six-coordinate complex,

Fe(acac)3, has two relatively we~ features with a toti fitted area of 4.6 and an intensity

ratio of 3:2 Figure 5.20B and Table 5.9). The main edge feature, atibuted to the 1s-~p

transition at -7125 eV, is very narrow and intense for the Fe@)PCD dam @igure 5. 19).

The main edge feature of Fe@I)PCD, Fe(~)PCA, and FePCD-NO dl look sitilar with

the onset of the edge at approximately 4 eV higher in energy than that of the respective

ferrous protein with that of FePCD-NO being slighdy lower in energy ~igure 5. 19). The

edge features of the ferrous and ferric model complexes differ significantly in shape

(Figure 5.20) with the onset of the edge for the ferric complexes being -4 eV higher in

eneru~ than that of the ferrous complexes.

The 1s—>3d pre-edge feature can be used to probe the coordination number of

the non-heme iron site in these various forms of PCD. The 1s—>3d transition is forrndly

electric dipole forbidden, but gains intensity through an allowed quadruple transition

‘and also by 4p mixing into the 3d states as a result of the noncentrosymmetric

environment of the metal site. It has been shown for femic and ferrous complexes that

when the symmetry of the iron site is lowered, the pre-edge intensity increases due to an

increase in the 3d4p mixing. 56,57

As described in more detail in Chapter 4, the pre-edge splitting and intensity

distribution is indicative of the site symme~ of the iron atom. When a tigh spin ferrous

atom is in an octahedrd site, three transitions are observed into 4T 1, 4T2, and 4T1 d(n+l )

excited states (a transition into the 4A2 state is not observed m it would involve a two

electron transition). The transitions into these states are only quadruple allowed as the

iron is in a centrosyrnmetric site and therefore there is no 4p-3d mixing. Thus, one

observes three weak peaks as can be seen in the [Fe(irnidmole)6 ]C12 spectrum (Figure

5.20A) with the first two features being barely resolvable and centered at 7111.2 and

7112.4 eV and the third feature positioned at 7113.7 eV. Since the difference in energy

between the lowest energy 4T1 state and the 4T2 state is about the same as the energy

resolution at the Fe K-edge, occasionally only two pre-edge features are observed for

high spin ferrous complexes with the first feature attributed to transitions into both the

4T 1 and the 4T2 states and the second feature -2 eV higher in energy attributed to a

transition into the higher energy 4T ] state.

When a high spin ferrous atom is in a squae pyrarnidd site, the intensity of the

lower energy feature increases dramatically since there is now 4pZ mixing into the 3dZJ

orbital due to the loss of a center of inversion, as can be seen in the (BF4)[Fe(TMC)Cl]

275



specwm (dmhed line in Figure 5.20A). When a tigh spin ferrous atom is in a tetrahedral

site, there are two intense pre-edge features due to 4P fixing into the dxy> dxz> dYZ

orbitds, with the lower energy feature being more intense than the higher energy feamre,

as can be seen in the (Fe(~(3,5-tTr2pz) 3)Cl spectrum (dotted line in Figure 5.20A). See

Chapter 4 for a more detailed analysis of the distribution of the dipole intensity in the

1s—>3d pre-dge features of high spin ferrous complexes.

Empirically the pre-dge feature of Fe(H)PCD looks much more similar in shape

md intensity to that of the six-coordinate ferrous complex and quite different from that of

the four- and five-coordinate complexes (Figure 5.19 and 5.20A). The broad pre-edge

feature of Fe(D)PCD can be fit with two peaks, with the lower energy peak having a

wider -M than the higher energy peak (solid line in FiWre 5.19). h addition, the

area of the pre%dge feature centered at 7111.8 eV is twice as large as that of the feature

centered at 7113.4 eV (Table 5.9), indicating that the first feature contains transitions into

both the 4T 1 and the 4T2 states while the second feature contains the trmsition into the

higher energy 4T 1 state. The energies of the pre-edge peaks of Fe(H)PCD are consistent

with those seen in octahedrd high spin ferrous complexes (Table 4.1 in Chapter 4). The

total fitted area of the pre-edge features is higher for Fe(II)PCD than for octahedral

ferrous model complexes ~able 4.1 in Chapter 4), which can be atibuted to an overall

less symmetric iron site caused by mixed ligation and variation in bond lengths. -

Additiond support of a six-coordinate iron site for Fe(H)PCD comes from the shape of

the edge feature. The shape of the main edge feature in the Fe(H)PCD spectrum (solid

line in Figure 5.19) is very sifilar to that in the six-coordinate [Fe(itidazole)6 ]C12

spectrum (solid line in Figure 5.20A) and other octahedrd high spin ferrous model

complexes with oxygen and nitrogen ligation (Figure 4.2 in Chapter 4). The results from

the pre-edge and edge analysis are consistent in indicating that Fe(II)pCD has a

six-coordinate iron active site.

The intensity pattern and energy splitting of the pre-edge feature of high spin

ferric iron are dso indicative of the iron’s site syrnmet~. When a high spin ferric atom is

in an octahedrd site, two pre-edge features ue observed from transitions to 5T2 and SE

d(n+l) many-electron excited states. The wansitions into these states are ody quadruple

allowed as the iron is in a centrosymmetric site and therefore there is no 4p-3d mixing.

Thus, one observes two weak features with an intensity ratio of 3:2 as can be seen in the

Fe(acac)3 spectrum (solid line in Figure 5.20B). When a tigh spin ferric atom is in a

five-coordinate site (either square pyramidal or trigond bipyramidd), the intensity of the

pre-edge feature increases dramatically due to 4p mixing into the 3d

loss of a center of inversion, as can be seen in the Fe(salen)Cl and
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spectra (dashed and dotted lines in Figure 5 .20B). men a high spin ferric atom is in a

tetrahedral site, there is a single very intense pre-edge feature-due to 4p mixing into the

d dxz,xy? dyz orbitds, as can be seen in the (E@)~eC4] spectrum shown in Figure

5.20B.

The pre-edge feature of Fe(IH)PCD and Fe(HI)PCA (dashed and dotted line,

respectively, in Figure 5.19) can be fit with a single broad pe~ at -7113.3 eV (Table

5.9). The fitted area of this feature, which is 16.4 for Fe(III)PCD and 20.3 for

Fe(~)PCA, is more similar to that of the five-coordinate models, where Fe(sden)Cl and

(AsP@)Pe(N3)5] have areas of 14.4 and 11.7, respectively, than to that of the

six-coordinate model, Fe(acac)3, which has an intensity of 4.6. The total pre-edge area of

Fe(IH)PCA is more similar to that of the four-coordinate model (EuN)[FeC4] (Table

5.9), however, the shape of the pre-edge feature more closely resembles that of the

five-coordinate models. Also, the fitted area of the pre-edge features for protein

complexes is ~picdly higher than that of model complexes, since the iron sites of the

proteins are often more distorted than the iron sites in model complexes due to fixed

ligation and vqing bond distances. A further indication of the coordination number of

the iron is the shape of the main edge feature. Fe(~)PCD and Fe(~)PCA have a main

edge feature that is very similar to the five-coordinate ferric model complexes with a

feature at -7128 eV that is slightly lower in intensity than a feature at -7135 eV Figure

5.19 and 5.20B). In contrast, the features at 7128 md 7135 eV are of equal intensity in

the six-coordinate octahedrd complex (solid line in Figure 20B ) and the four-coordinate

complex has thee features at approximately 7124, 7130, and 7136 eV (dashed-dotted line

in Figure 20B). Thus, the pre-edge md edge features of both Fe@)PCD and Fe(~)PCA

indicate that the iron is in a five-coordinate site.

The pre-edge and edge features were used to probe the oxidation state of the iron

in FePCD-NO. The pre-edge region of FePCD-NO was fit with an intense feature at

7112.7 eV and a we~er feature at 7114.5 eV. The energies of these pe~s are much

more similar to those of ferric complexes than ferrous complexes (Table 5.9), with the

lower energy feature of ferrous complexes typically being below 7111.8 eV in energy

(see Table 4.1 in Chapter 4). The pre-edge pek energies and areas for FePCD-NO is

very similar to that of the ferric five-coordinate model complex, Fe(sden)Cl (Table 5.9).

The rising edge of FePCD-NO lies between that of Fe(H)PCD and Fe(~)PCD in energy

with the shape and intensity of the edge being much more similar to that of Fe(III)PCD

(Figure 5. 19). The differences in the edge spectra of Fe(II)PCD, Fe(III)PCD, and

FePCD-NO are very similar to the differences observed in the spectra of Fe(II)EDTA,

Fe(III)EDTA, and FeEDTA-NO (Figure 5.1). Previous studies on FeEDTA-NO and
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other S=3/2 {FeNO }7 complexes indicate that the iron in these system is in the high spin

ferric form and that there is significant charge donation from the NTO-to the ferric atom.58

The pre-edge and edge features of FePCD-NO dso indicate that the iron atom in

FePCD-NO is in the high spin ferric state with the Fe3+-NO- bond being very covalent, as

is evident by the fact that the FePCD-NO rising edge is at lower energy than the

Fe(~)PCD rising edge.

The intensity of the 1s—>3d pre-edge feature of FePCD-NO was used to

determine the coordination environment of the iron site. As has been previously

discussed the intensity of the 1s—>3d pre-edge feature is sensitive to the coordination

environment and geometry of the iron site. {FeNO }7 complexes have been shown to

have intense pre-edge features due to the distortion caused by the short Fe-N(0)

bond 57’58 Additiondly, the pre-edge feature has been shown to dso be sensitive to the

Fe-N-O angle in {FeNO] 7 complexes (section 5.2). Bending of the Fe-N-O unit

incremes the distortion around the iron site, thus, increasing the mount of 4p mixing into

the 3d orbitds. The increase of 1s—>3d pre-edge intensity upon bending of the Fe-N-O

angle has been observed for ~e(TMC)NO](BF4)2 wtich has a total pre-edge intensity of

15.5 and Fe(sden)NO which has a total pre-edge intensity of 24.2 (Table 5.2) where the

main difference in the iron site symmetry between [Fe(TMC)NO](BF4)2 and

Fe(salen)NO is a linear vs. bent Fe-N-O unit, respectively. 59~60 The increase of 4p

mixing into the 3d orbitds upon bending of the Fe-N-O unit has dso been predicted by

58 Hence, an analysis of the intensityself consistent field-Xa-scattered wave calculations.

of the pre-edge feature for FePCD-NO allows for determination of the coordination

number of the iron site as well as the mode of NO binding (linear vs. bent).

The fitted pre-edge area for FePCD-NO of 18.3 is much higher than that of

FeEDTA-NO, a seven-coordinate {FeNO )7 complex, which has a pre-edge area of 10.4

and Fe(Me3TACN)@O)(N 3)2,6 1 a six-coordinate {FeNO }7 complex, which has a

pre-edge area of 10.8 Uable 5.2). h fac~ the pre-edge area of FePCD-NO is in the range

of the five-coordinate {FeNO }7 complexes as [Fe(TMC)NO](BF4)2 has a total pre-edge

intensity of 15.5 and Fe(salen)NO has a total pre-edge intensity of 24.2 (Table 5.2).

From a first-shell empirical EXAFS analysis of FePCD-NO (vide infra), the Fe-N(0)

bond length in FePCD-NO is -1.9 ~, substantially longer than the 1.74 and 1.78 ~

Fe-N(O) bond lengths for EeuMC)NO]@F4)260 and Fe(sden)N059, respectively. The

increase in the Fe-N(0) bond length in FePCD-NO should decrease the distortion around

the iron site and thus the pre-edge intensity should be lower thm that of a {FeNO ]7

model complexes of similar geometry and shorter Fe-N(0) bond length. Thus, it appears
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that the FePCD-NO has a bent Fe-N-O unit where the pre-edge area of 18.3 is lower the

value of 24.2 for Fe(sden)NO.

5.7.3.2. First-Shell Empirical E~FS Analysis. Analysis of the EXAFS data

for Fe(H)PCD, Fe(~)PCD, Fe(~)PCA, and FePCD-NO was pursued to obtin metrical

information on the iron active site of each of these forms of the protein. The EXAFS

spectra are shown in Figure 5.21. The EXAFS oscillations for Fe@)PCD have a higher

frequency than those for Fe(~)PCD (Figure 5.21), indicative of longer first-shell bond

distances in the ferrous protein. The EXAFS data for Fe(~)PCD and Fe(~)PCA are

sitilar in the low-k region, but differ in the higher k region. The EMS data for

FePCD-NO are unique with respect to the other three forms of the protein.

The ~s of the E-S data taken over the k range of 3.5 -14.5 ~-l are shown in

Figure 5.22. The ~s of the EXAFS data for Fe(II)PCD and FePCD-NO are fairly

sifilar, however, Fe(H)PCD has a feature at -2.8 ~ that is nearly absent in the data for

FePCD-NO @igure 5.22). The ~ of the EXAFS data for Fe(UQPCD has a very intense

feature at -1.5 ~, while that for Fe(~)PCA has a split feature at this distance and has

additiond features at -2.1 and 4.1 ~. Curve-fitting was performed on filtered f~st-shell

contributions over the k range 4 - 14 ~-I varying bond distances and coordination

numbers (the FT backtransforrn window’s are given in Table 5. 10). Note that curve-

fitting was also performed over the k range of 4- 12 ~-1 for dl four of the protein

samples. The results over the shorter k range were rdl very similar (W within the error of

the technique) to the results over the k range of 4- 14 ~-1 that are presented in Table

5.10. In each of the four cases, the FT peak centered at -1.8 ~ (non-phase shift

corrected) could not be adequately fit with waves representing a single shell of oxygens

or nitrogens Fits 1, 4, 5, 6, and 9). These fits did not match the frequency of the data at

higher k and gave unreasonably low coordination numbers. The F values were

significantly reduced when a wave from a second oxygen or nitrogen contribution was

included in the fit to the data. Since most non-heme iron active sites contin both oxygen

and nitrogen ligation, fits were performed with two oxygen waves, an oxygen (shorter)

and a nitrogen wave, an oxygen and a nitrogen (shorter) wave, and two nitrogen waves.

Ml four types of fits gave similar results, since distinguishing between an oxygen and

nitrogen wave from EXAFS data on proteins is inherendy extremely difficult due to their

strong similarity in backscattering properties and further exacerbated by the relatively

low quality of the data. Only the fits with nitrogen signals are therefore reported in Table

5.10.

The EXAFS data of Fe(II)PCD were reasonably well fit with two nitrogen waves

(Fit 2) having 1 N at 1.99 ~ and 3 N at 2.15 ~ with an F value of 0.37 (Table 5,10 and
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2 4 6 8 10 12 14

k (A-l)

Fi&re 5.21. EUS data (*k3) for Fe(H)PCD, Fe(~)PCD, Fe(H~PCA, and FePCD-NO

(the ordinate scale is 5 between tick marks with sotid horizontal ties indicating the zero

point of each plot).
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Table 5.10. Sumrn ary of EXAFS Curve-Fitting Results. *

~ window bond lenti
sample Fit # width (~) element ~a~b - (A)~” F

Fe(H)PCD 1 N 2.3 2.14 0.56
2

3

Fe(~)PCD 4
5

Fe(~)PCA 6
7

8

FePCD-NO 9
10

11

12

[1.1-2.1]
[1.1-2.1]

[1.1-2.1]

[0.88-2.15]
[0.88-2.15]

[0.75-2.55]
[0.75-2.55]

[0.75-2.55]

[0.8-2.3]
[0.8-2.3]

[0.8-2.3]

[0.8-2.3]

N
N
N
N
N
N
N
N
N
N
N
N
N
o
N
N
N
N
N
N
N

1.0
3.1
1.5
4.1
1.0
2.6
4.3
3.1
2.7
3.7
2.5
3.0
1.8
2.2
2.8
1.1
3.7
1.1
1.9
2.6
1.0

1.99
2.15
1.98
2.15
2.31
1.91
1.92
2.12
2.00
1.97
2.11
1.97
2.10
2.47
2.12
1.94
2.12
1.91
2.07
2.14
1.94

N 3.6 2.12

0.37

0.31

1.2
0.38

1.4
1.2

0.80

0.58
0.33

0.31

0.27

N 0.5 2.50

* EXAFS data were fit over the k-range 4-14 ~-1. a CN = coordination number.
h Errors in distances (N.02 ~) and coordination numbers (f15%) are estimated
from the variance between EXAFS fitting results and values from models of
crystdlograpticdly kown structure .39
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Figure 5.23). However, this fit gave a total coordination number of four which is much

lower than the value of six predicted by the edge analysis. The F value d=reased to 0.31

when a third contribution of 1 N at 2.31 ~ was added to the fit Tit 3). This fit matches

the data more accurately at higher k Figure 5.23) ad has a total coordination number of

6.6, which is more consistent with the edge data. Aso, the average f~st-she~ diswce for

Fit 3 of 2.14 ~ is more consistent with six-coordination than the average first-shell

diswce for Fit 2 of 2.11 ~. CrystWographic determination of ferrous model complexes

with oxygen and nitrogen ligation reports average bond lengths of 2. 17N.03 ~ for

six-coordinate sites,62-68 2.1 lH.02 ~ for five-coordinate sites, 69,70 ad 2.~.O 1 ~ fOr

four-coordinate sites.33

The EXAFS data of Fe(~PCD could not be simulated with a wave from a single

shell of nitrogens (Fit 4, Table 5. 10). Inclusion of a second nitrogen signal (Fit 5)

decreased the F value by a factor of three (Table 5.10) md gave a fit that matched the

EXMS data extremely we~ (Fit 5, Figure 5.23). Fit 5 has 4.3 N at 1.92 ~ and 3.1 N at

2.12 ~. The total coordination number of Fit 5 is 7.4 which is much higher than the

coordination number of five predicted by the edge analysis. However, the two EXAFS

waves from nitrogens at 1.92 ~ and 2.12 ~ are -180° out-of-phase with one mother in

the k region where the signals are the strongest, 6-10 ~-1. This causes high correlation

and thus high uncertainty in the coordination numbers. The distices and the relative

strengths of the two 0~ waves obtained from these fi~ to the EXAFS data are consistent

13 which reported a best fit to the EXAFS data for Fe(~)PCD of 3with a previous study

ON at 1.90 ~ and 2 ON at 2.08 ~.

The EXAFS data of Fe(~)PCA could not be reproduced accurately with fits that

contained only one (Fit 6) or two Fe-N waves @it 7). Fits 6 and 7 have F values of 1.4

and 1.2, respectively (Table 5.10). A fit that included signals from nitrogens at 1.97 and

2.10 ~ and oxygens at 2.47 ~ was necessary to simulate the EXAFS data in the higher k

region (Fit 8, Figure 5.23). The addition of the longer oxygen distmce in the fit is dso

justified by the fact that there is a feature in the FT at -2.2 ~ (non-phase shift corrected).

Fit 8 has a total coordination number of seven, which is inconsistent with the pre-edge

and edge analysis that indicates that the iron site is five-coordinate.

The EXAFS data of FePCD-hTO could be simulated accurately with fits that

contained either two or three Fe-N signals (Fit 10, 11, and 12 in Table 5.10 and Figure

5.23). The F values of Fits 10 and 11 are nearly identicd (0.33 and 0.31, respectively).

Both fits have a contribution from a single nitrogen at -1.9 ~ with another contribution of

approximately four nitrogens at 2.1 ~. The only difference between Fits 10 and 11 is that

the contribution at 2.1 ~ is split into two contributions in Fit 11. Fit 12 contains an
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Fi~re 5.23. Fits to the Fourier filtered data of Fe(D)PCD (Fit 2 and 3), Fe(IU)PCD (Fit

5), Fe(DI)PCA (Fit 7 and 8), and FePCD-NO (Fit 10 md 12), where the solid line

represents the backtransforrned data while the dashed line is the fit to the data. (The

ordinate scale is 5 between tick marks with solid horizontal lines indicating the zero point

of each plot).
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additiond contribution from a N at -2.5 ~. The contribution from an ON at 2.5 ~ is

questionable as the F value only decreases slightly to 0.27 when this contribution is

added and the match to the experimental data is only slightly better (Figure 5.23). The

short 1.9 ~ distance can be assigned as the Fe-N(0) bond with this distance being longer

than the typical Fe-N(0) distance of -1.75 ~ reported for {FeNO }7 model

complexes 59-61 and isopenicillin N synthase-substrate-N0.71 The presence of a shorter

Fe-N interaction was further examined by fixing a Fe-N distance at 1.75 ~ with a

coordination number of 1, while varying the distances and coordination numbers of the

other two N contributions. hcluding the shorter Fe-N distance at 1.75 ~ increased the F

value to 0.6 indicating that there is no contribution from a shorter Fe-N distance.

5.7.3.3. Fe-N-O Angle Detetination Using G~AS. The GNXAS approach

was used to fit the experimental EXAFS data of Fe(~)PCD and FePCD-NO in order to

investigate the Fe-hT-O angle in FePCD-NO. GNXAS requires an initial structural

model. Since the crystal structure of Fe(III)PCD is known, the EXAFS data of

Fe(III)PCD were fit using the GNXAS approach to determine the accuracy of the

technique for studying the active site of this protein. The GhTXAS approach was then

used to fit the EXAFS data of FePCD-NO to gain information on the Fe-N-O angle.

Crystal structures of Fe(III)PCD from Psuedomonas aeruginosa5>6 and

Brevibacterium @scum7 both show that the iron atom is coordinate axially by a Tyr and

His with a Tyr, His, and water-based molecule bound in the equatorial plane.

Crystallographic coordinates from the Psuedomonas aeruginosa structure at 2.15 ~6

were used as input to build the initial structural model. EXAFS contributions for each

two-atom and bee-atom configuration were calculated using the crystallographic bond

distances and angles. The individud contributions were then summed to generate a

theoretical EXAFS spectrum which was then fit to the non-Fourier-filtered experimental

EXAFS data without prior background subtraction. h the fits the crystallographic bond

distances ad angles were allowed to vary to fit the experimental EX~S data unless

stated otherwise.

Due to the complexi~ of the structure, contributions to the fits of the Fe(~)PCD

EXAFS data were systematically introduced. The f~st-shell fit contained waves from the

following two-atom configurations: Fe-O(H) [1], Fe-O(Tyr) [2], and Fe-N(His) [2].

where the number in brackets indicates the coordination number. This first-shell flt (not

shown) gave an R value of 0.286 x10-5 with good agreement between the ~ of the

experimental data and the theoretical signal up to 2.0 ~ (corresponding to -2.4 ~ in the

cluster when the phase shift is t~en into account). The major contributions in the

EXAFS signal were accounted for using the three first-shell distances with especially
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good agreement at higher k. The next fit included signals from three-body

configurations: Fe-02-C4 [2], Fe-N 1-C7 [2], and Fe-Nl-C6 [2] (with the atom

designations shown in Figure 5.24A and B). The R value decreased only slightly to

0.222x 10-5 when these three signals from the second-shell c=bon atoms were included.

The four Fe-N 1-C6/C7 contributions could not be summed together as the His ligand is

bound in such a way that the Fe-Nl-C6 angle is -140° while the Fe-Nl-C7 angle is - 110C

in the crystal s~cture. Fits that included signals from third and fourth shells were then

performed to investigate the dominant multiple-scattering pathways. There were

approximately 35 unique three-atom cotilgurations which ranged in distance from 3.0 to

4.5 ~. The seven main contributions were from Fe-02-C4, Fe-N 1-C7, Fe-Nl -C6,

Fe-02-C3, Fe-C7-N2, Fe-N 1-N2, and Fe-Nl -C8 (with the atom designations shown in

Figure 5.24A and B).

The best fit to the data was obtained when the last seven contributions were

included with the three Fe-0~ first-shell contributions. This fit had an R value of

O.178x10-5. A comparison of the theoretical EXAFS spectrum to the experimental data

(along with the individud EXAFS signrd from each con~bution) is presented in Figure

5.24C for this fit to the Fe(HI)PCD data with the ~s shown in Figure 5.25. A

comparison of the bond distances and angles obtained from the GNXAS fit to the

crystallographic values is given in Table 5.11. The low-frequency EX~S is dofinated

by the three waves from the first-shell contributions. The Fe-O distances obtained from

the GNXAS fit show excellent agreement with the crystallographic values for

Fe(HI)PCD6 with the Fe-O] (H) distance being 1.92 ~ (vs. the crystilographic value of

1.91 ~) and the average of the two Fe-02 (Tyr) distances being 1.88 ~, which is within

the crystallographic range of 1.80-1.90 ~. The Fe-N 1 (His) distance obtained from the

GNXAS fit to the data is 2.14 ~ which is -0.15 ~ shorter than the crystilographic value.

The experimental EXAFS data could not be reproduced with an Fe-N 1 (His) distance of

-2.29 ~. The shorter Fe-N 1 (His) dis~ce obtained from the GNXAS fit is consistent

~,ith the value obtained from the first-shell empitical fits to the EXAFS data of

Fe(III)PCD in this study (see Fit 5 in Table 5.10 and Figure 5.23) and in the study by

True et. al.13

The EXAFS data of Fe(~)PCD was fit reasonably well including signals from

the three two-atom configurations and the seven main three-body configurations (Figure

5.24C and 5.25). The bond distances and angles obtained from this fit were dl within

10VC of the crystallographic values (Table 5.11). However, the frequency distribution of

the signals from the three-body configurations does not match the data particularly well

in the 2-4 ~ region of the ~ (Figure 5.25A). The match to the data was sibaificantly
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Table 5.11. Crystallographic Bond Distances and Angles Compared

to G~AS Results for Fe~)PCD.

GMS

bond vtiance

GhHS (0;)/ crystilograptic

structural featurea distance/ ~glev~ace values

(CNb) angle (d)c [range]

Fe-01 (H) (1)

Fe-02 (Tyr) (2)

Fe-N (His) (2)

02-C4 (2)

N1-C7 (2)

N1-C6 (2)

02-C3 (4)

C7-N2 (2)

Fe-C7 (2)

N1-N2 (2)

N1-C8 (2)

Fe-02-C4 ( 1)

Fe-Nl-C7 (2)

Fe-Nl-C6 (2)

Fe-02-C3 (2)

Fe-C7-N2 (2)

Fe-Nl -N2 (2)

1.92 A

1.88 A

2.14 ~

1.30 A

1.37 A

1.32 ~

2.45 ~

1.32 ~

3.14 A

2.11A

2.25 ~

139°

119°

136°

130°

154°

146°

0.002

0.002

0.002

0.003

0.004

0.006

0.007

0.004

0.007

0.004

0.004

3 x 101

5 x 100

6 X 101

9 x 101

5 x 100

3 x 100

1.91 A

1.85 ~ [1.80-1.90]

2.29 ~ [2.26-2.33]

1.37 ~ [1.36-1.38]

1.32 ~[1.31-l.32]

1.37 ~ [1.36-1.38]

2.4 ~ [2.35-2.42]

1.31 A [1.30-1.31]

3.01 A [2.97-3.05]

2.13 ~ [2.11-2.14]

2.18 ~ [2.16-2.20]

138° [130-145]

110° [1.09-110]

141° [140-142]

132° [111-166]

154° [153-155]

146° [145-146]

Fe-Nl-C8 (2) 176° 5 x 100 177° [176-178]

a Atom designation are shown in Figure 5.24. b ChT = number of

configurations in the complex. c Bond and angle variances are

reported in ~2 and degrees2, respectively.
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worse when the bond angles and distances were fixed to crystallographic values.

Numerous fits were tied including signals from other three-body configurations with

none of the fits having a good match to the data in the FT range of 2-4 ~. The inability

to match the signals from second-, third-, and fourth-shell atoms is most Mely due to the

number of and the complexity of the mdtiple-scattering pathways. As mentioned earlier

there were 35 unique three-body cofi~gurations in the range of 3.0 to 4.5 ~. Since d] the

atoms surrounding the iron site are low Z (O, N, md C), the si~ds are we~ and there is

no dominant signal. In addition, this fit is slightly underdetetined with 40 fitting

parameters compared with 38 independent points, where the number of independent

points was calculated by the expression NI = (2&6WZ) + 2.72 It is difficult to say

whether the mismatch in the FT region between the experimental data and the theoretical

signal is due to an inaccuracy in the bond distances and angles of the initial structural

model u it was derived from the crystal structure detetied at a resolution of 2.15 ~ or

from the fact that there are so many unique multiple-scattering pathways dl contributing

very we~ signals, or both.

The GNXAS approach was then applied to the EXAFS data of FePCD-hTO using

the theoretical signals that were generated from the Fe(~)PCD crystallographic bond

distances and angles. Since the structure of FePCD-NO is unhewn, the EXAFS data

was fit with signals from differing first-shell two-body configurations to develop an

under~tanding of the first coordination sphere of the iron atom. The data could not be

reproduced well with a single contribution of oxygen or nitrogen ligands. A fit (not

shown) with 50 at 2.06 ~ had an R value of 0.826 x10-5. The match to the experimental

data improved significantly when a second Fe-O wave was included with the R value

decreasing by almost a factor of four to 0.246x10-5. This fit included signals from a

single O at 1.85 ~ and four O at 2.05 ~. These distances are stiar to those observed in

the first-shell empirical fit to the FePCD-NO EXAFS data (see Fit 10 in Table 5.10 and

Figure 5.23). Yet, there was still a mismatch between the data and the theoretical sie~d

in the FT at 2 ~ (corresponding to -2.4 ~ in the cluster). Thus, a third first-shell

contribution was included. The best first-shell fit to the data had an R value of

O.134x10-5 and included signals from one O at 1.89 ~, four N at 2.11 ~, and one N at

2.45 ~ (see Figure 5.26 and Table 5.12). Fits to the data were dso tried where the

distance of the short Fe-O contribution was fixed to 1.85, 1.80 and 1.75 ~. h each of

these cases the R values incremed with the greatest increase for the shortest distance and

there was not a good match between the experimental and theoretical signal. The

distance of the longer Fe-N contribution was dso fixed to shorter values. Again the R

values increased w’ith the greatest increase for the shortest distance and there was not a
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Figure 5.26. Comparison of the theoretical and experimental signals of the k3-weighted

EXAFS data and the FT of the best two-body fit for FePCD-NO. Part A contains the

individud EXAFS contributions where the total signal (— ) is dso shown and compared

with the experimental data (---). The residud is the difference between the experimental

and theoretical EXAFS. (The ordinate scale is 5 between consecutive tick marks. ) B)

The non-phase-shift-corrected FT of the EXAFS data of the experimental data (—) and

that of the total theoretical signal (----). Also shown is the ~ of the residud (.--).



Table 5.12. GNWS Results for FePCD-NO.

G~AS

bond variance

Gh~S (~)/

structural feature distance/ angle variance

Fit (CNa) angle (&)be R value

0.120XI0-5

best fit with only Fe-O (1) 1.89 ~ 0.005 0. 134X10-5

first-shell signals Fe-Ns (4) 2.11A 0.005

Fe-N/ (1) 2.45 ~ 0.002

best fit with three- Fe-O (1) 1.89 ~ 0.005

body signals Fe-Ns (4) 2.11 A 0.005

included Fe-Nl (1) 2.45 ~ 0.002

Ns-C (4) 1.32 ~ 0.004

N1-C (1) 1.37 A 0.003

Fe-Ns-C (4) 125’ 1 x 102

Fe-Nl-C (1) 145” 6x 101

a CN = number of configurations in the complex. b Bond and angle variances are

reported in ~2 and degrees2, respectively.
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good match between theexpetientd andtheoreticd signal. Note that an Fe-O signal

was used to mimic the Fe-N(0) signal as the shortest Fe-ligand distance in the

Fe(~)PCD structure was an Fe-O distance.

To investigate the Fe-N-O bond angle, the distances and 02 values of the three

frost-shell contributions were kept freed to those values obtained from the best first-shell

fit (Table 5.12 and Figure 5.26) while the Fe-N-O angle was vtied. The sensitivity of

the fit to the Fe-N-O angle was tested by calculating a theoretical EXAFS spectrum with

Fe-N-O angles ranging from 90° to 180°. The signal for the Fe-N-O unit was generated

from a {FeNO }7 model complex, Fe(TACN)(N3)2N0 (where TACN = Nfl’N’’-trirnethyl-

1,4,7 -tri=acyclononane). 73 A plot of the log(R value) vs. Fe-N-O angle is shown in

Figure 5.27A where a minimum in this type of plot is indicative of a better fit to the

experimental EXAFS data. The R value drops drastically as the Fe-N-O angle is

decreased from 180° to 155” and then increases slightly as the angle is lowered to 1350.

The R value is fairly constant between 140° and 100° and then increases as the Fe-N-O

angle 1s lowered to 90°. A comparison of the FTs of the experimental data and calculated

-spectra at 180°, 155°, and 140” are presented in Figure 5.28 where the R value was largest

at 180”, lowest at 155°, and had leveled off by 140°. The ~ of the calculated spectrum

with the Fe-N-O angle equal to 180° does not match the ~ of the experimental EXAFS

data at -2.5 ~ (Figure 5.28A) which is the region where the signal from the Fe-N-O

73 The Fe-N-O signal is very strong when the angle is 180”multiple-scattering appears.

73 The Fe-N-O signal has decreaseddue to the intervening atom focusing effect.

significantly when the angle is at 155° matching the experimental data more accurately

(Figure 5.28 B). men the Fe-N-O angle is below -150°, the signal from the Fe-N-O unit

is relatively weak. 73 Thus there is not much variation in the match to the experimental,

data for Fe-N-O angles between 100” and 145° as is indicated by the similar R values

(Figure 5.27A). The R value increases when the Fe-N-O angle is below 100° as the

single-scattering signal from the Fe-O of the Fe-N-O unit increases @igure 5.27A).

The signal from the Fe-N-O configuration was the ody three-body contribution

that was taken into account in the calculated spectra above. In retity there will dso be

signals from second-shell carbon atoms in the ~ range of -2.3 -3 ~. Accordingly, the

FePCD-NO data was fit with the three fust-shell contributions, Fe-O at 1.89 ~, Fe-N at

2.11 ~ (Fe-Ns), and Fe-N at 2.45 ~ @e-N~, and two second-shell contributions, Fe-NTs-C

and Fe-NI-C. The best fit to the FePCD-NO dati that included the Fe-N-C contributions

had an R ~rdue of O. 120x10-5 with the resulting bond distances and angles shown in

Table 5.12. The si~ds (not shown) from the Fe-N-C configurations were very weak as

was dso observed for the Fe-O-C and Fe-N-C signals for Fe(IH)PCD (Figure 5.24 C).
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The sensitivity of this fit to the Fe-N-O angle was tested by fixing dl the distances,

angles, and variances to the values shown in Table 5.12 and-calculating a theoretical

EXAFS spectrum with Fe-N-O angles ranging from 90° to 180”. A plot of the log(R

value) vs. Fe-N-O angle is shown in Figure 5 .2~. The R value decreases substmtidly in

lowering the Fe-N-O angle from 180° to 155°, rises slightly upon lowering the angle

further to 140°, decreases slightly upon lowering the angle further to 120°, and then

increases upon lowering the angle to 90°. A comparison of the ~s for the calculated

spectra and experimental data are shown for Fe-N-O angles of 180°, 155”, and 140° in

Figure 5.29. Again, the ~ of the calculated spectrum with the Fe-N-O angle equal to

180° does not match the FT of the experiment EXAFS data at -2.5 ~ due to the strength

of the sign~ from a linear Fe-N-O unit. Once the Fe-N-O angle decreases below -160’,

the signal weakens and the calculated spectra match the experimental data more

accurately. The plot of the log(R value) vs. Fe-N-O angle shows a double minimum.

This double tinimum has been observed before for {FeNO }7 model complexes73 where

the minimum at lower angles is due to the single-scattering (Fe-O) signal having a phase

tid amplitude that matches the experimental data and the minimum at higher angles is

due to the multiple-scattering ~e-N-0) signal having a phase and amplitude that matches

the data.

Since FePCD-NO is not structurally defined, one may be biasing the results by

fixing the distances, angles, ud vtiances as was done in the previous set of calculated

spectra with varying Fe-N-O angle. Thus, spectra were dso calculated for a range of

Fe-N-O angles over 90° to 180” allowing the distances, angles, and variances of the

Fe-Ns-C and Fe-Nl-C configurations to vary, A plot of the log(R value) vs. Fe-N-O angle

for the calculated spectra is shown in Figure 5.27C. The R value drops dramatically on

going from an Fe-N-O angle of 180” to 165° with there being a minimum between 165”

and 150°. The R value increases slightly when the Fe-hT-O agle is decremed from 150°

to 145°, is approximately constant for Fe-N-O ngles between 145° and 110°, and then

increases upon decreasing the Fe-N-O angle from 110° to 90°. A comparison of the ~s

for the calculated spectra and experimental data are shown for Fe-N-O angles of 180’,

155°, and 140° in Figure 5.30. Again, the ~ of the calculated specwm with the Fe-N-O

angle equal to 180° does not match the FT of the experimental EXAFS data at -2.5 ~ due

to the strength of the signal from a linear Fe-N-O unit. In general, the plot of log(R

vtiue) vs. Fe-N-O angle between the calculated spectra where the Fe-N-C parameters

were kept fixed vs. allowed to vary are similar. The one striking difference is the

precipitous drop in the R value when the Fe-N-O angle is decreased from 170° to 165” in

the set of fits where the Fe-N-C parameters were allowed to vary. Comparison of the
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individud EXAFS signals for the calculated spectra that had Fe-N-O angles of 165”

shows that in the latter set of fits the signal from the Fe-Ns-C configuration has increased

dramatically where the strongest portion of the signal is exacdy out-of-phase with the

strongest portion of the Fe-N-O signal Figure 5.31). The angle variance of the Fe-Ns-C

configuration dropped from 100 (see Table 5, 12) down to 1 when the Fe-N-O was fixed

to 165° and the Fe-N-C parameters were ~lowed to vary. An angle varimce of 1 for four

different Fe-Ns-C angles is physically unreasonable as d] four of the Fe-Ns-C angles

would have to be identicd.

b SU-, the signal in the ~ of the FePCD-NO E~S data at -2.5 ~ is very

weak. The lack of signal in this region either implies that the Fe-N-O unit is bent or that

there is a strong intetierence effect between the Fe-N-O signal and other Fe-O-C and

Fe-N-C signals. Since dl the Fe-OC and Fe-N-C signals in Fe(~)PCD EXAFS data

were relatively weak, it is not expected that they would be strong in the data of

FePCD-NO. Thus, the FePCD-NO unit appears to be bent. An examination of the

minimum in the log(R value) vs. Fe-N-O angle plots for the three types of fits studied

indicates that the Fe-N-O angle is between 110° and 160°. These plots look very sitilar

to those of {FeNO }7 model complexes with bent Fe-N-O units and unlike that of a

73 The log(R value) vs. Fe-N-O angle plot for acomplex with a linear Fe-N-O unit.

complex with a hnear Fe-N-O unit shows a minimum at 180” with the R value increasing

dramaticdy as the Fe-N-O angle is lowered from 180” to 150°.

5.7.4. Disc~ion

The analysis of the XAS pre-edge and edge features of Fe(II)PCD indicate that

the iron site is six-coordinate. k addition, the fits to the EXAFS data of Fe(~)PCD show

that the iron active site has 5A1 ON figation with an average fret-shell distance of 2.14 ~

which is consistent with a six-coordinate iron site. MCD results for Fe(H)PCD dso

74 The iron active site of Fe(~)PCD andindicate that the iron site is six-coordinate.

Fe(~)PCA appear to be five~oordinate as the pre-edge and edge features are sitiar to

those of high spin ferric five-coordinate model complexes. The results ~e consistent

with the crystal structure of Fe(~)PCD from Psuedomonas aeruginosa show that the

iron active site to be trigond bipyrarnidd with tyrosine and histidine residues bound

axially and a tyrosine, histidine and water-based molecule bound in the equatorial

plane.5’6 An analysis of the EXAFS data for Fe(~)PCD shows 0~ ligmds at 1.92 ~

and 2.12 ~. These results agree well with a previous study which reported a best fit to

the EXNS data for Fe(~)PCD of 3 ON at 1.90 ~ and 2 0~ at 2.08 ~ and attributed
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the shorter distance to the bound tyrosine and hydrotide hgands and the longer distance

*3 Thus the coordination number ticre~es from 5 to 6 uponto the two Mstidine Iigands. ,

reduction of the iron site. Addition of an electron may decreme the ability of the Tyr—>

Fe ch~ge transfer which len@ens the Fe-Tyr bond as is evident by the longer fmt shell

distances observed for Fe(H)PCD. This relaxtion the ligand sphere allows for an

additiond ligand.

The EXAFS data of Fe(~)PCA could not be fit well without a longer 0~

contribution at 2.47 ~ in addition to contributions from 0~ at 1,97 and 2.10 ~. A fit to

the EXNS data of Fe(~)PCA that includes dl three contributions gives a first-shell

coordination number of seven which is much higher than value of five indicated by the

pre-edge and analysis. The discrepancy in the coordination number be~een the edge and

EXAFS analysis can either be explained by the fact that there are three Fe-O~T EXMS

waves beating against one another causing high correlation and thus tigh uncertainty in

the total coordination number or that tie ON contribution at -2.5 ~ does not effect the

local site symmetry of the iron which is probed in the edge and pre-edge region.

A previous EXNS study extied the binding of terephthdate, a competitive

inhibitor, and homoprotocatechuate, a slow substrate, to Fe(~)PCD, 13 The study

showed that when the inhibitor, terephthalate, was bound to Fe(ID)PCD the pre-edge

feature indicated that the iron site is six<oordinate and the EXAFS data showed a beat

pattern which could only be simulated with a long Fe-0~ interaction at 2.46 ~. True

et. al. suggested that the oxygens of the carboxylate group in terephthdate displaced the

hydroxide Iigand ad chelated to the ferric site, but in an asymmetric fastion. h contrast,

a pre-edge analysis of homoprotocatechuate bound to Fe(~)PCD showed the iron site to

13 There is strong evidence that substrate binds to Fe(~PCD inremain five-coordinate.

a bidentate manner.8)75’76 If the coordination number of Fe(HI)PCD bound to

homoprotocatechuate is five, then the homoprotocatechuate must displace not ordy the

hydroxide but dso one of the endogenous protein ligands. True et. al. favor substrate

displacing the axially histidine hgand, but do not rule out the possibility that the axially

tyrosine may be displaced instead. In the present study, the pre-edge feature of

Fe(III)PCA dso indicates that tie iron is five-coortiate. h addition, a long Fe-0~

interaction at 2.46 ~ was needed to simulate the E~S data (this contribution is readily

visible in the FT of Fe(~)PCA at -2.2 ~ (dashed line in Figure 5.22B)). If substrate

binds in a bidentate fashion, either it is bound asyrnrnetricdly, in which case the long

Fe-O/hT contribution could be attributed to an oxygen from the substrate, or

symrnetricdly, in which case the long Fe-0~ contribution could be attributed to an

oxygen or a nitrogen from the displaced tyrosine or histidine, respectively. A detailed
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study of the multiple-scattering pathways in the vtious binding modes of the substrate

may aid in the interpretation of the EXAFS data; however, the signal-to-noise level is too

low in the higher k region of the EXAFS data for Fe(~PCA for such an analysis to be

meaningful. Further study is warranted to distinguish between the various binding modes

of the substrate.

The differences observed in the Fe(H)PCD, Fe(~)PCD, and FePCD-NO edge

spectra me very similar to those in the Fe(D)EDTA, Fe(IH)EDTA, and FeEDTA-NO

edge spectra. 58 FePCD-NO has a rising edge position that hes in between that of

Fe(~PCD and Fe(~)PCD with the shape and intensity of the FePCD-NO edge being

much more sidar to that of Fe(~)PCD indicating that the iron in Fe(~)P~ is in the

ferric oxidation state. The rising edge of FePCD-NO is at lower energy than that of

58 An analysis ofFe@I)PCD due to the higNy covalent nature of the Fe(~) -NO- bond.

the pre-edge intensity for FePCD-NO predicts that the iron site is five-coordinate with a

bent Fe-N-O unit. FePCD-NO having a bent Fe-N-O unit is dso supported by the

GNXAS analysis of the EXAFS data for FePCD-NO. There is not a strong signal in the

~ of the EXAFS data at 2.5 ~ which would be evident if the Fe-N-O utit were linear

and the mdtiple-scattering of tie Fe-N-O unit wa enhanced due to the focusing effect.73

The plot of the log(R value) vs. Fe-N-O angle of the EXAFS data for FePCD-NO is

extremely similar to that for the EXAFS data of Fe(TACN)(N3)2N0, where

Fe(TACN)@T3)2N0 has an Fe-N-O angle of 156”,73 Resonance Raman data and

self-consistent field-Xa-scattered wave calculations have shown that a bent Fe-N-O unit

is stabilized by the in-plane bonding interaction of the NO- Z* orbital with the iron d

orbitd.58

The EXAFS data of FePCD-NO were fit well with 1 ON at 1.89 ~, 4 0~ at

2.11 ~, and 1 ON at 2.45 ~. The shofier distmce is attributed to the Fe-N(0) bond

distance. An Fe-N(0) distance of 1.89 ~ is much longer than previously observed

Fe-N(0) distances for {FeNO }7 model complexes5g-61 and for isopenicillin N

71 which have Fe-N(0) distances of -1.75 ~. The nawe of thesynthase-substrate-NO

longer Fe-N(0) bond in FePCD-NO needs to be further investigatti keeping in tind that

tyrosinate— >Fe(HI) charge donation may litit the abili~ of NO- to donate electron

density to the ferric site, thereby weakening the Fe-N(0) interaction. Further, the N-O

bond of FePCD-NO should be weaker than that observed for {FeNO )7 model complexes

as the N-O bond is strengthened in three complexes due to the NO-—>Fe(~) charge

donation through the 4& orbital which is antibonding with respect to the N-O bond.58

It has been shown that an XAS edge and EXAFS analysis can provide valuable

information on the electronic and geometric structure of the iron active site. Further XAS



studies on FePCA-NO and the ferrous and ferric fores of the extradiol dioxygen~es, as

well as the enzyme-NO, ewyme-substrate, and enzyme-substiate-NO forms can be used

to understand the differences of the catalytic mechanisms of the intra- vs. extradiol

dioxygenases.
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