Chapter 3

Siruétural Studies of the Diiron Center in Methane Monooxygenase in the
' Presence of Substrate and the Regulatory Protein of the
MMO Enzyme System '



3.1. Introduction

Soluble methane monooxygenase (MMO) is a multi-component enzyme system
which catalyzes the NAD(P)H- and O2- dependent hydroxylation of methane to methanol
in methane-metabolizing bacteria.! MMO from Type I methanotroph Methylococcus
capsulatus (Bath)? and Type II methanotroph Methylosinus trichosporium (OB3b)3 has
been resolved into three components. The enzyme system from M. capsulatus (Bath) has
been the most well-characterized and consists of andinuclcar non-heme iron enzyme?
(hydroxylase, My 250 kDa), an Fe3S2-FAD electron transport protein5 (reductase, Mr 39
kDa) which mediates the transfer of electrons from NAD(P)H to the hydroxylase, and a
small regulatory protein (component B, Mr 16 kDa) which contains no metals or prosthetic
groups.6 The soluble enzyme system is not methane-specific and catalyzes the oxidation of
a wide variety of alkanes, alkenes and alicyclic, aromatic and heterocyclic compounds.’
. The three components of the M. trichosporium (OB3b) MMO system are analagous to

 those of the M. capsulatus (Bath) system,8 and demonstrate the same lack of substrate-
specificity.? _

The hydroxylase component from M. trichosporium (Ob3b) can oxidize methane to
- methanol in its chemically mediated fully reduced form in the presence of O2, or in the

presence of HyO when fully oxidized!0 confirming that it is at the hydroxylase component
 that both substrate binding and oxygen activation occurs. Neither the reductase nor
component B are catalytically competent, and all three components of the MMO enzyme
* system are required for efficient oxidation of substrate.10:11 EPR, Mossbauer, and X-ray
absorption spectroscopy have been used to characterize the dinuclear non-heme iron active
site in the MMO- hydroxylase component from both M. capsulatus (Bath)*12 and M.
trichosporium (OB3b).8.10.12,13 These studies have shown that the hydroxylase from the
two methanotrophs are spectroscopically and structurally similar to each other and to the
~ other dinuclear non-heme iron proteins hemerythrin (Hr), ribonucleotide reductase (RR),
purple acid phosphatase (PAP) and uteroferrin (U £).14 The oxidized Fe(ITI)Fe(III) form of
the hydroxylase has two high-spin ferric atoms and is EPR silent. The one-electron
reduced semimet Fe(III)Fe(IT) form has an EPR signal with gav = 1.83 (for M. capsulatus
(Bath); gav = 1.85 for M. trichosporium (OB3b)), characteristic of an antiferromagnetically
coupled dinuclear non-heme iron center (S = 1/2 ground state). The reduced Fe(IDFe(Il)
form exhibits a g = 16 EPR signal, attributed to a ferromagnetically coupled!3 integer spin
system.

EXAFS studies of the hydroxylase have shown that the first coordination sphere of
the iron active site in the oxidized form of the M. capsulatus (Bath) hydroxylase consists of
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~ 6 N/O at an average distance of 2.04 A. The photoreduced semimet form has ~ 6 N/O at
2.08 A for the M. capsulatus (Bath) hydroxylase, and ~ 6 N/O at 2.06 A for the M.
trichosporium (OB3b) hydroxylase. The reduced hydroxylase from M. capsulatus (Bath)
has ~ 5 N/O at 2.15 A in its first coordination sphere. The iron-iron distance for the
oxidized and semimet forms of the hydroxylase was determined to be ~ 3.4 A, and no iron-
iron interaction was seen in the EXAFS of the reduced form of the protein, although EPR
- verified that the dinuclear iron center was intact after exposure to the beam.

These studies have formed the basis for understanding the mechanism of oxygen
activation and substrate oxidation. However, studies of the hydroxylase isolated from the
other required components of the MMO enzyme system can yield only limited information,
as it is known that all three components are required in vivo. Kinetic studies on the roles
and interaction of the three components of the MMO system from M. capsulatus (Bath)6-11
have suggested the formation of protein complexes during the catalytic cycle which have an
effect on the oxygenase activity. Component B appears to serve a strict role in regulating
t_hé okygénase activity of the M. capsulatus (Bath) system, preventing reduction of the
hydroxylasc by the reductase in the absence of substrate, and greatly increasing the electron

-transfer rate between the two components in the presence of substrate.!l In the M.
trichosporium (OB3b) system, electron transfer between the reductase and the hydroxylase
is inhibited, but not prevented by component B in the absence of substrate, and in the

- presence of substrate, component B greatly increases the yield and the rate of product

formation.10

Perturbations in the EPR spectra of the hydroxylase in the presence of component B
and in the presence of small molecules have been documented, suggesting that
complexation with the hydroxylase in some way affects the Fe site.16.17 The effects of
substrate, component B and the reductase on the redox potentials of the hydroxylase have
also been investigated!8 and show that dramatic changes in the electron affinity of the
hydroxylase core occur as a function of the presence of the other components. The change

in the redox potentials and the EPR of the complexed forms of the hydroxylase implies a

change in the electronic structure of the iron site which could be caused by changes in the
ligation of the diiron site, or by conformational changes of the protein near or at the iron
center which affect the electronic properties of the diiron core. EXAFS data analysis would
be sensitive to any structural changes which occur as a result of the complex formation, and
electronic perturbations would have an effect on the edge structure of the hydroxylase
complexes.

We have collected Fe K-edge EXAFS data and high-resolution edge data on

hydroxylase samples in the diferric and diferrous forms in the presence of component B,
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bromopropene, and both component B and bromopropene to determine the nature of the
change in the coordination environment of the iron atoms. These studies show that no
dramatic change in the coordination of the iron atoms occurs upon formation of the various
complexes. Evidence for a change in the covalency of the diiron center in its semimet
form, and inhibition of the reduction of the hydroxylase component to its diferrous form in
the presence of component B and bromopropene is directly seen.

3.2. Experimental
3.2.1. EXAFS Sample Preparation

The soluble hydroxylase of MMO from M. capsulatus (Bath) was isolated and
purified as previously described.!? Component B was produced from a strain of
_ Esherichia coli containing a plasmid with the gene for B from M. capsulatus (Bath).!9
_ Purified hydroxylase was frozen at -80° C in 50 mM PIPES buffer at pH = 7.0 until further

use at which point it was thawed and concentrated to approximately 11 mg protein /ml

using a Centriprep. For EXAFS10, EXAFS14, EXAFS15, EXAFSI6, and
- EXAFS17, component B was added in the stoichiometric molar ratio of 2:1
B:hydroxylase. For EXAFS18, EXAFS19, and EXAFS20, and for EXAFS16 and
" EXAFS17 after the addition of B, a 1000-fold excess of bromopropene (based on the
concentration of protein) was added to insure that the substrate would remain bound to the
hydroxylase during the subsequent concentration proceedure. The hydroxylase complexes
were dialyzed into a 50% ethylene glycol solution of 50 mM MOPS buffer (pH = 7.0) for
the non-bromopropene containing samples and EXAFS11, and into the above solution
with a 10,000-fold excess of bromopropene for EXAFS16, EXAFS17, EXAFS1S,
EXAFS19 and EXAFS20. After dialysis, the samples were further concentrated on a
- Centricon centrifugal microconcentrator, after which a 1000-fold excess of bromopropene
was added to EXAFS16-20. For EXAFS11, no bromopropene was added until after
the final concentration on the Centricon, at which point a 1000-fold excess was added.

The concentrated samples were degassed and brought into a wet box. The
hydroxylase is isolated in its oxidized form; the reduced form was prepared by adding a 10-
fold molar excess of sodium dithionite, 100 mM methyl viologen and 10mM proflavin to
samples EXAFS15, EXAFS17 and EXAFS19 and letting the samples incubate for 40
minutes. The samples were loaded into lucite EXAFS cells equipped with caps and with
25 pum Kapton windows (23 mm x 2 mm x 3 mm; 140 p!), immediately frozen in liquid

nitrogen upon removal from the box and stored in a liquid nitrogen refrigerator.
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- 3.2.2. EXAFS Data Collection, Reduction and Analysis

A description of each sample is presented in Table 3.1. EXAFS and high-energy
resolution edge scans were collected simultaneously by using a 1 mm vertical slit opening
to maximize energy resolution and taking 0.15 eV steps over the edge region during an
EXAFS scan. All of the samples were run on unfocused 8-pole wiggler beamline 7-3 (18
kG) at the Stanford Synchrotron Radiation Laboratory (SSRL) operating at 3 GeV and 40 -
90 mA. A Si(220) double-crystal monochromator was used, detuned 45% at the end of the
Fe EXAFS scan (7995 eV, k = 15 A-1) to reduce harmonic contamination in the incident
beam. The data were measured in fluorescence mode at 10 K using a continuous-flow LHe
cryostat (Oxford Instruments, model CF1208). The fluorescence signal was monitored
with a 13-element Ge solid-state detector array20 (Canberra) windowed on the Fe Ka
signal (6840 eV). Total count rates of between 25,000 and 35,000 per second per channel
(measured at 7997 eV detuned 45%) were maintained throughout the experiments. At these
. count rates, the detector was below saturation limits. One of the channels showed
" persistently high count rates; it was therefore not included in further data analysis.

The energy of the individual scans was calibrated using an internal Fe foil
standard,2! assigning the first inflection point to 7111.2 eV. For every scan, 13 data files
(1 from each channel in the detector) were collected; each was inspected individually.
Individual channels of data were rejected if there were any discontinuities due to heat load
problems for the detector electronics or if any of the channels exhibited poor statistics
(erratic dark current values, persistently high count rates). Averages of the remaining data
~ files for each scan were then made and inspected. Individual scans were rejected for
. signal-to-noise problems caused by low currents, or because of beam instability (short
lifetimes, orbit shifts) or loss of beam, or due to irreproducibility of the scans. The
remaining acceptable scans for each sample were then averaged and used for further
analysis (summary of averages in Table 3.1). _

The data were background subtracted by fitting a polynomial through the EXAFS
region which was extrapolated through the pre-edge region and subtracted. A three- or
four-segment spline was fit to the post-edge region and subtracted to isolate the EXAFS
data and to normalize the edge jump to unity. The spline was chosen so that it removed the
low frequency noise without reducing the true EXAFS amplitude; this was checked by
monitoring the Fourier transform of the EXAFS data during the spline and normalization
process. The normalized data were converted to k space, where k is the photoelectron
wavevector defined by [2me(E - Eo)/#2]1/2. In this expression, me is the electron mass, E
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Table 3.1. Sample and Data Collection Summary?

Sample # Description [Fe] mM  scans avg./scans collected

for EXAFS analysis
EXAFS10Y Oxidized hydroxylase 2.0 269/403
w/ component B
EXAFS11b  Oxidized hydroxylase 3.2 226/234
w/ bromopropene )
EXAFS14b Oxidized hydroxylase 1.5 398/442
w/ component B
EXAFS16b Oxidized hydroxylase 1.2 255/286
w/ component B and
bromopropene _
EXAFS18b Oxidized hydroxylase , 1.4 230/260
. w/ bromopropene o
EXAFS20b  Oxidized hydroxylase <19 124/143
w/ bromopropene . o
EXAFS7 Oxidized hydroxylase 3.4 84/91
non-complexed Edge analysis only
EXAFS15  Reduced hydroxylase 1.1 448/481
. w/ component B ' o
"EXAFS17  Reduced hydroxylase 1.6 426/481
w/ component B and
bromopropene
EXAFS19 - Reduced hydroxylase 1.7 276/286
o - w/ bromopropene
EXAFS6¢ Reduced hydroxylase 4 9191
non-complexed Edge analysis only

aA]l samples were run in 1992 at SSRL on unfocused beamline 7-3 by using Si(220) monochromator
crystals. A 13-element solid state Ge fluorescence detector was used in every case. bSample was
photoreduced to the semimet state by the X-ray bcam.‘ Only the scans after photoreduction was complete
were averaged for further analysis. €The results of the EXAFS analysis for EXAFS6 have been
previously reported,}2 however edge data were collected during the 1992 run.
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is the photon energy, % is Planck's constant divided by 2=, and E, is the threshold
energy, 7130 eV (where k is defined to be zero).

All of the fits presented in this paper were based on k 3-weighted data. Non-linear
least-squares curve-fitting techniques using empirical amplitude and phase parameters were
used to analyze the data, as described in Chapter 1 and elsewhere.22 The errors estimated
in the EXAFS analysis are  0.03 A in the distances and 25% in the coordination
numbers.22 The fits proceeded by allowing the initial coordination numbers and distances
for an Fe-X pair of interest to vary. Empircal amplitude and phase parameters for the Fe-X
scattering pairs of interest were obtained from the following models: Fe-N from [Fe(1,10-
phenanthroline)3](C104)3;23 Fe-O and Fe-C from [Fe(acetylacetonate)3);24 Fe-Fe from
[Fea(OH)(OAC)2(HB(pz)3)21(Cl04)2.25 Data for these model compounds were collected
as previously described.26 For all of the fits described in this paper, the EXAFS data from
3.5 to 12.5 A-1 were Fourier transformed to R (A) space to isolate the first and second shell

_contributions to the data. The individual contributions were isolated, backtransformed to &
space, and fit from 4 to 12.0 A-1. In addition, both shells were backtransformed together
and fit between 4.0 and 12.0 A-1, as were the unfiltered data. The windows used to isolate
the peaks in the Fourier transforms for the backtransforms are presented in the tables of the
fit results. A gaussian window width of 0.1 A was used to reduce truncation artifacts in
the Fourier transforms.

3.3. Results of XAS Experiments

The k 3-weighted EXAFS of the photoreduced semimet complexed samples are
presented along with the EXAFS data of the non-complexed semimet hydroxylase in
Figure 3.1. The Fourier transforms of the data (from 3.5 - 12.5 A) are presented in Figure
3.2. The data for the non-complexed semimet hydroxylase (EXAFS2) were collected and
analyzed as described in Chapter 2 and reference 12. The increased noise level of the
EXAFS for the complexed-forms compared to the non-complexed forms reflects the lower
iron concentration for the former (1-2 mM Fe as compared to ~ 4 mM Fe). The EXAFS of
hydroxylase in the presence of component B of the MMO enzyme system (EXAFS10 and
EXAFS14 w/ B; EXAFS16 w/ B and bromopropene) are somewhat different from the
non-complexed form between k =7 and 9 A-1. For the non-complexed hydroxylase
(EXAFS2, Figure 3.1a), the maxima at k > 8 A-1is greater in amplitude than the maxima
at k < 8 A-1; in the B-complexed samples (EXAFS10, Figure 3.1b and EXAFS14,
Figure 3.1c), the relative amplitudes of these maxima are reversed, and in the B plus
bromopropene complex (EXAFS16, Figure 3.1g), the amplitudes are nearly equal. The

70



EXAFS x k 3

k (A

Figure 3.1. EXAFS of the semimet hydroyxlase samples. (a) Semimet hydroyxlase
sample EXAFS2; with component B: (b) EXAFS10, (c) EXAFS14; with
bromopropene: (d) EXAFS11, (¢) EXAFS18, (f) EXAFS20; with B and
bromopropene: (g) EXAFS16. The data shown here are the data used for Fourier
transforms (k = 3.5-12.5 A-1). Note the difference in the appearance of the EXAFS
between k =7 and 10 A-1,
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Figure 3.2. Fourier transforms of the semimet hydroxylase EXAFS presented in Figure
3.1. (a) Semimet hydroyxlase sample EXAFS2; with component B: (b) EXAFS10, (c)
EXAFS14; with bromopropene: (d) EXAFS11, (¢) EXAFS18, (f) EXAFS20; with
B and bromopropene: (g) EXAFS16.
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minimum at k = 9 A-! is deeper for EXAFS10 and EXAFS14 than for EXAFS2 or
EXAFS16. The EXAFS of the hydroxylase in the presence of bromopropene

(EXAFS11, Figure 3.1d, EXAFS18, Figure 3.1e EXAFS20, Figure 3.1f) are very

similar to the non-complexed form (Figure 3.1a).

Differences are seen in the Fourier transforms of the EXAFS data as well (Figure

3.2). The second shell peaks in the Fourier transform of the B-hydroxylase samples

(EXAFS10, Figure 3.2b and EXAFS14, Figure 3.2c) are not as intense as the second

shell peaks for the rest of the samples, nor as well resolved from the first shell peaks. The
positions of the first and second shell peaks of the complexed forms of the hydroxylase are
within 0.05 A of the positions of the peaks of the non-complexed form, but the relative
separation of the first and second shell peaks is slightly wider for EXAFS10, and slightly
narrower for EXAFS16. The intensities of the peaks of the complexed forms (except for
EXAFS11 and EXAFS20) are lower than the non-complexed form, but the relative
_ intensities of the second shell peaks to the first shell peaks for all of the samples (excépt
"EXAFS14 and EXAFS20, and including EXAFS11) are within 10% of the value for

the non-complexed form (0.72). For EXAFS14, the ratio of the second shell peak to thc"

first shell peak differs from the value for the non-comp1¢x¢d form by 30%, and for
- EXAFS20, the ratio differs by 20%. | |
The EXAFS data for the reduced samples are 'p"reséntcd in Figure 3.3, and the

" Fourier transforms of the data given in Figure 3.4. The data for the non-complexed reduced
hydroxylase!?2 are also presented for comparison. Here again, there are differences
- between the complexed vs. the non-complexed forms of the reduced hydroxylase. The
EXAFS of the hydroxylase in the presence of component B (EXAFS1S w/ B, Figure
~ 3.3c and EXAFS17 w/ B and bromopropene, Figure 3.3¢) are shifted slightly to higher
~ k, and the minimum at k = ~ 8.5 A-1 in the non-complexed samples (EXAFS3, Figure
3.3a and EXAFS6, Figure 3.3b) is not as distinct in the B-hydroxylase samples. The
* bromopropene-hydroxylase sample (EXAFS19, Figure 3.3d) is more similar to the non-
complexed samples (Figure 3.3a,b); however, the ~ 8.5 A-1 minimum is shifted to lower k
for EXAFS19 relative to EXAFS3 and EXAFS6. These differences in the EXAFS
data are clearly seen in the Fourier transforms of the data (Figure 3.4), with the peak for the
B-complexed forms of the hydroxylase (Figure 3.4c,e) appearing 0.08 - 0.09 A to lower R
than the peaks in the non-complexed (Figure 3.4a,b) and bromopropene-complexed
(Figure 3.4d) forms. Although the Fourier transforms above 2 A is different for all of the
samples, there is no indication of a second shell Fe-Fe interaction like that seen in the
semimet samples (Figure 3.4) for any of the reduced samples.
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Figure 3.3. EXAFS data of the reduced hydroxylase samples. Reduced hydroxylase
samples: (a) EXAFS3, (b) EXAFS6; with component B: (c) EXAFS 15; with
bromopropene: (d) EXAFS19; with B and bromopropene: (¢) EXAFS17. The data
shown are the data used for Fourier transforms (k = 3.5-12.5 A-1). Note the difference in
the appearance of the EXAFS above k = 8 A-l.
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Figure 3.4. Fourier transforms of the reduced hydroxylase EXAFS data presented in
Figure 3.3. Reduced hydroxylase samples: (a) EXAFS3, (b) EXAFS6; with component
B: (c) EXAFS15; with bromopropene: (d) EXAFS19; with B and bromopropene: (e)
EXAFS17.
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3.3.1. Photoreduction of the Oxidized Hydroxylase Samples

As mentioned above, the oxidized samples of the complexed hydroxylase were
photoreduced to the 1-electron reduced semimet state (Felll/Fell) by the X-ray beam, a
phenomenon which has been observed before.12:26 Anticipating the photoreduction
process, SSRL beamline 2-3 (unfocused bending magnet; Si(220) double crystal
monochromator) was used to pre-photoreduce EXAFS14, EXAFS16 and EXAFS18
(temperature 95 - 100K, monochromator fully tuned at 7900 eV, slits 4 by 15 mm), as
judged by monitoring the positon of the edge as a function: of time (~ 2.0 eV shift to lower
energy occurs from oxidized to semimet form). Scans were collected every 3-4 hours
using a 1 mm high beam to maximize energy resolution with the monochromator detuned
50 % ccw at 7400 eV. During this process, it was noted that the rate of photoreduction
decreased with decreasing ring current; after 21 hours in the beam between 58 -30 mA, the
edge of EXAFS14 had shifted only 0.8 eV. After injection to ~ 90 mA, an additional ~ 1
eV shift occured in 11 hours. After the pre-photoreduction process, the samples were
moved to beamline 7-3 for data collection and in all cases, photoreduction of the samples

" continued for a few hours. Only the scans collected after the photoreduction process was
judged to be complete were used for further data analysis.

3.3.2. Results of Fits

3.3.2.1. First Shell Fits. Results of the fits for the Fourier filtered first
coordination shell are presented in Table 3.2. For all of the samples, a single N or O
contribution did not adequately fit the data (fits A and B for all samples), however the data
could be fit with two contributions at different bond lengths. This effect has been noted
before in fits to structurally characterized model compounds by us and others,27 in which
single contribution fits resulted in both incorrect coordination numbers and average bond
lengths. This has been attributed to interference effects between the N and O EXAFS at
different but unresolvable distances.

_ Satisfactory fits were obtained with 2 N contributions, 2 O contributions, or a
mixed N/O contribution (Table 3.2, fits C-F for all samples). The ability of two N or two
O waves to fit the data as well as a mixed N/O contribution reflects the limitation of the
EXAFS technique to discriminate between two atoms of similar backscattering strength as
is the case with N and O. EPR studies are consistent with a mixed N/O coordination
coordination for the Fe site;28 the results with 2N or 20 contributions are therefore more
indicative of a first shell consisting of atoms at two different distance distributions, rather
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Table 3.2. Results of First Shell Fits? to the Hydroxylase Data.

Sample Window Width Fit F
(A) CNb  R(A) CN R(A)
EXAFS10 0.70 - 2.35 10A 21 207 | 1.2
semimet hydroxylase 10B 1.9 2.04 1.0
w/ component B 10C 4.1 2.15 0.28
3.5 1.99
10D 2.9 2.12 0.31
2.5 1.96
10E 3.5 2.17 2.9 1.98 0.29
10F 2.9 1.97 3.2 2.11 0.27
EXAFS11 0.75 - 2.30 11A 2.5 2.02 1.0
semimet hydroxylase 11B ' 22 2.00 0.82
w/ bromopropene 11C 3.0 2.15 ' 0.38
3.8 1.99
11D 2.1 2.13 0.29
2.9 1.97
11IE 2.4 2.17 3.2 1.98 0.30
11F 3.2 1.97 2.5 2.10 0.35
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Table 3.2. continued

Sample Window Width Fit F
A CNb  R(A) CN R(A)
EXAFS14 0.75 - 2.40 14A 2.0 2.06 1.1
semimet hydroxylase 14B _ 1.9 2.04 0.94
w/ component B 14C 3.6 2.16 0.35
3.4 1.99
14D 2.5 2.13 0.43
2.4 1.97
14E 3.0 2.17 2.7 1.98 0.39
4F 28 198 28 211 0.39
EXAFS16 0.70 - 2.20 16A 2.3 2.05 0.95
semimet hydroxylase 16B ‘ 2.1 203 076
w/ component B and 16C 3.2 2.15 © 035
bromopropene 33 1.99
16D 2.2 2.13 0.27
2.4 1.97
16E 2.5 2.17 2.8 1.99 0.30
16F 2.6 1.98 2.6 2.10 0.31




6L

Table 3.2. continued

Sample Window Width - Fit F
A CNb  RA) CN R
EXAFS18 0.70 - 2.30 18A 2.1 2.04 0.95
semimet hydroxylase ' 18B 1.9 201 0.78
w/ bromopropene 18C 3.0 2.15 0.29
3.4 1.99
18D 2.1 2.13 0.23
2.5 1.97
18E 2.5 2.18 2.8 1.98 0.25
18F 2.9 1.98 2.4 2.11 0.26
EXAFS20 0.70 - 2.25 20A 2.1 2.03 10.96
semimet hydroxylase 20B 1.9 2.00, 0.80
w/ bromopropene 20C 3.0 2.15 0.32
3.5 1.99
20D 2.1 2.13 0.23
2.7 1.97
20E 2.4 2.18 2.9 1.98 0.26
20F 3.0 1.98 24 2.10 0.28
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Table 3.2. continued

Sample Window Width Fit F
A CNb  R(A) CN R(A)
EXAFS15 0.50 - 2.30 15A 2.0 2.11 0.80
reduced hydroxylase 15B 1.8 2.08 0.64
w/ component B 15C 2.9 2.18 0.36
2.5 2.03
15D 2.1 2.15 0.29
1.8 2.00
15E 24 2.20 2.2 2.02 0.30
15F 1.9 2.01 2.4 2.13 0.34
EXAFS17 0.50 - 2.30 17A 2.0 2.11 0.78
reduced hydroxylase 17B 1.8 2.09 0.64
w/ component B and 17C 2.8 2.19 ‘ 0.38
bromopropene 2.6 2.04
17D 2.0 2.16 0.32
1.8 2.02
17E 22 222 2.2 2.04 0.33
17F 1.9 2.02 2.3 2.14 0.36
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Table 3.2. continued

Sample Window Width Fit F

(A) CNbY  RA) CN R(A)

EXAFS19 0.70 - 2.20 19A 29 2.15 0.67

reduced hydroxylase 19B 2.5 2.12 0.49

w/ bromopropene 19C 3.7 2.18 0.33

1.9 2.04

19D 29 2.14 0.29
1.0 1.99

19E 3.0 2.20 1.8 2.04 0.31

19F 1.1 2.00 3.1 2.13 0.29

SFitting range k = 4 - 12 A-1. Errors are estimated to be about + 0.03 A for distances and 25% for coordination numbers.22 5CN =

coordination number.



than suggesting an all N or all O first shell. Accordingly, the chemically relevant mixed
N/O fits will be focused on for the present studies.

For a mixed N/O fit to the data, two possible minima were found in every case
depending on the relative starting distances of the N vs. O contributions, one
corresponding to RN > Rg and one to RN < Rp (where RN and R are the starting Fe-N
and Fe-O bond lengths, respectively). The N and O parameters were highly correlated for
the limited k range of the data and we therefore place a greater emphasis on the
coordination-weighted average bond lengths than on the individual Fe-N and Fe-O
contributions. Since Fe-N bond distances are generally longer than Fe-O bond distances in
compounds of this type, the fit results with RN > Ro were used as the starting point for
wide-shell fits to the data. The validity of this approach has previously been confirmed by
similar fits to mixed N/O dinuclear iron models2 (see Chapters 2 and 4).

The average first shell coordination for all of the complexed forms of the semimet
hydroxylase are very similiar to each other. For semimet hydroxylase in the presence of
. component B, an average coordination of 6.4 N/O at 2.08 A from the iron center (Table
" 3.2, fit 10E) was found for EXAFS10, and of 5.7 N/O at 2.08 A (Table 3.2, fit 14E) for
EXAFS14. The bromopropene-complexed form of the hydroxylase had an average
coordination of 5.6 N/O at 2.06 A for EXAFS11 (Table 3.2, fit 11E), and 5.3 N/O at
2.07 A for EXAFS18 and EXAFS20 (Table 3.2, fits 18E and 20E respectively). In the
presence of both component B and bromopropene (EXAFS16), the average first shell
coordination was found to be 5.3 N/O at 2.07 A (Table 3.2, fit 16E). No evidence of a
short Fe-O contribution which would be consistent with the presence of an oxo-bridged
~ iron center was found. For the reduced forms of the hydroxylase, the average coordination
. number dropped and.the average bond length increased relative to the semimet forms of the
hydroxylase. For the reduced hydroxylase with component B (EXAFS15) a first shell
coordination of 4.6 N/O at 2.11 A (Table 3.2, fit 15E) was found, consistent with the shift
of the first peak in the Fourier transform to shorter R relative to the non-complexed form
(average first shell coordination ~ 5 N/O at 2.15 A, reference 12). For reduced
hydroxylase with bromopropene, the average coordination of the first shell was 4.8 N/O at
2.14 A (EXAFS19, Table 3.2, fit 19E), and with both B and bromopropene
(EXAFS17), the first shell was found to consist of 4.4 N/O at 2.13 A (Table 3.2, fit
17E).

Although the average first shell coordinations are similar for the semimet samples
and the reduced samples, there is a systematic difference in the individual contributions to
the fits discussed above. For the B-complexed samples (EXAFS10 and EXAFS14), the
coordination numbers of each contribution is about 3, but for the bromopropene-complexed
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samples (EXAFS11, EXAFS18 and EXAFS20), the coordination number of the long
distance contribution is lower than the coordination number of the short distance
contribution (compare the E fits in Table 3.2). This is similar to the results of the first shell
fits for the non-complexed hydroxylase sample (see Chapter 2, Table 2.2, fit 2C). For the
reduced samples, the coordination numbers are equal for the two contributions for the B-
complexed sample (EXAFS15), but the coordination number for the long distance
contribution is greater than the short distance contribution for the bromopropene-complexed
sample (EXAFS19). The contributions of each wave in the B + bromopropene sample
are similar to the bromopropene samples in the semimet state, and to the B samples in the
reduced state. The differences in the relative contributions may be responsible for the
metrical differences seen in the EXAFS of the various samples at k£ ~ 8 A-1 discussed above
and illustrated later.
3.3.2.2. Second Shell Fits The results of second shell fits to the data are
presented in Table 3.3. Two minima were found for Fe-only fits to the data, one
" corresponding to ~ 3.0 A and one to ~ 3.4 A, with the better fit corresponding to the 3.4 A
fit. We have previously described the bias of the second shell fits for the Fe-Fe distance
corresponding to the distance in the model compound from which parameters were
obtained.12 However, based on the lack of an oxo-bridge in the iron center, it is best to
use a non-oxo-bridged model compound for obtaining the empirical parameters.12.29 For
- that reason, the hydroxo-bridged model [Fe2(OH)(OAc)2(HB(pz)3)21(Cl04); (3.4 A Fe-Fe
distance)25 was used to extract parameters for modeling the second shell Fe-Fe interaction.
_ For the semimet hydroxylase in the presence of component B (EXAFS10 and
EXAFSI4), the best fit Fe-only minimum corresponded to 1.0 - 0.8 Fe at 3.39 A (Table
3.3, fits 10G and 14G respectively). The Fe-Fe coordination for the hydroxylase with
bromopropene was found to be 1.5 Fe at 3.40 A for EXAFS11 (Table 3.3, fit 11G), 1.2
Fe at 3.41 A for EXAFS18 (Table 3.3, fit 18G) and 1.4 Fe at 3.41 A for EXAFS20
(Table 3.3, fit 20G). For the hydroxylase with both B and bromopropene (EXAFS16),
the best Fe-only fit corresponded to 1.2 Fe at 3.40 A (Table 3.3, fit 16G). The 3.0 A
minima (Table 3.3, fits H for all samples) are believed to be due to coincidence of the Fe
phase with the phase of the contribution from the low Z atoms which are almost ccrtamly
present at ~ 3.0 A from the iron in bridged, dinuclear iron centers.30
The limitations involved with the use of second shell Fe-C parameters obtained
from Fe(acac)3 have been described elsewhere (Chapter 2 and reference 12). Although the
Fe-C parameters are known not to be entirely reliable, we have used them to try to obtain
additional information about contributions to the second shell data.!2 For C-only fits to the
data, two minima were again found, at ~ 3.0 A and ~ 3.4 A, however the best fit
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Table 3.3. Results of Second Shell Fits? to the AHydroxyla'se Data.

Sample Window Width Fit Fe F
(A) CNb  R(A) CN R (A)
EXAFS10 2.30-3.15 10G 1.0 3.39 0.37
semimet hydroxylase 10H 0.6 3.01° 0.65
w/ component B 101 ; 4.9 3.03 0.36
10J 3.7 3.38 0.74
10K 0.6  3.36 3.4 3.05 0.24
10L 1.3 3.42 3.4 3.39 0.31
10M 0.5 3.01 2.8 3.38 0.54
10N 0.3 2.93 5.1 3.04 0.27
EXAFS11 2.20 - 3.50 11G 1.5 341 0.62
semimet hydroxylase 11H 0.9 3.04 - 091
w/ bromopropene 111 ' 7.0 3.05t 0.52
11J 5.9 3.39 1.0
11K 0.8 3.36 5.8 3.07 0.36
11L 1.8 3.45 6.5 3.32 0.48
11M 0.8 3.04 4.4 3.39 0.71
11N 0.3 3.06 0.46

2.96

7.1
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Table 3.3. continued

Sample Window Width Fit Fe F
: (A) CNb  RA) CN RA)
EXAFS14 2.30- 3.15 14G 0.8 3.39 0.26
semimet hydroxylase 14H 0.4 2.99 0.53
w/ component B 141 3.4 3.02 0.38
14) , 2.5 3.38 0.59
14K 1.1 3.39 1.7 3.22 0.23
14L 04 298 22 340 0.45
14M 0.3 2.91 3.8 3.04 0.25
EXAFS16 2.15 - 3.50 16G 1.2 3.40 0.48
semimet hydroxylase 16H 0.8 3.02 - 0.71
w/ component B and 161 5.9 3.03 0.43
bromopropene 16 50  3.37 0.84
16K 0.6 3.37 4.0 3.05 0.32
) 16L 1.7 3.44 6.3 3.30 0.29
16M 0.7 3.02 3.7 3.38 0.52
16N 54 304 0.37

03 -

2.97
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Table 3.3. continued

Sample Window Width Fit Fe F
(A) CN®  RA) CN RQ@A)
EXAFS18 2.20 - 3.45 18G 1.2 3.41 0.51
semimet hydroxylase ‘ 18H 0.8 3.04 0.74
w/ bromopropene 181 6.1 3.05 0.39
18J 4.7 3.39 0.88
18K 0.6 3.37 4.8 3.07 0.29
18L 1.7 3.45 6.0 3.32 0.37
18M 0.7 3.04 3.4 3.39 0.59
18N 0.3 2.97 6.0 3.06 0.33
EXAFS20 2.15-3.45 20G 1.4 3.41 0.75
semimet hydroxylase 20H 1.0 3.04 { 10.88
w/ bromopropene 201 7.3 3.05.  0.54
207 5.8 3.38 1.10
20K 0.6 3.36 6.4 3.07 0.47
20L 2.0 3.46 9.0 3.32 0.53
20M 0.9 3.04 4.2 3.38 0.69
20N 0.3 2.99 6.6 3.06 0.49

*Fitting range k = 4 - 12 A-1. Errors are estimated to be about + 0.03 A for distances and 25% for coordination numbers.22 bCN =

coordination number.



corresponded to the 3.0 A minimum for the C-only fits (Table 3.3, fits I for all samples).
For fits including both Fe and C, the individual contributions were highly correlated,
affecting both coordination numbers and distances. The best fit to the data corresponded to
a long (3.4 A) Fe-Fe distance, and a short (3.0 A) Fe-C distance for EXAFS10,
EXAFS11, EXAFS18, and EXAFS20 (Table 3.3, fits 10K, 11K, 18K, 20K). For
these fits, both the Fe and the C coordination numbers were lower than the values obtained
for the long Fe-only fit and the short C-only fit (fits G and I, respectively), and the Fe-Fe
distance decreased while the Fe-C distance increased. For EXAFS16, the long Fe/short
C fit was the second best fit (Table 3.3 fit 16K) and showed the same correlation effect. It
should be noted that for EXAFS14, fit 14K was the result for both a long Fe/long C and a
long Fe/short C starting point.

These results demonstrate that there are two contributions to the second shell data,
from atoms at an average distance of 3.0 A and 3.4 A from the iron center. A strong
~ preference for a 3.4 A Fe-Fe distance and a 3.0 A Fe-C distance was given by the fit results
_ (Table 3.3, fits G and I respectively). The assignment of the longer distance to Fe and the

shorter distance to C is consistent with the lack of an oxo-bridged iron center and with the
distribution of low Z atoms in structurally characterized models.25:29 To aid in the
_ interpretation of these results, it is useful to compare the Fourier transforms of the fits (4 -
12 A-1) with the 4 - 12 A-1 Fourier transform of the second shell contribution. The fits to
" the filtered second shell data and the Fourier transforms of the fits to the data for
EXAFS10 are presented in Figure 3.5. The 3.39 A Fe fit (Table 3.3, fit 10G; Figure
. 3.5a) matches the Fourier transform of the second shell wave (at 2.68 A) better than the
3.01 A Fe fit (Table 3.3, fit 10H; Figure 3.5b) both in terms of peak height and position.
The Fourier transform of the 3.39 A Fe fit is shifted 0.11 A to longer R (at 2.79 A), and is
81% of the height of the data peak, whereas the 3.01 A Fe fit is 0.27 A to shorter R (at
2.41 A) and only 61% of the peak height. The Fourier transform of the 3.03 A C-only fit
- to the data (Table 3.3, fit 10]; Figure 3.5c) matches the Fourier transform of the data very
well, with only a 0.02 A shift in the peak position of the fit to lower R (at 2.66 A), whereas
the 3.38 A C-only fit to the data (Table 3.3, fit 10J; Figure 3.5d) occurs 0.33 A to higher R
(at 3.01 A). The height of the peak of the short C fit is 84% that of the data and the long C
fit is 52% of the data peak height. Clearly, the 3.39 A Fe fit or the 3.03 A C fit better
explain the second shell data than the 3.01 A Fe fit or the 3.38A C fit, supporting the
assignment of the longer distance contribution as iron and the shorter distance contribution
as carbon. For the Fe + C fits to the data, the fits consisting of long Fe and short C (Fit
10K, Figure 3.5¢), long Fe and long C (Fit 10L, Figure 3.5f) and short Fe and short C (Fit

87



18 1 ! ! I I T !

'Fourier Transform Magnitude

R (A)

Figure 3.5. Fourier transforms of the second shell fits to the data for EXAFS10 (k =
4-12 A-1). The solid line is the Fourier transform of the second shell EXAFS in every
case. (a) Fe-only fits to the data; 3.39 A Fe fit (Table 3.3, fit 10G) (dash) and 3.01 A Fe
fit (Table 3.3, fit H) (dot). (b) C-only fits to the data; 3.38 A C fit (Table 3.3, fit 10J)
(dash) and 3.03 A C fit (Table 3.3, fit 10I) (dot). (c) Fe + C fits to the data; long Fe and
short C (Table 3.3, fit 10K) (dash), long Fe and long C (Table 3.3, fit 10L) (dot), and
short Fe and short C (Table 3.3, fit 10M) (dash dot).
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10M, Figure 3.5g) are all quite good, however the improvement to the fits simply reflects
the correlation of the Fe and the C parameters in the latter two fits to the data.

For the reduced data sets, fits to the filtered data over the region between 2.5 and
3.5 A were attempted with Fe or C and could be adequately fit with either less than 0.5 Fe
at~3.4 A or about 2 C at ~ 3.0 A. These results are chemically unreasonable for the diiron
center based on a comparison of these contributions with the known second shell
contributions in structurally characterized diferrous models. In the second shell of the
multiply-bridged diferrous model compounds [Fe2OH(O2CH3)2(Me3TACN)2](Cl104)-
H>03! and [Fex(O2CH)4(BIPhMe)2],32 there are 11 C atoms between 2.89 and 3.16 A,
and 1 O atom at 3.3 A (the Me3TACN compound also has Fe at 3.32 A; the Fe distance in
the BIPhMe model is 3.57 A). The low height of the peak in the second shell region of the
Fourier transform, and the low coordination numbers for the fits especially in the 3.0 - 3.2
A range, suggest that there is some high frequency contribution to the data that can be
mathmatically modeled with the Fe and C parameters, but does not necessarily reflect the
" true second shell environment of the ferrous iron center.33 .

3.3.2.3. Wide Shell Fits. The same trends seen in the first and second shell
fits to the semimet data were seen in the fits to the backtransform of both of the peaks in the
Fourier transform (Table 3.4). Only the results for RN > Ro are reported, although all of
the fits with RN < R were performed. The fit function for the N/O fit to the data was
. about 1 for all of the samples (Table 3.4, fits O), and improved by a factor of 1.8 to 2 with
the addition of a either a 3.4 A Fe contribution (Table 3.4, fits P) or by a factor of 1.3 to
_ 2.6 with a 3.0 A C contribution (Table 3.4, fits S). With the addition of both a 3.4 A Fe
and a 3.0 A C contribution (Table 3.4, fits T), the fits improved only slightly over the 3.4
A Fe-onlyor the 3.0 A C-only fits, and the same correlation effects (reduction in the Fe and
C coordination number and Fe distance, increase in C distance) were seen for all samples
with the exception of EXAFS14, for which no minimum corresponding to a 3.4 A Fe and
3.0 A C initial starting point was found.

The data and fits to the data are presented in Figure 3.6 for EXAFS10. The
description here is entirely analagous for the rest of the samples as well. The N/O fit
describes both the low frequency contribution to the data and the overall amplitude of the
data (Table 3.4, fit 100, Figure 3.6a) but does not explain the higher frequency
components of the EXAFS. The effect of adding the high frequency Fe to the N and O fit
(Table 3.4, fit 10P) is seen in Figure 3.6b, with the beat pattern above k =7 A-lin the data
now being mimicked by the fit to the data. The inclusion of the short C contribution to fit
10P (Table 3.4, fit 10T, Figure 3.6c) primarily improves the match in the frequency above
k=10 A1
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Table 3.4. Results of Wide Shell Fits? to the Hydroxylase Data.

06

Sample Window Width  Fit N o Fe C F
(A) ~ CNd  RA) CN R(A) CN R(A) CN R(A)
EXAFS10 0.70 - 3.15 100 3.5 2.16 2.8 1.97 0.96
semimet hydroxylase 0P+ 34 2.16 2.7 1.97 1.1 3.39 0.47
w/ component B 10Q- 3.3 2.16 2.6 1.97 0.7 3.00 0.69
1I0R 3.4 216 2.7 1.97 3.6 338  0.82
10S 35 2.17 2.9 1.98 49 3.03 0.51
10T 3.4 2.17 2.8 1.98 0.7 3.37 2.6 3.05 0.42
EXAFS11 0.75 - 3.50 110 25 2.17 3.1 1.98 1.3
semimet hydroxylase - 11P 2.5 217 3.1 197 1.5 3.41 0.68
w/ bromopropene 11Q 24 2.16 30 197 1.0 3.03 0.93
11IR 24 2.17 3.0 1.97 5.8 -~ 3.39 1.1
1S 25 219 33 198 73 305  0.59
11T 2.3 2.18 3.2 1.98 0.7 3.37 5.6 3.07 0.49
EXAFS14 0.75-3.15 140 2.9 2.17 2.7 1.98 ' 0.80
semimet hydroxylase 14 29 2.17 2.6 1.98 0.8 3.39 0.45
w/ component B 14Q 2.6 2.16 2.5 1.98 0.5 297 0.61
4R 29 2.17 2.6 1.98 2.5 3.38 0.73
148 3.1 2.18 2.8 1.98 32 3.02 0.60

14T 3.0 2.16 2.6 1.98 1.5 3.38 4.1 3.18 0.36
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Table 3.4. continued

Sample Window Width  Fit . - N Fe F
(A) CNb  RA) CN R(A) CN R(A) CN RA)
EXAFS16 0.70-350 160 2.5 217 2.6 1.99 1.1
semimet hydroxylase 16P 2.4 216 2.6 199 1.2 3.40 0.59
w/ component B and 16Q 2.4 215 2.4 198 09 3.02 0.74
bromopropene 16R 2.4 217 2.6 1.99 5.0 337 0.92
165 2.6 218 2.9 1.99 6.2 3.03 0.51
16T 2.4 218 2.8 199 0.5 337 4.4 3.04 046
EXAFS18 070-345 180 2.5 217 2.7 1.98 1.1
semimet hydroxylase 18P 2.5 217 2.6 198 1.2 3.41 0.57
w/ bromopropene 18Q 2.4 216 2.6 198 0.9 3.04 0.75
18R 2.4 217 2.7 1.98 4.7 339 093
188 2.5 219 2.9 1.99 6.2 3.04 046
18T 2.4 218 2.8 199 0.5 337 5.0 3.06  0.39
EXAFS20 0.70-345 200 2.5 217 2.8 1.97 1.3
semimet hydroxylase 20 2.5 217 2.8 197 1.4 3.41 0.79
w/ bromopropene 20Q 25 2.16 2.7 1.97 1.1 3.04 0.87
20R 2.4 217 2.7 1.97 5.8 338 1.1
208 2.5 219 3.0 1.98 7.6 3.05  0.57
20T 2.4 219 2.9 198 0.4 336 6.7 306  0.53

3Fitting range k = 4 - 12 A-1. Errors are estimated to be about + 0.03 A for distances and 25% for coordination numbers.22 YCN = coordination number.
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Figure 3.6. Fits to the Fourier filtered first and second shell EXAFS for EXAFS10 (k
=4-12 A-1). The solid line is the data and the dashed line is the fit. (a) Fit to the data with
N and O (Table 3.4, fit 100), (b) fit to the data with N, O, and Fe (Table 3.4, fit 10P), (c)
Fit to the data with N, O, Fe, and C (Table 3.4, fit 10T). Note the improvement in the fit
with the addition of Fe to the N and O contributions.
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3.3.2.4. The Origin of the Metrical Differences in the EXAFS. There
are subtle differences in the beat pattern of the EXAFS data seen above k = 7 A-1 (Figure
3.1) for the hydroxylase complexes vs. the non-complexed hydroxylase as described
above. These differences suggest that there may be a structural change that occurs in the
complexed forms of the hydroxylase, however the fit results do not support a significant
change in the ligation of the iron atoms as a result of the presence of component B or
substrate based on a comparison of the average first shell coordination. Although the
differences in the EXAFS cannot be completely-accounted for by the fit results,
qualitatively it can be shown that the differences arise from differences in the first shell
EXAFS. The backtransforms of the first shell data for representative complexed forms of
the hydroxylase are compared to the first shell EXAFS of the non-complexed hydroxylase
in Figure 3.7, and of the second shell data in Figure 3.8. Significant changes in the first
shell EXAFS occur in both amplitude and phase above k =7 A-1 for all of the samples,
although the non-complexed form and the bromopropene-complexed forms are very
~ similar. The second shell data, while not identical for all of the samples, are certainly more
similar to each other than the first shell data. The differences in the beat pattern of the
EXAFS can therefore be attributed to the differences in the first shell data above k =7 A-1
interacting with a relatively constant second shell contribution. The differences in the first
* shell EXAFS are probably reflected by the differences in the relative coordination numbers
 of the long and short distance contributions to the first shell fits of the B-complexed vs.
bromopropene-complexed samples described above. The effect of the first shell data on the
v éppcarance of the EXAFS is illustrated in Figure 3.9, which shows the filtered EXAFS of
the B-complexed hydroxylase (EXAFS10), along with the EXAFS from the addition of
the first shell data from EXAFS10 to the second shell data of the non-complexed sample
and the filtered EXAFS of the non-complexed hydroxylase. Addition of the second shell
EXAFS of the non-complexed form to the first shell EXAFS of the B-complexed form
_ (Figure 3.9b) results in EXAFS more like that of the true B-complexed samples (Figure
3.9a) than the non-complexed sample (Figure 3.9c).
3.3.2.5. Fits to the Non-Filtered Data. Fits to the non-filtered data
between 4 and 12 A-1 were done for all of the Seinimet and reduced samples (Table 3.5).
All of the trends described above were seen for the fits to the wide filtered data, although
the fit functions were higher due to the increased noise level of the data. The data and the
fit to the data (Table 3.5, fit U) for all of the semimet samples are shown in Figure 3.10.
The Fourier transforms (4 - 12 A'l) of the fits in Table 3.5 for EXAFS10 are compared to
the 4 - 12 A-1 Fourier transform of the data in Figure 3.11. The N/O contribution to the
data matches the first shell peak in the Fourier transform very well for all of the fits. For
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Figure 3.7. Comparison of the Fourier backtransforms of the first shell data (see Figure
3.2) for the semimet hydroxylase samples. Semimet hydroxylase sample, EXAFS2
(solid); with component B, EXAFS10 (dash); with bromopropene, EXAFS18 (dot);
and with B and bromopropene, EXAFS16 (dash dot). The Fourier filter window widths
used for these backtransforms are given in Table 3.2. Note the difference in the EXAFS
above k = 8 A-1, especially for EXAFS10.
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Figure 3.8. Fourier backtransforms of the second shell data (see Figure 3.2) for the
semimet hydréxylasc samples. Semimet hydroxylase sample, EXAFS2 (solid); with
component B, EXAFS10 (dash); with bromopropene, EXAFS18 (dot); and with B and
bromopropene, EXAFS16 (dash dot). The Fourier filter window widths used for these
backtransforms are given in Table 3.3.
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Figure 3.9. A comparison of the interaction between the first and second shell semimet
hydroxylase EXAFS data. (a) Fourier filtered EXAFS of EXAFS10 (with component
B); (b) the 1:1 addition of the Fourier filtered first shell data of EXAFS10 with the
Fourier filtered second shell data of EXAFS2; (c) Fourier filtered EXAFS of EXAFS2
(non-complexed form).
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Table 3.5. Results of Fits? to the Non-Filtered Hydroxyléée EXAFS Data.

Sample Fit N o Fe F
CNd  RA) CN R(A) CN R(A) CN R(A)
EXAFS10 00 35 216 27 197 1.1
semimet hydroxylase 10V 3.5 2.16 2.7 1.97 1.1 3.39 0.72
w/ component B ow 33 2.15 2.6 1.97 0.7 3.00 0.89
10X 3.4 2.16 2.7 1.97 4.0 3.37 0.98
10Y 3.5 2.17 2.9 1.98 4.9 3.02 0.78
10Z 3.4 2.16 2.8 1.97 0.8 3.37 2.2 3.06 0.70
EXAFS11 11U 2.4 2.17 3.1 1.97 1.6
semimet hydroxylase 1V 24 2.16 3.0 1.97 1.5 3.41 1.0
w/ bromopropene 11w 2.4 2.15 3.0 1.97 1.0 3.03 1.2
11X 2.4 216 3.0 1.97 6.1 3.39 1.3
1Y 24 219 33 198 | 73 3.0 1.0
1Z 2.2 2.18 3.1 1.98 09 . 3.37 5.0 3.04 0.95
EXAFS14 14U 29 2.17 2.6 1.98 o 0.95
semimet hydroxylase 4V 29 217 2.6 1.98 0.9 3.39 0.67
w/ component B 14W 26 2.16 2.5 1.98 0.5 2.97 0.80
14X 2.9 2.17 2.6 1.98 3.0 3.38 0.87
14Y 3.0 2.18 2.7 1.98 3.1 3.01 0.81
147 3.0 217 2.6 1.98 1.6 3.38 4.5 3.19 0.60
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Table 3.5. continued

Sample Fit o Fe F
» CNb  R(A) CN R(A) CN R(A) CN R(A)
EXAFS16 16U 25 216 2.5 1.98 1.2
semimet hydroxylase 16V 2.4 2.16 2.5 1.98 1.2 3.40 0.79
w/ component B and 16W 2.5 2.15 2.4 1.98 0.9 3.02 0.90
bromopropene 16X 2.4 2.16 25 1.99 4.8 3.38 1.1
16Y 2.5 2.18 2.8 1.99 6.1 3.03 0.73
16Z 2.4 2.18 2.7 1.99 0.5 3.38 43" 3.04 0.70
EXAFS18. 18U 2.5 2.17 2.7 1.98 1.2
semimet hydroxylase 18V 2.5 2.17 2.7 1.98 1.2 3.41 0.75
w/ bromopropene 18W 2.5 2.16 2.6 197 0.9 3.03 0.87
18X 24 217 26 198 44 339 1.0
18Y 2.5 2.18 2.9 1.99 6.2 3.04 0.64
187 2.4 2.18 2.8 1.98 0.4 3.38 5.0 3.05 0.62
EXAFS20 20U 2.6 2.17 2.8 1.97 1.5
semimet hydroxylase 20V 2.6 2.17 2.8 1.97 1.4 3.41 1.1
w/ bromopropene 20W 2.6 2.16 2.8 1.97 1.0 3.04 1.2
20X 25 217 2.8 1.97 5.7 3.38 0.95
20Y 2.7 2.19 3.0 1.98 7.4 3.05 1.3
207 2.5 2.18 2.9 1.98 0.5 3.36 6.5 3.06 0.92
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Table 3.5. continued

Sample Fit N ‘ 1 Fe F
CNb  R(A) CN R(A) CN R(A) CN R(A)

EXAFS15 15G 23 211 2.1 2.03 0.68
reduced hydroxylase 15H 23 220 2.1 2.03 0.5 3.35 0.56
w/ component B 151 2.5 2.19 2.1 2.02 2.2 2.99 0.58
EXAFS17 17G 2.1 2.22 22 2.04 0.65
reduced hydroxylase 17H 2.1 222 220 . .2.04 03 334 0.58
w/ component B and 171 23221 22203 R 1.6 2.99 0.60
bromopropene o ' )

EXAFS19 19G = 3.1 2.19 1.7 2.04 0.69
reduced hydroxylase 19H 3.1 2.20 1.7 2.04 0.4 3.39 | - 0.61
w/ bromopropene 191 3.2 2.20 1.8 2.04 1.3 3.03 0.65

*Fitting range k = 4 - 12 A-1. Errors are estimated to be about + 0.03 A for distances and 25% for coordination numbers.22 bCN' = coordination number.
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Figure 3.10. -Fits to the non-filtered data for the semimet hydroxylase samples (fitting
range k = 4-12 A-1). The solid line is the data and the dashed line is the fit to the data. The
fit shown is the N,O and Fe fit (Table 3.5, fit U for all). (a) EXAFS10, (b) EXAFS14,
(c) EXAFS11, (d) EXAFS18, (¢) EXAFS20, (f) EXAFS16.
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Figure 3.11. Fourier transforms of the fits to the non-filtered data for EXAFS10
(Fourier transform range k = 4-12 A-1). The solid line is the data. (a) Fit to the data with
N and O (dash) (Table 3.5, fit 10U), (b) fit to the data with N, O and long Fe (dash) (Table
3.5, fit 10V) and N,O and short Fe (dot) (Table 3.5, fit 10W), (c) fit to the data with N, O
and long C (dash) (Table 3.5, fit 10X) and N, O and short C (dot) (Table 3.5, fit 10Y), (d)
fit to the data with N, O, Fe and C (dash) (Table 3.5, fit 10Z). Note that the fit to the data
with N, O and a long Fe contribution is better than the N, O and short Fe fit, while the fit
including the short Fe-C contribution is better than the fit including the long Fe-C
contribution.
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Fit 10V (Table 3.5, Figure 3.11b), the second shell peak is slightly mismatched in
position, with the fit to the data occuﬁx‘lg ata Sugnuy mgncr R value, but the amputuae of
the peaks is well-matched, similar to what was described for the second shell fits above.
The Fourier transform of the N/O/short Fe fit to the data (Table 3.5, fit 10W) is a poor

match for the data (Figure 3.11b). For Fit 10Z, the amplitude of the fit in the second shell

s slightlv hich but the addition of the short C contribution to the N/O/lone Fe fit

1 siagnuy nign, out (e acaion of € snort U conriouuon to the IN/Uyiong e 1t
Bty &t

improves the match in the position of the peak of the fit to the data with the second shell
peak of the data (Figure 3.11d). Clearly, this shows that the Fe-Fe parameters employed
cannot by themselves explain the second shell data completely, and that something in
addition to iron needs to be added to the fits.

The same procedure was performed for the reduced data, and the fit results are also
presented in Table 3.5. Although the N/O fits to the data were adeqguate to explain the data,
the broad feature suggested on the low & side of the 10 A-1 maximum was not accounted
for (Figure 3.12a,c,d). However, with either the addition of a small 3.0 A C contribution
| or a 3.4 A Fe contribution, a better fit to the data at higher ¥ was found (illustrated for
- EXAFSI15, Figure 3.12b). As described above in the fits to the second shell data, that
while improving the fit to the data mathematically, the actual numerical results of the high
frequency contribution should not be interpreted as reflecting a true second shell
environment. The Fourier transforms of the data and the fits to the data shown in Figure
3.12 are presented in Figure 3.13. The inclusion of Fe or C to the fit models the small
peak above 2.5 A.

- 3.3.3. X-i'ay Absorption Near Edge Spectra

The edge spectra of the semimet hydroxylase samples are presented in Figure 3.14.
The spectra consist of a small, low intensity feature at ~ 7114 eV (Feature A), the main
transition at ~ 7129 eV (Feature B) and a broad maximum at ~ 7134 eV (Feature C). The
intensity of feature B increases in the presence of component B (EXAFS10 and
EXAFS16) and a shoulder appears on the rising edge at ~ 7124 eV (Feature A'). The
energy position of Feature A does not changé for the various samples, but its intensity
increases for the samples with component B (see Figure 3.14 inset). The shapes of the
pre-edge features for the other two complexes of the hydroxylase are not significantly
different from the non-complexed form.

Upon reduction to the diferrous state (Figure 3.15), the the main transition moves
to lower energy (~ 7125 eV) and the shape changes dramatically, increasing in intensity and
becoming narrow. This change is typical of the reduction of Fe(III) to Fe(II) in models
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Figure 3.12. Fits to the non-filtered data for the reduced hydroxylase samples (fitting
range k =4-12 A'l). The solid line is the data and the dashed line is the fit to the data. (a)
Fit to the data for EXAFS15 with N and O (Table 3.5, fit G), (b) fit to the data for
EXAFS15 with N, O and Fe (Table 3.5, fit H). N and O only fits to (c) EXAFS19
(Table 3.5, fit 19G) and (d) EXAFS17 (Table 3.5, fit 17G). Note that the inclusion of Fe
to the fit for EXAFS15 accounts for the shoulder in the EXAFS between & = 8 and 9 A-L.
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Fourier Transform Magnitude
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Figure 3.13. Fourier transforms of the fits to the non-filtered data for EXAFS15
(Fourier transform range k = 4-12 A-1). The solid line is the Fourier transform of the data
and the dashed line is the fit for (a) N and O fit (Table 3.5, fit G) and (b) N, O and Fe fit
(Table 3.5, fit'H). Note that the inclusion of Fe to the fit explains the 3.0 A peak in the
Fourier transform.
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Figure 3.14. Edge spectra of semimet hydroxylase samples. Non-complexed sample,
EXAFS7 (solid); sample with component B, EXAFS10 (dash); sample with
bromopropene, EXAFS18 (dot); sample with B and bromopropene EXAFS16 (dash
dot). Note the appearance of a shoulder on the rising edge in the spectra of the hydroxylase
samples in the presence of B and bromopropene. The pre-edge feature of EXAFS10 is
more intense than the pre-edge features of the other samples.
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Figure 3.15. Edge spectra of semimet (solid) and reduced (dash) hydroxylase samples.
The data shown are for (a) the non-complexed forms of the hydroxylase (EXAFS7 and
EXAFS6) and (b) the hydroxylase samples with componcnt' B (EXAFS10 and
EXAFS1S). The change in the appearance of the edge spectra of the hydroxylase samples
in the presence of component B is not as great as the change that occurs in the non-
complexed samples.
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with mixed O and N ligation (see Chapter 5). The shape of the pre-edge feature (Feature
A) changes (Figure 3.15 inset) and the positon of the pre-edge feature moves to lower
energy by about 1 eV to 7113 eV.

The edges of the reduced hydroxylase complexes are compared in Figure 3.16.
The position of Feature A does not change, but the intensity decreases relative to the non-
complexed sample edge. Among the hydroxylase complexes, the intensity of the feature is
slightly greater for the hydroxylase sample in the presence of bromopropene than for the
other samples. The shape of Feature A is different for the complexes with component B
(EXAFS15 and EXAFS17) from the bromopropene-complexed and non-complexed
hydroxylase (EXAFS19 and EXAFS6). The pre-edge feature rises to a maximum more
steeply for EXAFS6 and EXAFS19 than for EXAFS15 and EXAFS17. The
intensity of the main transition decreases and becomes more narrow relative to the edge of
the non-complexed samples, and a shoulder to the high energy side of Feature B (Feature

C) at ~ 7131 eV appears for the hydroxylase in the presence of component B.

' 3.4. Discussion
- 3.4.1. The Empirical Fitting Proceedure

The underlying assumption of the empirical fitting approach applied herein is that
only single scattering interactions contribute to the EXAFS, and multiple scattering
contributions to outer shell data are neglected. The empirical fitting proceedure used for
these ﬁts has proven to be very reliable for the first coordination sphere and is especially
- sensitive to the distance distribution around the Fe atom, although it may not always

accurately reflect the relative numbers of one atom type to another, as has been seen for
| these samples. Second shell empirical fitting methods are hampered by the difficulty in
. adequately modeling all of the second-shell low-Z atoms distributed at various distances
and in various numbers around metal atoms in dinuclear metalloproteins. The Fe-C
parameters obtained from Fe(acetylacetonate)3, commonly used to model the second shell
low-Z atom contribution to the data, describe a wave which mimicks the second shell Fe-Fe
contribution (Chapter 2, Figure 2.8), resulting in the satisfactory "C-only" fits to the data at
the same distances as the Fe-only fits. This also contributes to the high degree of
correlation between the Fe and C contributions to the fits when both Fe and C were used to
fit the second shell data. The ability of second shell carbon to mimic a first row transition
metal contribution has been noted before in fits to dinuclear copper proteins.34 The net
result is that it is difficult to isolate the second shell metal-metal interaction from the second
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Figure 3.16. Edge spectra of reduced hydroxylase samples. Reduced hydroxyalse
sample, EXAFS6 (solid); sample with component B, EXAFS15 (dash); sample with
bromopropene, EXAFS19 (dot); sample with component B and brompropene,
EXAFS17 (dash dot). Note that the intensity of the main feature decreases in the
presence of component B and bromopropene.
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shell metal-low-Z atom interaction using a single-scattering empirical approach, an effect
clearly seen in the fits to the second shell EXAFS data. The inclusion of this shell clearly
shows that at least a second contribution is needed to model the second shell properly.

Multiple scattering interactions from the presence of rigid ligand groups such as
imidazoles can often contribute significantly to the outer shell data. Semi-empirical
methods of dealing with the presence of imidazole groups, in which a set of amplitude and
phase parameters which describe the contribution of the imidazole group as a unit, have had
limited success.35 Recent efforts have focused-on including the individual multiple-
scattering pathways based on theoretical calculations within the imidazole group in fits to
the data.36 The possibility that multiple scattering from other ligands bound to the iron
atom are contributing to the second shell data cannot be ruled out, as it has recently been
shown that multiple scattering contributes significantly to the outer shell data in
Fe(acac)3.37 This suggests that in addition to imidazole groups, multiple scattering
interactions from bidentate coordination of a carboxylate group to a single Fe atom may
~ also contribute to the second shell data. The crystal structure of ribonucleotide reductase
B238 shows an aspartate group coordinated to an Fe atom in just such a manner and it is
certainly possible, based on the similarity between the average first shell data for RR and
MMO hydroxylase as determined by EXAFS,12 that similar coordination of carboxylate
groups occur in the hydroxylase active site. The application of a multiple scattering
- analysis to the second shell data is currently under developement.37

3.4.2. The Effect of Substrate and Component B on the Structure of the
Diiron Center '

Perturbations in the EPR spectrum of the semimet hydroxylase in the presence of
substrate was the first indication that the hydroxylase component interacted directly with
- substrate.4¢.17 In the presence of small molecules, the EPR spectrum was generally
sharpened and intensified, however the presence of component B caused a dramatic
difference in the EPR spectrum of the semimet hydroxylase.162 The hydroxylase no longer
exhibited the gay = 1.85 signal (M. trichosporium (OB3b)), and a different saturation
behaviour was observed, resulting in an EPR signal with gay = 1.75. These results
suggest that the interaction of component B with the hydroxylase in its semimet form is
more significant than the interaction of substrate. In the fully reduced form, the presence of
component B does not affect the EPR as drastically as in the semimet form and only
sharpens and intensifies the g = 16 signal, suggesting that the interaction of B with the
reduced hydroxylase is not as significant as its interaction with the semimet hydroxylase.
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These trends are qualitatively seen in the EXAFS of the semimet (Figure 3.1) and reduced
samples (Figure 3.3). The EXAFS of the complex formed between semimet hydroxylase
and bromopropene (Figure 3.1d-f) is very similar to the non-complexed EXAFS (Figure
3.1a), whereas the EXAFS of the semimet hydroxylase with component B (Figure 3.1b,c)
is different from the non-complexed form. The B plus bromopropene sample (Figure
3.1g) resembles a combination of the B-hydroxylase and the bromopropene-hydroxylase
samples. The EXAFS of the reduced hydroxylase in the presence of component B (Figure
3.3c) is somewhat different from the non-complexed form (Figure 3.3a,b).

The presence of component B and substrate also alters the redox potentials of the
hydroxylase iron site.18 The redox potentials of the Fe(III)Fe(III)/Fe(I)Fe(III) and
Fe(DFe(Il)/Fe(Il)Fe(Il) pairs were slightly lowered in the presence of propylene,
suggesting a decrease in the electron affinity of the iron site and a slight inhibition of the
reduction process. In the presence of stoichiometric amounts of component B and
reductase, no reduction of the hydroxylase occured, suggesting that both component B and
reductase are required to inhibit reduction of the hydroxylase. Earlier kinetic studies
" suggested that component B alone was responsible for the inhibition of the reduction of
hydroxylase in the absence of substrate.6:11 The XAS sample of the reduced form of the
hydroxylase with component B was subjected to the reduction mediators after the protein
complex had been formed. The edge spectrum (Figure 3.16) is consistent with the reduced
form of a diiron center, therefore reduction of the hydroxylase can proceed in the presence
of component B and the absence of substrate. This confirms that both the reductase and
component B are required in the absence of substrate to effectively inhibit reduction of the
* hydroxylase diirion site.

3.4.2.1 Changes in the Coordination Sphere of the Iron Center. The
fit results do not show any significant difference in the iron coordination sphere due to the
formation of hydroxylase complexes. The average first shell coordination of the
complexed forms of the semimet hydroxylase (5.3 - 6.4 N/O at 2.06 - 2.08 A, Table 3.6)
do not vary significantly from the average first shell coordination of the non-complexed
semimet hydroxylase (5.6 N/O at 2.08 A, Table 3.6). Considering the Fe-only fits to the
second shell data, the Fe-Fe distance for all of the semimet complexes is also very similar,
varying from 3.39 A to 3.41 A. Based on a comparison of the coordination weighted
average first shell date, the results suggest that no significant change in the coordination of
the iron occurs due to the formation of hydroxylase complexes with component B or
substrate. However, there is a change in the relative coordination numbers of the long and
short distance contributions to the first shell data for the B-hydroyxlase samples. Given the
inability of EXAFS to strictly determine the relative numbers of similar strength
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Table 3.6. Comparison of the Results of Fits to the Hydroxylase Data.

Sample Description Avg. First Shell Second Shell Fe-Fe
Coordination? Coordination?

EXAFS5¢ oxidized 5.8 N/Oat2.04 A 1.1 Feat342A

EXAFS2¢ semimet 5.6N/Oat2.08 A 1.1 Feat341 A

EXAFS10 semimet 6.4 N/O at2.08 A 10Feat339A
w/ componet B

EXAFS11 semimet 5.6 N/O at 2.06 A 1.5Feat3.41 A
w/ bromopropene

EXAFS14 semimet 5.7 N/O at2.08 A 0.8 Feat3.39 A
w/ component B

EXAFS16 semimet 53N/0at2.07 A 1.2 Feat 340 A
w/ component B and bromopropene ‘

EXAFS18 semimet 53N/Oat2.07 A 12 Feat3.41 A
w/ bromopropene

EXAFS20 semimet 53N/O at2.07 A 14Feat 341 A

w/ bromopropene




Table 3.6. continued

41!

Sample Description Avg. First Shell Second Shell Fe-Fe
' ' Coordination? Coordinationb
EXAFS3¢ reduced 56N/0Oat2.15A
EXAFS6° reduced « 46 N/Oat2.16 A
EXAFS15 reduced : 46N/Oat2.11 A
w/ component B |
EXAFS17 reduced 44N/Oat2.13 A
w/ bromopropene
EXAFS19 reduced 48N/Oat2.14 A

w/ component B and bromopropene

2The average distance given is the coordination-weighted average distance for the fit with initial RN > Rg (Table 3.2, fit E for all samples).

bThe Fe coordination reported is for the long Fe-only fit to the data (Table 3.3, fit G) as this is the most reasonable result. “See Chapter 3 and

reference 12 for the original analysis of the data for these samples.



backscattering atoms, we hesitate to interpret the change in the contributions of the
individual waves as representing a real change in the relative N and O ligation to the iron
center, however the results indicate that some minor change does occur in the first
coordination sphere. Whether the origin of the difference arises from a change in the
ligation of the iron atoms, or a distortion of the coordination environment, or a change in
the covalency of the metal site can not be determined based on the EXAFS analysis.
Although it is known that substrate interacts with the hydroxylase component, the
location of the binding site has not been determined. A brominated substrate was used for
the hydroxylase/substrate complex to provide information about the proximity of the
substrate binding site to the iron center. Bromine is a stronger backscatterer than Fe, so an
Fe-Br interaction should be detected if the substrate were to bind close enough to an iron
atom in an ordered configuration (with little rotational or vibrational motion). If 1-
bromopropene were to bind to an Fe atom, the Fe-Br distance would be on the order of
2.5-3.75 A if the terminal C to which Br is attached binds to the iron atom, depending on
the angles of the Fe-C to C-Br bonds. If the second carbon, at the internal end of the
double bond, binds to iron the Fe-Br distance would be on the order of 3.0-5.3 A, again
depending on the relative bonding angles. EXAFS should be sensitive to a Br interaction
within 4.0 A. Since Br is such a strong backscatterer, it might be possiblc'to detect an Fe-
Br interaction at a longer distance and therefore be able to determine the distance to the
substrate binding site. '
To evaluate this, we have collected EXAFS data on a brominated derivative of
' Fe(acac)s, [tris-(3-bromo-2,4-pentanedionate)s iron (II1)]39 (or Fe(3-Br-acac)s) in which
the Fe-Br distance is expected to be on the order of 5.2 A 40 The contributions of the three
bromine atoms at this distance are clearly seen in the Fourier transform of Fe(3-Br-acac)3
compared to Fe(acac)s (Figure 3.17), suggesting that an Fe-Br interaction at a distance as
long as 5 A could be detectable by XAS. Inspection of the Fourier transforms of the
semimet and reduced bromopropene complexes (EXAFS11, EXAFS16, EXAFS1S,
EXAFS20, Figure 3.2; EXAFS17, EXAFS19, Figure 3.4) shows no suggestion of a
strong interaction above 3.5 A, suggesting that substrate binds at a distance greater than 5
A. If the bromine were located between 3 and 3.5 A from the iron atoms, it would be
expected that the fit results to the second shell data would be different for the hydroxylase
samples with bromopropene from the non-bromopropene complexed samples, however
this was not the case. We have not yet identified an appropriate model for an Fe-Br
interaction at 3-3.5 A, so we have been unable to fit the second shell data to test for the
presence of bromine. Pending the application of appropriate Fe-Br parameters to the fitting
proceedure, and given that the data can be well explained by only second shell Fe and C
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Figure 3.17. Fourier transforms of the EXAFS data for Fe(acac)s (solid) and Fe(3-Br-
acac)3 (dash). The peak at ~ 5 A in the Fourier transform of Fe(3-Br-acac)s is due to the
Fe-Br interaction.
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contributions, these results suggest that substrate does not bind directly to the iron atoms;
instead, it binds at a location such that the Br atom is more more than 4 A away from the
iron site. This conclusion is consistent with the results of an ENDOR study of the
hydroxylase in the presence of methanol,!6? in which no evidence was seen for coupling of
the methy! protons to the iron site. Coupling with exchangeable imidazole protons 5-6 A
away from the iron site was seen, so the methanol binding site must be more than 6 A away
from the iron atoms. In addition, the limited deuterium exchange that occured during the
course of this study suggested limited access to thé diiron site for water; therefore access is
probably limited for larger molecules such as bromopropene as well.

3.4.2.2. Interpretation of the Hydroxylase Edge Spectra. The weak
pre-edge feature seen well below the 4p transition in transition metal spectra has been
assigned to a formally dipole forbidden 1s—-3d transition made allowed by 4p mixing
into the 3d states as a result of symmeiry distortions and vibronic coupling.41:42 The
intensity of this feature is inversely proportional to the symmetry of the metal site and
" increases as the metal site is distorted from octahedral to tetrahedral symmetry. The
| intensity of the feature can be therefore be used to infer the coordnation number and/or site
symmetry of the metal atom.43 The presence of the 1s—>=3d feature in the edge spectra of
the hydroxylase samples (Figure 3.14 and 3.15, feature A) indicates that the Fe site is
distorted from octahedral symmetry. The intensity of this transition is consistent with the
- proposed 5-6 atom coordination of the iron site in the MMO hydroxylase. The increase in
the intensity of the 1s—3d transition for EXAFS10 relative to EXAFS7 suggests that
the Fe site is more distorted in the presence of component B.

The appearance- of the shoulder of the rising edge of the semimet hydroxylase
spectra (Feature A') is similar to changes seen in the edge spectra of Cu and Fe systems as
a result of the increase in the covalency of the metal site.41:44 This feature has been
assigned as a ligand-to-metal charge transfer (LMCT) shake-down feature#3 associated
with 1s—>4p transition in the Cu systems. If Feature A' reflects covalency in the iron
site, then the improved resolution of this feature in the hydroxylase complexes suggests
that the covalency of the iron site increases as a result of the interaction with component B
and/or bromopropene. The decrease in the electron affinity of the iron site in the presence
of propylene as measured by the change in the redox potentials is consistent with an
increase in the covalency of the Fe(IIl) iron center.18

For the reduced hydroxylase samples, the 1s—3d feature appears to be split by
about 2 eV in the complex formed with bromopropene (EXAFS19) and in the non-
complexed form (EXAFS6). Splitting seen in ferrous compounds has been attributed to
transitions to the 4F (lower energy transition) and 4P (higher energy transition) multiplet
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levels of the d7 final state.44 The relative intensities of the two features in the reduced
hydroxylase spectra are not in accord with predictions (4F:4P 7:3).44 Due to the noise level
and the reduction in intensity of the leading edge of the feature for the B-complexed forms,
it cannot be established if the pre-edge feature is split for these samples.

During XAS sample preparation, the hydroxylase complexes were made before the
samples were reduced. This suggests that the changes in the edge of the reduced samples
derive from an interference in the reduction process as a result of the complex formed
between the hydroxylase and component B or bromopropene. The intensity difference of
the main transition for the semimet and reduced complexes with B (Feature B, Figure
3.15b) is not as great as the intensity difference of the main transition for the non-
complexed semimet and reduced samples (Feature B, Figure 3.15a). If the difference in
the edge of the non-complexed forms represents a conversion from semimet to diferrous,
then perhaps a lesser degree of change represents an incomplete conversion to the fully
reduced form. Therefore, perhaps the intensity of the 1s=%-4p transition is directly related
to the ability of the hydroxyalse component to undergo chemical reduction.

A In the edge spectra of the reduced hydroxylase samples (Figure 3.16), the intensity
. of the 1s=>4p transition decreases from the non-complexed form (EXAFS6) to the
complex with bromopropene (EXAFS19) followed by the complex with both B and
bromopropenc (EXAFS17) and the complex with only B (EXAFS15). Based on the
arguement presented above, this suggests that in the presence of B reduction is inhibited,
but the inhibition is lifted if substrate is added to B, and further decreased if substrate is
added and B is removed. This trend is consistent with the results of kinetic studies!0:!1 in
- which the réduction of the hydroxylase was inhibited or halted by the presence of

| component B in the absence of substrate, but occured in the presence of substrate. In

addition, the reduction of the redox potentials of the hydroxylase in the presence of
substrate (E1° = 30 mV; E2° = -156 mV) as compared to the redox potentials of the
hydroxylase alone (E1° = 48 mV; E2° = -135 mV)18 suggest a slight decrease in the
electron affinity of the iron site in the presence of substrate. These studies suggest that
reduction of the hydroxylase in the presence of substrate is very slightly inhibited, and in
the presence of component B without substrate, reduction of the hydroxylase is strongly
inhibited. The interpretation of the decrease in the intenSity of the 1s=>4p transition in the
edge spectra of the reduced hydroxylase samples is consistent with these results. It would
be interesting to see if longer exposure to the reduction mediators would result in more
complete reduction of the complexed forms of the hydroxylase (samples were incubated for
approximately 40 minutes).
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3.5. Conclusions

The results of the EXAFS analysis for the range of data available do not show any
significant change in the average coordination environment of the iron center as a result of
complex formation. The interaction of component B and bromopropene therefore occurs at
a location other than the iron site. Based on the comparison of the Fourier transforms of
the bromopropene-hydroxylase samples and Fe(3-Br-acac)s, and the results of an ENDOR
study of the hydroxylase component,16b the site of the substrate interaction is more than 4
A away from the iron site. The presence of component B has an effect on the first shell of
the hydroyxlase active site, reflected in the change in the distance distribution of the
individual contributions to the first shell data (Table 3.2). The nature of this change cannot
be determined for the data range available, but possible explanations include distortion of
the iron environment, changes in the ligation of the iron atoms, or a change in the
covalency of the iron site due to distant interactions between the hydroxylase and
component B.

Direct evidence for the inhibition of the chemical reduction of the hydroxylase in the
presence of component B and bromopropene is seen in the edge spectra. The appearance
of a shoulder on the rising edge of the spectra of the semimet edges suggests that the
covalancy of the diiron center changes due to the presence of component B and substrate.
These studies suggest that the changes which occur in the hydroxylase diiron center in the
presence of the component B or substrate involve subtle perturbations in the coordination
‘environment of the iron atoms accompanied by changes in the electronic structure of the
iron cexitt:r.
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Chapter 4

‘ An Invesngatlon of the Model Dependency of EXAFS Data Ana1y51s for
Dinuclear Non-Heme Iron Systems
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4.1. Introduction

EXAFS has been used for many years to elucidate the local structure around metal
atoms in biological systems and has been applied to a wide variety of metalloproteins.] We
have been using EXAFS to study the structure of the non-heme dinuclear iron center in the
hydroxylase component of methane monooxygenase from Methylococcus capsulatus
(Bath) and Methylosinus trichbsporium (OB3b).2 These early studies on the hydroxylase
component and relevant dinuclear iron model compounds3 have revealed the sensitivity of
the EXAFS technique to the presence or absence of a p-oxo bridge in the first coordination
sphere of a dinuclear iron ccntgrl,jfa"nd thé,: accuracy which can be achieved in determining
the average first shell coordi‘x'fnat‘ti"cf),ﬁ' of the iron atoms. Additionally, these investigations
have revealed various difficu'lt'iéé. 'érising from the applications of experimentally derived
amplitude and phase parameieiSj in fits to second shell data.22 However, the use of
~ amplitude and phase functions derived from EXAFS analysis of appropriate model

» cdmpounds has been shown to give more accurate results in fits to metal foil EXAFS data

than the use of theoretical amplitude and phase functions.4 We have therefore used
empirically derived amplitude and phase functions for the investigations discussed in this
- work.
We have previously discussed fits to the second shell data using second shell Fe-C
- parameters from Fe(acac)3 (see Chapters 2 and 3 and reference 2a) and have remarked on
the ability of the second shell low-Z parameters to mimic a second shell metal-metal
_ interaction, an effect which has been seen by others in fits to binuclear copper and mixed
metal systems.5 We also have noted the high degree of correlation between the Fe-Fe and
Fe-C parameters, which makes the interpretation of the results of second shell fits less
definitive. A more interesting effect was noted in fits to the second shell oxidized and
semimet hydroxylase data with only an iron coritribution, which suggested that the fits to
- the second shell data may exhibit a model bias.22

In the earlier studies, Fe-Fe parameters were obtained from two tribridged models,
one which has an oxo bridge and one which has a hydroxo bridge
([FeaO(OAc)2(HB(pz)3)2] and [Fe2OH(OAC)2(HB(pz)3)2)(C104)).2 Use of the parameters
from either one of these models resulted in the same two minima in least-squares fits to the
second shell hydroxylase data at distances separated by about 0.4 A.2a It was found that
the minimum which corresponded to the best fit to the data depended on which set of
parameters were used. Most significantly, it was found that the shorter Fe-Fe distance was
a better fit to the hydroxylse data when the oxo-bridged model (Fe-Fe 3.14 A) parameters
were used, and the longer Fe-Fe distances was a better fit when the hydroxo-bridged model
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(Fe-Fe 3.44 A) parameters were used. Therefore, the best fit to the hydroxylase data
corresponded to the fit result with a distance most like the Fe-Fe distance of the model
compound used to extract the amplitude and phase parameters employed in the fits,
suggesting that the fit results were model-dependent.

To more fully explore the apparent bias of the second shell Fe fits to the
hydroxylase data, Fe K-edge EXAFS was collected on 6 dinuclear iron models. The data
from these 6 models plus the 3 models previously investigated? were used to investigate
model dependence of second shell fit results for dinuclear non-heme iron centers. Di- and
tribridged models with a variety of bridging groups and Fe-Fe distances were used in this
study to determine if the model dependence was a function of the numbers of bridges, the
types of bridges, or the Fe-Fe distance. Fits to the data which included a low-Z atom
contribution were done for some of the models to test the capabilities of the Fe-Fe and Fe-C
parameters to discriminate between Fe and C contributions occuring at the same distance.
In addition, the model compounds investigated represented a range of different ligation to
" the Fe atoms, from 6 O atoms to 3 O and 3 N atoms. Fits to the first shell data of these
‘models as well as to the first shell data for two iron monomers (with 6 O and 6 N atoms in
the first shell, respectively) were done to investigate the ability of EXAFS to distinguish

between different numbers of N and O atoms in the first coordination sphere.

-4,2. Experimental

( The model compounds investigated for this study are summarized in Table 416
The compounds were synthesized according to the references listed in the Table with the
following exceptions. All of the tribridged samples were provided by Prof. Stephen
Lippard of the Massachusetts Institute of Technology. The SALMP dibridged compounds
in all three oxidation states were provided by Prof. Richard Holm of Harvard University.
Data for [Fe2(OH)(OAc)2(HB(pz)3)21(C104)2,64 [Fe20(0Ac)2(HB(pz)3)2].5¢
[FeO(O2CH)4(BIPhMe),](CH30H),% [Fe(acac)3]6Mi and the oxidized and semimet forms
of the hydroxylase component of MMO from Methylococcus capsulatus (Bath) (EXAFSS
and EXAFS2 respectively) were collected as previously described.2 Samples for XAS
experiments were diluted with BN powder, finely ground with a mortar and pestlé, and
pressed into a 1mm thick Al sample sp'acer windowed with Mylar tape (total sample
weight, ~ 55 mg). The samples were run in transmission mode at the Stanford
Synchrotron Radiation Laboratory (SSRL) on unfocused 8-pole wiggler beamlines 4-3 or
7-3 (18 kG) or on unfocused bending magnet beamline X19A at the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory using either a Si(220) or a
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Table 4.1. Summary of Information for Dinuclear and Mononuclear Model Compounds.

Sample [FeOH(H20)Chel]o(H20)q [FeOH(H,0)Dipiclz [Fex(salmp)2]-2DMF

Reference 6a 6a 6b

Sample Name FECHEL2 . FEDIPIC?2 FESALMP02

Experimental Beamline 7-3, Si(111)b Beamline 4-3, $i(220), 1 pt.b Beamline 7-3, $i(220), 6 pts.b

Oxidation State diferric, Fe(III)/Fe(11I) diferric, Fe(1II)/Fe(III) diferric, Fe(IIT)/Fe(11I)
_ Bridging Geometry  dibridged, (OH)2 dibridged, (OH), dibridged, (OPh),¢

First Shell Ligation 50,1N 50,1N 40,2N

Fe-Ope (A) 1.938, 1.989 (1.964) 1.938, 1.993- (1.966) 2.023, 2.064 (2.044)

Fe-0d (A) 2.044 | 2.021

Fe-0¢ (A) 2.064, 2.021 (2.043) 2.078, 2.053 (2.066) 1.894, 1.921 (1.908)

Fe-N (A) 2.057 2.070 2.156, 2.13‘}8 (2.147)

Fe-Nirans oxo (A)

Fe-Fe (A) 3.078 3.089 3.063

Fe-Op-Fe angle () 103.2 102.9 97.06
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Table 4.1. continuéd

Sample [Fe20H(OAC)2(HB(p2)3)2))(C104)  [Fe20(0Ac)2(HB(pz)3)2)] [Fe20(OAc)2 {[OP(OEt)2]3Co-
(CsHs) o]

Reference 6¢ 6d 6e

Sample Name FEHBPZOH! _ FEHBPZOf FE2CO2f

Experimental Beamline 2-2, Si(111)8 Beamline 2-2, Si(111)8 Beamline X19A, Si(220)b

Oxidation State diferric, Fe(IIT)/Fe(III) diferric, Fe(IT)/Fe(1ll) diferric, Fe(II)/Fe(III)

Bridging Geometry tribridged, (OH)(OAc); tribridged, O(OAc)2 tribridged, O(OAc),

First Shell Ligation 30,3 N 30,3N 60

Fe-Ope (A) 1.956 1.785 1.795

Fe-0d (A) 1.999 2.044 2.028

Fe-0¢ (A) 2.06, 2.13h

Fe-N (A) 2.094 2.151 !

Fe-Nuansoxo (A)  2.109 2.187

Fe-Fe (A) 3.439 3.145 3.174

Fe-OprFe angle (*)  123.1 123.5 124.4
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Table 4.1. continued

[Fe20(02CH)4(BIPhMe](CH30H)  (Et4N)[Fea(salmp)2]-2DMF

Sample (EyyN)z[Fea(salmp)2]-4MeCN
Reference 6f 6b 6b

Sample Name FE3BIPHMES , FESALMPIi FESALMP22

Experimental Beamline 7-3, Si(220)8 Beamline 7-3, Si(220), 6 pts.b Beamline 7-3, Si(220), 3 pts.b
Oxidation State diferric, Fe(III)/Fe(11I) semimet, Fe(II)/Fe(1l) diferrous, Fe(II)/Fe(II)
Bridging Geometry  tribridged, O(O2CH)3 dibridged, (OPh),¢ dibridged, (OPh),¢

First Shell Ligation 4 QO,2N 40,2N 40,2N

Fe-Ore (A) 1.789 2.102, 2.079; 2.068, 2.115 2.157, 2.162 (2.160)
Fe-04(A) 2.08 ‘

Fe-O¢ (A) 2.03 1.961, 1.991; 1.970, 1.994 2.064, 2.049 (2.057)

Fe-N (A) 2.12 2.177, 2.180; 2.177, 2.158 2.176, 2.175 (2.176)
Fe-Niansoxo (A)  2.16 | |

Fe-Fe (A) 3.201 3.081; 3.116 3.202

Fe-Op-Fe angle (")  127.0 94.9; 96.3 95.8
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Table 4.1. continued

Sample [Fe(HB(pz)3)2](ClO4) ‘ [Fe(acetylacetonate)s]
Reference 6g 6h,i

Sample Name " FE3HBPZ : FEACAC
Experimental Beamline 7-3, Si(111)b- Beamline 2-2, Si(111)h
Oxidation State ferric, Fe(IIT) | ferric, Fe(III)

Bridging Geometry = mononuclear mononuclear

First Shell Ligation 6N 60

Fe-N (A) 1.95

Fe-O (A) | 1.99

aThe iron site is centrosymmetric, so only one set of distances is reported. Average values are listed in parentheses. bThis work. The bridge derives from the
ligand coordinating the iron atoms. Two additional extended bridges involving the N atoms are also present. dEor FECHI;IL and’FEDIPIC, the Fe-O
distance corresponds to terminal H2O groups. For FEHBPZOH, FEHBPZO and FE2CO2, the Fe-O distance is for the bridging acetate groups. For
FE3BIPH, the Fe-O distance is for the bridging formate groups. ®For FECHEL and FEDIPIC, the Fe-O distance is for ligand-derived O. For FE3BIPH,
the Fe-O distance corresponds to the terminal formate groups. fThe distances reported are the average distances. 8Data collection for these samples have been
previously reported (refs. 2 and 3). hThis distance is the average distance of oxygen atoms trans to the oxo bridge. The other distance is the average distance of
oxygen atoms cis to the oxo bridge. IThe FESALMP1 compound has two centrosymmetric iron sites. The distances corresponding to each are separated by a

semicolon in the table.



Si(111) monochromator (see Table 4.1). Ring operating conditions were 3.0 GeV and 40-
90 mA at SSRL, and 2.5 GeV and 90-200 mA at NSLS. Higher harmonics in the incident
beam were rejected by detuning the monochromator 50% at 7820 eV on beamline X19A,
and at 7997 eV on beamlines 4-3 and 7-3. The incident and transmitted beam intensity
were monitored by using Nj-filled ionization chambers of standard design. The
temperature of the samples was 10 K maintained by a continuous flow LHe cryostat
(Oxford Instruments model CF1208).

Energy calibration for each scan was perfomed by using an internal foil calibration
method’, setting the energy of the first inflection point of an iron foil as 7111.2 eV. More
than one scan was measured to insure reproducibility of the data. In general, 4 scans were
averaged together for each sample and a single-point replacement method was used to
remove monochromator glitches in the averaged data where necessary (see Table 4.1). The
data were background subtracted by fitting a polynomial to the EXAFS region which was
extrapolated through the preedge region and subtracted. A three or four segment spline
was fit to the postedge region and subtracted to isolate the EXAFS data and to normalize
* the edge jump to unity. The spline was chosen so that it removed the low frequency noise
without reducing the true EXAFS amplitude; this was checked by monitoring the Fourier
transform of the EXAFS data during the normalization process. The normalized data were
converted to k space, where k is the photoelectron wavevector defined by [2me(E -
 Eo)/h2]1/2. In this expression, me is the electron rest mass, E is the photon energy (eV),
E, is the threshold energy (7130 eV for iron, where k = 0) and % is Planck's constant
divided by 2. | |

The EXAFS data between 3.5 and 12.5 A-1for all of the models with the exception
of FE2CO2 and FESALMP2 were Fourier transformed to R A) space to isolate the first
and second shell contributions to the data. For FE2CO2, the data between 3.8 and 12.3
A-1 were Fourier transformed to R (A) space due to the presence of the Co edge above 12.3
A1 and duplicated data points in the region between 3.5 and 3.8 A-1 caused by a problem
in the data aquisition program. For FESALMP2, the data between 3.5 and 12.3 A-1were
Fourier transformed to R (A) space because of a spike in the data above 12.3 A-1 which
was too broad to be removed by the standard editing methods without the risk of altering
the data. |

The individual first and second shell contributions to the data were backtransformed
to k space and fit from 4.0 to 12.0 A-l. The windows used to isolate the peaks in the
Fourier transforms for the backtransforms are presented in the tables of the fit results. A
gaussian window of width 0.1 A was applied to minimize truncation artifacts introduced by
the Fourier transform technique. Non-linear least-squares curve-fitting techniques using
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empirical amplitude and phase parameters were used to analyze the data, as described in
Chapter 1 and elsewhere.® All curve fitting was based on k3-weighted data and applied to
individual filtered shells. Only the structure-dependent parameters, i.e. the distance and the
number of atoms in the shell were allowed to vary in the refinements. A "goodness-of-fit"
parameter, F, was calculated as F = {[k6(data - fit)2]/(no. of points)}1/2 for each fit. The
fits proceeded by allowing the initial coordination numbers and distances for an Fe-X pair
of interest to vary. Empircal amplitude and phase parameters for the first coordination shell
Fe-X scattering pairs of interest were obtained from the following models: Fe-N from
[Fe(1,10-phenanthroline)3](ClO4)3;? Fe-O from [Fe(acetylacetonate)3].6h Data for these
samples were collected as previously described.2

For second shell fits to the data, Fe-Fe parameters were extracted from 6 of the
model compounds discussed in this paper, chosen to represent a variety of Fe-Fe distances
and bridging geometries. The Fe-Fe parameters were extracted by fitting the second shell
'data using the correct Fe-Fe distance from the crystal structure of the model compound, a
, (_:odrdination number of 1, and initial amplitude and phase parameters from one of the
standards previously used for second shell Fe-Fe fits ( FEHBPZO or FEHBPZOH, see
Chapters 2 and 3). The amplitude and phase parameters were allowed to vary in an
iterative manner with the distance and coordination number fixed. In the first cycle, all of
the amplitude and phase parameters were allowed to vary. The optimized parameters were
then used as the starting point for the next iteration by successively allowing just the
amplitude or the phase parameters to vary in the fits to the data. Once the sets of amplitude
.and phase parameters no longer changed during the fits (after 4 cycles), all of the
~ parameters were allowed to vary for the final iteration. The parameters thus obtained were
confirmed by repeating the method using initial amplitude and phase parameters from the
other Fe-Fe standard, and verifying that the Fe-Fe parameters for the new model compound
refined to the same values independently of the initial starting values. These parameters
were then applied in fits to the second shell data of all of the dimers and to the second shell
data of the oxidized and semimet forms of the hydroxylase of MMO from Methylococcus
capsulatus (Bath).

4.3. Results of Fits to the Model Data

The model compounds used in this investigation were predominantly ferric, and all
were octahedrally coordinated by a mixture of N and O atoms, ranging from 6 N

(FE3HBPZ, monomeric ferric compound) to 6 O (FEACAC, monomeric ferric
compound and FE2CO2, ferric dimer) with various combinations of N and O ligation
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represented in the series (Table 4.1). Both di- and tri-bridged compounds were
investigated, with the bridging groups consisting of combinations of hydroxo, alkoxo, oxo
and carboxylato ligands (Table 4.1). The Fe-Fe distances represented by the compounds
discussed below range between 3.06 and 3.44 A, and the Fe-Op-Fe angles range from
94.9° 10 124.4°. Most of the classes of multiply-bridged diferric non-heme iron models
currently available!0 are represented by the compounds listed in Table 4.1. The exception
is the dibridged (p-oxo)(n-carboxylato) models.!l1 The data should provide a sufficient
framework to investigate the trends and limitations of the empirical non-linear least-squares
fitting approach used in XAS studies of dinuclear non-heme iron centers. The EXAFS data
of the model compounds discussed in this paper are presented in Figures 4.1-4.3, and the
Fourier transforms of the EXAFS data in Figures 4.4-4.6.

4.3.1. A Description of the Trends Seen in First Shell Fits.

, The results of the fits to the first shell data are presented in Table 4.2. The results
presented in the Table will not be exhaustively discussed; rather, a few models will be
discussed to illustrate the general trends noted. Fits to the data were attempted with single

~ N and single O contributions, with two N or two O contributions, and with a combined N

and O contribution. For the monomeric models FEACAC and FE3HBPZ, which have

- respectively an octahedral first shell of O or N atoms, the fits with more than a single

contribution resulted in either unreasonably high or negative coordination numbers. The

. fits with just a single N or O contribution (Table 4.2, fits 4.2-1, 4.2-2, 4.2-3, 4.2-4) were

satisfactory in each case, but a better fit was obtained with only N atoms for FE3HBPZ

(Table 4.2, fit 4.2-1). For FEACAC, a better fit was obtained for the O-only fit (Table

4.2, fit 4.2-4), which is not surprising when one considers that the parameters used for this

fit were obtained from FEACAC.

For the dimeric models, which have a mixed N and O first shell environment at a
range of distances, the fits consisting of just a single N or O contribution resulted in low
coordination numbers. The best fits to the data corresponded to two separate contributions
(either two N, two O, or N and O) at different distances for the non-oxo-bridged models.
For example, for FEHBPZOH, the addition of an O contribution to the N contribution
results in the total coordination number increasing from 4 (Table 4.2, fit 4.2-23)to ~ 6
(Table 4.2, fits 4.2-27 and 4.2-28) with a drop in the fit function, F, from 0.95 to 0.22.
The improvement seen in the fit to the first shell data of FEHBPZOH with the addition of
a second contribution is presented in Figure 4.7. For the oxo-bridged models, a third
contribution corresponding to the Fe-Opxo distance was required in addition to the other
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Figure 4.1. EXAFS of tribridged model compounds. (a) FEHBPZOH, (b)
FEHBPZO, (c) FE2CO02, (d) FE3BIPHME.
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Figure 4.2. EXAFS of dibridged model compounds. (a) FECHEL , (b) FEDIPIC,
(c) FESALMPO, (d) FESALMP1, (¢) FESALMP2.
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Figure 4.3. EXAFS of monomeric model compounds. (a) FE3HBPZ, (b) FEACAC.
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Figure 4.4. Fourier transforms of the EXAFS of tribridged model compounds (Figure
4.1). (a) FEHBPZOH, (b) FEHBPZO, (c) FE2CO2, (d) FE3BIPHME.
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Figure 4.5. Fourier transforms of the EXAFS of dibridged model compounds (Figure

42). (a) FECHEL, (b) FEDIPIC, (c) FESALMPO, (d) FESALMPI, (e)
FESALMP2.
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Figure 4.6. Fourier transforms of the EXAFS of monomeric model compounds (Figure
4.3). (a) FE3HBPZ, (b) FEACAC
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Table 4.2. Results of First Shell Fits2 to the Model Data.

Sample Window Width Fit F
(A) CNd  R(A) CN RA) '
FE3HBPZ 0.80 - 2.00 42-1 6.7 1.94 0.48
4.2-2 5.4 1.92 0.64
FEACAC 0.70 - 2.15 - 423 13 2.02 0.72
4.2-4 6.0 1.99 0.25
FECHEL 0.75 - 2.15 42-5 59 2.03 0.80
42-6 4.9 2.00 0.41
42-7 42 2.08 0.42
4.4 1.98
4.2-8 0.9 2.08 10.37
4.5 1.99'
42-9 0.7 2.15 4.9 1.99' 0.37
42-10 096 195 4.6 201 038
FEDIPIC 0.85 - 2.10 42-11 53 2.04 0.90
42-12 4.5 2.01 0.43
42-13 0.8 2.51 0.32
5.2 2.04
42-14 3.5 2.04 0.27
. 2.0 1.95
42-15 2.2 2.11 4.0 1.98 0.28




Table 4.2. continued

Sample Window Width Fit F
(A) CNd  RA) CN R(A)
FEDIPIC cont. 4216 12 193 46  2.02 0.27
FESALMPO 0.95 - 2.30 4217 1.8  2.02 1.25
42-18 1.7 2.00 1.08
42-19 38 213 0.30
35 196
4.2-20 27 210 0.38
25 193
3 4221 33 214 28 195 0.36
4222 30 194 30 208 030
FEHBPZOH 0.85 - 2.10 4223 43 204 1 0.95
4.2-24 37 2.02 0.59
4225 34 197 0.33
46 210
4.2-26 1.9 194 0.29
3.4 2.06
4227 29 213 3.8 198 0.27
4228 22 195 42 205 0.27
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Table 4.2. continued

Sample Window Width Fit F
(A) CNb  R(A) CN R(A)
FEHBPZO¢ 1.2-2.15 4229 3.7 2.12 0.62
4.2-30 3.0 2.10 0.66
4231 1.4 2.24 3.4 2.07 0.15
099 178
4232 23 2.07 2.3 2.16 0.12
095 179
FE2CO2¢ 1.1-2.15 4233 4.4 2.09 0.54
4.2-34 3.6 2.06 0.48
4.2-35 3.7 2.08 0.21
1.2 1.95
0.8 1.72
42-36 3.4 2.14 2.6 1.99 0.18
0.8 1.72
FE3BIPHMECc 1.2-2.15 4.2-37 42 2.11 0.55
4.2-38 3.3 2.09 0.70
42-39 0.7 2.27 3.8 2.08 0.17
‘ 1.0 1.78
42-40 4.0 2.09 1.6 2.16 0.12
0.9 1.80




Table 4.2. continued

Sample Window Width Fit N o F

441

(A) CNd  RA) CN R(A)
FESALMP1 0.80-19 42-41 2.2 2.03 1.1
4.2-42 1.9 2.01 0.96
42-43 34 2.18 0.25
4.1 2.00
4.2-44 3.1 1.98 0.25
2.4 2.16 ,
42-45 3.0 2.19 3.3 1.99 0.25
4.2-46 3.7 1.99 2.7 2.13 0.23
FESALMP2 0.80 - 2.20 42-47 4.0 2.14 - 0.88
4.2-48 | 35 211 0.60
42-49 3.5 2.23 | 0.33
4.6 2.09
4.2-50 3.5 2.08 0.26
1.9 2.21
42-51 2.1 2.26 4.0 2.09 0.26
42-52 33 2.08 3.0 2.17 0.31

Fijtting range k=4 - 12 A-1, Errors are estimated to be about + 0.03 A for distances and 25% for coordination numbers.8 PCN =

coordination number. CFits to the data without the inclusion of the short Fe-O contribution resulted in negative coordination numbers.
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Figure 4.7. Fits to the first shell data of FEHBPZOH. The solid line is the data, the
dashed line is the fit to the data with only N (Table 4.2, fit 4.2-23), and the dotted line is
the fit to the data with N and O (Table 4.2, fit 4.2-27). Note the improvement in the fit in
the high k region with the addition of a second contribution.
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two contributions. Attempts to fit the data with N and O only, without the short Fe-O
contribution resulted in negative or unreasonably high coordination numbers. However,
the addition of a short Fe-O contribution resulted in a total coordination number of ~ 6 with
a fit function of 0.12 - 0.15 for FEHBPZO (Table 4.2, fit 4.2-31 and 4.2-32). For the
fits to the FEHBPZO data with a single N or O contribution, the coordination number was
~ 3 and the fit function was 0.62 - 0.66 (Table 4.2, fit 4.2-29 and 4.2-30). As noted
before in fits to the MMO hydroxylase data (see Chapters 2 and 3), two minima were found
for the N/O fits to the data, depending on the relative initial Fe-N and Fe-O distances used
in the fits. This arises from the correlation of the amplitude and phase functions which
describe the Fe-N and Fe-O interactions over the range of data available. The satisfactory
results obtained by the two N and two O fits to the mixed N/O dimers reflects the similar
backscattering strength of N and O atoms. The distance distribution rather than the atom
type appears to be determining factor in the number of contributions required to fit the data.
Dimers with different numbers of N and O atoms were fit to determine if the fitting
* technique could discriminate between different ratios of N and O atoms in the first shell.
Both FECHEL and FEDIPIC have 5 O and 1 N in the first coordination sphere, and
good fits to the data were obtained with approximately 1 N at 1.93-1.95 A and 4.6 O at
2.01-2.02 A (Table 4.2, fits 4.2-10 and 4.2-16). The results of the fits agree with the
| crystallographic distances and coordination numbers (Table 4.1), however the result
- assigns the wrong atom type to the short distance. The 1.9 A distance should be an oxygen
atom, and the Fe-N distance should be 2.057 A for FECHEL and 2.070 A for
» FEDIPIC. Attempts to obtain a fit with a single short O contribution and 5 N
contributions at the longer distance were unsuccesful, and in fits to the data with two O
contributions (Table 4.2, fit 4.2-8 and 4.2-14), the lower contribution corresponded to the
longer distance instead of to the shorter distance. The O-only fits to the data gave a
satisfactory result as well (Table 4.2, fit 4.2-6 and 4.2-12). FESALMPO is coordinated
by 4 O atoms at an average distance of 1.98 A and 2 N atoms at an average distance of 2.15
A (Table 4.1), but the best fits corresponded to either 3.3 N at 2.14 Aand280at195A
(Table 4.2, fit 4.2-21) or 3.0 N at 1.94 A and 3.0 O at 2.08 A (Table 4.2, fit 4.2-22). The
distances are within the expected 0.03 A error for the crystallographic data based on atom
type, but the coordination numbers are inaccurate. These results suggests that the relative
numbers of N and O atoms cannot be reliably determined from the fits.
The model FE2CO2 has an all O environment with a single oxygen atom at 1.795
A and the remaining oxygen atoms at an average distance of 2.06 A. The most reasonable
fit to the data suggests that the non-oxo-bridge ligands correspond to a distribution of 1.2 O
at 1.95 A and 3.7 O at 2.08 A (Table 4.2, fit 4.2-35), however there is no Fe-O distance at
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1.95 A according to the crystal structure. The coordination-weighted average distance for
this fit, 4.9 O at 2.05 A, is in good agreement with the crystallographic data. The
coordination-weighted average distances for fits to the model compounds are listed in Table
4.3 along with the average distance calculated from the crystallographic data. There is
excellent agreement between the crystallographic average and the EXAFS average for all of
the model compounds. This illustrates that accurate information can be obtained by
considering the coordination-weighted average distance from the fit results, even if the
individual contributions are not accurate.

Fits were also done to the semimet and diferrous model compounds with the
SALMP ligand, FESALMP1 and FESALMP2 and the results are also presented in
Table 4.2 with the coordination-weighted averages given in Table 4.3. For the
corresponding diferric model, FESALMPO, the average first shell distance from the
crystal structure was 6 N/O at 2.03 A and the average based on the EXAFS analysis was
6.1 N/O at 2.05 A (Table 4.2, fit 4.2-21). The result of fits to the semimet data was 6.3
, N/O at 2.09 A (Table 4.2, fit 4.2-45), which agrees quite well with the crystallographic
: a\}cragc of 6 N/O at 2.08 A. For the reduced data, the average coordination was found to
be 6.1 N/O at 2.15 A (Table 4.2, fit 4.2-51), also in good agreement with the
crystallographic data (6 N/O at 2.13 A). The average distance in the first coordination
sphere increases by 0.05 A going from the diferric to the semimet oxidation state (2.03 to
2.08 A) and by another 0.05 A upon reduction to the diferrous state (to 2.13 A) according
to the crystal structures. The fit results reflect this trend, with the average distance
increasing by 0.04 A between the diferric and semimet states, and by an additional 0.04 A
- to the diferfous state. The parameters used for the first shell fits, and the method of
_ considering the coordination-weighted average of the fit result, therefore accurately reflect
the increase in the Fe-ligand distances which occurs upon reduction of the diiron site.

4.3.2. The Dependence of Second Shell Fits on Choice of Model
Compound

4.3.2.1. Invéstigation with Model Data. The model compounds chosen to
test the transferability of the Fe-Fe parameters and the results of the fits to the second shell
model data are listed in Table 4.4. Parameters were extracted from two diferric dibridged
models (3.063 A and 3.078 A Fe-Fe distance), three diferric tribridged models (3.439 A,
3.143 A, and 3.20 A Fe-Fe distance) and a diferrous dibridged model (3.20 A Fe-Fe
distance) and used in fits to each other as well as to other models. In every case, two
minima separated by approximately 0.4 A were found in fits to the second shell data,
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Table 4.3. A Comparison of the Average First Shell Distances by EXAFS and
Crystallography.

Average First Shell Coordination

Sample from EXAFS analysis? from crystal structure
FE3HBPZ 67Nat194 A | 6Nat1.95A
FEACAC 600at1.99A " T 60at1.94A
FECHEL 5.6N/0at2.01A 6N/Oat2.02A
FEDIPIC 6.2N/0at2.03 A 6 N/Oat2.03 A
FESALMP0  6.1N/Oat2.05A 6N/Oat2.03A
FEHBPZOH 6.7 N/Oat2.04A 6 N/O at2.04 A
" FEHBPZO 48N/Oat2.11A;10at1.78A 5N/Oat2.114;10at1.794
'FE2C02 490at2.04A;080at1.72A 50at2.06A;10at1.79A
FE3BIPHME 45N/Oat2.11A;10at1.78A 5N/Oat2.10A;10at1.79A
FESALMP1 63 N/Oat2.09A 6 N/Oat2.08 A
"FESALMP2  6.1N/Oat2.15A 6 N/Oat2.13 A

2The average distance reported is for the minimum corresponding to RN > RQ. For FE2CO2, the all
~ oxygen fit is reported. '
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Table 4.4. Fits to Second Shell Model Data. The sa‘mp‘les fit are listed across the top of the table and the para

listed down the side of the table.

Sample: FESALMP0 FECHEL FE
Fe-Fe distance (A): 3.063 3.078 :
Window (A): 2.20 - 3.45 2.55-3.20 2.5
Fe-Fe parameters Fe R (A) F Fe R (A) F Fe
FESALMP0 0.4 3.07 0.29 0.4
3.063 A 0.3 3.44 0.56 0.4
FECHEL 1.9 3.07 0.65 1.0
3078 A 0.7 3.44 1.4 0.4
FEHBPZO 1.1 3.06 0.47 0.4 3.07 0.42 0.5
3.145 A 1.1 3.43 1.1 0.5 3.43 0.47 0.6
FE3BIPHME 1.5 3.07 0.83 0.8 3.09 0.31 0.9
3200 A 1.0 341 13 0.6 341 058 07
FESALMP2 1.1 3.10 0.36 0.5 3.10 0.27 0.5
3202 A 0.7 3.49 1.28 0.3 3.48 0.60 0.4
FEHBPZOH 1.0 3.06 1.1 0.3 3.07 0.63 0.3
3.439 A 1.9 3.44 0.31 0.8 3.44 0.31 0.8
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Table 4.4. continued

Sample: FESALMP1 FEHBPZO FE2CO2

Fe-Fe distance (A): 3.099 3.145 3.174

Window (A): 2.20 - 3.55 2.00 - 3.30 2.50 - 3.35

Fe-Fe parameters Fe R (A) F Fe R (A) F Fe R (A) F
FESALMP0 1.0 308 031 0.7 3.15 0.37 1.0 3.15 0.57
3.063 A 0.6 3.46 1.3 0.4 3.52 1.0 0.7 3.51 1.2
FECHEL 1.8 3.08 0.84 1.4 3.16 0.67 2.1 3.16 0.39
3.078 A 0.4 3.47 1.4 0.4 3.48 1.1 1.0 3.49 1.4
FEHBPZO 12 3.07 0.38 1.1 3.15 0.71
3.145 A 0.9 3.45 1.2 12 3.49 1.0
FE3BIPHME 12 3.11 0.42 09 3.19 0.48 19 | 3.17 0.47
3.200 A 0.5 3.51 1.4 0.3 3.56 1.1 1.6 3.48 1.1
FESALMP2 1.5 3.08 0.95 1.3 3.16 0.63 1.2 3.19 0.62
3.202 A 0.7 3.41 14 0.8 3.48 0.99 0.8 3.54 1.3
FEHBPZOH 1.1 3.07 0.99 1.0 3.15 0.69 0.8 3.16 1.27
3439 A 1.8 3.45 0.51 1.3 3.53 0.54 1.8 3.52 0.66
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Table 4.4. continued

Sample: FE3BIPHME FESALMP2 FEHBPZOH

3.200 3.202 3.439
Window (A): 2.35-3.40 2.35-3.35 2.05-3.35
Fe-Fe parameters Fe R (A) F Fe R (A) F Fe R (A) F
FESALMPO 0.4 319 042 0.8 3.17 0.27 0.7 3.07 0.32
3.063 A 0.3 3.54 0.61 0.5 3.55 0.98 0.6 3.45 0.83
FECHEL 1.0 3.19 0.32 1.6 3.18 0.44 1.4 3.08 0.52
3.078 A 0.5 3.52 0.67 0.3 3.52 1.1 0.7 3.45 1.0
FEHBPZO 0.5 3.19 0.43 0.9 3.16 0.46 0.8 3.06 0.60
3.145 A 0.5 3.53 0.55 0.8 3.54 0.86 1.0 343 0.69
FE3BIPHME 1.1 3.18 0.70 1. 3.08 0.78
3.200 A 0.7 3.51 1.1 0.9 3.42 0.97
FESALMP2 0.5 3.22 0.47 0.9 3.10 0.45
3202 A 0.4 3.51 1.4 0.7 3.49 0.90
FEHBPZOH 0.4 3.22 0.63 0.7 3.15 0.89
3439 A 0.8 3.56 0.48 1.5 3.54 0.35




similar to the trend seen in second shell fits to the MMO hydroxylase data (see Chapters 2
and 3). The Fe-Fe distances were consistently longer by 0.03 - 0.08 A for the fit results
using the diferrous FESALMP2 parameters to fit the diferric model data, except for
FE3BIPHME which has the same Fe-Fe distance as FESALMP2 (3.2 A). A distance
within 0.05 A of the correct Fe-Fe distance was found for all of the samples, however in
some cases the coordination number was off by a factor of two (Table 4.4). Using
FECHEL parameters in fits to FESALMPO0, which has a much more intense second
shell peak relative to the first shell peak than FECHEL (Figure 4.4a and 4.4c), the
coordination number was 1.9. In fits to FEDIPIC with the FECHEL parameters (which
have similar intensity second shell peaks, Figure 4.4a and 4.4b), a coordination number of
1 was found. Similarly, in fits to FECHEL with FESALMP0 parameters, the
coordination was 0.4 Fe, half of the correct amount. The inaccuracy of the amplitude
parameters reflects the relative weakness of the Fe-Fe contribution to the data (relative to
the strength of the first shell contribution) in some models compared to others (see Figure
‘ 4.2). The enhanced amplitude of the second shell peaks in some models over others will
be discussed below. |
Of the two minima found during the fitting proceedure, the better fit to the data
‘corresponded in every case to the minimum with the Fe-Fe distance closer to that of the
model from which the parameters were obtained. This result was independent of the
-number and types of bridges in the iron center as well as the oxidation state of the diiron
center. FESALMPO has a dialkoxo-bridged center with an Fe-Fe distance of 3.06 A.
, USing the FESALMPO parameters in fits to FEHBPZOH data, a tribridged diferric
center with a hydroxo-bridge and a 3.44 A Fe-Fe distance, the best fit to the data
corresponded to 0.7 Fe at 3.065 A (Figure 4.8a). In addition, a fit of 0.6 Fe at 3.45 A was
found, but the fit was much worse than the fit at the shorter distance (Figure 4.8a).
Likewise, use of the FEHBPZOH Fe-Fe parameters in fits to the FESALMPO data
resulted in a better fit at 3.44 A than at the correct distance of 3.06 A (Figure 4.8b). Using
the parameters from FE3BIPHME, a tribridged center with an oxo-bridge and a 3.20 A
Fe-Fe distance, in fits to FEHBPZOH, fits at 3.08 A and 3.43 A were obtained with the
better fit corresponding to the shorter distance (Figure 4.8c). The overall worse fit function
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Figure 4.8. Comparison of the model-dependent fits to the second shell data (Table
4.4). The solid line is the data, the dashed line is the fit to the data with a short Fe
contribution and the dotted line is the fit to the data with a long Fe contribution. (a) Fit to
FEHBPZOH with FESALMP0 Fe parameters. (b) Fit to FESALMPO0 with
FEHBPZOH Fe parameters. (c) Fit to FEHBPZOH with FE3BIPHME Fe

parameters.
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Figure 4.9. Comparison of the filtered second shell data of iron dimers. The windows
used to isolate the data from the Fourier transforms are given in Table 4.4. (a) FECHEL,
(b) FEDIPICE, (c) FESALMPO, (d) FEHBPZOH, (¢) FEHBPZO, (f) FE2CO02,
(g) FE3BIHME, (h) FESALMP1, (i) FESALMP2.
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different for each sample, however there does not seem to be any correspondence to the
shape of the amplitude envelope with either Fe-Fe distance or bridging geometry. The data
for FEHBPZO, FEHBPZOH, and FESALMPO0 (tribridge oxo, 3.14 A Fe-Fe;
tribridge hydroxyo, 3.43 A Fe-Fe; dibridge alkoxo, 3.06 A Fe-Fe, respectively) reach a
maximum at around 8 A-1 and dampen out at both ends of the data range (Figure 4.9¢, 4.9d
and 4.9c, respectively). For FE3BIPHME, another tribridge oxo compound like
FEHBPZO, the data are damped in the low & region and reach a maximum above 9 Al
(Figure 4.9g), while for FECHEL, which has an Fe-Fe distance similar to that of
FESALMPO, the data reach a maximum at 8 A-1, but do not dampen out over the data
range (Figure 4.9a). In addition, the amplitude is not as great for the FECHEL data as for
the FESALMPO data (Figure 4.9a and 4.9c).

Both FE3BIPHME and FESALMPZ have Fe-Fe distances of 3.2 A, however
FE3BIPHME is a diferric tribridged compound with an oxo bridge, while FESALMP2
is a dibridged diferrous compound. The second shell data for FESALMP2 (Figure 4.9i)

_dQes” not resemble the FE3BIPHME second shell data (Figure 4.9g). Using these
" parameters in fits to FE2CO2, a 3.185 A Fe-Fe distance was obtained with the
- FESALMP2 parameters, and a 3.165 A Fe-Fe distance with the FE3BIPHME
parameters (Table 4.4). For both fits, the distance is within 0.01 A of the correct distance
of 3.17 A, however the fit to the data is better with the FE3BIPHME parameters than
with the FESALMP2 parameters because the amplitude envelope of the second shell
FE3BIPHME data and FE2CO2 data resemble each other (Figure 4.10). The only
advantage of making a choice of a model compound based on the shape of the second shell
~ data is a purely cosmetic one. Not surprisingly, better fits to any set of data correspond to
_ the use of parameters from a model with a similarly shaped amplitude envelope, however
the same two minima were found using any set of Fe parameters in fits to any data set.
Additionally, the shape of the second shell amplitude envelope for FE3BIPHME and
FE2CO02, suggests that the second shell data has more than a single contribution of atoms.
4.3.2.2. Correlations with Second Shell Low-Z Atoms. Previous
investigations of the hydroxylase data revealed a strong correlation of the second shell low-
Z and Fe parameters which impacted both the distances and coordination numbers. To test
whether this fitting approach can distinguish between an Fe-Fe interaction and an Fe-C
interaction at approximately the same distance, as is the case for the structurally
characterized Fe2(OR); iron center, a second shell low-Z contribution was added to some
of the iron fits in Table 4.4 for FECHEL and FESALMPO0. Specifically, a carbon
contribution was added to the fits of FECHEL with FESALMPO0 parameters, and to fits
of FESALMP( with FECHEL parameters. These models have similar bridging
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Figure 4.10. Comparison of fits to the second shell data of FE2CO2 (Table 4.4). The
solid line is the data, the dashed line is the fit with FE3BIPHME Fe parameters and the
dotted line is the fit with FESALMP2 Fe parameters.
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environments and Fe-Fe distances (3.08 and 3.06 A, respectively), but the second shell
peaks in the Fourier transforms have different intensities (Figure 4.9a and 4.9c). The
difference in the amplitudes of the second shell contributions should provide insight into
the interference between low-Z and metal contributions which may contribute to the
enhancement or reduction of the second shell peak in the Fourier transforms. In addition, a
C contribution was added to fits to the second shell data of FEHBPZOH with FECHEL
and FESALMP0 parameters, and to fits to FECHEL and FESALMPO0 data with
FEHBPZOH parameters to explore the effect the addition of another contribution has on
the model dependent results of second shell fits. The results are presented inTable 4.5.

The second shell data for the three models were first fit with only a second shell C
contribution from Fe(acac)3. As noted before in fits to the hydroxylase data (Chapters 2
and 3), two minima were found, separated by 0.4 A at the same distances as the Fe-only
fits to the data (Table 4.5, fits 4.5-1, 4.5-2; 4.5-9, 4.5-10, 4.5-17 and 4.5-18, compare
with Table 4.4). The better fit to the data corresponded to the shorter Fe-C distance,
A similar to what was seen for the hydroxylase data. The distance of the short C fit for
- FECHEL is slightly long and it should be pointed out that there are no atoms 3.4 A away
from the iron site according to the crystal structure. In general, the distances for the short
C minima were slightly longer than the crystallographically determined distances, and the
coordination numbers were inaccurate as well for FEHBPZOH and FESALMPO. For
example, in the second shell of FEHBPZOH, theré is a cluster of 6 N and 4 C atoms
from the pyrazole rings between 3.0 and 3.05 A, however the fit to the data with the C
parameters resulted in a coordination number of 5.6 C at 3.06 A (Table 4.5, fit 4.5-17).
-~ For FESALMPQO, the coordination numbers of the low-Z contribution were high.
- According to the crystal structure, there are 6 C at 3.04 A and 5 N/C at 3.45 A, but the fits
~ determine 8.2 C at 3.07 A or 7.5 C at 3.43 A, with the longer fit being considerably worse
(Table 4.5, fit 4.5-9 and 4.5-10). To properly fit the second shell data, three contributions
should be included, consisting of two C and one Fe wave, however, such a fit would be
unreasonable to try due to the correlation of the C and Fe parameters and the ability of the C
contribution to mimic the Fe contribution.

In gcncral, the addition of C to the Fe contribution improved the quality of the fits,
resulting in lower values of the fit function F by as much as a factor of 2. The bias of the
best fit for the Fe-Fe distance of the model from which the parameters were derived was
maintained in the Fe + C fits to the data. The overall best fit using the FEHBPZOH
parameters in fits to FECHEL and FESALMPO corresponded to the 3.4 A Fe minimum
(Table 4.5, fit 4.5-5 and 4.5-13). The Fe contribution remained about the same for both
samples (relative to the Fe-only fits, see Table 4.4), but the coordination number of C
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Table 4.5. Fits to Second Shell Model Data with Fe and C.2

Sampleb Fe-Fe Parameters Fit Fe
(Window Width (A)) CN¢  R(A) CN R(A)
FECHEL 4.5-1 3.5 3.08
(2.55 - 3.45) . 4.5-2 , 3.8 3.43
FEHBPZOH 4,5-3 0.2 2.91 4.1 3.08
45-4 0.2 3.05 3.5 3.44
455 0.7 3.44 0.8 3.42
FESALMPO 456 04 3.01 3.6 3.14
457 04 3.07 1.1 3.44
45-8 0.2 3.41 3.2 3.09
FESALMPO 4.5-9 | 8.2 3.07
(2.20 - 3.45) 45-10 7.5 343
FEHBPZOH 45-11 04 2.96 8.7 3.08
45-12 08 3.05 6.3 3.44
45-13 2.0 3.45 3.3 3.34
FECHEL 45-14 10 3.09 5.2 3.05
4515 1.8 3.07 0.9 3.49
4516 0.6 3.42 8.2 3.07




Table 4.5. continued

Sample® Fe-Fe Parameters Fit Fe C F
(Window Width (A)) : CN¢  R(A) CN R(A)

FEHBPZOH 4.5-17 5.6 3.06 0.64
(2.05 - 3.35) , 4.5-18 6.1 3.44 0.79
FECHEL 4.5-19 1.2 3.10 3.3 3.02 0.30
‘ 4.5-20 0.7 3.44 5.5 3.07 0.52
FESALMP( 4.5-21 0.8 3.08 2.4 2.95 0.15
4.5-22 0.4 3.45 4.5 3.06 0.47

9¢1

AFitting range k =4 - 12 A-1. Errors are estimated to be about + 0.03 A for distances and 25% for coordination numbers.8 PThe Fe

only fits are presented in Table 4.4. “CN = coordination number.



decreased from 3.8 to 0.8 (Table 4.5, fit 4.5-5) for FECHEL. Both the C coordination
number and distance decreased for FESALMPO, from 7.5 C at 3.43 A (fit 4.5-10) to 3.3
C at 3.34 A (fit 4.5-13). Fits to the data consisting of a long Fe and a short C contribution
resulted in negative coordination numbers. The addition of C to the short Fe distance
resulted in a small decrease in the Fe distance and both the Fe and C coordination number
(Table 4.5, fit 4.5-3 and 4.5-4 for FECHEL and 4.5-11 and 4.5-12 for FESALMPO).
The C contribution for these fits was dominant over the Fe contribution.

Using the FECHEL and FESALMPO0 parameters in Fe + C fits to the
FEHBPZOH data, the best fit corresponded to the shorter Fe-Fe distance (Table 4.5, fits
4.5-19 and 4.5-21). The C coordination number and distance decreased for the short
Fe/short C fit to the data (fits 4.5-19 and 4.5-21) while the Fe distance increased by about
0.01 - 0.02 A. Addition of C to the long Fe distance resulted in a decrease in the
coordination number from 0.6 Fe to 0.4 Fe for the fits with FESALMPO (Table 4.5, fit
4.5-22), while the Fe contribution for the fits with FECHEL stayed the same (Table 4.5,
© fit 4.5-20). Fits to the FEHBPZOH data with Fe and a long C contribution resulted in
negative coordination numbers.

The results of the Fe + C fits for FECHEL and FESALMPO using FESALMP0
and FECHEL parameters, respectively, also showed correlation effects. The coordination
" number of Fe stayed at 0.4 for the short Fe fits to FECHEL with FESALMPO0
- parameters, but the Fe distance decreased to 3.01 A from 3.07 A with the addition of a
short C contribution (Table 4.5, fit 4.5-6), while the C distance increased from 3.08 Ato
, 3.14 A. In the short Fe/short C fit to FESALMP0 with FECHEL parameters, the Fe
coordination number decreased from 1.9 to 1.0 and the distance increased 0.02 A (Table
4.5, fit 4.5-14), while the C coordination decreased from 8.2 to 5.2. This fit agrees with
the distribution of atoms in the second shell of FESALMPO, but the Fe-Fe distance is
slightly long. The fits to the data with the 3.4 A Fe contribution and a short C contribution
_resulted in little or no difference in the C coordination number and distance, but the Fe
coordination number and distance decreased slightly (Table 4.5, fits 4.5-8 and 4.5-16).
The overall best fits to the data were for the short Fe/short C fit to the data. Fits to the data
with a long Fe and long C contribution resulted in negative coordination numbers.

4.3.2.3. Investigation with Hydroxylase Data. The parameters from the
various models were used in fits to the second shell data of the hydroxylase cofnponcnt of
MMO from Methylococcus capsulatus (Bath) in its oxidized and semimet state (EXAFSS
and EXAFS2, respectively). The results using FEHBPZOH and FEHBPZO
parameters have been briefly reported (Chapter 2 and ref. 2a) but are included here in
detail. Two minima were found in every case, and the better fit to the data corresponded to
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the minimum with the Fe-Fe distance close to that of the model compéund from which the
parameters were obtained (Table 4.6). In addition, the coordination number for Fe was
closer to 1 for the short Fe minimum than for the long Fe minimum except for the fits with
FE3BIPHME and FEHBPZOH parameters, for which the coordination number was
closer to 1 for both Fe minima. In general, the short Fe minimum was strongly preferred
over the longer Fe minimum, except for the fits with FEHBPZOH, which are biased for
the longer Fe minimum. It is interesting to note that while the long Fe minimum varies
from 3.38 to 3.46 A (0.08 A) for EXAFSS and 3.35 to 3.43 A (0.08 A) for EXAFS2,
the short Fe minima varies by only 0.05 A. In addition, in every case, the two minima
found were on the order of 3.0 A and 3.4 A even with the 3.2 A parameters from
FE3BIPHME, whereas use of the FE3BIPHME fits to the diferric FEHBPZO and
semimet FESALMP1 resulted in minima greater than 3.1 and 3.5 A. This result strongly
supports the previous conclusion that the second shell contributions to the data occur at 3.0
and 3.4 A. A comparison of the fits to the data for EXAFS5 with the FESALMP0
, parafncters and FEHBPZOH parameters is presented in Figure 4.11.

4.4. Discussion
4.4.1. Interpretation of First Shell Fits

- The EXAFS technique has long been recognized as being able to accurately
determine the first shell coordination of an absorbing atom. The model compounds
- investigated in this paper were all octahedrally coordinated, but had different numbers of N
~ and O atoms coordinating the Fe atoms as well as different numbers and types of bridges
between the Fe atoms. For the monomeric compounds, which contain a shell of nearly
equidistant N or O atoms, the data could be adequately described by a single contribution at
the correct distance (Table 4.2, FE3HBPZ and FEACAC). Fits to the iron dimer data
with a single N or O contribution resulted in low coordination numbers, although the
distance was generally close to the average first shell distance from the crystal structure
(excluding the oxo-bridge distance in the average distance). Instead, two contributions at
different distances were required to adequately fit the data in the absence of an oxo-bridge,
and three contributions if an oxo-bridge was present (the third contribution representing the
oxo-bridge itself).

The fit results did not correspond to the crystallographic information based on the
numbers of N or O atoms in the first shell, but instead seemed to reflect the distribution of
atoms in the first shell based on the distance from the iron atom. The distortion of the iron

158



Table 4.6. Fits to Second Shell Hydroxylase Data.

Sample: EXAFSS5 (diferric) EXAFS2 (semimet)
Window (A): 2.15-3.20 2.20 - 3.40
Fe-Fe
parameters: Fe R (A) F Fe R (A) F
FESALMPO 0.6 304 023 0.6 3.04 042
3.063 A 0.3 3.41 0.86 - 0.3 340  0.99
FECHEL 1.0 305 047 1.3 3.04 0.8
3.078 A 0.2 338  0.92 0.3 335  1.04
FEHBPZO 0.8 303 022 0.8 3.03 026
3.145 A 0.5 341 0381 05 339 095
FE3BIPHME 1.0 305 052 1.2 3.04 043
3.200 A 0.6 337 085 0.8 335  0.93
FESALMP2 0.8 308 025 0.8 3.07 05
3.202 A 0.2 346 090 0.2 343 1.0
FEHBPZOH 0.7 304 065 0.8 304 073
13.439 A 1.1 342 0.40 1.1 341 0.6l
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Figure 4.11. Fits to the oxidized hydroxylase data (Table 4.5). The solid line is the
data, the dashed line is the fit to the data with a short Fe contribution and the dotted line is
the fit to the data with a long Fe contribution. (a) Fit to EXAFSS data with FESALMPO
Fe parameters. (b) Fits to EXAFSS5 data with FEHBPZOH data.
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site from octahedral symmetry imposed by the bridging and ligand geometries, and the
mixture of N and O ligation results in a range of first shell distances. In the oxo-bridged
models, the bond lengths range from ~1.8 A for the oxo-bridge Fe-O distance to over 2.1
A for the atom coordinated in a position trans to the oxo bridge (see Table 4.1). The
relationship governing the resolution of distances as determined by the EXAFS technique
as a function of the range of data available is given by Ak AR = ®t/2 where Ak is the range
of data (A-1) and AR is the corresponding limit on the resolution of the distances
determined in the fitting technique (A). For data to k = 12.5 A-1, the corresponding
resolution of bond lengths is 0.126 A. This explains the sensitivity of the EXAFS
technique to the presence of the 1.8 A Fe-0 distance of the oxo-bridge, which is ~ 0.2 A
shorter than the average bond length of the rest of the atoms. In the model compounds
investigated in this study, the range of distances is close to this resolution limit, and
although two contributions are required to fit the data, the correct individual contributions
cannot be determined due to the limited range of data used for these investigations. In the
~ first shell of FESALMPO, the distribution of atoms can be divided into two sets,
~ corresponding to 3 atoms at an average distance of 1.95 A and 3 atoms at an average
distance of 2.11 A which differ by 0.16 A (Table 4.1). The fits to the data (Table 4.2, fits
4.2-21 and 4.2-22) correspond quite well to this interpretation of the crystal structure data.
- In FECHEL, the range of distances in the first coordination sphere is 0.126 A with a
. single O atom at 1.97 A and 5 atoms at an average distance of 2.05 A. The fit to the data
reflects this distance distribution (Table 4.2, fit 4.2-10) although N corresponded to the
short distance contribution. The first shell fit results thus seem to reflect the distribution of
atoms baSed on their average distance from the iron atom, rather than the contribution of a
specific atom type at a given distance. .

It was onl)} with the information provided by the crystal structure that the individual
contributions based on the fit results could be interpreted for some of the models discussed
“here. For an unknown structure, such an interpretation would not be possible. The
inability of this approach to accurately determine the numbers of N and O atoms reflects in
part the similar backscattering strength of these atoms. The approach taken in the curve-
fitting technique employed here assumes that the Debye-Waller factors for the
experimentally derived first shell Fe-N and Fe-O parameters are transferable to the model
compounds, however this is not necessarily true. Further investi gation of the first shell fits
using fixed, correct coordination numbers and allowing the distance and Debye-Waller
factor to float would provide additional insight into the ability of the curve-fitting technique
to resolve individual contributions to the first shell data. In addition, more than one fit

minimum was found, depending on the relative initial distances of the N and O
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contributions. The shorter distance was sometimes conserved in the two minima, but the
longer distance sometimes changed by more than 0.1 A which is greater than the expected
distance error for the EXAFS technique (+ 0.03 A).8 This suggests that the individual
contributions should not be interpreted as giving accurate information about the distance
distribution of atoms in the first coordination sphere for the range of data investigated.
Data to a higher k range would provide more accurate and reliable distance information.
The most reliable way to use the results of fits to the first shell data is to consider
the coordination-weighted average distance information. For all of the model compounds,
the coordination-weighted average of both fit minima falls within the expected error for
both the coordination number and distance for the EXAFS technique.® This has been the
proceedure used to interpret the results for the hydroxylase data (Chapters 2 and 3). It has
generally been assumed that the average distance corresponds to the relative numbers of N
and O in the first coordination sphere:12 in addition, the average first shell distance reflects
the presence of an oxo-bridge in the center. The presence of an oxo-bridge tends to distort
“the iron site and results in longer first shell distances, and therefore a longer average
distance, than non-oxo-bridged models. This is seen clearly by comparing the average first
shell distances for FEHBPZO and FEHBPZOH excluding the shortest bridging
distance. FEHBPZO and FEHBPZOH both are coordinated by 3 O and 3 N atoms and
the primary difference in their structure is the presence of the oxo-bridge in FEHBPZO.
The average first shell distance in FEHBPZO (excluding the oxo-bridge) is 2.12 A,
whereas in FEHBPZOH, the average distance is 2.06 A (excluding the hydroxo-bridge).
,If'thc bridging distance is included, the average for FEHBPZO decreases t0 2.06 A and to
2.04 A for FEHBPZOH. The average distances in the first coordination sphere for all
atoms for a variety of multiply-bridged ferric iron dimers with N and O coordination are
listed in Table 4.7 and presented graphically in Figure 4.12. In general, the average first
shell distance does tend to increase as the number of N atoms relative to O atoms increases,
and for the same N and O ligation, the average first shell distance will be longer if an oxo
bridge is present. ’

4.4.2. Model-Dependent Results of Second Shel.l Fits

4.4.2.1. Model Compounds. It has previously been pointed out that care
must be taken when choosing a model compound to mimic the second shell interaction of
an unknown compound, and one of the criterion suggested was that the irons in the model
have similar bridging oxygens to what is suspected in the unknown.!3 This does not seem
to be the case for the model compounds discussed above. If it were true that the types of
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Table 4.7. Average First Shell Distances as a Function of First Shell Ligation. -

Sample " Ref. Bridging Geometry _First Shell Ligation _ Rgyg al)2 _ Ryyg®

€91

Non-oxo Bridged Models

[FeOH(H,0)Chell2(H20)4  6a dibridge, (OH) 50,1N 202 A 204
[Fea(salmp),] 2DMF 6b  dibridge, (OR)2 40,2N 203 A 203
[Fe20H(OAC),(HB(p2)3)2)(Cl04) 6c  wibridge, OH(OAc), 30,3N 204 A 206
Oxo-bridged Models

[Fe20(0AC)2{[OP(OEt)215Co(CsHs))2]  6¢  wibridge, 0QAc)y 60 202 A 206
[Fe20(02CH)4(BIPhMe)](CH30H) 6f  wibridge, 0O2CH),  40,2N 205A 210
[Fe20(0AC)2(HB(p2)3)2] 6d tibridge, O(OAC) 30,3N 2.06 A 211
[Fe20(0AC)TPA] 11 dibridge, O(OAC) 4N,20 2.07 A 212

8The distance reported is the average distance over all first shell bonds. bThe distance reported is the average over all atoms except the shortest bridging
atom. For example, the Fe-Ogxo bond length was excluded for this average for the oxo-bridged models.
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Figure 4.12. Comparison of the average first shell distance with the numbers of O to N
atoms coordinating the iron atoms (Table 4.7). The solid circles are the oxo-bridged model
data and the open circles are the non-oxo-bridged model data.
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bridges determined the choice of an appropriate model, then the tribridged models with an
oxo-bridge should be poor choices for the dihydroxo and dialkoxo models, however the
fits do not support this hypothesis (Table 4.4). The parameters from both FEHBPZO and
FE3BIPHME adequately fit the dialkoxo model FESALMP0 and the dihydroxo models
FECHEL and FEDIPIC at the correct distance (the coordination numbers are low for fits
to FECHEL and FEDIPIC with the FEHBPZO parameters). Likewise, the
FESALMPO0 and FECHEL parameters adéquatcly fit the tribridged FEHBPZO and
FE3BIPHME second shell data. o

None of the models tested gave satisfactory fits to the FEHBPZOH second shell
data at the correct 3.4 A Fe-Fe distance. The correct distance was found in every case, but
the better fit corresponded to the shorter distance minimum. All of the models with the
exception of FEHBPZOH have Fe-Fe distances of 3.2 A or less. Using the
FEHBPZOH Fe-Fe parameters in fits to the other models, the better fit occured in every
case at a distance on the order of 3.4 A or longer. These results clearly demonstrate that
fits to the second shell data are strongly dependent on the compound chosen to model the

" Fe-Fe interaction. In particular, the bias favors the Fe-Fe distance of the model rather than

the number or types of bridges in the diiron center.14

One would also expect, if similar bridging geometry determined an appropriate
model choice, that the dihydroxo-bridged models FECHEL and FEDIPIC would be
excellent models for dialkoxo-bridged FESALMPO, all of which have Fe-Fe distances
between 3.1 and 3.0 A and Fe-Op,-Fe angles around 100°. Although the distance
‘information obtained is reasonable in cross-fits between these models, the coordination
numbers are off by a factor of two. Inspection of the Fourier transforms shows that the
second shell peak in FEDIPIC and FECHEL is much less intense relative to the first
shell peak compared to the Fourier transform of FESALMPO0. This would lead to
different amplitude functions and therefore incorrect coordination numbers for the cross
fits. Similar differences in amplitude functions have been noted in fits to iron dimers and
has been attributed to multiple scattering contributions to the data arising from the focusing
effect of the intervening oxo-bridge, however this effect was determined to be a factor only
if the Fe-O-Fe bridging angle were greater than 150°.15 In addition to the focusing effect
for models with angles greated than 150°, the various multiple scattering pathways would
not be resolveable in the Fourier transform of the data which would also lead to a
broadening of the second shell contribution. For FESALMPO0, and the other models
investigated in this paper, multiple scattering contributions involving the Fe>O core should
not interfere with the second shell data.
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The various contributions from the multiple scattering pathways should be resolved
in the data of FESALMP0, however the second shell peak (Figure 4.5¢) is rather broad.
The presence of rigid groups such as imidazole also contribute strongly to outer shell data
resulting in strong peaks in Fourier transforms.16 It is interesting to note that a recent
multiple scattering analysis of Fe(acac)317 has revealed that there is a very strong
contribution to the second shell data from a multiple scattering pathway involving the Fe-O-
C unit (Fe-O-C angle 129.3%). This demonstrates that Fe(acac)3 is not a good choice as a
model for the single-scattering Fe-C parameters. This kind of geometry may be similar to
ligation of metal sites in proteins by carboxylate groups and so may similarly contribute to
the data. It would be interesting to investigate the angular dependence of multiple scattering
contributions from various chelating groups. Clearly, an understanding of the relationship
between the geometries of the ligands coordinating diiron centers and the multiple scattering
pathways which contribute significantly to the second shell data of dinuclear non-heme iron
models and protein systems needs to be developed. The determination of the multiple
‘pathways which contribute to the second shell data of model compounds investigated for
this paper would provide a great deal of insight into the active site structures of the
hydroxylase of MMO, uteroferrin, ribonucleotide reductase and hemerythrin.

The distances of the Fe-Fe contributions in FECHEL (3.08 A) FEHBPZOH
(3.44 A) are well resolved from the contributions of second shell low-Z atoms (2.9 A for
FECHEL and between 3.0 and 3.05 A for FEHBPZOH). Fits to the second shell data
should therefore lead to well defined minima corresponding to the Fe and the low-Z atom
‘co'ntribution (modeled as C), however this was not the case. As seen before in fits to the
hydroxylaSc_ data, the second shell Fe and C parameters were strongly correlated, with the
Fe and C distances and coordination numbers changing for the Fe + C fits from the values
obtained in the Fe—énly and C-only fits to the data. The model bias held in the Fe + C fits
to the data as well, with the best fit corresponding to the iron distance closest to the Fe
distance of the model used for Fe parameters. This certainly impacted the results of the fits
to FEHBPZOH, as none of the other models are adequate models of this compound.
However, a reasonable fit was obtained for FESALMP0 using FECHEL Fe parameters
and a short C contribution. The difference between the Fe and C shells in FESALMPO is
less than 0.1 A. Given the general trends seen in the Fe + C fits to the second shell data, it
is not entirely clear if this result reflects the quality of the FECHEL parameters in fits of
this kind, or if it is simply coincidental.

Moreover, the best fit to the data corresponded to the minimum in which both the
Fe-C and Fe-Fe distance were closest to the Fe-Fe distance of the parameter model. In
general, the second shell low-Z contribution did not model the total low-Z atom
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contribution to the data at a given distance, nor did the Fe + C fits agree with the crystal
structure data (with the exception noted above). The use, and the interpretation of results
from the use, of Fe(acac)3 (and therefore other metal(acac)3 compounds) as a model of the
single scattering Fe-C second shell contribution should be reexamined in light of the
multiple scattering analysis discussed above.

4.4.2.2. The Hydroxylse Active Site. In the earlier studies of the
hydroxylase active site, the 3.4 A minimum was assigned as the Fe contribution and the
3.0 A mimimum was assigned as the low-Z atom contribution due to the presence of
clusters of low-Z atoms at ~ 3.0 A in model compounds and a recognition that low-Z atoms
located at more than 3.0 A would not contribute strongly to the EXAFS due to the
increased disorder of three-bond Fe-C distances (see Chapter 2). The fits to the second
shell data with the various model compounds done for this work consistently resulted in a
3.0 A minimum and a 3.4 A minimum, supporting the interpretation that there are
contributions to the second shell data at those distances, however it is not as easy to
" dismiss the 3.0 A minimum as the iron contribution in light of the strong preference for that

~ distance over the longer distance in fits using the Fez(OR)2 model parameters.

~ The lack of evidence of an oxo-bridge in the diferric iron center was used as the
basis for the choice of the hydroxo-bridged diferric model FEHBPZOH as the model of
~ the Fe-Fe interaction for the hydroxylase data over the oxo-bridged model FEHBPZO.
. The choice of model compound based on the lack of the presence of an oxo-bridge in the
MMO center is certainly a valid one, but it is not clear how to choose between two models
/ with different bridging environments and Fe-Fe distances, but each of which lacks an oxo-
bridge. Such a choice is represented by FEHBPZOH (tribridge, Fe-Fe 3.44 A) and
FESALMPO (dibridge, Fe-Fe 3.06 A).18 Based on the results of fits to the hydroxylase
data with FESALMP0 parameters, one would conclude that the Fe-Fe distance in the
oxidized hydroxylase is 3.04 A, but with FEHBPZOH parameters, the data suggest that
 the correct Fe-Fe distance is 3.42 A.

If the diiron center in the hydroxylase were a dibridged center similar to that in the
FESALMP model compounds, then it would be expected that in the diferrous form of the
hydroxylase, the Fe-Fe distance would be on the order of 3.2 A. For such a compact
dinuclear iron site, it would be reasonable to expect to see the Fe-Fe interaction in the
Fourier transform, similar to that which is seen in the diferrous FESALMP2 data (Figure
4.5¢). For the diferrous protein data, however, no Fe-Fe interaction is seen in the Fourier
transform (see Figure 2.2 in Chapter 2) suggesting that the Fe-Fe distance in the diferrous
form of the hydroxylase is longer than 3.2 A. This in turn suggests that the Fe-Fe distance
in the diferric form is longer than 3.0 A, supporting the assignment of the 3.4 A minimum
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as the Fe contribution. Another possibility, however, is that the Fe distance in the
hydroxylase is on the order of 3.0 A and that upon reduction to the diferrous state, a major
rearrangement in the bridging ligands occurs, resulting in an Fe-Fe distance in the diferrous
state that is longer than what can be detected with EXAFS. Such a rearrangement may
involve a shift in the coordinating mode of carboxylate groups ligating the iron center.19
Although the only known diferric model with a 3.4 A Fe-Fe distance is the
tribridged FEHBPZOH, the possibility that the hydroxylase is dibridged cannot be
eliminated. While the dibridged FESALMP models exhibit different magnetic behaviour
from the MMO hydroxylase (being ferromagnetic,6® whereas MMO is antiferromagnetic?)
which eliminates them as models for the hydroxylase, the other dibridged models
(FECHEL, FEDIPIC, FEPIC) are antiferromagnetically coupled. The only dibridged
model with a 3.4 A Fe-Fe distance is [FeaO(TPA)PHT]11 which has a (L-0x0)(u-
carboxylato) core (see footnote 14). Since it was possible to synthesize the hydroxo-
bridged derivative of the (1-oxo0)bis(l-carboxylato) model [Fe2O(0OAc)2(HB(pz)3)21,.5¢ a
mmodel with a (i-hydroxo)(i-carboxylato) core may also be possible to synthesize which
- would have a longer Fe-Fe distance and should exhibit magnetic behaviour similar to that
. of the hydroxylase active site.
4.4.2.3. Survey of Other Second Shell Analysis Methods. A variety
of other techniques have been used to determine the Fe-Fe distances in dinuclear iron
centers. The ratio method has been used to determine the Fe-Fe distances in various forms
of hemerythrin13:20 in which the amplitude and phase parameters of structurally
charactenzed models are compared the the amplitude and phase parameters of the
- unknown. The earlier results20 determined with this method have been corrected!3 based
on an evaluation of the model compounds employed, and a set of criteria have been
 described by the authors as the basis for determining the appropriate model to use in the
determination of the correct Fe-Fe distance.l3 In the earlier work, the long Fe-Fe distances
obtained for oxy- and methemerythrin (3.59 and 3.49 A respectively) were obtained with
the use of a 3.3 A Fe-Fe model.202 Using data between 5 and 12 A-! to eliminate low-Z
atom interference, the early results were reevaluted using the tribridged oxo-bridged dimer
FEHBPZO which is known based by comparison with the crystal structure to be very
similar to the active site of hemerythrin.2! A distance of 3.24 A was obtained for
oxyhemerythrin, in good agreement with the crystal structure (the Fe-Fe distance in the
model is 3.14 A, see Table 4.1).
The discrepancy between the earlier and later results was attributed to the
dissimilarity of the bridging groups in the 3.3 A Fe model to those in hemerythrin, as well
as to the inclusion of low k data in the earlier analysis, which would have a sfrong
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contributions from second shell low-Z scatterers.22 Although the the use of the 3.14 A
model could be justified based on the known structure of the protein, there was an
indication that the results of this analysis may also be model-dependent. The authors
repeated the fits using the 3.30 A Fe-Fe model and the new protocol and stated that the use
of a 3.30 A Fe-Fe model in fits to the protein data resulted in consistently longer Fe-Fe
distances by about 0.2 A than the results obtained by the use of the 3.14 A Fe-Fe model. 13
A second method employed in the determination of second shell Fe-Fe distances is
the FABM (fine adjustment based on models) method which uses empirically adjusted
theoretical parameters.12.23 In this approach, fits to a model compound are done with the
correct distance information and theoretical parameters, while adjusting both an amplitude
reduction factor (A) and shell-specific energy shift (AE) during the fitting proceedure!2.232
or just an amplitude factor.230,23¢ These parameters are then used in non-linear least-
squares fits to the data using the theoretical parameters and allowing the distance and
_ coordination number (or Debye-Waller factor) to vary. Different values of A and AE were
obtained in references 12 and 23a, so there is some dependence of these parameters on the
‘model employed.24 The dependence of the values of A and AE on the model compound,
and the dependence of the results using the different A and AE sets has not been explored.
Reliable Fe-Fe distances were obtained in tests on model compounds,12:233 but in some
cases more than one Fe minima was found, similar to results reported here (see Table I in
‘reference 12). It would be informative to explore the range of applicability and any
limitations of this approach.

4.5. Conclusions.

These studies have demonstrated the utility of the EXAFS technique in determining
the average first shell coordination of iron atoms in non-heme dinuclear iron centers. The
- distances obtained with these fits for a variety of model compounds were accurate to within
0.03 A and the total coordination number to within 10 %. The sensitivity of this technique
to the presence or absence of a short p-oxo bridge was once again demonstrated. The exact
numbers of N and O atoms ligated to the iron center could not be directly determined. The
average first shell distance as determined by EXAFS analysis was found to correlate with
both the relative numbers of N and O atoms and the presence of an oxo-bridge in the iron
center (for mixed N and O ligation). .
The non-linear least-squares curve-fitting method using Fe-Fe parameters derived
from model compounds has proven to be extremely model-dependent. The other
techniques used for the analysis of second shell data also seem to be susceptible to model
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dependence, although this has not yet been throughly tested. Unlike the conclusion
reached from the ratio method of determining Fe-Fe distances,!3 these studies show that
the bias seen reflects the Fe-Fe distance of the model compound from which the parameters
were obtained, and is independent of the number or nature of bridges in the diiron center
except as those factors determine the Fe-Fe distance. A strong correlation between the
second shell Fe and C parameters was also observed for the di- and tribridged models
tested, impacting both the coordination numbers and the distances of the Fe and C
contributions. These results illustrate that care must be taken in the analysis and
interpretation of the second shell data for dinuclear iron systems. Similar caution should be
used in the interpretation of fits for other dimetallic systems as well.

The method employed in fits to the second shell dinuclear iron data assumes that the
strongest contribution to the second shell EXAFS will be the single-scattering event
between the two iron atoms, however multiple scattering contributions could be
contributing as well. Multiple scattering pathways involving the Fe20 core should not

impact the second shell data of the models investigated here.!5 Rigid coordinating groups
. such as imidazole also have an effect on second shell data.16 It has recently been
discovered that for monomeric Fe(acac)3, multiple scattering along the Fe-O-C path
contibutes significantly to the second shell amplitude, suggesting that other pathways may
be important. The pathways which contribute strongly to the second shell EXAFS need to
be determined before the second shell data for dinuclear iron systems can be completely
understood. An understanding of the multiple scattering contributions and the
developement of a protocol for properly accounting for both the multiple and single
- scatterin g iht_eractions will be an important step in the reliable application of the EXAFS

technique to second shell data in dinuclear metalloprotein systems. Finally, with the
~ emergence . of the theoretical fitting codes FEFF25 and GNXAS,26 a systematic
investigation of theoretical fitting approaches to the complicated systems discussed in this
paper can be done and compared to the results obtained from the use of empirically derived
amplitude and phase parameters presented here.
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