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Abstract

The interaction between the hydroxylase component of methane monooxygenase (MMO)
from Methylococcus capsulatus (Bath), the coupling protein of the MMO enzyme system (com-
ponent B) and substrate has been investigated by using Fe K-edge x-ray absorption spectros-
copy (XAS). Fe K-edge extended x-ray absorption fine structure (EXAFS) studies of the
semimet form of the hydroxylase in the presence of the coupling protein, 1-bromo-1-propene,
and both the coupling protein and 1-bromo-1-propene revealed small differences in the ap-
pearance of the EXAFS above k=8 A'1 as compared to the non-complexed hydroxylase. No
dramatic change in the Fe coordination was seen in fits to the data. The average first shell
Fe-O/N distance for the complexed forms of the semimet hydroxylase ranged between 2.06 -
2.08 A, which is comparable to the distance found for the non-complexed form, 2.06 - 2.09 A
‘Although the average first shell coordination was similar for all samples, a difference was seen

" in the distribution of long vs. short distance contributions to the first shell coordination spheré

for samples with component B present. This difference was accompanied by a small but con-
sistent-decrease in the Fe-Fe distance of the B-complexed hydroxylase samples, from 3.42 A
to 3.39 A. When only 1-bromo-1-propene was present the distance remained unchanged.
Similarly, differences were seen in the EXAFS of the reduced forms of the hydroxylase com-

- plex above k= 8.5 A", but the average Fe-coordination as determined by fits to the data was

similar to that of the non-complexed reduced hydroxylase. For the complexed forms of the re-
duced hydroxylase, an average first shell Fe-O/N distance of 2.11 - 2.14 A was found, compa-
rable to the 2.15 A distance found for the non-complexed reduced hydroxylase, but a change
in the distribution of long vs. short distance contributions was again observed when component
B was bfesent. High resolution Fe K-edge edge spectra of the B-complexed samples revealed
a shoulder on the-rising edge of the semimet form of the hydroxylase, suggesting a change in
covalency at the Fe site. Furthemnore, differences in the edge spectra of the reduced forms of
the hydroxylase suggested that the coupling protein and substrate influence the electronic en-
vironment of the Fe center. Together, these results show that a subtle change in the Fe envi-
ronment of the hydroxylase occurs upon complex formation, resulting in a distortion in coordi-
nation, a change in the covalency of the Fe center, and/or a change in the ligation of the Fe
center. Additionally, comparison of EXAFS results for a brominated model compound to that
for'1-bromo-1-propene substrate complexed with hydroxylase provided no evidence that the
bromine atom of bound substrate is located within about 3.5 A of an Fe atom. This result
makes it unlikely that ofefins form a 7 complex to Fe in the MMO hydroxylase.



Introduction

Soluble methane monooxygenase (MMO) from Methylococcus capsulatus (Bath)1 and
Methylosinus trichosporium oB3b? is a multi-component enzyme system consisting of a dinu-
clear non-heme Fe enzyme3 (hydroxylase, M, 251K), an Fe,S,-FAD electron transport pro-
tein* (reductase, M, 38.6K), and a coupling protein (component B, M, 15.5K) which contains no
metals or prosthetic groups.5 The biological function of MMO is to catalyze the NAD(P)H- and
O,-dependent hydroxylation of methane to methanol in methane-metabolizing bacteria,6 al-
though a wide variety of organic molecules are oxidized by this enzyme system.7

358 nei-

Substrate binding and dioxygen activation occur at the hydroxylase component,
ther the reductase nor component B are catalytically competent. All three components of the
MMO enzyme system are required for efficient oxidation of substrate.'®®® Kinetic studies on

the roles and interaction of the three components of the MMO system from M. capsulatus
'_ (Bath)5'9 have suggested the formation of protein complexes during the catalytic cycle which
have an effect on the oxygenase activity. The effect of component B on electron transfer and
oxygenase activity in the MMO system has been studied for both the M. capsulatus
(Bath)?-"g’10 and the M. trichosporium 0B3b.%"" In the M. capsulatus system, component B
appears to play a strict regulatory role, preventing reduction of the hydroxylase in the presence
* of reductase but absence of substrate'® and the formation of product in the absence of compo-
nent B.5? In the M. trichosporium system, however, the hydroxylase is reduced in the ab-
sence of substrate'' and product is formed in the absence of component B, although the addi-
tion of component B greatly increases the specific activity of the hydroxylase.8

Various spectroscopic techniques have been used to gain information about the geomet-
ric and electronic structure of the diiron active site in the MMO hydroxylase component (H)
from both M. capéulatijs (Bath)""o"""13 and M. trichosporium 0B3b. 811121416 Eyiended x-
ray absorption fine structure (EXAFS) has proved to be very sensitive to the presence or ab-
sence of an oxo bridge in the first coordination sphere of dinuclear Fe centers,17 such as found
in the related protein systems hemerythrin (Hr) and ribonucleotide reductase (RF{).18 EXAFS
studies'? have shown that the diferric form of the M. capsulatus (Bath) hydroxylase is a non-
oxo bridged diiron center with a first coordination sphere of ~ 6 N/O atoms at an average dis-
tance of 2.04 A. The semimet form (prepared by photoreduction) has ~ 6 N/O atoms at 2.08 A
and the diferrous form has ~ 5 N/O atoms at 2.15 A in its first coordination sphere. The Fe-Fe
distance for the oxidized and semimet forms of the hydroxylase was determined to be ~ 3.4 A.
There was no distinct Fe-Fe contribution to the EXAFS of the ferrous hydroxylase.



Recently, the structure of the active site of the hydroxylase of MMO in its diferric form has
been determined by x-ray crystallography at 2.2 A resolution.'® The Fe atoms are located as a
dinuclear site in a 4 helix bundle, coordinated by a total of 4 glutamate residues, 2 histidine
residues, and a single molecule of water. Each Fe atom is coordinated by a single histidine
residue, while one glutamate residue bridges the Fe atoms in a bidentate mode, and the other
glutamate residues are coordinated to Fe in a monodentate mode. Additionally, exogenous
hydroxide and acetate ligands bridge the two Fe atoms. The Fe atoms are 3.4 A apart, in very
close agreement with the Fe-Fe distance determined previously by EXAFS spectroscopy.12
The coordination of each Fe atom to a single histidine residue, the presence of a hydroxo
bridge, and the presence of more O-donating ligands than N-donating ligands in the active site
are consistent with results obtained earlier by EXAFS'2 and ENDOR“"‘S'16b spectroscopies.

These studies have formed the basis for understanding the mechanism of dioxygen acti-
"vation and substrate oxidation. Studies of the hydroxylase separated from the other required
components of the MMO enzyme system provide only one part of the needed information,
however, since all three components are required for activity. Perturbations in the EPR spec-
tra 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 af-
" fects the Fe site.3%82% The effects of substrate, component B, and the reductase on the

redox potentials of the hydroxylase have also been investigated""11

and reveal that significant
changes in the electron affinity of the hydroxylase core occur as a function of the presence of
the other components. The changes in the redox potentials and the EPR spectra of the
complexed forms of the hydroxylase imply an alteration in the electronic structure of the Fe site
which 6o.uld be caused by alterations in the ligation of the diiron site or by conformational
changes of the protein near or at the Fe center which affect the electronic properties of the
diiron core. EXAFS would be sensitive to any structural changes which occur as a result of the
pomplex formation, and electronic perturbations would have an effect on the edge structure of

the hydroxylase complexes.

In the present investigation, Fe K-edge EXAFS and high-resolution edge data on Methylo-
coccus capsulatus (Bath) hydroxylase samples in the semimet (photoreduced from diferric)
and diferrous forms in the presence of component B, a mixture of ¢is- and trans-1-bromo-1-
propene (hereafter referred to as bromopropene), and both component B and bromopropene
have been coliected. The goal was to determine what effect, if any, these species have on the
coordination environment of the Fe atoms. In addition, since olefins are epoxidized by the



MMO system, it was of interest to determine whether bromopropene might coordinate directly
to an Fe atom in the catalytic center. Results show that, for the conditions used in this study,
no dramatic change in the coordination of the Fe atoms occurs upon formation of the various
complexes. Evidence for a subtie change in the coordination environment and in the
covalency of the diiron center in the presence of component B and bromopropene is directly
and reproducibly seen (via multiple samples).

Experimental

EXAFS Sample Preparation. A summary of the samples investigated is given in Table .
The soluble hydroxylase of MMO from M. capsulatus (Bath) was isolated, purified, and charac-
terized 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).21 For hydroxylase sam-
ples with component B present (designated HB), component B was added in the stoichiometric
molar ratio of 2;1 B:hydroxylase. For hydroxylase samples to which bromopropene was added
(designated HBr for samples with bromopropene only or HBBr for samples with both compo-
nent B and bromopropene), a 1,000-fold excess of bromopropene (based on the concentration
~of protein, ~ 15 mg/ml) was added to insure that the substrate would remain bound to the
hydroxylase during the subsequent concentration procedure. The hydroxylase complexes
were dialyzed first into a 5% ethylene glycol solution of 50 mM MOPS buffer (pH = 7.0) and
then into a 50% ethylene glycol solution of the same buffer. For the HBBr samples and sam-
ples HBr-2, HBr-3 and HBr-4, the solutions contained a 10,000-fold excess of bromopropene.
After dialysis, the samples were further concentrated on a Centricon centrifugal microconcen-
trator (Amicon), after which a 1,000-fold excess of bromopropene was added to HBr-2,3,4 and
the HBBr samples. For HBr-1, no bromopropene was added until after the final concentration
on the Centricon, at which point a 1,000-fold excess was added.

The concentrated samples were degassed and brought into an anaerobic 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, 14 mM methyl viologen, and 4 mM proflavin to samples HB-
2, HBr-2, and HBBr-2 and incubating the samples for 40 minutes. The samples were then
loaded into lucite EXAFS cells (23 mm x 2 mm x 3 mm; 140 pl) equipped with caps and with 25
pm Kapton windows, immediately frozen in liquid nitrogen upon removal from the box and
stored in a liquid nitrogen refrigerator.



EXAFS Data Collection. 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 Labora-
tory (SSRL), with the SPEAR ring 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") to minimize harmonic contamination in the incident beam. The data were measured
in fluorescence mode at 10 K by using a continuous-flow LHe cryostat (Oxford Instruments,
model CF1208). The fluorescence signal was monitored with a 13-element Ge solid-state de-
tector array"’2 (Canberra) windowed on the Fe Ka signal (6840 eV). Total count rates of be-
tween 25,000 and 35,000 per second per channel (measured at 7995 eV detuned 45%) were
maintained throughout the experiments. At these count rates, the detector was below satura-
- tion limits. One of the channels showed persistently high count rates; it was therefore not in-
cluded in further data analysis.

- Photoreduction of the Oxidized Hydroxylase Samples. As observed and discussed

previo.usly,m'23

the oxidized samples of the hydroxylase are susceptible to photoreduction by
the x-ray beam to the semimet state (Felli/Fell). Anticipating the photoreduction process, ra-
- diation from SSRL beamline 2-3 (unfocused bending magnet; Si(220) double crystal
monochromator) was used to pre-photoreduce HB-3, HBBr-1 and HBr-3 (temperature 95 -
100 K, monochromator fully tuned at 7900 eV, slits 4 x 15 mm), as judged by monitoring the
position of the edge as a function of time (~ 2.0 eV shift to lower energy occurs from oxidized
to semimet form; the average time for photoreduction was ring current dependent, with an typi-
cal shiﬁ;of ~1 eV/24 hrs on 2-3 and ~1 eV/2.5 hrs on 7-3 at 50 mA). 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 af-
ter the photoreduction process was judged to be complete were used for further data analysis.
1t should be noted that all originally oxidized samples discussed here were photoreduced to the
semimet state by the x-ray beam, although only 3 samples were pre-photoreduced on
beamline 2-3.

_ EXAFS Data Reduction and Analysis. Data reduction and analysis were performed as

described previously.’""24

Information about the Fe concentration and scan averaging for the
data sets is summarized in Table |. Non-linear least-squares curve-fitting techniques using

empirical amplitude and phése parameters were used to analyze the ka-weighted data, as de-



scribed elsewhere.?®> The errors estimated in the EXAFS analysis with these protocols are
+ 0.02 A in the distances and 25% in the coordination numbers.2® The fits proceeded by al-
lowing the initial coordination numbers and distances for an Fe-X pair of interest to vary.26
Empirical amplitude and phase parameters were obtained as previously described.'223 Al-
though earlier investigations’z""’4 have revealed various difficulties arising from the application
of experimentally derived amplitude and phase parameters in fits to second shell data, this fit-
ting technique still provides the most reliable and accurate results for the first shells of the sys-
tems that we are investigating. A recent study has shown that the use of experimentally de-
rived amplitude and phase functions obtained from EXAFS analysis of appropriate model
compounds gives more accurate results in fits to metal foil EXAFS data than the use of theo-

retical amplitude and phase functions.?’

Results

_The I(a-weighted EXAFS of the photoreduced semimet complexed samples are presented
along with the EXAFS data of the non-complexed semimet hydroxylase12 (Hsm) in Figure 1a-
g. The Fourier'transforms (FT) of the data (over the krange 3.5 - 12.5 A") are presented in
_ Figure 2a-g, along with FT data for the non-complexed semimet hydroxylase. Visual inspec-
tion of the data reveals differences in the EXAFS of the complexed vs. the non-complexed
forms of the hydroxylase. For non-complexed hydroxylase (Hsm, Figure 1a), the maximum at
k> 8 A is greater in amplitude than the maximum at k < 8 A”'; in the B-complexed samples
(HB-1, Figure 1b and HB-3, Figure 1c), the relative amplitudes of these maxima are reversed,
and in the B plus bromopropene complex (HBBr-1, Figure 1g), the amplitudes are nearly
equal. The minimum at k=9 A" is shallower for HB-1 and HB-3 than for Hsm or HBBr-1.
The EXAFS of thé hydroxylase in the presence of bromopropene (HBr-1, Figure 1d, HBr-3,
Figure 1e, HBr-4, Figure 1f) are very similar to the non-complexed form (Figure 1a). It should
be observed that the trends described are reproducible for measurements made on duplicate
and triplicate independent samples (2 samples with component B, 3 samples with
bromopropene).

The EXAFS data for the reduced samples are presented in Figure 1h-k, and the Fourier
transforms of the data are given in Figure 2h-k. The data for the non-complexed reduced
hydroxylase (Hred)12 are also included for comparison. The EXAFS of the hydroxylase in the
presence of componentB (HB-2, Figure 1j and HBBr-2, Figure 1k) are shifted slightly to higher



k, and the minimum at k= ~ 8.5 A in the non-complexed sample (Hred, Figure 1h) is not as
distinct in the B-hydroxylase samples. The bromopropene-hydroxylase sample (HBr-2, Figure
1i) is more similar to the noncomplexed samples (Figure 1h); however, the ~ 8.5 A" minimum
is shifted somewhat to lower k for HBr-2 relative to Hred. These differences in the EXAFS
data are clearly seen in the Fourier transforms of the data (Figure 2h-k), with the R ~ 1.8 A
peak for the B-complexed forms of the hydroxylase (Figure 2j,k) appearing 0.08 - 0.09 A to
lower R than the peaks in the non-complexed (Figure 2h) and bromopropene-complexed (Fig-
ure 2i) forms. Although the Fourier transforms above 2 A are different for all of the reduced
samples, there is no indication of a strong second shell Fe-Fe interaction, in striking contrast to
that seen in the semimet samples (Figure 2a-g).

Results of Fits. First Shell Fits. Results of the fits for the Fourier filtered first coordina-
tion sphere are presented in Table Il. The same trends in fits described previously12 (two con-
" tributions required, two possible minima for fits with a N and an O contribution, no evidence for
a p-oxo feature), were seen for the analysis here. The detailed fit results are presented for
HB-1 to represent the trends seen in fits to all samples. For the other samples, the full results
are provided as supplemental material in Table S-I. For HB-2,3 and the HBr and HBBr sam-
ples, the fit results presented in Table Il are consistent with the results of EPR studies suggest-
- ing a mixed N/O coordination,?® and with the fact that Fe-N bond distances are generally
longer than Fe-O bond distances in dinuclear Fe compounds of this type. Due to the correla-
tion of the N and O parameters for the limited k range of the data, we will initially describe the
coordination-weighted average bond Iengths12 and later discuss trends in the individual Fe-N
and Fe-O contributions.

The- average first shell coordination for all of the complexed forms of the semimet
hydroxylase are very similar to one another. For semimet hydroxylase in the presence of com-
bonent B, an average coordination of 6.4 N/O at 2.08 A from Fe (fit HB-1E) was found for
HB-1, and of 5.7 N/O at 2.08 A (fit HB-3A) for HB-3. The bromopropene-complexed form of
the hydroxylase had an average Fe coordination of 5.6 N/O at 2.06 A for HBr-1 (fit HBr-1A),
and 5.3 N/O at 2.07 A for HBr-3 and HBr-4 (fits HBr-3A and HBr-4A, respectively). For
hydroxylase in the presence of both component B and bromopropene (HBBr-1), the average
first shell Fe coordination was found to be 5.3 N/O at 2.07 A (fit HBBr-1A). No evidence of a
short Fe-O contribution, which would indicate the presence of an oxo-bridged diiron center,
was found. For the reduced forms of the hydroxylase, the average coordination number de-
creased and the averabe bond length increased relative to the semimet forms. For the re-



duced hydroxylase with component B (HB-2) a first shell coordination of 4.6 N/O at 2.11 A (fit
HB-2A) 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, refer-
ence 12). For reduced hydroxylase with bromopropene, the average Fe coordination of the
first shell was 4.8 N/O at 2.14 A (HBr-2, fit HBr-2A), and with both B and bromopropene
(HBBr-é), the first shell was found to consist of 4.4 N/O at 2.13 A (fit HBBr-2A).

Second Shell Fits. The results of second shell fits to the data are presented in Table lll.
The detailed fit results are presented for HB-1 to represent the trends seen in fits to all sam-
ples. For the other samples, the final results are summarized, but the full results are provided
as supplemental material in Table S-ll. 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.'2 However, based on the absence of an oxo-bridge in the
" Fe center, as determined from both EXAFS'2 and ENDOR,m"16b a non-oxo-bridged model
compound is the most appropriate for obtaining the empirical parameters.‘z’29 For that reason,
the hydroxo-bridged model [Fe,(OH)(OAC),(HB(p2),),](CIO,), (3.4 A Fe-Fe distance)'?*° was
used to extract parameters for analyzing the second shell Fe-Fe interaction.

For the semimet hydroxylase in the presence of component B (HB-1 and HB-3), the best
fit Fe-only minima corresponded to 1.0 and 0.8 Fe at 3.39 A (fits HB-1G and HB-3B, respec-
tively). The Fe-Fe coordination for the hydroxylase with bromopropene was found to be 1.5 Fe
at 3.41 A for HBr-1 (fit HBr-1B), 1.2 Fe at 3.41 A for HBr-3 (fit HBr-3B) and 1.4 Fe at 3.41 A for
HBr-4 (fit HBr-4B). For HBBr-1, the best Fe-only fit corresponded to 1.2 Fe at 3.40 A (fit
HBBr-1B). A second Fe-only minimum corresponding to a distance of ~ 3.0 A (see for exam-
ple fit HB-1H) was found for all samples. This second minimum is due to coincidence of the
Fe phase with the phase of the contribution from the low Z atoms which are almost certainly

present at ~ 3.0 A from the Fe in bridged, dinuclear Fe centers.!’

As described previously,12 the second shell data can aiso be reasonably fit by using sec-
ond shell Fe-C parameters without an Fe contribution at the same two distance minima ob-
tained for the Fe-only fits to the data (see fits HB-11 and HB-1J). For fits including both Fe and
C, there is a strong preference for the result consisting of a 3.4 A Fe-Fe distance and a 3.0 A
Fe=C distance (compare fits HB-1K-N). These results suggest that there are two distance con-
tributions to the second shell data at distances of 3.0 and 3.4 A from the Fe center. The as-
signment of the longer distance as Fe and the shorter distance as C is consistent with the lack
of an oxo-bridged diiron center and with the distribution of low Z atoms in structurally charac-



terized models.>**° The longer Fe-Fe distance has now been verified by the hydroxylase
crystal structure results.’®

In the combined Fe+C fits (Table S-lI), an indication of a distance change in the second
shell when component B is present was still apparent. In these fits, however, the Fe-C dis-
tance was decreased (as was the case for the C only fits), whereas the Fe-Fe distance was
unchanged. Due to the high correlation between the two waves, it is not possible to establish
whether the Fe-Fe, Fe-C or both distances show a slight change. As discussed below, the
empirical Fe-C amplitude and phase parameters are not reliable and were used mainly to illus-
trate the presence of a low-Z shell contribution. We therefore interpret the results as an Fe-Fe
change, but cannot exclude other possibilities.

Wide Shell Fits. The trends observed in thé first and second shell fits to the semimet data
_were also seen in fits to the backtransform of both FT peaks. The final results are summarized
in Table 1V, and detailed fitting results are available in Table S-lll. Only the results for Ry > Ry
are reported, although all of the fits with Ry < Rg were performed. The fit function improved by
a faétor of 1.8 to 2 with the addition of a 3.4 A Fe contribution to the N/O fit to the data (com-
pare fits HB-10-and HB-1P) for all samples. The addition of both a 3.4 AFeanda3.0AC
contribution (fit HB-1T), only moderately improved the fit over the 3.4 A Fe-only (fit HB-1P) or
the 3.0 A C-only fit (fit HB-1S).

Fits to the Non-Filtered Data. Fits to the non-filtered data between k = 4 - 12 A™ were
performed for all of the semimet and reduced samples (Table V). Details of the fits are avail-
able in Table S-IV. All of the trends described above were seen for the fits to the non-filtered
data, although the fit functions were higher due to the increased noise level of the data. The
data and the fits to the data (summarized in Table V) for the semimet samples are shown in
Figure 3.

For the reduced hydroxylase data, the N/O fits were adequate to explain the data; how-
ever, the broad feature on the low k side of the 10 A”' maximum was not accounted for (Figure
4a,c,d). With the addition of ~2 C at 3.0 A or < 0.5 Fe at 3.4 A, a better fit to the data at higher
k was found (iliustrated for HB-2, Fit HB-2C, Table V, Figure 4b). This result suggests that
there is some high frequency contribution to the data that can be mathematically modeled with
the Fe and C parameters, but does not necessarily reflect the true second shell environment of
the ferrous Fe center.

10



Contributions to the Differences Seen in the EXAFS Spectra. Although the average
coordination environment for the Fe atoms does not change significantly due to the formation
of complexes between the hydroxylase and component B and/or bromopropene, the individual
contributions to the first and second shell fits do vary in a systematic and reproducible way,
especially in the presence of component B. For both of the B-complexed samples HB-1 and
HB-3, the coordination number of the longer distance contribution is higher than the coordina-
tion number of the shorter distance contribution (Table Ii, fit HB-1E and HB-3A). For non-
complexed semimet hydroxylase, the coordination number of the long distance contribution
(2.5) is lower than the coordination number of the short distance contribution (3.1),12 similar to
the results seen for all three bromopropene-complexed samples (HBr-1, HBr-3 and HBr-4; Ta-
ble 1I, fit HBr-1A, HBr-3A and HBr-4A). For the reduced samples, the coordination numbers
are equal for the two contributions for the B-complexed samples (HB-2, HBBr-2, Table Ii, fits
- HB-2A and HBBr-2A), but the coordination number for the long distance contribution (2.6) is
lower than the short distance contribution (3.0) for the non-complexed reduced sample.12 For
HBr-2, the coordination number for the long distance contribution is greater than the short dis-
tance contribution (Table Ii, fit HBr-2A).

In the second shell data for the semimet samples plus component B only, the Fe-Fe dis-
- tance is 3.39 A for both samples measured, with an average coordination number of 0.9. For
the three hydroxylase samples in the presence of bromopropene only, the Fe-Fe distance is
consistently longer, at 3.41 A and the coordination number is higher as well (average 1.4).
The difference in the coordination number for these two sets of samples is significant, greater
than the 25% error estimated in this parameter determined by the EXAFS fits. Since a dinu-
clear Fe 'éite is present in the samples, the non-integer coordination numbers reflect changes
in the Debye-Waller factors of the Fe-Fe core, potentially accompanied by a rearrangement of
the low-Z atoms in the second shell. While the exact nature of these differences in the individ-
ual N, O and Fe contributions can not be resolved by EXAFS over the range of data currently
available, they are reflected in the systematic changes in the appearance of the EXAFS of the
hydroxylase complexes compared to the non-complexed hydroxylase samples.

Results of EXAFS Analysis with Brominated Substrate. To evaluate the detectability
of Br on a ligand complexed to Fe, EXAFS data were collected on a brominated derivative of
Fe(acac),, [tris-(3-bromo-2,4-pentanedionate), iron(III)]31 (or Fe(S-Br-awc)S). In this complex,
the Fe---Br distance is expected to be on the order of 5.2 A2 The contributions of the three
bromine atoms at this distance are clearly seen in the Fourier transform of Fe(3-Br-acac), as

11



compared to Fe(acac), (Figure 5), suggesting that, at least in such a well-ordered structure, an
Fe---Br interaction at a distance as long as ~ 4-5 A would be detectable by EXAFS. It should
be pointed out that, although the amplitude of this Fourier transform feature is enhanced by
multiple scattering since the Fe-C-Br angle is close to 180°, the backscattering amplitude and
phase parameters for Br are very different from those of Fe and C, making Br more easily de-
tected.

Inspection of the Fourier transforms of the semimet and reduced bromopropene com-
plexes (HBr-1, HBr-3, HBr-4, HBBr-1, HBr-2, HBBr-2, Figure 2d-g,i,k) shows no suggestion
of a strong interaction above 3.5 and 2.5 A, respectively. If the Br were located in a well-
ordered fashion around 3 A from an Fe atom, it would be expected that the fit results to the
second shell data would be significantly different for the hydroxylase samples with
bromopropene from the non-bromopropene complexed samples. Such was not the case, how-
* ever, and Br was not required to obtain excellent fits. The shorter limit of 2.5 A for the reduced
sample is especially clear, ironically, because of the absence of detectable Fe-Fe backscatter-
ing contribution around 3 A (see Figure 2h-k).

X-ray Absorption Near Edge Spectra. The Fe K-edge spectra of the hydroxylase sam-
ples are presented in Figure 6. The most intense transition seen in the x-ray absorption edge
- spectra (feature B) is due to the allowed 1s—4p transition. To lower energy than this feature is
the formally forbidden 1s—3d transition (feature A) made allowed due to 4p orbital mixing into
the 3d states as a result of symmetry distortions. For the semimet hydroxylase samples (Fig-
ure 6a), feature A appears at ~ 7114 eV, the main transition occurs at ~ 7129 eV (feature B)
and there is a broad maximum at ~ 7134 eV (feature C). Relative to the pure hydroxylase, the
intensity-of feature B increases slightly in the presence of component B, and a prominent
shoulder appears on the rising edge at ~ 7124 eV (feature A’). For the samples with only
bromopropene added, there was irreproducibility in the presence/absence of any shoulder in-
tensity depending on sample preparation (data not shown; although no difference was seen in
the EXAFS data and results). There is no significant change in the intensity of feature A for all
samples, and the energy position of the feature does not change.

The edges of the reduced hydroxylase complexes are compared in Figure 6b. Upon re-
duction to the diferrous state, the main transition moves as expected to lower energy (~ 7125
eV) and the shape changes dramatically, increasing in intensity and becoming more narrow
compared to the semimet spectra. This change is typical of the reduction of Fe(lll) to Fe(ll) in
models with mixed O and N ligation.24 For the various reduced samples, the position of fea-
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ture B does not change, but the intensity decreases in the spectra of the complexed samples
relative to the non-complexed sample. 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. Additionally, 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. Although the total in-
tensity remains the same, the pre-edge feature (feature A) rises to a maximum more steeply
for Hred and HBr-2 than for HB-2 and HBBr-2 (data not shown), and the feature broadens
relative to the pre-edge feature for the semimet samples (inset Figure 6b).

Discussion

The Effect of Substrate and Component B on the Diiron Center. Perturbation in the
. EPR spectrum of the semimet hydroxylase in the presence of substrate was an early indication

that the hydroxylase component interacted directly with substrate. 3%%°

In the presence of
small molecules, the EPR spectrum was generally sharpened and intensified. The presence of
component B, however, caused a dramatic difference in the EPR spectrum of the semimet
hydroxylase from M. trichosporium OB3b.%° The hydroxylase no longer exhibited the g, =
- 1.85 sighal and a different saturation behavior was observed, resulting in an EPR signal with
g,, = 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. This interpretation is
qualitatively supported by the EXAFS of the semimet and reduced samples (Figure 1). The
EXAFS of the samples with semimet hydroxylase and bromopropene (Figure 1d-f) is very simi-
lar to the: non-complexed EXAFS (Figure 1a), whereas the EXAFS of the semimet hydroxylase
with component B (Figure 1b,c) is different from that of the non-complexed form. The B plus
bromopropene sémplé (Figure 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 (Figures 1j,k) is somewhat different from the non-complexed form (Figure 1h)
and the bromopropene complexed form (Figure 1i).

The presence of component B and substrate also alters the redox potentials of the
hydroxylase Fe site.’®'" The 15-20 mV decrease in redox potentials of the hydroxylase in the
présence of substrate as compared to the redox potentials of the hydroxylase alone'®
suggests a slight decrease in the electron affinity of the Fe site in the presence of substrate. In

the presence of stoichiometric amounts of component B and reductase, no reduction of the M.
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capsulatus hydroxylase occurred, suggesting that both component B and reductase are re-
quired to inhibit reduction of the hydroxylase. Earlier kinetic studies suggested that component
B alone was responSib|e for the inhibition of the reduction of hydroxylase in the absence of
substrate.>® To produce the reduced hydroxylase XAS sample, the sample was subjected to
the reduction mediators in the presence of component B. The edge spectrum (Figure 6b)
clearly ihdicates 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 result supports
the conclusion based on electrochemical studies108 that both the reductase and component B
are required in the absence of substrate to inhibit effectively reduction of the M. capsulatus
hydroxylase diiron site. More recent electrochemical experiments in the presence of compo-

nent B alone further confirm that the hydroxylase can be reduced in this complex.10b

The Effect of Complex Formation on the Hydroxylase. The average first shell coordi-
" nation of the complexed forms of the semimet hydroxylase (5.3 - 6.4 N/O at 2.06 - 2.08 A, Ta-
bie 1) do not vary significantly from the average first shell coordination of the non-complexed
semimet hydroxylase (5.6 N/O at 2.08 A).12 Based on a comparison of the coordination
weighted average first shell data, the results suggest that no dramatic change in the coordina-
tion of the Fe occurs due to the formation of hydroxylase complexes with component B or sub-
" strate. There is, however, a systematic and reproducible difference in the individual N and O
contributions to the first shell fits, and in the Fe contribution to the second shell fits. These
differences in the relative contributions are reflected by the differences seen in the EXAFS
spectra of the various samples at k ~ 8 A discussed above. In particular, for the semimet
samples the longer distance contribution to the Fe coordination environment increases in the
presenéé of component B relative to the free hydroxylase and to the hydroxylase with
bromopropene or both-B and bromopropene present. Considering the Fe-only fits to the sec-
ond shell data, the Fe coordination number is consistently lower for the B-complexed samples
(HB-1 and HB-3) than for the other samples, including the hydroxylase (CN = 1.1),12 and the
Fe-Fe distance is slightly shorter for the B only-complexed sample (3.39 A, Table lil; the non-
complexed hydroxylase distance is 3.42 Al 2). in the reduced samples, the two first shell con-
tributions are about equal for the B-complexed samples (HB-2 and HBBr-2), whereas for the
other samples the distance distribution is uneven.

Given the inability of EXAFS to determine strictly the relative numbers of similar strength
backscattering atoms, it is difficult to interpret the change in the contributions of the individual
waves. The reproducibility of the results among independent samples of the same complex (2
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samples with component B, 3 with bromopropene) does indicate, however, that a change oc-
curs in the coordination of the diiron center as a resuit of complex formation with component B.
Whether the origin of the difference arises from a change in the ligation of the Fe atoms, a
distortion of the coordination environment, or a change in the covalency of the metal site can
not be determined based on EXAFS analysis of the available data.

Inspection of the crystal structure of the hydroxylase component19 shows that the dinu-
clear Fe center lies in a 4 helix bundle. Two of the surrounding helices form one wall of a
canyon which lies between the 2 afy subunits that comprise the hydroxylase dimer. This can-
yon has been suggested to be the docking site of component B, where interactions with the
helices forming the wall of the canyon could modulate the Fe coordination in the active site. In
particular, such interactions could affect two glutamate residues, Glu 209 and Glu 243, which
coordinate the same Fe atom. Interaction of component B with the hydroxylase in this manner
“would be consistent with the results of magnetic circular dichroism (MCD) studies of the re-

duced hydroxylase with component B,'®®

which indicate that the environment of only one of
the-Fe atoms is altered in the component B complex. A shift in the coordinating mode of one
or more of the glutamate residues (carboxylate shift33) could explain the subtle change in the
distribution of distances seen in the EXAFS results described above, as well as the perturba-
- tion in the redox potentials""11 and the EPR signalch seen for the hydroxylase/component B

complex.

Location of the Substrate Binding Site. Although it is known that substrate interacts
with the hydroxylase component, the location of the binding site has not been determined. In
the crystal structure, there is a large hydrophobic pocket adjacent to the pocket containing the
dinuclear. Fe center, as well as a number of hydrophobic pockets between the active site and
the second domain of the protein structure.'® These hydrophobic pockets may provide access
to the active site for substrate via conformational changes possibly triggered by interactions
between the hydroxylase and component B or the reductase component of the MMO system.
Moreover, it is known from ENDOR studies of the DMSO adduct of the mixed valent
hydroxylase from M. capsulatus that the oxygen atom of this inhibitor coordinates directly to
the ferric center.3* It is therefore conceivabie that an olefin might similarly coordinate to such a
site during the catalytic mechanism. If 1-bromo-1-propene were to form a = complex with one
of the Fe atoms, the non-bonded Fe---Br distance would be ~3.25 A, as determined by simple
geometric considerations based on structurally characterized inorganic compiexes. This
brominated substrate was used for the hydroxylase/substrate complex to seek information
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about the proximity of the substrate binding site to the Fe 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 Fe atom in an ordered configuration (with little rotational or vibrational
motion). Under such circumstances, EXAFS should be sensitive to a Br interaction within
~ 4.0 A. It might therefore be possible to determine the distance to the substrate binding site.

Inspection of the Fourier transforms of the reduced hydroxylase with bromopropene (Fig-
ure 2i,k) shows no indication of a strong backscattering atom above 3 A. Assuming that
bromopropene is indeed bound in the hydrophobic pocket at the active site, these results con-
clusively demonstrate that the olefin does not form a = complex (nz-coordination) with one of
the Fe atoms. Since rotational disorder about the Fe-centroid in such a = complex would not
alter the Fe---Br distance, this conclusion is valid even with the caveats about the disorder dis-
cussed below. For the semimet samples, no increase in intensity of the second shell peak, nor
" any indication of an additional outer shell backscattering atom, is seen in the Fourier trans-
forms (Figure 2d-g). Given that the semimet second shell data can be well explained by only
Fe-and C contributions, and the absence of a longer distance peak in the reduced samples,
these results suggest that substrate does not bind directly to the Fe atoms in an ordered fash-
ion. The possibility that the Br is located near to the Fe atoms in a disordered configuration
- cannot be eliminated, however. Independent evidence for ligand binding at a location other
than the Fe center of the reduced hydroxylase is provided by circular dichroism (CD) studies in

the presence of a variety of anionic ligands, substrates and inhibitors.'2

In these studies, no
change was seen in the CD spectra of the hydroxylase, suggesting that these molecules do
not bind directly to the Fe atoms.

Mdl'tiple Scattering Effects. Multiple scattering interactions from the presence of rigid
ligand groups such as-imidazoles can often contribute significantly to the outer shell data.3%3¢
It is likely that there are multiple scattering contributions to the second shell hydroxylase data
which are not adequately modeled by the single-scattering fitting approach used here, and
which complicate the interpretation of the EXAFS of the outer shells. The possibility that multi-
ple scattering from other ligand groups bound to the Fe atom is contributing to the second shell
data cannot be eliminated. A very recent multiple scattering analysis of Fe(acac)337 has re-
vealed that there is a very strong contribution to the second shell data from a muitiple scatter-
ing pathway involving the Fe-O-C unit (Fe-O-C angle 129°). This second shell has frequently
been used, including in the present study, to extract second shell Fe-C amplitude and phase

parameters. Since one can only assume transferability in the second shell if the the two dis-
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tances and the angle are the same, the parameters from Fe(acac), are ili suited to fit an aver-
aged second Fe-C shell with many contributions.

This kind of Fe-O-C geometry may be similar to ligation of metal sites in proteins by car-
boxylate groups; indeed, the crystal structure of ribonucleotide reductase R2%8
partate group coordinated to a single Fe atom in a similar bidentate mode. The glutamate resi-

shows an as-

dues in the MMO hydroxylase active site coordinate the Fe atoms in a monodentate mode with
the exception of the bidentate bridging glutamate.19 It is possible that multiple scattering will
contribute for the monodentate geometrical configuration of carboxylate ligands in dinuclear
metal centers as well. An understanding of the multiple scattering contributions and the devel-
opment of a protocol which properly accounts for both the multiple and single scattering inter-
actions will be an important step in the reliable application of the EXAFS technique to second
shell data in dinuclear metalloprotein systems. With the emergence of the theoretical fitting
" codes FEFF®® and GNXAS,37'40 a systematic investigation of theoretical fitting approaches to
dinuclear Fe centers is being conducted for eventual comparison to the results obtained from
the useé of empirically derived amplitude and phase parameters presented herein.

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 for-
' bidden 1s—3d transition made allowed by 4p mixing into the 3d states as a result of symmetry
distortions and vibronic coupling.‘”'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 coordi-
nation number and/or site symmetry of the metal atom.*® The presence of the 1s—3d feature
in the edge spectra of the hydroxylase samples (Figure 6, 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 Fe site in the MMO hydroxylase. Within the noise level
.of the current data no significant intensity change is observed, indicating that there is no dras-
tic change in symmetry upon complexation.

The appearance of the shoulder on the rising edge of the semimet hydroxylase spectra
(feature A’, Figure 6a) is similar to changes seen in the edge spectra of Cu and Fe systems as
a Tesult of an increase in the covalency of the metal site.41* In the Cu systems, this feature
has been assigned as a ligand-to-metal charge transfer (LMCT) shake-down feature*® associ-
ated with the 1s—4p transition. If feature A’ reflects covalency in the Fe site, then the im-
proved resolution of this feature in the hydroxylase complexes suggests that the covalency of
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the Fe site may increase as a result of the interaction with component B, and possibly with
bromopropene. The change in the redox potentials of the hydroxylase in the presence of pro-
pylene is consistent with a decrease in the electron affinity (and hence an increase in the

10,11

covalency) of the Fe(lll) center suggesting that there is a correlation between complex for-

mation and Fe center covalency in the hydroxylase.

In the edge spectra of the reduced hydroxylase samples (Figure 6b), the intensity of the
1s—4p transition decreases in the order of non-complexed hydroxylase (Hred), hydroxylase
with bromopropene (HBr-2), hydroxylase with both B and bromopropene (HBBr-2), and
hydroxylase with B (HB-2). The reduction in the intensity of the 1s—4p transition is consistent
with a change in the coordination of the Fe active site for ferrous c:ompounds,“6 both with a
reduction in the coordination number of the Fe atoms, or with a distortion in the symmetry of
~the Fe coordination. This interpretation is in tum consistent with the change in the distance
 distribution seen in the EXAFS results, as well as with EPR®® and MCD ' studies of the
hydroxylase/component B complex which suggest that the interaction with component B has
an effect on the coordination environment of the diiron center. The presence of component B
also gives rise to a high energy shoulder (feature C) in the spectra of the reduced hydroxylase
samples.

The pre-edge feature is quite wide for the reduced samples, suggesting that more than
one transition is occurring. The 1s—3d feature appears to be split by about 2 eV in the com-
plex formed with bromopropene (HBr-2) and in the non-complexed form (Hred). Splitting seen
in ferrous compounds has been attributed to transitions to the ‘F (lower energy transition) and
4p (higher energy transition) multiplet levels of the d’ final state,41 with a relative intensity of
7:3 for the F:*P splitting. Due to the noise level and the reduction in intensity of the leading
edge of the featuré for the B-complexed forms, it cannot be firmly established if the intensities
of the features in the pre-edge region corresponds to the predicted intensity ratio for the *Fto
4p split.

Conclusions

- The results of the EXAFS analysis for the range of data available do not show any dra-
matic change in the average coordination environment of the Fe center, but suggest that a
subtle change in the Fe center occurs due to complex formation. The presence of component
B does have an effect on the first shell of the hydroxylase active site, reflected in the change in

18



the distance distribution of the individual contributions to the first shell data (Table IlI). Further-
more there is a minor decrease in the Fe-Fe distance and an increase in the Debye-Waller
factor for the Fe-Fe interaction. Possible explanations for the difference seen in the distance
distribution include distortion of the Fe environment, changes in the ligation of the Fe atoms,
and/or a change in the covalency of the Fe site due to an interaction between component B
and the Fe-coordinating helices in the hydroxylase. It must be noted, however, that if compo-
nent B were to bind to the Fe center such that no net change occurred in the Fe coordination
(for example if a carboxylate group were displaced by another carboxylate group), the EXAFS
technique would not be sensitive to such an exchange. Other techniques have determined

that component B has an effect on the diiron center®® 192

and a docking site for component B
has been proposed from the crystal structure'® which would perturb helices coordinating the
Fe atoms in the hydroxylase. Based on the comparison of the Fourier transforms of the
- bromopropene-hydroxylase samples and Fe(3-Br-acac),, the Fe---Br distance is > 3.5 A. This
result proves that if bromopropene is indeed in the hydrophobic pocket at the catalytic center, it
does not coordinate in 'an n2 mode to an Fe atom. Such a conclusion applies even if the sub-
strate is bound in a rotationally disordered configuration. The appearance of a shoulder on the

rising edge of the spectra of the semimet samples suggests that the covalency of the diiron

- center changes due to the presence of component B. The reduction in edge intensity of the

reduced hydroxylase/component B complex relative to the non-complexed hydroxylase is con-
sistent with a change in the coordination environment in the diiron centers. These studies sug-
gest that the changes which occur in the hydroxylase diiron center in the presence of the com-
ponent B or substrate involve subtle perturbations in the coordination environment of the Fe
atoms accompanied by changes in the electronic structure of the Fe center. Taken together,
all of the techniques used to investigate the interaction between component B, substrate and
the hydroxylase, ihcluding XAS, are consistent only with indirect effects on the diiron center in
the hydroxylase.
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Hodgson, K.O., Doniach, S., Desjardins, S.R., Solomon, E.Il. Chem. Phys. Lett.,, 1982, 88,
595-598) and it is expected based upon theoretical and experimental considerations to
contribute to the intensity of this transition for Fe as well. The details of these effects for
Fe edges are the subject of a experimental and theoretical study which will soon be sub-
mitted for publication (Westre, T. E.; Hedman, B.; Hodgson, K. O.; Solomon, E. .).

" 43. Roe, A. L.; Schneider, D. J.; Mayer, R. J.; Pyrz, J. W.; Que, L., Jr. J. Am. Chem. Soc.
1984, 706, 1676-1681.

44, - Kau, L.-S.;r"Spira-Solomon, D. J.; Penner-Hahn, J. E.; Hodgson, K. O.; Solomon, E. I. J.
Am. Chem. Soc. 1987, 109, 6433-6442.

45. The LMCT shake-down transition involves the transfer of an electron from the valence
level of the ligand to the metal 3d manifold made possible by final state relaxation. This
transition occurs at an energy below that of the metal 1s—4p transition by an amount
equal to the energy difference between the ligand valence and metal 3d orbitals. The po-
sition of the LMCT shakedown feature would be expected to move to lower energy as the
covalency of the ligands increased because the valence energy level of a more covalent
Iiga'n;d would be higher than that of a less covalent ligand resulting in a larger energy dif-
ference between the ligand and metal orbitals.

46. Westre, T. E., personal communication.
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Table I. Sample and Data Collection Summary®

Sample Description [Fe] mM Scans avg./scans coII%cted
for EXAFS analysis
Hsm Oxidized hydroxylase® 3.4 84/91
non-complexed Edge analysis only
HB-1 Oxidized hydroxylase® 2.0 269/403

w/ component B

HB-3 Oxidized hydroxylase® 1.5 398/442
w/ component B

HBr-1 Oxidized hydroxylase® 3.2 226/234
w/ 1-bromo-1-propene

'HBr-3 Oxidized hydroxylase® 1.8 230/260
' w/ 1-bromo-1-propene

HBr-4 - Oxidized hydroxylase® 1.9 124/143
"~ w/ 1-bromo-1-propene

HBBr-1 - Oxidized hydroxylase® 1.2 255/286
' w/ component B and
1-bromo-1-propene

Hred® Reduced hydroxylase 4 91/91
non-complexed Edge analysis only
HB-2 Reduced hydroxylase 0.9 448/481

w/ component B

HBr-2 Reduced hydroxylase 1.7 276/286
-w/ 1-bromo-1-propene

HBBr-2 Reduced hydroxylase 1.6 426/481
w/ component B and
1-bromo-1-propene

8All samples were run at SSRL on unfocused beamline 7-3 using Si(220) monochromator crys-
tals. A 13-element solid state Ge fluorescence detector was used for the hydroxylase sam-
ples. "Each detector channel in the array detector is counted as giving one scan. cSample
was photoreduced to the semimet state by the x-ray beam. Only the scans after photoreduc-
tion was complete were averaged for further analysis. “The results of the EXAFS analysis for
Hred have been previously reported,12 however, edge data were collected for this study.
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Table II. Results of First Shell Fits® to the Hydroxylase Data.

Sample Window Width Fit N o} FC
(A) cN° R(A) CN R(A)
HB-1 0.70-2.35 HB-1A 2.1 2.07 1.2
semimet hydroxylase HB-1B 1.9 2.04 1.0
w/ component B HB-1C 41 2.15 0.28
35 1.99
HB-1D 29 212 0.31
2.5 1.96

HB-1E 35 2.17 29 198 0.29
HB-1F 29 1.97 32 211 0.27

HB-3 0.75-2.40 HB-3A 3.0 217 27 198 0.39
semimet hydroxylase
w/ component B

* HBr-1 0.75-2.30 HBr-1A 24 217 3.2 1.98 0.30
semimet hydroxylase
w/ 1-bromo-1-propene

HBr-3 0.70-2.30 HBr-3A 25 2.18 28 1.98 0.25
semimet hydroxylase
w/ 1-bromo-1-propene

" HBr-4 0.70-2.25 HBr-4A 24  2.18 29 1.98 0.26
semimet hydroxylase
w/ 1-bromo-1-propene

HBBr-1 0.70-2.20 HBBr-1A 2.5 217 2.8 1.99 0.30
semimet hydroxylase

w/ compenent B and

1-bromo-1-propene

HB-2  050-230 HB2A 24 220 22 202 0.30
reduced hydroxylase
w/ component B

HBr-2 0.70-2.20 HBr-2A 3.0 220 1.8 204 0.31
reduced hydroxylase
w/ 1-bromo-1-propene

HBBr-2 0.50-2.30 HBBr-2A 22 222 22 204 0.33
reduced hydroxylase

w/ component B and

1-bromo-1-propene

8Fitting range k=4 - 12 Aé'fb Errors are estimated to be about £0.02 A for distances and 25%
for coordination numbers.?® °CN = coordination number. cF={[k6(data-ﬁt) V(no. of points))y’.
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Table lll. Results of Second Shell Fits® to the Hydroxylase Data.

Sample Window Width  Fit Fe - C F°
(A) cN® R(A) CN R(A
HB-1 230-3.15 HB-1G 1.0 3.39 0.37
semimet hydroxylase HB-1H 0.6 3.01 0.65
w/ component B HB-1I 4.9 3.03 0.36
HB-1J 37 3.38 0.74

HB-1K 0.6 3.36 34 305 0.24
HB-1L 1.3 342 34 339 0.31
HB-1M 05 3.01 28 3.38 0.54
HB-1IN 03 293 5.1 3.04 0.27

HB-3 2.30-3.15 HB-3B 08 3.39 0.26
semimet hydroxylase
w/ component B

HBr-1 220-350 HBr-iB 15 341 0.62
semimet hydroxylase
w/ 1 -bromo-1 -propene

'HBr-3 2.20-3.45 HBr-3B 1.2 3.4 0.51
semimet hydroxylase
w/ 1-bromo-1-propene

HBr-4 2.15-3.45 HBr-4B 1.4  3.41 0.75
semimet hydroxylase
w/ 1-bromo-1-propene

HBBr-1 2.15-3.50 HBBr-1B 1.2  3.40 0.48
semimet hydroxylase
w/ component B and
1-bromo-1-propene

®Fitting range k = 4-12 A 1b Errors are estimated to be about +0.02 A f%r distances and 25%
for coordination numbers.2% °CN = coordination number. °F_{[ (data-fit)“}(no. of pomts)}/z
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Table IV. Results of Wide Shell Fits? to the Hydroxylase Data.

Sample Window Width  Fit , N C QG Fe F°
(A) v CN°> R(A CN R(A CN R(A) CN "R(A)

HB-1 0.70-3.15 HB-10 35 2.16 28 197 0.96

semimet hydroxylase HB-1P 34 2.16 27 197 1.1 339 0.47

w/ component B HB-1Q 33 2.16 26 197 0.7 3.00 0.69
, ‘HB-1R 34 216 27 197 36 338 0.82

HB-1S 3.5 2.17 29 1.98 49 3.03 0.51

| HB-1T 34 217 28 1.98 0.7 3.37 26 3.05 0.42

HB-3 0.75-3.15 HB3C 29 217 26 198 0.8 3.39 0.45

semimet hydroxylase

w/ component B

HBr-1 0.75-350 HBr-iC 25 217 3.1 1.97 1.5 341 0.68

semimet hydroxylase

w/ 1-bromo-1-propene

HBr-3 0.70-3.45 HBr-3C 25 217 26 1.98 1.2 341 0.57

semimet hydroxylase

w/ 1-bromo-1-propene

HBr-4 0.70-345 HBr-4C 25 217 28 197 1.4 341 0.79

semimet hydroxylase

w/ 1-bromo-1-propene

HBBr-1 0.70-350 HBBr-iC 24 2.16 26 199 1.2 340 0.59

semimet hydroxylase

w/ component B and
1-bromo-1-propene

alFntlng range k=4-12 A", ! Errors are estlmated to be about 10 02 A for distances and 25% for coordination numbers.
bCN = coordination number. °F—{[k (data-fit) ]/(no of pomts)}
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Table V. Results of Fits? to the Non-Filtered Hydroxylase EXAFS Data.

Sample Fit N o. Fe F°
CN° /. R(A) CN  R@A) CN R(A CN ‘R(A

HB-1 HB-1U 35 2.16 2.7 1.97 1.1

semimet hydroxylase HB-1V 3.5 2.16 2.7 1.97 1.1 3.39 0.72

w/ component B HB-1W 3.3 2.15 2.6 1.97 0.7 3.00 0.89

HB-1X 34 2.16 2.7 1.97 4.0 3.37 0.98

’ HB-1Y 35  2.17 29 198 49 302 0.78
\ HB-1Z 34 2.16 2.8 1.97 0.8 3.37 22 3.06 0.70

HB-3 HB-3D 2.9 217 2.6 1.98 0.9 3.39 0.67

semimet hydroxylase

w/ component B

HBr-1 HBr-1ID 24 2.16 3.0 1.97 1.5 3.41 1.0

semimet hydroxylase

w/ 1-bromo-1-propene

HBr-3 HBr-3D 25 217 2.7 1.98 1.2 3.41 0.75

semimet hydroxylase

w/ 1-bromo-1-propene

HBr-4 HBr-4dD 26 217 2.8 1.97 14 3.41 1.1

semimet hydroxylase

w/ 1-bromo-1-propene

HBBr-1 HBBr-1D 24 2.16 2.5 1.98 1.2 3.40 0.79

semimet hydroxylase

w/ component B and
1-bromo-1-propene
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Table V. (continued)

Sample Fit N o . Fe c F
CN° . R(A) CN - R(A CN  R(A CN R(A

HB-2 HB2B 23  2.11 21 203 0.68

reduced hydroxylase HB-2C 2.3 2.20 21 2.03 0.5 3.35 0.56

w/ component B '

HBr-3 HBr-2B 31  2.19 17 204 0.69

reduced hydroxylase

w/ 1-bromo-1-propene

HBBr-2 HBBr-2B 2.1 2.22 22 204 A 0.65

reduced hydroxylase

w/ component B and
1-bromo-1-propene

aFlttmg range k=4-12A". . Errors are estimazlted to be about ;/:0.02 A for distances and 25% for coordination numbers.2®
BCN = coordination number. °F={[k°(data-fit)}(no. of points)}”.



Figure Captions

Figure 1. EXAFS of the semimet and reduced hydroxylase samples. Semimet hydroxylase
samples: non-complexed (a) Hsm; with component B (b) HB-1, (c) HB-3; with bromopropene (d)
HBr-1, (e) HBr-3, (f) HBr-4; with B and bromopropene (g) HBBr-1. Reduced hydroxylase sam-
ples: non-complexed (h) Hred; with bromopropene (i) HBr-2; with component B (j) HB-2; with B
and bromopropene (k) HBBr-2. The data shown here are the data used for Fourier transforms
(k=35-125 A"). Note the difference in the appearance of the EXAFS between k=7 and 10
A" for the semimet samples and above k=8 A" for the reduced samples.

Figure 2. Fourier transforms (non-phase corrected) of the semimet and reduced hydroxylase
samples. Semimet hydroxylase samples: non-complexed (a) Hsm; with component B (b) HB-1,
(c) HB-3; with bromopropene (d) HBr-1, (e) HBr-3, (f) HBr-4; with B and bromopropene (g)
HBBr-1. Reduced hydroxylase samples: non-complexed (h) Hred; with bromopropene (i) HBr-
2; with component B (j) HB-2; with B and bromopropene (k) HBBr-2 ’

Figure 3. Fits to the non-filtered data for the semimet hydroxylase samples (fitting range k =
4 -12°A™). 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 V). (a) HB-1, (b) HB-3, (c) HBr-1, (d) HBr-3, (e) HBr-4, (f) HBBr-1.

Figure 4. Fits to the non-filtered data for the reduced hydroxylase samples (fitting range k =
4-12 A"). The solid line is the data and the dashed line is the fit to the data. The fit shown is
the N and O fit (Table V) with the exception of figure b which includes an Fe contribution. (a)

“HB-2, (b) fit to HB-2 with Fe, N and O (Table V, fit HB-2C), (c) HBr-2, and (d) HBBr-2. Note
that the inclusion of Fe to the fit for HB-2 accounts for the shoulder in the EXAFS between k=8
and 9 A

Figure 5. Fourier transforms of the EXAFS data for Fe(acac), (solid) and Fe(3-Br-acac),
(dash). The peak at ~ 5 A in the Fourier transform of Fe(3-Br-acac), is due to the Fe-Br interac-
tion.

F>igure 6. (a) Fe K edge spectra of semimet hydroxylase samples. Non-complexed sample,
H-1 (solid); sample with component B, HB-1 (dot); sample with B and bromopropene, HBBr-1
(dash). Note the appearance of a shoulder on the rising edge in the spectra of the hydroxylase
samples in the presence of B. (b) Fe K-edge spectra of reduced hydroxylase samples. Non-
comblexed sample, Hred (solid); sample with bromopropene, HBr-2 (dot); sample with B and
bromopropene, HBBr-2 (dash dot); sample with component B, HB-2 (dash). Note that the inten-
sity of the main feature decreases in the presence of component B and bromopropene. The in-
set shows the feature A for semimet Hsm (solid) and reduced Hred (dot) hydroxylase.
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Fourier Transform Magnitude

Fig. 2
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Table S-l. Results of First Shell Fits2 to the Hydroxylase Data.

LI}

Sample Window Width Fit | F
A) CNb  R(A) CN  R(A
HB-1 0.70-2.35 HB-1A 21 2.07 1.2
semimet hydroxylase | HB-1B | 1.9 2.04 1.0
w/ component B HB-1C 4.1 2.15 0.28
35 1.99
HB-1D 29 212 0.31
25 1.96
HB-1E 35 2.17 29 1.98 0.29
HB-1F 2.9 1.97 3.2 2.11 0.27
HB-3 0.75- 240 HB-3A 20 2.06 1.1
semimet hydroxylase HB-3B 19 2.04 0.94
w/ component B HB-3C 3.6 2.16 0.35
34 1.99
HB-3D 25 213 0.43
24 1.97
HB-3E 30 2.17 27 1.98 0.39
HB-3F 2.8 1.98 2.8 2.1 0.39
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Table S-I. continued

'
[

Sample Window Width Fit F
A) CNb  R(A) CN R
HBr-1 0.75-2.30 HBr-1A 25 2.02 1.0
semimet hydroxylase | HBr-1B | 22 2.00 0.82
w/ 1-bromopropene HBr-1C 3.0 2.15 0.38
38 1.99
HBr-1D 241 2.13 0.29
29 1.97
HBr-1E 24 217 3.2 1.98 0.30
HBr-1F 3.2 1.97 25 2.10 0.35
HBr-3 0.70-2.30 HBr-3A 2.1 2.04 0.95
semimet hydroxylase HBr-3B 19 2.01 0.78
w/ 1-bromopropene HBr-3C 3.0 2.15 0.29
34 1.99
HBr-3D 21 2.13 0.23
25 1.97
HBr-3E 25 2.18 28 1.98 0.25
HBr-3F 2.9 1.98 24 2.11 0.26
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Table S-1. continued

b

Sample Window Width Fit F
A) CNb  R(A) CN R(A)
HBr-4 0.70-2.25 HBr-4A 2.1 2.03 0.96
semimet hydroxylase | HBr-4B 1.9 2.00 0.80
w/ 1-bromopropene HBr-4C 3.0 2.15 0.32
35 1.99
HBr-4D 2.1 213 0.23
2.7 1.97
HBr-4E 24 2.18 29 1.98 0.26
HBr-4F 3.0 1.98 24 2.10 0.28
HBBr-1 0.70-2.20 HBBr-1A 23 2.05 0.95
semimet hydroxylase HBBr-1B 2.1 2.03 0.76
w/ component B and HBBr-1C S- 2.15 0.35
1-bromopropene 3.3 1.99
HBBr-1D 22 213 0.27
24 1.97
HBBr-1E 25 2.17 28 1.99 0.30
HBBr-1F 2.6 1.98 2.6 2.10 0.31
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Tablt'a S-I. continued

f
[

Sample Window Width Fit F
A CNb  R(A) CN R(A)
HB-2 0.50 - 2.30 HB-2A 20 2.1 0.80
reduced hydroxylase | HB-2B | 1.8 2.08 0.64
w/ component B HB-2C 29 2.18 0.36
25 2.03
HB-2D 21 2.15 0.29
18 2.00
HB-2E 24 2.20 2.2 2.02 0.30
HB-2F 1.9 2.01 24 213 0.34
HBr-2 0.70-2.20 HBr-2A 2.9 2.15 0.67
reduced hydroxylase HBr-2B 25 212 0.49
w/ 1-bromopropene HBr-2C 37 2.18 0.33
19 2.04
HBr-2D 29 214 0.29
1.0 1.99
HBr-2E 3.0 2.20 18 2.04 0.31
HBr-2F 1.1 2.00 3.1 2.13 0.29
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Table S-1. continued

'
L}

Sample Window Width Fit F
(A CNb  R(A) CN R(A)
HBBr-2 0.50 - 2.30 HBBr2A 20 211 0.78
reduced hydroxylase ' HBBr-2B ' 1.8 2.09 0.64
w/ component B and HBBr-2C 28 2.19 0.38
1-bromopropene 2.6 2.04
HBBr-2D 20 2.16 0.32
18 2.02
HBBr-2E 22 222 22 2.04 0.33
HBBr-2F 1.9 2.02 2.3 214 0.36

8Fitting range k=4 - 12 A-1. Errors are estimated to be about + 0.02 A for distances and 25% for coordination numbers.25 bCN =

coordination number.
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Table S-lI. Results of Second Shell Fits? to the Hydroxylase Data.:ﬂ

Sample Window Width Fit ~ Fe F
(A CNb  R(A) CN R (A)
HB-1 2.30-3.15 HB-1G 1.0 3.39 0.37
semimet hydroxylase HB-1H 0.6 3.01 0.65
w/ component B HB-1l 49 3.03 0.36
HB-1J 37 3.38 0.74
HB-1K 0.6 3.36 34 3.05 0.24
HB-1L 13 3.42 34 3.39 0.31
HB-1M 0.5 3.01 28 3.38 0.54
HB-1N 0.3 293 5.1 3.04 0.27
HB-3 2.30-3.15 HB-3G 0.8 3.39 0.26
semimet hydroxylase HB-3H 04 2.99 0.53
w/ component B HB-3I 34 3.02 0.38
HB-3J 25 3.38 0.59
HB-3K 1.1 3.39 1.7 3.21 0.23
HB-3L 1.1 3.39 1.7 322 0.23
HB-3M 04 2.98 22 3.40 0.45
HB-3N 0.3 2.91 3.8 3.04 0.25
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Table S-ll. continued

'
LI

Fe

Sample Window Width Fit F
A) CNb  R(A) CN R (A)
HBr-1 2.20-3.50 HBr-1G 1.5 3.41 0.62
semimet hydroxylase | HBr-1H 0.9 3.04 0.91
w/ 1-bromopropene HBr-11 7.0 3.05 0.52
HBr-1J 5.9 3.39 1.0
HBr-1K 0.8 3.36 5.8 3.07 0.36
HBr-1L 1.8 3.45 6.5 3.32 0.48
HBr-1M 0.8 3.04 44 3.39 0.71
HBr-1N 0.3 2.96 7.1 3.06 0.46
HBr-3 220-345 HBr-3G 1.2 341 0.51
semimet hydroxylase HBr-3H 08 3.04 0.74
w/ 1-bromopropene HBr-3I 6.1 3.05 0.39
HBr-3J 47 3.39 0.88
HBr-3K 0.6 3.37 48 3.07 0.29
HBr-3L 1.7 3.45 6.0 3.32 0.37
HBr-3M 0.7 3.04 34 3.39 0.59
HBr-3N 0.3 297 6.0 3.06 0.33
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Table S-Il. continued

'
b

Fe

Sample Window Width Fit F
(A CNb  R(A) CN R (A)
HBr-4 2.15 - 3.45 HBr-4G 14 3.4 0.75
semimet hydroxylase ‘ HBr-4H 10 304 0.88
w/ 1-bromopropene HBr-4l 73 3.05 0.54
HBr-4J 5.8 3.38 1.10
HBr-4K 0.6 3.36 6.4 3.07 0.47
HBr-4L 20 3.46 9.0 3.32 0.53
HBr-4M 0.9 3.04 42 3.38 0.69
HBr-4N 0.3 2.99 6.6 3.06 0.49
HBBr-1 2.15-3.50 HBBr-1G 1.2 3.40 0.48
semimet hydroxylase HBBr-1H 0.8 3.02 0.71
w/ component B and HBBr-1l 5.9 3.03 0.43
1-bromopropene HBBr-1J 5.0 3.37 0.84
HBBr-1K 0.6 3.37 4.0 3.05 0.32
HBBr-1L 1.7 344 6.3 3.30 0.29
HBBr-1M 0.7 3.02 37 3.38 0.52
HBBr-1N 0.3 2.97 5.4 3.04 0.37

aFitting range k=4 - 12 A-1. Errors are estimated to be about + 0.02 A for distances and 25% for coordination numbers.25 bCN =

coordination number.
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Table S-Hll. Results of Wide Shell Fits@ to the Hydroxylase Data. -

Sample Window Width Fit N .0 Fe C F

Sy

(A " CN® RA) CN RA) CN RA) CN R

HB-1 0.70-3.15 HB-10 35 2.16 28 197 0.96

semimet HB-1P 34 216 27 197 1.1 3.39 0.47

hydroxylase ‘ ‘

w/ combonent B HB-1Q 3.3 2.16 2.6 1 .97 0.7 3.00 0.69

' HB-1R 34 2.16 2.7 1.97 3.6 3.38 0.82

HB-1S 35 217 29 1.98 49 3.03 0.51
HB-1T 34 217 2.8 1.98 07 337 2.6 3.05 0.42

HB-3 0.75-3.15 HB-30 2.9 217 2.7 1.98 0.80

semimet HB-3P 29 2.17 2.6 1.98 0.8 3.39 0.45

hydroxylase

w/ component B HB-3Q 2.6 2.16 25 1.98 05 297 0.61
HB-3R 29 217 2.6 1.98 25 3.38 0.73
HB-3S 3.1 2.18 28 1.98 32 3.02 0.60
HB-3T 3.0 2.16 2.6 1.98 15 3.38 4.1 3.18 0.36

HBr-1 0.75-3.50 HBr-10 25 217 3.1 1.98 1.3

semimet HBr-1P 25 217 31 1.97 15 3.41 0.68

hydroxylase

w/ 1-bromopropene HBr-1Q 24 2.16 3.0 1.97 1.0 3.03 0.93
HBr-1R 24 217 3.0 1.97 58 3.39 1.1
HBr-18 25 219 33 1.98 7.3 3.05 0.59

HBr-1T 23 2.18 3.2 1.98 0.7 3.37 5.6 3.07 0.49
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Table S-lll. continued

Sample Window Width  Fit N . . Fe F
(A '© CNb R(A) CN N R(A) CN R(A) CN R(A)

HBr-3 0.70- 3.45 HBr-30 25 2.17 27 1.98 1.1

semimet HBr-3P 25 217 26 198 12 3.4 0.57

hydroxylase

w/ 1-bromopropene HBr-3Q 24 2.16 2.6 1.98 09 3.04 0.75

~ HBr-3R 24 217 27 1.98 47 3.39 0.93

HBr-3s 25 2.19 29 1.99 6.2 3.04 0.46
HBr-3T 24 2.18 28 1.99 0.5 3.37 5.0 3.06 0.39

HBr-4 0.70-3.45 HBr-40 25 217 28 1.97 1.3

semimet HBr-4P 25 217 2.8 1.97 14 3.41 0.79

hydroxylase

w/ 1-bromopropene HBr-4Q 25 2.16 27 1.97 1.1 3.04 0.87
HBr-4R 24 217 2.7 1.97 5.8 3.38 1.1
HBr-4S 25 219 3.0 1.98 7.6 3.05 0.57
HBr-4T 24 2.19 2.9 1.98 0.4 3.36 6.7 3.06 0.53

HBBr-1 0.70 - 3.50 HBBr-10 25 217 26 1.99 1.1

semimet HBBr-1P 24 2.16 2.6 1.99 1.2 3.40 0.59

hydroxylase

w/ component B and HBBr-1Q 24 215 24 1.98 09 3.02 0.74

1-bromopropene HBBr-1R 24 217 2.6 1.99 5.0 3.37 0.92
HBBr-1S 2.6 2.18 29 1.99 6.2 3.03 0.51
HBBr-1T 24 2.18 2.8 1.99 0.5 3.37 44 3.04 0.46

AFitting range k=4 - 12 A-1. Emors are estimated to be about + 0.02 A for distances and 25% for coordination numbers.25 PCN = coordination number.
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Table S-IV. Results of Fits? to the Non-Filtered Hydroxylase EXAFS Data.

Sample Fit N o . ; Fe F
CNb ' R(A) CN R\ CN R(A) CN R(A)
HB-1 HB-1U 35 2.16 2.7 1.97 1.1
semimet hydroxylase HB-1V 3.5 2.16 2.7 1.97 1.1 3.39 0.72
w/ component B HB-1W 33 215 2.6 1.97 0.7 3.00 .0.89
' HB-1X 3.4 216 2.7 1.97 4.0 3.37 0.98
' HB-1Y 35 217 29 1.98 4.9 3.02 0.78
HB-1Z 34 2.16 2.8 1.97 0.8 3.37 2.2 3.06 0.70
HB-3 HB-3U 29 217 26 1.98 0.95
semimet hydroxylase HB-3V 29 217 26 1.98 0.9 3.39 0.67
w/ component B HB-3W 2.6 2.16 25 1.98 0.5 297 0.80
HB-3X 29 217 2.6 1.98 3.0 3.38 0.87
HB-3Y 30 2.18 27 1.98 3.1 3.01 0.81
HB-3Z 3.0 217 2.6 1.98 1.6 3.38 45 3.19 0.60
HBr-1 HBr-1U 24 217 3.1 1.97 1.6
semimet hydroxylase HBr-1V 24 2.16 3.0 1.97 1.5 3.41 1.0
w/ 1-bromopropene HBr-1W 24 2.15 3.0 1.97 1.0 3.03 1.2
HBr-1X 24 2.16 3.0 1.97 6.1 3.39 1.3
HBr-1Y 24 2.19 33 1.98 7.3 3.04 1.0
HBr-1Z 2.2 2.18 3.1 1.98 0.9 3.37 5.0 3.04 0.95




8%

Table S-1V. continued

Sample Fit N : : Fe F
CNb ' R(A) CN RA)  CN R(A) CN  RA)
HBr-3 HBr-3U 25 217 27 198 1.2
semimet hydroxylase HBr-3V 25 217 27 198 12 3.41 0.75
w/ 1-bromopropene HBr-3W 25 2.16 26 1.97 0.9 3.03 0.87
' HBr3X 24 217 26 198 44 339 1.0
~ HBr-3Y 25 2.18 29 1.99 6.2 3.04 0.64
HBr-3Z 24 2.18 2.8 1.98 04 3.38 5.0 3.05 0.62
HBr-4 - HBr-4U 26 217 28 1.97 1.5
semimet hydroxylase HBr-4Vv 2.6 217 2.8 1.97 1.4 3.41 1.1
w/ 1-bromopropene HBr-4W 2.6 2.16 2.8 1.97 1.0 3.04 1.2
HBr-4X 25 217 2.8 1.97 5.7 3.38 0.95
HBr-4Y 2.7 2.19 3.0 1.98 7.4 3.05 1.3
HBr-4Z 25 2.18 29 1.98 0.5 3.36 6.5 3.06 0.92
HBBr-1 HBBr-1U 25 2.16 25 1.98 1.2
semimet hydroxylase HBBr-1V 24 2.16 25 1.98 1.2 3.40 0.79
w/ component B and HBBr-1W 25 2.15 24 1.98 0.9 3.02 0.90
1-bromopropene HBBr-1X 24 2.16 25 1.99 48 3.38 1.1
HBBr-1Y 25 2.18 28 1.99 6.1 3.03 0.73
HBBr-1Z 24 2.18 2.7 1.99 0.5 3.38 4.3 3.04 0.70




6%

Table S-IV. continued

Sample Fit N : : Fe F
CNb '* R(A) CN R(A) CN R(A) CN R(A)

HB-2 HB-2G 2.3 2.11 241 203 0.68
reduced hydroxylase HB-2H 2.3 2.20 2.1 2.03 0.5 3.35 0.56
w/ component B HB-2I 25 2.19 21 2.02 2.2 2.99 .0.58
HBr-2 ' HBr-2G 3.1 2.19 17 2.04 0.69
reduced hydroxylase HBr-2H 3.1 2.20 1.7 2.04 0.4 3.39 0.61
w/ 1-bromopropene HBr-2| 3.2 2.20 1.8 2.04 1.3 3.03 0.65
HBBr-2 HBBr-2G 2.1 2.22 22 2.04 0.65
reduced hydroxylase HBBr-2H 2.1 222 2.2 2.04 0.3 334 0.58
w/ component B and HBBr-2I 23 2.21 2.2 2.03 1.6 2.99 0.60

1-bromopropene

aFitting range k= 4 - 12 A-1. Errors are estimated to be about + 0.02 A for distances and 25% for coordination numbers.25 BCN = coordination number.



