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Abstract: Cytochrome P-450 and chloroperoxidase are Fe-heme proteins with similar spectroscopic properties, which catalyze
respectively the hydroxylation and halogenation of organic substances. The nature of and distances to the nonporphyrin (axial)
ligands iu these proteins are clearly of importance in understanding their catalytic cycles on a molecular level. This paper re-
ports the first use of extended X-ray absorption fine structure (EXAFS) spectroscopy to study the iron environment in the fer-
ric resting states of these two enzymes. First, analysis methods were developed for model iron porphyrin systems. Least-squares
curve fits to the EXAFS data, using empirical phase and amplitude functions, led to the determination of interatomic distances
in Fe porphyrins of known structure; Fe-Np distances were determined to within £0.007 A and the Fe-C, and Fe-X (where
X = 0, S, N) to better than +0.025 A, Second, visual comparison of the protein data with that for the models allowed classifi-
cation of the chloroperoxidase as high spin (iron out of plane) and P-450-LM-2 as low spin (iron in plane). The data for both
oxidized enzymes demonstrate the presence of an axial sulfur ligand. Finally, detailed curve fitting analysis of the EXAFS re-
vealed that the chloroperoxidase distances were Fe-Np = 2.05 A, Fe-C, = 3.09 A, and Fe-S = 2.30 A. These are strikingly
similar to the corresponding distances found in Fel'l(PPIXDME)(SC¢H4-p-NO>). The distances from EXAFS analysis for
P-450-LM-2 were 2.00, 3.07, and 2.19 A for the Fe to Np, C,, and axial S ligands, respectively. The use of EXAFS for deter-
mining accurate interatomic distances, atomic types, and coordination numbers in these types of iron-heme proteins is clearly
demonstrated.

Introduction protein? is normally capable of activating dioxygen for inser-
tion into organic substrates.* Clearly, a structural and mech-
anistic understanding of the activation of dioxygen by P-450

will be of considerable use in the design of comparable

Cytochrome P-450 and chloroperoxidase are heme proteins
with unusual catalytic and spectral properties. The P-450 en-
zymes,? which have been isolated from numerous sources in-

cluding mammalian tissues, catalyze the hydroxylation of
substrates, RH (see reaction 1), by dioxygen. One oxygen atom
of dioxygen is incorporated into the substrate while the other
is reduced to water, thus placing the P-450 enzymes in the
monooxygenase or mixed-function oxidase classification of
oxygen metabolizing enzymes. The two electron equivalents
utilized in this process are provided physiologically by either
a flavin or iron-sulfur protein reductase. Only one other heme

0002-7863/78 /1500-7282$01.00/0

nonenzymatic catalysts.
RH + O, + 2e~ + 2H+Sechrome PAY ROH + H,0 (1)

Chloroperoxidase is an enzyme isolated from the fungus
Caldarcomyces fumago.” In addition to classical peroxidase
and catalase activities exhibited by other peroxidases,? chlo-
roperoxidase catalyzes the formation of carbon-halogen bonds
between 1=, Br™, Cl~, and halogen acceptors such as 8-keto
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Scheme I
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P-450(Fe*) - - - (—O—H)
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acids, AH (reaction 2). This two-electron oxidative process
occurs with concomitant reduction of hydrogen peroxide to
water. Chloroperoxidase, as well as horseradish peroxidase,
can catalyze chlorination reactions in the absence of chloride
and hydrogen peroxide by using chlorite as the source of the
incorporated chlorine.® In contrast, myeloperoxidase catalyzes
chloride-dependent chlorination but is inactivated by chlorite.!?
Information concerning the structure of the active site of
chloroperoxidase may help explain the differences between
these peroxidases.

AH + X~ + H* 4 H,0, Shloroperoxidasg Ay 4 51,0 (2)

The cytochrome P-450 enzymes have a common reaction
cycle with four well-characterized states? (Scheme I, 1-4)
beginning with a low-spin, six-coordinate ferric resting form,
1, which is converted upon substrate binding to a high-spin,
five-coordinate ferric state, 2. Reduction gives a high-spin,
five-coordinate ferrous complex, 3, capable of binding dioxy-
gen, 4, or carbon monoxide, 5. Addition of a second electron
to state 4 leads to formation of the hydroxylated product,
presumably after transient formation of a species such as 6.
A question of fundamental importance to the structure and
catalytic activity of P-450 is the identity of the nonporphyrin,
axial ligand(s) to the central iron in these six states. Substantial
progress has been made toward this goal through a comparison
of the physical properties of synthetic porphyrin complexes
having various axial ligands and myoglobin complexes of
known axial histidine ligation with P-450 states 1-5.11-13 I
this manner, strong evidence has been obtained, principally
from EPR, optical absorption, and MCD spectral studies, for
the presence of cysteinate sulfur as the axial ligand in states
1, 2, and 5. Ferrous thiolate porphyrin complexes have been
prepared with properties similar to those of state 3, strongly
suggesting that thiolate ligation is retained upon reduction.!2
Recent spectral studies on oxy-P-450 (4) and oxymyoglobin
have at least eliminated neutral histidine as a ligand for that
state.!3 More detailed knowledge about ligand-iron bond
distances should provide insight into the bond strengths in these
various states. Such information would certainly be useful in
drawing mechanistic conclusions about the activation of
dioxygen by P-450.

In contrast to P-450, the catalytic reaction cycle of chloro-
peroxidase does not involve reduction to the ferrous oxidation
level.!* Instead, initial interaction with hydrogen peroxide leads
to an iron oxide species called compound | which is formally
two oxidation equivalents above the ferric resting state. Ad-

P-450(Fe®")

1

low-spin

N\
substrate (—C—H
P )

N\

P-450(Fe®**) - - (—/C—H)

2 high-spin

0

—C0 o P450(Fe*) (CO)- - - (—>C—H)

5 low-spin

dition of chloride ion and substrate then leads to the chlorinated
product and the resting ferric enzyme. Chloroperoxidase is
isolated in a predominantly high-spin, ferric form with prop-
erties similar to P-450 state 2.3 On raising the pH to greater
than 7.0, a low-spin ferric form analogous to P-450 state 1
results.'® Chloroperoxidase can also be reduced to a high-spin
ferrous state such as 3 and complexed with carbon monoxide
(5).'® The ferrous enzyme is very oxygen sensitive; a stable
oxygen complex analogous to state 4 has not been isolated.

Chloroperoxidase strongly resembles P-450 in many of its
spectral properties,!3-19 suggesting an underlying structural
correspondence between the two enzymes. The most striking
similarity is the location of the Soret band of reduced + CO
chloroperoxidase at 443 nm and of P-450 at 450 nm as opposed
to the 410-420-nm peak found for most other heme-CO
complexes.!® Additional similarities are observed between
chloroperoxidase and P-450 in this and other states by optical
absorption,'® MCD,!7 Raman,!® and Massbauer!?-1° spec-
troscopy. This extensive body of spectral data, therefore, also
strongly supports cysteinate sulfur ligation for chloroperox-
idase. Particularly compelling are the arguments for cysteinate
ligation based on a comparison of the MCD spectra of P-450
and chloroperoxidase states 2 and 5 with those of porphyrin
model complexes.!” Only model complexes with thiolate sulfur
ligation are able to reproduce the corresponding protein
spectra. Despite these spectral lines of evidence in support of
cysteinate binding, attempts by Chiang et al.2% to detect a free
sulfhydryl group available for ligation of iron have been un-
successful. Further spectroscopic and chemical experimenta-
tion appears necessary in order to resolve this dilemma.

X-ray absorption spectroscopy has recently proven to be a
valuable tool for the study of metalloproteins. Analysis of the
extended X-ray absorption fine structure (EXAFS), can
atoms surrounding the X-ray absorbing species.2! Metallo-
protein EXAFS data have already been analyzed in order to
further characterize the Fe environments in hemoglobin?? and
rubredoxin,?? the Cu environments in hemocyanin?* and
azurin,2S as well as the Mo site in nitrogenase.26

We present here our initial studies of the ferric resting states
of P-450 and chloroperoxidase by X-ray absorption spectros-
copy. As an example of the low-spin six-coordinate ferric state,
phenobarbital-induced liver microsomal P-450 (PB-P-450-
LM2) without added substrate has been examined (Figure 1,
8), while chloroperoxidase has been studied at room temper-
ature as an example of the high-spin, five-coordinate ferric
state (Figure 1, 7). This particular choice of proteins and
conditions was motivated by a desire to avoid samples of mixed
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Figure 1. Structures of high-spin (7) and low-spin (8) iron protoporphyrin
1X dimethyl ester (PPIXDME) complexes.

spin state composition. For example, even when saturated with
substrate, PB-P-450-LM2 is only a 1:1 mixture of high- and
low-spin species at room temperature, while it is virtually 100%
low spin in the absence of substrate.?” Similarly, at =180 °C
chloroperoxidase is a mixture of high- and low-spin forms,'3
whereas at room temperature it is well over 90% high spin.??®
Thus, the data presented here are from the limiting cases of
nearly pure high- and low-spin species for these proteins. In
addition to verifying the proposed presence of sulfur ligands
in both protein states examined, presumably arising from
cysteinate ligation, the determination of iron-nitrogen and
iron-sulfur bond lengths presented here should provide valu-
able information upon which to base mechanistic interpreta-
tions. In this regard, extension of these studies to the other is-
olable states of P-450 and chloroperoxidase should be partic-
ularly interesting.

Experimental Section

Samples, The compounds (Et4N)[Fe(S;-0-xyl)a]l. (EtsN)»-
[Fe(Sz-0-xyl),]. and (Et4N),[FesS4(SCH,Ph),] were kindly provided
by Dr. Richard H. Holm. These materials were loaded into cells in
an inert atmosphere box under dinitrogen. The sample cells were then
placed in a small Lucite sample box with Kapton windows, which was
sealed under the dinitrogen atmosphere. Finally, this Lucite box was
transported to the Stanford Synchrotron Radiation Laboratory
(SSRL) in a large sealed glass desiccator vessel containing N, from
which it was removed just prior to the X-ray absorption measure-
ments.

The “picket-fence” porphyrin compounds, Fe(TpivPP)(N-Melm)
and Fe(TpivPP)(N-Melm)(O;), were synthesized and generously
donated by Dr. Thomas Halbert in Professor James P. Collman's
laboratory. The remaining model compounds were prepared by Dr.
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Figure 2. Pairwise Fe-X phase shifts used in EXAFS fits. The values were
determined using the procedures described in ref 21 and the models listed
in the Experimental Section. Two carbon phase shift curves are shown,
The upper curve is used to fit first coordination shell carbon distances while
the lower Fe~C curve was found to be a better model for « carbons in
porphyrin rings.

Thomas Sorrell, also in Professor Collman's laboratory, according
to literature procedures,!!

Chloroperoxidase was isolated as described previously.” 1t was
stored as a concentrated solution (8.7 mg/mL) at 4 °C. Five milliliters
of this solution was treated with 3.2 g of (NH4);SOg, and the resultant
precipitate was centrifuged to give a hard pellet. The sample had a
spectral purity index (Asgrer/ A280) of 1.39 which was essentially
unchanged after the actual data collection.

The PB-P-450-1.M2 sample was prepared using literature proce-
dures.27.28 The spectra were recorded on a centrifuged pellet of
glycerol precipitated material. Examination of the reduced + CO
UV-visible absorption spectrum revealed only negligible contami-
nation by cytochrome P-420, both before and after the sample was
exposed to X-rays. The ratio of nmol heme/mg protein was 18.

Data Collection. All of the X-ray absorption spectra were recorded
using monochromatized radiation at SSRL. The model compound
spectra were all recorded in the absorption mode and the energy scales
of all spectra were calibrated using an Fe foil, with the first inflection
point of the foil spectrum defined as 7111.2 eV.

The chloroperoxidase data were recorded on a sample near room
temperature as a fluorescence excitation spectrum, on SSRL line 2
using a Sif1,1.1] channel cut crystal monochromator. The sample was
placed in the beam at a 45° angle, and the X-ray intensity perpen-
dicular to the beam was measured. At 3.5 GeV and 27.5 mA, the count
rate from the Nal scintillation detector was about 1.5 X 10> Hz. and
about 17% of these counts were due to Fe Ka fluorescence. The
spectrum presented represents the average of 16 20-min scans.

The cytochrome P-450 1.M2 data were collected on three different
occasions and averaged. The data presented represent an average of
eight 20-min absorption mode scans on SSRL line 2 witha Si{1.1,1]
crystal monochromator, six fluorescence mode scans on line | with
a Si[2,2,0] crystal, and 15 scans on the focused beam line with a
Ge[l.1,1] crystal.

From any given monochromator crystal, the spectra contain in-
strumental artifacts, “‘glitches”, arising from sudden changes in the
monochromated beam intensity and harmonic composition. Some of
these fluctuations arise when the crystal orientation allows diversion
of part of the Bragg-reflected beam into another reflection, causing
a decrease in the primary beam intensity. Because the detectors which
measure / and /g are not perfectly linear, these dips in /g survive the
ratioing process as glitches in the absorption or fluorescence excitation
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spectrum. Averaging data from three different crystals after removal
of the major glitches significantly improved the quality of the P-450
data and this is the primary reason that the P-450 data are useful over
a wider range than the chloroperoxidase data.

Determination of Empirical Fe-X Phase Shift and Amplitude
Functions. The general philosophy behind structure determination
from EXAFS has been outlined previously.?! Briefly, EXAFS is de-
fined by

x(k) = L. Jl; SN, M]g—r—’é—)—{-sin QR k + crgs(k))e ™ 2aas?h?
Ko - S as
3

where the symbols are identical with those in ref 21. Throughout this
work, the approach has been to empirically determine the relevant
functions of eq 3 through analysis of the spectra of model compounds
of known structure. Once the relevant phase shift and amplitude
functions are known, the spectra of unknown compounds can be in-
terpreted to yield structural information. For this particular study,
the set of iron mode! compounds used for determination of the ap-
propriate Fe-X parameters included ferrocene. (Fe-C); [Fe(TPP)-
(im);]Cl, (Fe-N); Fe(acac)s. (Fe-0); [Fe(S;-0-xy1)2] ~. (Fe-S); and
[Fe4S4(SCH,-Ph)4]2~, (Fe-Fe). Furthermore, for carbon atoms in
the second coordination sphere, a different set of Fe-C parameters
was found necessary. The latter values were obtained through analysis
of the Fe-C compouents of Fe(acac); and FeTPP EXAFS. The
pairwise phase shifts used in the fitting analysis are graphed in Figure
2. In all of the fits, the Eq value used for defining & = 0 was 7130
eVv.

Analysis of Iron Porphyrin EXAFS

To establish a basis for interpretation of the protein EXAFS,
a set of iron porphyrins with crystallographically known
structures was analyzed first. In general, metalloporpliyrins
have quite complex EXAFS. This is because of the highly
symmetric arrangement of porphyrin ring atoms out to more
than 4 A from the central metal atom which contribute many
strong high-frequency components to the data. This contrasts
with complexes of lower symmetry where the many weak in-
dividual contributions from scatterers beyond the first coor-
dination sphere add incoherently and tend to cancel. Thus,
porphyrin EXAFS is quite different from the spectra of simpler
inorganic complexes (see ref 21 for some examples), in which
case contributions from atoms beyond the first coordination
sphere can often be neglected.

Fourier Transforms. Because of its liigh symmetry and lack
of axial ligands, «,B,v,6-tetraphenylporphinatoiron(Il)
(FeTPP) serves as a useful benchmark for the understanding
of iron porphyrin EXAFS. The EXAFS of this molecule is
complex, whether examined directly in k space or as a Fourier
transform. Both forms of the data are presented in Figure 3.
The Fourier transform of the EXAFS data, taken over a wide
k range at liquid nitrogen temperature, reveals seven distinct
components which can be accounted for by reference to the
structure of FeTPP (indicated by arrows in Figure 3).

The two strongest components of the FeTPP EXAFS arise
from the four Fe-Np and the eight Fe-C,, interactions, and the
transform reveals that the former component is about twice
as strong as the latter. Because of their longer distance, smaller
number, and greater thermal motion, the four Fe-C, inter-
actions contribute only a minor component to the EXAFS,
which is often not resolved from the Fe-C, peak. The next
component, due to eight Fe-Cg interactions, is about half the
strength of the Fe-C, contribution.

For tetraphenylporphyrins at low temperatures, one can
actually observe higher frequency components in the EXAFS
due to the substituent phenyl rings. The first such feature,
which is caused by the four phenyl carbons bound to the por-
phyrin methine bridge, occurs just beyond the Fe-Cjg peak.
One should note that the phase of the first phenyl carbon
component is reversed from that of the other peaks in the
transform. This is a shadowing effect, arising from the fact that

FeTPP- EXAFS AND FOURIER TRANSFORM
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Figure 3. EXAFS data (left) and Fourier transform of the data (right) for
Fe(TPP). The transform was over a range of k = 4-16 A=! with k¥ scaling.
The magnitude is shown superimposed on the imaginary phase component.
Note the contribution of neighboring shells even beyond the 3 carbons of
the pyrrole rings.

the methine carbons are directly on the line of sight path be-
tween the four phenyl carbons and the central iron atom. Just
beyond this feature is a final pair of barely resolved peaks,
corresponding to the next two shells of eight carbons apiece
from the phenyl rings. Thus, under the ideal conditions of high
symmetry, low temperature, and good signal to noise, por-
phyrin EXAFS is actually influenced by atoms as faras 5 A
from the central metal atom.

With less symmetric porphyrins, such as Fe!''(PPIXDME)
with SC4H4-p-NO, or OC¢Hy-p-NO; axial ligands, the
EXAFS becomes even more complicated, and a simple inter-
pretation of the Fourier transform becomes less reliable. The
EXAFS transforms for the latter two compounds are com-
pared with that of FeTPP in Figure 4. Apart from the Fe-Np,
Fe-C,, and Fe-Cg peaks, extra features assignable to Fe-S
or Fe-O interactions are observed. Furthermore, the three
peaks assigned to Fe-phenyl distances in FeTPP have been
replaced by a new group of features from the PPIXDME side
chains.

Althongh the Fourier transforms reveal the general features
of the Fe environment, determination of molecular structure
from transform peak heights and positions is prone to many
artifacts, For example, the primary Fe-Np peak generally has
a low R shoulder which could easily be mistaken for a short
axial ligand distance. Similarly, the overlap of Fe-Np and
Fe-C, side lobes produces a peak between the two major peaks
which could again be misinterpreted as an axial ligand dis-
tance.

Another important consideration is the fact that on the
narrow range of data typically available for hemoprotein
EXAFS, many of the transform features discussed above are
completely unresolved. For example, using a transform from
k = 4-10 A~!, Fe-Np and Fe-axial ligand contributions
combine to form a single broad peak which is useless for dis-
tance determinations. The preceding Fourier transforms were
certainly useful in a pedagogical sense. However, for the pur-
pose of interpreting the cytochrome P-450 and chloroperox-
idase data, it was necessary to develop a procedure which could
determine Fe-Np and Fe-axial ligand distances on a small
range of data in k space.

Curve-Fitting Analysis of Fe Porphyrin EXAFS. A complete
curve-fitting analysis of all the components of an Fe porphyrin
EXAFS spectrum would involve too many variables to give
reliable structural results;2! however, the structural features
that were of most interest were (1) the type of axial ligand(s),
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Table L. Iron Porphyrin Curve-Fitting Results? 4
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Fe-N Fe-C, Fe-X
EXAFS EXAFS EXAFS
Compd Ritals A REXAFS, A number Rxtal, A REXAFS. A number Ryial, A REXAFS, A number ref
Fe(TPP) 1.972 (4) 1.979(2) 4.4(1) 3.016s, 3.044(3) 7.7(4) 43
Fe(TpivPP)- 2079, 2073(2)  41(2) 3.089, 3.109(4) 7.9(5) 44¢
{(N-Melm)
Fe(TpivPP)- 1,998,y 2.005(4) 49(2) 3.04, 3.060 (3 87(H 1.75(2) 1.785 (14) 0.9(1) 45
(N-Melm)O, 1.998,, 2.00* S 3.04,, 3.059(3) 8.6(5) 1.75(2) 1.768 (7) 0.9 (1)
Fe(PPIXDME)- 2064 (18)  2057(3) 4.2(2) 3.089, 3.095(3) 83(4) 2324(2) 2325(4) 1.2(1) 46
(SCeHy-p-NOy)  2.064 (18) 2.065% 4% 3.089;  3.096(3) 8.4(3) 2.324(2) 2.326 (4) 1.1(D)
FeTPP(SC¢Hs)- 2.037(3) 3.5(2) 3.092(3) 7.0(4) 2.32(hs) 2.283 (5) 1.0(1) 32
(SHCgHs)« 2.065* 4* 3.096 (3)  7.0(4) 2294 (10)  0.5(1)
2.040 (3) 4% 3.092¢3)  7.2(4) 2.294 (4) 1.0(H)
Fe(PPIXDME)- 2.073 (6) 2.055(3) 4.5(2) 3102, 3.086(3) 8.0(4) 1.842 (4) 1.839(7) 1.6 (1) 47b
(OC¢H4-p-NOy) 2,073 (6) 2.065% 4* 3,102,y 3.087(3) 8.0(4) 1.842 (4) 1.862 (4) 1.7(1)
(FeTPP),0 2.087 (3) 2.079 (2) 3.8(2) 3.1024 3.096(5) 5.5(5 1.763 (1) 1.754 (8) 09 (1) 48
2,087 (3) 2.065% 4% 3.102,y  3.093(5) 5.5(5) 1.763 (1) 1.748 (6) 1.2 (1)

a Numl?ers with asterisks were fixed at these values during fit. # Distances quoted are for Fe(PPIXDME){OCH3). ¢ Distances quoted are
for Fe(TplvPP)(27MeIm). 4 The values in parentheses after the EXAFS numbers are the calculated fitting errors, From comparison with
the crystallographic data, it is clear that the systematic errors in the curve-fitting calculations are substantially larger than the statistical fitting

€ITors.
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Figure 4. Fourier transforms of porphyrins with a sulfur axial ligand (top),
an oxygen axial ligand (middle), and no axial ligands (bottom). The
transforms were over the range of k = 4-16 A~ with k3 weighting. The
modulus of each transform is shown superimposed on the sine compo-
nent.

X, and the Fe-X distance(s); (2) the Fe-Np distance; and (3)
the geometry of the Fe with respect to the mean porphyrin
plane. For the present analysis, the curve-fitting procedure has
simply used a three-wave fit involving (1) an Fe-X wave, (2)
an Fe-Np wave, and (3) an Fe-C, wave.

Although Fourier filtering to remove frequency components
higher than those from Fe-C, did improve the quality of the

EXAFS X &°

Fe(TpivPP)N-MeIm)O,

60 75 -| 90 105 120

k(B
Figure 5. Least-squares fits (dashed lines) to EXAFS data (solid lines)
for structure determination. The upper two fits include only N and C,
waves (four variables in each fit). The lower fit included a third wave for
the oxygen atom (giving six variables in the fit). All fits were over a range
of k = 4-12 A=V and the numerical results of the fits are summarized
in Table I.

fits, it did not significantly improve the accuracy of the num-
bers obtained. This is because the components beyond Fe-C,,
are of sufficiently high frequency and small magnitude as to
be relatively uncorrelated with the shorter distance contribu-
tions.

Because it is devoid of axial ligands, the simplest porphyrin
for curve-fitting analysis was FeTPP. Only two waves were
used to fit the EXAFS in this case, one for the Fe-N compo-
nent and one for the Fe-C, component. The resulting fit
(Figure 5) predicted an Fe-N distance within 0.007 A of the
crystallographic value,30 while the Fe-C, distance was within
0.028 A. The quality of the fit using four variables was ex-
tremely gratifying, considering the number of components
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Figure 6. Comparison of LM-2-P-450 EXAFS data with other low-spin
Fe porphyrins. The dotted line is shown to facilitate visual comparison of
the dip in the EXAFS data at k ~9 A~!. For low-spin (Fe in plane) por-
phyrins this dip is somewhat above 9 A=, while for high-spin porphyrins
(see Figure 7) the dip occurs below 9 A=, The effects are discussed in
detail in the text.

being neglected, and the fact that a worse fit was obtained 2
years ago with 12 variables.3!

A similar two-wave fit was done on the EXAFS data for
Fe(TpivPP)(N-Melm) (Figure 5). Since an extra wave for the
axial Fe-N;, component was not included, the Fe-N distance
of 2.073 A obtained from this fit is a weighted average of
Fe-Np and Fe-N;, distances. If one assumed that the Fe-Niy,
distance in the unhindered (N-Melm) compound was the
same as the 2.108 A value reported for the sterically hindered
(2-Melm) compound,3? then the average Fe-Np distance
would be calculated to be 2.064 A. Since the axial imidazole
Fe-N distance is probably shorter in the present case, 2.064
A is probably a low estimate of the Fe-Np distance.

This value is slightly different from the value of 2.055 A
obtained by Shulman et al. for the same compound.?23 Further
discussion of this small difference will not be fruitful until a
reliable crystal structure for Fe(TpivPP)(N-Melm) is avail-
able. However, it should be noted that the latter group claimed
that their shorter bond length for a ferrous porphyrin was
significant, compared to a typical ferric porphyrin Fe-Np
distance of 2.065 A. The current results indicate that the fer-
rous Fe-Np bond length is on the order of 2.07 A.

The three-wave fits required the addition of a third wave to
characterize one of the Fe-axial ligand distances. For example,
oxygenation of the “picket-fence” compound to yield Fe(T-
pivPP)(N-MeIm)O, results in a substantial change in the
EXAFS (Figure 5), the bulk of which is due to changing
Fe-Np and Fe-C, distances. Adding a third wave to the fit
yielded a 1.79 (3) A prediction for the Fe-O distance, slightly
longer than the crystallographic value of 1.75 (2) A. Con-
straining the Fe-N distance closer to the crystallographic
average shortened the calculated Fe-O distance to 1.77 A,
which is the best estimate possible with the current analysis
procedure.

Although the calculated scatterer numbers were often quite
good, in several of the remaining three-wave fits there were
discrepancies which should be discussed. For example, the
Fe-C, number in the (FeTPP),0 fit is probably low because

‘ CHLOROPEROXIDASE
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s/
i
N )'e\N
x
@ / \ /
£ NZE ‘
8 o
-02 i
/™ FeTPP{SCeHs | "
0.8 Jeey
0.0 |
-0.2 / r‘q/

™ Fe({PPIXOME [{OCgH,—p-NO, |

1 L 1 1 'J i - L
45 60 75 90 05 120 135
PHOTOELECTRON WAVE VECTOR & (&)

Figure 7. Comparison of chloroperoxidase EXAFS data with that of two
high-spin (Fe out of plane) porphyrins. As in Figure 6, the dotted line in-
dicates the position of the maximum in the data around k ~ 9 A~!. Note
the distinct similarity between the chloroperoxidase and the Fe(P-
PIXDME)(SC¢Hs-p-NO,) EXAFS data.

of destructive interference with an Fe-Fe component at nearly
the same frequency. The large value for the oxygen amplitude
for Fe(PPIXDME)(OC¢Hy-p-NO,) (1.6) relative to ampli-
tudes in (FeTPP),0 (0.9) and Fe(TpivPP)(IN-Melm)O; (0.9)
probably reflects the fact that the data for the first compound
were collected at liquid nitrogen temperature, while data for
the latter two compounds and the Fe(acac); model were col-
lected at room temperature, with consequent higher thermal
motion.

The compound which gave the most troublesome results was
Fe(TPP)(SC¢H;s)(HSC¢Cs). The fact that both Fe-N and
Fe-S distances are intermediate between the expected high-
and low-spin values makes it appear that the room temperature
data represent a mixture of spin states. This is in agreement
with results obtained by Collman et al. on this compound.!!®
The danger of studying inhomogeneous or impure model
compounds or protein samples is clear. EXAFS analysis of
such mixtures will simply yield average values for the distances
present, with only mild indications, such as reduced ampli-
tudes, that a single structure is not present.

For the 11 distances which are exactly comparable with
crystallographically known values. the average deviation of
the EXAFS prediction was 0.012 A. The average deviation was
0.007 A for Fe-N distances, 0.022 A for Fe-O distances, 0.015
A for Fe-C, distances, and 0.001 A for the single Fe-S dis-
tance in Fe(PPIXDME)(SC¢Hy4-p-NO,). The scatterer
number calculations were considerably less precise than the
distance determinations, yet in most cases with appropriate
rounding they gave the correct number of atoms.

Cytochrome P-450-LM2 and Chloroperoxidase

General Features. Under the experimental conditions used
for EXAFS data collection, the iron in PB-P-450-LLM2 was
essentially all in the low-spin ferric state,?” while the chloro-
peroxidase iron was almost completely high spin.28 EXAFS
does not directly sense the spin state of the iron, but it is sen-
sitive to the position of the iron with respect to the porphyrin
ring. In heme chemistry high-spin compounds are generally
five coordinate with out of plane iron,3? while low-spin com-
pounds have six-coordinate iron approximately in the por-
phyrin plane. Accordingly, in Figure 6, the P-450-LM2
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Figure 8. Additional EXAFS data for high-spin Fe porphyrins. These data
may be compared with those for chloroperoxidase shown in Figure 7.

EXAFS is compared with several porphyrins that have in-plane
iron, while in Figure 7 chloroperoxidase is compared with
several five-coordinate out of plane Fe porphyrins. Figure 8
presents additional high-spin Fe porphyrins to compare with
chloroperoxidase.

The basic features of all iron porphyrin spectra are domi-
nated by the alternating constructive and destructive inter-
ference between the Fe-Np and Fe-C, components. However,
because of the number of other frequency components present
in the EXAFS, this beat pattern is not always clear. The
strongest beats occur as a sharp peak just beyond k of 6 A~1,
where both components are in phase and positive, and near 9
A-!, where in-phase negative contributions cause a strong dip
in the EXAFS.

The minimum in the vicinity of 9 A=!is primarily deter-
mined by the Fe-Npand Fe-C, components, and it is relatively
insensitive to the nature of or distances to the axial ligands. It,
therefore, could serve as a useful indicator of the position of
the Fe with respect to the porphyrin. For porphyrins with in-
plane iron, this dip generally occurs slightly after k = 9 A=,
while, because of the longer Fe-porphyrin distances with out
of plane structures, the dip for the latter occurs slightly before
9 A~!. As expected, the P-450-L M2 dip occurs beyond 9 A~1,
classifying its Fe as approximately in plane, while the chloro-
peroxidase dip before 9 A~! suggests that Fe is out of plane in
this protein (see Figures 6 and 7).

Although the dominant beat pattern of Fe porphyrin
EXAFS is determined by the Fe-Np and Fe-C, components,
with significant contributions by Fe-C, and Fe-Cg terms as
well, there are also variations in peak splittings and relative
peak heights caused by the presence of the axial ligands, With
a representative set of model compounds, one can therefore
“fingerprint” the possible types of Fe coordination spheres.
Provided that one has a sufficiently good set of models, simple
matching of model compound and protein spectra is a means
of interpreting the EXAFS independent of Fourier transform
or curve-fitting analysis. Such comparison methods are useful
as a means for obtaining an initial guess at the protein struc-
ture, which can subsequently be refined by curve-fitting
methods.

From slightly beyond k = 3.2 A~ to just before 9 A~! there
are three major maxima and two major minima in the EXAFS
of all high-spin porphyrins. One can compare the EXAFS of
chloroperoxidase with the six models of Figures 7 and 8 on the
basis of whether or not corresponding peaks and valleys are
split and, if so, whether relative peak heights of split features
are similar. Using such criteria, Table 11 was constructed.
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Table II. Comparison of Chloroperoxidase EXAFS with Known
Structures?

1 m \Y
| | | | | ! |
f t T T T T —
4 At 6 A-1 g A1
11 k — v
region

structure I 11 m v v
Fe(PPIXDME)SCgH;s-p-NO, + + + + +
Fe(TPp)(SCe¢Hs)(SHC¢Hs) + ? + 4+ ?
Fe(PPIXDME)OCgHs-p-NO; + ? + - -
(FeTPP),O - - + 79
Fe(TpivPP)N-Melm - - + 7 -
Fe(TpivPP)THF - - + + -

9 4, good match; 7, ambiguous; —, clear mismatch.

The results of this correspondence table and simple visual
inspection of the EXAFS data show that only Fe porphyrins
with axial thiolate ligands provide a good match to the chlo-
roperoxidase EXAFS. The best correspondence occurs with
Fe(PPIXDME)(SC¢Hs-p-NO,), and inspection of Figure 7
shows that the spectra of chloroperoxidase and the latter
compound are nearly superimposable. The optical, EPR, and
Mossbauer spectra of Fe(PPIXDME)(SCgHs-p-NO,) have
previously been shown to mimic those of high-spin P-450,!12
which in turn are very similar to the chloroperoxidase spectra.
The most reasonable conclusion from the EXAFS data is that
chloroperoxidase has an axial cysteine thiolate bound to the
iron.

For low-spin P-450-LM2, none of the available in-plane Fe
porphyrin spectra bears much resemblance to the protein
EXAFS. The same pattern of peak splittings and relative in-
tensities is observed in FeTPP, FeTPP(Im),Cl, and Fe(T-
pivPP)(N-Melm)O,. The spectra presented indicate that the
EXAFS is fairly insensitive to the presence or absence of axial
nitrogen or oxygen ligands, as long as the iron-porphyrin dis-
tances remain about the same.

The cytochrome P-450 EXAFS has a radically different
appearance from the other in-plane porphyrins. The sharp
subsidiary maxima and minima of the other in-plane spectra
are gone, and a relatively broad and featureless spectrum is
obtained. Such a result is consistent with, although not proof
for, the presence of a sulfur ligand. This is because the electron
backscattering amplitude of S is more than twice as large in
magnitude and almost  out of phase with the comparable N
function. Thus, the presence of an axial sulfur ligand would
contribute a relatively large component substantially out of
phase with the Fe-Np EXAFS, thereby broadening the fairly
sharp features of the porphyrin EXAFS.

The visual comparison results may be summarized as fol-
lows. A qualitative impression of sulfur ligation for both
chloroperoxidase and cytochrome P-450-L M2 can be gained
from inspection of the protein EXAFS and comparison with
model compound data. In order to make quantitative structural
conclusions about the Fe coordination sphere in these two
proteins, three-wave curve-fitting studies analogous to those
used with the model compounds have been performed.

Curve-Fitting Analysis. The cytochrome P-450-LM2 and
chloroperoxidase EXAFS were fitted with the sum of an
Fe-Np wave, an Fe-C, wave, and either an Fe-S wave or an
Fe-O wave for the axial ligand. Because of the similarity in
Fe-N and Fe-O phase shifts, the latter fits cover cases in-
volving either axial nitrogen or oxygen ligation. The results of
these three wave fits are summarized in Table 111, and the best
fits are shown in Figure 9. In some of the fits, the Fe-N dis-
tancesand amplitudes were constrained to typical values found
in known porphyrin structures, thereby reducing the number
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Table III. Summary of Cytochrome P-450 and Chloroperoxidase Curve-Fitting Results®

Fe-N Fe-C, Fe-X
EXAFS EXAFS postulated EXAFS  minimization
protein Rexars, A number  Rpxars, A number type Rexars, A number function®
LM-2 P-450 2.001 (3) 4.8 (3) 3.068 (5) 5.1(5) S 2.187(8) 0.8 (1) 0.879
LM-2 P-450 2.00* 5% 3.068 (5) 5.2(4) S 2.194 (5) 0.7 (1) 0.882
LM-2 P-450 2.00% 4 3.066 (6) 4.9 (4) S 2.181 (4) 1.1 (1) 0.895
LM-2 P-450 1.98* 4% 3.059 (5) 5.0(5) S 2.198 (3) 1.4 (1) 1.011
LM-2 P-450 1.98% 5* 3.061 (5) 5.5(5) S 2.213(4) 1.1 (1) 1.061
LM-2 P-450 2.012(2) 6.6 (2) 3.073 (5) 5.4 (4) (6] 1.775 (2) 0.5(1) 0.937
LM-2P-450 2.00* 5% 3.073 (5) 5.8(5) (6] 1.971 (5) 1.1(1) 1.011
LM-2 P-450 2.00* 4% 3.073 (5) 5.8(5) (6] 1.955(5) 1.8 (1) 1.028
chloroperoxidase 2.047 (3) 4.2 (3) 3.087 (5) 5.7(4) S 2.303 (8) 09(1) 0.711
chloroperoxidase 2.065* 4% 3.083 (5) 59 4) S 2.269 (6) 0.7 (1) 0.744
chloroperoxidase 2090 (4)  60(4)  3.084(4)  22.6(L4) 0 1863(13)  1.3(2) 0.713

9 Numbers with asterisks were constrained to these values during fit. Numbers in parentheses are fitting errors, which are significantly smaller
than systematic errors. ® F = SQRT [Iw(data-fit)2/N]; w = kSand N is the number of points.

of variables to four. In other fits all six variables were uncon-
strained. Regardless of how the fits were done, in all cases the
P-450 and chloroperoxidase. EXAFS were best fit by including
an axial sulfur ligand, and the calculated Fe-S distances in-
dicated that the sulfur most likely was a cysteine thiolate li-
gand.

The calculated distances in the best chloroperoxidase fit
were Fe-Np = 2.05 £ 0.03 A, Fe-C, = 3.09 + 0.03 A, and
Fe-S = 2.30 £ 0.03 A. Although another good fit could be
obtained using an oxygen axial ligand, this was only at the
expense of unreasonable nitrogen and carbon amplitudes.
Given the minimal range of data, there exists a significant
amount of correlation between parameters and a number of
false minima for the fits. Despite these numerical problems,
the spectral similarity of chloroperoxidase with Fe(P-
PIXDME)(SC¢H4-p-NO») and the good agreement of the
calculated distances with the known structure makes the
conclusion of sulfur ligation inescapable.

The best fit for the P-450-LM2 EXAFS gave distances and
amplitudes consistent with an in-plane six-coordinate Fe:
Fe-Np=12.00+0.03 A, Fe-C,=3.07+0.03 A, Fe-S=2.19
+ 0.03 A. None of the fits using an oxygen axial ligand gave
results as good as corresponding fits presuming axial sulfur.
Furthermore, constraining the Fe-N distance and amplitude
to reasonable values substantially worsened the fits when an
axial oxygen was assumed. However, when an axial sulfur li-
gand was assumed, constraining the Fe-N distance and am-
plitude to standard values did not significantly change the
quality of the fits.

Discussion and Conclusions

The characterization of the Fe environments in P-450-LM-2
and chloroperoxidase proceeded in three distinct stages. The
first stage involved the use of the empirical phase shift and
amplitude functions to determine interatomic distances in Fe
porphyrin models from EXAFS. A curve-fitting procedure was
developed which used three waves to characterize the Fe-Np,
Fe-C,, and axial Fe-X components of porphyrin EXAFS
spectra. Using this method, average Fe-N distances were de-
termined with a mean deviation of 0.007 &, while Fe-C, and
Fe-X distances were always determined to better than 0.025
A. Second, visual comparison of the chloroperoxidase and
P-450-LM2 EXAFS data with that of model complexes sug-
gested that the iron was high and low spin, respectively, in the
two proteins. Visual comparison also suggested the presence
of axial sulfur ligation to Fe in both cases. Finally, application
of the established curve-fitting procedures confirmed these
hypotheses and determined values for the Fe-Np, Fe-C,, and
Fe-S distances.

The calculated distances in chloroperoxidase are within 0.02

2.054
CHLOROPEROXIDASE

| L |
45 60 75

PHOTOELECTRON WAVE VECTOR  (&7')

| ]
90 105

Figure 9. Three-wave curve-fitting analysis of LM-2-P-450 and chloro-
peroxidase data. The least-squares fits (dashed line) to the data (solid line)
were carried out over a k range of 4-10.5 A~! for the P-450 and 4-9.0 for
the chloroperoxidase. The numerical results of the fits are summarized
in Table 111

A of the known distances in Fe(PPIXDME)(SC¢Hs-p-
NO,).!!2 Considering the similarity of the EXAFS between
these two samples, calculation of nearly identical distances is
hardly surprising. The fact that the distances calculated for
chloroperoxidase tended to be slightly shorter than those for
the model compound may indicate the presence of a small
amount of low-spin material in the protein, rather than a sig-
nificant structural difference between the model and the pro-
tein.

For chloroperoxidase, the conclusion about thiolate ligation
is in contradiction with previous chemical work which found
that the only two cysteine residues present in the protein were
bound in a disulfide bridge.2° The latter conclusion has already
been questioned because of the close spectral similarity be-
tween chloroperoxidase and P-450.17 It would be quite dis-
turbing if all the unique spectral properties of cytochrome
P-450, which had been explained by the presence of cysteine
thiolate coordination, were reproduced in a protein without
such ligation. The EXAFS result points conclusively toward
the presence of an iron-sulfur interaction. Despite the lack of
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chemical evidence for an available cysteine ligand, the spec-
troscopic case for sulfur ligation in chloroperoxidase seems
complete.

Because of the wealth of spectroscopic information
suggesting cysteine thiolate ligation in cytochrome P-450, the
EXAFS results predicting a sulfur ligand come as no surprise.
However, EXAFS has been the first technique to yield
quantitative information about the Fe~S bond length. The
calculated Fe-S distance of 2.19 £ 0.03 A in low-spin P-450
is significantly shorter than the 2.30 + 0.03 A value obtained
for chloroperoxidase. The only available low-spin ferric thiolate
porphyrin structure is for Fe(TPP)(SC¢Hs)(SHC¢Hs) at 115
K, for which the Fe-S (thiolate) distance was 2.26 A. However,
in this crystal structure the low-spin iron species is in equilib-
rium with a high-spin iron structure in approximately a 2:1
ratio.!'¢ Perhaps a more representative low-spin ferric thiolate
distance is the value of 2.21 A obtained for the Fe-S distance
in Fe(SCsH4CHNCH,CH,NH3),.3* Substantial shortening
of the Fe-S distance upon going from high-spin to low-spin
Fe!!l has also been observed in dithiocarbamate complexes. 3’
Thus, the shorter Fe-S distance in low-spin P-450 relative to
high-spin chloroperoxidase is in accord with known structural
chemistry.

The relatively large amplitude of the Fe-N component
makes it tempting to conclude that the sixth ligand in low-spin
P-450 is a histidine imidazole nitrogen. In a similar case, the
three-wave fit of Fe(TpivPP)(N-Melm)O; resulted in a cal-
culated Fe-N amplitude of 4.9 N. However, for Fe(TpivPP)-
(N-Melim) only 4.1 rather than 5 N was calculated. Ideally,
relative Debye-Waller factors must be considered in these
calculations, but for fits on 4-12 A~1 correlation effects pre-
clude inclusion of extra parameters to account for different
degrees of thermal motion. Thus, the average error in the Fe-N
amplitudes is sufficiently high that the current results indi-
cating imidazole must be considered suggestive rather than
conclusive.

The wealth of intermediate states available for P-450-type
enzymes makes it clear that this present work is only a pre-
liminary step in the structural characterization of these en-
zymes. The EXAFS technique has promising applications for
characterization of the remaining stages of the catalytic cycle.
For example, accurate measurement of the Fe-S bond lengths
in the reduced and the oxygenated forms of P-450 should help
in deciding whether or not the sulfur ligand becomes proton-
ated in either of these species. Further improvement in both
analysis techniques and in data collection procedures still ap-
pears possible. The combination should permit analysis of all
the Fe-porphyrin distances in these proteins.
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