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Abstract

P450cam from Pseudomonas putida is the best-characterized member of the vast family of
cytochrome P450s, and it has long been believed to have a more rigid and closed active site
relative to other P450s. Here we report X-ray structures of P450cam crystallized in the absence of
substrate and at high and low [K*]. The camphor-free structures are observed in a distinct open
conformation characterized by a water-filled channel created by the retraction of the F and G
helices, disorder of the B’ helix and loss of the K* binding site. Crystallization in the presence of
K* alone does not alter the open conformation, while crystallization with camphor alone is
sufficient for closure of the channel. Soaking crystals of the open conformation in excess camphor
does not promote camphor binding or closure, suggesting resistance to conformational change by
the crystal lattice. This open conformation is remarkably similar to that seen upon binding large
tethered substrates, showing that it is not the result of a perturbation by the ligand. Re-dissolved
crystals of the open conformation are observed as a mixture of P420 and P450 forms, which is
converted to the P450 form upon addition of camphor and K*. These data reveal that P450cam can
dynamically visit an open conformation that allows access to the deeply buried active site without
being induced by substrate or ligand.

Cytochrome P450s are ubiquitous heme monooxygenases that activate O, for oxygen atom
insertion into a wide variety of substrates (1). Over 10000 forms of P450s have been
identified in bacteria, archaea, plants, fungi, and all higher eukaryotes (2). Examples include
major drug metabolizing enzymes of the liver, and biosynthetic enzymes involved in steroid
and prostaglandin pathways. These enzymes all share a common protein fold first observed
for the camphor metabolizing P450cam from Pseudomonas putida (3,4).

The large diversity in the specificity or promiscuity of P450s is believed to be due largely to
variations in the structure of the substrate binding channel, which is defined by elements
including the F and G helices, FG loop and regions near the B’ helix, which fold over and
around the heme and the I helix to enclose the substrate and position it for attack by the
ferryl heme center. Sequence variation of these elements result in P450s with structurally
distinct substrate binding channels, and large differences in these regions have been
observed in the structures of bacterial (5), microsomal (6), and mitochondrial P450s (7),
supporting the view that the different conformations of the F, G and B' helices are
responsible for the large diversity in size, shape and specificity of the substrate binding
cavity.

TThis work was supported by grant GM41049 from the NIH.

The atomic coordinate and structures factors were deposited in the Protein Data Bank under the codes 3L61 (substrate-free, 200 mM
[K*1), 3L62 (substrate-free, low [K*]) and 3L63 (camphor-bound, low [K*]).
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Conformational dynamics and plasticity are also recognized to play an important role in
P450 substrate access and recognition. Both P450 EryK (8) and PikC (9) have been shown
to coexist in open and closed states in the absence of substrate. In addition, conformational
changes upon substrate binding have been seen for several P450s. Changes were seen in the
F and G helices of P450 BM-3 (10) and CYP158A2 (11), or in the BC loop of CYP119 (12),
CYP105P1 (13), and CYP130 (14). More dramatic changes involving both the F and G
helices and the BC loop were observed in CYP2B4 (15) upon substrate binding. In other
examples, a combination of disorder in the BC loop and retraction of the F and G helices
was seen (9,16). Finally, both the BC loop and C helix were observed to become partially
disordered in CYP51 upon ligand association (17).

P450cam is the most well-characterized of all P450s, and in many ways it has served as the
archetypal model for all P450s, particularly those with high substrate specificity. However,
P450cam has remained somewhat of an outlier with regard to the role of conformational
flexibility and dynamics, as there has been a general belief that the active site of P450cam is
more static and shielded from solvent than other P450s (5). This is largely due to the report
of a camphor-free structure obtained by soaking dithiothreitol (DTT) out the active site of
crystals, and which showed a closed conformation that is very similar to the camphor-bound
form (3,4,18). Small angle x-ray scattering (19) and hydrostatic pressure experiments (20—
22) have also been used to support the view that substrate-free P450cam exists in a closed
conformation. However, it is clear that the structure must undergo significant
conformational changes before substrate can enter the solvent-inaccessible binding site.
Thus, either the substrate must induce a conformational change in the protein to initiate its
binding, or the protein must dynamically visit open conformations in the absence of
substrate to allow its entry into the deeply buried channel.

Previous studies have shown that P450cam can be trapped in a range of open conformations
in response to binding large tethered adamantane probes (23-25). These substrate analogs
bind with the adamantane at the camphor-binding site and accommaodate the flexible linkers
by adopting states in which the F and G helices are retracted from their position above the
closed substrate-binding cavity. It was suggested that these open structures represent
substrate access pathways into the buried active site, but it has not been clear if these open
conformations are relevant to native function or if they represent unnatural states held open
by the presence of the artificial ligand.

Here, we report the crystal structures of P450cam crystallized in the absence of camphor and
at high and low [K*], and in the presence of camphor at low [K*]. Both of the camphor-free
structures are observed in an open conformation that is distinctly different from the
previously observed closed camphor-free state. The implications of this open state to
conformational dynamics associated with substrate recognition and binding are discussed.

EXPERIMENTAL PROCEDURES

Protein preparation

The pETCAM-C334A vector was constructed by inserting P450cam (a gift from Prof. T.
Poulos) DNA into the pET15b vector (Novagen) between Ncol and Xhol restriction enzyme
sites and introducing the C334A mutant using QuickChange (Stratagene). This construct
expresses a full-length protein with a mutation at Cys334 to Ala. C334A mutation has been
shown to incease protein stability by blocking intermolecular dimerization, but does not
effect protein activity (26). P450cam (C334A) was overexpressed in E. coli BL21(DE3)
from vector pPETCAM-C334A grown for 24h at 25 °C after induction by 0.4 mM IPTG and
addition of 1 mM 5-aminolevulinic acid. Cell pellets were resuspended in 50 mM KPi, pH
6.0, 1 mM camphor, 0.1 mM heme, 0.5 mg/mL lysozyme and 50 ug/ml DNAase before lysis
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in a French press. Cell lysates, clarified by centrifugation, were purified on a DEAE anion
exchange column, which was initially equilibrated with 50 mM KPi, pH 6.0 and 1 mM
camphor. The column was washed with the same buffer plus 50-100 mM KClI, and the
protein was eluted at 300 mM KCI. The pooled fractions were concentrated by ultrafiltration
before loading onto a Sephacryl S-200 size exclusion column equilibrated with 50 mM KPi,
pH 6.0 and 300 mM KCI. The protein fractions with A4q7/A2gg above 1.45 were pooled and
exchanged into 50 mM KPi, pH 6.0, 1 mM camphor, 30 mM B-mercaptoethanol, and frozen
at —80 °C for further experiments.

Crystallization, data collection and crystal structure determination

Camphor was removed from protein stock solutions by buffer exchange into 50 mM Tris,
pH 7.4 by gel filtration through two sequential PD-10 columns (GE healthcare). For
camphor-bound P450cam, 2 mM camphor was mixed with 1 mM P450cam before
crystallization. Crystals of P450cam were grown by sitting-drop vapor diffusion at 6 °C.
Substrate-free crystals grew from 50 mM Tris, pH 7.4, 12-22% polyethylene glycol 8000 +/
—200 mM K*. Camphor-bound crystals grew from 50 mM Tris, pH 7.4, 12-22%
polyethylene glycol 8000 and 2-4 mM camphor. The crystals were transferred to
cryoprotectant buffer consisting of 50 mM Tris, pH 7.4, 18% polyethylene glycol 8000 and
25% polyethylene glycol 600 +/— 200 mM K*, mounted on nylon loops and flash frozen at
77K.

X-ray diffraction data were collected at 100 K using beamline 7-1 or 11-1 at the Stanford
Synchrotron Radiation Laboratory. Data were processed using Scala (27). Initial models for
the closed and open structures were derived from those of camphor-bound P450cam (PDB
entry 5CP4) and the most open conformation for a series of tethered substrate analogs
(unpublished results), respectively. Molecular replacement was done using Molrep (28), and
model fitting and refinement were done with Coot (29) and Refmac5 (30). The final models
were validated using the programs Procheck (31), Sfcheck (32) and Molprobity (33).
Statistics for data collection and refinement are shown in Table 1. The atomic coordinate
and structures factors were deposited in the Protein Data Bank under the codes 3L61, 3L62
and 3L63. All structural graphics were generated using the Pymol Molecular Graphics
System (34).

UV-visible spectroscopy

RESULTS

Open-form crystals, which were grown in the absence of camphor, were initially dissolved
in 50 mM Tris, pH 7.4. The re-dissolved protein samples were divided into two aliquots.
One aliquot was diluted into 50 mM Tris, pH 7.4, while the other into 50 mM Tris, pH 7.4,
0.5 mM camphor and 200 mM KCI. UV-visible spectra of ferric and ferrous CO-bound
forms were recorded on a HP 8453 UV-visible spectrophotometer. For spectra of ferrous-
CO bound form, the protein sample was bubbled with CO gas before addition of aliquots of
a fresh solution of sodium dithionite (5-10 mM final). For single crystal spectroscopy,
absorbance spectra were recorded of crystals mounted on nylon loops in an Oxford cryo-
stream operating at 100 K using an in-house system based on an Ocean Optics USB4000
spectrometer.

P450cam crystallized in the absence of camphor or other distal heme ligands and at low
concentration of monovalent cations was observed in an open conformation characterized by
retraction of F and G helices and FG loop, and loss of order in the B’ helix and bound K*
(Figure 1A). The RMSD between the closed and open conformation was 1.8 A with the
greatest displacement at the FG loop (Figure 2), which showed a 9 A retraction relative to
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the closed camphor-bound state, while the F and G helices were displaced by about 5-6 A.
The FG loop showed well defined electron density (Figure 1B) and the large movements of
this segment were not associated with significantly increased B values (Figure 2). In
contrast, the B' helix, comprising residues 91 to 94, and the K* ion, were completely
disordered in the open camphor-free state.

Additional structures were solved to determine the individual roles played by camphor and
K* ion in the conformational state of the enzyme. The 1.5 A structure obtained from a
crystal grown in the absence of camphor but in the presence of 200 mM K* was essentially
identical to open state seen at low [K*], and did not result in increased ordering of the B’
helix, occupation of the K™ site, or closure of the active site channel (Figure 1B). A third
structure at 1.5 A of P450cam crystallized in the presence of 2 mM camphor and at low [K*]
was observed in a completely closed conformation (Figure 1,3), with well defined density
for camphor at the active site. In addition, electron density is observed at the K* binding site
of the B’ helix in spite of attempts to exclude monovalent cations during crystallization.
When the structural model was refined with a full occupancy of K* at the coordination site,
the Fo-Fc map showed negative electron density around the K*. Thus, the site might be
occupied by Na* or K* at lower occupancy. Nonetheless, this structure was essentially
identical to the previously reported structure of camphor bound enzyme (3, 4). We also
considered the possibility that soaking crystals of the open conformation in high
concentrations (8 mM) of camphor might reveal camphor bound to the open conformation.
However, no significant difference density was seen in the soaked crystals (data not shown),
indicating that that camphor has little intrinsic affinity for the open conformation.

The open camphor-free conformation results in a deep water filled channel, exposing the
substrate-binding site to solvent (Figure 3). At least 12 ordered water molecules are
observed within the open channel which are excluded in the closed camphor-bound state.
Included in this set of ordered waters are the distal heme-bound water responsible for
substrate induced spin-state conversion, and a water near the position of the “catalytic”
water observed in the Fe*2-0, complex (35,36) (Figure 4). Accommodation of this
“catalytic” water is possible due to the larger space in the distal cavity and a small rotation
of Thr-252 side-chain. The locations of these channel waters are distinct from those
previously observed to occupy the camphor site in the closed camphor-free form (18).
However, an unidentified small peak at 2 ¢ was seen at the camphor site that was too large
for a water and to small for camphor. Possible candidates for this density are Tris and -
mercaptoethanol from the original protein stock and the crystallization buffer. The smaller
B-mercaptoethanol fits better to the electoron density, but the identity of this peak remains
uncertain. Additional electron density was also observed at ~ 1 ¢ throughout the open
channel that may represent disordered solvent.

As shown in Figure 4, subtle structural differences between the open and closed
conformations extend to proximal heme face. Both the Arg112 and Leu358 side chains
move slightly toward the heme in the open conformation, making contact with the heme D
ring. Small changes were also seen in the geometry of the heme which shows increased
ruffling. The iron in the open conformation moves 0.7 A toward the heme plane and the
axial Cys ligand follows this movement. While the Fe-S bond length was refined to be ~0.05
A shorter in the open relative to the closed conformations (Table 2), this difference may be
within the uncertainty of refinement precision. Overall, these proximal changes are very
similar in nature to those seen in the L358P mutant which was proposed to mimic changes
induced by Pdx binding (37).

Spectra of frozen single crystals at 100K of P450cam crystallized in camphor-free, low [K*]
and in camphor-free, 200 mM [K*] conditions both exhibit o/ bands at 568 nm and 535 nm
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which are characteristic of the low-spin state expected from the observed water coordination
to heme (Figure 5). When these open-state crystals are re-dissolved in 50 mM Tris, pH 7.4,
they remain in a low-spin state, while addition of camphor (0.5 mM final) and K* (200 mM
final) to this solution causes conversion to high-spin, as seen by the significant attenuation
of the o/f bands, appearance of the charge transfer band at 645 nm and a shift of the Soret
from 418 nm to 393 nm (Figure 5). This shows that the open form of P450cam seen in the
crystal is capable of binding camphor to reversibly generate the closed camphor-bound state.
Finally, the ferrous CO complex produced from open state crystals re-dissolved in 50 mM
Tris, pH 7.4 without camphor or K* is observed to exist as a mixture of P450 and P420
forms, while addition of 0.5 mM camphor and 200 mM K™ to this sample of re-dissolved
crystals shows that it has converted to predominantly the P450 form (Figure 6).

DISCUSSION

A number of significant conclusions can be made from the simple observation that P450cam
crystallized in the absence of camphor exists in an open conformation.

The open conformation described here would appear to be at variance with the previous
report of the substrate-free structure which was observed in a closed conformation (18).
However, it is noted that this closed camphor-free structure was obtained by first
crystallizing the protein with DTT bound to the heme in place of camphor and subsequently
soaking DTT out of the crystals. As such, it is possible that the closed DTT bound
conformation was trapped by the crystal lattice, preventing its conversion to the open
conformation. Recently, a closed P450cam structure partially bound to camphor was
reported, but this crystal was also grown with excess DTT in addition to 1 mM camphor and
200 mM K™ (38). Consistent with this, we find in this study that crystals of the open
camphor-free protein, when soaked in excess camphor, fail to convert to the closed
conformation, which is observed when the same protein is crystallized in the presence of
camphor. Again, this suggests that crystal packing resists the conversion between open and
closed conformations.

The open camphor-free conformation is very similar to that observed when bound to large
tethered substrate analogs containing linkers that prevent simultaneous binding and closure
of the channel (23-25). The RMSD between the camphor-free structure reported here and
the most open of these tethered substrate bound forms is 0.5 A (Figure 7). The similarity of
these structures shows that the protein samples the same open conformation in the absence
of any substrate as when it is bound to the long tethered substrates, showing that the open
conformation is not the result of artificially forcing the channel open. Recent observations
suggest that CYP119 exists in multiple conformational states that depend on heme
coordinating inhibitors, and these multiple conformations persist even at saturating ligand
concentrations. This suggests that both ligand association and dissociation are governed by
protein conformational dynamics (39,40)

P450cam is the only P450 known to have a specific K* binding site in the B’ helix. K* has
been shown to enhance camphor binding by 10 fold (41), and to increase the stability of the
enzyme (22,42). However, crystallization in the presence of high [K*] alone does not induce
any change in the open conformation. This suggests that K* binding does not in itself
provide sufficient stability to reorder the B’ helix, and its presence alone is not sufficient to
drive closure of the active site channel in the absence of camphor. Thus the ordering of the
B’ helix and K* coordination appear driven by substrate binding. As the K* binding affinity
has been estimated to be very weak even in the presence of camphor (~ 10 mM) (41), we
initially assumed that two successive gel filtration steps would result in its removal from the
camphor bound state. However, the structure of P450cam crystallized in the presence of
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camphor and at low [K*] is observed in a closed conformation with the K* site partially
occupied, showing that a monovalent cation is still sequestered by the protein or scavenged
from the media. This suggests that camphor-driven closure of the substrate channel
accompanies cation binding and reordering of the B’ helix, and it thus provides a structural
explanation for the known synergistic effect of camphor and K* binding (41).

In spite of the hydrophobic nature of the exposed substrate binding channel in the open
conformation, at least 12 ordered waters and evidence for significantly more disordered
solvent molecules are seen in the open conformation of P450cam. This is consistent with the
previous report that the volume change induced by osmotic pressure involves reorganization
of approximately 19 waters during spin-state conversion (20).

Comparison of the open and closed conformations suggest that multiple small changes
propagate to the proximal region near the proposed Pdx binding site that may have
functional significance. These changes are very similar to those seen for the L358P mutant,
which mimics conformational dynamics seen upon Pdx binding (37,43). The L358P has 30
times higher binding affinity for Pdx than the WT P450cam (44), and hydroxylates camphor
using sodium dithionite as the sole reductant (45). Pdx binding has been shown to induce
changes in the spin-state (46) and electronic structure (47) of P450cam, and triggers trapping
of water molecules in the P450cam-Pdx complex (48,49). It has also been shown that Pdx
binding causes perturbations at the B’ helix (50) and cis-trans isomerization of the 11e88-
Pro89 peptide bond (51). Although we did not see such a transition of the 11e88-Pro89
peptide bond in the open-state crystal structures, given the similarity of changes near
proximal site between the L358P mutant and WT compared with the changes between the
open and closed form, it is possible that Pdx may modulate structural changes that are
coupled to the open-closed transition.

When crystals of the open conformation of P450cam are dissolved in the absence of
camphor and at low [K*] and converted to the ferrous CO complex, a mixture of P420 and
P450 species is seen, while addition of camphor and K* results in predominantly the P450
form. It is reported that high pressure reversibly converts P450 BM3 and CYP119 to a P420
form that is associated with a change in molecular volume and spin-state conversion (52,53).
For P450cam, intermediate pressure induces a spin-state change that is reversible but higher
pressure induces an irreversible conversion to P420 (54,55). However, a structural basis for
these changes has not been understood. Our results suggest that the open conformation
obtained by crystallization of camphor-free enzyme may be associated with a P420 form that
reverts to the closed P450 form upon binding substrate. It has been proposed that changes in
iron-cysteine coordination may be responsible for P420 forms (56-58), but it is unclear at
present if the slightly shorter Fe-S distance seen in the open conformations is significant in
this regard (Table 2).

The observation of an open conformation of P450cam unifies a developing consensus that
conformational dynamics plays an important role in substrate recognition for most if not all
P450s. Recent structural studies have also shown that substrate-free P450 EryK can exist in
both open or closed conformations in different salt conditions (8), and two monomers in the
asymmetric unit of substrate-free P450 PikC displayed alternate open and closed
conformations (9). In both cases, the open state resulted from a retraction of the F and G
helices similar to the changes seen for P450cam.

The structures reported here of P450cam in the presence and absence of camphor and K* ion
provide a new picture of substrate access and conformational mobility in this archetypal
enzyme. The active site of the closed camphor bound conformation is solvent inaccessible,
requiring a protein conformational change to allow substrate binding and product release.
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However, the previously reported structure of a camphor-free form was seen in a closed
conformation (18), and the only open forms observed for this enzyme have resulted from
binding of large tethered substrate analogs (23-25). This has given credence to the idea that
the substrate channel opens rarely on its own, or requires a secondary camphor binding site
on the protein surface as the initial step in a substrate induced mechanism of channel
opening (59).

In summary, it now appears that P450cam, along with many other members of the P450
family, displays a dynamic personality, and has revealed that the conformational space
sampled by the protein includes an open conformation allowing substrate access to the
buried active site.
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Figure 1.

Superimposed structures of the closed (PDB entry 3L63) and the open (PDB entry 3L62)
forms of P450cam. A) Stereo view of the two conformational forms showing B-values as
backbone tube thickness. Only the F and G helices and BC loop are colored. The closed and
open forms are shown in cyan and orange, respectively. A blue sphere shows K*. B) 2Fy-F¢
electron density map contoured at 1o of the FG loop for the open structure (PDB entry
3L62). The corresponding model is shown in orange, overlaid on the models for the other
open conformation (PDB entry 3L61) in magenta and the closed conformation (PDB entry
3L63) in cyan.
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Figure 2.

Per residue RMSD and B factor difference between the open and closed conformations of
P450cam. K* coordination residues are marked by red diamonds.
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Substrate free, open, low-spin

Figure 3.

Cross-section view of the solvent accessible surface calculated for the closed (PDB entry
3L63) and the open (PDB entry 3L62) forms of P450cam. Heme and camphor at the active
site are shown in red and green, respectively. Ordered waters seen in the channel are shown
as yellow spheres.
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Figure 4.

Movements of the heme and nearby residues in the open conformation (PDB entry 3L62)
relative to the closed form (PDB entry 3L63). The closed and open forms are colored in
cyan and orange, respectively. Camphor is only present in the closed form. Waters shown in
red are only present in the open form. In the closed camphor-bound state the heme is 5-
coordinate with only Cys357 as proximal ligand, while in the open conformations the heme
is 6-coordinate, with a distally coordinated water shown bound to the iron.
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Figure 5.

UV-Visible spectra of P450cam derived from open form crystals. Single crystal UV-visible

spectra at 100K of P450cam grown in camphor-free buffer 50 mM Tris, pH 7.4 and 200 mM
KCI (black dots) and grown in camphor-free buffer 50 mM Tris, pH 7.4 (gray dots). Spectra
are also shown for re-dissolved open-form crystals in 50 mM Tris, pH 7.4 (solid line) and in
50 mM Tris, pH 7.4, 200 mM KCI and 0.5 mM camphor (dashed line).
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Figure 6.

UV-Visible spectra of the ferrous CO complex for P450cam derived from open-form
crystals. The open-form crystals were dissolved in 50 mM Tris, pH 7.4 (solid line) or in 50
mM Tris, pH 7.4, 200 mM KCI and 0.5 mM camphor (dashed line) before conversion to the
ferrous CO complex.
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Figure 7.

Stereo view of the superimposed structures of P450cam in the substrate-free open
conformation (orange) (PDB entry 3L62) and the previously reported open state bound to a
tethered substrate (blue) (PDB entry 1RF9). Only the F and G helices and BC loop are
colored. The tethered substrate, adamantane-1-carboxylic acid-5-dimethylamino-
naphthalene-1-sulfonylamino-butyl-amide, is shown as a cpk model in blue. The most
significant difference in the structures is the increased disorder in the B’ helix for the
substrate-free form.
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Table 1

Data collection, refinement statistics and validation

Data set

camphor-free, low [K*]

camphor-free, 200 mM [K™]

camphor-bound, low [K*]

Data collection
wavelength (A)
unit cell (&)

space group
resolution range (A)
No. of total reflections
No. of unique reflections
Completeness (%)
Rimerge (%)
<I/s(1)>
Wilson B-value (A2?)
Refinement statistics
resolution range (A)
No. of reflections used
Free R reflections (%)
R/Rfree
rmsd bond length (A)
rmsd bond angle (deg)
Ramachandran analysis (%)
No. of residues in
favored regions
allowed regions
outlier regions

PDB entry

0.979
65.6, 73.5,91.9

P212121

49.0-1.70 (1.79-1.70)2
175296
49496
99.8 (99.9)
6.2 (41.7)
13.6 (2.9)
17.8

10-1.7
46706
5.0
0.190/0.224
0.0121
1.377

98.5
15
0.0

3L62

0.979
65.6, 73.8,92.4

P212121

46.2-1.50 (1.58-1.50)2
506840
72274
99.7 (100.0)
6.0 (54.1)
19.4 (3.9)
17.6

10-1.5
68435
5.0
0.197/0.216
0.0093
1.284

99.0
1.0
0.0

3L61

0.0979
35.4,98.2,54.2
B=103.9
P21

27.8-1.50 (1.58-1.50)4
211818
57384
100.0 (100.0)
6.6 (52.9)
12.8 (2.3)
14.2

10-15
54283
5.0
0.164/0.196
0.0096
1.407

98.5
15
0.0

3L63

a -
Data for the outermost shell are given in the parentheses
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Geometry around the heme of P450cam

Table 2

Structure camphor-bound, low [K*]  camphor-free, low [K*]  camphor-free, 200 mM [K™]
Fe-OH, (A) NA 2.25 217
Fe-S (&) 2.38 (2.37)8 2.31 2.33
Fe-NA (A) 2.07 (2.05) 2.02 2.04
Fe-NB (&) 2.04 (2.05) 2.04 2.01
Fe-NC (A) 2.08 (2.05) 2.04 2.07
Fe-ND (A) 2.11 (2.06) 2.05 2.05
2 NA-Fe-S (°) 100.4 (102.3) 96.9 96.8
2 NB-Fe-S (°) 90.1(92.3) 885 88.8
2 NC-Fe-S (°) 94.8 (93.9) 88.1 87.4
2 ND-Fe-S (°) 105.6 (103.5) 96.1 95.6

aData from structure of PDB entry 2CPP (4) is shown in parentheses.
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