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Abstract

The crystal structure of the P450cin substrate-bound nitric oxide complex and the substrate-free
form have been determined revealing a substrate-free structure that adopts an open conformation
relative to the substrate-bound structure. The region of the I helix that forms part of the O, binding
pocket shifts from a helix in the substrate-free form to a 1 helix in the substrate-bound form.
Unique to P450cin is an active site residue, Asn242, in the | helix that H-bonds with the substrate.
In most other P450s this residue is a Thr and plays an important role in O, activation by
participating in an H-bonding network required for O, activation. The 1/a | helix transition results
in the carbonyl O atom of Gly238 moving in to form an H-bond with the water/hydroxide ligand
in the substrate-free form. The corresponding residue, Gly248, in the substrate-free P450cam
structure experiences a similar motion. Most significantly, the oxy-P450cam complex Gly248
adopts a position midway between the substrate-free and -bound states. A comparison between
these P450cam and the new P450cin structures provides insights into differences in how the two
P450s activate O,. The structure of P450cin complexed with nitric oxide, a close mimic of the O,
complex, shows that Gly238 is likely to form tighter interactions with ligands than the
corresponding Gly248 in P450cam. Having a close interaction between an H-bond acceptor, the
Gly238 carbonyl O atom, and the distal oxygen atom of O, will promote protonation and hence
further reduction of the oxy-complex to the hydroperoxy intermediate resulting in heterolytic
cleavage of the peroxide O-O bond and formation of the active ferryl intermediate required for
substrate hydroxylation.

Cytochrome P450s catalyze the monooxygenation of a vast array of compounds described
by the following reaction:

RH+NAD(P)H+0,+H" — ROH+NAD(P)"+H,0

O, is cleaved with one oxygen atom ending up as water while the other is incorporated into
the substrate. Reducing equivalents originate from either NADPH or NADH via redox
partners and are sequentially transferred to the heme iron. O, binds the ferrous iron to form
the ferrous-oxy-complex, Fe(I1)-O-O or its equivalent, the ferric superoxide complex,
Fe(111)-O-O". Subsequent proton transfer and oxygen cleavage generate the compound |
species, Fe(1V)=0 and a porphyrin cation radical. The peroxy intermediates have been
characterized in P450cam by cryo-reduction/annealing and subsequent monitoring by
electron paramagnetic resonance and electron nuclear double resonance spectroscopies.t
Previously, the existence of compound I could only be inferred by analogy to peroxidases
and catalases.? However, Rittle and Green recently characterized compound | in CYP119.3
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While a reasonable picture of P450 oxygen activation has emerged,* how the oxy-complex
is activated by specific protonation of the leaving O atom and what role conformational
dynamics plays remain open questions. Recent oxy-complex crystal structures of P450cam
and P450eryF have been helpful in understanding how the oxygen complex is stabilized as
well as the probable source of protons necessary for O, cleavage.>”” In P450cam O, binding
is accompanied by enlargement of the active site and the appearance of two new waters with
one in position for proton delivery to the distal O, oxygen atom.” It recently has been
proposed® that the highly conserved Thr252 stabilizes the hydroperoxy intermediate, Fe(l11)-
OOH, where it most likely acts as a hydrogen bond acceptor. P450eryF is rare among P450s
since an Ala replaces the catalytically important Thr and P450eryF does not show P450cam-
like structural changes upon O, binding. P450eryF is thought to utilize substrate-assisted
catalysis where the substrate itself provides the OH group normally provided by the
conserved active site Thr.8

P450cin from the soil bacterium Citrobacter brakki catalyzes the regio- and stereo-selective
oxidation of cineole to (R)6-a-hydroxycineole as outlined below.®

P450cin is yet another outlier since it contains neither a Thr nor an Ala, but instead an
Asn242 at this position. An Asn242Ala mutant enzyme retains good activity and remains
50% coupled to substrate hydroxylationl® meaning that half of the NADPH derived
electrons are responsible for productive product formation while the remaining half futilely
reduce O, to H,0,. In addition P450cin does not use substrate-assisted catalysis.11 While
Asn242 is not essential for enzyme activity, it is critical for stereo and regio-selective
substrate hydroxylation.10 This is not unexpected considering Asn242 donates an H-bond to
the substrate ethereal oxygen and is likely important for proper substrate orientation.
Therefore, we do not expect P450cin to adopt the same way structurally to oxygen binding
as P450s that either retain the conserved Thr or utilize their substrates to functionally replace
the Thr. However, like all other P450s, proton shuttling to the dioxygen must either be
provided by water(s) not seen in the ferric substrate-bound structure2 or by a functional
group other than Asn242. Comparison of the P450cam-oxy and recent P450cam substrate-
free structures!® underscores the relationship between oxygen binding, active site solvent
structure, and conformational changes required for proton delivery. In all P450s structures
observed thus far, | helix residues contact both substrate and O,. In P450cam there are
substantial differences in the I helix between the substrate-free and -bound states.!® These
changes are also seen upon O binding in P450cam but to a lesser extent. The | helix
movement resulting from O, binding is about midway between that observed in the
substrate-free and -bound conformations. This shows that comparison of substrate-free and -
bound P450 structures can provide important clues as to the available flexibility that is
required not only for substrate binding but also for O, activation. In order to shed light on
the possible conformational changes available to a P450cin-oxy-complex, we will examine
and compare structural changes in the substrate-free P450cin crystal structure as well as the
ferrous-NO structure, a partial mimic of the oxy-complex.

Biochemistry. Author manuscript; available in PMC 2013 November 11.
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EXPERIMENTAL PROCEDURES

P450cam purification, crystallization, and data collection

P450cam was purified using an £. coli expression system and crystallized as previously
described.1* To prepare the ferrous-NO complex, crystals were transferred into an anaerobic
chamber and harvested into mother liquor containing 32% PEG4000 that had been
previously purged of oxygen by repeated vacuum and argon flushing. The crystals were then
transferred into cryo-protectant solution containing mother liquor and 15% glycerol. The
Fe(I11) heme center was reduced to Fe(ll) by stepwise addition of 1 mM, 5 mM and 10 mM
sodium dithionite. Crystals turned from brown to bright red within 5 minutes of this
treatment indicating reduction of the heme iron. NO-bound enzyme was prepared by
transferring the crystal to 0.25 mL of degassed cryo-protectant solution containing 5 mM
dithionite in a septum-sealed 5 mL serum vial. The vial was then brought out of the glove
box and purged with NO gas (15-psi gauge pressure) through the septum with venting for 20
minutes followed by non-venting for 5 minutes. After three cycles of this treatment 100 pl
of the cryo-protectant solution containing the crystal was transferred by pipette to a nine-
well depression plate cooled on ice. The crystal was then flash frozen as quickly as possible
in liquid nitrogen prior to data collection.

Diffraction data for the NO complex were collected using an in-house Rigaku Micromax
007HF rotating anode x-ray generator equipped with a Saturn 944+ CCD detector. Crystals
were kept frozen in a stream of -160 °C liquid nitrogen (Crystal Logic, Los Angeles, CA)
during data collection. The detector to crystal distance was 100 mm and the 28 angle was
-17°. Each data frame was 1° oscillation with 60 second exposures for a total of 180 frames
per data scan in w angle. Two data scans were collected at x angles of 15° and 30°. All data
frames were integrated, merged and scaled using d*TREK.1® Initial 2Fo-Fc and Fo-Fc maps
were calculated using rigid body refinement in Phenix.refine from the Phenix package.16
The initial model was taken from a previously published P450cam-CO structure that
exhibited identical unit cell dimensions (PDB ID: 1T87). Prior to further calculations the CO
coordinates were removed. The 2Fo-Fc map and atomic coordinates were iteratively
improved with model adjustment in the graphics program Coot!’ followed by restrained
coordinate and individual isotropic B-factor refinement with Phenix.refine. Initial rounds of
refinement were carried out without the NO ligand resulting in strong Fo-Fc density above
the heme iron in molecule B with a more modest effect in molecule A. NO was subsequently
added into molecule B but left out of molecule A as it appeared to be present with low
occupancy.

P450cin purification and crystallization
Details of P450cin purification are provided in the Supplementary material.

For crystallization of substrate-free P450cin, stock protein was thawed and diluted from 44.5
mg/mL to 34 mg/mL in cineole free buffer consisting of 50 mM KPi pH 7.4 and 50 mM
KCI. One pl of protein was mixed with 1 pl of well solution (100 mM Hepes pH 7, 14%
PEG 4000 and 80 mM MgCl») in sitting drop vapor diffusion Cryschem® crystal trays
(Hampton). Following a one-week incubation at room temperature, rod shaped crystals were
harvested and soaked in cryo-protectant solutions consisting of mother liquor and increasing
concentrations of ethylene glycol (5%, 10%, 15%, and 20%). The crystals were flash cooled
and stored in liquid nitrogen prior to data collection. It should be noted that 750 uM cineole
was carried along throughout purification yet substrate-free P450cin crystallized. However,
cineole was present at sub-stoichiometric amounts since the concentration of enzyme in the
crystallization drops ranged from 0.8-1.0 mM so substrate-free enzyme should dominate.

Biochemistry. Author manuscript; available in PMC 2013 November 11.
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Even so the presence of cineole was essential for crystallization so cineole must have been
serving as an additive that assisted with crystallization.

For substrate-bound P450cin crystal growth, stock protein was thawed and diluted from 42
mg/mL to 25 mg/mL in 50 mM Tris pH 7.5, 20 mM NaCl and 1 mM Cineole. Sitting drop
vapor diffusion crystal trials were set up in Cryschem® crystal trays with 1:1 protein to well
solution ratio (6-9 % PEG 3350, 100 mM BisTris pH 6.2, 100 mM lithium sulfate, 5 mM
cineole). After a four-day incubation period at room temperature well defined thick plates
were harvested and transferred into cryo-protectant solutions consisting of mother liquor
with 12% PEG 3350 and increasing concentrations of glycerol (5%, 10%, 15%, and 20%).
As above the crystals were flash cooled and stored in liquid nitrogen.

P450cin data collection and refinement

Data from the substrate-free and substrate-bound crystals were collected at the Stanford
Synchrotron Radiation Lightsource (Menlo Park, CA, USA) on beam line 9-2 using a
Mar325 CCD detector. Data were integrated with Denzo and scaled with Scalepack from the
HK L2000 suite.16 Phasing was accomplished by molecular replacement using Phaser!8 in
the CCP4 suite!® using a substrate bound P450cin structure (PDB code: 1T2B) as a search
model. Molecular replacement was necessary for phasing in both cases due to the space
group (P1) difference for the substrate-free structure and large changes in unit cell
dimensions for the substrate-bound structure. In both cases refinement was carried out with
non-crystallographic symmetry (NCS) restraints in the early stages of refinement, individual
coordinate refinement as well as hydrogens added in the riding positions using Phenix.refine
from the Phenix package.1® The large data to parameter ratio enabled anisotropic B-factor
refinement for all atoms in the substrate-free structure while waters were refined
isotropically. Large changes in the F and G helices and B-C loop compared to the substrate
bound structure resulted in discontinuous electron density for parts of these regions.
Multiple rounds of refinement and model building in the graphics program, Coot,20 along
with an averaged “kicked” 2mFo-DFc map calculated in Phenix.refine brought more clarity
to these regions. Despite these improvements, a portion of the B-C loop remained disordered
in all four chains (Table. 1). In the final rounds of refinement the substrate-free model was
polished by automated optimized weighting between x-ray target stereochemistry and x-ray
target ADP weights.

P450cin-NO complex

Substrate-bound crystals were transferred into an anaerobic chamber and harvested into
mother liquor containing 12 % PEG3350 that had been previously purged of oxygen. Five
mM cineole was added from a degassed 1 M stock as it has a tendency to evaporate from the
mother liquor during degassing. The crystals were then transferred into cryo-protectant
solutions containing mother liquor and increasing concentrations of PEG400 up to 30% in
nine incremental steps over the course of 3 hours. The Fe(l11) heme center was reduced to
Fe(I1) by addition of 1 mM and 5 mM sodium dithionite. Due to crystal cracking dithionite
was not added to the soaking solutions until the PEG400 concentration reached 15%. The
NO-bound P450cin crystal was prepared exactly analogous to that of P450cam described
above.

Diffraction data for the P450cin-NO complex was collected in house as described for
P450cam with the following exceptions. The 26 angle was -15° and exposure time was 30
seconds per frame while the x angles were 0° and 30°. The data were integrated, merged and
scaled using HKL.2000.21 Molecular replacement was accomplished using Phaser!8 as
described above. TLS (translation/ libration/screw) refinement using NCS restraints and
isotropic B-factors was carried out using Phenix.refine.16 NO was not included in the first
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round of refinement resulting in a large Fo-Fc density above the heme iron. All subsequent
rounds of refinement included NO.

Stopped flow spectroscopy of the P450cin-oxy-complex

One mM P450cin was reduced in an anaerobic glove box by titrating with a 100 pM
solution of dithionite and diluted with buffer in an anaerobic cuvette to generate a Soret peak
shift from 392nm to 411nm indicative of P450 heme iron reduction. Absorbance changes
associated with oxygen binding to the P450 ferrous iron center were recorded as a shift from
411nm (reduced) to 418nm (oxygen bound) in a SX.18MV stopped flow apparatus (Applied
Photophysics) by rapid mixing of the reduced P450cin with an oxygen saturated buffer. One
syringe was filled with 20 pM reduced P450cin in deoxygenated buffer (50 mM KPi, pH
7.4, 50 mM KCI, 2 mM cineole, 10 U/mL catalase, 20 U/mL glucose oxidase and 1 mM
glucose). The second syringe contained oxygen saturated buffers without P450cin or oxygen
scrubbers. The photodiode array rapid spectral scans were taken for 2 and 10 seconds and
plotted in Igor Pro (WaveMetrics, Inc.). A 4 °C water bath pumped cold water into the
mixing chamber throughout the experiment.

Results and Discussion

Spectroscopic visualization of a transient P450cin ferrous iron oxy-complex

In order to visualize any potential structural changes required for oxygen activation in
P450cin, the P450cin-oxy complex structure is highly desirable. Our ability to capture the
oxy-complex in a crystal depends on its inherent stability. Therefore, it was important to
determine the stability of the P450cin-oxy-complex in solution before attempting to trap it in
a crystal. Unfortunately, diode array stopped flow experiments revealed that the instability
of the P450cin oxy-complex was likely to present a serious challenge in trapping this
intermediate. As seen in Fig. 1, there is a clear Soret peak shift from 410nm to 418nm
immediately after mixing Fe(ll) P450cin with oxygen. This shift indicates formation of the
ferrous-oxy-complex similar to other P450s. However, the ferrous-oxy-complex rapidly
auto-oxidizes back to Fe(I11) within 10 seconds as evidenced by the Soret shift to 392nm.
This instability coupled with many failed attempts at trapping the oxy-complex in crystals
led us to pursue complexes with other diatomic ligands such as NO and cyanide.

P450cin-NO complex

Molecular oxygen contains 12 valence molecular orbital electrons giving the following
molecular orbital configuration with a net bond order of 2:

(02s)2(U*2s)2(‘72PZ)2(7T2PX)2(7T2py)2(7r2pX*)1(Wpr*)l

When oxygen binds the ferrous heme iron the expected ¢ bond is donated from the lone pair
of the ligand to the empty iron dz2 orbital. However, the strength and geometry around the
Fe-X-O bond is in large part determined by overlap between the antibonding m* orbitals of
the diatomic ligand and the iron dm orbitals (Fig. S1). This phenomenon is known as ‘1t
back-bonding’, with electrons being donated from the metal to the ligand * orbitals. The
bending angle between the iron and ligand depends on how many electrons in the complex
are filled in the ligand m* orbitals?2. While the bending angle between ferrous iron and
oxygen has been shown to be approximately 120 degrees with two electrons filling the two
m* orbitals, in the CO complex the m* orbitals are empty and thus Fe-CO is in a linear
arrangement. Nitric oxide binding represents an intermediate between these two with only
one electron in its * orbitals. Therefore, NO is the best alternative geometric mimic for the
oxy-complex.

Biochemistry. Author manuscript; available in PMC 2013 November 11.
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The NO P450cin complex crystallized in space group P2; with two molecules in the
asymmetric unit. Scaling and refinement statistics for this complex as well as other
structures presented here are described in Table 1. Both molecules exhibit well defined 2Fo-
Fc density just above the heme iron as illustrated in Fig. 2A. The Fe-N-O bond angle and
Fe-N bond length refine to 138° and 1.9A, respectively. These values closely agree with
experimental model heme derivative NO compounds?? as well as NO bound NOS
structures.23 In P450cin NO is bound in a bent orientation leaning towards the I helix. An
overlay of the ferric structure and ferrous-NO complex shows that there is very little change
in active site structure with the exception of the substrate. In order to avoid a steric clash the
substrate, 1,6-cineole, rotates away from NO using the ethereal oxygen as a pivot point. This
movement avoids a potential clash with NO while maintaining a hydrogen bond with the
catalytically important Asn242 (Fig. 2A).

Asn242 protrudes into the active site and is limited in its range of motion by hydrogen
bonding with the ethereal substrate oxygen. These restraints cause the NO to bend in the
opposite direction from the large and conformationally restrained Asn242 side chain. This is
the opposite of what is seen in P450cam-oxy structure where O, bends toward Thr252. Of
course O, binding in P450cam is also accompanied by significant changes in the I helix and
a rearrangement of solvent structure.: 7 We therefore solved the P450cam-NO structure as a
control to validate our justification for extrapolating conclusions drawn for the P450cin-NO
structure to a P450cin oxy-complex. Only one of the two molecules in the asymmetric unit
exhibits good electron density for NO. Even here the electron density is not as sharp and as
well defined as in P450cin which precludes a precise determination of iron-NO bond
parameters. Even so NO clearly bends toward Thr252 (Fig. 2B). As is the case with the
P450cin-NO structure, there is no | helix rearrangement observed in the P450cam-NO
structure and the only significant change is a rotation of the substrate, camphor, away from
the NO ligand (Fig. 2B). However, in P450cam the NO ligand bends toward Thr252 while it
bends away from Asn242 in the P450cin-NO structure. There is little doubt that this results
from the larger Asn242 side chain compared to Thr252 and Asn242 being restrained from
much motion owing to the H-bonding interaction with the substrate. Thus the NO must
rotate about 90° away from Asn242 relative to the position of NO in P450cam. Despite not
exhibiting the oxy-P450cam | helix rearrangement, the NO ligand in P450cam-NO structure
bends in the same direction as the dioxygen in the O, complex. This shows that the
P450cam-NO complex can provide an excellent geometric mimic of the oxy-complex even
if it falls short of eliciting the O,-induced I helical changes. Therefore, it is not unreasonable
to speculate that in the P450cin oxy-complex O, also bends in the same direction as in the
P450cin-NO complex. This would place the distal O, oxygen atom in a quite distinct
position from that found in P450cam suggesting differences in the O, activation process.

Federov et al?4 have shown that the P450cam-cyanide complex is a good mimic of the O
complex resulting in the same changes in the | helix and solvent as does O,. A cyanide
complex, therefore, has the potential to act as an excellent mimic of a P450cin oxy-complex.
We therefore attempted to prepare the P450cin-cyanide complex. Unfortunately, adding
excess cyanide resulted in an increase in pH that was not tolerated by our crystals. Lower
concentrations (up to 30 mM) failed to show cyanide binding to the heme iron.

In the absence of an oxy-complex we cannot directly visualize P450cin structural changes
induced by O, binding. However, a handful of substrate-free P450 crystal structures have
revealed large range of motions available to P450s13: 25-27 that are relevant to oxygen
binding. All of these structures exhibit an ‘open’ conformation in which a large retraction of
the F and G helices and B-C loop opens the active site to solvent. In P450cam the I helix
moves closer to the heme iron enabling the Gly248 carbonyl oxygen to H-bond with the
axial water ligand.13 In the P450cam-oxy-complex the Gly248 carbonyl is midway between

Biochemistry. Author manuscript; available in PMC 2013 November 11.
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its position in the substrate-bound and -free structures about 3.1 A from the distal O atom in
dioxygen.> 7 I, as we expect, P450cin experiences a similar motion then it is important to
determine the structure of the substrate-free open conformation of P450cin.

Substrate-free P450cin

The first hint of an open P450 conformation was the P450BM3 heme domain, substrate-free
and —bound crystal structures.?8 It was postulated that these structures represent snapshots of
the equilibrium between open (substrate-free) and closed (substrate-bound) structures. Since
then, this view has been confirmed in P450cam by crystallizing a range of substrate
analogues with varying linkers that effectively map the transition between open and closed
states.13 29 Recent kinetics with P450eryK illustrate that a mixture of open and closed
conformations are likely present in solution.26 We will see that the P450cin open structure
displays a greater degree of movement than was initially seen for the open structure of
P450BM3 heme domain crystal structure and more recently for P450cam.13. 28

The difference between the open and closed P450cin structure is illustrated in Figs. 3 and 4
and is dominated by changes in the F and G helices and B-C loops. In Fig. 4 the RMSD
between Ca carbons for the open and closed structures have been plotted using Lsgkab as
implemented in CCP4 for both P450cin and P450cam (PDB ID: 2CPP). For both enzymes
the greatest deviations between substrate-bound and substrate-free structures occur in the B-
C loop, F and G helices and the | helix. As is the case with P450cam, retraction of the B-C
loop and F and G helices result in an opening up of the enzyme to solvent. However,
P450cin shows a greater deviation in the hinge region of the H helix and H-1 loop. Amino
acids 82-85 (analogous to the B’ helix in other P450s) become completely disordered as the
B-C loop pulls out of the active site in the substrate-free structure. Tyr81 is buried deep in
the active site in the substrate bound structure where it participates in a water bridged H-
bonding network that includes Asp241, Asn242, and the substrate (Fig. 5). This hydrogen
bonding network may help to shield the active site from solvent. Although some of the
atoms in the Tyr81 side chain are disordered, there is strong 2mFo-DFc density for the Ca
atom with a B-factor of 31.4 A2, In the substrate free structure the Tyr81 Ca moves 7.4 A
toward the surface. This widening of the active site opens up a well-defined solvent channel
in the substrate-free structure (Fig. 3).

For the purposes of our current discussion it is instructive to take a closer look at the
changes occurring in the | helix. In both P450cin and P450cam structures the | helix displays
similar changes in going from substrate-free to the substrate-bound state with a modest
RMSD of about 0.7A. However, both structures also exhibit much larger differences near
the active site. For P450cin the Ca carbon movements for Gly238 and Gly239 are 3.6 and
3.3A, respectively, compared to 2.6A and 2.1A for Gly248 and Gly249 in P450cam. In
substrate-bound P450cin Gly238 and Gly239 participate in fairly long m-helical H-bonds
with distances of 3.1A for Gly238 to Thr243 and 3.3A for Gly239 to Ala244. This unique
hydrogen bonding pattern in P450cin is enabled by a flipping out of the 11e240 carbonyl so
that it does not participate in normal a-helical hydrogen bonding thus allowing Gly238 and
Gly239 to form a m-helix (Fig. 6A). Conversely, in the substrate-free structure 11240 and
Gly239 participate in normal a-helical hydrogen bonds while the carbonyl O atom of
Gly238 reorients to H-bond with the water coordinated to the heme iron (Fig. 6B). In effect,
the transition to an a-helix in the substrate-free structure causes a screw-like rotation
bringing Gly238 closer to the heme. An overlay of the P450cin NO-complex with the I helix
from the substrate-free structure illustrates the kind of conformational change that is likely
to occur in the oxy-complex (Fig. 7). In the open structure the Gly238 carbonyl hydrogen
bonds with the water/hydroxide ligand but could conceivably interact with the distal atom of
the bound dioxygen much the same way as Gly248 in P450cam. The analogy between the
P450cam oxy-complex and the P450cin oxy-complex is further illustrated in Fig. 8 where

Biochemistry. Author manuscript; available in PMC 2013 November 11.
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we can see similar movements for Gly238 (P450cin-open) and Gly248 (P450cam-oxy). In
oxy-P450cam the Gly248 carbonyl is close enough to H-bond to both an active site water
and a hydroperoxy-complex (Fig. 8A). In Fig. 8B, a similar movement for Gly238 in
P450cin substrate-free structure can be seen overlaid on the P450cin-NO complex.

M-helices are rare in proteins since they are not as stable as a-helices and often have
functional significance. There are other examples where the ability to transition between a
- and a-helix is an effective way to accommodate substrate binding. In soluble methane
monooxygenase, this characteristic allows a Thr that would be involved in a steric clash
upon substrate binding to rotate 50° away from the potential clash.30 Likewise, in
cytochrome c oxidase, a two-residue m-helix allows a carbonyl group to rotate perpendicular
to the helix axis and participate in hydrogen bonding between chains.3! Thus, the ability to
transition between an a-helix and even a short m-helix can bestow dynamic flexibility near
an active site. It is tempting to speculate that the role of the m-helix in P450cin is for proper
positioning of Asn242 for interaction with its substrate. However, this is unlikely since the
Ca position of Asn242 does not substantially deviate between the substrate-free and -bound
conformations. It is more likely that the a/m helical switch is required for setting up proton
delivery to dioxygen.

Although mt-helices are less stable, the a-helical backbone hydrogen bonds are weak, all with
distances of greater than 3A near the active site, which should substantially lower the energy
barrier between the o/m transition. A P450cin | helix with idealized a-helical geometry near
the active site would greatly restrict the ability to undergo conformational changes near the
active site. P450cam does not have mi-helices but solves this problem in another way. In the
ferric substrate-bound state the a-helix is completely disrupted near the active site with the
Gly248 carbonyl forming a hydrogen bond with the Thr252 side chain. Upon oxygen
binding Thr252 and Gly248 move apart providing room for the catalytic waters involved in
proton transfer.

Relevance to O, Activation

A peculiar feature of P450cam is that cyanide, not CO or NO, is able to induce the same
changes in the | helix and local solvent structure as O,. This has been attributed to both the
distal O atom of dioxygen and N atom of CN- carrying a negative charge24 so the
electrostatic properties of O, and CN- more closely match each other than they do with NO
or CO. The opening of the | helix when O, or CN- binds enables a water to move into
position to H-bond with the ligand thus establishing the H-bonding network required for
proper protonation of the distal O atom in dioxygen. As noted, this change is half way
between the substrate-bound and -free conformations. The H-bond donor-acceptor
relationship between this water and neighboring protein groups indicates that the water
would serve as an H-bond donor to the N atom of CN- and the distal O atom of O,. Since O,
is thought to bind as superoxide, Fe(l11)-OO-, this water would be in a position to help
“solvate” the negative charge on the O, and CN". Thus the energetic incentive for the I helix
conformational change is to establish H-bonds with the O, or CN- ligand. Because the oxy-
P450cam | helix moves toward the substrate-free conformation we can anticipate that a
similar change occurs in P450cin. This would open up the | helix allowing water to enter the
active site and H-bond with O,. The unique feature of P450cin compared to P450cam is the
switching between a m-helix near the O, binding site in the substrate-bound structure and an
o-helix in the substrate-free structure. This difference is due in part to the Thr252/Asn242
difference in P450cam and P450cin, respectively. It thus appears that the I helix region of
P450s is quite adaptable and solves the problem of O, activation in subtly different ways
depending on the requirements of substrate binding. The most important common feature in
P450cam and P450cin is that the Gly248/Gly238 peptide carbonyl O atom moves into a
more substrate-free-like position in order to accept an H-bond from the ligand although the
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range of motion available to P450cin is larger than that to P450cam. This should help to
promote protonation of the distal O atom of O, thereby stabilizing the hydroperoxy
intermediate. This stabilization would further promote the second protonation step followed
by heterolytic cleavage of the O-O bond to give the active ferryl intermediate.

Finally, the interaction between Gly238 and O, may be especially important in P450cin. As
noted earlier the orientation of the NO ligand and, by analogy the O ligand, is quite
different in P450cam and P450cin owing to the larger Asn242 side chain in P450cin
compared to Thr252 in P450cam. In P450cin the O atom of NO is oriented closer to the
Gly238 peptide carbonyl than to Gly248 in P450cam suggesting that Gly238 may form a
closer and thus stronger H-bonding interaction with the hydroxperoxy intermediate in
P450cin. The observation that the range of motion available to Gly238 in P450cin is larger
than that to Gly248 in P450cam also suggests a possibly tighter interaction between Gly238
and the iron-linked dioxygen. The greater flexibility of the I helix in P450cin thus may be a
requirement to enable optimal interactions between Gly238 and the hydroperoxy
intermediate since P450cin has no nearby side chain (i.e. Thr252 as in P450cam) to serve
this function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IPTG isopropyl -D-1-thiogalactopyranoside

NADH nicotinamide adenine dinucleotide

NADPH nicotinamide adenine dinucleotide phosphate

NO nitric oxide

NOS nitric oxide synthase

PEG poly(ethylene glycol)

PM SF phenylmethanesufony! fluoride

RMSD root-mean-square deviation

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
Tris tris(hydroxymethyl)aminomethane
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Figure 1.

Stopped flow absorption spectra showing oxy-P450cin complex formation. One syringe
contained deoxygenated 20 yM P450cin in 50 mM KPi, pH 7.4, 50 mM KCI with oxygen
scrubbers. The other syringe contained only oxygen saturated buffer. Upon mixing, the Soret
peak of reduced P450cin (red) immediately shifts from 411 nm to 418 nm (black).
Autooxidation to Fe(l11) occurs rapidly with a Soret peak shift to 392 nm (blue). The
oxidized spectrum was recorded 10 seconds after mixing so the lifetime of the oxy-complex
is extremely short.
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A.P450cin B.P450cam

Figure2.

The P450cin-NO and P450cam-NO complexes are illustrated in green with the 2DFo-mFc
map colored grey and contoured to 10. The substrate, cineole, from the ferric structures is
overlaid and colored yellow.
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A. P450cin substrate-free B. P450cin substrate-bound

Figure 3.

(A) The P450cin substrate-free and (B) -bound structures. The cartoon representations are
viewed directly above the heme plane with regions involved in movement colored yellow
for substrate-free and green for substrate-bound. The surface representations are viewed
along the heme edge. In the substrate-free structure, the substrate access channel opens up
and is lined with solvent (yellow spheres).
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Figure 4.
The Ca RMSD’s between substrate-bound and -free structures were calculated with Lsqgkab

and plotted vs. residue number for both P450cin (red) and P450cam (blue).
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A. P450cin substrate-bound B. P450cin substrate-free

Figureb.

(A) The substrate bound ferric P450cin structure is depicted with active site waters colored
as blue spheres and key residues illustrated in yellow. Black dashes represent hydrogen
bonding and coordination interactions. (B) The open substrate-free structure with all solvent
removed except for the water coordinated to the heme iron.
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A. P450cin I-helix B. P450cin I-helix
substrate-bound substrate-free

Figure®6.

Substrate-bound (A) and —free (B) I helix main-chain atoms are shown as green and yellow
sticks. Residues of interest are colored yellow and hydrogen bonds are depicted by black
dashes. The heme is depicted as black sticks with the iron colored red and the water nearest
the iron colored blue.
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Figure7.

The | helix of NO-P450cin (green) has been superimposed with a portion of the substrate-
free | helix (transparent). The heme is colored salmon while NO is depicted as red and blue
spheres just above the iron (orange).

Biochemistry. Author manuscript; available in PMC 2013 November 11.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Madrona et al. Page 19

A. P450cam-oxy B. P450cin-NO and substrate-free

substrate-free water

Figure8.

(A) The P450cam oxy complex active site is colored yellow and the heme colored white.
The oxygens and water are represented by red spheres. Hydrogen bonds are drawn as black
dashes. (B) NO-P450cin (green) is overlaid with substrate-free P450cin (yellow). Both the
heme and substrate are colored white. The NO complex is represented as red and blue
spheres just above the heme iron. The water coordinating the heme iron in the substrate-free
structure is not shown.
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Table 1

Scaling and refinement statistics for P450cin substrate-bound and substrate-free crystal structures as well as
P450cin-NO and P450cam-NO ligand complexes.
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Data set P450cin substrate-free | P450cin substrate-bound | NO-P450cin | NO-P450cam
Radiation source SSRL 9-1 SSRL 9-2 Saturn 944 | Saturn 944
Space group P1 P2, P2, | P2,
Unit cell dimensions (a,b,c) (A), 60.38, 83.91, 88.19 57.55, 69.26 64.18, 68.44, 104.05 | 67.55, 62.27, 95.49
o, B,y) (°
@B ) 96.81, 96.39, 89.94 122.61
B=97.14 B=95.79 3=190.06

Resolution Range (A) (highest

50-1.37 (1.39-1.37)

50-1.55 (1.58-1.55)

50-2.32 (2.40-2.32)

33-2.20 (2.28-2.20)
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shell) | | |
Wavelength (A) | 0.98 | 1.00 | 1.54 | 154
Total observations | 1,334,749 | 445,389 | 187,358 | 120,887
Unique reflections (highest shell) | 343,124 (16,728) | 136,152 (6,791) | 37,894 (3,636) | 39,581 (8,897)
Completeness (%) (highest shell) | 95.7 (93.1) | 99.2 (99.7) | 97.1(93.9) | 97.6 (92.7)
Reym (highest shell) | 081 (0.571) | 074 (0.583) | 071 (0.213) | 075 (0.356)
<l/o> (highest shell) | 324 (2.3) | 20.0 (2.1) | 19.8 (5.7) | 9.6 (2.2)
Redundancy (highest shell) | 3.9(32) | 3.3(3.3) | 5.0 (4.0) | 3.0(2.4)
B factor, Wilson plot (A?) | 15.3 | 17.1 | 30.1 | 32.6
Reflections used in refinement | 343,124 | 136,152 | 37,862 | 39,561
Resolution range (A) used in 41.7-1.37 35.0-1.55 36.0-2.32 33.0-2.20
refinement
No. of protein atoms fit | 12,573 | 6,358 | 6,358 | 6,403
No. of heteroatoms fit | 197 | 121 | 112 | 114
No. of waters fit | 1,864 | 1,061 | 347 | 409
Unmodeled residues Ch. A; 1, 82-85, 404 Ch.A;1 Ch.A; 1 Ch. A; 1-7
Ch. B; 1, 82-85, 404 Ch.B; 1 Ch.B; 1 Ch. B; 1-10
Ch. C; 1, 81-85, 404
Ch. D; 1, 82-85, 177-179,
404
Ruork % | 136 | 17.2 | 195 | 20.7
Riree % | 16.7 | 22,0 | 25.0 | 26.3
RMSD Bond length (A) | 012 | 006 | 011 | 007
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Data set | P450cin substrate-free | P450cin substrate-bound | NO-P450cin | NO-P450cam
RMSD Bond angle (°) | 1.416 | 1.222 | 1.172 | 1.227
Observation/parameter | 251 | 1.98 | 1.41 | 1.43
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