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Abstract
Prostacyclin synthase (PGIS) is a member of the cytochrome P450 family in which the oxyferrous
complexes are generally labile in the absence of substrate. At 4 °C, the on-rate constants and off-rate
constants of oxygen binding to PGIS in solution are 5.9 × 105 M

−1 ·s−1 and 29 s−1, respectively. The
oxyferrous complex decays to a ferric form at a rate of 12 s−1. We report, for the first time, a stable
oxyferrous complex of PGIS in a transparent sol–gel monolith. The encapsulated ferric PGIS retained
the same spectroscopic features as in solution. The binding capabilities of the encapsulated PGIS
were demonstrated by spectral changes upon the addition of O-based, N-based and C-based ligands.
The peroxidase activity of PGIS in sol–gel was three orders of magnitude slower than that in solution
owing to the restricted diffusion of the substrate in sol–gel. The oxyferrous complex in sol–gel was
observable for 24 h at room temperature and displayed a much red-shifted Soret peak. Stabilization
of the ferrous–carbon monoxide complex in sol–gel was observed as an enrichment of the 450-nm
species over the 420-nm species. This result suggests that the sol–gel method may be applied to other
P450s to generate a stable intermediate in the di-oxygen activation.
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Cytochrome P450 (P450) contains a thiolate-ligated heme and catalyzes the hydroxylation,
epoxidation, dealkylation, C–C bond scission, dehalogenation and isomerization of a plethora
of organic compounds. Typical P450 catalysis involves an oxyferrous intermediate

 that is derived from the di-oxygen binding to the reduced heme iron
to initiate the catalytic cycle. The resultant oxyferrous complex is very labile, accepting an
electron to elicit the di-oxygen bond scission and producing the iron-oxo species for ensuing
reactions, or auto-oxidizing to form the ferric hemoprotein and superoxide anion radical [1].
A method for capturing the intermediate oxyferrous complex is needed to understand P450 di-
oxygen activiation in greater detail. Researchers have sought to characterize the
thermodynamic and kinetic aspects of this intermediate [2], with the subzero temperature
technique being the most widely used approach [3–6]. This procedure slows reaction rates to
trap the intermediate within the multiple-step reaction system. For example, Eisenstein et al.
stabilized the oxyferrous complex of P450cam below −30 °C using a mixed organic solvent
system [4]. In the presence and absence of the substrate, the half-life of the oxyferrous complex
was 48 and 2.5 h, respectively. Buffer system selection is crucial for this method. Bec et al.
obtained the oxyferrous complex of P450BM3 under an argon atmosphere at −25 °C in the
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presence of 50% glycerol [7]. Perera et al. also reported the oxyferrous complex of P450BM3
at −55 °C using a glycerol/buffer (70 : 30, v/v) cryosolvent [8]. This low-temperature method
can also be used to study subsequent reactions by slowly increasing the temperature [9].
Although the formation of stable oxyferrous complexes can be accomplished by cryotechnique,
it is uncertain whether the enzyme behaves in the same manner in the cryosolvent as in an
aqueous environment. Additionally, cryotechnique is difficult and sometimes cumbersome.

Proteins encapsulated in transparent sol–gel-derived silica glasses have been shown to retain
their spectroscopic properties and to undergo characteristic reactions, making them suitable
for optical spectroscopic studies [10]. The sol–gel technique has been applied to many
hemoproteins, such as myoglobin [11–14], hemoglobin [11,15–18], cytochrome c [11,19,20]
and horseradish peroxidase [21,22]. These entrapped proteins were remarkably stable at room
temperature and maintained their protein structures, functional activities and spectroscopic
properties. The reaction chemistry of the encapsulated enzymes was analogous to that in
solution except that the observed rate constant was markedly impeded as a result of diffusional
limitation of the reactant. Some transient conformers of the encapsulated hemoglobin and
myoglobin were trapped [12,16,23,24]. The reaction intermediates of the encapsulated
horseradish peroxidase were characterized at ambient temperature [21]. Although the
diffusional limitation inside the porous network (in the case of monoliths) remains an intrinsic
obstacle to studying enzymatic intermediates, future developments, such as sol–gel-derived
thin films, may allow the use of this technique for broader applications [25]. To date, however,
the sol–gel technique has been rarely applied to the study of P450.

Prostacyclin synthase (also known as prostaglandin I2 synthase; PGIS; EC 5.3.99.4) is located
in the membrane of the endoplasmic reticulum and is a downstream enzyme in the
prostaglandin synthesis pathway. Unlike other microsomal P450s, PGIS needs neither an
oxygen molecule nor an external electron donor for catalysis. In contrast, it catalyzes an
isomerization reaction that converts prostaglandin H2 to prostacyclin, a potent regulator of
antiplatelet aggregation and vasodilation. Although PGIS is an atypical P450 with respect to
the catalytic reaction, it retains the P450 characteristics of electronic absorption, EPR and
magnetic CD spectra [26]. The resting enzyme has a typical low-spin heme with a hydrophobic
active site and uses peroxides to bypass the di-oxygen requirement in the ‘peroxide shunt’
reaction [27]. Its crystal structure closely resembles those of other P450s, exhibiting the typical
triangular prism-shaped tertiary architecture [28]. Unlike most microsomal P450s, which bind
various sizes and shapes of ligands, PGIS has only a few known heme ligands [29]. We have
previously developed a heterologous expression system for human PGIS [26]. The availability
of a large quantity of homogeneous recombinant PGIS makes it a suitable tool for using to
study general P450 features. We chose PGIS for developing the sol–gel method to study P450
enzymes, not only because it has many soluble P450 features but also because it is a membrane-
bound P450 and thus may represent microsomal P450s, which are involved in the clearance of
most drugs and toxins in humans [30]. In this study, we applied a sol–gel method and
demonstrated that entrapped PGIS maintained its spectral features, ligand-binding capabilities
and functionality. We also showed that the oxyferrous complex of PGIS in a wet transparent
porous silica glass was greatly stabilized in comparison with that in solution, thus establishing
the potential of this technique for stabilizing otherwise transient intermediates in the P450
reaction.

Results and Discussion
Formation and decay of oxyferrous PGIS complex in solution

Upon reduction of the ferric PGIS heme by dithionite, the Soret peak was blue-shifted from
418 to 412 nm, accompanied by a decrease in intensity, whereas the Q band (a collective term
for the α and β bands), with an α-band peak at 570 nm and a β-band peak at 537 nm, was
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replaced with a broad peak at around 550 nm [26]. When the reduced sample was exposed to
oxygen, an absorption spectrum of the re-oxidized sample showed the features of the resting
enzyme (i.e. a Soret peak at 418 nm and discrete α bands and β bands at 570 and 537 nm,
respectively (data not shown), whereas loss of < 5% of the original heme was observed.
However, the reduction/oxidation cycle caused no significant loss of enzymatic activity,
indicating that the reduction/oxidation cycle of PGIS is a reversible process. This finding is
commonly observed in P450s, in which the oxyferrous complex is transient. To examine
whether the oxyferrous complex of PGIS is also transient, rapid-scan stopped-flow
spectroscopy was performed by mixing ferrous PGIS with air-saturated buffer at 23 °C. The
first spectrum recorded after mixing (~ 2.5 ms) had the Soret peak at 420 nm and the Q band
exhibiting the maximum at 556 nm and the shoulder at 530 nm (data not shown), similar to
most oxyferrous complexes of P450s (Table 1). The 420-nm species then transformed to a
species similar to the resting enzyme with the Soret peak at 418 nm and the Q band absorption
maxima at 570 and 537 nm. These data also indicated that oxygen binding to ferrous PGIS is
a rapid step and is completed within the dead time of the stopped-flow apparatus (i.e. 1.5 ms).
In the absence of substrate, the oxyferrous complex of P450 is labile and undergoes auto-
oxidation to release superoxide radical and re-establish the resting enzyme [1]. This is probably
the case for PGIS. The increase in the absorbance (A) at 420 nm, an indication of auto-oxidation,
was fit to a single exponential function and a rate constant of 24.8 ± 0.5 s−1 was calculated.

Owing to the difficulty of observing the transition of the ferrous PGIS to oxyferrous PGIS at
23 °C, we performed rapid-scan stopped-flow experiments at 4 °C by reacting 5 µM ferrous
PGIS with a fourfold dilution of air-saturated buffer (containing a concentration of ~ 100 µM

dissolved oxygen; Fig. 1A). Use of singular value decomposition and global analysis for the
model A ↔ B → C, with k1 (forward rate constant of A → B) equal to 70 ± 9 s−1, k2 (backward
rate constant of A ← B) equal to 30 ± 6 s−1, and k3 (forward rate constant of B → C) equal to
20 ± 2 s−1, yielded the spectra of individual intermediates shown in Fig. 1B. The conversion
of species A to species B resulted in a slight increase of the Soret peak that was accompanied
by a peak shift from 416 to 422 nm. Moreover, in species B the intensity of the α band (556
nm) was greater than that of the β band (530 nm). This spectral feature is similar to that of
oxyferrous complexes of P450s, particularly at the Q band region in which the α band has a
slightly higher intensity than the β band. Species C is the re-oxidized ferric PGIS. To
characterize kinetically the binding step, a series of stopped-flow experiments was carried out
at 4 °C in which the ferrous PGIS was mixed with varying ratios of air-saturated and nitrogen-
saturated buffer. The oxygen-binding and subsequent decay steps were monitored at 430 nm
and 420 nm, respectively. The slope of the observed pseudo-first-order rate constants versus
the oxygen concentration gives a second-order rate constant of 5.9 ± 0.2 × 105 M

−1·s−1 (Fig.
1C). A dissociation rate constant of 29 ± 3 s−1 was obtained from the ordinate intercept. The
oxyferrous PGIS, however, was unstable and readily oxidized to the resting PGIS at a decay
rate of 12 ± 2 s−1 (t1/2 ~ 0.06 s) at 4 °C in an oxygen concentration-independent manner. The
concentration-independent slow phase was consistent with the auto-oxidation step that leads
to the production of the superoxide radical and resting enzyme. It should be noted that our
knowledge about the oxyferrous intermediate in microsomal P450 catalysis is generally
hampered by heterogeneous kinetic properties, partly as a result of the presence of
heterogeneous populations of aggregated P450 forms. Using the monomeric and
monodispersive PGIS [28], we provided clear information for the oxyferrous intermediate of
a microsomal P450 enzyme. All our data fit well to the simple scheme of

. Taken together, the binding of oxygen to ferrous PGIS
is similar to that of other P450s with respect to the transient formation of the oxyferrous form,
followed by restoration of the resting enzyme and superoxide radical anion formation.

Table 2 shows the second-order rate constants of oxygen binding to the ferrous P450s as well
as the dissociation constants and auto-oxidation rates of their oxyferrous complexes. The
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oxyferrous complex was much less stable and readily auto-oxidized in the absence of substrate.
In P450 hydroxylation, binding of the substrate generally induces a five-coordinate/high-spin
heme. Lacking the knowledge of such a substrate for PGIS, we only examined the complex in
the substrate-free form. The second-order rate constant of oxygen binding to PGIS at 4 °C was
5.9 × 105 M−1·s−1 and the auto-oxidation rate constant was 12 s−1. These values are comparable
to those obtained from the microsomal CYP3A4 assembled in a lipid bilayer of 10-nm diameter
(Nanodiscs) as a soluble and monomeric entity [31]. CYP3A4 in Nanodiscs is monodisperse
and kinetically homogeneous. Upon oxygen binding, ferrous CYP3A4 in the substrate-free
form showed a red-shift of the Soret peak to 418 nm with a fused Q band peak near 552 nm,
whereas in the presence of testosterone the Soret peak was further red-shifted to around ~ 424
nm. In the presence of substrate, the second-order rate constant of oxygen binding at 6 °C was
5 × 105 M

−1·s−1, and the auto-oxidation rate of the oxyferrous complex was 0.37 s−1. In the
absence of substrate, the auto-oxidation rate was 20 s−1 at 5 °C. Compared with bacterial P450s,
such as P450cam and P450BM3, the auto-oxidation of PGIS and CYP3A4 occurred
approximately three to four orders of magnitude faster. This may explain why bacterial P450s
generally use their redox equivalents more efficiently than do microsomal P450s, which exhibit
a higher degree of uncoupling and a greater production of superoxide radical anion or hydrogen
peroxide. Although PGIS does not need an oxygen molecule for catalysis, it may serve as a
model for studying oxyferrous intermediates of microsomal P450s.

UV/VIS spectra of ligand binding of PGIS in solution and in sol–gel monolith
In an attempt to stabilize the oxyferrous complex of PGIS for further studies, we adopted a
method that immobilized the protein in sol–gel-derived silica glasses. The encapsulated PGIS
has a Soret peak at 418 nm and α and β bands at 571 and 537 nm, respectively, which are
similar to PGIS in solution (Fig. 3A, solid line). Spectral perturbation was then used to examine
whether the encapsulated PGIS interacted with the heme ligands. We chose U46619 (an O-
based ligand; a substrate analog whose oxygen atom at the C9 position is replaced with a carbon
atom), NaCN (a C-based ligand) and clotrimazole (an N-based ligand) as the probes because
they induced distinct patterns of spectral changes [26]. Figure 2A shows the difference spectra
of U46619 binding to PGIS in solution and in sol–gel. In solution, U46619 binding caused a
blue shift of the Soret peak (upper left panel). The difference spectrum shows the peak at 410
nm and the trough at 428 nm (bottom left panel). Similarly, binding of U46619 to the
encapsulated PGIS caused a blue shift of the Soret band, although to a lesser extent (upper
right panel), and generated a difference spectrum with the peak at 406 nm and the trough at
426 nm (lower right panel). Results of the binding of NaCN and clotrimazole to PGIS in
solution and in sol–gel are shown in Figs 2B,C. NaCN induced a red shift of the Soret peak in
both aqueous and encapsulated PGIS (Fig. 2B, upper panels). Spectral perturbation by NaCN
in solution produced a peak at 443 nm and a trough at 416 nm, and in sol–gel, a peak at 444
nm and a trough at 416 nm (Fig. 2B, bottom panels). Binding of clotrimazole to aqueous PGIS
produced spectral changes identical to those of encapsulated PGIS, with a peak at 433 nm and
a trough at 414 nm (Fig. 2C). These results indicate that the substrate access channel, active
site and heme structure of PGIS in solution are preserved in the sol–gel matrix.

Peroxidase reactivity of PGIS in solution and sol–gel
Similarly to other P450s, PGIS possesses peroxidase activity that uses peroxides as the
substrate [26]. Because prostaglandin H2 is unstable in aqueous solution, we tested the
enzymatic activity of encapsulated PGIS using peracetic acid as the substrate and guaiacol as
the cosubstrate. Enzymatic activity was followed by absorbance changes at 470 nm that
monitored the oxidation of guaiacol. Upon the addition of peracetic acid to encapsulated PGIS,
the orange product first appeared at the outer face of the monolith and gradually disappeared,
accompanied by the formation of fresh orange product in the inner layer during the 30-min
incubation. This result indicates not only that encapsulated PGIS was active but also that
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activity was limited by diffusion of the substrate. We also estimated the enzyme activities of
aqueous PGIS and encapsulated PGIS using the same concentration of guaiacol and peracetic
acid. The initial rates of the aqueous and encapsulated PGIS were 59.4 and 0.06 mole product/
mole PGIS/min, respectively, indicating a difference of three orders of magnitude in the
catalytic activity of the two forms of PGIS. It should be noted that because only a small fraction
of encapsulated PGIS is involved in the catalysis, the catalytic rate determined is substantially
decreased.

Binding of O2 to PGIS in the sol–gel monolith
We further studied O2 binding to encapsulated PGIS. After adding dithionite to buffer
containing encapsulated PGIS, we anticipated fully reduced PGIS with the Soret peak at 412
nm, as in solution [26]. However, in contrast, the Soret peak gradually shifted over a 4-h
incubation time from 418 to 425 nm with the formation of well-defined α bands and β bands
at 558 and 530 nm, respectively (Fig. 3A). This spectral feature is somewhat similar to the
oxyferrous complex resolved by stopped-flow spectroscopy (Fig. 1B, dotted line), except that
the Soret peak is further red-shifted. We speculated that the oxyferrous complex was formed
upon the reduction of PGIS because certain amounts of oxygen were cotrapped with PGIS in
sol–gel. To test this, we first bubbled N2 gas into the gel-containing solution for 2 h to remove
trapped oxygen prior to the addition of dithionite. The spectrum of reduced PGIS in sol–gel
with the Soret peak at 413 nm and the fused Q band (Fig. 3B, right panel, dashed line) is very
similar to that of reduced PGIS in solution (Fig. 3B, left panel, dotted line). Reduced PGIS in
sol–gel was then soaked in an air-saturated buffer overnight. Consequently, the encapsulated
PGIS displayed a Soret peak at 417 nm with separated α bands and β bands (Fig. 3B, right
panel, dash-dotted line), indicating that PGIS was re-oxidized to the ferric form. Notably, the
re-oxidized PGIS lost approximately 10% of the intensity of the Soret peak, suggesting that
the redox process may cause bleaching of the enzyme. We then added a small amount of
dithionite to the solution containing re-oxidized PGIS and sealed the cuvette with parafilm.
Again, the Soret peak was gradually red-shifted and after 4 h of incubation it reached 422 nm,
whereas the α bands and β bands were 557 and 528 nm, respectively (Fig. 3B, right panel, thick
solid line). This spectral feature is similar to the oxyferrous PGIS in sol–gel shown in Fig. 3A,
suggesting that oxygen trapped in the sol–gel is capable of forming the oxyferrous PGIS
complex. Incomplete red-shift of the Soret peak may be caused by the presence of a ferric form
that was not reduced as a result of the smaller amount of trapped oxygen. This result also
suggests that the redox process in the encapsulated PGIS is reversible. The oxyferrous complex
was stable for more than 24 h at room temperature, indicating that the rate of auto-oxidation
in sol–gel is about six orders of magnitude slower than that observed in solution.

The Soret peak of the oxyferrous PGIS determined in this study varied from 420 nm at 23 °C
to 422 nm at 4 °C in solution and to 425 nm in sol–gel at 23 °C. However, all values fell within
the range of Soret peaks reported for the other oxyferrous P450s (i.e. 417–428 nm; Table 1).
The transient nature of the complex may make it difficult to obtain the spectrum of the pure
oxyferrous form [32]. As a result, the resolved oxyferrous spectrum obtained by global analysis
contains a mixture of the ferrous, oxyferrous and ferric forms. Interestingly, a more long-lived
oxyferrous complex, such as that in the presence of the substrate or at lower temperature, tends
to have a more red-shifted Soret peak (Table 1). This trend suggests that the Soret peak of the
oxyferrous complex is probably at a higher wavelength, as the peaks for the ferric and ferrous
heme are located at shorter wavelengths. Our results also support this idea and thus demonstrate
that the oxyferrous complex of PGIS is more stable in sol–gel than in solution. Although the
association rate of oxygen and ferrous PGIS was decreased in sol–gel, the two processes that
dissipate the oxyferrous intermediate (i.e. back dissociation to ferrous heme and chemical
decay to ferric heme) must be slowed considerably in the sol–gel environment to allow more
accumulation of the oxyferrous intermediate, thus maximizing the red-shift of the Soret peak.
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Binding of CO to PGIS in sol–gel monolith
To test whether this technique can be applied to other gaseous ligands, we bubbled carbon
monoxide into buffer containing encapsulated PGIS for 1 h and then added dithionite to the
solution. The spectrum showed Soret peaks at 422 and 450 nm (Fig. 4), similar to those
observed in solution [26]. Our previous study has shown that while the formation rate of the
ferrous–CO complex of PGIS (5.6 × 105 M

−1·s−1) falls within the ranges of most P450s, the
complex is surprisingly unstable, converting to a 422-nm species at a rate of 0.7 s−1. In sol–
gel, we observed a slower formation of the complex, requiring 20 min to reach λ450 maximum.
Furthermore, the complex was stable in sol–gel for at least 2.5 h, indicating that the ferrous–
CO complex is greatly stabilized in sol–gel, a trend similar to that observed for the ferrous–
O2 complex.

In conclusion, transient intermediates that are difficult to achieve in aqueous solution were
produced and stabilized using this technique. PGIS was encapsulated in a silica matrix with
minimal changes to its spectroscopic properties, allowing us to study trapped intermediates.
The spectral data obtained in this study demonstrated, for the first time, the existence of the
oxyferrous PGIS complex and evidence for its similarity to other P450s. This method can be
applied to other spectroscopy, such as resonance Raman and magnetic CD, for characterization
of the oxyferrous and reduced–CO complexes and, potentially, for other intermediates in the
P450 reaction cycle.

Experimental procedures
Materials

Purified recombinant PGIS, modified to be soluble by deletion of the amino-terminal
membrane-binding domain, was prepared as previously described [28]. Tetramethyl orthosili-
cate (TMOS), sodium cyanide, clotrimazole and sodium dithionite were purchased from
Sigma-Aldrich (St Louis, MO, USA) and used without further purification. UV-grade
polymethyl methacrylate disposable cuvettes (10 mm × 4 mm × 45 mm; 1.5 mL; 280–800 nm)
were purchased from VWR (West Chest, PA, USA). U46619 (15-hydroxy-9,11-
[methanoepoxy] prosta-5,13-dienoic acid) was obtained from Cayman (Ann Arbor, MI, USA).

Preparation of sol–gel-encapsulated PGIS
TMOS sol was prepared by the sonication of 1.5 mL of TMOS, 0.35 mL of water and 0.01 mL
of 0.1 M HCl for 30 min [10]. TMOS-derived monoliths were prepared as described previously,
with slight modifications [21]. Briefly, 0.24 mL of TMOS sol was mixed with 0.39 mL of
buffer (20 mm Na/Pi, pH 7.5, and 10% glycerol) containing approximately 20 µM PGIS. The
mixture was placed in a polymethyl methacrylate cuvette, and the monoliths formed within 60
min. For 2 weeks following gelation, TMOS-derived monoliths (2 mm × 7 mm × 14 mm) were
rinsed three times daily with 1 mL of buffer to remove methanol produced during gelation and
were stored in buffer at 4 °C. The lifetime of encapsulated PGIS was more than 6 months.

Ligand binding
U46619, NaCN and clotrimazole were prepared as stock solutions in 20 mM Na/Pi (pH 7.5) and
10% glycerol. Aliquots of the ligand stock were added in 1 mL of buffer containing either
aqueous PGIS or encapsulated PGIS. Spectra were taken before and after ligand addition.
Because of the slow diffusion rate, a 20 min incubation of the PGIS monolith was required.
Spectra were recorded using a Shimadzu UV-2501PC spectrophotometer (Kyoto, Japan).
Difference spectra were generated by subtraction of the spectrum of PGIS from each ligand-
bound spectrum.
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Stopped-flow kinetic measurements
PGIS (10 µm) in 20 mM Na/Pi (pH 7.4) and 10% glycerol was introduced in a tonometer. The
tonometer was processed by five cycles of alternating vacuum (30 s) and argon replacement
(5 min) through a glass valve connected to an anaerobic train. PGIS was then reduced with the
stepwise addition of dithionite through a gas-tight Hamilton syringe attached to the tonometer.
Absorption spectra were recorded after each addition of dithionite to ensure complete
conversion from the ferric form to the ferrous form. O2-saturated solution (400 µM at 4 °C) was
prepared by continuous bubbling with O2 for more than 20 min and bubbling between each
measurement. The O2 solutions were prepared by diluting O2-saturated buffer into nitrogen-
saturated buffer with a gas-tight syringe through a rubber septum. The PGIS-containing
tonometer and O2 solution syringe were loaded on a Bio-Sequential DX-18MV stopped-flow
apparatus (Applied Photophysics, Leather-head, UK) equipped with a temperature-controlled
circulator. Heme spectral changes upon O2 binding were monitored at 4 °C with either
photodiode array detection or single wavelength measurement. For single wavelength kinetic
data, the built-in software was used for rate analysis. The rapid-scan data were analyzed using
the PRO-K software package (Applied Photophysics).

Preparation of O2-bound ferrous PGIS monoliths
TMOS-derived PGIS monoliths were placed in a quartz cuvette containing 1 mL of buffer.
The cuvette was sealed with parafilm after adding 10 µL of 0.1 mg·mL−1 sodium dithionite
stock solution. Spectra were taken before and after the addition of sodium dithionite.

Peroxidase activity
The peroxidase reaction was initiated by adding peracetic acid (100 µM) into the guaiacol
solution (1.78 m in 20 mM Na/Pi, pH 7.5, with 10% glycerol) containing either aqueous PGIS
(0.5 µm) or encapsulated PGIS. To reach equilibrium, guaiacol and PGIS monoliths were
incubated for 30 min before adding peracetic acid. Guaiacol oxidation was monitored by
measuring the change in absorbance at 470 nm at a temperature of 23 °C (ε = 26.6
mM

−1·cm−1) [33]. Control experiments without PGIS were used to correct for noncatalytic
background oxidation.

Abbreviations

P450 cytochrome P450

PGIS prostaglandin I2 synthase or prostacyclin synthase

TMOS tetramethyl orthosilicate
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Fig. 1.
Stopped-flow study of ferrous PGIS reaction with oxygen. (A) Rapid scan absorbance spectral
changes for the reaction of ferrous PGIS (5 µM) with oxygenated buffer (100 µM) at 4 °C. Spectra
were recorded at 0.0013, 0.0064, 0.014 and 0.0127 s, and then at increments of 0.026-s intervals
until 1 s of reaction time had been monitored. Arrows show the directions of spectral changes
with increasing time, and numbers indicate the orders of the signal change. (B) Spectral
intermediates resolved by global analysis using the sequential model of A ↔ B→C (species
A, solid line; species B, dotted line; species C, dashed line). (C) Plots of the observed rate
constants for the first phase (filled circles) and the second phase (open circles) versus oxygen
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concentration. Experiments were carried out by mixing ferrous PGIS (5.0 µM) with various
concentrations of oxygenated buffer (25–200 µM).
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Fig. 2.
Absorption spectra of PGIS and its ligand complexes in solution and in sol–gel. Binding with
(A) U46619, (B) NaCN and (C) clotrimazole. Spectra were recorded before (solid lines) and
after (dashed lines) addition of the exogeneous ligands into the aqueous PGIS (left panels) and
encapsulated PGIS (right panels). For each ligand, the absolute absorption spectrum is shown
in the top panel and the difference spectra in the bottom panel.
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Fig. 3.
Comparison of oxyferrous PGIS complexes in solution and in sol–gel. (A) Absorption spectra
of PGIS (solid line) and its oxyferrous complex formed at 1.5 h (dotted line), 2.5 h (dashed
line) and 4 h (dot–dot–dash line) in the sol–gel. (B) Left panel, absorption spectra of 4.6 µM

ferric PGIS (solid line) and ferrous PGIS (dotted line) in solution. Right panel, ferric PGIS
(thin solid line), ferrous PGIS (dashed line), re-oxidized PGIS (dash-dot-dot line) and
oxyferrous PGIS (thick solid line) in sol–gel.
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Fig. 4.
Progression of ferrous–CO complex formation in sol–gel. Ferric PGIS (solid line), a ferrous–
CO complex of 20 min of incubation (dotted line) and a ferrous–CO complex of 2.5 h of
incubation (dashed line) in sol–gel.
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Table 1

Spectral properties of the oxyferrous complexes of PGIS in comparison with other P450s. Temp., temperature.

Soret β / α band
Temp.

(°C) Reference

PGIS (sol–gel) 425 530 / 558 23 This study

PGIS (solution) 420 530 / 556 23 This study

PGIS (solution) 422 530 / 556 4 This study

P450BM3 + arachidonic acid 423 560 −55 [8]

P450cam

    + camphor 418 555 4 [34]

    + camphor 418 552 −20 [4]

    + camphor 420 553 −40 [35]

    − camphor 418 552 −40 [4]

P4503A4

    − testosterone 418 552 6 [31]

    + testosterone 424 6 [31]

Adrenal cortex mitochondria P450scc

    + cholesterol 423 553 −17 [36]

    + cholesterol 422 555 −30 [6]

    − cholesterol 420 555 −17 [36]

Hepatic microsomes

    P450LM2 422 557–558 −30 [5]

    P450LM3b 418 555 10 [37]

    P450LM4 418 555 10 [37]

Rhizobium [38]

    P450a 417 4

    P450b 419 4

    P450c 421 4

Caldariomyces fumago

    Chloroperoxidase 428 553 / 587 < −103 [39]

    Chloroperoxidase 428 555 / 588 25 [40]

Nitric oxide synthase

    + arginine 428 ~ 560 4 [32]

    − arginine 418 ~ 560 4 [32]
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