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ABSTRACT. Cytochrome P45Q, was subjected to high pressures of 2.2 kbar, converting the enzyme to
its inactive form, P42Q, The resultant protein was characterized by electron paramagnetic resonance,
magnetic circular dichroism, circular dichroism, and electronic absorption spectroscopy. A range of
exogenous ligands has been employed to probe the coordination structure gfP42{® results suggest

that conversion to P428, involves a conformational change which restricts the substrate binding site
and/or alters the ligand access channel. The reduction potential of.R4&26ssentially the same in the
presence or absence of camphoe2{1+ 10 and—210+ 15 mV, respectively). Thus, the well-documented
thermodynamic regulation of enzymatic activity for P4a(n which the reduction potential is coupled

to camphor binding is not found with P42, Further, cyanide binds more tightly to P420(Kyq = 1.1

+ 0.1 mM) than to P45Qm (Kq = 4.6 & 0.2 mM), reflecting a weakened iretsulfur ligation. Spectral
evidence reported herein for P4gQas well as results from a parallel investigation of the spectroscopically
related inactive form of chloroperoxidase lead to the conclusion that a sulfur-derived proximal ligand is
coordinated to the heme of ferric cytochrome P420

The chemical mechanism which enables the family of unusual spectral transitions (Hanson et al., 1976; Jung, 1985).
cytochromes P450 to catalyze unique oxidative reactions hasAlthough chemical mechanisms for the monooxygenase
been extensively probed by a combination of physical, reaction have been proposed on the basis of the investigations
chemical, and genetic methodologies (Dawson & Sono, 1987; cited above and by analogy to peroxidases and heme model
Martinis et al., 1990; Ortiz de Montellano, 1995; Mueller et systems (Dawson, 1988; Martinis et al., 1989; Ortiz de
al., 1995). The monooxygenase activity of P450 has beenMontellano, 1995), the precise catalytic role of the proximal
primarily attributed to the presence of an unusual proximal thjolate remains ill-defined due to the highly transient nature
heme ligand, a thiolate sulfur donor provided by a cysteinate of the P450 intermediate(s) that follows oxy-P450.

r'eS|due (Poulos et aI.,. 1985; Dawson, 1988). Th'§ d'St'.nCt The cytochromes P450 undergo a universal transition to
ligand has been found in only a few other enzymes, including . : )
a stable but inactive species known as cytochrome P420.

chloroperoxidase fronCaldariomyces fumag{awson & : .
Sono, 1987; Blanke & Hager, 1988; Sundaramoorthy et al., Ferrous-CO P420 has |t_s Soret absprpuon peak at 420 nm
rather than at 450 nm as is characteristic of P450. Numerous

1995) and NO synthase (White & Marletta, 1992). . . . . o
The cytochrome P450 FeS bond yields distinct physical chemical and physical techniques, including increased tem-

characteristics that have been evaluated by a number ofPeratures or pressures, or the addition of salts, denaturants,
spectroscopic methods (Dawson & Sono, 1987). Theoretical O 9r9anic solvents (Ima'u & Sato, 1967; Yu & Gunsalus,
calculations have suggested a molecular basis for theset974: Fisher etal., 1985; Hui Bon Hoa et al., 1989) convert
P450 to P420. P420 can sometimes be converted back to
T This work was supported by National Institutes of Health Grants P450 by 'nCUbat'Or_‘ with thiols, sperm_lne, dimethyl sulfoxide,
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al., 1983), laser photolysis (Tian et al., 1995), and EPR (Ebel wave bridge ER042MRH, helium dewar, Varian gaussmeter,
et al., 1975; Lipscomb, 1980) for comparison to the native and EIP microwave 548A frequency meter. Experimental
protein. conditions included a 100 kHz modulation frequency, 16 dB

The structural alterations that occur during inactivation of of microwave power, and a 500 s total scan time. Data
P450 may pinpoint the features that are important for manipulations were carried out with an IBM PC and in-house
catalytic activity and provide insight into the nature of the Software (Morse, 1987).
putative intermediates. Speculation concerning the structure The MCD and circular dichroism spectra were recorded
of P420 revolves around the proximal heme iron ligand. In on a JASCO J-500A spectropolarimeter equipped with a
particular, it has been suggested that a conformational changg ASCO MCD-1B electromagnet operated at 1.41 T. The
substitutes histidine for the proximal cysteine, yielding a J-500A instrument was interfaced to an IBM PS/2 model
myoglobin-like heme coordination structure. Alternatively, 50 PC by a JASCO IF-500-2 interface unit. Electronic
theoretical calculations have indicated that the proximal absorption spectra recorded before and after MCD/CD
thiolate may be protonated, resulting in a weak thiol ligand analysis showed less than 5% change. Data acquisition and
(Hanson et al., 1976), or that the F8 bond might be handling were performed as previously described (Huff et
weakened by lengthening (Jung et al., 1979; Jung, 1985). Inal., 1993). The MCD spectra reported are the average of
reality, there is little experimental evidence in the literature two to four scans and have been corrected for natural circular
to distinguish these hypotheses. dichroism.

To address this issue, we have undertaken an extensive Reduction potentials were measured spectrophotometri-
spectroscopic investigation to characterize cytochrome 8420 cally (Dutton, 1978) by a modification of the previously
more thoroughly. As previously reported, P420can be described method (Sligar & Gunsalus, 1976). Specifically,
generated using high pressure (Marden & Hui Bon Hoa, a solution containing 50 mM potassium phosphate (pH 7.0),
1982, 1987; Fisher et al., 1985; Hui Bon Hoa et al., 1989). 10 mM ethylenediaminetetraacetic acid, AM brilliant
The resultant protein is stable and has been examined hereirlizarin blue, and 1@M P42Q.nWwas degassed by a vacuum
by electronic absorption, MCD, and EPR spectroscopy. pump in a Thunberg cuvette. The solution was made 20
Pressure-induced P4g@has been previously analyzed using u#M in camphor when determining substrate effects on the
resonance Raman spectroscopy (Wells et al., 1992). LikeP42Q.» Reduction was induced by periodic 260 s
resonance Raman, MCD and EPR spectroscopy are fre-exposure to light. The redox equilibrium between the dye
quently used to probe the coordination structure of heme iron and protein was monitored at 602 and 391 nm, respectively,
proteins because the methods are very sensitive to changesn the Hewlett-Packard spectrophotometer. Complete reduc-
in the spin and ligation state of the heme iron (Dawson & tion was ensured by the addition of sodium dithionite crystals.
Dooley, 1989; Sono et al., 1991). Exogenous ligands and Native electron transfer reactions of the camphor hydroxy-
substrate analogs have been utilized in the present study tdase system which were used to determine product formation
probe the coordination structure of the P42heme iron.  and NADH consumption rates were carried out exactly as
As camphor has a significant effect on the reduction potential described previously (Martinis, 1990; Martinis et al., 1989).
of P45Qam (Sligar, 1976; Sligar & Gunsalus, 1976), we have  TheKq of cyanide binding for substrate-free P45pwas
examined the reduction potential of P420in the presence  measured using difference spectroscopy by the procedure
and absence of camphor. In summary, we report hereinoytlined for camphor binding (Martinis et al., 1989; Martinis,
alterations in the heme environment and coordination 1990). Specifically, the maximum at 438 nm and the
structure that directly affect the ability of P45Qto bind minimum at 427 nm were measured after 9150 ulL
and turn over camphor. additions of 10 mM cyanide. The binding of cyanide to

P42Q.mwas followed by monitoring the increase in intensity
EXPERIMENTAL PROCEDURES at 422 nm in the absolute absorption spectrum. The

Unless otherwise specified, standard chemical reagentsabsorbance at 700 nm was employed to adjust the data for
were purchased from commercial sources. Isobornyl mer-Packground. The data were interpreted graphically as
captan was synthesized as previously described (Murray & d€scribed by Weber (1973).

Dus, 1980). Cytochrome P4&Qwas fermented and isolated ~ The NO complex of ferric P42@, or P45Q.n was
from either its original native sourc®seudomonas putida  Produced by the passage of NO gas through a saturated
(Gunsalus & Wagner, 1978), or thEscherichia coli solution of KOH followed by gentle bubbling into the
expressed clone (Unger et a|_, 1986) The protein was degassed protein solution (Ebel et al., 1975) The ferrous
purified to anR, value of greater than 1.40 as determined NO complexes were generated by the addition of 10 mL of
by absorption spectroscopy. P420 formation was accom-degassed 10 mM dithionite solution.

plished by pressure treatment of camphor-free Rgofs

previously described (Hui Bon Hoa et al., 1989; Martinis, RESULTS

1990) Cytochrome P45@nis efficiently converted to P420 under
Electronic absorption spectra were obtained using a pressures of 2:02.4 kbar. The electronic absorption
Hewlett-Packard 8450A or a Varian/Cary 210 or 219 spectrum of ferric P42Q, displays a prominend band at
spectrophotometer. The Varian/Cary 210 spectrophotometer3g7 nm, a Soret band at 422 nm,aivand (566 nm) which
was equipped with a Lauda circulator and computer inter- is a shoulder to the more intengeband (541 nm), and an
faced to an IBM PC. additional weak absorption band at 651 nm (Figure 1, top).
EPR spectra were recorded in the University of lllinois The relative intensities of the 422 and 376 nm maxima varied
EPR Research Center. Spectra were collected on a Brukeffor different P420 preparations. When the native substrate
ER 220D-SRC instrument equipped with a Bruker micro- camphor is added to ferric P45@, the Soret band at 417
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nm shifts to 391 nm, reflecting a displacement of water from CO PA420an (8.7 uM).

the active site (Poulos et al., 1986). However, as with at 2 45 2.27, and 1.91 (Figure 2) match those of acetone-
acetone-generated P42R(Yu & Gunsalus, 1974), camphor  generated P42@, (2.42, 2.25, and 1.91; Lipscomb, 1980)
addition to pressure-induced cytochrome R42does not  and are essentially unchanged upon increasing the pH to 9.0.
perturb the absorption spectrum. The MCD spectrum of ferric P429, (Figure 3) exhibits
Dithionite reduction of ferric P42@ yields the ferrous  a positive derivative-shaped feature in the Soret region300
protein which has a Soret absorption transition at 424 nm 500 nm). However, it is not symmetrical, and the crossover
along with bands at 530 and 558 nm in the visible region point at 426 nm is red-shifted by 4 nm compared to the
(500-700 nm). Addition of CO leads to the characteristic absorption maximum, likely reflecting the presence of more
absorption peak at 420 nm of the ferretGO state as well  than one species. The visible region contains peaks at 529
as maxima at 540 and 572 nm (Figure 1, bottom). Addition- and 566 nm. The spectrum is unaffected by the addition of
ally, a distinct trough at 435 nm is observed in the ferrous  camphor. The MCD spectrum of ferrous P420(Figure
CO minus ferrous difference absorption spectrum. In 3) is dominated by the visible region which displays an
contrast, the difference spectrum of P4a@isplays a single  intense, positive derivative-shaped band with a crossover at
visible band at 550 nm as well as the unique maximum at 558 nm. A peak at 426 nm is centered on the Soret
446 nm (Gunsalus & Wagner, 1978). absorption maximum. Ferrou€0O P42Q., has a MCD
The inactivation of P45Qn by pressure is accompanied spectrum with a large positive derivative-shaped band
by a complete loss of camphor turnover and NADH centered at 420 nm, a peak at 523 nm, followed by another
consumption in the presence of the native redox partners,positive derivative-shaped band (Figure 3).
putidaredoxin and putidaredoxin reductase. Small amounts Various other substrates and exogenous ligands which bind
(=5%) of native P45Qmcontamination are difficult to detect  to ferric P45Q.» were combined with P42@,to probe the
by absolute absorption spectroscopy but can be seen in theheme iron coordination properties. Isobornyl mercaptan, a
ferrous-CO minus ferrous difference spectrum as slight thiol analog of camphor, binds tightly to the heme iron of
deviations in the minimum or shoulders arising on the ferric P45Qam (Kg = 0.47uM; Murray & Dus, 1980) to give
positive slope of the trough. split Soret peaks that are characteristic of a bis-thiolate ligated
The EPR spectra of pressure-induced ferric R42h ferric heme (Dawson & Sono, 1987). Second-derivative
either the presence or absence of saturating camphorabsorption spectroscopy indicates that, upon isobornyl mer-
concentrations are essentially identical to those of substrate-captan binding, water is completely displaced from the active
free ferric P45Q, (Lipscomb, 1980). Theg values observed  site of P45Q,,, thus mimicking camphor binding (Atkins &
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FiGurRe 4: EPR spectrum at 13.9 K of imidazole-bound pressure-
induced ferric P42Q,in 50 mM Tris (pH 7.2) and 1 mM imidazole.
Conditions: time constant, 0.16 s; modulation amplitude, 10 G;
microwave power, 16 dB; and microwave frequency, 9.428 GHz.
Note that the small signals arougd= 2 reflect cavity contamina-
tion.

Sligar, 1990). Addition of isobornyl mercaptan to ferric

P42Q.. however, fails to produce any absorption or EPR

spectral changes, indicating that it cannot ligate at the iron 300G |
center.

The electronic gbsorptlon, MCD, and EPR spectra of Ficure 6: EPR spectrum at 13.9 K of metyrapone-bound pressure-
numerous P45g.—ligand complexes have been documented ;. ced ferric P42Qm in 50 mM KR (pH 7.0) and 500uM
(Dawson et al., 1982; Sono & Dawson, 1982; Dawson & metyrapone. Conditions: time constant, 0.04 s; modulation ampli-
Sono, 1987). Similarly, exogenous ligands were selectedtude, 10 G; microwave power, 16 dB; and microwave frequency,
to probe the heme environment of pressure-induced 420  9-432 GHz.

Propanethiol, p-chlorothiophenol, and 2-mercaptoethanol 562 nm, respectively. When the ferrous protein is bubbled
each ligate to ferric P45Qy via their thiol group (Dawson  with CO, cyanide is displaced. The EPR spectrum of ferric
et al, 1982) to yield bis-thiolate ferric heme adducts. pP42Q,.in the presence of cyanide hgsalues of 2.61, 2.48,
Although excess quantities of the above thiols have been2 28 and 1.89 that are suggestive of the presence of more
incubated with ferric P42Qy at neutral and alkaline pH, no  than one species. This is most likely due to incomplete
spectral evidence of blndlng was observed. The blndlng of b|nd|ng of the ||gand For Comparison' the Cyanoferric
nitrogenous donor ligands was also investigated. Azide, p45Q,,, hasg values of 2.59, 2.30, and 1.81 (Tsgt al.,
which binds to ferric P43@y with a Kq of 200 mM (Sono  1970). The MCD spectra of ferric and ferrous P42Gre

& Dawson, 1982), fails to perturb the absorption spectrum also perturbed in the presence of cyanide. The spectrum of
of ferric P42Q.m The absorption spectra of ferric and ferrous  the ferric protein has a more intense derivative-shaped Soret
P42Qamin buffer containing 0.14 M imidazole display bands transition that is shifted to lower energy. TKg value for

at 418 and 538 nm and at 420, 530, and 558 nm, respectively the ferric P42@,,—cyanide complex is 1.3 0.1 mM, about

The EPR spectrum of ferric P42Q in the presence of 4 times smaller than that measured under similar conditions
imidazole (Figure 4) exhibitg values of 2.49, 2.26, and 1.88  for cyanide binding to ferric P45, (4.6 + 0.2 mM) (Sono

that occur over a somewhat broader range than in the absencg Dawson, 1982).

of imidazole (Figure 2). These may be compared toghe  The pyridine derivative metyrapone is a common P450
values of ferrie-imidazole P45Qm of 2.56, 2.27, and 1.87  inhibitor (Poulos & Howard, 1987). Although the absorption
(Dawson et al., 1982). The MCD spectrum of ferric P420  spectrum and the EPB values of the ferric P42g—
shifts to a slightly higher energy in the Soret region in the metyrapone complex resemble those for ferric R4
presence of imidazole with little effect on the bands of the the absence of metyrapone, the shape of the EPR spectrum
visible region. The MCD spectrum of the ferrous protein is distinct (Figure 6). Upon reduction, the Soret band in the
in imidazole-containing buffer is essentially identical to that absorption spectrum increases in intensity and is blue-shifted
of ferrous ligand-free P42Q, The ferric-NO P42Qam 4 nm to 416 nm. Thew andj bands are found at 524 and
adduct is very unstable. FerrouBlO P42Q.nYyields a split 556 nm, respectively. In contrast to the ferrewyanide

EPR spectrum (Figure 5) identical to that of ferreddO complex, CO does not displace metyrapone. The primary
P42Qa.m generated by acetone treatment (Ebel et al., 1975), effect on the MCD spectrum of ferric P42@ following
which hasg values of 2.00, 2.01, and 2.02. addition of metyrapone is an increase in the intensity and a

Cyanide concentrations of greater than 10 mM shift the slight shift to higher energy for the derivative-shaped Soret
Soret absorption band of ferric P42Qfrom 420 to 422 nm, transition, with little or no effect on the trough that
concurrent with an increase in the extinction coefficient; the corresponds to thé band at 367 nm or the features in the
band in the visible region occurs at 552 nm. When the visible region. When the protein is reduced in the presence
protein is reduced in the presence of cyanide, the Soretof metyrapone, the MCD transitions are shifted to slightly
transition is further red-shifted to 430 nm, again with an higher energy relative to those present in the spectrum of
increase in intensity. The andf bands appear at 534 and ferrous P42Qm
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The reduction potentials for P45@ determined by spec-  al., 1995). Presumably at the low temperature of the EPR
trophotometric titration (Dutton, 1978) have been previously measurement (35.8 K), the high-spin component has con-
reported to be approximately300 mV for the substrate-  verted to low-spin as occurs with chloroperoxidase (Dawson
free form and—170 mV for the camphor-bound protein & Sono, 1987). The MCD spectrum of ferric P42
(Sligar & Gunsalus, 1976). These values were redetermined(Figure 3) is also consistent with a mixture of two species.
to be—330 and—163 mV using the same dyes, safranine T For the most part, the spectrum resembles those of nitrogen
and brilliant alizarin blue, respectively. The reduction and oxygen donor ligand adducts of ferric P43@Dawson
potential for P42Q,, determined using brilliant alizarin blue, & Sono, 1987), i.e., low-spin six-coordinate thiolate-ligated
shifts to —211 + 10 mV and is unaffected by addition of complexes. The presence of a second species contributing

camphor. to the absorption and MCD spectra of ferric P4g0is
suggested by the unusually strong absorbance at 367 nm
DISCUSSION (Figure 1) similar to that observed in low-pH myoglobin

, . . which has a Soret maximum at 370 nm (Sage et al., 1991)
The cytochromes P450 all have a common inactive species, g by the asymmetry in the Soret region of the MCD

known as P420. The defining property of P450 is the distinct spectrum (Figure 3). The high-spin species cannot be five-

“hyper” absorption spectrum of its ferrou€0 state with ., inate thiolate-ligated since the Soret maximum for such

bands at 446 and 363 nm_(Hanson et al, 1976), while 5 complex occurs at about 390 nm as found in high-spin
ferrous-CO P420 has a single peak at 420 nm. An ferric P45Q.y,

explanation for the hyper spectrum of ferreuS0 PA450 in Unlike P45Qarn P42Qanhas only a limited ability to bind
which a thiolate sulfur tar” charge transfer transition mixes ligands. Excellent P45Q, ligands such as isobornyl mer-
with the porphyrinz—z transition has been_ proposed_ by captanp-chlorothiophenol, 2-mercaptoethanol, propanethiol,
Hanson et al. (1976). Protonation of the thiolate to give a ;4 47ide do not bind to the P420 heme iron. This
thiol or Qisplacement by another Ii.gand, such as histi(_:iine, suggests that the substrate/ligand binding site of R420
would eliminate the hyper.absorpnon spectrum a”?' 9IVe @ more restricted than that of P45Q Higher concentrations
pegk at 429 nm as found in P420. In fact, both thiol- and of planar compounds like metyrapone and imidazole or
|m|dazo_le-I|gated ferrousCO model complexes have Soret  gmaller ligands such as CO, NO, and cyanide appear to bind,
abso_rptlon peaks at 420 nm (Coliman et al., 19.76)' A th|r_d producing spectra distinct from that of the protein prior to
possible explanation for the 420 nm absorption peak in jigang addition. However, recent studies of geminant
ferrous-CO P420 corr?es fro:ndworkh by k‘]]urr‘]g (Jung etal, yecombination of CO to ferrous P42@ indicate that the
1979; Jung,fl%S),w 0 concludes that the 3I/per ahsorptlondista| pocket environment is altered in the P42@rm (Tian
spectrum in ferrousCO P450 depends strongly ontheFe ¢ 5 1995) Sono and Dawson (1982) studied anion binding
S(thiolate) bpnd distance. Lengthenl_n_g of that bond by to ferric P45Q.y, and found that the protein does not bind
0.2 A could induce the spectral transition of ferrot®0O negatively charged ligands as well as myoglobin. The

P450 to P420. proximal thiolate ligand was proposed to contribute a greater
In the present study, P42@ has been produced through amount of electron density to the iron than the proximal
exposure to high pressures. This method efficiently and imidazole of myoglobin. Thus, anions bind much more
quickly produces large amounts of P4Z0requiring no  weakly to P45@,, than to myoglobin. Differences in the
further purification. The resultant protein has been previ- heme pocket polarity may also contibute to these differences.
ously studied by resonance Raman spectroscopy (Wells etThe K4 values for anion binding to P42@, are somewhat
al.,, 1992) and is characterized herein by electronic absorption,jower than those reported for native ferric P45aSono &
MCD, and EPR spectroscopy and by electrochemistry to pawson, 1982). Cyanide binds 4 times more tightly to ferric
provide insight into the alterations to P4&@upon inactiva- P42Q.m than to P45Q., reflecting a weakening of the
tion. The methods used in this study, as in the previous proximal thiolate ligation. However, thi€; of P42Qan for
resonance Raman report (WEHS et aI., 1992), reveal no Cyanide (]_]_ mM) does not approach that found for myo-
spectral perturbations or redox changes for ferric R420  globin (9.3 uM; Sono & Dawson, 1982), again arguing
upon the addition of camphor. Thus, P420cannot bind  against replacement of the proximal thiolate with a histidine
camphor and lacks the camphor-dependent regulation of thein the ferric state. Unlike ferric myoglobin, neither fluoride
redox equilibria of P45Qn (Sligar, 1976). nor azide binds to the ferric P42 The poor binding of
Absorption, MCD, EPR, and resonance Raman spectros-small anions to ferric P42Qyis consistent with a proximal
copy reveal that ferric P42§,contains a mixture of ligation  ligand more negative than the histidine.
states. Specifically, resonance Raman spectroscopy indicates Chloroperoxidase also contains a proximal thiolate ligand
that the ferric state contains high-spin, five-coordinate and (Dawson & Sono, 1987; Sundaramoorthy et al., 1995) and
low-spin, six-coordinate species (Wells et al., 1992) The low- undergoes a P420-type transition (Lambeir & Dunford, 1983)
spin species has been attributed to a heme iron ligated byto an inactive, C420, form whose ferrotl€0O and—NO
the proximal thiolate and a water molecule. This conclusion adducts spectroscopically resemble those of ferrous 8420
is supported by the EPR spectrum (Figure 2) which is (Blanke et al., 1996). Like P450, chloroperoxidase can be
virtually identical to that of camphor-free P45Q Low- reversibly converted to C420 under high pressures. Concur-
spin camphor-free ferric P45@,has been shown to contain rent investigations of C420 have produced results similar to
either water or hydroxide as the ligatiéns to cysteinate those found herein for P42§, suggesting that the proximal
by X-ray crystallography (Poulos et al., 1986). Thomman ligands of C420 and P42, may be related (Blanke et al.,
and co-workers have recently used electron spin echo1996). In particular, ferric C420 appears to retain a thiolate
envelope modulation spectroscopy to demonstrate that theproximal ligand but changes its ligand upon reduction. As
sixth ligand is water (Goldfarb et al., 1996; Thomman et P45Q.nand chloroperoxidase share little sequence homology,
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it is unlikely that a parallel conformational change could ACKNOWLEDGMENT
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