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ABSTRACT. The mechanism by which the heme-containing peroxidase, chloroperoxidase, is able to chlorinate
substrates is poorly understood. One approach to advance our understanding of the mechanism of the
enzyme is to determine those factors which contribute to its stability. In particular, under alkaline
conditions, chloroperoxidase undergoes a transition to a new, spectrally distinct form, with accompanying
loss of enzymatic activity. In the present investigation, ferric and ferrous alkaline chloroperoxidase (C420)
have been characterized by electronic absorption, magnetic circular dichroism, and electron paramagnetic
resonance spectroscopy. The heme iron oxidation state influences the transition to C4RQ;ftinehe

alkaline transition is 7.5 for the ferric protein and 9.5 for the ferrous protein. The five-coordinate, high-
spin ferric native protein converts to a six-coordinate low-spin species (C420) as the pH is raised above
7.5. The inability of ferric C420 to bind exogenous ligands, as well as the dramatically increased reactivity
of the proximal Cys29 heme ligand toward modification by the sulfhydryl reagenéercuribenzoate,
suggests that a conformational change has occurred during conversion to C420 that restricts access to the
peroxide binding site while increasing the accessibility of Cys29. However, it does appear that Cys29-
derived ligation is at least partially retained by ferric C420, potentially in a thiolate/imidazole coordination
sphere. Ferrous C420, on the other hand, appears not to possess a thiolate ligand but instead likely has
a bis-imidazole (histidine) coordination structure. The axial ligaiadsto carbon monoxide in ferrous

CO C420 may be a histidine imidazole. Since chloroperoxidase functions normally through the ferric
and higher oxidation states, the fact that the proximal thiolate ligand is largely retained in ferric C420
clearly indicates that additional factors such as the absence of a vacant sixth coordination site sufficiently
accessible for peroxide binding may be the cause of catalytic inactivity.

Chloroperoxidase fronCaldariomyces fumagand the dioxygen to catalyze the hydroxylation of camphor. Thus,
P450 cytochromes are distinct from most heme proteins init is important to define those fine molecular details that
possessing a cysteine-derived thiolate ligand to the heme irondifferentiate the chemical reactivities demonstrated by chlo-
(Ortiz de Montellano, 1995; Sundaramoorthy et al., 1995). roperoxidase and cytochrome P450.

This feature is responsible for the unusually red-shifted Soret A plethora of approaches have provided insight into the
band in the ferrousCO complex of these heme proteins. pertinent features of the chloroperoxidase active site (Dawson
While chloroperoxidase and cytochrome P450 share a& Sono, 1987; Dawson, 1988). Spectroscopic and chemical
number of physiochemical properties (Hollenberg & Hager, modification studies identify Cys29 as the proximal heme
1973; Dawson & Sono, 1987), clear differences exist betweeniron ligand of chloroperoxidase (Blanke & Hager, 1988), a
these two enzymes. Under acidic conditions, chloroperoxi- fact recently confirmed crystallographically by Poulos and
dase harnesses the oxidizing equivalents of hydrogen per-co-workers (Sundaramoorthy et al., 1995). Kinetics studies
oxide to catalyze one- and two-electron classical peroxidationas well as equilibrium binding experiments with a variety
reactions, oxygen evolution (the catalase reaction), and theof exogenous ligands and halides over a broad pH range of
halogenation of organic acceptor molecules. Cytochrome 2—7 support the presence of an ionizable group on the distal
P450, on the other hand, is a monooxygenase that activateside of the active site (Campbell et al., 1982; Lambeir &
Dunford, 1983; Sono et al., 1986; Holzwarth et al., 1988).
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Pursuant to characterizing the structural details that dif- absorption measurements. MCD spectra were recorded with
ferentiate the chemical activities of chloroperoxidase from a JASCO J-500A spectrapolarimeter equipped with a JASCO
cytochrome P45Q.,, we have characterized alterations in the MCD-1B electromagnet (14.7 kG) and computer interfaced
chloroperoxidase structure induced under alkaline conditions.to an IBM PS/2 model 50 PC. Complete formation of each
Titration of the enzyme to pH values greater than 7.0 inducesenzyme derivative and sample stability were checked by
a rapid transition resulting in a new stable but inactive protein recording absorption spectra before and after each MCD
form (Hollenberg & Hager, 1973). A red shift in the Soret measurement; changes of less than 5% were considered
absorbance from 400 to 420 nm characterizes this alkalineacceptable. Calibration procedures, data acquisition, and
form of ferric chloroperoxidase, designated C42Berhaps handling were done as described elsewhere (Huff et al.,
more pertinent is the shift in the position of the Soret 1993). EPR measurements were recorded on a Bruker ER
absorption band of the ferrou€0O complex from 446 to ~ 220D-SRC instrument equipped with a Bruker microwave
420 nm (Hollenberg & Hager, 1973), which is identical to bridge ERO42MRH, helium dewar, Varian gaussmeter, and
that observed when cytochrome P450 is inactivated to a statean EIP microwave 58A frequency meter.
called cytochrome P420 (Imai & Soto, 1967; Yu & Gunsalus,  Active Site Titration with p-mb.The assay was typically
1974). These and other observations suggest that C420 mayerformed by sequential additions of 4 nmolpmb to 20
have a coordination sphere analogous to P420 (Martinis etnmol of protein. The titration was extended until the
al., 1996). absorbance increase at 255 nm, reflecting formation of the

The primary objective of the present study is to further mercuri-mercaptide linkage, had reached a plateau, indicat-
characterize the transition of native chloroperoxidase to C420ing covalent modification of accessible sulfhydryl groups.
and to extensively probe the perturbations to the heme
environment that render an efficient and versatile catalyst RESULTS

an inactive but stable holoprotein. Electronic absorption, ] ] ]
magnetic circular dichroism (MCD), and electron paramag- _ El€ctronic Absorption and MCD Spectral Changes during
netic resonance (EPR) spectroscopy have been used tdhe Alkaline Transition of Ferr|c.Chlorope'rOX|daseThe _
investigate the heme coordination sphere of C420. MCD changes_that occurin the elgctronlc absorptlon spectra during
and EPR, in particular, have frequently been employed to the alkalln_e transition of ferric chloroper_omdase to C420 are
determine the coordination structures of heme iron sites in diSplayed in Figure 1A. As the first alkaline transition occurs
proteins (Dawson & Dooley, 1989; Sono et al., 1991). In @bove pH 7.0, the large Soret band at 399 nm for native
addition, ferric chloroperoxidase and C420 have both been chloroperoxidase shifts and splits to yield a broad band at
titrated with the thiol-specific modification reagem:- 360 nm and a sharper Soret band at 427 nm. In the visible
mercuribenzoateptmb) to probe the accessibility of Cys29 region (506-700 nm) of the spectrum, the high-spin marker
in the active site of these proteins. These experiments reveaPands at 515 and 650 nm diminish as the heme iron changes
that the transition from chloroperoxidase to C420 induces 0 & low-spin state. The spectra at pH 6.5, 7.0, 8.0, and 9.0
changes in the spin and coordination states, as well as in€xhibit an isosbestic point near_419 nm that is not shared by
ligand-binding properties. Furthermore, reduction of C420 Fhe pH 1.0-0 -sa.mple, nggesnng .that only two states are
to the ferrous state yields a distinct structure from the ferric involved in this first alkaline transition between pH 6.5 and

state. 9.0. Above pH 10.0, a second alkaline transition occurs to
yield a third distinct species (Lambeir & Dunford, 1983).
EXPERIMENTAL PROCEDURES The MCD spectra of the ferric protein over the same pH

range show an increased signal in the Soret region-(300
produced in a semicontinuous flow bioreactor (Blanke et al., 500 nmj for the alkaline C420 form (Figure 1B), as compared

1989) and purified as described earlier (Hollenberg & Hager, to native. ferric chloroperOX|da_se (pH 6.5). _The IS|gnaI
1973) to a high specific activity>(2.0 x 10-° kat/mg) with intensity increase correlates with a c_hange in spin state
anR; value (ODgond OD2sonm greater than 1.4. All reagents (Dawspn &t- ?OOI?’ 19?: ) fr(I)kml_the ?atlvgt_hlgh-ﬁ_pr)]m tot the
were purchased from standard commercial sources. Enzyméow'Spln state above the alkaline transition. € strong

concentrations were determined from the absorption at 399pegat|ve signal just below 400 nm in the native spectra,

nm using an extinction coefficient of 91 mMcm - (pH indicative of axial thiolate ligation (Dawson et al., 1976),
6.0, 4°C) for the native enzyme (Hollenberg et al., 1980). COMPletely disappears and is replaced by large positive

Chloroperoxidase concentrations varied between 64 and 72pseudo-A term centered at 420 nm in the alkaline form. A

4M. The reduced enzyme samples were prepared from thefshoulder near 400 nm exists at pH values greater than 8.0,

corresponding ferric samples by the addition of a slight indicating overlapping electrqnic transitions. !_astly, the band
excess of sodium dithionite under a nitrogen atmosphere.centered at 560 nm for native chloroperoxidase decreases

during the alkaline transition and is replaced by other bands
The ferrous-CO enzyme complexes were prepared by gently . - . .
bubbling CO into the ferrous enzyme samples. Electronic Lﬂ thbe V|_S|bl$trheg|orr11, spanmngéhe 5?625 n:jn '{Aagge: tOn it
absorption spectra of the ferrous and the ferred@® enzyme € basis of the changes in absorption an intensity

samples were monitored with time to demonstrate completequ”ng the alkaline titration, theiy for the alkaline transition

conversion. is approximately 7.5 (Figure 1C).

Spectroscopy. A Varian/Cary 210 spectrophotometer Electronic Absorption and MCD Spectral Changes during

computer interfaced to an IBM PC was used for electronic the Alkaline Transition of Ferrous Chloroperoxidasghe
electronic absorption spectra of ferrous chloroperoxidase at

1 Abbreviations: C420, the inactive alkaline form of chloroperoxi- pH 6.5-11.0 are dISpIayEd In Figure 2A. The Soret region

dase; EPR, electron paramagnetic resonance: MCD, magnetic circularOf the spectrum (pH 6-5 and 7.0 samples) is complex with a
dichroism;p-mb, p-mercuribenzoate. peak at 408 nm having two shoulders, one at 425 nm and

Materials and Sample PreparatiorChloroperoxidase was
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Ficure 1: Electronic absorption (A) and magnetic circular dichro-

ism (B) spectra of ferric chloroperoxidase and C420 at pH-6.5 pH

10.0. The spectra were obtained at@ with 64—72 uM enzyme . . . L .

in 0.5 M potassium phosphate buffer at pH 6:5(7.0 (- —), 8.0 FiGurEe 2: Electronic absorption (A) and magnetic circular dichro-
(---), 9.0 (bold line), and 10.0 - —). The spectra for pH 6.5  ISM (B) spectra of ferrous chloroperoxidase and C420 at pH 6.5
and 7.0 samples are nearly superimposed. (C) The relative changet1.0. The spectra were obtained at@ with 64—72uM enzyme

in absorption M) and magnetic circular dichroisn®j of ferric in 0.5 M potassium phosphate buffer at pH 6:5,(7.0 (- —), 8.0
chloroperoxidase during the alkaline transition to C420 at 402 nm { - ), 9.0 (bold line), 10.0€ - —), and 11.0€ - - —). The spectra
for the pH range 6.510.0. for pH 6.5 and 7.0 samples are nearly superimposed. (C) The

relative change in absorption at 417 nil) @nd magnetic circular

the other near 450 nm. During the first alkaline transition, dichroism at 488 nm®) of ferrous chloroperoxidase during the
the Soret absorption shifts to a single sharp band with aalka"ne transition to C420 for the pH range 6.52.0.
maximum at 425 nm and increases in intensity, and the singlefine structure between 500 and 540 nm, followed by a large
broad visible band of native ferrous chloroperoxidase splits positive derivative-shaped band centered at 559.5 nm.
into o and 8 bands. Isosbestic points are found at 408, 434, and 581 nm.

The MCD spectra of ferrous chloroperoxidase at pH values Notably, the X, for the alkaline transition of the ferrous
spanning the first alkaline transition are displayed in Figure protein is shifted to 9.5 (Figure 2C).
2B. During this transition, the features in the Soret region  Electronic Absorption and MCD Spectral Changes during
of the MCD spectra decrease in intensity and the visible the Alkaline Transition of FerrousCO Chloroperoxidase.
region features become dominant. The MCD spectrum of Ferrous-CO chloroperoxidase has a strong Soret transition
the alkaline form at pH 11.0 in the visible region shows some at 443 nm and a single visible region peak at 550 nm (Figure
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1.0 M potassium phosphate buffer at the indicated pH value; spectra
were collected at the following pH values: 6.0, 7.5, and 9.0.

C. 8 T Expe_rimental conditipns: time constant, 1.25 ms; modulat_ion
. ‘5‘ 100} 0<% ;/\i amplltudt_e, 8.0 G; microwave power, 4.0 mW; and modulation

- L 1 frequencies, 9.534 GHz (pH 6.0), 9.535 GHz (pH 7.5), and 9.531
s \" | GHz (pH 9.0).
E O \ ./ _
B i \ ] derivative-shaped curve centered at 570 nm. Dramatic
£ so b o i changes occur during the alkaline transition in both the Soret
£ L i 4 and visible regions of the MCD spectra with isosbestic points
& | C i at 420, 446, 527, and 584 nm. A new derivative-shaped
8 i 7 _ curve centered at 421 nm develops, and the MCD bands in
¢ L - the visible region narrow and shift to higher energy, revealing
= o b ¥ . N a positive band at 523 nm and a derivative-shaped curve
g é : ; 5 m ), centered at 570 nm. The spectra measured at intermediate

pH values consist of mixtures of the native and alkaline
pH protein, while the spectrum of the pH 11.0 sample shows
Ficure 3: Electronic absorption (A) and magnetic circular dichro- no e\_/'_dence of the native form. Therfor the alkaline
ism (B) spectra of ferrousCO chloroperoxidase and C420 at pH transition of the ferrousCO protein occurs at pH 9.0,
6.5—-11. The spectra were obtained &@hwith 64—72uM enzyme essentially the same value as in the ferrous case.
in 0.5 M potassium phosphate buffer at pH 6:5,7.0 (- —), 8.0 Electron Paramagnetic Resonance Spectroscopy of C420.

(---), 9.0 (bold line), 10 € - —), and 11.0 € - - —). The spectra ; ;
for pH 6.5 and 7.0 samples are nearly superimposed. (c) The reIativeAS reported previously (Hollenberg et al., 1980), at cryogenic

change in absorption at 420 nm)(and at 445 nm¥) and magnetic ~ temperatures, ferric chloroperoxidase (pH 6.0) exhibits both
circular dichroism at 440 nm) and at 451 nmy) of ferrous- low-spin EPR signals & = 2.63, 2.26, and 1.83 and high-
CO chloroperoxidase during the alkaline transition to C420 for the spin signals ag = 7.49 and 4.29 (Figure 4). Thgvalues
pH range 6.512.0. observed for ferric C420 are clearly different than those
. ) collected for the native enzyme. At pH 9.0, the low-spin
3A). As the pH is raised above neutrality, the Soret band signal pattern narrows tg = 2.48, 2.27, and 1.89. These
shifts to 420 nm with an isosbestic point to 432 nm, and the low-spin g values are similar to those of tiéphenylimi-
single visible signal splits into distinet and/ bands. dazole adducts of cytochrome P450 (2.47, 2.26, and 1.90)
The MCD spectra of ferrousCO chloroperoxidase during  (Lipscomb, 1980) and chloroperoxidase (2.51, 2.28, and 1.87)
the first alkaline transition are shown in Figure 3B. The (Sonoetal., 1991). AtpH 7.5, th&pfor the ferric alkaline
spectra of the pH 6.5 and 7.0 samples show three featuredransition, the EPR spectrum reveals the presence of both
in the Soret region, a trough centered at 370 nm, a small species. In contrast, an earlier investigation reported identical
peak at 415 nm, and a large positive derivative-shaped featureEPR spectra for both acidic and alkaline chloroperoxidase
centered at 446 nm. The visible region of the spectra has a(Hollenberg et al., 1980). This difference may be attributed
very broad peak from 475 to 550 nm, followed by a toinadequate times of conversion from chloroperoxidase to
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C420 in the earlier study (Hollenberg et al., 1980). We have

observed that, at very high concentratiorrs100 uM), |

chloroperoxidase is relatively stable to increases in pH that !

at lower concentrations result in rapid conversion to C420.

Indeed, 1 mM chloroperoxidase was not converted to C420

overnight at room temperature at pH 8.0. At lower chlo-

roperoxidase concentrations {20 uM), there was no

detectable dependence of transition rate on enzyme concen-

tration. In the present study, conversion to C420 was always

confirmed by absorption spectroscopy prior to EPR measure-

ment. o FicUrRe 6: Modification of ferric C420 withp-mercuribenzoate.
Ferrous-NO C420 was prepared to further scrutinize the (A) The titration of 20 nmol of chloroperoxidase at pH 4.5 and 20

electronic structure of the heme prosthetic group in C420. nmol of C420 at pH 9.0. (B) Electronic absorption spectra of ferric

the EPR spectra of ferroadNO heme protein complexes is ] ) ) ]

indicative of the presence of a bound imidazole ligéags Ligand Complexes of Ferric C420Ferric chloroperoxi-

to NO; however, the absence of superhyperfine splitting doesdase readily forms ligand adducts that have been extensively

not necessarily preclude the presence of imidazole axial Characterized by optical, EPR, and MCD spectroscopy (Sono

ligation (Ebel et al., 1975). The EPR spectrum of ferreus €t @, 1986; 1991). Addition of large excessed.00 mM)

NO C420 (Figure 5) was identical to that of ferretlSO of cyanide, azide, imidazole, 2-mercaptoethanol, or the

P420 (Martinis et al., 1996). The, signal is split tog = halides to fgrrlc C42Q produced minimal or no c_hanges in

2.021, 2.011, and 2.001. This is similar to that of sodium the electronic absorption or EPR spectra. Incubation of C420

dodecy! sulfate-denatured hemoglobin and may denote thatVith 500 mM 2-mercaptoethanol produced no detectable

the bond to the axial liganttansto the bound NO may be c_hanges in the electronic at_)sorp_tlon s_pectra._ Clearly, I|g_and

radically distorted or even broken (Ebel et al., 1975). binding to the_C420 heme iron is difficult or |mposs_|ble in
Active Site Titration of C420 with p-mbTo directly many cases vylth common heme.hgands. To further illustrate

address whether Cys29, the single non-disulfide-linked this opservatlon, the cyanoferric adduct o_f native chloro-

cysteine of chloroperoxidase, is retained as a heme ligandPeroxidase was prepared and the absorption spectrum was

(Blanke & Hager, 1988; Sundaramoorthy et al., 1995) upon monltqred as the pH was raised to 8.0. Instead of the

conversion to C420, the protein was titrated witmb. At format|or_1 of the cyanofer_rlc_adc_iuct of C420, the_ spectrum

pH 4.5, there was no detectable modification when chlo- of C420 itself appeared, indicating that the cyanide was no

roperoxidase was titrated withmb (Figure 6A), even after  longer bound.

long |ncubat_|0n times. Unll_ke P450 (Yu & Gu_nsalus, 1974), DISCUSSION

chloroperoxidase was not inactivated when incubated over-

night with p-mb. The thiolate moiety of Cys29 appears not  The coordination structures of heme proteins are highly

to be accessible to titration witrmb at this pH. dependent on environmental conditions. The study of heme
In contrast, at pH 9.0, C420 contained approximately 0.6 proteins within defined pH and buffer conditions has revealed

mol of titratable sulfhydryl groups per mole of protein that proximal and distal interactions contribute to the

(Figure 6A). Notably, the optical spectrummimb-modified energetics of ligand binding at the heme site (Srajer et al.,

C420 was perturbed with a shift in the Soret absorbance t01988). Changes in local or global protein structure can

414 nm (Figure 6B). These data indicate that the alkaline directly lead to alterations in proximal or distal heme

transition to C420 perturbs the active site coordination sphere,interactions and ultimately affect function.

increasing the accessibility of Cys29 to modification with Ferric chloroperoxidase, which is stable from neutral pH

p-mb. values down to pH 2.0, readily converts to a stable but

— p-mb modified
\ | C-420alk
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enzymatically inactive alkaline form. TheKp for the both by the decreased intensity of the high-spin absorbance
alkaline transition is 7.5. On the basis of kinetics evidence, bands at 515 and 650 nm (Figure 2A) and by the increased
Lambeir and Dunford (1983) proposed that the initial intensity of the MCD Soret band (Figure 2B) (Dawson &
ionization of a single residue induces a conformational Dooley, 1989). These data are consistent with the binding
change which leads to deprotonation of other amino acids. of a sixth ligand. Lambeir and Dunford (1983) suggested
The alkaline transition of cytochronmeperoxidase may also  that the absorption spectrum of ferric C420 is consistent with
involve an initial ionization event which triggers a cascade the binding of an endogenous histidine residue to the heme
of ionizations that modify both the conformation and irontransto Cys29. Kinetic and equilibrium binding studies
electrostatic nature of the active site (Dhaliwal et al., 1985). with exogenous ligands (Campbell et al., 1982; Lambeir &
Lambeir and Dunford (1983) further postulated that the Dunford, 1983; Holzwarth et al., 1988; Sono et al., 1986),
conformational change accompanying the transition of chlo- as well as the time-dependent modification of chloroperoxi-
roperoxidase to C420 results in the interaction of one of the dase with diethyl pyrocarbonate (Blanke & Hager, 1990),
ionizable residues with the heme iron. Interaction with the have provided support for the presence of a distal histidine
heme iron was proposed to affect th&,pof the bound residue in the enzyme active site. The crystal structure
residue. Consistent with this proposal, the heme iron suggests that this is His105 which is hydrogen bonded to
oxidation state has been shown in the present study toGlu183 adjacent to the peroxide binding site (Sundaramoor-
influence the [, of the transition from chloroperoxidase to  thy et al., 1995). However, for His105 to bind, a substantial
C420, providing further evidence for interaction of the heme conformational change would be required.

iron with an ionizable residue in the alkaline transition. Ferrous C420. The present results provide strong evi-

_ Ferric C420. The proximal Ilgahd of chloroperoxidase - jo,06 that the ferric and ferrous forms of C420 feature two
is Cys29 (Blanke & Hager, 1988, SP”df'”amOO”hy et al., distinct heme coordination structures. Native ferrous chlo-
1995) The chgmlc_al nature of th|s_ I|gand_con_tr|bu_tes roperoxidase, like ferrous P450, is a predominately high-
significantly to dictating enzyme function and is primarily spin, thiolate-ligated heme protein (Dawson & Sono, 1987)

responsiple for the distinct opticql spectra (.)f chlorop_eroxi— The ’changes in the electronic absorption and MCD' spectré
dase. It is paramount to ascertain if the thiolate moiety of of ferrous chloroperoxidase that accompany the conversion

gg:\fegr;oonn?ongiszoto 'I'Ir?;eli/lagj \gltgcttrt?n gfem eh_'éoinn fue ?ﬁg to C420 are the result of a spin state change from high- to
. P gn-sp low-spin. Analogous to the ferric protein, the conversion

chloroperoxidase (Figure 1B) is marked by the strong to a low-spin species is suggestive of the binding of an
negative signal just below 400 nm that is also found in high- o pin Sp 99 . g of

; ; . : additional ligand to the ferrous heme iron to form a six-
spin ferric P450 and thiolate-ligated model complexes ; .

" . coordinate complex. In contrast to ferric C420, however,

(Dawson et al., 1976). The transition of chloroperoxidase X . ;
to C420 results in a shift of the 400 nm signal, initially ferro_us CA.'ZO does not appear to retain a thlolate—denved
suggesting disruption of thiolate ligation. However, the proximal Ilgan_d. Ferro_u'_s low-spin, thlolate-hga}ted heme
electronic absorption and MCD spectral properties of C420 complexes typically exhibit Soret peaks at approximately 445
and the imidazole complex of ferric chloroperoxidase are nm (Daw_sqn et al., 1983) compared to the 4.25 nm Soret
very similar (Sono et al., 1986). Furthermore, when the EPR band exhibited by ferrous C420. The absorption spectrum
spectrum of ferric C420 (Figure 4, pH 9.0) is compared to ﬁ{siﬁjrigoeuﬁggiazdo cr:/]t%rcehrgasglyawgtg?seismtizgiﬁIgngt])(ietl)ls_
data for a wide range of low-spin ferric heme proteins and complexes than that of the imidazelehioether ligation

complexes with biomimetic exogenous ligands (Sono et al., sphere of ferrous cytochrome(Dawson & Dooley, 1989).

1991), theg values for C420 are closest to those of the i
N-phenylimidazole complex of chloroperoxidase, providing These latter MCD spectra all have the fine structural features

; o ; ; the 500-525 nm region observed in the spectrum of
further support for the thiolate/imidazole ligand assignment In
for ferric C420. Clearly, the optical properties of chloro- ferrous CA420. Although sp_ectra h_a\{e not bee_n C(_)Ilected for
peroxidase and C420 are sensitive to the chemical nature of? f€7rous heme complex with an imidazole/thiol ligand set,

both the fifth and sixth axial heme ligands. While titration cYtochromec s likely to be a good model for such a ligand
of ferric chloroperoxidase with-mb yielded no detectable set because it contains imidazole/neutral sulfur ligation. The

cysteines, titration of ferric alkaline C420 resulted in the fact that the positive Soret band centered at about 410 nm

modification of Cys29. Thus, Cys29 in chloroperoxidase is In th? MCD spectrum of ferrous cytochrorrte di_ffers_
not accessible to modification, while transition to C420 Significantly from the band pattern observed in this region

results in increased accessibility of this residue to modifica- N theé MCD spectrum of ferrous C420 would seem to rule
tion. Does the transition to C420 disrupt the interaction of CUt @ histidine/neutral sulfur donor ligand set for ferrous
the Cys29 thiolate to the heme iron? The perturbation of ¢420. This leaves a ligand set consisting of two nitrogenous
the absorption spectrum of ferric C42p-mb relative to that ~ 19@nds as the most likely structure for this state.
of C420 suggests that Cys29 remains at least partially bound Ferrous C420 readily binds the small exogenous ligands
as an axial ligand. Recent characterization of ferric P420 CO and NO. The position of the Soret maximum for native
by resonance Raman spectroscopy (Wells et al., 1992)ferrous-CO chloroperoxidase, at 445 nm, is typical for
suggests that it exists as a mixture of six-coordinate thiolate- ferrous, low-spin, thiolate-ligated heme complexes. In
bound and five-coordinate non-thiolate-bound species. Thecontrast, the Soret band in both the electronic absorption and
similarities between the optical spectra of ferric C420 and MCD spectra of ferrousCO chloroperoxidase is blue shifted
P420 raise the possibility that C420 may also contain a almost 25 nm during the first alkaline transition, indicating
mixture of coordination structures. that ferrous-CO C420 is not thiolate-ligated. Ferrou€0

The change from the predominately high-spin, ferric heme C420 has spectral properties similar to those of heme systems
iron of chloroperoxidase to low-spin in C420 was denoted with either nitrogen-donor or neutral sulfur-donor ligands
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transto CO, as the electronic spectra of these two systemsCollman, J. P., Sorrell, T. N., Dawson, J. H., Trudell, J. R,

are virtually indistinguishable (Collman et al., 1976). Bunnenberg, E., & Djerassi, C. (1976)oc. Natl. Acad. Sci.
\_N_hy Is C420_Inactje? Although chloroperoxidase is an Dald\}sc')ﬁ,' Z.Sfl._(ll%88$cience 240483-439.

efficient, versatile catalyst, the C420 form has no detectable payson, J. H., & Sono, M. (198Them. Re. 87, 1257-1273.

enzymatic activity. In these investigations, we have char- Dawson, J. H., & Dooley, D. M. (1989) itron Porphyrins, Part

acterized changes in the active site of chloroperoxidase Ill (Lever, A. B. P., & Gray, H. B., Eds.) pp-1135, VCH

leading to loss of activity. Cys29, a major determinant in _ Publishers, New York. _
) . . . . . Dawson, J. H., Holm, R. H., Trudell, J. R., Barth, G., Linder, R.,
the enzyme’s mode of action, is at least partially retained in Bunnenberg, E., Djerassi, C., & Tang, S. C. (1876\m. Chem.

ferric C420 and probably completely dissociated as an axial  gqc. 983707-3709.
heme ligand in ferrous C420. Possible perturbations in the Dawson, J. H., Andersson, L. A., & Sono, M. (1983Biol. Chem.
axial ligation of the ferric protein include protonation of the 258,13637-13645.

thiolate ligand (Hanson et al., 1976) or lengthening of the Dh;zligveil'?ilgé’ & Erman, J. E. (1985Biochim. Biophys. Acta

Fe-S bond (Jung et al., 1979). A mixed population of gpe'r £ O'Keeffe, D. H., & Peterson, J. A. (19TEBS Lett.
thiolate-bound and non-thiolate-bound coordination structures 55 198-201.

may better represent ferric C420, as has been found for P42Hanson, L. K., Eaton, W. A., Sligar, S. G., Gunsalus, I. C.,
(Wells et al., 1992; Martinis et al., 1996). These structural (236();12%?61?27 M., & Connell, C. R. (1976) Am. Chem. Soc. 98,
perturbations would clearly affect the strong electron- . .

donating contribution of the axial thiolate proposed to be HO”enb_erg’ P.F., &Hager, L. P. (1973)Biol. Chem. 2482630
important in catalysis and ligand binding (Poulos et al., 1987; Hollenberg, P. F., Hager, L. P., Blumberg, W. E., & Peisach, J.
Dawson, 1988; Blanke & Hager, 1990). The transition to  (1980)J. Biol. Chem. 2554801—-4807.

C420 results in distal as well as proximal effects in the active Holzwarth, J. F., Meyer, F., Pickard, M., & Dunford, H. B. (1988)
site. The presence of an additional ligand in the sixth axial Hu?fl,ogh&Tlétr:gnng?Zﬁ g%%%er, D. K., Smith. K. M.. & Dawson,
site results in a Spin state transition and may prevent the J. H. (1993)Inorg. Chem. 321460-1466.

protein from binding exogenous ligands and/or the enzyme’s Imai, Y., & Sato, R. (1967Eur. J. Biochem. 1419-426.

natural oxidant, hydrogen peroxide; ligand binding to native Jung, C., Friedrich, J., & Ristau, O. (1978¢ta Biol. Med. Germ.
ferric chloroperoxidase also yields a low-spin species with ~38,363-377.

inhibited activity. It is not yet known whether the inability La;nz%elgxg:lg/léé& Dunford, H. B. (1983hrch. Biochem. Biophys.

of hydrogen peroxide to displace the sixth axial ligand is |jpscomb, J. D. (1980Biochemistry 193590-3599.
due to chemical constraints or to steric constraints blocking Martinis, S. A., Blanke, S. R., Hager, L. P., Sligar, S. G., Hui Bon

the substrate access channel. Hoa, G., Rux, J. R., & Dawson, J. H. (199Bj)ochemistry 35
14530-14536.
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