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Unfolding converts Paracoccus versutus cytochrome ¢-550 into a potent peroxidase (Diederix, R. E. M.; Ubbink,
M.; Canters, G. W. ChemBioChem 2002, 3, 110-112). The catalytic activity is accompanied by peroxide-driven
inactivation that is prevented, in part, by reducing substrate. Here, the kinetics of inactivation are described, and
evidence is presented for the occurrence of a labile intermediate on the catalytic peroxidase pathway of unfolded
cytochrome ¢-550. This intermediate represents a branching point, whereby the protein proceeds along either the
productive pathway or self-inactivates. Reducing substrate suppresses inactivation by decreasing the steady-state
concentration of the labile intermediate. Inactivation is accompanied by heme degradation. Its chemical reactivity,
UV-vis, and EPR properties identify the first intermediate as hydroxyheme-cytochrome c¢-550, i.e. with heme
hydroxylated at one of the heme meso positions. The occurrence of this species argues for the peroxo-iron species
in the peroxidase mechanism as the labile intermediate leading to inactivated cytochrome c¢-550.

Peroxidases are heme containing enzymes, capable olnfortunately, they are also prone te®4-driven inactivation
catalyzing a wide array of reactions, including oxidative and heme degradatiéii:>7 Understanding the mechanism
dehydrogenation, oxygen transfer, and peroxidative halogen-of inactivation may help to improve the applicability of these
ations!? The potential use of these enzymes is considerable, proteins.
especially since they utilize the environmentally benign  For this reason, we set out to study the inactivation
oxidant HO; to perform these oxidation reactions. Relevant mechanism and heme degradation pathway in -6
applications of peroxidases are in pulp bleaching, in the ynfolded cytochrome-550 (u-cytc550) fromParacoccus
degradation of aromatics and halogenated xenobiotics, andyersutus(cytc550). The peroxidase activity of both native
in the synthesis of fine chemicals. To date, heme peroxidasesand u-cytc550 has been characterizeidn its native form,
are applied as components of biosensors and in immuno-thjs electron-transport protein contains hexacoordinate heme-
assay$. However, the usefulness of peroxidases in these jron and has low peroxidase activityUnfolding causes
reactions is limited by their poor stability in the presence of release of the native heme methionine ligand, which results
H20,, which rapidly inactivates these enzymiésOther  in a significant increase in the peroxidase reaction Fte.
heme-containing proteins, such as hemo- and myoglobins,y-cytc550 is thus a much more useful catalyst than native

and cytochrome can also catalyze peroxidation reactions, cytc550, which is why we have chosen it for this study.
but at much lower reaction ratés. These proteins are

promising candidates for the mentioned applications, but (4) Everse, J.; Johnson, M. C.; Marini, M. Methods Enzymot1994

231, 547-561.
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Moreover, the faster reaction rates of u-cytc550 facilitate the
study of the heme degradation pathway, which in native
cytc550 is obscured because of the very slow first step in
the reaction of the protein with J@..”

Herein, the peroxide-driven inactivation mechanism and
heme degradation pathway of u-cytc550 are described. The
kinetics of inactivation demonstrate the presence of a labile
intermediate in the peroxidase cycle of u-cytc550, with an
inherent tendency for self-inactivation. Transient kinetics b
studies indicate the occurrence of at least three species in 6‘ ‘ 60 120 180 240
the heme degradation pathway. The first degradation inter- time (s)
mediate could be isolated in a stable form, and characteriza- _ _ _
tion by UV-vis and EPR spectroscopy identified it as FOLIe L Tyeicaprouct formaton cuve of woyessd wingh and,
hydroxyheme-containing cytc550. This makes it likely that cytc550, 10 mM HO,, 1 mM gc, 6 M GdrHCI, 100 mM sodium phosphate
the labile intermediate in the peroxidase cycle of u-cytc550 pH 5.0, 298 K. The different phases, labeleslll, are discussed in the
is the peroxo-iron species. text.

A, (au)

0.0+

continuous stirring, at room temperature. After the addition of each
aliquot, the reaction was allowed to proceed to completion by

P. versutuscytc-550 was produced . denitrificansstrain 2131 waiting for > 10 min. EPR samples were prepared by concentrating
and isolated as describédChemicals were of the highest grade the thus obtained sample using a Centricon device with 10 kDa

Experimental Section

commercially available and dissolved in deionized water (Milli-  cutoff membrane (Amicon). A sample of unmodified u-cytc550 was
Q). GdnHCI (Biochemika grade, Fluka) was dissolved to 8 M, also prepared, and the approximate concentration of protein in both
and this stock solution was filtered over 0.4M HV Durapore samples was 1 mM. Included in the samples was 30% glycerol.

filters (Millipore) before use. The solutions were buffered with 0.1  X-band EPR spectra were recorded with a Bruker ELEXSYS E
M sodium phosphate, and all experiments were performed in 6 M 680 spectrometer in which a metallic cavity was used. The meas-
GdrrHCI. Unless stated otherwise, the pH of each solution was urements were performed at 40 K, using an Oxford ESR 900 H
5.0, measured separately with a Corning pH pencil gel combo- cryostat. The instrumental conditions were the following: modula-
electrode calibrated with IUPAC standard buffers (Radiometer tion frequency 100 kHz, field modulation amplitude 0.5 mT, sweep
Analytical, France). All experiments were performed at 298 K. width 0.4 T, microwave frequency 9.48 GHz, and power 20 mW.
The inactivation kinetics and catalytic efficiency of u-cytc550
were studied using the peroxidase assay wimethoxyphenol
(guaiacol, (gc)) as the reducing substrate, as described Before. Inactivation of the Peroxidase Activity of u-cytc550
Formation of product was followed using a Shimadzu UVPC- under Turnover Conditions. A typical product formation
2101PC spectrophotometer f.itted with ath.ermostat. It was assumedeyrve due to the peroxidase activity of u-cytc550 is shown
that the product of the reaction, tetraguaiaeald = 26.6 MM™ s Figyre 1. The curve consists of three phases: a lag phase
cm~1) was the result of four oxidation reactioHsThe inactivation (1), followed by a linear phase (1), which is in turn followed
rate was determined by f'tt'ng. the .pro.dUCt formation curves to a by a decrease in activity ending in a plateau (Il). The shape
first-order process for catalyst inactivation. The catalytic efficiency . . .
(i.e., the amount of gc turnovers before catalyst inactivation) was of the curve is comparable to that observed with native
cytc5507 except that, in the presencé®M Gdn-HCI, no

determined by subtracting the initial absorption from the final ; : )
absorption at 470 nm (after full completion of the reactions) and Product breakdown is observed. As with native cytc550, the

dividing this by the concentration of u-cytc550 employed. In the lag-phase is attributed to an activation process involving
inactivation rate and catalytic efficiency measurements, [u-cytc550] oxidation of protein residu€sWhen fresh u-cytc550 is added
was varied between 0.2 anduM, [H,O;] between 2.5 and 100  when the reaction has reached the plateau, the absorption
mM, and [gc] between 1 and 50 mM. increase starts again, and the total absorbance due to product
Transient kinetics studies were performed using an Applied formation after complete inactivation is linearly related to

P_hotophysics SX.18 stopped-flow instrument. In some cases, thethe amount of u-cytc550 initially present (not shown).
diode array (3261000 nm) accessory was used to follow spectral The activity decrease in time (phase 1l in Figure 1) could

evolution. Analysis of the latter and deconvolution of the spectra be fitted to a monoexponential function, indicating a first-

of individual components was performed using the Global Analysis der i L Th | di
module of the Pro-K software package (Applied Photophysics, °'f er inactivation proclzess. e rate constan_ts are plotted in
U.K.), which makes use of the singular value decomposition Flgu're 2a,b asafunctloh of, and the reducing substrate,
algorithm2! guaiacol (gc), respectively. The rate constant shows a

Steady-state optical measurements on the heme-degradatiofyperbolic dependence on{&] (Figure 2a). In the presence
pathway of u-cytc550 were performed with the spectrophotometer of 10 mM gc, the rate constant of inactivation at saturating
already described. Samples containing predominantly the first heme[H»0,] is 1.164- 0.06 s%, and the inactivation rate constant
degradation intermediate were prepared by the addition of 6 is half-maximal at 111 10 mM H,O,. With increasing [gc],
successive aliquots of 0.5 molar equiv of®4 to u-cytc550 under  the rate constant of inactivation decreases hyperbolically

: . (Figure 2b). The inactivation rate constant plotted against
(10 53'3‘3”3@2'31'75* Marques, H. M.; Pratt, J. NI. Inorg. Biochem1987, the inverse concentration of gc (Figure 2b, inset) gives a
(11) Henry, E. R. Hofrichter, Methods Enzymoll992 210, 129-192. linear dependence with slope 0.25 0.01 mM st and

Results
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Figure 2. (a) Inactivation rate constant of u-cytc550 as a function gdflin the presence of 10 mM gc. (b) Inactivation rate constant of u-cytc550 as a
function of gc, in the presence of 10 mMxEh. Inset: the inactivation rate constant plotted against the inverse [gc]. Each data point is the average of 5
different experiments, whereby [u-cytc550] was varied between 0.2 and\WL.0he solid lines are best fits to the data using eq 2, as indicated in the text.
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Figure 3. Catalytic efficiency (CE) of u-cytc550 as a function 0f®% (a) and gc (b). In part a, [gc] was 10 mM, and in part b;Qp] was 10 mM. The
CE was calculated by dividing the final concentration of product formed by [u-cytc550] initially present. Each data point is the average of & differen
experiments, whereby [u-cytc550] was varied between 0.2 angNl.0

intercept 0.067 0.004 s ([H,0;] = 10 mM). The latter may result from an intrinsic instability of a reaction product
value is the inactivation rate constant at saturating [gc]. Theseof u-cytc550 with HO,. To afford insight into this, the
observations suggest the presence of an intermediate in theeaction of u-cytc550 with kD, was studied in more detail,
inactivation, formed by the reaction of u-cytc550 with®d. using both transient and steady-state methods. Wheén H
In turn, gc inhibits inactivation, possibly by a mechanism is added to u-cytc550 in the absence of gc, a number of
whereby it causes a lowering of the steady-state concentratiorchanges take place in the BWis spectrum of u-cytc550,
of this intermediate. ultimately resulting in a severely bleached spectrum. The
The absorption differencecfzo = 6650 Mt cm™ per traces at 412.8 nm as a function of time (Figure 4a) could
oxidized gc) between the starting and end points of the be fitted by a sum of three exponentials, the rate constants
product formation curves yields the amount of gc turnovers of which depend linearly on [}D,] (Figure 4b). The fits to
before catalyst inactivation. Divided by the amount of the data pass through the origin, and the values of the
u-cytc550 initially present, this gives the catalytic efficiency bimolecular rate constantky( ko, andks) are 1226+ 7 M1
(CE) of u-cytc550. Values of the CE thus obtained are plotted s, 309 + 3 Mt st and 63+ 0.6 M sL. The rate
in Figure 3a,b as a function of &, and gc, respectively.  constants were identical at 1 and /1 u-cytc550 (not
The CE of u-cytc550 is roughly constant withBb], while shown). This corresponds to a reaction as in Scheme 1:
it increases hyperbolically with [gc]. The maximal CE, i.e.,
the CE at saturating [gc] is 53# 10, and the CE is half- Scheme 1
maximal at 3.7+ 0.3 mM gc. A ki[H,0,] B kalH,0,] c KlH,0,]
. . s - (1)
A potential cause for inactivation may be the adventitious
generation of highly reactive species such as the hydroxyl The bimolecular rate constant of the reaction of u-cytc550
radical, which, in principle could be formed by homolytic with H,O, was previously measured under turnover condi-
cleavage of the ©0 bond of the iron-bound peroxide. This tions, giving a value of 1500 M s!, assuming each
can be ruled out as a possible cause, however, because thperoxide oxidizes two gc moleculéshis value is similar
product formation curve remained unaltered when the radicalto the rate constant for the first phase (1226N\1)
scavenger mannitol (50 mM) was included in the reaction observed here, suggesting thatcorresponds to the rate-
mixture. limiting step of gc oxidation by kD, (at low [H,0O;]), and
The Reaction of U-cytc550 with HO; in the Absence that generation of the first intermediate species is a fast
of Guaiacol. As mentioned, the inactivation of u-cytc550 process following this step.

Inorganic Chemistry, Vol. 42, No. 22, 2003 7251
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Figure 4. (a) Stopped-flow trace at 412.8 nm of the reaction betweeh i-cytc550 and 0.5 mM bD; in the absence of gc. Inset: enlargement of part
a, showing details of the first two phases. Note that the natural logarithm of the absorbance is shown. (b) Dependgg®fomach of the three rate
constants observed at 412.8 nm. The lines are linear fits to the data.
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Figure 5. (a) Deconvoluted UV-vis spectra of the intermediates (as discussed in the text) observed in the reaction of u-cytc55fDwiththe absence

of gc. The spectra were simulated as discussed in the tex@;[hvas 0.1 mM, and [u-cytc550] was/AM. (b) Spectral evolution of u-cytc550 following

the successive addition of aliquots of 0.5 molar equiv DH The spectra were recorded each time after allowing the reaction to proceed to completion,
and shown are respective spectra of u-cytc550 after addition of 0, 1, 2, etc., equi®ppetoxide (in the direction of the arrows).

The time dependence of the reaction betweg®and Table 1. UV—vis Parameters of U-cytc550, of Intermediates in the
u-cytc550 was followed over the entire visible range using Heme Degradation Pathway, and of Derivatives of the First Observable
) . . L Degradation Intermediate
a diode array. With the help of the previously determined

rate constants, the time-dependent spectra were deconvoluted Fe (lll) Species
. . f . h h Fe(lll) u-cytc550 397 497 527 (sh) 623

at var_mus_concentratlons of,8, (using Scheme _1). The _intermediate B 409 505 571 (sh) 635 (sh)
resulting simulated spectra of u-cytc550 (A) and intermedi- intermediate € 418

i i ] intermediate D 417
ates _B—D are shown in F|gur§ 5a. Thg spectra of the final specied® 406 507 562 (sh) 633 (sh)
species (D) and the second mtermecﬁate (C) have a muc_:hSIE)ecieﬁur KCN 416 542
less intense Soret band and are relatively featureless, whileFe(lll) hydroxyhemé 407 535(sh) 575(sh) 630 (sh)
the first intermediate (B) has a slightly more intense, red- Fe(ll) Species
shifted Soret band and displays several distinct bands. Fe(l) l;iyt:?ﬁﬂ_ . :2272 555520 607 (sh)

. . . . - specie Ithionite S

The absorption maxima of each species are summarized ingocdeqe 1 githionite + EMS® 425 530 553
Table 1. Fe(ll) hydroxyheme 432 ~5400 639

The_ effect Of_ reduc_tant on the spec_tral Change$ was aConditions: 6 M GdrHCI, 100 mM sodium phosphate, pH 5.0. Peak
examined by using sodium ascorbate. This was used insteaghaxima are in nm, and shoulders are indicated by “8fftom simulated
of gc as a reductant because the oxidized product of the latterspectra of the intermediates observed transiently in the stopped-flow
absorbs strongly in the region of nteresin, = 470 nm).  SeoeTETLS PeCesE s e sapi claned by ston of
In the presence of 20 mM sodium ascorbatgDicauses a  o-hydroxyheme in heme oxygenase at pH .05 Ethylmethyl sulfide.
slow bleaching of the spectrum, with no evidence for fl_:errouso_n-hydroxy'heme in heme oxygenase at pH%.0.Estimated from
intermediates. The final product, obtained after prolonged F'9uré 1 in Mansfield Matera et &.
exposure to bD,, shows a similar spectrum as the final ascorbate was added and the spectral evolution observed
spectrum obtained in the absence of sodium ascorbate, excegfinal concentrations of reactants:uM u-cytc550, 0.25 mM
that the broad absorption is now blue-shifted and has aH,0,, and 10 mM sodium ascorbate). The incubation period
distinct shoulder at 370 nm (not shown). with H,O, was varied between 0 and 100 s, with the aim to
Next, it was assessed whether sodium ascorbate wouldmaximize the expected concentrations of intermediates at the
react with the intermediate species in the reaction gdH moment of addition of sodium ascorbate. For each incubation
with u-cytc550. For this, u-cytc550 was reacted with a 50- period, the addition of ascorbate had the sole effect of
fold excess of HO, for a set period, after which sodium arresting spectral development (except for slow, continuous

7252 Inorganic Chemistry, Vol. 42, No. 22, 2003
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bleaching). Thus, no shift in the position of the Soret band
was observed once ascorbate was added (not shown). There-
fore, none of the observed reaction products of u-cytc550
with H,O, are reverted by ascorbate, and thus, they are not
part of the catalytic peroxidase cycle of u-cytc550.

The properties of the intermediates were also studied by
controlled addition of HO,. For this, HO, was added in
aliquots of 0.5 molar equiv (with respect to u-cytc550), and
the reaction was allowed to proceed to completion. Figure
5b shows the spectral evolution of u-cytc550 following this
treatment. The spectral changes are very similar to those seen
in the stopped-flow experiments. The spectrum obtained after
the addition of~3 equiv of HO; is similar to the spectrum wavelength (nm)
obtained in the stopped-flow experiments afted.9 s (at .

0.5 mM H,0,) and comparable to the simulated spectrum B J
of the first intermediate (B). It can be calculated that the 0.31
spectrum obtained after 0.9 s in the stopped-flow experiments
contains~60% of intermediate B and about 30% u-cytc550.
Accordingly, the peak maxima of the spectrum of the sample
obtained after addition of 3 equiv do not correspond exactly
to the simulated spectrum of intermediate B (Table 1), but
the general shapes of the spectra are very similar and it can
be safely stated that the major species in the samph is
The peroxidase activity oB thus obtained was measured,

! L 0.0 . : ]
and it corresponds to ca. 35% of the activity of untreated 400 600 800
u-cytc550 (not shown). This correlates well to the percentage wavelength (nm)
of unmodified u-cytc550 expected and indicates that inter-
mediate B has no or little peroxidase activity.

Properties of the First Observed Intermediate in the
Peroxide-Driven Degradation of the Heme of U-cytc550.

The sample obtained by the addition of 3 equiv ekIto
u-cytc550 was characterized further, as will be discussed
next. The sample did not appear sensitive to When
prepared under an argon atmosphere, it has the same optical
spectrum as when prepared aerobically. The addition of 20
mM ascorbate or gc had no effect on the spectrum of the 406
sample.

The addition of several equivalents of KCN caused 4 5
significant shifts in the spectrum (Figure 6a, Table 1). With
increa_sing PH, the peaks shift in th.e same direction aS.WhenFigure 6. (a) UV—vis spectrum of u-cytc550 after addition of 3 equiv of
KCN_ '_S added t(_) the _sample (Flgwe Gk_))' _SqueStmg a 1,0, (- -.-), and after the subsequent addition of 2 equiv of KCN.((b)
transition from high spin to low spin ferric iron, due to  Sample obtained after addition of 3 equiv 0f®4 at pH 5.0, adjusted to
b|nd|ng of a Strong ||gand to the iron’ possib|y |ys‘:]rm- pH 1.04, 4.07, 7.02_7 7.99, and _12.6, rgspectively. With increasing pH, the
Pydroxide. The I p0f this transition is 6.9 0.1 (Figure  SPecim changes nhe dcton ndicated by arows. () pi deperdence
6c), approximately half a unit higher than that for unmodified solid line () is the fit of the data to a single protonation event, yielding
heme-iron of u-cytc550 under these conditiéfls. pKa= 6.9+ 0.1.

When dithionite is introduced into the sample, its color
changes from bronze to brilliant green. The resulting When subsequently the dithionite-reduced sample is
spectrum is shown in Figure 7a, and its peak maxima (Table €xposed to oxygen, the brilliant green color is lost and the
1) indicate high spin ferrous iron. The fact that dithionite resultant spectrum is reminiscent of the original spectrum,
can reducd, but ascorbate cannot, indicates that the species€xcept for a significantly bleached Soret band, and several
has a low reduction potential. When ethylmethyl sulfide is Other changes at lower wavelengths (Figure 7b). Additional
added, the splitting of the- and 8-bands around 550 nm  cycles of dithionite addition followed by exposure to oxygen
indicates formation of low spin ferrous iron (Figure 7a, Table led to a species with a severely bleached and broad Soret
1). Ethylmethy! sulfide is a good ligand for ferrous iron in band at~387 nm and relatively intense and sharp peaks at

absorption (AU)

400 ' 600 ' 800

02 I

absorption (AU)

0.1- l X6

N

-

o
1

Soret position (nm)
D
o
(o]

8 10
pH

c-type hemed? 533 and 652 nm. This is shown in Figure 7c, together with
a sample of verdoheme-cytc550 under the same conditions.
(12) Schejter, A.; Plotkin, BBiochem. J1988 255, 353-356. The clear similarity between both spectra indicates that
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Figure 8. X-band EPR spectra of u-cytc550 (- - -) and u-cytc550 after
addition of 3 equiv of HO, (—). The samples contained approximately 1
mM protein and were in 30% glycerol, 4.2 M G4HCI, 70 mM sodium
phosphate. The sample of u-cytc550 and that after addition of 3 equiv of
H,O, were at pH 5.3 and 5.4, respectively. The positive signglat2.04

is an artifact of the resonator.

heme with typicalg-values aty = 6 andg = 2. A minor
signal is present which belongs to low spin ferric heme, with
g-values at 2.97 and 2.29. U-cytc550 experiences a pH-
dependent spin state change, witkwg,,= 6.33° and thus,

at the pH of the sample (pH 5.3), about 10% of u-cytc550

is expected to be low spin. The EPR spectrum of the
peroxide-modified u-cytc550 also shows multiple signals
(Figure 8). The major signal belongs to high spin ferric heme,
but the signal aj = 6 is somewhat broadened with respect
to theg = 6 signal of unmodified u-cytc550. In addition,
the low spin heme signal has also changgeF(2.75, 2.32,
and 1.74). At the pH of the experiment (pH 5.4), about
3% of B is expected to be low spin Ka,app = 6.9, vide
supra), and thus, the low spin and high spin signals are both
ascribed tdB. The significant change in the low spin heme
signal, along with the broadened high spin signaj at 6,
corroborates that the peroxide-driven modifications are in
the immediate vicinity of the heme-iron, i.e., either on the
heme macrocycle or on the axial His ligand. The spectrum
of the peroxide-modified u-cytc550 also exhibits signals at
g = 4.3 andg = 1.94. Both signals are also present in the
sample containing unmodified u-cytc550, albeit much less
intense, and both have increased by an equal amount in the
modified u-cytc550 sample. The signalgt 4.3 is assigned

to non-heme high spin iron, while the signal@t= 1.94

H,0, and subsequently exposed to several cycles of addition of sodium currently remains unassigned.

dithionite followed by Q. The arrows indicate the direction of the spectral

changes following this treatment. Inset: the sample untreated and treatedDjscussion

with a single cycle of dithionite/@ respectively. The left and right vertical

scales are for untreated and treated samples, respectively. (c) Spectrum In the presence of #D,, u-cytc550 is converted into a

(- - -) of verdoheme-cytc550ni6 M GdnHCI. This was prepared by a
procedure similar to that describ&d,j.e., by prolonged exposure of
u-cytc550 to 20 mM sodium ascorbate and a streamofT@e solid line

(—) is the spectrum of the sample obtained after addition of 3 equiv of
H20, and >10 cycles of successive exposure to sodium dithionite and O

verdoheme-cytc550 is formed whBns exposed to oxygen
in the presence of dithionite.

peroxidase-inactive form. This is obvious from the product
formation curve (Figure 1) and is observable by changes in
the optical properties of u-cytc550 (Figure 4). The depend-
ence of the inactivation rate constant on@ is hyperbolic
(Figure 2a), which suggests the presence of an intermediate
species (termed labile intermediate here) in thgOMH
mediated inactivation process. In the presence of reducing

The EPR spectrum of the sample obtained by addition of substrate, gc, the inactivation is slowed. The protective effect
3 equiv of HO, is shown in Figure 8, together with a of gc also displays a hyperbolic dependence, but at saturating
spectrum of unmodified u-cytc550. The major signal in the gc, the inactivation still takes place with an appreciable rate
spectrum of unmodified u-cytc550 is from high spin ferric (Figure 2b). When gc exerts its protective effect by lowering
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Table 2. Kinetic Parameters for the #,-Driven Inactivation of
U-cytc550 and for the Catalytic Conversion offgc

kinetic parameters
for inactivatior?

kinetic parameters
for catalysi$

Ka 7.3mMs?t Keat 707+ 26st
ks 1.64st

KE,, 10.8 mM K 4.7+£03mM
K0 232 mM K0 2364+ 14 mM

aConditions: 298 K, 100 mM Naphosphate pH 5,06 M GdrrHCI.
bValues of the inactivation parameters obtained by fitting the data in Figure
2a,b to eq 2, assuming thip — 0. ¢ From ref 8.

the steady-state concentration of the labile intermediate,

models describing the hyperbolic ;B,-dependence of
inactivation and hyperbolic form of the substrate protection
take the general form of eq 2 (see Supporting Information
for a derivation):

inactivation rate constant
(kg + kg[gc))[H,0,]
[H,0,] + Ki2X[gc] + [H,0,][gc]

inact

Inac

K,+ K

The kinetics of inactivation were fitted to this function (solid
lines in Figure 2a,b), yielding values for the catalytic

gc'+ gc

A

HO, gc

X

/

N
N

@
o

~

P S

=y
\

-

Figure 9. Purported peroxidase mechanism of u-cytc550, including
possible inactivation pathways, based on this and previous Waakgd by
analogy to the mechanism of microperoxiddseBoth u-cytc550 and
microperoxidase share the same catalytic center and have comparable
activities8-1030Resting state, ferric protein is indicated by X, and the first
intermediate, peroxo-iron is indicated by Y. Z represents the second
intermediate, which in the text is referred to as the oxidizing intermediate.
This is probably a ferryl species plus a radical cafiérThe labile
intermediate that leads to inactivated u-cytc550 (indicated by 1) is either
species Y, Z, or Zgc. In the case that Y is the labile form leading to I, the
conversion of Y to Z is reversible.

hyperbolic dependence on [gc] (Figure 3). The CE is the
ratio between the rate constants of formation of oxidized gc
(product) and of catalyst inactivation (see ref 13 and

Supporting Information) and can consequently be described

constants as summed in Table 2. Herein the catalytic by eq 4a. WithKq small, and considering the similarity of

constantka andkg, respectively, denote the gc-independent

and gc-dependent inactivation rate constants, kig, and

H20;
Kinact

u-cytc550 with gc and kD, respectivelyK, was neglected
in the fitting procedure as it can be shown to be small.
Previously? we determined the kinetics of the®-driven
conversion of gc by u-cytc550. It was concluded that this
proceeded through a ping-pong-type mechanism. Firsg, HO
binds to the heme-iron, and this peroxo-iron complex
presumably then converted to an oxidizing intermediate
capable of gc oxidation (Figure 9). The kinetics of substrate
conversion are described by eq 3:

turnover rate constant
k.ai9c][H,0,]
KYTH,0,] + Ki**gc] + [H,0,][gc]

®3)

Combining this information with the above-mentioned

inactivation characteristics makes it attractive to envisage
that inactivation and catalytic turnover have at least one

intermediate in common. Not only is B, the essential

reactant in both processes, but also gc is competent to

are the apparent overall dissociation constants of

Kw andKinac for both gc and HO, (Table 2), eq 4a can be
approximated by eq 4b.

_ Keaf9C][H,0,] .
KHTH,0,] + Kiz[gc] + [H,0][gc]

K, + KiaelH20,] + Ki2xlge] + [H,0,llgc]
(ks & KalgGD[H,03 @)
L
- ka + kglgc] )

Equation 4b predicts that the CE is independent oid#i

but should show a hyperbolic dependence on [gc]. The gc
concentration at which the CE is half-maximal corresponds
to ka/ks (4.5 mM, from Table 2), in fair agreement with the
observed value (3.2 0.3 mM). From eq 4, the CE at
saturating gc equates tQ./ks. Its calculated value is 431
(using a value of 7073 for ke, from previous worR), which

is also in reasonable agreement with observation {634).
In the absence of gc, 4, drives the formation of an

participate in either process. The similarity in the values of optically distinct form of u-cytc550 (Figures 4 and 5). The

K% . and K22 with K& and K%, respectively, supports
this (Table 2). Two likely candidates for the labile intermedi-
ate are the iron-peroxo species and the oxidizing intermediat

(either or not in complex with the reducing substrate, gc),

respectively, as is shown in Figure 9. Note that the former
case requires that the conversion from iron-peroxo heme to

the oxidizing intermediate is a reversible reaction.

The catalytic efficiency (CE), i.e. the number of turnovers
per molecule of u-cytc550 before full inactivation of u-
cytc550, is nearly independent of {8;], but it shows a clear

e

rate of this reaction is linearly dependent on,(] at the
concentrations studied, with a bimolecular rate constant
(Scheme 1) of 1226 M s™%. This is close to the bimolecular
rate constant of the reaction with B, for substrate
conversion during catalysis (1500 ™s1).2 Thus, at low
[H20;], the rate-limiting step is the same for both catalysis
and peroxide-driven heme modification. Again, this places
a clear link between the two processes. The properties of

(13) Fersht, A. R.Enzyme Structure and Mechanis2nd ed.; W. H.
Freeman and Company: New York, 1985; p 118.
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the peroxide-modified forms of u-cytc550 may thus help heme (Table 1). In the EPR spectrum, the slightly broadened

understand the peroxide-driven inactivation of u-cytc550.
U-cytc550 is modified by KO, in three separate, consecu-

(with respect to u-cytc550) high spin heme signatjat 6
(Figure 8) is in keeping with that reported forhydroxy-

tive steps (Figures 4 and 5). The kinetics of the first step heme-bound heme oxygena3é?It s interesting, however,
render this the most relevant with respect to the inactivation that, unlike fora-hydroxyheme-containing heme oxygenase
mechanism. The optical properties of the first intermediate and myoglobiri~2% no radical signal ag = 2 is observed

in the peroxide-driven heme modification pathway are very in the EPR spectrum d@. The radical signal originates from

similar to those obtained after addition of 3 equiv ofG4

one of the resonance structuresoohydroxyheme, due to

to u-cytc550 (Figure 5). This indicates that the major species charge-transfer resulting in a porphyrin-based radical and

in the sample obtained by addition of 3 equiv of® is the
first observable intermediat®) and allows for use of this
sample to investigate its properties.

The optical spectrum oB indicates modification of the

ferrous iront>162525 The strong reactivity ofi-hydroxyheme
with O, commonly is associated with this resonance structure,
which requires deprotonation of the meso-hydrdRyf.2223.26

On the other hand, ferriB is not reactive with @ which

heme periphery or of the axial His ligand. Compared to agrees with the absence of radical c_haracter in this specigs.
unmodified u-cytc550, the absorption bands have become 'he apparent lack of a ferrous-radical resonance form in
less well defined and are significantly red-shifted (Figure 5, hydroxyheme-cytc550 may be related to the specific structure
Table 1). The iron is high spin, i.e., with a weak or absent Of thec-type heme of cytc550, i.e., the covalent link to the
sixth ligand, and can go low spin by the addition of KCN, Protein matrix through thioether bonds between two cysteines
and by an increase in the pH (Figure B)cannot be reduced and the vinyl substituents. Possibly associated to this is the
by ascorbate, but in the presence of dithionite, a typical high OPservation that porphyrins with electron-withdrawing groups
spin ferrous heme spectrum results. As with the ferric protein, IN Place of the vinyls are converted only slowly by heme
the absorption bands are red-shifted in ferBugith respect ~ 0Xygenasé!
to unmodified ferrous u-cytc550 (Table 1). Addition of As discussed, the peroxidase inactivation kinetics of
ethylmethyl sulfide, a strong ligand for ferrous heny&- u-cytc550 indicate the presence of a labile intermediate on
results in a typical low spin ferrous heme spectrum (Figure the catalytic pathway. Two possible candidates emerge from
7). The red shift of absorption bands in both ferrous and the inactivation kinetics, namely the peroxo-iron species or
ferric B with respect to u-cytc550 suggests that the peroxide- the oxidizing intermediate (probably a ferryl species such
driven modification involves an electron-withdrawing sub- as compound | in peroxidases). The identification of hy-
stituent on the porphyrin ring, or a less electronegative iron droxyheme-cytc550 as the first observable intermediate in
centert This is corroborated by the elevatel ,,0f the the peroxide-driven heme modification pathway provides
high to low spin transition of ferri® compared to unmodi-  support for the peroxo-iron species as the labile intermediate
fied u-cytc550 (Kaapp= 6.9 and 6.33, respectively). as this species is the direct precursonefiydroxyheme in
When dithionite-reduce® is exposed to @ immediate ~ heme oxygenase:*2*As proposed by Ortiz de Montellano
changes take place in the optical spectrum that suggest©r heme proteins in general, the peroxo-iron species can
reoxidation ofB, along with additional modifications (Figure ~ €ither react further to the ferryl species or it can hydroxylate
7). Several cycles of exposure to dithionite andy@Id a the porphyrm ring in an intramolecular oxygen-transfer
species with a spectrum closely resembling that of verdo- "éaction:®:
heme-cytc550 (Figure 7). Thus, it is assumed Bab a If this were the case for u-cytc550 as well, it implies that
precursor to verdoheme. There are two well-described the conversion from peroxo-iron intermediate to the oxidizing
pathways leading to verdoheme generation, i.e., the heme

oxygenase pathway and coupled oxidafiord In both of (29) ;/ggl;sFéz?)GOZrtlz de Montellano, P. RJ. Biol. Chem.1993 268
these pathways, the first heme modification step is hydroxyl- (20) ishikawa, K.; Takeuchi, N.; Takahashi, S.; Mansfield Matera, K.; Sato,

M.; Shibahara, S.; Rousseau, D. L.; Ikeda-Saito, M.; Yoshidal. T.

ation of the porphyrin at one of the meso positions, usually

the a-meso positiod>8a-Hydroxyheme is easily generated
by the addition of HO; to the ferric heme-containing heme
oxygenasé??tindicating thaB may also contain this heme-

Biol. Chem.1995 270, 6345-6350.

(21) Liu, Y.; Moénne-Loccoz, P.; Loehr, T. M.; Ortiz de Montellano, P.
R. J. Biol. Chem1997, 272 6909-6917.

(22) Mansfield Matera, K.; Takahashi, S.; Fujii, H.; Zhou, H.; Ishikawa,
K.; Yoshimura, T.; Rousseau, D. L.; Yoshida, T.; Ikeda-Saito,JM.

derivative. Biol. Chem.1996 271, 6618-6624. o
The likelihood thaB is hydroxyheme-cytc550 is substan-  (23) fg‘gg’;‘;’f’lgﬁgq‘g%o\(* Palmer, G.; Noguchi, MBiol. Chem.
tiated by the similarity in the optical spectra of ferrous and (24) Morishima, I.: Fujii, H.; Shiro, Y.; Sano, Snorg. Chem.1993 34
especially ferricB to that of ferrous and ferria-hydroxy- (4) 1528-1535. ,
(25) Morishima, I.; Fujii, H.; Shiro, YJ. Am. Chem. So&986 108 3858—
3860.
(26) Balch, A. L.; Latos-Graghski, L.; Noll, B. C.; Olmstead, M. M.;
Zovinka, E. P.Inorg. Chem.1992 31, 2249-2255.
(27) Frydman, R. B.; Tomaro, M. L.; Buldain, G.; Awruch, J.)a2) L.;
Frydman, B.Biochemistry1981, 20, 5177-5182.
(28) Davydov, R.; Kofman, V.; Fujii, H.; Yoshida, T.; Ikeda-Saito, M.;
Hoffman, B. M.J. Am. Chem. So2002 124, 1798-1808.
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275 34501-34507.
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intermediate is reversible, with a substantial rate for the back reaction by stabilizing the transition state for the heterolytic

reaction. Although this by no means is the current consensuscleavage of the peroxide @ bond3'3436 |n an HRP

for peroxidases, evidence in favor of reversibility is ac- mutant whereby the Arg was replaced by Leu, the rate of

cumulating for microperoxidases (see Veeger's Woénd the latter reaction was sufficiently decreased to allow direct

references therein), which are highly comparable to u- observation of a peroxo-iron speci&Moreover, compound

cytc5508° I in this mutant was much less reactive toward reducing
The work described here demonstrates that the peroxide-substrates. The fact that this mutant displays a much poorer

driven inactivation of u-cytc550 is caused by an intrinsic CE supports our conclusions, despite differences in t@H

tendency for autodestruction of one of the intermediates in driven inactivation mechanism of HRP and u-cytc35¢%

the catalytic peroxidase cycle. This intermediate is probably
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