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Abstract — Protoporphyrinogen oxidase (PPO) catalyzes theulperate reaction in heme biosynthesis. The ‘oxygen
dependent’ form of this enzyme can utilize thredamales of oxygen as electron acceptors in thetimadn the current
study, the ability of cytochrome to serve as an electron acceptor for PPO was exami@ytochromec was found to
enhance the catalytic rate Bfosophila melanogasteiPPO under reduced oxygen conditions, and cytochmoivecame
reduced during PPO catalysis. Further kinetic aislyinder anaerobic conditions revealed that hyarogeroxide, a
byproduct of the PPO reaction, is required for tfaie enhancement to occur. This suggests thageheration of free
radicals via the peroxidase activity of cytochrotrays a part in this rate enhancement, rather ¢fothromec acting as

an electron acceptor for the PPO reaction. Giveratiundance of cytochrornén the intermembrane space of mitochondria,
the cellular location of PPO, this process may ipialy impact on the synthesis of heifnevivo particularly in conditions of
low oxygen or hypoxia.

Key words: Heme biosynthesis, protoporphyrin, tetrapyrroleefradical; hydrogen peroxide.

INTRODUCTION thogght to be shuttled to the ele'ctron transport
chain (24). In eukaryotic organisms, oxygen-
dependent PPO has been localized to the

The six-electron oxidation of cytosolic side of the inner mitochondrial
protoporphyrinogen  to  protoporphyrin  ismembrane and utilizes molecular oxygen as an
catalyzed by either an oxygen-dependent, FARectron acceptor (13, 17, 7). Early work was
containing enzyme found in eukaryotes angerformed on PPO purified from the native host
strictly aerobic bacteria (protoporphyrinogerf9, 37, 2), whereas subsequent studies have been
oxidase (PPO), E.C.1.3.3.4) (32), or an oxygeperformed on purified recombinant proteins: the
independent enzyme in facultative or anaerobituman Bacillus subtilis Myxococcus xanthus
bacteria (26). These two protoporphyrinogeandAquifex aeolicugnzymes have been cloned,
oxidases are distinct proteins and are unrelateskerexpressed iEscherichia coliand purified to
In the case oEscherichia coli which possesseshomogeneity (11, 8, 10, 6, 38). All of these
oxygen independent PPO activity, electrons arestudies have reported the presence of a flavin

cofactor.
Abbreviations : cyt c, cytochromec; E. coli, Escherichia The crystal structures of PPO frokh. xanthus
coli; MOPS, 4-morpholinepropanesulfonic acidPPO, (3) and mitochondrial PPO from tobacco (27)

rotoporphyrinogen oxidasetris, tris (hydroxymethyl . .
Qmmgmﬁthgne (?arbonate (hydroxymethy) have recently been solved. A putative reaction
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mechanism was proposed, involving a three-step  MATERIALS AND METHODS

oxidation of protoporphyrinogen using FAD as

the primary electron acceptor and moleculanaterials

oxygen as the terminal acceptor with three moles ~ Protoporphyrin IX was purchased from Frontier

of hydrogen peroxide produced per turnover (17§Q'em'f'° Inc. ~(Logan, — UT,  U.SA).

As the next enzyme in the pathway rls(hy_droxymet_hyl)amln_omethane carbonate _ (tris),
. . . J“Ypotassium chloride, sodium dihydrophosphate andusod

ferrochelatase, is associated with the iNN@fetal were purchased from J.T Baker. The remaining

mitochondrial membrane, it has been suggestecthemicals were purchased from Sigma-Aldrich unless

that substrate channeling between these protefifaerwise specified. Horse heart cywas purchased from

may occur (16, 7, 33). The 3.0 A tobacco PpgJI™? £99% purity by SDS-PAGE).

structure (27) was docked onto the 2.0 A humaf,ning

ferrochelatase structure (40) to generate a  The DNA for the putative protoporphyrinogen

modeled transmembrane complex. This modetidases fromD. melanogasterwas amplified from

suggests that a direct interaction of PPO ardgnomic DNA using the polymerase chain reactiore $h

f helat . itted h th end was designed to contain ldod restriction site as well
errochelatase Is permitted, even when €3€ codons for a Higag for C&*-chelate chromatography.

enzymes are embedded in a lipid bilayer (27). The 3' end was extended to contaiHiadlll site. This
In humans, mutations in the PPO gene théittgment was cloned into the pTrcHis expressiontarec

result in decreased PPO activity can give rise fvitrogen). The resultant construct was transfetininto
Variegate Porphyria (VP) (1, 14, 31), AE coliJM109 cells for protein expression.

dominantly inherited disorder characterized by,qtein expression and purification

photosensitive skin lesions and a propensity t0  The D. melanogastePPO was overexpressed and
develop neurovisceral crises (14, 25). ‘Soutpurified to homogeneity as previously reported Hioman
African VP’ is an example of a founder effecEPC (10). Protein preparations were analyzed usivg

. . visible spectroscopy to confirm the presence of the
mutation, where the RS9W polymorphlsr’rhoncovalently bound FAD cofactor. The protein

accounts for a high proportion of VP cases (3@encentration was determined using a calculateidaidn
23). However, this VP allele is not unique, aeoefficient based on the amino acid compositi@s,(
different VP polymorphisms have recently beewglues of 45.6 micn). The concentration oyt ¢
detected in the South African population (5, 4f5'9ma) was determined usingz, of 11.7 mM'cn.
which contribute_ to over 120 VP mutations nows, assay 1 — Microaerobic plate reader assay
reported worldwide (39, 28, 18-20). PPO activity was monitored at 3%C using a
Previously, it has been demonstrated thabntinuous plate reader assayia the detection of
the electron acceptors coenzymg, Qoenzyme protoporphyrin IX fluorescence (36). Concentratioofs

imhihi i protoporphyrin IX were determined in 2.7 N HCI usigs
Qes, and coenzyme Qinhibit PPO activity when © 262 mMicm® (15). In assays where the oxygen

present at concentrations greater than M concentration was diminished, all buffers were gpdr
(17). The current study examines the possibilityith nitrogen beforehand and 38 of mineral oil was
that cytc, which is located in the same cellulafayered on top of each reaction mixture to prevesit

nenzymatic oxidation rates of protoporphyrinogén

for PPO. The results suggest that hydmgéﬁre monitored concomitantly and were subsequently

per'oxide, a PrOdUCt of oxygen depende_nt PP btracted. Reaction conditions and concentratiohs o
activity, mediates the stimulatory action ofeactants are quoted in the Figure legends. Alhyass

cytochrome ¢ on PPO activity. Given the contained 50 mM NajPQ, pH 8.0, 0.2 % Tween-20 (V/V).
proximity of PPO and cyt, we have examined Glutathlone was not included as this can causepéngal

. reduction of cyt.
the ability of cytc to serve as an electron
acceptor either in addition to, or in place 0Ppo assay 2 — Anaerobic fluorimetric assay
molecular oxygen. The data presented herein Reactions were carried out in a 3mL cuvette in 50
suggest that the observed stimulatory effects B NarPO, pH 8.0, 400 nMDrosophilaPPO. All assay

. . onstituents were sparged with argon for a mininamirg0
cyt ¢ on the PPO reaction are mediated b>?ninutes, and were added to the cuvette under anstaf

hydr_ogen peroxide. Since cytochrone has_ argon. The cuvette was then sealed with parafilprévent
previously been shown to generate free radicalsequilibration of atmospheric oxygen with the atén
via the breakdown of hydrogen peroxide (34), thaixture. Where applicable, the cqncentrations attants
elevated PPO rates obseniadiitro are likely to Were as follows: 200 niDrosophila PPO, 10-11.7M

. - : otoporphyrinogen. 10 mM cyt was added to all
be attributable to the formation of SUper0X|de arféactions after 6 minutes under a stream of arfdtitachi

hydroxyl radicals via the peroxidase activity 0f2500 spectrofluorimeter was calibrated with known
cytc. concentrations of protoporphyrin IX using excitatiand
emission wavelengths of 545 nm and 630 nm, respbgti
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Excitation and emission slit widths were set to @ and gugmented to a greater extent. Panel C, where

10 nm, respectively. the background curves have been subtracted,
PPO assay 3 — measurement of the hydrogeSNOWS the accumulation of protoporphyrin IX
peroxide:protoporphyrin IX ratio due to PPO catalysis alone. The steady-state

This assay was performed using a Shimadzu RFrates are fitted to straight lines using linear
5301PC spectrofluorimeter at 2&. All PPO samples regression and these enzymatic rates were

were in 50 mM NakPQ, pH 8.0, 0.2 % Tween-20 (v/v). : :
Assays were performed in a 3 mL fluorescence quart lotted against the concentration of cyfpanel

cuvette (SCC) using 200 nM PPO, 3uM ) and the data were fitted to a single
protoporphyrinogen, and + M cyt c. The concentration reéctangular hyperbola. The data clearly
of hydrogen peroxide was measured by quantificatiits ~ demonstrates an increase in PPO catalysis in
complex with homovanillic acid, which fluoresces 480 response to increasing cyt concentrations.

nm (21). The reaction buffer was sparged with giro for ; : ;
20 minutes prior to addition of reactants. 5 mM Figure 1D inset depicts data for the same

homovanillic acid and 4M horseradish peroxidase were experiment, except the assay buffer was not
used to convert all hydrogen peroxide to this fassent degassed as before. The addition of cyinder
product. Assays were started by the addition of P&@ these conditions does not provide a significant
ﬂuoresc?“cte erission scens (400 —|700th”mf)a‘é‘r’§f@':jtak rate enhancement, but under decreased oxygen
every minute using an excitation wavelength o an O s o .

a 345 nm highpass filter at the emission side efdiette. avallablllty conditions the_ addition of cyt Is

Slit widths were set to correspond to excitationd an @bl€ to restore the catalytic rate of PPO to levels

emission bandwidths of 3 nm and 10 nm, respectivelyobtained under oxygen saturated conditions
Fluorescence emission peaks were integrated (Dajama(approximately 120 ani}D_
and plotted against time. For the evolution of logdn

peroxide, 405 — 525 nm peaks were integrated, and f .
protoporphyrin 1X quantification, 609 — 658 nm psakere Cytochrome c¢ becomes reduced during PPO

used. The instrument was calibrated with knowntUrnover
concentrations of hydrogen peroxide and protopaiphy If cyt ¢ accepts electrons from PPO, one
IX. Duplicate experiments were performed in theemize  \yould expect the heme cofactor to become
of PPO, and these data were subsequently subtracted reduced during PPO turnover. Hence, the redox
RESULTS state of cyt ¢ was monitored
spectrophotometrically during PPO turnover.
o When cyt ¢ becomes reduced, an absorption
%@?ggg&i gor? dr;tk;grr:;:es PPO activity ur]d%eak around 550 nm is evolved. Fig. 2 illustrates
f PPO uses oxygen as an electro the change in absorbance during PPO catalysis.
o - Panel A demonstrates that cyt becomes
acceptor, hydrogen peroxide is produced, WhICrE .
couldp lead yto t%e g;)eneration CE:‘ free radicalsreduced when P.PO and protoporphyrinogen are
Since, cytc is an electron carrier in the Samepresent. Interestlngly,_ there appears to be some
' Packground reduction of cyt c Dby

subcellular compartment as PPO, it was Oprotoporphyrinogen alone (panel B). In the
interest to determine if cyt could behave as anu%lbsence of cytc or substrate, there is no

electron acceptor for the PPO reaction, without. i ) i absorb 0
the need for peroxide generation. PPO friom significant Increase in_a sorbance at 55 nm
' (panels C-E). Panel F depicts the change in

melanogaster was purified as previously :
. - .7 _absorbance at 550 nm over time for all the
described  (10). The UVMisible absorptlonassays in panels A-E. Trace 1 demonstrates an

spectrum of the pure protein revealed th.%levated rate of cyt reduction during PPO

presence of an .FAD cofactor, gnd _this prote”?:atalysis Trace 2 demonstrates that ayt
migrated as a dimer on a gel filtration columnbecomes' reduced in the presence of

(data not shown). Fig. 1A shows wa vs , o

. . protoporphyrinogen and absence of PPO. This is

gfsrs;opt?l;?fg”vy;sgﬁgl d%logsggfjal\r/]vi?chwr;glr:j Ejheconsistent with the nonenzymatic evolution of
y 9 ' yieleq protoporphyrin in the presence of oyt These

ar'\1/|d Kapp VaIL.JeSI of 5.0 + 0.3 mihand 3.8 £ 0.6 data clearly demonstrate that the rate of €yt

M, re;pectlvi Y. Is B-D sh : Treduction is enhanced when protoporphyrinogen
igure 1, paneis b-D Show a Seres Oly s converted to protoporphyrin 1X, both

PPO kinetic assays where the concentration %fnzymatically and spontaneously. Several

ferric”cyt ¢ was varied under low oxygen attempts were made to isolate a PPO:cyt
conditions. Panel B demonstrates that cyt complex via both immunoprecipitation, and

enhances both the PPO-catalyzed rate and t %ssing protoporphyrinogen and aytdown a

nonenzymatic rate, although the former is,,pay affinity resin with PPO immobilized to it.
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Figure 1. Cytochromec enhances catalysis BrosophilaPPO. Reaction mixtures were at®7and 50 nM PPO was present
in each assay. (A) vs [protoporphyrinogen] where the assay buffer wetsdegassed. M = 249 + 16 nMmift, Kapp= 3.8

+ 0.6 UM, ket = 5.0 + 0.3 mift (B) v vs [cytochromec] in the presences) and absenceof of 50 nM PPO. 3uM
protoporphyrinogen was present throughout, andatseay buffer was degassed beforehand (C) The enzatalyzed
evolution of protoporphyrin at a fixed concentratiof protoporphyrinogen (RM), and at various concentrations of cyt
Background data (no PPO present) were subtracted thhose obtained in the presence of PPO, and tteevaere fitted
using linear regression between 3 and 8 minutesstimate the steady-state rates. The concentratioog c were: OuM

(*); 1.4uM (0); 2.8uM. ¥; 4.2uM (V); 5.6 uM (H); 7.0 uM (O); 10.5uM (#). (D) The calculated rates from panel C were
plotted against the concentration of cytochran@&he assay buffer was degassed in these assaysngdt shows data for
the same experiment except the buffer was not degdas

Unfortunately, no complex could be isolatedreaction. One possibility is that superoxide and
which suggests that any putative PPO:cyt hydroxyl radicals produced during cyt
complex is short lived, and direct reduction ofperoxidation reaction are reacting with
the heme cofactor of cyt by the FAD of PPO protoporphyrinogen or intermediates in the
seems unlikely. Furthermore, FAD cofactor ofreaction. This is summarized in Scheme 1.

N. tobaccumPPO, a close homologue @.

melanogasteiPPO, is embedded in a deep cleft Scheme 1
(27), adding weight to the theory that cyis not
reduced directly by PPO. 1) F&+ H,0, > F&" +-0, + 2H'
2) F& + H,0, —» FEé" +-OH + OH
Anaerobic assays reveal that hydrogen peroxida) F&€+-0, > F¢' + O,
is required for the stimulatory effects of cytc ~ 4)  -O,- + porphyrinogen intermediate + H
In the absence of oxygen, ayaippears to — H,O + protoporphyrin IX
diminish the PPO catalytic rate (Table 1).5) ‘OH + porphyrinogen intermediate
However, when 10QuM hydrogen peroxide is — H,0 + protoporphyrin IX
added in the presence of PPO and absence of
oxygen, the stimulatory effects of cyt are This could explain why the absence of

restored (Table 1). This suggests that thexygen, and resultant absence of hydrogen
previously characterized peroxidase activity oferoxide, diminished the stimulatory effects of
cyt ¢ (34) is in some way enhancing the PPQyt con PPO catalysis (Fig. 1D).

9
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To test if superoxide does indeed augmerthe evolution of hydrogen peroxide by PPO.
the PPO reaction, PPO was assayed in thidydrogen peroxide concentrations were
presence of 10uM cyt ¢ and 200 ugmL* measured simultaneously with protoporphyrin
superoxide dismutase (SOD). The addition ofproduction (Fig. 3). Fig. 3A shows the
SOD abolished the stimulatory effects of ¢yt accumulation of these products in the presence
on PPO activity (data not shown), suggestingf 5 M cyt c. The catalytic rates were estimated
that superoxide radicals are involved in the cyuising linear regression and the ratio obQh:
c-mediated stimulation of PPO activity. [protoporphyrin] was found to be 2.6. The same

experiment was performed in the absence of cyt
Cyt ¢ diminishes the evolution of hydrogerc (panel B) and the ratio was 3.2. This
peroxide by PPO demonstrates lower hydrogen peroxide levels

If the peroxidase activity of cyt is when cytcis present, which is consistent with
responsible for augmented PPO activity, on¢he breakdown of hydrogen peroxide by cyt
would expect the addition of cytto diminish
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Figure 2. Cytochromec is reduced during PPO catalysis. PPO assays wergse a 1 mL quartz cuvette and the reactions
were started by the addition of PPO. Where preskatconcentrations of reactants were: iMb PPO, 5uM cyt ¢, 0.6 uM
protoporphyrinogen. The reaction buffer was spangitd nitrogen for 20 minutes prior to addition refactants. Absorbance
changes were measured every 30 s using a Cary-s80gu®tometer. For clarity, only those spectraetakt t = 0 dashed
lineg) and t = 18 mingolid lineg are shown. The insets in panAl&k are included to highlight the change in cybsorbance
around 550 nm. Panel F depicts the change in alsogbat 550 nm over time, for all the assays irejsaA-E. Assay
components are listed in bold in the main panels.
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Table 1. Hydrogen peroxide enhances the stimulatory effecterric cyt c under anaerobic conditions. Under these
conditions, very little hydrogen peroxide will beepent, the conjugate product of oxygen in the P&H@tion. PPO assays
were conducted under anaerobic conditions follovtiregsparging of all assay constituents with arfgora minimum of 20
minutes. Where applicable, the concentrations dictemts are as follows: 200 nNDrosophila PPO, 10 uM
protoporphyrinogen. 1M cyt ¢ was added to all reactions after 6 minutes undgream of argon. Reaction rates were
calculated using linear regression.

Assay conditions PPO activity —cyt  PPO activity +1QuM cytc

(UMmiIn™) (UMmin™)
+PPO, +protoporphyrinogen 1X 0.097 0.059
+PPO, +protoporphyrinogen IX, +8, 0.099 0.205
-PPO, +protoporphyrinogen IX 0.00 0.030
3.0 3.0
25 - A o 25 O
=
© 50 o ° L 20 =
s ° &
= o c
~ 1.5 r 15 ¢
3 & £
5 =
T 10 5 - 10 &
- s
05 - « o * L 05 O
° 2
0.0 - L 0.0
L ]
: 3
= <
= a
= £
= 3
Q
S
(o]
=
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Figure 3. The effect of cyt on the evolution of hydrogen peroxid® @nd protoporphyrin X< during PPO catalysis. 200
nM PPO was assayed for hydrogen peroxide and pygibgrin production in the presence (panel A) abseace (panel B)
of 5 uM cyt c. 3uM protoporphyrinogen was present in each assay ratie of [H,O,]:[protoporphyrin] is 2.6 and 3.2 in the
presence and absence of cytespectively.
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DISCUSSION hydrogen peroxide would be present as a result
of PPO turnover)? To provide an explanation,
The kinetic  parameters for D. one must consider the previously proposed
melanogastePPO (Fig. 1A) are similar to thoseporphyrinogen  dihydro- and  tetrahydro-
previously obtained faromo sapien®PO ke, = inte_rmediates (29, 27) _that are likely to form
10.5 min', Kapp = 1.7M (10)) andMyxococcus during the PPO reaction. When the oxygen
xanthus PPO k. = 5.2 min', Kapp = 1.6 UM concentration is high, it is conceivable that these
(8)). The current work describes the firstvitro ~ intermediates may have fewer opportunities to
evidence that PPO activity is enhanced by ferrf§ssociate from PPO when oxygen is saturating.
cyt c. The observation that this stimulatory effecflthough Kochet al (27) propose a model where
is only seen at low [§ (Fig 1D), and that cyt intermediates do not dissociate from PPO, there
becomes reduced during PPO turnover (Fig. 4§, N0 kinetic evidence to verify this. If an
might suggest that oxygen and eyperform the equilibrium exists between free and PPO-bound
same function and are both reduced directly tjtermediates, it seems likely that the free
PPO. However, if this were the case, one migpﬂtermedlates would be susceptible to oxidation
expect the presence of ferric eyto be sufficient by hydroxyl and superoxide radicals. This
for PPO activity to proceed under anaerobigrovides a possible explanation why the
conditions, which is not the case (Table 1j€roxidase activity of cyt does not significantly
Furthermore, several attempts were made @fect PPO activity at high oxygen levels. It is
isolate a PPO:cytc complex using affinity important to remember that under saturating
chromatography and immunoprecipitation, whicRXygen concentrations, cyt does significantly
were largely unsuccessful, indicating that th#icrease the nonenzymatic —oxidation —of
association between these proteins is eithBfotoporphyrinogen in the absence of PPO, and it
nonexistent or transient. Hence, other avenus just the PPO-catalyzed rate that remains
were explored, and the generation of radicals typaffected. Under these conditions, there will be
cyt ¢ peroxidase activity became the workingg high  concentration of  porphyrinogen
hypothesis. intermediates free in solution, so the increased
The stimulatory effects of cyt appear to rate of protoporphyrin evolution could be
be mediated by hydrogen peroxide (Table 192_xp|ained by the accelerated oxidation of these
Given that hydrogen peroxide levels are similditermediates Dby cyt c-generated radicals.
during both aerobic and near-anaerobic growfmilarly, if these intermediates are dissociated
(12), and cyt ¢ concentrations in the from PPO under low oxygen conditions, the
intermembrane space are approaching mM levéléesence of cytc-derived radicals shown in
(0.7 mM) (22), it seems feasible that thesccheme 1 could speed up the rate of
peroxidase activity of cytc could have a protoporphyrinogen oxidation. This is illustrated
profound influence on PPO catalysis vivo, in Scheme 2.
Furthermore, since the Kfor oxygen of PPO is

around 125uM (17), and mitochondrial oxygen 0. HO, 0. HO, 0, HO,
concentrations are more commonly around 30 PPO:S° ~Z» PPO:5* <> PPO:S"4PPOP
UM (35), and can plummet much lower during ﬂ ﬂ ﬂ

hypoxia, the existence of an alternative Se St S

mechanism for protoporphyrinogen oxidation has termoaiores reae e O g O
obvious benefits. Even if the protoporphyrinogen '
concentration was saturating, a, f 125 yM Scheme 2
would yield only 19% of maximal PPO activity

at 30uM oxygen. Hence, the involvement of cytwhere $ is protoporphyrinogen IX substrate® S
c in PPO catalysis could provide an important a tetrahydro intermediate,> $ a dihydro-
mechanism to avoid the accumulation ofntermediate, and P is protoporphyrin IX. The
protoporphyrinogen under normoxic conditionspresence of superoxide dismutase abolishes the
and could be essential for the synthesis of hersg@mulatory effects of cytc on PPO activity,
during hypoxia. which adds weight to the involvement of radicals
The hydrogen peroxide hypothesis doeig the cytc-mediated rate enhancements observed
raise an important question: why are thg Fig. 1. However, it remains unclear as to
stimulatory effects of cyt not as profound at which protoporphyrin IX precursor is targeted by
high concentrations of oxygen (where morguperoxide.

12
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In the presence of oxygen, PPO has been sho#rcCorrigall, A.V., Siziba, K.B., Maneli, M.H., Shepiu,
to produce 3 moles of hydrogen peroxide pérG., Ziman, N., Dailey, T.A., Dailey, H.A., KirsciR.E.,

mole of protoporphyrin IX (17), which

is and Meissner, P.N., Purification of and kineticds#s on a

comparable to the data in Fig. 3. The presencedfned protoporphyrinogen oxidase from the aerobic
cyt ¢ does appear to diminish the concentration gpcteriumBacillus subtilis Arch. Biochem. Biophys.998,
hydrogen peroxide, which is consistent with th@>8:251-256. _ .
hypothesis that peroxidase activity is responsible Da/ey: H.A. 1990Conversion of coproporphyrinogen to

for the stimulatory effects of cyt on PPO
activity.

The current work is consistent with a novei

reaction mechanism for PPO involving a cyt
mediated peroxidation reaction,

a plausiblg

protoheme in higher eukaryotes and bacteria: Teaiin
three enzymedcGraw Hill Publishing Co., New York, pp.
23-161.

. Dailey, H.A., and Dailey, T.A., Protoporphyrirerg

oxidase ofMyxococcus xanthus Expression, purification,
nd characterization of the cloned enzymeBiol. Chem.

model given weight by thim vivo concentrations 1996,271: 8714-8718.

of cyt ¢, oxygen, and hydrogen peroxide. GiveR  pajley, H.A, and Kar, S.W. Purification and

the importance of this enzyme in Variegat@naracterization of murine protoporphyrinogen osidla
Porphyria and as a herbicide target in plants, dlochemistry1987,26: 2697-2701.

will be of interest to focus on the influence ot cyio.

¢ and hydrogen peroxide on PPO catalysis

Dailey, T.A., and Dailey, H.A., Human
Protoporphyrinogen oxidase: Expression, purifiaatiand

these systems. Furthermore, radical generaticieracterization of the cloned enzyn®rot. Sci. 1996, 5:
via peroxidase activity may provide a means ©B-105.

protoporphyrinogen oxidation in prokaryotes thatl. Dailey, T.A., Meissner, P., and Dailey, H.AxpEession
do not possess an oxygen-dependent PRDa cloned protoporphyrinogen oxidask. Biol. Chem.

enzyme.
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