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15 rue George Clemenceau, 91405 Orsay Cedex, France

ReceiVed March 27, 1998; ReVised Manuscript ReceiVed June 24, 1998

ABSTRACT: Protoporphyrinogen oxidase catalyzes the oxygen-dependent aromatization of protoporphy-
rinogen IX to protoporphyrin IX and is the molecular target of diphenyl ether-type herbicides. Structural
features of yeast protoporphyrinogen oxidase were assessed by circular dichroism studies on the enzyme
purified from E. coli cells engineered to overproduce the protein. Coexpression of the bacterial gene
ArgU that encodes tRNAAGA,AGG and a low induction temperature for protein synthesis were critical for
producing protoporphyrinogen oxidase as a native, active, membrane-bound flavoprotein. The secondary
structure of the protoporphyrinogen oxidase was 40.0( 1.5%R helix, 23.5( 2.5%â sheet, 18.0( 2.0%
â turn, and 18.5( 2.5% random-coil. Purified protoporphyrinogen oxidase appeared to be a monomeric
protein that was relatively heat-labile (Tm of 44 ( 0.5 °C). Acifluorfen, a potent inhibitor that competes
with the tetrapyrrole substrate, and to a lower extent FAD, the cofactor of the enzyme, protected the
protein from thermal denaturation, raising theTm to 50.5( 0.5°C (acifluorfen) and 46.5( 0.5°C (FAD).
However, diphenyleneiodonium, a slow tight-binding inhibitor that competes with dioxygen, did not protect
the enzyme from heat denaturation. Acifluorfen binding to the protein increased the activation energy
for the denaturation from 15 to 80 kJ‚mol-1. The unfolding of the protein was a two-step process, with
an initial fast reversible unfolding of the native protein followed by slow aggregation of the unfolded
monomers. Functional analysis indicated that heat denaturation caused a loss of enzyme activity and of
the specific binding of radiolabeled inhibitor. Both processes occurred in a biphasic manner, with a
transition temperature of 45°C.

Protoporphyrinogen oxidase (EC 1.3.3.4) is the penulti-
mate enzyme in the heme biosynthetic pathway. It catalyzes
the oxidative O2-dependent aromatization of colorless pro-
toporphyrinogen IX to highly conjugated protoporphyrin IX.
Studies on the structure and function of protoporphyrinogen
oxidase were stimulated recently by the discovery that
diphenyl ether-type herbicides are very potent inhibitors of
the protoporphyrinogen oxidase activities of yeast, mammal,
and plant mitochondria, and plant chloroplasts in vitro (1,
2). The phytotoxicity of diphenyl ether-type herbicides is
light-dependent and involves intracellular peroxidation pro-
moted by the heme and chlorophyll precursor protoporphyrin
IX, leading to cell damage and lysis (3, 4).

A better understanding of how diphenyl ether-type her-
bicides interact with protoporphyrinogen oxidase requires
knowledge of the topological features at the active site of
the protein. Radiolabeled acifluorfen (5) has been used to
demonstrate that several chemically unrelated inhibitors of

protoporphyrinogen oxidase are all bound to the same site
on the plant enzyme (6). Specifically bound tritiated
acifluorfen is also competitively displaced by protoporphy-
rinogen IX, the substrate of protoporphyrinogen oxidase (7).
These results are thus in full agreement with kinetic studies
showing that diphenyl ethers are competitive inhibitors (with
respect to the tetrapyrrole substrate) of plant, mouse, and
yeast protoporphyrinogen oxidase (8).

An important component of the enzyme catalytic system
is the flavin associated with the enzyme. Yeast and
mammalian protoporphyrinogen oxidases are FAD-contain-
ing enzymes (9-11), and sequence analysis of the cloned
eukaryotic protoporphyrinogen oxidases shows that all share
a commonâRâ-ADP binding fold characteristic of flavopro-
teins (11-15). The role of the flavin in catalysis has been
investigated by studying the reactivity of yeast protopor-
phyrinogen oxidase toward a potential inhibitor of flavopro-
teins, the diphenyleneiodonium cation (DPI)1 (16). Diphe-
nyleneiodonium and related bis(aryliodonium) compounds
appear to be time-dependent, mechanism-based inhibitors of† This work was supported by grants from the Centre National de la
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several flavoproteins, such as mitochondrial NADH ubiquino-
ne oxidoreductase (17, 18), neutrophil NADPH oxidase (19,
20), xanthine oxidase (19), nitric oxide synthase (21), and
cytochrome P450 reductase (22). DPIs seem to act on the
reduced flavins generated during enzyme turnover, that could
act as electron donors to the inhibitor, allowing the generation
of phenyl radicals that then covalently modify the flavin or
some amino acid side chain important in the catalysis (23).
In addition to inhibiting flavoproteins, alkynyl and aryl
mono- and diiodonium salts are potent inhibitors of pyrrolo-
quinoline quinone-related redox processes (24, 25). Diphe-
nyleneiodonium was shown to inhibit yeast protoporphy-
rinogen oxidase by competing with dioxygen in the reoxidation
step of the reduced flavin generated during catalysis that acts
as a slow binding inhibitor (16), suggesting that there is an
isomerization step of the enzyme-inhibitor complexes.

It is necessary to elucidate the topology of the binding
sites of the two types of inhibitors of protoporphyrinogen
oxidase, diphenyl ethers and diphenyleneiodonium, to obtain
a better understanding of the molecular basis of their
reactivity. We have therefore determined some of the
physicochemical properties of yeast protoporphyrinogen
oxidase purified after optimization of the overproduction of
the enzyme inE. coli cells. The resulting large amounts of
purified protoporphyrinogen oxidase were used to study the
heat denaturation of the protein, and the effects of inhibitors
acting by different mechanisms on the stability and folding
of the protein.

EXPERIMENTAL PROCEDURES

Materials. Protoporphyrin IX disodium salt was from
Serva;n-octyl glucoside was from Alexis Corp.; FAD, urea,
and ADP were from Sigma; acifluorfen sodium salt was from
ChemService; the tritiated diazoketone derivative of acif-
luorfen was synthesized by Pr. R. Mornet, Universite´
d'Angers, France (26), and 4-nitrodiphenyleneiodonium was
synthesized as described by Arnould et al. (16). All
inhibitors were dissolved in ethanol to give 10 mM stock
solutions.

Strains and Plasmid Constructions.The yeast protopor-
phyrinogen oxidase gene was cloned into pSBETa, a pET3
derivative that carries the ArgU gene (27), by PCR ampli-
fication of the wild-type HEM14 gene cloned into the
pBS19XS1 plasmid (12) using the primers 5′-CCAATG-
CATATGTTATTACCATTAACAAAGCTAAAACCG-3 ′
[NdeI, (+) strand] and 5′-TCCCCGCGGATCCTTATTTGCT-
TAGCTGTAAGGCGTC-3′ [BamHI, (-) strand] (initiation
and termination codons underlined). The PCR products were
purified on agarose gels (JetSorb, Genomed Inc.) and
digested withNdeI and BamHI. The DNA was repurified
(JetSorb, Genomed Inc.) and ligated into the dephosphory-
lated expression vector pSBETa linearized withNdeI and
BamHI. The nucleotide sequences of all the constructs were
checked by analysis of the plasmid DNA of selected
clones.The plasmids were then transformed into the BL21-
(DE3) strain ofE. coli. The T7-RNA polymerase gene was
chemically induced by adding 1 mM isopropylthiogalactoside
to the cell cultures grown to an OD600 of 1-1.5. Induction
media were optimized for the synthesis of protoporphyrino-
gen oxidase. They were Terrific Broth (TB), Luria Broth

(LB), or a minimal medium (M63) supplemented with 0.4%
glucose, 0.1% casamino acids (Difco), and the antibiotics
ampicillin or kanamycin (100 or 70µg/mL). Induction
media were inoculated with cells from fresh cultures grown
in LB-Amp/Kan at 37°C, and 4 generations were grown on
the induction medium. The cultures were then chilled on
ice for 5 min, isopropylthiogalactoside was added, and the
cultures were transferred to microbiological shakers ther-
mostated at the desired temperatures. The cells were
collected by centrifugation after various induction times,
resuspended in lysis buffer (0.1 M potassium phosphate
buffer, pH 7.2, containing 0.1 M KCl, 1%n-octyl glucoside,
1 mM EDTA, and 70µg/mL PMSF), sonicated for 3× 5 s,
and centrifuged. The protoporphyrinogen oxidase activity
in the resulting cell-free extracts was measured. The
homogenates were diluted 2× in Laemmli sample buffer and
processed for electrophoresis as described below.

Purification of Recombinant Yeast Protoporphyrinogen
Oxidase. Protoporphyrinogen oxidase was purified from 5
g of cells (wet weight) of the strain BL21(DE3) transformed
with the plasmid pSBETa-HEM14 (clone R8) grown on
M63-0.4% glucose medium (1l) and induced with 1 mM
isopropylthiogalactoside (final concentration) for 15 h at 25
°C. Cells were sonicated in 0.1 M potassium phosphate
buffer, pH 7.2, containing 1 mM EDTA and 70µg/mL
PMSF, in ice for 3× 5 s. The membrane fraction was
collected by centrifugation for 1 h at105000g, homogenized
(Potter) in the same buffer with 0.1 M KCl, and washed by
centrifugation. The pelleted membranes were homogenized
(Potter) in 0.1 M potassium phosphate, pH 7.2, containing
1 mM EDTA and 70µg/mL PMSF and 2%n-octyl glucoside
and sonicated at 4°C. The solubilized membrane proteins
were extracted by centrifugation for 1 h at105000g. Solid
ammonium sulfate (40% saturation, final concentration) was
added to the solubilized proteins and the solution stirred for
45 min at 4°C with a magnetic stirrer. The precipitated
proteins were removed by centrifugation for 1 h at105000g.
The supernatant containing the soluble protoporphyrinogen
oxidase was diluted 2× with 0.1 M potassium phosphate
buffer, pH 7.2, and loaded onto a phenyl-Sepharose column
(2 × 30 cm) equilibrated with 0.1 M potassium phosphate,
pH 7.2, containing 20% glycerol, 1 M KCl, 0.1 mM EDTA,
and 70µg/mL PMSF. The column was washed with 0.01
M potassium phosphate, pH 7.2, 20% glycerol, 0.1 mM
EDTA, and 70µg/mL PMSF. The enzyme was eluted from
the column with the same buffer containing 25% sucrose
and 1%n-octyl glucoside. The active fractions were pooled
and concentrated on Amicon YM30 ultrafiltration mem-
branes. The resulting enzyme preparation was apparently
homogeneous on SDS-PAGE. The specific activity of the
purified protein was 82 000 nmol of protoporphyrinogen
oxidized‚h-1‚mg-1. Oligomerization of purified recombinant
yeast protoporphyrinogen oxidase was analyzed by HPLC
size-exclusion chromatography using a TSK G3000PW
column (0.6× 30 cm) equilibrated with 0.01 M potassium
phosphate, pH 7.2, containing 0.5%n-octyl glucoside. The
flow rate was 0.6 mL‚min-1.

Published procedures were used to prepare extracts of
trichloroacetic acid-treated cells (28) for SDS-polyacryla-
mide gel electrophoresis (29).
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Protoporphyrinogen Oxidase ActiVity. Protoporphyrino-
gen oxidase was assayed by measuring the rate of appearance
of protoporphyrin fluorescence at 30°C. The incubation
mixture was 0.05 M potassium phosphate buffer, pH 7.2,
saturated with air, containing 2µM protoporphyrinogen IX,
3 mM palmitic acid [in dimethyl sulfoxide (0.5% v/v final
concentration)], 5 mM DTT, 1 mM EDTA, and 0.3 mg/mL
(final concentration) Tween 80 to ensure maximum fluores-
cence signal from the protoporphyrin IX, and 0.5%n-octyl
glucoside. Protoporphyrinogen was prepared by chemical
reduction of protoporphyrin IX hydrochloride dissolved in
KOH/EtOH (0.04 N/20%) with freshly prepared 3% sodium
amalgam (30). Protein concentrations were measured by the
micro Bradford technique (31) on solutions diluted in 0.1 N
NaOH. One unit of activity is the amount of enzyme that
oxidizes 1 nmol of protoporphyrinogen IX to protoporphyrin
IX per hour at 30°C.

Circular Dichroism. CD measurements were performed
with a Jasco J-710 spectropolarimeter using a 0.1 cm path
length quartz cuvette. The temperature of the cell was
controlled by a programmable Peltier thermoelectric system
which allows thermal ramping (melting curve) experiments
as well as automated scans at preset temperatures with
temperature monitored within the cuvette. All spectra were
recorded at 20°C, and analyzed on accumulation of 10
spectra. The secondary structure of the protein was estimated
from the CD spectra using commercial software (Jasco) with
the data of Yang (32) as references. The software searches
for a theoretical spectrum which best fits to experimental
data either by considering the estimated protein concentration
(finite mode) or by also fitting the protein concentration
(infinite mode). The two fitting modes provided very similar
results in our study, indicating that the estimation of protein
concentration was correct.

Thermal denaturation experiments were done with tem-
perature increases of 1°C/min. The incubation mixture was
0.05 M potassium phosphate buffer, pH 7.2, containing 0.5%
n-octyl glucoside. The assays were started at 20 or 30°C
on 10 µM purified enzyme incubated with or without
acifluorfen (10-100µM), 4-nitro-DPI (20-200µM), FAD
(10-50 µM), or ADP (100µM).

Measurements of the rate of protoporphyrinogen oxidase
denaturation were done on samples equilibrated at 20°C,
and the temperature was rapidly raised to higher tempera-
tures. The CD values were measured at 222 nm for 60 min
at fixed temperatures. The kinetics of protoporphyrinogen
oxidase denaturation were also measured in experiments
where the temperature of the sample was increased stepwise,
and the CD values were measured at 222 nm for 30 min at
each temperature.

The changes in the amplitude of the CD signals obtained
during the denaturation of protoporphyrinogen oxidase were
analyzed using three models:

(1) Reversible denaturation of the protein followed by slow
aggregation of the denatured protein:

(2) Irreversible denaturation of a mixture of two forms of
the protein:

(3) Irreversible denaturation of the protein via an inter-
mediate form of the protein with some secondary structure
(33, 34):

where t is time, A0 is the amplitude of the signal at time
zero, N, U, and D are the native, unfolded, and denaturated
(aggregated) states of the enzyme, respectively, andR1 and
R2 are the contributions to the CD signal of the native (N)
and unfolded (U) forms of the protein.

Effects of Temperature on Protoporphyrinogen Oxidase
ActiVity. The initial velocity of protoporphyrinogen oxidase
activity was measured on aliquots of enzyme solution, each
of which was incubated at an increasing temperature in 5
min steps. The initial temperature was 30°C, and it was
increased to 65°C by steps with a 5°C in 10 s rise followed
by 5 min at the new temperature, using an Omnibaid 200
PCR thermocycler.

Photolabeling of Binding Sites with Diazo[3H]acifluorfen.
Purified protoporphyrinogen oxidase (1 ng) was preincubated
with diazo[3H]acifluorfen (25 nM final concentration) in 0.05
M potassium phosphate buffer, pH 7.2, containing 0.5%
n-octyl glucoside at 30°C for 5 min in the dark. Nonspecific
binding was determined using 15µM (final concentration)
unlabeled acifluorfen as a competitive ligand. The remaining
enzyme was treated, in the dark, as for the thermal
denaturation of protoporphyrinogen oxidase, but the aliquots
were transferred to UV-transparent spectrophotometric plastic
cuvettes, placed on a Wilmer Lourmat 302 fluorescence table,
and irradiated for 10 min. The lamps emitted broad-spectrum
ultraviolet radiation, with a peak emission at 366 nm. The
irradiated mixtures were precipitated with 10% trichloroacetic
acid (w/v, final concentration) for 30 min at 4°C, and protein
was pelleted by centrifugation at 15 000g for 30 min. The
proteins were denatured in SDS-PAGE sample buffer and
separated by SDS-PAGE. The gels were fixed for 30 min
in ethanol/acetic acid/water (30/10/60 per volume), treated
with Amplify fluorographic reagent (Amersham) for 30 min,
dried under vacuum, and exposed with tritium-sensitive films
for 1 week at-80 °C.

RESULTS

Protoporphyrinogen Oxidase Gene Expression.The ex-
pression ofHEM14 in pSBETa differed in several major
respects from its expression in previously described systems
(12). The enzyme activity was at least 50 times higher
(400 000 units/g of cells fresh weight) than without ArgU
(6000 units/g of cells fresh weight), and the protein was
produced as a 60 kDa membrane-bound protein. These

with N S
k2

k1
U and 2U98

k3
D

andA(t) ) A0k1/(k1 + k2)[exp(-(k1 + k2)t) +
k2/k1] whenk3 , k2

with A0 ) N1 + N2 andN1/N2 ) cste;

N1 98
k1

U and N2 98
k2

U

andA(t) ) N1 exp(-k1t) + N2 exp(-k2t)

with N 98
k1

U 98
k2

D

andA(t) ) [R1 - R2(k1/k1 - k2) exp(-k1t)] +
R2(k1/k1 - k2) exp(-k2t)
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results indicated that the synthesis of yeast protoporphyrino-
gen oxidase was considerably improved by the production
of large amounts of tRNAarg4. We optimized the production
of the yeast enzyme by investigating the effects of induction
medium composition and induction temperature. The induc-
tion of protoporphyrinogen oxidase synthesis was greater in
minimum medium (M63) than in complete (LB) or rich (TB)
media (Figure 1A). Further optimization was therefore
conducted in M63 medium. The optimum temperature for
induction was 25°C (Figure 1B). Lower or higher temper-
atures led to much lower activity, with almost no detectable
activity in cells induced at 37°C. However, analysis of the
total proteins in cell extracts by SDS-PAGE clearly showed
that greater amounts of protoporphyrinogen oxidase were
synthesized at 37°C (data not shown). At this temperature,
and to some extent at 30°C, protoporphyrinogen oxidase
was synthesized as an aggregated inactive protein, possibly
in inclusion bodies. Addition to the growth and induction
media of 20µM FAD did not prevent the formation of such

aggregates. However, growing and inducing the transformed
cells in the presence of 20µM acifluorfen at 37°C led to
the recovery of 5-10% of the maximum protoporphyrinogen
oxidase activity obtained under the optimal production
conditions. Subsequent studies were done on protoporphy-
rinogen oxidase from cells induced at 25°C in M63 medium
for 15 h.

Characterization and Purification of Recombinant Yeast
Protoporphyrinogen Oxidase.Induction under optimal
conditions gave 5 g of induced cells per liter of culture, in
which protoporphyrinogen oxidase accounted for up to 20%
of the total protein. A typical purification procedure is
summarized in Table 1. The precise quantification of the
purification factor at each step was not calculated because
both detergent extraction of the protein from the membranes
and high-salt treatment increased the enzyme activity 2-3-
fold. The specific activity of the purified yeast protopor-
phyrinogen oxidase was 82 000 nmol of protoporphyrin IX
oxidized‚h-1‚(mg of proteins)-1. The N-terminal sequence
of the purified protein was identical to that predicted from
the gene sequence (MLLPLTKLKPR), as found for the
protein purified from yeast mitochondria. The absorption
spectrum of the purified protein indicated the presence of
the flavinic cofactor. After extensive proteolytic digestion
of protoporphyrinogen oxidase with proteinase K, the co-
factor was analyzed by reversed-phase chromatography and
found to have the chromatographic behavior and the spectral
characteristics of FAD. Spectrofluorometric quantification
of the flavin indicated a 1:1 flavin to protein stoichiometry.
Exogenous FAD did not increase the enzyme activity but
rather was slightly inhibitory at flavin to protein molar ratios
higher than 1:10. TheKm values for protoporphyrinogen (0.1
µM) for the membrane-bound and the purified enzymes were
identical. The inhibitions by diphenyl ether-type herbicides,
acifluorfen and acifluorfen-methyl, were of the same order
of magnitude as those determined for the enzyme produced
in a homologous expression system (12) with identical values
of IC50 for the recombinant membrane-bound and purified
enzymes. Both the membrane-bound and purified enzymes
were specifically photolabeled with an affinity probe, as was
the enzyme from a wild-type yeast strain (data not shown).
The inhibition by a new type of mechanism-based inhibitor
of protoporphyrinogen oxidase, the diphenyleneiodonium
cation, was also identical to that of the yeast mitochondrial
membrane-bound enzyme (16). The kinetic parameters of
these inhibitions are summarized in Table 2.

CD Spectrum of NatiVe Yeast Protoporphyrinogen Oxi-
dase. The CD spectra of native protoporphyrinogen oxidase
were recorded and analyzed from 300 to 200 nm (Figure 2,

FIGURE 1: Protoporphyrinogen oxidase activity recovery as a
function of (A) induction medium (cell grown on LB at 37°C,
induction at 25°C) and (B) induction temperature (growth at 37
°C and induction in M63-0.4% glucose).

Table 1: Typical Purification of Yeast Protoporphyrinogen Oxidase Produced in 5 g (Fresh Weight) ofE. coli BL21(DE3) Expressing the
Hem14Gene Cloned in pSETa

fraction total act. (nmol‚h-1) yield (%) protein (mg) sp act (nmol‚h-1‚mg-1)

total cell extract 2 443 760 100 224 10 910
soluble protein 33 716 1.5 60 562
membrane-bound protein 3 068 480 125 166 18 500
membrane fraction with 2% OG 6 793 990 280 165 41 220
solubilized membrane protein 7 417 140 305 96 77 200
ammonium sulfate precipitation 7 220 190 295 89 81 150
phenyl Sepharose 3 583 080 145 45 80 150
purified enzyme 3 362 720 140 41 82 000
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trace 1). The spectra had characteristic features of predomi-
nantly R-helical structure with negative minima at 222 and
209 nm. A very intense positive ellipticity in the protein
sample below 200 nm prevented effective fitting of the
experimental data to theoretical models in the far-UV part
of the spectrum. Despite this limitation, the estimated
relative amounts of secondary structures in protoporphy-
rinogen oxidase were 40.0( 1.5%R helix, 23.5( 2.5%â
sheet, 18.0( 2.0% â turn, and 18.5( 2.5% random-coil,
from fitting no less than 10 spectra to the theoretical finite
model (32). Some positive ellipticity in the 300-250 nm
region of the spectrum of heat-denatured protoporphyrinogen
oxidase indicated the aggregation of the protein sample.
However, the signal/noise ratios were too low to accurately
determine the rate of protein aggregation. The competitive
inhibitor acifluorfen (AF) did not modify the CD spectrum
of native protoporphyrinogen oxidase (Figure 2, trace 2). The
spectrum was also unaffected by the other ligands used,
4-nitro-DPI, and/or FAD or ADP.

The unfolding of protoporphyrinogen oxidase undergoing
thermal denaturation was monitored by recording the CD
signal at 222 nm as a function of temperature (Figure 3A,
trace (-)). The first derivative of the melting curve showed
a single maximum at 44( 0.5 °C (Figure 3B, trace (-)).
The melting curve for enzyme incubated in the presence of
acifluorfen (1:1 to 1:10 molar ratios) was significantly shifted
to higher temperatures (Figure 3A, trace (+)), and the first
derivative of the curve showed a single maximum at 50.5(
0.5 °C (Figure 3B, trace (+)). The CD spectra recorded at
high temperatures (75-80 °C) showed an almost complete

loss of secondary structures in the samples without (Figure
2, trace 3) and with acifluorfen (Figure 2, trace 4), and
significant protein aggregation.

The inhibitor 4-nitrodiphenyleneiodonium did not protect
the enzyme from thermal denaturation (Tm 44 ( 0.5 °C)
(Figure 4), but it significantly potentiated the protective effect
of acifluorfen (Tm 52 ( 0.5 °C).

Since yeast protoporphyrinogen oxidase is an FAD-
containing enzyme, we studied the influence of FAD and
its ADP moiety on the folding of the enzyme. The melting
curves showed thermal transitions at 46.5( 0.5°C with FAD
alone, which were higher (54( 0.5 °C) when the enzyme
was incubated with FAD plus acifluorfen. ADP did not

Table 2: Kinetic Constants of Recombinant Protoporphyrinogen Oxidase Inhibition by the Diphenyl Ethers Acifluorfen (AF) and
Acifluorfen-methyl (AFM) and Diphenyleniodonium (DPI)a

inhibitor type kinetic constant
membrane-bound recombinant
protoporphyrinogen oxidase

purified recombinant
protoporphyrinogen oxidase

DPEs IC50 of AF (nM) 7.50( 0.40 8.25( 0.40
IC50 of AFM (nM) 3.10( 0.15 3.90( 0.20

DPI Ki (nM) 50 ( 2.5 88( 4.5
Ki* (nM) 2.9 ( 0.15 2.6( 0.15
Km(O2) (µM) 1.7 ( 0.10 2.0( 0.10

a Diphenyleneiodoniun is a slow-binding-type inhibitor of protoporphyrinogen oxidase, a competititor of molecular oxygen that induces slow
isomerization of the enzyme-inhibitor complex:

E + I S
Ki

EI S
Ki*

E*I

FIGURE 2: CD spectra of purified yeast protoporphyrinogen oxidase
(10 µM) with (2, 4) or without (1, 3) 0.1 mM acyfluorfen (AF)
recorded at 30°C (1, 2) and after thermal denaturation at 47°C
(3) or 57°C (4).

FIGURE 3: (A) Thermal denaturation of yeast protoporphyrinogen
oxidase measured by circular dichroism. Purified enzyme (10µM)
was incubated with (+) or without (-) 100 µM acyfluorfen.
Temperature increases of 60°C/h were used, and the CD was
measured at 222 nm. (B) First derivative of the melting curves in
panel A.
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protect the enzyme from thermal denaturation (Tm 44 ( 0.5
°C).

Kinetics of Yeast Protoporphyrinogen Oxidase Unfolding.
Although protoporphyrinogen oxidase was very stable at low
temperatures (4-30 °C), with no change in the CD signal
at 222 nm over time, it unfolded in a first-order manner when
incubated at temperatures where thermal denaturation occurs
(Figure 5A, panel (-AF)). In the initial experiments, the
protein sample was equilibrated at 30°C and then rapidly
heated with or without acifluorfen (Figure 5A, upper and
lower panels). The experimental data were fitted to the
equations derived from the three possible unfolding models.
The two-step irreversible model did not provide convergent
numerical solutions to eq 3 (R2 < 0.2) and was eliminated.
The model of irreversible denaturation of a mixture of two
independent species provided a good fit of the data to eq 2
(R2 > 0.99) but the N1/N2 ratio and the velocity constants
calculated varied randomly with the temperature of dena-
turation. Only the kinetic constants obtained from the model
of reversible denaturation of the native monomeric protein
followed by slow aggregation of the denatured protein were
consistent (Table 3) and allowed us to calculate the activation
energy for denaturation: 15 kJ‚mol-1 without acifluorfen and
80 kJ‚mol-1 with the inhibitor. Accurate estimation of the
kinetic constant of the aggregation of denatured protein was
difficult due to the heterogeneity of the aggregates formed.
The order of the aggregation reaction is necessarily higher
than 2. However, temptative analysis of the experimental
data (dN/dt) using the model editor and fitting software
Dynafit (35) supported the proposed model (k3 , 2) despite
high relative errors on estimates ofk3. The aggregation step
of the heat-denaturation of protoporphyrinogen oxidase needs
to be further investigated with different experimental ap-
proaches. In the second set of experiments, the protein
sample was equilibrated at 20°C and then rapidly heated to
37 °C with or without acifluorfen and incubated for 30 min
at that temperature (Figure 5B, I). The temperature was then
raised from 37 to 47°C to increase the rate of denaturation.
In the absence of acifluorfen, the CD signal reached a plateau
when the protein was completely unfolded, and there was
no further change when the temperature was raised to 57°C
(Figure 5B, I) while in the presence of acifluorfen complete
denaturation was obtained at that temperature. The kinetics
of denaturation were not modified by preincubating proto-

porphyrinogen oxidase with both acifluorfen and diphenyle-
neiodonium (Figure 5B, II). Stoichiometric amounts of the
flavin cofactor slowed the unfolding of protoporphyrinogen
oxidase in the absence and in the presence of acifluorfen
(Figure 5B, III). Because of the spectral interference from
the flavin absorption (see noisy signal in Figure 5B, III), we
could not perform the experiment with higher flavin con-
centrations. Further investigation of the FAD effect on
protoporphyrinogen oxidase folding was therefore not pos-
sible.

Functional Analysis of Yeast Protoporphyrinogen Oxidase
under Denaturation Conditions.We attempted to correlate
the changes in the structure of the protein with its function
by measuring protoporphyrinogen oxidase activity remaining
in samples of thermally denatured protein. The initial
velocity of the enzyme remained almost constant when the
enzyme was heated from 4 to 45°C, but it dropped
dramatically at temperatures above 45°C (Figure 6A).

The capacity of the enzyme to interact specifically with a
photoaffinity probe was assessed by analyzing the total and
nonspecific labeling of the protein in the denaturation
experiments, either by preincubating the enzyme with the
labeled ligand or by analyzing the residual binding of the
probe to the protein denatured at various temperatures.
Preincubation of the enzyme with the diazo[3H]acifluorfen
protected protoporphyrinogen oxidase from unfolding as did
acifluorfen, and the thermal transition was estimated to occur
at 50-55 °C (Figure 6B). The labeling of the protein was
mostly specific up to this temperature, but above it, labeling
became nonspecific and most of the labeling was detected
in aggregated protein that remained on top of the stacking
gel in SDS-PAGE. The photoaffinity probe was recovered
mostly in such aggregated proteins, when photoaffinity
labeling was done after thermal denaturation (Figure 6C).
There was more nonspecific labeling under such conditions
than previously measured (Figure 6B).

DISCUSSION

This study was designed to examine the structure/function
relationships underlying protoporphyrinogen oxidase activity

FIGURE 4: Proposed mechanism for yeast protoporphyrinogen
oxidase reaction and inhibition by AF and 4-nitro-DPI (NDPI).Tm
values are the maxima in the first derivatives of the melting curves
of the purified enzyme with (+) or without (-) the inhibitors. EFLox,
protoporphyrinogen oxidase with oxidized flavin; E-FLred, proto-
porphyrinogen oxidase with reduced flavin; Pge, protoporphyrino-
gen IX; PPIX, protoporphyrin IX.

Table 3: Kinetic Parameters of the Two Models for Fitting the CD
Data at 222 nm at Selected Temperatures (θ)

model 1a model 2b

AF θ (°C) k1 (min-1) k2 (min-1) k1 (min-1) k2 (min-1)

- 37 3.10× 10-2 6.25× 10-3 1.92× 10-2 1.02× 10-1

- 44 1.52× 10-1 3.83× 10-2 2.01× 10-1 4.20× 10-3

- 47 2.60× 10-1 7.38× 10-2 3.52× 10-1 3.40× 10-3

+ 47 3.66× 10-2 8.96× 10-3 9.49× 10-2 1.74× 10-2

+ 50.5 8.35× 10-2 2.55× 10-2 1.24× 10-1 5.32× 10-3

+ 57 3.46× 10-1 8.16× 10-2 4.65× 10-1 5.64× 10-3

a Model 1: Reversible denaturation of the protein followed by slow
aggregation of the denaturated protein:

with N S
k2

k1

U and 2Uf D

andA(t) ) A0k1/(k1 + k2)[exp(-(k1 + k2)t) + k2/k1]

b Model 2: Denaturation of a mixture of two forms of the protein:

with A0 ) N1 + N2; N1 98
k1

U and N2 98
k2

U

andA(t) ) N1 exp(-k1t) + N2 exp(-k2t)
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and its inhibition by diphenyl ether-type herbicides and
diphenyleneiodonium. The first step of this work was to
develop an efficient system for expressing the yeast gene
HEM14 in E. coli that overcomes the problems previously
encountered because of the small amounts of protein.
Protoporphyrinogen oxidase activity and protein account for
less than 0.001% of the membrane-bound protein in com-
mercially available yeast cells or laboratory-grown cells (9),
and for no more than 0.1% of the membrane-bound protein
in yeast cells engineered to overproduce the protein (12).
Preliminary attempts to use a pT7-5-based system for
expressing the yeast protoporphyrinogen oxidase gene inE.
coli provided a great deal of activity (6000-9000 units/g of
cells) (12), but the protein is synthesized as, or rapidly

processed to, a lower molecular weight polypeptide.
It is now well established that the codon usage in

prokaryotic and eukaryotic genes may be very different. It
was recently reported that a shortage of the rare tRNAarg4

encoded by the ArgU gene inE. coli may lead to the
incorporation of lysine residues instead of arginine (36) and
frameshift in the translation of genes, especially when AGA-
AGA or AGA-AGG doublets are encountered (37). Increas-
ing the availability of the ArgU product significantly
improves the expression of recombinant genes inE. coli (27,
38, 39). Since the A+T content of yeast genes is higher
than inE. coli genes,S. cereVisiaegenes are more likely to
contain frequent ArgAGA codons. Indeed, the 24 arginine
codons in theHEM14 gene include 16 AGA, 6 AGG, and

FIGURE 5: (A) Kinetics of thermal denaturation of purified yeast protoporphyrinogen oxidase (10µM), measured by changes in CD at 222
nm. Measurements were done without (-AF) or with 100µM acifluorfen (+AF). The initial temperature (30°C) was immediately raised
to the given temperatures, and the variation of CD was measured over 60 min. (B) Kinetics of thermal denaturation of purified yeast
protoporphyrinogen oxidase (10µM), measured by changes in CD at 222 nm. Measurements were done with or without 100µM acifluorfen
(I), with 100 µM acifluorfen with or without 200µM 4-nitrodiphenyleneiodonium (II), or with 10µM FAD with or without 100µM
acifluorfen (III). The initial temperature (30°C) was immediately raised to 37°C, and the variation of CD was measured over 30 min. The
temperature was then raised to 47°C, and the change in CD was measured for a further 30 min. Last, the temperature was raised to 57°C,
and the change in CD was measured in the final 30 min. Due to high UV absorption by FAD, the signal in 1BIII was noisy.
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only 2 CGC codons. This prompted us to investigate the
possible involvement of the rare arginine codons in the
synthesis of yeast protoporphyrinogen oxidase. Cloning the
yeastHEM14gene into the pSBETa expression vector that
carries the ArgU gene (27) considerably improved the
synthesis of yeast protoporphyrinogen oxidase inE. coli, both
quantitatively and qualitatively. The enzyme activity was
up to 50 times higher than in the previous system (400 000
units/g of cells), and protoporphyrinogen oxidase accounted
for more than 20% of the total protein in cells induced under
optimal conditions. The enzyme was then strictly associated
with the membrane fraction, where it represented more than
50% of membrane-bound protein. The activity was not
washed out of the membranes by high salt. The best
induction conditions were a relatively low temperature (25
°C) and a minimum medium (M63-glucose). Although
glucose is deleterious for the optimal induction by IPTG of
T7 RNA polymerase synthesis cloned under a Lac promotor
in the phage DE3, it seems to be essential to slow the cell
processes so that native protoporphyrinogen oxidase can be
obtained. Low temperature and poor growth medium fulfill
this requirement. The availability of tRNAarg4 is increased
when the growth rate ofE. coli is decreased (40). This,
together with the possible synthesis of chaperone proteins
under stress conditions forE. coli, may be involved in the
unusually large amounts of enzyme obtained in a wild-type
BL21(DE3) genetic context. As protoporphyrinogen oxidase
is strictly associated with the membranes, these amounts
compare favorably to those obtained in BL21(DE3) mutants
in which large amounts of membrane proteins are synthe-
sized, but mostly as inclusion bodies (41).

The association of yeast protoporphyrinogen oxidase with
E. coli membranes shows that hydrophobicity is an intrinsic
property of the protein, with atypical structural determinants
that are not identified by classical analysis of the hydropathy
plots. However, this association with the membrane fraction
may be hampered by aggregation of the protein, as seen in
the heterologous expression of protoporphyrinogen oxidases
from B. subtilis, M. xanthus, and the human enzyme (10,
13, 42). Although theB. subtilisenzyme is believed to be
bound to peripheral membranes (43), it was synthesized in
E. coli mostly as a soluble enzyme (42), as are yeast and
mammalian ferrochelatases, the extrinsic mitochondrial
membrane-bound enzyme that follows protoporphyrinogen
oxidase in the heme biosynthesis pathway (44-46). Both
the M. xanthusand the human enzymes are found in the
membranes and in the soluble fraction ofE. coli cells when
large amounts are synthesized (10, 13).

The yeast protoporphyrinogen oxidase synthesized in our
E. coli system is fully active as a 60 kDa polypeptide, as
determined both under denaturting (SDS-PAGE) and under
native (HPLC-SEC) conditions, indicating that it is a
monomeric protein, as is the purified mouse liver protopor-
phyrinogen oxidase (47). Recombinant yeast protoporphy-
rinogen contained one flavin per monomer. This contrasts
with the flavin-to-protein ratios found in the human or
Myxococcus xanthusenzymes produced inE. coli (10, 13)
and purified as homodimers with one flavin per dimer. One
possible explanation for these discrepancies is that we found
the flavin in the yeast enzyme very difficult to extract
quantitatively. Complete proteolysis of the polypeptide chain
was necessary to extract stoichiometric amounts of the flavin.

FIGURE 6: Functional analysis of yeast protoporphyrinogen oxidase
thermal denaturation. (A) Initial velocity of residual protoporphy-
rinogen oxidase activity was measured on aliquots of the enzyme
solution incubated for 5 min at a series of increasing temperatues.
The initial temperature (30°C) was increased to 65°C by steps of
5 °C over 10 s followed by 5 min at the new temperature. (B)
Photolabeling of binding sites on protoporphyrinogen oxidase with
diazo[3H]acifluorfen during the thermal denaturation: the protein
(1 ng) was preincubated for 5 min at 30°C in the dark with diazo-
[3H]acifluorfen (25 nM final concentration) and then heated as in
panel A above. The solution was irradiated with UV light for 10
min, and precipitated with 10% trichloroacetic acid (w/v, final
concentration) for 30 min at 4°C. The precipitated proteins were
denatured in SDS-PAGE sample buffer and separated by SDS-
PAGE, fixed for 30 min in ethanol/acetic acid/water (30:10:60 per
volume), treated with Amplify fluorographic reagent for 30 min,
dried under vacuum, and placed in contact with tritium-sensitive
film for 1 week at-80 °C. (C) Photolabeling of binding sites of
protoporphyrinogen oxidase with diazo[3H]acifluorfen during ther-
mal denaturation: Purified enzyme (1 ng) was treated for thermal
denaturation (see above). Heated samples were incubated with
diazo[3H]acifluorfen (25 nM final concentration) for 5 min at 30
°C in the dark without (-) or with (+) an excess of cold acifluorfen
(10 µM final concentration), and then irradiated with UV light for
10 min and precipitated with 10% trichloroacetic acid (w/v, final
concentration) for 30 min at 4°C. The precipitated proteins were
denatured in SDS-PAGE sample buffer and separated by SDS-
PAGE, fixed for 30 min in ethanol/acetic acid/water (30:10:60 per
volume), treated with Amplify fluorographic reagent for 30 min,
dried under vacuum, and placed in contact with tritium-sensitive
films for 1 week at-80 °C.
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The oligomeric status of many membrane-bound proteins
may be a function of the concentration of detergent and salts
and possibly other factors that may interfere during the
experiments. Under our experimental conditions, recombi-
nant protoporphyrinogen oxidase was found to be a mono-
mer, and this allowed us to exclude a first step of dissociation
of dimers to monomers in further denaturation studies. The
kinetic parameters,Km for protoporphyrinogen and inhibition
by the diphenyl ether-type herbicides acifluorfen and acif-
luorfen-methyl, of the membrane-bound and purified en-
zymes are identical to those of the native protein from yeast
cells. We investigated the reactivity of the recombinant
protoporphyrinogen oxidase toward diphenyleneiodonium
cations, a new family of slow-binding inhibitors of proto-
porphyrinogen oxidase that compete with oxygen in the
enzyme reaction and interact with the flavin moiety of the
enzyme. The protoporphyrinogen oxidase synthesized inE.
coli is inhibited by diphenyleneiodonium in a similar way
to the yeast membrane-bound enzyme. The kinetic param-
eters are identical to those previously described (16),
indicating that the reactivity of the flavin and/or its microen-
vironment is preserved in the protein synthesized inE. coli.

The specific activity of the purified protein is 2-fold higher
than that reported for protoporphyrinogen oxidase purified
from yeast mitochondrial membranes. It was difficult to
measure the total enzyme activity (and therefore its specific
activity) during purification because of activation by deter-
gent and high-salt treatment. The hydrophobic interaction
chromatography step removed many contaminating proteins
(50% by mass), although the apparent specific activity of
the enzyme was the same before loading and after elution,
due to the parallel loss of both protein and activity. These
results suggest that the total activity in the crude extract is
underestimated, possibly due to aggregation of the active
protein that is solubilized or monomerized by detergent and
high salt.

The availability of an efficient heterologous system for
producing yeast protoporphyrinogen oxidase overcomes one
of the main barriers to investigating the structure of the
enzyme and the topology of its active site. It will make
possible analysis of the molecular mechanisms involved in
the reactivity of wild-type protoporphyrinogen oxidase and
variants obtained by site-directed mutagenesis of the yeast
protoporphyrinogen oxidase gene, and hence the mechanisms
underlying the pathophysiology associated with the enzyme
defect (human porphyria) and inhibition (herbicidal effects
of DPEs).

Some critical features of the protein can be assessed by
measuring the folding and stability of the protein. We used
circular dichroism spectroscopy of the protein to address
these problems. The CD spectra of native yeast protopor-
phyrinogen oxidase were recorded from 300 to 195 nm, as
there was intense positive ellipticity below 200 nm. The
stoichiometric amounts of the flavin cofactor FAD may have
caused this interference. However, other flavoproteins such
as UDP-N-acetylenolpyruvylglucosamine reductase (48) or
thioredoxin reductase (49) have classical far-UV CD spectra,
with θ195/θ220 ≈ 2, while that of yeast protoporphyrinogen
oxidase wasθ195/θ220 ≈ 5. Similar highθ195/θ220 ratios are
found in â-sheet/coil transitions in model poly(carboxym-
ethylated cysteine) peptides (50). Perhaps posttranslational
changes in the yeast protoporphyrinogen oxidase cysteine

residues may give rise to this CD spectrum. The 350-200
nm spectra of the yeast enzyme had features characteristic
of predominantlyR-helical structure with negative minima
at 222 and 209 nm. The relative proportions of secondary
structures in protoporphyrinogen oxidase indicated anR helix
content similar to that of the mouse enzyme (47). The
binding of the diphenyl ether-type inhibitor acifluorfen to
yeast protoporphyrinogen oxidase did not modify the general
secondary structure of the enzyme. Similarly, the binding
of diphenyleneiodonium, which inhibits protoporphyrinogen
oxidase by reacting with the flavin cofactor, did not alter
the overall folding of the enzyme.

Evaluation of the optimal conditions for expression of
yeast protoporphyrinogen oxidase inE. coli showed that the
induction temperature was critical for producing an active
native protein. The overproduced protein was recovered in
inactive aggregates after induction above 30°C. The in vivo-
folding of newly synthesized proteins is a complex kinetic
process that takes into account the coupling between
transcription and translation of mRNA and the influence of
many cellular accessory proteins, such as the chaperone
proteins [for a review, see (51)]. Several factors may affect
the proper folding of protoporphyrinogen oxidase, including
the correct assembly with the flavin cofactor and the
association or integration into the membranes. Slowing the
cell processes by using a minimal medium and a low
temperature for induction considerably increased the yield
of correctly folded protein, but adding acifluorfen to the
induction medium considerably improved the production of
native protoporphyrinogen oxidase at high temperature, while
flavin did not. This suggests that acifluorfen stabilizes the
native protein that otherwise may be subjected to heat
denaturation in vivo. We therefore studied the folding
properties of recombinant protoporphyrinogen oxidase in
vitro.

Protoporphyrinogen oxidase appears to be relatively sensi-
tive to thermal denaturation. TheTm (transition temperature
at which 50% of the secondary structure is lost) was found
to be 44( 0.5 °C. The melting curve of the protein had a
typical sigmoidal shape, indicating cooperativity in the
denaturation process. Acifluorfen protected the protein from
thermal denaturation by shifting theTm to 50.5( 0.5 °C,
whereas 4-nitro-DPI did not alter theTm. Equimolar
concentrations of acifluorfen and 4-nitro-DPI increased the
Tm further to 52( 0.5 °C. The inhibition constants of the
two compounds are similar (Ki ) 1.5 nM for acifluorfen;Ki

) 6.4 nM for 4-nitro-DPI), but they act very differently.
Acifluorfen competitively inhibits the binding of the substrate
to the enzyme, protoporphyrinogen, while 4-nitro-DPI is a
competitive inhibitor of oxygen in the reoxidation step of
the reduced flavin generated at the active site during catalysis.
The thermal denaturation experiments were done on the
purified enzyme without its substrate, protoporphyrinogen
IX. The flavin cofactor is thus in an oxidized form, so that
the isomerization of the enzyme-DPI complex is unlikely.
The lack of protection against thermal denaturation by
4-nitro-DPI therefore indicates either that the interaction of
4-nitro-DPI with amino acid residues in the active site of
the enzyme involves weak bonds or that the enzyme-DPI
complex dissociation constant is high. However, 4-nitro-
DPI potentiates the protective effect of acifluorfen (Tm )
55 °C) and may therefore be stabilized into the active site
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of the enzyme in the presence of the latter compound.
Competition experiments with the two radiolabeled inhibitors
are now needed to provide further information on the binding
of 4-nitro-DPI to the enzyme in the presence of acifluorfen.

Since protoporphyrinogen oxidase is an FAD-containing
enzyme, the proper folding of the native enzyme is likely to
involve the correct assembly of the apoprotein with the
cofactor. We therefore examined the effects of exogenous
FAD and its ADP moiety on the stability of the enzyme.
ADP did not alter theTm of the enzyme, but FAD slightly
stabilized it. This modest effect of FAD is not surprising,
in view of the complexity of the assembly of the holoprotein
in vivo. Studies on the biogenesis of flavoproteins such as
human monoamine oxidase B (52) or the electron-transfer
protein (53, 54) show that, besides the correct folding of the
âRâ-ADP-binding fold, certain critical acidic residues in the
N-terminal end of these proteins and possibly exogenous
ADP or AMP are required for the assembly of the holopro-
teins. ADP plus FAD did not improve the refolding of the
denatured protein under our experimental conditions.

The thermal denaturation of yeast protoporphyrinogen
oxidase in vitro is a complex process. The main difficulty
in establishing a single model for unfolding of the protein is
that denatured proteins tend to aggregate. Numerical simula-
tion and experimental data processing suggest that the
denaturation of protoporphyrinogen oxidase occurs according
to a two-step Lumry-Eyring process (55). The first step is
an apparently microreversible transition from a native (giving
rise to a CD signal) to a denatured (without CD signal) form
of the protein. This step obeys pseudo-first-order kinetics.
The second step is a second or higher order one, and consists
of the slow aggregation of the denatured protein. This leads
to an overall irreversible process of denaturation under the
experimental conditions used. One factor that promotes the
aggregation of the denatured protein is the relatively high
concentration of protein used for the CD experiments (0.5-
10 µM) which is 2-3 orders of magnitude higher than that
required for refolding of the protein (56), but it is required
for accurate CD spectra. Protoporphyrinogen oxidase is a
relatively large protein (539 amino acid residues) and may
therefore be a multidomain protein. The sequence analyses
of protoporphyrinogen oxidases of various origins all have
the N-terminalâRâ-ADP-binding fold plus two main do-
mains of homologous sequences linked by a connecting loop
(57), with the catalytic site presumably associated with the
C-terminal domain of the protein. But the characteristic
shape of the melting curves of protoporphyrinogen oxidase
(with a single Tm) and the kinetic analysis of thermal
unfolding suggest that the protein behaves as a single folding
domain, and not as the sum of several independent folding
structures (see models 2 and 3 under Results). Moreover,
acifluorfen does not simply protect the active site; it stabilizes
the overall structure of the protein and considerably increases
the activation energy required to unfold the protein, from
15 kJ‚mol-1 for the native protein to 80 kJ‚mol-1 for the
enzyme-inhibitor complex. Although exogenous FAD
protects the enzyme against thermal denaturation to some
degree, the cofactor is probably essential for stabilizing the
protein structure, providing a rigid skeleton for the polypep-
tide chain. We are currently developing a heterologous
expression system to overproduce the protoporphyrinogen

oxidase apoprotein in order to examine this problem in more
detail.

A critical factor for the protein stability is the interaction
of the hydrophobic domains with either lipids (in vivo) or
detergent micelles (in vitro, with the purified protein).
Raising the temperature during thermal denaturation causes
changes in the organization and/or fluidity of the lipid/
detergent phases. All the in vitro experiments were done
usingn-octyl glucoside at a final concentration slightly above
its critical micellar concentration (0.6 mM). The measured
Tm for the protein does not correspond to a phase transition
of the detergent and is therefore attributed to changes in the
structure of the polypeptide chain. However, the aggregation
of the protein at high temperature may well be partly due to
the intermolecular interaction of unmasked hydrophobic
regions of the protein that are no longer protected at the
detergent-protein/micelle interface. A more detailed study
of these interactions, together with identification of the
substructures in the protein, will become feasible due to
recent developments in the methods for differential scanning
microcalorimetry.
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