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Protein acylation is an important way in which a number of proteins
with a variety of functions are modified. The physiological role of the
acylation of cellular proteins is still poorly understood. Covalent
binding of fatty acids to nonintegral membrane proteins is thought
to produce transient or permanent enhancement of the association of
the polypeptide chains with biological membranes. In this paper, we
investigate the functional role for the palmitoylation of an atypical
membrane-bound protein, yeast protoporphyrinogen oxidase, which
is the molecular target of diphenyl ether-type herbicides. Palmitoyl-
ation stabilizes an active heat- and protease-resistant conformation
of the protein. Palmitoylation of protoporphyrinogen oxidase has
been demonstrated to occur in vivo both in yeast cells and in a
heterologous bacterial expression system, where it may be inhibited
by cerulenin leading to the accumulation of degradation products of
the protein. The thiol ester linking palmitoleic acid to the polypeptide
chain was shown to be sensitive to hydrolysis by hydroxylamine and
also by the widely used serine-protease inhibitor phenylmethylsul-
fonyl fluoride.

Protoporphyrinogen oxidase is a mitochondrial membrane-
bound flavoprotein that catalyzes the penultimate reaction in

the heme biosynthesis pathway, the oxygen-dependent aromatiza-
tion of protoporphyrinogen IX to protoporphyrin IX (1). This
enzyme has been shown to be the molecular target of diphenyl
ether-type herbicides in plants (2, 3). The biochemical character-
istics of the protein are those of an intrinsic protein, but sequence
analysis of cloned yeast, mammalian, or plant protoporphyrinogen
oxidases failed to reveal any typical membrane-spanning a-helical
structure (4–9). Studies of the biogenesis of the yeast enzyme have
shown that the protein is synthesized as a precursor that is rapidly
converted to the active form of protoporphyrinogen oxidase, but
that this maturation does not involve the removal of a N-terminal
mitochondrial targeting peptide (6, 10). Although the sequence of
protoporphyrinogen oxidase contains several hydrophobic regions,
none of those is longer than 15 uncharged residues, and they are
therefore unlikely to form membrane spanning segments; the
largest hydrophobic domain in the protein is very homologous to
the bab-dinucleotide (Rossman)-binding fold found in many fla-
voproteins. Anchoring to the membrane may involve amphipathic
helical domains that could be responsible for insertion of the
protoporphyrinogen oxidase into the inner mitochondrial mem-
brane, as described for prostaglandin H2 synthase-1, a monotopic
membrane-bound protein of the endoplasmic reticulum (11). The
conserved domain A in protoporphyrinogen oxidases (12) (Fig. 1A)
may well represent such an anchoring structure, and hydrophobic
cluster analysis (13) of this domain (Fig. 1B) shows striking simi-
larities to the membrane-anchoring domain of prostaglandin H2
synthase (Fig. 1C). Another possibility, compatible with a post-
translational modification of the protein leading to the shift in
electrophoretic mobility initially attributed to the proteolytic cleav-
age of a putative presequence previously described (10), is that
protoporphyrinogen oxidase is anchored to the inner mitochondrial

membrane by a different mechanism, such as acylation. This
prompted us to look for a potential posttranslational modification
of the polypeptide chain that could contribute to both the highly
hydrophobic nature of the protein and the difference in electro-
phoretic mobility of the precursor and the mature forms of the
protein. Studies on the biogenesis of the Ras oncogene products
showed that acylation of these proteins may alter their electro-
phoretic mobility and hydrophobicity (14). We therefore investi-
gated the possibility that protoporphyrinogen oxidase is an acylated
protein.

Materials and Methods
Materials. Protoporphyrin IX, disodium salt, was purchased from
Serva. l-1-tosylamido-2-phenylethyl chloromethyl ketone-treated
trypsin (EC 3.4.21.4) from bovine pancreas used either as a soluble
enzyme (Type XIII, 10,000–13,000 unitszmg21) or attached to
agarose beads (75–100 unitszml21 packed gel), cerulenin (2, 3-ep-
oxy-4-oxo-7, 10 dodecadieneamide) and PMSF were obtained from
Sigma; acifluorfen, sodium salt from ChemService, West Chester,
PA. Diphenyleneiodonium chloride was obtained from the Alexis,
San Diego, CA. All inhibitors were dissolved in DMSO to give
10-mM stock solutions. [3H]Myristic acid and [3H]palmitic acid
were from Amersham France, and [3H]palmitoleic acid was from
IsotopChim, Ganagobie-Peyruis, France.

Analytical Methods on Recombinant Yeast Protoporphyrinogen Oxi-
dase. Protoporphyrinogen oxidase was overproduced and purified
from yeast cells as in ref. 6. The purified protein (1 mgzml21) was
delipidated either by (i) a modified Folch procedure or (ii) treat-
ment with sodium hydroxylamine. In the first method, 1 vol of
protein solution was vortexed with 4 vol methanol and centrifuged
for 10 sec at 9,000 3 g. One vol of chloroform was added and the
samples were centrifuged for 10 sec at 9,000 3 g. Proteins in the
chloroform phase were precipitated by 3 vol of methanol and
collected by centrifugation for 2 min at 9,000 3 g. The pelleted
proteins were dissolved in Laemmli buffer and analyzed by SDSy
PAGE. In the second method, 1 vol of protein solution was mixed
with 1 vol sodium hydroxylamine (2 M, pH 8.0) and incubated for
1 hr at 4°C.

Chemical analysis of lipids associated to the protein was per-
formed on a Hewlett–Packard gas-phase chromatography system
after saponification and extraction.

Trypsin was assayed at 25°C in 0.05 M potassium phosphate
buffer, pH 7.3, containing 0.05 M KCl. Proteolysis of native or
deacylated protoporphyrinogen oxidase was started by adding
either 25 N-a-benzoyl-L-arginine ethyl ester (BAEE) units of
soluble trypsin (2% final concentration wtywt) or 2.5 BAEE units
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of immobilized trypsin to the incubation medium. One BAEE unit
of trypsin catalyzes the production of an DOD253 of 0.001 per min
in 3.2 ml at pH 7.6 and 25°C. The reaction was started by adding
trypsin, and protoporphyrinogen oxidase activity was determined
during trypsin proteolysis. The degree of trypsin cleavage was
assessed by SDSyPAGE. When immobilized trypsin was used, the
incubation mixture was centrifuged for 1 min at 13,000 3 g, and
protoporphyrinogen oxidase activity measured on the supernatant.
Control experiments with BAEE as the substrate showed that
trypsin was slightly inhibited by hydroxylamine at the concentra-
tions used in the deacylation experiments. Control experiments
with BSA as the substrate showed that the trypsin was fully active
under these assay conditions.

CD measurements were performed with a Jasco (Easton, MD)
J-710 spectropolarimeter by using a 0.1-cm pathlength quartz
cuvette. The temperature of the cell was controlled by a program-
mable Peltier thermoelectric system that 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 by using commercial software (Jasco) with the data
of Yang et al. (15) as references. The software searches for a
theoretical spectrum that best fits to experimental data either
considering the estimated protein concentration (finite mode) or by
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 denatur-
ation experiments were done with temperature increases of 1°Cy
min. The incubation mixture was 0.05 M potassium phosphate
buffer, pH 7.3, containing 0.5% n-octyl glucoside. The assays were
started at 20°C 10 mM purified native enzyme or hydroxylamine-
treated enzyme incubated with or without acifluorfen (10 to 100
mM), 4-nitro-2,29-diphenyleneiodenium (20 to 200 mM).

In Vitro Labeling with Tritiated Fatty Acids. Yeast cells were grown
at 30°C on yeast extractypeptoneydextrose medium to an OD600 of
6, concentrated 10 times by centrifuging, and resuspended in fresh
yeast extractypeptone medium. The cell suspensions were incu-

bated for 3–12 h at 30°C with tritiated fatty acids in ethanol (0.1
mCiyml cells). Cells were collected by centrifuging, broken with
glass beads in a 0.1 M potassium phosphate buffer, pH 7.3, and a
fraction enriched in mitochondrial membranes prepared by differ-
ential centrifugation. The membrane-bound proteins were solubi-
lized in a 0.1 M potassium phosphate buffer, pH 7.3, containing 0.1
M KCl, 1 mM EDTA and 2% (wtyvol) N-octyl glucoside, and
analyzed by SDSyureayPAGE followed by fluorography of the
dried gels. Because of the labile nature of the acyl-protein bond,
samples were not reduced before electrophoresis, and the gels were
not fixed in acetic acidyethanol before fluorography.

The Escherichia coli strain BL21(DE3) transformed with the
plasmid pSBETa-HEM14 (16) overproduced yeast protoporphy-
rinogen oxidase when the cells were grown in a M63 synthetic
medium supplemented with 0.4% glucose to an OD600 of 1.5 and
the gene expression induced with 1 mM isopropylthiogalactoside
for 18 h. In labeling experiments, the tritiated fatty acids (0.1
mCiyml cells) were added to the cell suspension 30 min after
beginning the induction of protoporphyrinogen oxidase produc-
tion. Cells were collected by centrifuging, sonicated in a 0.1 M
potassium phosphate buffer, pH 7.3, and the membrane fraction
prepared by differential centrifugation. The membrane-bound pro-
teins were solubilized and processed as described above. The in vivo
effects of cerulenin on protoporphyrinogen oxidase stability were
analyzed by immunodetection of the protein. Cerulenin (0 to 50
mgyml cell suspension; stock 22.4 mM in DMSO) was added to the
cell suspension 30 min after beginning the induction of protopor-
phyrinogen oxidase production. Control experiments were run with
the soluble yeast enzyme, coproporphyrinogen oxidase, cloned in
pSBETa and expressed in the same conditions as protoporphyrino-
gen oxidase.

Miscellaneous. Published procedures were used for SDSyPAGE
(17). Size exclusion chromatography analysis of protoporphyrino-
gen oxidase was performed by using a TSK-3000 column (0.75 3
30 cm) equilibrated in 0.05 M potassium phosphate buffer, pH 7.3,
containing 0.5% N-octyl glucoside. The flow rate was 0.6 mlzmin21.
Protoporphyrinogen oxidase was assayed by measuring the rate of
appearance of protoporphyrin fluorescence (18) at 30°C. The

Fig. 1. (A) Sequence align-
ment of the putative mem-
brane-anchoring domain in
protoporphyrinogen oxidases
(CLUSTAL W). (B) Two-dimen-
sional graph representation
[Hydrophobic Cluster Analysis
(13)] of the peptide sequence
of yeast protoporphyrinogen
oxidase putative membrane-
anchoring domain. (C) Two-
dimensional graph represen-
tation (Hydrophobic Cluster
Analysis) of the peptide se-
quence of sheep prostaglan-
din H2-synthase-1 membrane-
anchoring domain deter-
mined from the crystal
structure of the protein (11).
H1, H2, and H3 are the amphi-
pathic helices in interaction
with the lipid bilayer.
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incubation mixture was 0.1 M potassium phosphate buffer, pH 7.3,
saturated with air, containing 2 mM protoporphyrinogen IX, 3 mM
palmitic acid (in DMSO 0.5% volyvol final concentration), 5 mM
DTT, 1 mM EDTA, and 0.3 mgyml (final concentration) Tween 80,
to ensure maximum fluorescence of the protoporphyrin IX. Pro-
toporphyrinogen was prepared by reducing protoporphyrin IX
hydrochloride dissolved in KOHyEtOH (0.04 Ny20%) with freshly
prepared 3% sodium amalgam (19). Coproporphyrinogen oxidase
was measured as described (20). Protein concentrations of solutions
diluted with 0.1 N NaOH were measured by the microscale
Bradford technique on solution. One unit of activity is the amount
of enzyme that oxidizes 1 nmol protoporphyrinogen IX to proto-
porphyrin IX per hour at 30°C.

Results and Discussion
Protoporphyrinogen oxidase was overproduced in yeast cells and
purified to homogeneity. Attempts to remove excess detergents and
lipids from the purified protein by chloroform extraction of the
lipids and precipitation of the protein with methanol showed that
the protein was extracted in the lipid phase (Fig. 2A). This suggested
that the protein may be acylated, and we investigated this possibility
further. The N-terminal peptide sequence of the protein is identical
to that deduced from the gene sequence and starts with a methi-
onine, which rules out the possibility of the myristoylation of the
protein as this requires a glycine residue in the N-terminal position.
The protein lacks any consensus sequence for isoprenylation in its
C terminus (C-A-A-X, where A is an aliphatic residue and X, the
C-terminal amino acid residue of the protein). We therefore
evaluated the potential of the protein for palmitoylation. Palmi-
toylation generally involves the thioesterification of cysteine resi-
dues (21). Thioesters are labile and may be hydrolyzed under mild
conditions (1 M hydroxylamine, pH 8.0, 4°C). Treatment of the
purified protoporphyrinogen oxidase in this way made it possible to
recover the protein as a soluble polypeptide that was no longer
extracted in the lipid phase (Fig. 2A). Chemical analysis of the lipids
associated with the purified protein showed that the enzyme
preparations contained many phospholipids, principally phosphati-
dylethanolamine and phosphatidylserine, at a molar ratio of over
10:1 (phospholipidsyprotein). Palmitoleic acid was found bound to
the protein in almost stoichiometric amounts, together with smaller
quantities of palmitic acid (10% by mass of lipid). The acylation of
protoporphyrinogen oxidase was confirmed in in vivo labeling
experiments where a wild-type yeast strain, a HEM14-null mutant
strain, and this mutant transformed by a multicopy plasmid over-
producing protoporphyrinogen oxidase, were grown in the presence
of [3H]myristic acid, [3H]palmitic acid or [3H]palmitoleic acid.
Protoporphyrinogen oxidase was not labeled in the presence of
[3H]myristic acid but did incorporate palmitic acid and to an even
greater extent palmitoleic acid, confirming that this fatty acid is the
major component involved in modifying the protein. Some mito-
chondrial proteins are myristoylated (22, 23) or may be sequestered
to the inner membrane through a phosphatidylinositol (24). Pro-
toporphyrinogen oxidase is a new member of the recently described
class of yeast proteins that are subjected to palmitoylation (25) and
is the first mitochondrial enzyme of this class.

When the yeast protoporphyrinogen oxidase gene was expressed
in E. coli, the protein was overproduced as a fully active and
flavinylated membrane-bound protein (16). The purified recombi-
nant protoporphyrinogen oxidase exhibited hydrophobicity prop-
erties similar to those of the original enzyme and was recovered in
the lipid phase of the chloroformymethanol extraction procedure;
treatment of the protein with hydroxylamine restored the solubility
properties of the hydrophilic core of the protein (Fig. 2A). This
suggested that protoporphyrinogen oxidase is subject to the same
type of posttranslational modification in E. coli as in yeast mito-
chondria. In vivo labeling of the bacterial cells overproducing
recombinant protoporphyrinogen oxidase with radiolabeled fatty
acids showed that the protein was efficiently acylated by [3H]palmi-

toleic acid and to a lesser extent by [3H]palmitic acid, but not by
[3H]myristic acid (Fig. 2B). The labeling was completely removed
by hydroxylamine treatment of the protein (Fig. 2C). Palmitoylation
specific to protoporphyrinogen oxidase occurs both in yeast cells
and in E. coli, and this raises some questions about the molecular
basis of this type of posttranslational modification. Several com-
ponents of the protein acylation machinery in yeast have been
characterized in the course of studies on the biogenesis of the Ras
proteins, which have to undergo myristoylation, farnesylation, and
palmitoylation to be fully activated. Both myristoylation and far-
nesylation are known to be catalyzed by specific enzymes or enzyme
complexes in yeast (26, 27), but the proper myristoylation of
heterologous proteins in E. coli requires the coexpression of several
components of the eukaryotic modification enzymes (28). In yeast,
the palmitoylation of the Ras2 protein is affected by mutations in
the SHR5 gene, but the overall palmitoylation activity of cell-free

Fig. 2. (A) Coomassie blue staining of protoporphyrinogen oxidase purified
from yeast cells (Ypox) or from transformed E. coli cells (TfPox) on an SDSy
PAGE gel in the pellet of proteins precipitated with trichloracetic acid and in
the pellet of proteins precipitated with methanolychloroform without hy-
droxylamine treatment (2HA), with prior hydroxylamine treatment (1HA), or
with prior PMSF treatment (1PMSF). (B) SDSyPAGE and fluorographic analysis
of recombinant yeast protoporphyrinogen oxidase after in vivo labeling of the
transformed (T) E. coli BL21(DE3) with tritiated fatty acids: C16:1 [3H]palmi-
toleic acid; C14:0 [3H]myristic acid; C16:0 [3H]palmitic acid. In control experi-
ments (C), the labeled cells were transformed by the pSBETa expression vector
without insert. A, aggregated proteins. (C) SDSyPAGE and fluorographic
analysis of recombinant yeast protoporphyrinogen oxidase after in vivo la-
beling with [3H]palmitoleic acid (C16:1) or [3H]palmitic acid (C16:0) (2) fol-
lowed by hydroxylamine treatment (1) or PMSF treatment (1).
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extracts from an SHR5-null mutant is similar to that of a wild-type
strain (29). No homologue of SHR5 or of any other eukaryotic
protein–palmitoyl transferase is found in E. coli, but this organism
contains some palmitoyl transferase activity, which is involved at
least in lipid-A biosynthesis (30). The similar pattern of acylation of
overproduced protoporphyrinogen oxidase in both yeast and E. coli
argues against a target-specific modification enzyme, because no
homologue of HEM14 is found in E. coli. However, it is more likely
that the protoporphyrinogen oxidase polypeptide chain readily
exhibits uncatalyzed palmitoyl—CoA-dependent acylation similar
to that reported for model cysteine-containing peptides (31).

The physicochemical and enzymatic properties of the purified
native recombinant protoporphyrinogen oxidase and of the deacy-
lated protein were compared. No significant change in the enzyme
activity was observed as a result of deacylation. The Vmax (80
mmolzh21zmg21 protein), the Km for protoporphyrinogen (0.1 mM),
and the reactivity of the enzyme toward various classes of inhibitors
(diphenyl ethers and diphenyleneiodonium derivatives) were un-
changed. The effects of deacylation on the structure of the protein
were analyzed by CD measurement of the changes in protein
ellipticity after hydroxylamine treatment. No significant change in
the overall content of secondary structures was observed. However,
the deacylated protein appeared to be significantly more heat labile
than the native protein, with Tm reduced from 44°C to 37°C (Fig.
3A), as reported for deacylated rhodopsin (32). The deacylated
protein still constitutes a single folding unit, as shown by the single
peak in the first derivative plot of the melting curves (Fig. 3B).
Melting analysis of protoporphyrinogen oxidase appears to be an
extremely powerful tool for evaluating the degree of acylation of the
protein, and mixtures of acylated and deacylated protein can be
clearly identified from the two peaks in the first derivative plot of
the composite melting. To further investigate the possible effects of
acylation on protoporphyrinogen oxidase stability, we observed
solvent denaturation of the native and hydroxylamine treated

enzymes in the presence of urea. Although the Cm were very
different (5.5 M urea for the native protein vs. 2 M urea for the
deacylated protein), the m-slope of the denaturation curves (Fig.
3C) was not significantly different, suggesting little or no influence
of deacylation on the unfolded or denaturated state of the protein
(33–35). This was confirmed by analyzing the oligomeric status of
the acyl and deacyl protein. We have previously shown that purified
native yeast protoporphyrinogen oxidase is a monomer as deter-
mined by size exclusion chromatography in size-exclusion chroma-
tography (SEC)-HPLC experiments (6). The hydroxylamine-
treated enzyme exhibited the same chromatographic behavior as
the native enzyme (elution time 8.2 6 0.1 min), suggesting that the
protein remains monomeric after deacylation. This implies that the
changes in stability of the deacyl protein are not related to oli-
gomerization. A high degree of oligomerization was, however,
observed when heat-denaturated native or deacylated protein was
subjected to SEC-HPLC.

The functional role for acylation may be more than stabilizing
transient or permanent enhancement of the association of the
polypeptide chains with biological membranes, and the concept has
emerged recently that the fatty acylation of proteins may play an
essential part in modulating the reactivity of key components of
major signal transduction cascades (21, 36–39). The most striking
feature of deacylated protoporphyrinogen oxidase is its extreme
sensitivity to proteases. We have recently demonstrated that yeast
protoporphyrinogen oxidase is organized into two functional do-
mains, which are structured to form a single folding unit that is
extremely resistant to proteases (trypsin, endo-Glu proteinase, or
carboxypeptidases A, B, and Y) (12). This basic protein exhibits a
single trypsin cleavage site in a loop connecting what appeared to
be two compact folding domains. However, once the protein had
been deacylated, trypsin rapidly degraded the polypeptide chain to
form a large number of small peptides (Fig. 4A). The half-life of the
enzyme activity dropped from .2 h to ,20 sec as a result of the

Fig. 3. (A) Thermal denaturation of yeast protoporphyrinogen oxidase measured by CD. The purified native enzyme (10 mM) used either was the untreated native
enzyme (2HA) or had been treated with hydroxylamine (1HA). Temperature increases of 60°Czh21 were used, and the CD was measured at 222 nm. (Lower) The table
summarizes the Tm values of the enzyme on sample protein after (1) or without (2) prior treatment with hydroxylamine or PMSF and measured in the absence (2)
orpresence(1)of100mMacifluorfen. (B)FirstderivativeofthemeltingcurvesshowninA,measuredonafreshlypreparedenzyme(Upper)oronanenzymepreparation
stored for 3 mo at 220°C (Lower). (C) Solvent denaturation of yeast protoporphyrinogen oxidase measured by CD. The purified native enzyme (10 mM) used either was
the untreated native enzyme (2HA) or had been treated with hydroxylamine (1HA). The CD was measured at 222 nm as a function of urea concentration.
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action of trypsin (Fig. 4B). Control experiments showed that the
activity of trypsin itself was not enhanced but in fact slightly
inhibited by hydroxylamine treatment. The increase in sensitivity to
proteases observed with deacylated protoporphyrinogen oxidase is
several orders of magnitude greater than that reported for gastric
mucus glycoprotein, a marker protein in cystic fibrosis, which is
secreted to protect the mucosal epithelium. Gastric mucus glyco-
protein is a heavily glycosylated and palmitoylated protein, with
more than 20 fatty acids per polypeptide chain (40, 41), which
appears to be slightly more susceptible to pepsin when depalmi-
toylated than when fully acylated.

To evaluate whether acylation may play a role in the regulation
of protoporphyrinogen oxidase stability in vivo, we overproduced
the protein in bacterial cells in the presence of cerulenin, a potent
inhibitor of b-ketoacyl-acyl carrier protein synthase (42). This
antibiotic has also been shown to inhibit the acylation of viral
glycoproteins (43, 44), hormone-releasing factor (45), or HLA
(subtype D)-associated invariant chain (46). Protoporphyrinogen
production is severely affected by cerulenin in a dose-dependent
manner (Fig. 5). Immunodecoration of total proteins from control
and treated cells shows accumulation of large amounts of degra-
dation products in the latter case (Fig. 6-1). Attempts to label in vivo
protoporphyrinogen oxidase with [3H]palmitic acid in the presence
of a high concentration of cerulenin failed (data not shown). The
T7-based expression system used to overproduce yeast protopor-
phyrinogen oxidase was not affected by the presence of cerulenin,
as shown by the similar levels of activity and protein found when
yeast coproporphyrinogen oxidase, a soluble enzyme, was overpro-
duced in E. coli under the same experimental conditions (Fig. 6-2).
Therefore, we conclude that acylation of protoporphyrinogen ox-
idase plays an important role in stabilizing the protein both in vitro
and in vivo.

Experiments were carried out to map the acylation sites on
[3H]palmitate-labeled protoporphyrinogen oxidase. The labeled
native protein was subjected to trypsin treatment, and the two large
peptides generated resolved by SDSyPAGE. Labeling was detected
by fluorography. Surprisingly, no radioactivity associated with
either peptide was recovered. At first, we considered whether
trypsin could have esterase activity and could have deacylated the
protein, but experiments led to a more trivial explanation. In the
proteolysis experiments, the action of trypsin was stopped by adding
PMSF, a standard inhibitor of serine proteases, to the reaction
medium. However, the addition of PMSF to the labeled protopor-
phyrinogen oxidase caused the deacylation of the enzyme very
efficiently (Fig. 2C). The sulfhydryl reagents 5,59-dithiobis(2-
nitrobenzoate) and 4-chloromercuribenzoate were found to be as
effective as PMSF in deacetylating protoporphyrinogen oxidase
and induced marked trypsin sensitivity in the treated enzyme. The
effect of PMSF on protoporphyrinogen oxidase was similar to that
produced by hydroxylamine treatment, in terms of changes in the
hydrodynamic properties of the protein and the reduction of the Tm
of the protein (Fig. 3A). Using trypsin immobilized to agarose beads
allows removal of the protease of samples without adding PMSF,
giving essentially the same results as those described before. The
half-life of protoporphyrinogen oxidase was slightly longer (45 sec),
but the experiments were carried out with less trypsin, and agarose
beads may lower the catalytic efficiency of the protease or substrate

Fig. 4. Trypsin proteolysis of recombinant yeast protoporphyrinogen oxidase
with: (A) Coomassie blue staining of proteins on an SDSyPAGE gel. Purified yeast
protoporphyrinogen oxidase was incubated with 25 units of trypsin, and aliquot
fractions of the digestion mixture without (2HA) or after (1HA) prior treatment
with hydroxylamine were analyzed by SDSyPAGE as a function of incubation
time. (B) Protoporphyrinogen oxidase activity measured as a function of incuba-
tion time with 25 units trypsin without hydroxylamine treatment (E) or with
hydroxylaminetreatment ({) and in thepresenceof2.5units immobilizedtrypsin
without (■) or with (}) hydroxylamine treatment.

Fig. 5. Effect of cerulenin on recombinant protoporphyrinogen oxidase
activity (F) and coproporphyrinogen oxidase activity (■) in E. coli cells over-
producing the yeast proteins. Cerulenin was added to the cell suspension 30
min after isopropyl-D-thiogalactoside.

Fig. 6. Immunodecoration with rabbit polyclonal antibodies raised to yeast
protoporphyrinogen oxidase (1) or to yeast coproporphyrinogen oxidase (2)
of total proteins from E. coli cells overproducing the proteins in the absence
(lane A) or in the presence of cerulenin, 2.5 (lane B), 10 (lane C), or 50 (lane D)
mgyml cell suspension. Proteins were separated by SDSyPAGE and transferred
to nitrocellulose sheets. The titer of antibodies was 1y10,000 for antiyeast
protoporphyrinogen oxidase and 1y3,000 for antiyeast coproporphyrinogen
oxidase. Peroxidase-conjugated anti-rabbit IgG secondary antibodies were
used for chemiluminescent detection.

Arnould et al. PNAS u December 21, 1999 u vol. 96 u no. 26 u 14829

BI
O

CH
EM

IS
TR

Y



accessibility to its active site. This rules out a trivial artifact in the
experiments because of the presence of the trypsin inhibitor. PMSF
action leads to a paradoxical situation in which an additive intended
to protect a protein against proteases may actually make the target
more labile and promote its degradation. Sodium and ammonium
fluoride (100 mM) also induced deacylation of protoporphyrinogen
oxidase. However, neither PMSF nor fluoride anion allows the
hydrolysis of thiol esters in buffered neutral solution in model
compounds such as a-toluenethiol acetate (R. Mornet and M. Dias,
personal communication). Because PMSF is readily hydrolyzed in
water, giving the fluoride anion, it can be expected that the thiol
ester in protoporphyrinogen oxidase is decomposed through a
mechanism resulting from the activation of the carbonyl group by
hydrogen bonding to a residue of the polypeptide chain. It would
then allow the attack of the fluoride ion, giving the free thiol and
the acyl fluoride that is then readily hydrolyzed. The finding that the
use of PMSF causes the deacylation of protoporphyrinogen oxidase
may be relevant to many studies of acylated proteins and should be
taken into account in designing studies to investigate the function
of this important posttranslational modification of proteins. The
molecular basis of the switch from a protease-resistant to a pro-
tease-sensitive form of the polypeptide chain of the protoporphy-
rinogen oxidase after deacylation remains unclear. Data from CD
estimations of secondary structure (40.0 6 1.5% a-helix, 23.5 6
2.5% b-sheet, 18.0 6 2.0% b-turn, and 18.5 6 2.5% random coil for
both native and deacylated protein) clearly indicate that deacylation
does not induce any massive structural transformation, such as that
observed with the scrapie prion protein, PrP, where a conforma-
tional change from a-helices to b-sheets is associated with the
pathogenicity of PrPSC and its resistance to proteolysis (47). The
presence of bound fatty acid associated with yeast protoporphy-
rinogen oxidase probably locks the protein into a conformation,
exposing the maximum surface area to interact with the lipid
bilayer. Removing the fatty acid may relax the tensed protein and
destructure a micellar form of the protein, reducing the protection
of the many positively charged residues of the protein by phospho-
lipid polar heads, thus making it more accessible to the action of
trypsin. This biological situation has several similarities to that

described during the activation of the complement proteins C3 and
C4. A key step in the elimination of pathogens from the body
involves the covalent binding of complement proteins C3 and C4 to
the surface of pathogens. Proteolytic activation then brings about a
conformational change in these proteins, as a result of which an
internal thioester is exposed and may react with amino or hydroxyl
groups on the target surface to form amide or ester bonds or may
be hydrolyzed. Dodds et al. (48) have reported that the binding of
the human C4A isotype involves a direct reaction between amino
nucleophiles and the thioester, whereas that of the C4B isotype
involves a two-step mechanism. In contrast, the binding of the C4B
isotype, and probably that of C3, to hydroxyl nucleophiles involves
a histidine residue, which attacks the thioester to form an intramo-
lecular acyl-imidazole bond. The thiolate anion released then acts
as a base to catalyze the binding of hydroxyl nucleophiles, including
water, to the acyl function (49). This mechanism enables comple-
ment proteins to bind to the hydroxyl groups of the carbohydrates
which are found on all biological surfaces, including the compo-
nents of bacterial cell walls. In addition, the rapidity with which the
thioester is hydrolyzed helps to contain this very damaging reaction
within the immediate proximity of the activation site.

Protoporphyrinogen oxidase is degraded extremely rapidly by
means of a simple reversible modification, and this makes it an ideal
target for a finely tuned regulation of tetrapyrrole synthesis, which
may be relevant to a better understanding of the pathophysiology
of variegate porphyria, in which the enzyme is partially or com-
pletely defective, or of plants treated with the inhibitors of proto-
porphyrinogen oxidase. This model of the regulation of biological
activity by means of the rapid degradation of an acylatedy
deacylated target will be investigated in other acylated proteins or
enzymes.
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