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Abstract

The effects of various protoporphyrinogen oxidase (PPOX) mutations responsible for variegate porphyria (VP), the roles of the arginine-

59 residue and the glycines in the conserved flavin binding site, in catalysis and/or cofactor binding, were examined. Wild-type recombinant

human PPOX and a selection of mutants were generated, expressed, purified and partially characterised. All mutants had reduced PPOX

activity to varying degrees. However, the activity data did not correlate with the ability/inability to bind flavin. The positive charge at

arginine-59 appears to be directly involved in catalysis and not in flavin-cofactor binding alone. The Kms for the arginine-59 mutants

suggested a substrate-binding problem. T1/2 indicated that arginine-59 is required for the integrity of the active site. The dominant a-helical

content was decreased in the mutants. The degree of a-helix did not correlate linearly with T1/2 nor Tm values, supporting the suggestion that

arginine-59 is important for catalysis at the active site. Examination of the conserved dinucleotide-binding sequence showed that substitution

of glycine in codon 14 was less disruptive than substitutions in codons 9 and 11. Ultraviolet melting curves generally showed a two-state

transition suggesting formation of a multi-domain structure. All mutants studied were more resistant to thermal denaturation compared to

wild type, except for R168C.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Protoporphyrinogen oxidase (PPOX) (EC 1.3.3.4), the

penultimate enzyme in the haem biosynthetic pathway,

catalyses the oxidation of protoporphyrinogen IX to proto-

porphyrin IX [1,2]. In eukaryotes, PPOX is an intrinsic

protein of the inner mitochondrial membrane and requires

molecular oxygen and a flavin cofactor (in most cases

FAD), for this conversion. However, it is possible that

diverse catalytic mechanisms may exist, especially in pro-

karyotes that can survive under both aerobic and anaerobic

conditions [3,4]. Three molecules of oxygen, whose ulti-

mate fate is hydrogen peroxide rather than water, serves as

the final electron acceptor in the aerobic reaction in both

eukaryotic and prokaryotic PPOXs [5,6]. The reaction
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proceeds via three, two-electron oxidations rather than a

single, six-electron oxidation (Dailey, H.A., personal com-

munication). A mechanism for the removal of the four

hydrogens in the meso positions of the porphyrin ring has

been suggested in which three desaturation steps occur, with

the involvement of one particular face of the porphyrin ring,

and one prototropic-rearrangement step using the other face

of the ring [7,8].

Sequence analysis of protein databases suggested that

PPOXs are members of a protein superfamily that includes

plant and animal phytoene desaturases and animal mon-

amine oxidases [9]. These proteins all share significant

sequence homology at the N terminus in a 60-amino-acid

residue stretch that includes the dinucleotide cofactor bind-

ing motif.

PPOX has been purified from the mitochondria of mouse

liver [10,11], yeast [3], ox [12], barley [13], maize [14] and

spinach chloroplasts [15]. In addition to purification from
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these sources, human PPOX has been cloned, expressed and

purified [16,17]. The human enzyme is a homodimer and

contains one noncovalently bound FAD per dimer [16].

Yeast PPOX also contains FAD and, furthermore, it has

been suggested that there are essentially two domains in the

protein structure defined by a single protease digestion site,

the N-terminal domain containing the FAD binding fold and

the C-terminal domain containing the active site at the

interface between it and the N-terminal domain [18].

A group of herbicides, the diphenylethers (DPEs), are

good inhibitors of PPOX and provide a useful tool to

investigate the substrate binding site/catalysis of the en-

zyme. They are competitive inhibitors (with respect to the

tetrapyrrole substrate protoporphyrinogen IX) of plant,

mouse and human PPOX [19,20]. However, this inhibition

by DPEs is not seen in all PPOXs, e.g., B. subtilis, E. coli

and B. japonicum PPOXs [21–23] are not inhibited by these

herbicides. In plants, this inhibition induces light-dependent

phytotoxic damage through induction and accumulation of

protoporphyrin IX in the exposed plant, and engineered

overproduction of PPOX in plants may confer resistance

towards these herbicides [24,25]. An important feature of

these inhibitors is that their structure mimics half of that of

protoporphyrinogen IX. It could also be expected that

certain other tetrapyrrolic compounds may also inhibit

PPOX. Indeed, haem and its metabolic products bilirubin

IX and biliverdin IX are also effective inhibitors of PPOX

[1,23,26].

In humans, a defect in PPOX, resulting in approximately

50% decreased activity, is responsible for the dominantly

inherited disorder; variegate porphyria (VP) [27–29]. The

disease is characterised by an abnormal pattern of porphyrin

excretion, and clinical manifestations include photosensitive

skin lesions and/or a propensity to develop acute neuro-

visceral crises [28,30]. South Africa has the highest inci-

dence of VP in the world, attributed to a founder effect,

resulting from a mutation, R59W, in exon 3 of the PPOX

gene [31,32]. Nine other mutations have also been reported

in South Africa to date (R168C, H20P, 537delAT, Y348C,

R138P, 769delG; 770T>A, L15F, G375X and V290M) in

addition to the common R59W mutation [31–35]. Further-

more, heterogeneity of PPOX variants has been demonstrat-

ed worldwide with over 100 mutations identified [36–40].

The human PPOX gene contains 13 exons and is located on

chromosome 1q22–23 [41–43].

To date, the direct effect of a number of mutations on

PPOX activity in VP has been investigated. In some of

these studies, activity of expressed mutant PPOX has been

determined by direct fluorescence assay [31,44]. In others,

PPOX activity was also screened for by complementation

of the E. coli strain SAS38X, which lacks PPOX activity

[45,46].

Missense mutations may directly affect substrate speci-

ficity, binding, stability or electronic catalysis, the ability to

bind and utilise the FAD cofactor, or the ability to translo-

cate to the mitochondria or the correct compartment within.
As outlined above, exogenous compounds may also act as

potent inhibitors of PPOX. Because all these factors may

ultimately impair normal porphyrin and haem biosynthesis,

their study may yield important insights into VP. Here, we

compare some kinetic and physical characteristics of

expressed wild-type and mutant PPOXs. A pTrcHis plasmid

containing wild-type PPOX was expressed and purified. A

selection of both naturally occurring mutants relevant to

South Africa (H20P, R59W, R168C and Y348C) and certain

self-designed mutants were constructed. We examined the

relevance of the positively charged R59 residue and the role

of glycine residues in the highly conserved ‘‘GXGXXG’’

FAD binding motif [16,17,47] in these mutants.
2. Materials and methods

2.1. Materials

The recombinant plasmid (pHPPO-X) was a gift from

H.A. Dailey, University of Georgia, Athens, GA, USA.

The GeneEditor kit was obtained from Promega, Madison,

WI, USA and the oligonucleotides used to construct the

mutants from Integrated DNA Technologies Inc., Coral-

ville, IA, USA. Automated direct sequencing was per-

formed on an ADI 3100 Automated Genetic Analyser

using a Big Dye Version 3 kit (Applied Biosystems,

Brachburg, NJ, USA). The sonicator utilised (Model

XL2020) was obtained from Heat Systems, Framington,

NY, USA. TALON resin was purchased from Clontech,

Palo Alto, CA, USA. Acifluorfen (AF) and methyl aci-

fluorfen (MeAF) were obtained from Chem Services, West

Chester, PA, USA, and biliverdin IX hydrochloride (BV)

and bilirubin IX (BR) from Porphyrin Products, Logan,

USA. The Hybaid Omnigene thermal cycler was from

Teddington, UK. Spectrophotometric measurements were

performed on a Hitachi spectrophotometer and all fluori-

metric measurements on a Hitachi 650-10S fluorescence

spectrophotometer, Koki Co. Ltd., Japan. CD spectra were

measured on a Jasco J-810 spectropolarimeter, Jasco Cor-

poration 2967-5, Ishikawa-Cho, Hachioji-Shi, Tokyo 192,

Japan. All thermal denaturation experiments were per-

formed on a Pye-Unicam SP 1800 spectrophotometer with

a custom-made heating block interfaced to an IBM-PC

through an Oasis digital convertor.

2.2. Methods

2.2.1. Site-directed mutagenesis

The mutants were engineered from the recombinant

plasmid (pHPPO-X) by site-directed mutagenesis using the

GeneEditor kit according to manufacturer’s instructions.

Where possible, colonies were screened by restriction anal-

ysis (Table 1). Mutations were confirmed by automated

direct sequencing and the entire PPOX cDNAwas sequenced

to ensure the absence of any erroneous mutations.



Table 1

Oligonucleotides used in site-directed mutagenesis

In each case the mutated DNA bp are underlined. The amino acids encoded by the sequences are shown above and the altered amino acids shown in bold. All

oligonucleotides were 5V phosphorylated. Restriction enzymes utilised for screening are shown on the right.
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2.2.2. Expression and purification of human wild-type and

mutant PPOX

pHPPO-X was initially transfected into and maintained

in JM109 E. coli cells [16], as were the various mutants.

JM109 cells (0.5 ml of a 30% glycerol stock) containing

wild-type or mutant recombinants were inoculated into 1-

l Luria broth containing 100 Ag/ml ampicillin and incubat-

ed for 18 h at 30 jC on a rotary shaker (225 rpm). Cells

were harvested by centrifugation (3000� g) for 30 min at 4

jC and the entire purification performed at 4 jC. The pellet
was resuspended in 30-ml sonication buffer (0.02 M Tris/

HCl, 0.3 M NaCl, 0.01 M Imidazole, 1% (w/v) n-octyl-h-
D-glucopyranoside, pH 8.0). The cells were sonicated at

3� 30 s with intermittent cooling in ice water. The lysate

was then centrifuged at 105000� g for 30 min at 4 jC and

the supernatant retained. The supernatant was loaded onto

1 ml of TALON resin, pre-equilibrated in 10-ml sonication

buffer, at 0.25 ml/min (or 0.4 ml/min in the case of R168C

and Y348C). The column was washed with 10-ml 0.02 M

Tris/HCl, 0.3 M NaCl, 0.02 M imidazole, 0.2% (w/v) n-

octyl-h-D-glucopyranoside, pH 8.0 at 0.5 ml/min, prior to

elution in elution buffer (0.02 M Tris/HCl, 0.3 M NaCl,

0.2 M imidazole, 0.2% (w/v) n-octyl-h-D-glucopyranoside,
pH 8.0). PMSF was added to all buffers to a final

concentration of 1 Ag/ml throughout the purification pro-

cedure. Enzyme purity was confirmed on SDS-PAGE [48].
Protein concentration was determined by the Bio-Rad

Protein assay [49] with BSA as protein standard.

2.2.3. PPOX assay

PPOX activity was measured by fluorescence as de-

scribed previously [29]. The assay was performed at pH

8.2 except for Y348C, which had a pH optimum of 7.8.

2.2.4. Inhibitor studies and determination of kinetic data

Inhibition studies were performed as described previous-

ly [20] using AF, MeAF, BV and BR. IC50 was determined

by measuring PPOX activity over a range of inhibitor

concentrations at a single substrate concentration of 15 AM.

2.2.5. Determination of kinetic constants

The kinetic constants Km and kcat were determined from

substrate-velocity plots, and the constants Ki and a and

model discriminations from secondary replots of Km/Vmax

vs. [AF] and 1/Vmax vs. [AF], where Km and Vmax are the

values determined in the presence of inhibitor (AF). Calcu-

lated Kis were obtained by applying the relationship below,

which exists for competitive inhibition between Ki, Km and

IC50 at any saturating substrate concentration, S:

Ki ¼
IC50

ðS=KmÞ þ 1
ð1Þ



Table 2

Purification yield and activity of wild-type and mutant PPOXs

PPOX Yield of PPOX from

1 l of culture (mg)

Specific activity

(nmol/mg/min)

Percentage of

wild-type activity
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2.2.6. FAD binding studies

To analyse the potential effects of the mutations on FAD

binding to the protein, PPOX UV/VIS spectra were recorded

from 250 to 550 nm for both wild type and mutants under

identical conditions, in elution buffer, at room temperature.

The FAD content was then obtained by measuring absorp-

tion at the maximum wavelength (450 nm) and expressed as

absorption/mg protein/ml.

2.2.7. Effect of temperature on PPOX activity

Homogeneous wild-type and mutant PPOXs were divided

into aliquots and each aliquot denatured in a thermal cycler at

a specific temperature for 3 min and kept on ice. The

temperatures ranged from 30 to 65 jC in 5 jC steps. One

aliquot was not heat-denatured and was used as a reference.

PPOX activity was assayed and the temperature that reduces

enzyme activity to half its maximal velocity (T1/2) deter-

mined from the plot of residual activity vs. temperature.

2.2.8. Thermal induced denaturation

Thermal denaturation experiments were performed in

0.01 M Tris–acetate, 0.2% (w/v) n-octyl-h-D-glucopyrano-
side, pH 7.2 at a PPOX concentration of 0.15 mg/ml on a

spectrophotometer with a heating block. Temperature was

increased from 15 to 75 jC at a rate of 1 jC/min. To

investigate the effects of either AF or FAD on Tm, melting

curves were generated at an enzyme/AF or FAD molar ratio

of 1:1, 1:5, 1:10 and 1:20.

To assess the reversibility of folding, PPOX was heated

at 75 jC (past the unfolding temperature) and cooled to an

initial temperature of 15 jC before reheating back to 75 jC.
To determine the stability of folding domains, PPOX was

heated to a temperature just below the Tm value and cooled

to 15 jC, before reheating back to 75 jC.
Melting curves were analysed as described previously

[50] and the temperature at which 50% of the protein is

denatured (Tm) determined.

2.2.9. Circular dichroism

CD spectra of wild-type and mutants (0.15 mg/ml, in

0.01 M Tris–acetate, 0.2% (w/v) n-octyl-h-D-glucopyrano-
side, pH 7.2) were measured on a spectropolarimeter using a

0.1-cm path length quartz cuvette. All spectra were analysed

by a 10-spectrum accumulation at room temperature. The

secondary structure was estimated using computer software

[51].

M.H. Maneli et al. / Biochimica
Wild type 2.00 7150.00F 192 100.00

Y348C 0.60 617.00F 8.97 8.63

R168C 0.40 1257.00F 41.4 17.50

H20P 0.03 11.32F 0.75 0.16

R59W 0.78 19.75F 1.05 0.28

R59K 1.51 2690.00F 66.7 37.60

R59S 2.21 183.10F 11.0 2.60

R59I 1.65 106.00F 7.27 1.50

G9A 0.12 36.85F 2.90 0.52

G11A 0.03 1.57F 0.14 0.02

G14A 0.69 3044.00F 67.2 42.60
3. Results and discussion

3.1. Expression and purification of human wild-type and

mutant PPOX

Talon metal affinity chromatography of the supernatant

from 30-ml sonicate of expressed wild-type or mutant

PPOX yielded pure enzyme, Mr 51000, as judged by
SDS-PAGE (data not shown), in all cases. No IPTG

induction scheme was followed, as it was found that growth

into stationary phase was sufficient for good production of

wild-type PPOX without IPTG, and IPTG did not improve

expression of the mutant PPOXs. Maximum expression was

obtained with incubation at 30 jC for 18 h (data not shown).

Using these conditions, the formation of recombinant pro-

tein inclusion bodies, which can result from overexpression

[52], was not apparent. All purifications were performed at 4

jC, as attempted purification of mutant PPOX at room

temperature was problematic. The yields varied consider-

ably and were lower than wild type in all mutants except for

R59S where the yields were similar (Table 2). This variation

may be explained by observed differences in binding

affinities for the resin and/or the fact that mutant proteins

frequently are more poorly expressed and unstable and

undergo proteolytic cleavage in the cell [53]. In most cases

the yield of purified PPOX was sufficient to assay and

determine kinetic parameters. However, in the case of H20P,

G9A and G11A, only specific activity could be measured

due to a combination of low yield and activity.

3.2. PPOX activity

Table 2 lists both the specific activity (nmol/mg protein/

min) for wild-type and mutant PPOXs. Y348C and R168C

showed some residual activity, 8% and 17% of wild-type

PPOX activity, respectively, whereas for R59W and the

H20P the activity was negligible.

Interestingly, both the Y348C and R168C mutations were

originally identified in compound heterozygote individuals,

i.e., they have one of these mutations in addition to the

common South African R59W mutation. Although these

patients are clinically severely affected, the fact that they

survive suggests that at least this level of residual PPOX

activity, together with the negligible R59W activity, is com-

patible with life, as has been suggested previously [31,34,45].

In spite of what could be predicted as a relatively severe

replacement (the additional cysteine residues may cross-

react to form disulfide linkages) and that R168 lies within

the putative membrane-anchoring domain [54], our activity
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results demonstrate that both R168C and Y348C have

catalytic activity an order of magnitude greater than that

of R59W. On the other hand, a recent report [46], demon-

strated that R168H had negligible activity in spite of a

relatively conservative replacement. This underlines the

necessity to exercise caution in predicting the effects of

specific mutations in PPOX.

The loss of activity with the H20P mutant suggests that

PPOX is sensitive to structural change. The activity is

severely affected, probably because it involves substitution

of a positively charged amino acid, histidine, by a hydro-

phobic amino acid, proline. Proline residues have the

propensity to form reverse turn structures in which its ring

structure fits well and decreases protein flexibility by

disruption of a-helices [55]. In addition, the H20P falls in

the putative dinucleotide binding site and occurs immedi-

ately adjacent to a conserved lysine (K21).

The common South African founder mutation, R59W

[31,32], falls within the 60-bp flanking region of the

putative FAD dinucleotide binding motif of PPOX [9]. This

makes it attractive to speculate that this may account for the

severe loss of enzyme activity of the R59W. The UV/VIS

spectra of the FAD bound to R59W PPOX demonstrate

binding to be dissimilar to that of the wild type. It would

appear that the mutant R59W may bind some FAD, but its

interaction with the protein is compromised (Fig. 1). How-

ever, the possibility that the positive charge is required for

oxidoreducto catalysis and/or substrate binding rather than,

or in addition to, FAD binding, must be considered.

In order to study the relevance of the R59, we introduced

both a conservative and two nonconservative replacements:

R59K (positive to positive replacement), R59S (polar re-

placement) and R59I (aliphatic, neutral replacement). R59K

resulted in considerably less disruption (37% of wild type

activity) than when the charge was removed ( < 3% of wild-

type activity, for R59S and R59I) (Table 2). The observation

that these nonconservative substitutions resulted in almost

complete loss of PPOX activity underlines the requirement

of a positive charge in codon 59. Both conservative and

nonconservative replacements in this position appeared to

bind FAD although in R59W, binding was reduced (Fig. 1).
Fig. 1. FAD absorption at 450 nm for
This suggests that R59 is required for catalytic activity

(either directly or via impaired substrate binding) and the

fact that FAD binding is reduced in the R59W mutant is due

to the bulky nature of the aromatic tryptophan rather than

the loss of the positive charge. Hydrophobicity at this

position would appear to be unimportant for FAD binding

as both R59I and R59W are hydrophobic replacements, yet

differed in their ability to bind FAD.

PPOX exhibits a highly conserved GXGXXG motif

(where X denotes any residue) at the N terminus, which

is recognised as a signature sequence in a large number of

dinucleotide-containing proteins. Crystallographic studies

performed on other flavoproteins confirm the involvement

of these residues in FAD binding and show the GXGXXG

motif to be structurally enclosed in an ADP type-binding

hah-fold [56–58]. In order to study the role of these

glycine residues, we replaced the glycine residues at

positions 9, 11 and 14 by alanine to produce the G9A,

G11A and G14A mutations, respectively. Our results

showed that substitution of glycine by alanine in codon

position 14 resulted in less disruption (G14A activity, 43%

of wild-type activity) than in codons 9 and 11 (G9A and

G11A activity, < 1%). Other workers have investigated the

importance of the glycine in the 1st, 3rd and 6th positions

of the GXGXXG motif. Our results are in agreement with

those of Nishiya and Iminaka [59] who mutated these

glycines in Athrobacter sarcosine oxidase to alanine. They

showed that substitution at positions 1 and 3 of the motif

sequence was highly significant, and at the 6th position less

so. Clearly these glycines are critical for structural main-

tenance of the dinucleotide binding site and consequent

activity of the protein.

The ‘‘X’’ residues are much less important. Nishiya and

Iminaka [59] examined the frequencies of amino acids

appearing in the GXGXXG motif. Apart from the three

highly conserved glycines, only the first X showed any clear

tendency, in that glycine and alanine appeared in approxi-

mately 42% of the 133 sequences of the FAD or NAD-

dependent proteins studied. It was noted that overall, large

amino acids were infrequent and the frequencies of basic,

acidic and aromatic amino acids were especially low.
wild-type and mutant PPOXs.



Table 3

Substrate binding affinity and catalytic efficiency of wild-type and mutant

PPOXs

PPOX Km (AM) kcat (S
� 1) kcat/Km

(s� 1 AM� 1)

Wild type 0.85F 0.09 5.95F 0.44 7.00

Y348C 1.07F 0.09 0.53F 0.07 0.50

R168C 1.00F 0.06 1.02F 0.03 1.02

H20P ND ND ND

R59W 1.26F 0.10 0.04F 0.01 0.03

R59K 0.83F 0.09 2.57F 0.12 3.10

R59S 1.70F 0.24 0.17F 0.01 0.10

R59I 2.09F 0.06 0.15F 0.01 0.07

G9A ND ND ND

G11A ND ND ND

G14A 0.85F 0.03 3.90F 0.15 4.59

ND= not determined.
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3.3. Kinetics of wild-type and mutant PPOXs

For human PPOX the oxidation of protoporphyrinogen

IX to protoporphyrin IX obeyed Michaelis–Menten kinetics

(data not shown). This is in keeping with all other kinetic

profiles reported for other PPOX species [3,20,23]. Differ-

ences in the reported kinetic constants between the different

species of PPOX presumably reflect differences in their

substrate (and/or inhibitor) binding abilities, which have

arisen over time in response to evolutionary factors. A

complete set of kinetic data could not be determined for

mutants H20P, G9A and G11A due to low yield.

Table 3 gives the Km, kcat and calculated catalytic efficien-

cy (kcat/Km). There was a relative invariance in Km for all

enzymes except for R59S and R59I, which had an approxi-

mately twofold lower affinity for the substrate. As in the case

of their specific activities, the catalytic efficiencies of Y348C

and R168C were lower than wild type (7% and 14% of wild

type, respectively), but higher than R59W. The study of the

catalytic efficiency on R59 mutants showed 44% of wild type

for R59K, 1.4% ofwild type for R59S and 1% ofwild type for

R59I. R59W had the lowest catalytic efficiency.

Our findings of severely reduced kcats and relatively

invariant Kms for R168C and R59W are in agreement with

the findings of Dailey and Dailey [44].
Table 4

IC50s and calculated Kis for wild-type and mutant PPOXs

PPOX IC50 (AM)

AF MeAF B

Wild type 4.20F 0.39 0.18F 0.01 4

Y348C 70.00F 4.30 55.60F 2.60

R168C 46.00F 4.40 1.10F 0.08

R59W 4.20F 0.33 0.20F 0.03 2

R59K 3.33F 0.24 ND N

R59S 2.67F 0.19 ND N

R59I 0.90F 0.01 ND N

G14A 5.70F 0.22 ND N

ND= not determined.
In the study of the relevance of the R59, the introduction

of both a conservative R59K and two nonconservative

replacements, R59S and R59I, showed almost complete loss

of PPOX activity for nonconservative substitutions, under-

lining the requirement of a positive charge in codon 59. This

suggests, at least in part, a substrate binding problem in R59

mutants rather than a simple mechanistic problem.

3.4. Kinetics of PPOX inhibition

The inhibition of PPOX was studied using the inhibitors

AF, MeAF, BV and BR. The IC50s of PPOX for the various

inhibitors and calculated Ki’s for AF are shown in Table 4.

When Ki was determined, increasing concentrations of AF

increased the Km for protoporphyrinogen IX, while the Vmax

remained constant (data not shown), indicating competitive

inhibition. a values of infinity calculated from the secondary

replots confirmed this mode of inhibition. This is in keeping

with earlier studies performed on human PPOX in lympho-

blast sonicates [20]. We were able to compare the Ki values

determined from the secondary replots with those calculated

from the experimental IC50 data. These values correlated

well, confirming the internal consistency of the model.

As in previous studies, the DPEs were good inhibitors of

wild-type PPOX. However, Y348C and R168C mutants are

less sensitive to inhibition by AF and MeAF compared to

wild type and R59W. R59K and R59S mutants are less

sensitive to inhibition by AF when compared to their

counterpart R59I. The fact that the behaviour in the presence

of these inhibitors does not parallel the observed differences

in activity parameters may indicate that the inhibitor is

binding near the active site rather than at the active site.

Inhibition by the haem degradation product, BV, was in

contrast to the effects of AF and MeAF. Wild-type PPOX

was relatively insensitive to inhibition by BV, whereas

R59W was more sensitive by approximately 50%, and in

the case of Y348C and R168C, a marked increase in

sensitivity was apparent (Table 4).

The other haem degradation product, BR, did not inhibit

wild-type PPOX nor any clinical mutants except Y348C

where the inhibition was weak. Interestingly, this mutant

was the only one that was unable to be stabilised by AF in
Calculated Ki (AM)

V BR AF

1.00F 1.80 No inhibition 0.23F 0.02

3.10F 0.35 34.20F 3.80 4.72F 0.28

0.40F 0.02 No inhibition 3.00F 0.26

1.00F 0.96 No inhibition 0.33F 0.02

D ND 0.18F 0.01

D ND 0.27F 0.02

D ND 0.11F 0.00

D ND 0.31F 0.01



Table 5

T1/2s of wild-type and mutant PPOXs

PPOX T1/2 (jC)

R59S 60.3F 0.33

G14A 57.0F 0.22

Wild type 56.8F 0.47

R59K 56.3F 0.47

R59I 54.2F 0.25

R59W 53.0F 0.71

Y348C 50.2F 0.43

R168C 47.6F 0.51
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thermal induced unfolding studies (see below). Differences

in sensitivity to BV and BR have been ascribed to differ-

ences in rigidity between the two structures, BR being more

convoluted and rigid than BV [23].

3.5. FAD binding

PPOXs contain a FAD cofactor that participates in a

redox reaction during catalysis [10,12,16,19]. UV/VIS

spectra were recorded for FAD standard, purified wild-type,

and mutant PPOXs. The spectra for wild type and mutants

R168C, Y348C, R59K, R59S, R59I and G14Awere similar.

All PPOXs except for R59W showed FAD-type spectra with

absorption maxima at 375 and 450 nm. Fig. 1 shows the

absorption maxima at 450 nm expressed per mg of protein

giving an indication of the amount of FAD bound/not

bound. The UV/VIS spectrum of R59W PPOX is different

from that of wild type and all other mutants, indicating that

FAD interaction with the protein is compromised. The low

OD450/mg/ml (Fig. 1) confirms this.

The effect of replacements in R59 on FAD binding have

been discussed above (see PPOX activity) and reduced FAD

binding in the R59W mutant confirms earlier studies of

Dailey and Dailey [53].

Considering the FAD and activity data together, the

R59W mutant had both severely compromised activity

and FAD binding, while the R59S and R59I mutants

(uncharged replacements) had reduced activity yet main-

tained FAD binding, and the R59K (positive charge replace-

ment) had some activity and bound FAD, strongly

suggesting that the positive charge at position 59 is required

for catalytic activity and not FAD binding.

3.6. Effects of temperature on PPOX activity

To examine the effect of temperature on wild-type and

mutant PPOX activity, T1/2 was measured. Fig. 2 shows

typical activity curves obtained during denaturation of wild

type and mutants. Generally there was a decrease in enzyme
Fig. 2. Temperature induced reduction in activity of wild type (n), R59W (.), R16
Curves for R59K, R59S, R59I and G14A are not shown, and they all fall betwee
activities at temperatures over 45 jC except for R168C

which was affected from 40 jC.
T1/2s are shown in Table 5. The T1/2 values of R59K and

G14A are similar to that of wild type. Y348C, R59W,

R168C and R59I have reduced T1/2 values, and T1/2 for

R59S is increased. The effects of increasing temperature on

the enzymatic activity of PPOX varied. Reduced T1/2 values

(for Y348C, R168C, R59W and R59I) and increased T1/2

values (for R59S) suggest that these mutations have an

influence on the structure of the active site.

R59W had a reduced T1/2. A conservative replacement

(R59K) resulted in a similar T1/2 to that of the wild type

whereas an aliphatic (R59I) substitution had a similar T1/2 to

that of R59W. A polar substitution (R59S) increased T1/2

considerably, indicating that alteration in polarity at R59 is

an important factor in the active site environment. This

supports our previous suggestions, based on kinetic and

FAD-binding data, that R59 is directly involved in catalysis

and not simply important for FAD binding.

3.7. Thermal induced denaturation

In order to obtain qualitative information about the effect

of the substitutions on stability and folding mechanisms, we

compared the folding thermodynamic properties of mutant

PPOXs to that of wild type.

The thermal equilibrium transition curves were deter-

mined by measuring absorbance at 270 nm. The melting
8C (E) and Y348C (x) showing the effects of temperature on their activity.

n wild type and R59W.



Fig. 3. Equilibrium transition curve for thermal unfolding of wild-type PPOX. The net stability of PPOX was determined from Tm in the middle of the transition

region. Inset shows the first derivative curve.
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curves generated for all PPOXs (except R168C and Y348C)

were monophasic and showed co-operative unfolding as

seen in the wild type (Fig. 3). In both R168C and Y348C,

the melting curves suggested the onset of melting reflects

the beginning of the unfolding process, but once past the

Tm, irreversible aggregation occurs leading to a continuous

increase in absorbance.

The Tm values for wild type and mutants are shown in

Fig. 4 (white bars). Tm values for Y348C, R168C and

R59W were relatively invariant at approximately 50 jC,
whereas R59K, R59S and R59I displayed higher melting

temperatures at approximately 60 jC, indicating that the

latter three mutants were generally more stable than the

three former mutants and wild-type PPOXs. This increased

enzyme stability is a disadvantage to enzyme function.

During catalysis, enzyme binds the substrate and undergoes

conformational change before releasing the product. If the

structure is too rigid, this conformational change may not

occur, thus making the substrate-binding site inaccessible.
Fig. 4. Melting temperatures for wild-type and mutant PPOXs in the abse
Generally, the kinetics of unfolding was a single first-

order reaction. The melting curve is characteristic for a two-

state transition indicative of the equilibrium that holds

between the native and unfolded PPOX protein. Because

PPOX is a large molecule, it is reasonable to assume that it

forms a multi-domain structure, and these domains could

unfold via a two-state process, independently. Indeed, it has

previously been shown in the yeast form of the protein that

there are two domains [18]. R168C and Y348C mutants

have the potential to form additional or non-native disulfide

bonds that influence unfolding equilibrium. With these

mutants, multi-equilibrium with other cysteine residues

may exist on unfolding, favouring aggregation.

When PPOX (for both wild type and mutants) was

denatured and reheated after cooling, there was no melting

curve observed for the second heating process. Instead,

aggregation of PPOX was apparent (data not shown). This

higher-order reaction involves slow aggregation of PPOX

on denaturing, making the overall unfolding irreversible.
nce (white bars) and presence (black bars) of AF (protein/AF, 1:5).
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When PPOX was heated to a temperature just below the

Tm region, and slowly cooled back to a partially folded

state (as seen by a higher absorbance), reheating to a fully

unfolded state (denatured) showed a melting curve with co-

operative unfolding. The Tm value of the partially folded

PPOX was the same as for the fully folded structure (Fig.

5). The inset in Fig. 5 shows that unfolding started at a

slightly higher temperature in the case of the partially

folded structure. This effect was demonstrated for both

wild-type and mutant PPOXs and shown to be the same.

Thus, the first domain unfolds leaving another domain(s)

folded. This partially unfolded structure is indicated by

high absorbance, even after cooling to lower temperatures

(15 jC), meaning that the protein does not become

completely refolded. However, the remaining ordered

structure maintains its stability and, on reheating, unfolds

via a two-state mechanism. These domains remain unde-

fined in any mammalian PPOX, but in the yeast form the

two domains are defined in terms of a putative connecting

loop, which corresponds to a specific protease cleavage site

[18]. Furthermore, no PPOX crystal structure is available

as yet.

DPE inhibitors have been observed to increase the ther-

mostability of PPOX on addition of AF [60]. Hence, we

investigated the effect of AF on the melting temperature by

incubating them in the presence of the inhibitor, AF. The

protein/AF ratio of 1:5 gave a maximum Tm and was used to

compare protein stabilisation between wild type and mu-

tants. The increase in Tm in the presence of AF was observed

for the wild type and other mutants, except for R168C that

had a small increase, and Y348C that had no increase (Fig. 4,
Fig. 5. Typical equilibrium transition curve for thermal unfolding of

reheated PPOX (in this case wild type). The curves demonstrate partially

folded PPOX with co-operative unfolding. An inset shows the region where

heating was stopped (arrow) before reheating. The partially folded structure

maintains its stability and starts unfolding at a slightly higher temperature.
black bars). The R59I mutant had the highest increase in Tm.

This suggests that the inhibitor is ‘‘most comfortable’’ in the

vicinity of a nonpolar side chain, as compared to the native

arginine. The insensitivity of Y348C to all concentrations of

AF tested suggests that alternative disulfide bridges which

may be formed by this mutant, making the canonical AF

binding site inaccessible. This is in agreement with our

earlier findings (Table 4).

As PPOX has a FAD cofactor, the proper folding of the

native enzyme probably involves the correct assembly of the

apoprotein with FAD. Previous work has shown that addi-

tional FAD (10–50 AM) increased the thermostability of

PPOX marginally [60]. We also investigated the effect of

FAD on the enzyme’s stability. No significant increase in

melting temperature of wild type and mutants was noted

when incubated in the presence of increasing amounts of

FAD (data not shown). Thus, assembly of PPOX holopro-

tein presumably involves many factors other than the simple

introduction of FAD.

The observed data did not show any significant correla-

tion between Tm and T1/2 values. Tm involves the overall

structural stability while T1/2 reflect changes in the envi-

ronment of the active site. The fact that there was no

correlation in thermostability of these mutant PPOXs to

their catalytic efficiency suggests that enzyme stability is

not correlated to its activity in a simple way.

3.8. Secondary structural analysis

CD spectra of the wild-type and mutant PPOXs were

recorded at 25 jC and analysed between wavelengths of 200

and 260 nm [61] as there was intense positive ellipticity

below 200 nm (possibly due to the presence of FAD) and no

useful information was obtained above 260 nm.

The CD spectra generated for wild-type PPOX showed a

secondary structure with a dominating a-helix. The a-helix

structure of the wild-type PPOX decreased to varying

degrees for Y348C, R168C and R59W (Fig. 6) with

increasing h-sheet and random coil structures. In contrast,

R59K, R59S and R59I have severely decreased a-helical

content with R59I having the most dramatic reduction.

Generally, in all the mutants, h-sheet and random coil

structures increased as a-helix decreased.

Earlier studies of yeast PPOX secondary structures [60]

also showed a-helix as the dominating structure. In contrast,

CD studies performed on murine PPOX [11] showed h-
sheet as a dominating structure. These secondary structural

differences are suggestive of the possibility of polymorphic

structured PPOX.

As AF is a strong inhibitor of human PPOX and a

possible stabilising influence on thermal denaturation, we

attempted to study the effects of AF on the secondary

structure of the protein. Our attempts proved unsuccessful

even at protein/AF ratio of 1:0.5, probably due to the high

intense positive ellipticity of the inhibitor and the fact that

AF is difficult to maintain in solution.



Fig. 6. Percentage secondary structures of wild-type and mutant PPOXs obtained from CD spectra.
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3.9. Influence of R59W on PPOX structure/function

R59W had a reduced T1/2. A conservative replacement

(R59K) resulted in a similar T1/2 to that of the wild type

whereas an aliphatic (R59I) substitution had a similar T1/2 to

that of R59W. A polar substitution (R59S) increased T1/2

considerably, indicating that alteration in polarity at R59 is an

important factor in the active site environment. This supports

our kinetic data, which suggest that R59 is directly involved

in catalysis and not simply important for FAD binding.

Thermal equilibrium studies showed an increased Tm
when mutating the R59. This increased thermostability

suggests that the overall structure of the protein is affected

when replacing this arginine. Seeing that R59 appears

important at the active site as well, it is therefore possible

to speculate that flexibility and/or charge distribution at the

active site could be important for catalysis.

Secondary structure analysis of the R59 mutants reveals

that the degree of a-helix present does not correlate linearly

with the T1/2 nor the Tm values, again supporting the

assumption that R59 is important for catalysis at the active

site. If the effects were purely structural, it could be

expected that the structure/function relationship would cor-

relate consistently.

Further studies will be necessary to fully understand the

structure/function relationship underlying both normal and

impaired PPOX activity as well as the stereochemistry and

mechanism of the oxidation reaction. This study does,

however, shed light on the role of the positive charge at

R59, which appears to be directly involved in catalysis and

not simply for FAD binding.
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J. Mol. Biol. 219 (1991) 533–554.

[58] D.L. Roberts, F.E. Frerman, J.P. Kim, Three dimensional structure of

human electron transfer flavoprotein to 2.1-Å resolution, Proc. Natl.
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