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Lignin is a cell wall polymer that provides rigidity, cell adhesion, and 

microbial resistance to vascular plants. A sort of natural plastic, lignin contains more 

than 13 different randomly arranged chemical linkages and is responsible for 

sequestering roughly 25 % of the world's terrestrial biomass. The resulting 

heterogeneous three-dimensional matrix is resistant to enzymatic hydrolysis and is 

chemically stable under most environmental conditions. White-rot fungi are the only 

organisms capable of completely degrading the lignin polymer, and manganese 

peroxidase is a key enzyme in this process. It is the only enzyme known that 

selectively binds Mn2+, oxidizes it and releases Mn3+. In this work, the unique Mn- 

binding site of the enzyme was probed by site-directed mutagenesis. The results 

indicate that the ability of the enzyme to bind and oxidize Mn2+ is highly dependent 

on the specific ligation geometry of the site. Kinetic and structural analyses indicate 

that occupation of the Mn2+-binding site by foreign metal ions prolongs inactivation of 

the enzyme by heating and exposure to high pH. Finally, Cd2+ was identified as a 

reversible, competitive inhibitor of Mn2+ oxidation. Kinetic constants for inhibition 

were derived in the steady and transient states. Physical studies indicate a possible 



secondary metal binding site at the C-terminus that may play a role in thermal 

stabilization of the protein and/or selective occupation of the Mn-binding site by metal 

ions. 
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CHAPTER 1 

INTRODUCTION 

1.1 LIGNIN IN WOOD 

1.1.1 The Biochemistry of Wood 

Wood is arguably the most used biomaterial in all of human history. A 

conglomerate of "modified" plant cell walls, wood contains four main types of 

biopolymers. Three of these wood polymers are polysaccharides: cellulose, glucan, 

and hemicellulose (consisting of xylans and mannans). Polysaccharides comprise 

- 75 % of the total carbon in wood. The remainder is sequestered in the fourth 

biopolymer, lignin. 

Primary cell walls, formed first by plant cells, consist almost exclusively of 

cellulose, hemicellulose, and pectin. Cellulose micro- and macrofibrils form the 

major oriented skeleton of the wall. Hemicelluloses are thought to reinforce and 

cross-link the fibrils while pectins fill in the matrix and provide adhesion between 

walls 12071. Secondary cell walls are produced during (and may very well be the 

cause of) the cessation of cell growth and expansion. These structures contain lignin, 

an aromatic polymer highly associated with the hemicellulose matrix (Figure 1.1) [97, 

2071. The exact chemicostructural variations, weight percentages, and crosslinking of 

polymers differ greatly among woody plants. Furthermore, these properties have 

tremendous effects on the recycling of lo4 tons of biomass by saprophytic organisms 

each year [33, 54, 178, 3181. 

Generally, wood is divided into two types: hardwood, produced by 

angiosperms, and softwood, produced by gymnosperms. Hardwoods contain slightly 

less lignin than softwoods and the chemical composition of the lignin differs [I 171. 

Angiosperm lignin contains nearly equal mixtures of syringyl and guaiacyl units (the 



Lamella 

53 bye,. 5-20 lamellae 

Cellulose/hemicellulose/lignin 
3-10 lamellae 
"Helical, perpendicular to axis 

Some hemicellulose 
*Random S1 Layer 52  Layer 

Cellulose/hemicellulose Cellulose/hemicellulose/lignin 
Some lignin, 3-4 10-100 lamellae 
"Criss-crossed *Parallel to cell axis 

Figure 1.1 The structure of wood. Tracheary elements are simply arranged in a 
block of gymnosperm wood. Deposition of cell wall material begins with primary 
wall, followed by the S layers moving in towards the lumen of the cell. Lignification 
occurs as cell growth and expansion ceases, beginning at the cell corners and 
spreading through the middle lamella. The S layers become increasingly lignified as 
the vessels mature and the cells perish, leaving the ater conducting lumen. "Indicates 
the orientation of cellulose fibrils [201]. 



lignin from grasses also containing p-coumaryl units), whereas gymnosperm lignin 

contains predominantly guaiacyl moieties (Figure 1.2) [243]. Composition of lignin 

within various tissues is also variable and greatly affects the physical properties and 

degradation of the wood substrate [331]. 

The hemicellulose composition of the two groups is also quite different. 

Hardwoods typically contain 3-fold higher percentages of xylans and are almost 

devoid of mannans compared to softwoods, which may contain up to 15% mannans 

[117]. Finally, the distribution of polymers differs in various layers of the cell wall. 

For example, the secondary cell walls of tracheary vessels in white birch (Betula 

papyrifera), an angiosperm, contain mostly guaiacyl lignin. In contrast, fiber and ray 

cells in this tree contain mostly syringyl lignin, and the middle lamellae of fiber cells 

contain syringyl-guaiacyl lignin (Figure 1.1) [278]. 

1.1.2 Nutrients in Wood 

Wood is a nutrient-poor substrate. Although containing abundant organic 

carbon, it is sequestered in polymeric form, the majority of which is either crystalline 

cellulose or non-hydrolyzable lignin. The woody matrix has low nitrogen levels 

resulting in an extraordinarily high carbon to nitrogen ratio. The C:N ratio in wood 

averages around 400: 1 and ratios as high as 1250: 1 have been found in Sitka spruce. 

In contrast the C:N ratios of fungal mycelia averages 35: 1 [77, 383, 4411. These 

component ratios offer important environmental cues to invading microorganisms. 

For example, low levels of nutrient nitrogen and/or available organic carbon are 

among several inducers of lignin-degrading enzyme production in white-rot fungi [31, 

140, 212, 2441. 

Wood contains a variety of trace metal nutrients [441]. Magnesium and 

potassium are the most abundant. Manganese ranks third at 2-10 times the levels of 

iron and sodium 14411. Wood-degrading organisms are essential for the re-entry of 

these nutrients into the biosphere. During degradation, many of the nutrients are 

absorbed by fungi or concentrated as precipitates and later resolubilized by bacteria 

[317]. For example, calcium oxalate deposits are often observed along fungal hyphae 

[81] and, although evenly distributed in sound wood, large dark deposits of oxidized 



Figure 1.2 Lignin structure and biosynthesis. Aromatic precursors, p-coumaryl, 
guaiacyl, and syringyl alcohols (top left to right), are oxidized to form radicals 
(shown for guaiacyl alcohol), which undergo radical isomerization and condensation 
to form the various linkages in lignin (bottom) [339]. 
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manganese (MnO,) are often visible at sites of white rot by basidiomycetes [35]. This 

latter phenomenon and the role of manganese in lignin degradation are discussed in 

more detail in Section 1.10. 

1.1.3 The Structure of Lignin 

Lignin is a phenylpropanoid polymer formed by the extracellular, free radical 

condensation of phenolic precursors (Figure 1.2) [243]. The cinnamyl alcohol 

precursors, p-coumaryl, sinapyl, and coniferyl alcohols, are formed as secondary 

metabolites from amino acids via the phenylalanine-cinnamic acid pathway [152, 

2791. The free phenols and their dimers (lignans) are cytotoxic [303], therefore, the 

precursors are stored in the vacuole and/or excreted into the plant apoplast as phenyl- 

glycosyl conjugates [307, 3901. The sugar blocks the reactive phenol moiety and may 

provide a checkpoint in lignin formation. Extracellular glycosidases are believed to 

release the phenolic precursors, which may then undergo oxidation by plant cell wall 

peroxidases and laccases to produce free radical phenylpropane derivatives 1163, 

2571. Condensation reactions then occur, resulting in a heterogeneous, optically 

inactive, amorphous, highly branched polymer containing more than 13 different 

internuclear linkages (Figure 1.2) [79, 2731. The majority of internuclear linkages in 

lignin are ether bonds, however, the polymer also contains many different non- 

phenolic carbon-carbon bonds. In addition, the lignin is often covalently linked to 

carbohydrate and/or to cell wall proteins such as extensin via hydroxyproline residues 

[122]. 

Often described as a random, three-dimensional polymer, lignin may actually 

be a fractal crystal [314, 3151. The fractal dimension of in vitro synthesized lignin, 

determined by scanning tunneling electron microscopy, indicates that the polymer 

chains are arranged as regular objects [315]. Similar results have been reported from 

hydrodynamic studies of isolated lignin. The underlying geometry of the polymer is 

consistent with calculations for both endwise and bulkwise polymerization mechanisms 

[289], indicating that both types of polymerization may occur within the cell wall. 

Most of the aromatic rings in lignin are found oriented parallel to the cell wall surface 

and involvement of the underlying cellulose matrix in directing lignin polymerization 
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has been suggested [16, 3881. In addition, there is evidence for directed 

polymerization via "dirigent" or guiding proteins within the cell wall matrix [55, 92, 

1271. These proteins, heterologously expressed in the baculovirus system, contain no 

discernable enzymatic activity yet can direct stereospecific coupling of chemically 

generated free radical lignin precursors (Figure 1.2) [127]. 

1.1.4 The Function of Lignin 

The chemical complexity of lignin underlies many of its most useful features. 

The polymer is highly branched and hydrophobic, allowing complete intercalation and 

encrustation of the polysaccharide extracellular matrix. The type and variation of 

bond linkages in the polymer make it virtually invulnerable to hydrolytic attack. 

Thus, lignin imparts structural integrity and microbial resistance to woody tissues, 

forming a water-impermeable cement that is crucial to the development of water 

conducting vasculature in higher plants. 

All modern plants, except true mosses and algae, manufacture lignin [79]. 

Lignin formation is believed to have evolved as a waste disposal method, the 

oxidative polymerization and subsequent precipitation of excreted phenolic byproducts 

and secondary metabolites 12791. Following lignification, the newly encrusted cell 

wall can no longer expand under increasing turgor pressure. Thus, although cell 

growth is limited, the decreased elasticity of the wall allows sufficient hydrodynamic 

potentials to allow extended vertical growth on land. The adaptation of height and 

resulting competition for light resources are thought to be responsible, in part, for the 

explosion of land tracheophyte speciation in the early Paleozoic era [17]. The 

evol'ution of lignin also created new niches for organisms capable of its utilization. 

Fossil evidence for white-rot decay by basidiomycetes also dates to this era [374]. It 

is perhaps not surprising that lignin formation and degradation may have evolved 

simultaneously. The enzymes involved appear to be highly related (see Section 1.4). 

The resistance of lignin to enzymatic degradation has profound ecological 

significance. In addition to affording microbial resistance to intact plants, 

lignocellulosic material serves as a carbon sink, constituting roughly 25% of the 

world's terrestrial biomass [47]. Partially degraded lignin products (humus) bind and 



control release of cationic nutrients in forest soils [186, 2651. It is clear that research 

on lignin-degrading organisms and their extracellular enzyme systems is important, 

not only for understanding important arboreal ecosystems, but for developing 

technology to efficiently produce food, fuel, and manufacturing materials from 

terrestrial biomass. 

1.2 LIGNIN-DEGRADING MICROORGANISMS 

There are four basic classes of wood-degrading microorganisms: bacteria and 

the soft-rot, brown-rot, and white-rot fungi. White-rot fungi appear to be the only 

organisms that can fully mineralize lignin, however, they rarely exist alone in nature. 

Rather, a consortium of lignin-degrading and lignin-modifying microorganisms is 

present in, on, and surrounding the rotting wood matrix in nature. More than 30 

different species of fungi have been identified on a single fallen tree and there is 

evidence that the population changes as the substrate composition is altered through 

decay [3 171. 

Consortium composition profoundly affects the rate and extent of lignin 

degradation. For example, wood in wet environments is preferentially attacked and 

degraded by soft-rot fungi and bacteria, which are more tolerant to high moisture and 

reduced oxygen conditions than basidiomycetes. Since basidiomycetous fungi are 

normally more aggressive and can degrade wood faster than soft-rot fungi and 

bacteria, wood in wet, especially anaerobic environments may survive for millions of 

years [353, 3631. Morphological evidence exists for both antagonistic inhibition and 

synergistic associations within wood-rotting consortia [37, 3 171. 

1.2.1 Bacteria 

Wood-degrading bacteria often function as primary colonizers by removing 

antimicrobial free phenols and degrading tyloses, structures that occlude the pit 

connections between xylem cells [150]. The increased permeability of the woody 

matrix [15 11 following colonization allows diffusion of oxidative enzymes, small 

molecule mediators, and breakdown products. Bacteria cannot completely degrade 
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lignin; however, several Actinomycetes (Streptomyces spp.) and Gram-negative 

Eubacteria (Pseudomonadaceae and Xanthomonas sp.) are capable of modifying lignin 

substructures [78, 2341. These organisms can also metabolize a variety of lignin- 

related aromatic compounds [80, 2471. For example, Sphingomonas paucirnobilis 

SYK-6 can grow on various lignans, which are converted to vanillate and syringate 

and further metabolized [ 1801. 

1.2.2 Soft-Rot Fungi 

Soft rot is characterized by specific degradation of the S2, or middle layer of 

the secondary cell wall (Figure 1.1) by fungi in the Ascomycotina and 

Deuteromycotina [ I l l ] .  This type of rot is named for the "soft" appearance of the 

decayed surface layer when moist. Although when dry, soft-rotted wood appears 

much like brown rot, the two groups of fungi are quite easily distinguished 

morphologically. Soft-rot fungi can modify and slowly degrade some lignins. They 

preferentially degrade hardwoods over softwoods, primarily because the high guaiacyl 

content in softwood lignin is particularly difficult for these fungi to degrade [59, 4441. 

Overall, the rates of lignin decay by soft-rot fungi are quite slow, compared to the 

white-rot basidiomycetes (Table 1.1). As a result, this group of fungi is less studied 

than either the brown- or white-rot fungi. 

1.2.3 Brown-Rot Fungi 

Brown rot appears to be the product of fungal species only in the 

Basidiomycotina [133, 1341. During brown rot, a single hypha in the cell lumen can 

accomplish extensive cell wall destruction [ l l l ] ,  characterized by substantial loss 

(80-95 %) of carbohydrate but minimal lignin degradation (- 10%) (Table 1.1). 

Extensive removal of carbohydrate from the wood matrix by hydrolytic enzymes 

leaves the brown lignin framework, which becomes loose and brittle [I 111. Brown- 

rot fungi are poor lignin degraders but can efficiently demethylate both phenolic and 

non-phenolic lignin components [2 19, 2201. 

Although brown-rot fungi account for less than 6% of all wood-rotting fungi in 

North America [133], the powdered lignin byproduct of brown rot may constitute up 



Table 1.1 

Comparison of the Extent of Hardwood Birch (Betula papyrifera) or 
Poplar (Populus basamifera) and Softwood Pine (Pinus stroba or P. monticola) 

Degradation by Various Wood-Rotting Fungi after 12 Weeks 

Percentage loss 

Weight Lignin Glucose Xylose Mannose 

HARDWOOD 

Papulaspora sp. 2 1 4 27 29 25 

Paecilomyces sp . 28 1 I 4 1 37 30 

Thielavia terrestris 23 13 25 27 43 

Brown-rot 

Poria placenta 57.9 4.7 81.2 81.8 95 .O 

Gloeophyllum trabeum 43.7 13.1 48.6 71.1 95.0 

Lentinus lepidius 59.2 7.9 78.6 79.8 95.0 

White-rot 

Phanerochaete 
chrysosporium 

Coriolus versicolor 65.3 64.6 65.4 68.8 71.7 

Dichomitus squalens 44.4 71.2 43.8 43.5 40.4 

Ustilina vulgaris 22.9 6.3 25 .O 14.9 25.5 

SOFTWOOD 

Soft-rot 

Papulaspora sp . 15 12 18 18 13 

Paecilomyces sp. 10 14 7 8 6 

Thielavia terrestris 7 14 3 9 0 
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Table 1 . 1  (continued) 

Percentage loss 

Weight Lignin Glucose Xylose Mannose 

Poria placenta 55.1 12.5 78.7 81.1 92.1 

Gloeophylluni trabeum 57.2 27.3 73.9 90.7 91.8 

Lentinus lepidius 59.7 11.4 83.8 98.2 94.1 

Phanerochaete 
chrysosporium 

Coriolus versicolor 25.3 35.4 22.1 46.7 11.6 

Dichomitus squalens 43.1 53 .O 48.3 56.9 64.9 

Ustilina vul~aris 3.3 - - - - 

Compiled from data in ref. 11 1. 



to 30% of humic soils and supports high levels of microbial activity [265]. 

Functioning to retain and slowly release moisture and micronutrients, brown-rot 

residues serve an important role in the arboreal ecosystem [241]. 

1.2.4 White-Rot Fungi 

White-rot basidiomycetes may be the oldest class of wood-degrading fungi and 

are the only organisms capable of completely mineralizing lignin [222, 3741. 

Although, "white" rot by actinomycetous fungi such as Ustilina vulgaris has been 

observed, lignin degradation by these organisms occurs at a significantly lower rate 

than for most basidiomycetes (Table 1.1) [36, 381. Therefore, the inclusion of 

Actinomycetes as white-rot fungi is dubious, in spite of the prevalence of this 

classification in the literature. 

White-rot basidiomycetes display multiple modes of attack on the wood 

substrate. The two most commonly observed types of decay are: (1) sequential 

decay, characterized by the preferential degradation of lignin followed by cellulose 

and carbohydrate metabolism and (2) simultaneous decay of all cell wall components 

134, 1101. Both types of attack are displayed by individual species and there is some 

evidence that cell type and lignin composition influence the mode of attack and 

progress of degradation [54, 2361. Sequential decay by white-rot fungi has been 

particularly well studied. Complete delignification of the xylem is typically noted, 

along with partial removal of hemicellulose, leaving the white cellulose matrix. 

Because the middle lamella is mostly lignin, removal of this layer during sequential 

decay often eliminates cohesion of the tracheids giving a stringy appearance to the 

wood [ l  1 11. The enzymes involved in lignin degradation by these organisms are 

discussed in Sections 1.3 and 1.8. 

1.2.5 Litter-Decomposing Fungi 

Wood is not the only lignified plant tissue. Significant quantities of lignin are 

also deposited in other plant tissues such as leaves and herbaceous stems. Annually, 

an average two tons of plant debris per hectare are deposited on forest floors [175]. 

Leaf litter comprises 60-70% of the material; branches (12-15%), bark (1-14%) and 
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fruits (1-17%) make up the remainder [185]. 80-90% of the tissues contain some 

lignin. Recently several species of plant litter decomposing basidiomycetes have been 

shown to possess lignin-degrading enzymes 13691. Closely related to wood-rotting 

basidiomycetes, these organisms do not grow directly on wood but are widespread in 

forest and grassland soils 1951. Analysis of different plant litter decaying species 

indicates the presence of laccase in 25 of 27 species tested [369]. Manganese 

peroxidase production was detected in 10 species and aryl oxidase in one species. 

Apparently, lignin peroxidase has not yet been detected in this group of fungi [369]. 

1.3 THE EXTRACELLULAR LIGNIN DEGRADING SYSTEM OF 

PHANEROCHAETE CHRYSOSPORIUM 

The white-rot fungus Phanerochaete chrysosporium, formerly known as 

Chrysosporium lignorum and Sporotrichum pulverulentum [52, 531, is the best-studied 

lignin-degrading microorganism. This fungus has several advantages for scientific 

study including ease of culture, relatively fast growth, tolerance to higher incubation 

temperatures, and relatively high lignin degradation rates in nature and in culture 

[224]. Finally, the fungus is a prolific sporulator in culture. Both sexual and asexual 

reproductive cycles can be manipulated by culture conditions, allowing genetic studies 

[6, 8, 53, 140, 1411. 

Lignin degradation is an extracellular, oxidative process [29, 114, 2221 while 

concomitant reduction of byproducts occurs intracellularly [48, 58, 3251. Production 

of the extracellular lignin degradation system by P. chrysosporium is triggered by the 

onset of idiophase, the switch to secondary metabolic pathways, following cessation of 

primary growth (trophophase) due to nutrient limitation [212, 224, 4041. Under these 

conditions, P. chrysosporium secretes two peroxidases, lignin peroxidase and 

manganese peroxidase, a hydrogen peroxide generating system and several small 

molecule mediators that act in concert to depolymerize and fragment the lignin matrix 

[140]. 



1.3.1 Peroxidases 

The first lignin-degrading peroxidases were discovered in Phanerochaete 

chrysosporium [137, 142, 395, 3961. Under ligninolytic conditions, P. chrysosporium 

produces manganese peroxidase (MnP, EC 1.1 1.1.13) [I361 and lignin peroxidase 

(Lip, EC 1.11.1.14) [143]. Both are heme proteins, sharing very similar overall 

structures and reaction cycles, as discussed in Sections 1.5.1 and 1.6.3. The two 

enzymes, produced as a series of isozymes, are encoded by families of genes sharing 

- 60% nucleotide identity [140]. Both enzymes use diffusible mediators and are 

capable of oxidizing phenolic linkages in lignin model compounds [26, 41, 403, 4241. 

In addition, LIP is capable of oxidizing non-phenolic linkages using its normal 

mediator, veratryl (3,4-dimethoxybenzyl) alcohol [25 11. The Mn3+-chelates generated 

by MnP cannot oxidize nonphenolic linkages directly, however, other mediators, such 

as lipids, may perform this reaction [366, 4271 (see Section 1.6). Relevant 

comparisons of the two enzymes are made throughout this text; however, Lip is not 

discussed at length in this work [see 100, 140, 144, 177, 222, 343, 3441. 

1.3.2 Hydrogen Peroxide Generating Enzymes 

Under ligninolytic conditions, P. chrysosporium secretes two hydrogen 

peroxide generating enzymes. The first discovered was the copper-containing 

enzyme, glyoxal oxidase (EC 1.2.3.5) [92, 210, 4341. This enzyme, encoded by at 

least two allelic variants [211], can oxidize a variety of substrates including glyoxal, 

methyl glyoxal and other a-hydroxy- and dicarbonyl compounds to produce H202 

from 0, [208, 2101. There is also evidence that the enzyme works in concert with 

Lip, using glycoaldehyde, produced by certain C,-C,, cleavages, as a substrate [161]. 

The second enzyme isolated from P. chrysosporium, pyranose oxidase (also called 

glucose-2-oxidase, EC 1.1.3. lo), is widely found in other white-rot fungi [86, 4171. 

This enzyme has broad substrate specificity for pyranoses such as D-glucose and D- 

xylose [13 l]. Pyranose oxidase is a homotetrameric flavoprotein, localized in the 

hyphal periplasm [87]. The enzyme from P. chrysosporium is nonglycosylated, 

whereas the homologues produced by other white-rot fungi are highly glycosylated 
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[13, 1311. Other sources of H202 may include the hydrolysis of the fungal glucan 

sheath andlor reactions between MnP-generated Mn3+ and glyoxalate [232, 3321. 

1.3.3 Other Enzymes and Small Molecules/Mediators 

Under ligninolytic conditions, P. chrysosporium also secretes at least two 

acidic proteases [89, 901, a galactosidase [51], and complex xylanolytic [74, 75, 911 

and cellulolytic systems [108, 174, 3501. In addition to enzyme systems, several low 

molecular weight metabolites are produced. P. chrysosporium secretes several 

organic acids such as oxalate, malonate, citrate, and glyoxalate during idiophasic 

metabolism [30, 103, 233, 4261. The pH optima for most of the extracellular lignin 

degrading enzymes range from pH 3 to 5 [go, 135, 143, 3971. In addition, these 

acids serve as chelators for calcium and manganese in the wood substrate. Oxalate 

performs a critical functional role in removing oxidized manganese from the MnP 

active site, allowing turnover of the enzyme [214, 227, 4451. The role of chelators in 

the MnP reaction and of Mn-chelates as diffusible mediators is discussed in detail in 

Section 1.6. Finally, P. chrysosporium secretes veratryl (3,4-dimethoxybenzyl) 

alcohol, which is a substrate and mediator for lignin peroxidase [83, 166, 216, 399, 

4451. 

1.4 HEME PEROXIDASES 

1.4.1 The Heme PeroxidasefCatalase Superfamily 

Most heme-containing peroxidases and catalases are considered members of an 

evolutionarily related protein superfamily divided into three classifications: 

plantlfungal peroxidases, animal peroxidases, and catalases. The plantlfungal 

peroxidase family is further separated into three classes: intracellularlbacterial 

peroxidases (class I), extracellular fungal peroxidases (class 11) and extracellular plant 

peroxidases (class 111). Only features of the plantlfungal peroxidase family are 

presented in this work. For an excellent comprehensive review of the entire 

superfamily, see Heme Peroxidases by H. B. Dunford [loo]. 



15 

1.4.2 Plant Peroxidases 

1.4.2.1 Shared structural and catalytic features. Classification of the plant 

peroxidases is largely based on sequence homologies and available crystal structure 

data. A prototypical peroxidase fold was identified from the intracellular yeast 

cytochrome c peroxidase (CcP) [430]. The basic structure contains ten major a- 

helices, lettered A-J, arranged in two similar domains. A pentacoordinate ferric 

heme is sandwiched between the domains, near helices B and F (Figure 1.3). 

Based on the conserved positions of catalytic residues, introns, and calcium 

ligands, it is believed that this arrangement evolved by a gene duplication and 

subsequent fusion of the sequence encoding the first five helices [432]. Surface loops 

connecting the helices vary considerably and many peroxidases contain additional 

smaller alpha helices [432]. The extracellular class I1 and I11 enzymes typically, 

though not always, contain structural modifications including calcium binding sites, 

cystine bridges, and/or glycosylation [430]. 

Plant and fungal peroxidases contain nine completely conserved residues: 

Arg48, His52, and Asn82 in the distal domain, and Va1169, His175, Asp235, 

Aspl06, Gly129, and Argl30 in the proximal domain, using the yeast CcP amino 

acid sequence numbering (Figure 1.4) [384, 4331. His 175 is the fifth heme ligand 

and is H-bonded to Asp235 [119]. Aspl06, Gly129 and Argl30 form a buried salt 

bridge in the proximal domain. Asn82 forms an H-bond with His52, the catalytic 

histidine [119]. In conjunction with Arg48, His52 assists peroxide binding to the 

open coordination site of the heme iron and promotes peroxide cleavage [416]. In 

addition, there are approximately twenty "nearly invariant" residues, which include 

several aromatic residues in the heme pocket. 

All the plantlfungal peroxidases also share a common catalytic cycle (Figure 

1.5). Hydrogen peroxide is heterolytically cleaved through interaction with the 

native, ferric heme to produce a ferryl-oxoheme. An additional reducing equivalent is 

required to complete the reaction and affect release of a water molecule. In some 

members of the family, this equivalent is supplied by oxidation of a tryptophan in the 

proximal heme pocket to form a Trp radical [261, 3521. In other members, the 
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Figure 1.3 Comparison of plant peroxidase crystal structures. Type I, cytochrome c
peroxidase (red) [421]. Type II, manganese peroxidase (green) [376]. Type III,
horseradish peroxidase (blue) [125]. Total structure overlay (top) and conserved
helices, hemes and calcium atons (type II and III only) (bottom). Overlays were
done using the Swiss PDB Viewer from Glaxo-Wellcome.
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(top) and heme environment (bottom) [421].



Compound II Compound I 

Native Compound I Compound I1 Native 

Figure 1.5 The catalytic cycle and kinetic mechanism of manganese peroxidase. The 
native ferric heme is oxidized by hydrogen peroxide to produce a water molecule and 
compound I ,  which contains a ferryl-0x0 heme and porphyrin pi cation radical. The 
porphyrin radical is reduced by Mn2+ to yield Mn3' and compound 11. A second 
molecule of Mn2+ reduces compound I1 back to the native ferric state, with the 
release of a second water molecule Compound I1 can also react with excess hydrogen 
peroxide to form an inactive Fe"-0, species, compound 111 (not shown) [422]. The 
kinetic model is a modified bi-bi ping pong mechanism with sequential substrate 
binding and product release [100]. 



electron comes directly from the heme, resulting in a porphyrin n cation radical [287, 

3271. 

All plantlfungal peroxidases oxidize a range of small aromatic compounds, 

depending on the redox potential of the enzyme. However, MnP is the only enzyme 

in this group with a non-aromatic preferred substrate, the manganous ion (Mn2+) 

[413, 4221. In the absence of manganese, MnP is a uniquely poor oxidizer of 

aromatic compounds, though it has a relatively high redox potential compared to other 

heme peroxidases [3, 226, 237, 398, 423, 4361. 

1.4.2.2 Class I extracellular fungal peroxidases. The class I plantlfungal 

peroxidases, considered to be of prokaryotic origin, include the cytosolic and 

chloroplastic ascorbate peroxidases (APX), yeast cytochrome c peroxidase (CcP) and 

the bacterial catalase-peroxidases. The enzymes do not contain calcium, carbohydrate 

or disulfide bridges [430]. Most of the enzymes in this class contain a heme pocket 

tryptophan. In CcP, this residue (Trpl91) is oxidized to a radical during the reaction 

cycle. Protonation state of the Trp, mediated by the proximal hydrogen bonding 

triad, His175, Asp235, and Trpl91 (Figure 1.4), appears to modulate the site of 

radical formation. If the H-bond shifts the proton from Trp to Asp, a Trp cation 

radical is formed, whereas, if the Trp remains protonated, the electron is taken from 

the porphyrin [266]. Uniquely, APX appears to have a potassium-binding site near 

the proximal Trp and does not form a Trp cation radical following oxidation by 

peroxide. Rather, this enzyme forms a porphyrin n-cation radical, as observed in 

type I1 and I11 enzymes that do not contain a proximal Trp residue [292]. In APX, 

the potassium-binding site may important in preventing radical formation at the 

proximal Trp [44, 67, 3 121. 

Although yeast cytochrome c peroxidase has been chosen as the prototypical 

member of this class, it appears that many of the bacterial cytochrome c peroxidases 

belong to a group of diheme peroxidases that do not fit any of the current 

classifications. Examples include cytochrome c peroxidases from several 

Pseudomonas sp. and Nitrosomonas europea [lOO and references therein]. The 

dimeric enzymes contain two interacting hemes, one ferrous and one ferric, in each 

monomer. Only one of the hemes is pentacoordinate and functions in peroxide 



binding. The second, hexacoordinate heme provides additional reducing equivalents 

such that, unlike the plant peroxidases, no radical enzyme intermediate is ever formed 

during the reaction cycle [lo0 and references therein]. 

1.4.2.3 Class ZZ extracellular fungal peroxidases. Members of this class 

include lignin and manganese peroxidases (LIP and MnP) , several "versatile" 

peroxidases (see Section 1.8), and a peroxidase from Coprinus cinereus (also known 

as Arthromyces ramosus) (CiPIArP). In all class I1 enzymes, the proximal Trp in 

CcP is replaced by either Phe [309, 3761 or Leu 1235, 3021. Thus, reaction with 

H202 produces a porphyrin T-cation radical. Lignin peroxidase was the first enzyme 

in this class to yield an X-ray structure [105, 304, 3091. These enzymes share several 

structural features with the class I11 enzymes, including two structural calcium ions, 

glycosylation, leader peptides for secretion, and disulfide linkages [248]. The 

structural features of this class, and specifically MnP, are discussed in detail in 

Section 1.5. 

1.4.2.4 Class ZZZ extracellular plant peroxidases. Examples of class I11 

include turnip peroxidases, several dozen enzymes generically classified as "acidic" or 

"basic" peroxidases from various plants, barley peroxidase, and the most well-studied 

peroxidase, horseradish peroxidase (HRP). The first peroxidase intermediates were 

isolated from HRP in the late 1930's [206, 3931. HRP was also the first peroxidase 

to be sequenced [428]. Although peanut peroxidase was the first class I11 enzyme to 

yield reliable crystallographic information [345], the structure for HRP was eventually 

determined [125]. Interestingly, the structural and catalytic similarities between 

CiP/ArP and HRP further indicate the ancestral ties between these two classes of 

enzymes [ lOO and references therein]. 

Overall, the class I11 enzymes appear to be more glycosylated than the class I1 

enzymes, containing up to 25 % sugar [loo]. Many contain N-terminal leader 

peptides for secretion, although some, such as HRP, contain C-terminal sequences 

and are directed to the vacuole [432]. Like the class I1 enzymes, class I11 peroxidases 

contain structural calcium and disulfide linkages [329]. Class I11 peroxidases also 

often contain additional a-helices [loo, 3451. Peanut peroxidase, an extremely 

thermostable enzyme, also contains an extra disulfide linkage near the distal calcium 
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(see Section 1.6.2) [345]. Finally, as in class I1 enzymes, the proximal Trpl91 in 

CcP is replaced by Phe in most class I11 enzymes, such as HRP; however, several 

peroxidases from Arabidopsis thaliana contain Met at this position [297]. 

1.5 THE CRYSTAL STRUCTURE OF MANGANESE PEROXIDASE FROM 

P. CHRYSOSPORIUM 

1.5.1 Overall Crystal Structure 

Initial biophysical studies indicated that MnP, like other class I1 and class I11 

plant and fungal peroxidases, is glycosylated and contains one ferric, high-spin, 

pentacoordinate iron protoporphyrin IX ligated to the protein via a histidyl ligand to 

the iron [24, 136, 144, 270, 291, 313, 4221. The crystal structure, published in 

1994, confirms these observations [376]. MnP contains 10 major a-helices and I 

minor cx-helix arranged in two approximately equal sized domains, proximal and distal 

to the heme, each containing one calcium atom (Figure 1.6) [376]. The overall 

polypeptide fold is similar to that of other plant and fungal peroxidases [105, 235, 

302, 345, 3761. 

The positions of the calcium sites in MnP are homologous to those in Lip, and 

CiPIArP, although the exact ligands are not conserved 1235, 309, 3761. In MnP, 

each calcium is heptacoordinate (Figure 1.7). The distal calcium is bound by the 

side-chains of Asp47, Ser66, and Asp64, the backbone carbonyls of Gly62 and 

Asp47, as well as two water molecules (Figure 1.7). As in other peroxidases, the 

distal calcium provides thermal stability to the enzyme [329, 379, 381, 3871. 

One of the water ligands to the distal calcium is hydrogen-bonded to Glu74, 

which forms an H-bond network through Asn80 with the distal His46 [376]. In both 

MnP and Lip, the distal calcium is coordinated to Asp47, which forms part of the 

active site and is conserved in many peroxidases [309, 376, 4301 (Figure 1.7). The 

proximal calcium is ligated to the backbone carbonyls of Thr196, Ser174, and Thr193 

and the side-chains of Aspl91, Thr193, Asp198, and Ser174, adjacent to the proximal 

His173 [376]. 
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Figure 1.6 The crystal structure of manganese peroxidase from Phanerochaete
chrysosporium [376]. (Inset) Expanded view of the N-terminus depicting the first two
disulfide bonds not visible in the main structure.
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Figure 1.7 Structure of the heme environment and calcium binding sites of
manganese peroxidase from Phanerochaete chrysosporium [376]. The two catalytic
histidines distal (H46) and proximal (H173), conserved aromatic residues F45 and
F190, and important H-bonded residues are indicated.



MnP contains five disulfide linkages, four of which are identical to those in 

both Lip and ArPICiP [105, 235, 302, 304, 309, 3761. The disulfide linkage pattern 

of these first four bridges in MnP, 1-3, 2-7, 4-5, 6-8, is identical to that found in 

other fungal peroxidases and differs from the linkage pattern of homologous plant 

peroxidases [248, 3451. It has been proposed that the fifth linkage unique to MnP, 

Cys34 1 -Cys348, not only stabilizes the carboxy-terminal "tail", which is longer than 

those of Lip and CiPfArP, but may also participate in stabilization of the manganese- 

binding site [376]. Several so-called "versatile" peroxidases, exhibiting characteristics 

of both MnP and LIP, have been identified in other white-rot fungi (see Section 1.8) 

[15, 189, 194, 197, 204, 3331. The deduced amino acid sequences for these enzymes 

show shortened carboxy-terminal regions that lack the fifth disulfide, similar to that of 

Lip. These enzymes oxidize Mn", but with much slower rates than MnP from P. 

chrysosporium [62, 2681. 

The MnP crystal structure indicates N-glycosylation at Asnl3 1 (Figure 1.6) 

[376], one of the putative glycosylation sites predicted by the cDNA sequence [3 131. 

MnP contains several putative sites for 0-glycosylation [3 131 and 0-mannosylation 

has been observed at Ser336 [378] (Figure 1.6). This observation is consistent with 

glycosylation patterns observed in other extracellular fungal peroxidases [248]. 

1.5.2 The Heme Environment and Peroxide Binding Site 

The heme environment of MnP contains several conserved amino acid residues 

in the distal domain, including His46, Arg 42, Asn80, Glu74, and Phe45 (Figure 

1.7), which are involved in the heterolytic cleavage of peroxide and in heme 

stabilization. In all heme peroxidases, the distal histidine is believed to act as an 

acid-base catalyst, accepting a proton from peroxide and facilitating 0-0 bond 

cleavage [183, 3 101. Arg42, the distal arginine, appears to facilitate the heterolytic 

cleavage of the peroxide anion as well as to stabilize compound I [3 111. Mutation 

studies of the homologous residue in CiP suggest that this distal arginine may also 

influence the solvent accessibility to the H,O,-binding pocket [28 11. The distal Arg in 

many other peroxidases interacts directly, or through a bridging water molecule, with 

one of the heme propionates, whereas in MnP, this propionate is rotated such that it 
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cannot interact with Arg42 [376]. Asn80, Glu74, and His46 form a hydrogen- 

bonding network believed to participate in modulation of the acid-base character and 

optimal positioning of the distal histidine for peroxide cleavage (Figure 1.7). These 

residues and the H-bond distance between Asn80 and His46 are conserved among 

MnP and other plant and fungal peroxidases [376]. Finally, extracellular plant and 

fungal peroxidases contain a Phe residue adjacent to the heme in the position of Phe45 

[429, 4301. This residue in other peroxidases appears to be involved in stabilizing 

compound I [354]. Interestingly, MnP contains only one tryptophan, buried in the 

distal domain, and absolutely no tyrosine residues [313, 3761. Presumably these 

functional groups have been eliminated by evolution to prevent inter- and intra-protein 

oxidations, radical formation, and dimerization events. 

In the proximal domain, His173, Asp242, and Phel90 are important conserved 

residues (Figure 1.7). His173, the proximal histidine, forms the fifth ligand to the 

heme iron thereby tethering the heme to the protein [376]. Asp242 forms a hydrogen 

bond with His173, which is believed to render more acidic character to His173 [310, 

3761. This interaction lowers the redox potential of the heme iron and may stabilize 

the ferryl-heme intermediates [310, 338, 356, 4211. Additionally, Asp242, along 

with Phel90, participate in maintaining the high-spin, pentacoordinate heme iron (see 

Section 1.6.2). Phel90 is conserved in Lip [309], peanut peroxidase (PNP) [345], 

and HRP [I251 but is replaced by Trp in CcP and ascorbate peroxidase (APX) [430] 

and Leu in ArP/CiP [235, 3021. The orientations of Phel90 in MnP and Lip differ 

considerably [309, 3761. This difference in orientation may influence the redox 

potential of the two enzymes [23, 24, 3381. The role of Phel90 in MnP has been 

investigated in mutant studies (see Section 1.7.3 and Chapter 2) [21, 225, 338, 4381. 

1.5.3 The Manganese Binding Site 

MnP contains a single catalytic manganese-binding site (Figures 1.6 and 1.8). 

Prior to the elucidation of the crystal structure of MnP, several sites for manganese 

binding were proposed on the basis of heme modification experiments and homology- 

based molecular modeling [164, 1961. 
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Figure 1.8 The Mn-binding site of manganese peroxidase. The Mn is
hexacoordinate with oxygen ligands from two water molecules, heme propionate 6,
and amino acids Glu35, Glu39, and Asp179. From the crystal structure [376].



The accessibility of the heme to substrates was studied by addition of azides to 

the 8-meso-carbon of the heme in MnP and LIP [94, 1641. While Co2+ competitively 

inhibits Mn2+ oxidation by the enzyme, it does not inhibit inactivation by azides, 

suggesting that Mn2+ binds at some distance from the 8-meso-carbon [164]. NMR 

studies indicated an upper limit for this distance at around 11 A [20]. Three different 

manganese-binding sites were proposed by homology model comparisons of two MnP 

isozymes [196]. The most favorable binding site proposed in that study is the only 

apparent Mn2+ binding site in the crystal structure [376]. pH titration studies suggest 

that there may be a second, low-affinity, manganese-binding site not apparent in the 

crystal structure [260]. The possible location of this second site near the C-terminus 

is discussed in Chapters 3 and 5. 

The enzyme-bound manganese at the functional site (Figure 1.8) is 

hexacoordinate, with two water ligands and four carboxylate ligands contributed by 

heme propionate 6 and three acidic amino acids, Glu35, Glu39, and Asp179 [376]. 

One water ligand is hydrogen bonded to heme propionate 7 (Figure 1.8) and all 

Mn-0 bond distances range from 2.34 to 2.82 A f 0.5 A [376], typical of 

coordinated Mn2+ [93]. Electron transfer presumably occurs via a direct pathway 

through the heme propionate 6 ligand. Of the amino acids forming the manganese- 

binding site, only Glu39 is present in LIP and none of these residues are present in 

ArP/CiP [235, 302, 3761. The role of Glu39 in the manganese-binding site is further 

discussed in Sections 1.7.3 and in Chapter 4. 

One additional residue, Arg177, appears to be important in manganese 

binding. Arg177 forms a salt bridge with Glu35 (Figure 1.8) thereby orienting this 

ligand, which is at the surface of the protein [376]. This residue is not conserved in 

Lip nor, it has been argued, can the Lip structure accommodate Arg177 [376]. The 

amino acid residues forming the manganese-binding site have been examined in detail 

by site-directed mutagenesis (see Section 1.7.2). 



1.6 BIOPHYSICAL AND KINETIC STUDIES OF MANGANESE 

PEROXIDASE FROM P. CHRYSOSPORIUM 

1.6.1 Spectroscopic Studies 

Electronic absorption maxima for native, oxidized, and various ligated forms 

of MnP are similar to those of both horseradish peroxidase (HRP) and Lip [39, 101, 

136, 324, 386, 4221 indicating that the heme iron is high-spin, ferric, and 

pentacoordinate, with a histidine acting as the fifth ligand (Figure 1.7). Detailed EPR 

and resonance Rarnan studies of various forms of MnP confirm that the heme in the 

native enzyme exists in a high-spin ferric state [270]. Resonance Raman and NMR 

studies show that the native enzyme forms low-spin complexes with CN- and N,- [23, 

24, 2701 and a high-spin complex with F- [270] and that the heme environment of 

MnP is similar to those of HRP and Lip [23, 24, 2701. NMR studies of native, ferric 

MnP confirm that the fifth ligand to the heme iron is a histidine imidazole [23, 241. 

Spectra of the reduced enzyme are typical of high-spin, pentacoordinate, 

ferrous heme with the heme iron ligated to the protein though a proximal His [270]. 

The ferrous enzyme forms a complex with CO, which has a spectrum typical of other 

peroxidases [101, 1361. Finally, EPR of the ferrous heme-14N0 and -15N0 adducts of 

MnP confirms that the fifth ligand is the N-imidazole of a histidine residue as in Lip 

and HRP [270 and references therein]. 

The heme propionates form part of the Mn-binding site (see Section 1.5.3). 

Upon binding of Mn to native, ferric MnP, the electronic state of the heme is slightly 

altered. An increase in the heme Soret is observed, from which a 1: 1 stoichiometry 

and a binding constant of -60 pM have been determined [426]. Replacement of the 

normal heme with modified hemes alters spectral and kinetic properties of the 

enzyme. Substitutions on the a- and P-rneso edges change the spectral characteristics, 

whereas substitution of y-meso edge groups affects Mn binding and oxidation [318]. 

NMR studies show line broadening of some heme methyl groups and single proton 

signals upon addition of Mn2+ to the ferric enzyme [20]. These data indicate an 

association constant of - 100 pM with slow exchange of bound and free Mn2+ [20]. 

Lanthanides also bind to the Mn-binding site and have been proposed to mimic Mn3+ 
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[22]. The binding of lanthanides and association of chelator complexes with the 

enzyme are further discussed in Section 1.6.4. 

1.6.2 The Enzyme at High Temperature and pH 

MnP is inactivated at high temperature and high pH. The first step in 

inactivation under both conditions appears to be a high-spin to low-spin conversion of 

the heme iron, indicating coordination of a sixth ligand. The UV-visible spectra of 

the enzyme at pH 9.0 and following thermal inactivation at pH 4.5 are identical, 

indicating similar phenomena [225, 3791 (Figure 1.9). The transition is apparently 

accompanied by a loss of calcium from the enzyme. Addition of exogenous calcium 

protects the enzyme from thermal inactivation and can partially restore activity 

1379-3811. Loss of the distal calcium has been proposed, accompanied by 

coordination of the distal histidine to the heme and inactivation (Figure 1.7) [225, 

3811. This hypothesis is further explored in Chapter 2. Engineering of a disulfide 

bond near the distal calcium site, similar to that found in some plant peroxidases, 

increases thermal stability in MnP (see Section 1.7.3.3) [3 191. 

Addition of manganese to the enzyme also increases thermal stability and it 

was hypothesized that Mn2+ may bind at the distal calcium site [379]. Evidence 

presented in Chapter 2 indicates that this is not the case. Rather, possible roles for 

the Mn-binding site in thermal stability are explored in Chapter 5. 

Proximal residues are also important in enzyme stability, particularly in 

maintaining the heme environment. Replacement of the proximal Asp242 or Phel90 

residues in MnP lowers the pH of inactivation [21, 225, 3381. MnP variants in either 

of these positions undergo alkaline inactivation at -2 pH units lower than the wild- 

type enzymes (see Sections 1.7.3.1 and 1.7.3.2). The nature of the alkaline transition 

in wild-type MnP and a Phel90 variant are discussed in Chapter 2. 

Glycosylation also appears to be important in stabilization of peroxidase 

structures. All class I1 and class 111 peroxidases contain highly branched sugar 

residues linked to the protein via Asn (N-linked) or Ser/Thr (0-linked) residues [410, 

4321. The carbohydrate additions are best characterized in the plant peroxidases 

[410]. Removal of carbohydrate from HRP, which contains 8 N-linked glycans, and 
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Figure 1.9 UV-visible spectra of manganese peroxidase. (Top) The native ferric 
enzyme (N) and oxidized intermediates, compounds I and I1 (top left). The isosbestic 
points for reduction of compound I to I1 and 11 to N are also shown (top middle and 
top right, respectively). (Bottom) Inactivation of manganese peroxidase by alkaline 
pH (bottom left) and heat (bottom right*) alters the visible spectrum. 

*Originally published as Figure 1B in: Sutherland, G., Zapanta, L., Tien, M., and Aust, S. (1997) Role of 
calcium in maintaining the heme environment of manganese peroxidase. Biochemistry 36, 3654-3662. Used 
with permission of the American Chemical Society. 



peanut peroxidase affects the structural integrity of the enzymes significantly [385, 

4101. MnP from P. chrysosporium contains both N- and 0-linked carbohydrates; 

however, they have not been characterized [136, 139, 3761. Studies of MnP 

heterologously expressed in E. coli, which is not glycosylated, and selective removal 

of carbohydrate from the wild-type protein indicate that loss of 0-linked 

carbohydrates decreases the thermal stability of the enzyme [284]. 

1.6.3 The Catalytic Cycle and Kinetic Mechanism 

The catalytic cycle of MnP is shown in Figure 1.5. Optical absorption 

maxima for the oxidized intermediates of MnP are similar to those of Lip and HRP 

[101, 324, 4221. Ferric MnP undergoes a two-electron oxidation by H202 to yield 

compound I, a ferryl-heme species with a porphyrin T-cation radical [422]. Reaction 

with Mn2+, or another reducing substrate, preferentially reduces the porphyrin, 

resulting in the ferryl-0x0 intermediate, compound I1 [422]. Compound I1 then 

undergoes a second single-electron reduction by Mn2+ to yield the native ferric 

enzyme, with the release of a water molecule [422]. The addition of excess H202 to 

the native enzyme results in formation of the inactive intermediate, compound I11 

[422]. The various intermediates are easily distinguished by their spectral 

characteristics (Figure 1.9), allowing transient-state kinetic analysis of each step in the 

reaction cycle. Although MnP can slowly oxidize a variety of phenols or aromatic 

amines, Mn2+ is clearly the preferred substrate [135, 422, 4231. 

Steady-state kinetic analysis of Mn2+ oxidation in the presence of fixed 

concentrations of H,02 suggests a typical peroxidase mechanism [426]. Classified as 

a bi-bi ping-pong mechanism, the individual reaction steps are considered ordered and 

irreversible (Figure 1.5) [loll. 

Transient-state kinetic results support the mechanism described above. 

Formation of compound I occurs at a rate of k, - 3 x lo6 M-' - s-', independent of 

pH [227, 423, 4361. The reduction of compound I by Mn2+ in malonate buffer is too 

fast to measure (k2 > lo7 M-Is-') at the pH optimum of 4.5. In contrast, the second- 

order rate constant for reduction of compound I by 2,6-dimethoxyphenol (DMP) is 

- lo4-fold slower at this pH (k, - 5.0 x lo3 M-Is-' ) [360, 423, 4361. Reduction of 
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compound II is the rate-limiting step in the reaction cycle. The first-order rate

constant for Mn2+ is k3 - 5.48X 102S-I, whereas, the rate constant for reduction of

compound II by DMP is > 650-fold lower [227, 423, 436]. Indeed, the rate constant

for reduction of compound II by DMP is too slow to support efficient enzyme

turnover. Similarly, while the dissociation constant for MnH is Ko - 1.66 xlO-4 M,

that of DMP is 100-fold lower [360].

1.6.4 The Role of Chelators

To date, MnP and the related hybrid MnP-LiP or "versatile" peroxidases

appear to be the only enzymes that use manganese as a diffusible substrate rather than

a permanent enzyme-bound cofactor. The unique binding site in these enzymes

preferentially binds Mn2+ and releases MnH. The presence of dicarboxylic acid or (X-

hydroxyacid chelators is required for complete turnover of the enzyme by Mn2+ [135,

227, 231, 426]. P. chrysosporium secretes several organic acids such as oxalate,

malonate, citrate and glyoxalate during idiophasic metabolism [30, 102, 233, 426].

However, only oxalate is produced at concentrations sufficient to stimulate MnP

activity [227, 233].

The actual role of chelators in the MnP mechanism has been debated for years.

Two major mechanisms have been proposed. The first involves binding of free MnH

to the enzyme, with chelator facilitating release of MnH [426]. The second involves

binding, oxidation and release of a Mn-chelator complex (Figure 1.10) [231]. The

formation and reduction of compound I are reportedly not affected by the presence or

type of chelator in reaction mixtures [231]. In contrast, the reduction of compound II

is greatly affected by both the concentration and type of chelator present [227, 231].

Maximum rates for the reduction of compound II are reportedly observed when the

MnH in solution is stoichiometrically chelated by oxalate [227, 231].

The formation of an enzyme-Mn2+-oxalate ternary complex during the reaction

cycle has been postulated based on the observed kinetic activation [231]. However,

recent NMR [22] and crystal structure [376] studies clearly indicated that free (aquo-)

MnH, rather than a Mn2+-chelator complex, binds to the native ferric enzyme, as

proposed by Wariishi et al. [426]. Examination of MnH binding to MnP is hampered
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Figure 1.10 Two theories on the role of chelators in the reaction cycle of manganese 
peroxidase. (Top) Free (aquo) Mn2+ binds to the enzyme, with chelator effecting 
release of Mn3+ [22, 2451. (Bottom) A 1: 1 chelator:Mn2+ complex binds to the 
enzyme, is oxidized and released [227, 23 11. 
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because Mn3+ disproportionates in the time period required for most studies [426]; 

however, trivalent lanthanides, such as Sm3+, Ce3+ and Gd3+, also bind at the 

manganese-binding site [22, 3781 and have been proposed to mimic the behavior of 

Mn3+ [22]. Although the Mn-binding site is on the surface of the enzyme [376], 

bound Mn2+ is difficult to remove completely from the native, ferric enzyme, even 

with strong chelators [22, 3771. In contrast, the lanthanide ions are removed quite 

easily by oxalate [22, 3781. NMR investigation of lanthanide bound MnP suggests 

the transient existence of an enzyme-Ln3+-chelator complex [22], although no such 

complex has been observed by X-ray crystallography [376, 3781. Mn complexes are 

further discussed in Section 1.9 and the role of chelators in the MnP reaction is 

further explored in Chapter 6. 

1.7 STRUCTUREIFUNCTION STUDIES OF MANGANESE PEROXIDASE 

FROM P. CHRYSOSPORIUM 

1.7.1 Homologous and Heterologous Expression of Manganese Peroxidase 

MnP from P. chrysosporium has been expressed in a number of organisms 

including Escherichia coli [435], baculovirus [294], and Aspergillus oryzae [372]. 

MnP expressed in E. coli is not glycosylated and is produced as inclusion bodies 

[435]. The recombinant enzyme requires reconstitution with heme and calcium under 

anaerobic conditions. While many kinetic features appear similar to the wild-type 

enzyme [435, 4361, the enzyme is apparently less thermotolerant [284]. No detailed 

spectroscopic or crystallographic studies of this enzyme have been reported. 

Expression of recombinant MnP in A. oryzae produces active, glycosylated protein, 

however, addition of hemin to cultures is required [372]. Unfortunately, the only 

recombinant MnP produced in this system to date has Mn2+ oxidation kinetics 

significantly lower than the wild-type enzyme [372]. 

Recombinant MnP has also been homologously expressed in P. chrysosporium 

[263]. The recombinant enzyme displays kinetic and spectroscopic properties similar 

to those of the wild type [263]. The wild-type enzyme is only expressed during 

secondary (idiophasic) metabolism, triggered by nutrient nitrogen depletion [140, 



2221. Placement of the mnp gene under control of a glycolytic promoter, such as that 

of glyceraldehyde-phosphate dehydrogenase, allows expression of the recombinant 

protein during primary metabolic growth, when wild-type enzymes are not produced 

[263]. 

1.7.2 Site-Directed Mutations of the Manganese-Binding Ligands 

As described in Section 1.5.3, in addition to the heme propionate, the Mn2+ 

binding site of MnP contains three amino acid ligands, E35, E39, and D179, as well 

as the residue R177 (Figure 1.8) [376]. Each of these residues has been altered by 

site-directed mutagenesis. 

1.7.2.1 Mutations of the Manganese Ligands: Glu39, GZu35, and Asp1 79. 

The first site-directed mutagenesis studies on MnP focused on the three amino acid 

ligands. Each proposed ligand was changed to its respective amide to obtain D179N, 

E35Q, and E39Q. In addition, one double mutant, D179N-E35Q was constructed 

[226, 2371. The altered genes were constructed and homologously expressed in P. 

chrysosporium [226, 2371. The variant proteins displayed chromatographic 

properties, molecular weights and spectral characteristics similar to those of the wild 

type [226, 2371. X-ray crystallographic analysis confirmed that the overall structure 

of the mutants was unchanged, as were the kinetic constants for binding and reactivity 

towards peroxide, ferrocyanide, and small phenolic compounds such as p-cresol [226, 

237, 3771. However, steady-state kinetic analyses of all the mutants showed 

significant increases in K, and decreases in k,, for Mn2+ [226, 2371. The catalytic 

efficiency of the enzyme for Mn2+, k,,lK,,,, was - lo4-fold lower for the single 

mutants and - 105-fold lower for the double mutant [226, 2371. 

Transient-state kinetic analysis of compound I1 reduction of the variants by 

Mn2+ showed KD values - 100-fold and -200-fold higher than wild type for the 

single mutants and double mutant, respectively, indicating poor binding of Mn2+. 

The first-order rate constants were also altered. Rates were -200-fold and - 4000- 

fold less than that of wild type for the single and double mutants, respectively [226, 

2371. X-ray crystallographic analysis indicated decreased electron density in the Mn- 



binding sites of the variants compared to wild-type MnP, indicating much weaker 

Mn2+ binding at the altered sites [376, 3771. The mutations resulted in increased 

exposure of the Mn-binding site to solvent, primarily through rotation of residues 35 

and 39, at the surface of the enzyme, to a more open configuration than observed in 

the wild-type enzyme [377]. 

A second set of Mn2+ binding-site mutations, D179A, E35D, and E39D, was 

constructed and heterologously expressed in E. coli [436]. Although no detailed 

spectroscopic analysis of these variants was published, binding and reactivity towards 

ferrocyanide and small phenols was not altered [226, 2371. Steady-state kinetic 

analyses of D179A and E35D showed decreases in k,, and increases in K,, resulting 

in a - lo4-fold decrease in catalytic efficiency (k,,lKd for Mn2+, compared to the 

unaltered recombinant enzyme [436]. Compound I reduction by Mn2+ was reduced 

63- and 220-fold for E35D and D179A, respectively. The dissociation constants for 

Mn2+ binding to compound I1 increased 42- and 240-fold for E35D and D179A, 

respectively and the first-order rate constants decreased - 1 10-fold compared to 

unaltered recombinant enzyme [436]. In contrast, the kinetic analysis of E39D 

suggested that this mutation had little effect on the catalytic properties of the enzyme 

[436], unlike previous results for the amide substitution [226, 3771. The role of E39 

in Mn binding is discussed further in Chapter 4. 

1.7.2.2 Mutations of Arg177. Arg177 is conserved in all MnPs but is not 

present in Lips or the hybrid versatile peroxidases 162, 144, 181, 218, 326, 333, 335, 

4191. The crystal structure of MnP from P. chrysosporium indicates that Arg177 

forms a salt bridge with the Mn-binding ligand, Glu35 (Figure 1.8) [376]. Site- 

directed mutagenesis was used to replace Arg177 with Ala, Lys, Glu, Asp, Gln, and 

Asn. All of the variants displayed increased K, values for Mn2+ compared to wild 

type, confirming involvement of this residue in Mn2+ binding [360, 3621. 

Interestingly, the kc,, values were decreased in the R177E, R177D, R177N, and 

R177Q mutants but no decrease in kc,, values was observed in the R177A and R177K 

mutants [360]. 



Transient-state kinetic analyses indicated decreases in the second-order rate 

constant for the reduction of compound I in all the variants. Similarly, all the 

variants showed increased dissociation constants, KD, for Mn2+ reduction of 

compound 11, indicating a decrease in the binding affinity for Mn2+. However, 

consistent with the steady-state data, the first-order rate constants were only affected 

in the R177D, R177E, R177Q, and R177N variants. Therefore, although Mn2+ 

binding was decreased in all the variants, the electron transfer rate for the oxidation 

of Mn2+ was not affected in the R177A and R177K variants [360]. 

Molecular modeling indicated that electron transfer was disrupted only when 

the substituting residue interfered with the Mn coordination geometry, as in the 

R177D, R177E, R177Q, and R177N variants [362]. In both the R177A and R177K 

variants, the substituted sidechains did not interfere with the Mn-binding site, instead 

they occupied positions similar to the original Arg residue [362]. These results 

clearly demonstrate that Mn2+ oxidation by MnP can be separated into two events, 

binding of Mn2+, which is facilitated by Arg177, and electron transfer from Mn2+ to 

the enzyme, where Arg177 is apparently not directly involved [360, 3621. The 

absence of Arg177 in the versatile peroxidases may, in part, explain the lower rates 

of Mn2+ oxidation observed in these enzymes. The importance of ligand geometry in 

Mn2+ binding and oxidation by MnP is further explored in Chapter 4. 

1.7.3 Mutations in the Proximal Domain and the Distal Calcium Binding Site 

1.7.3.1 Mutation of the Proximal Residue, F190. Phel90 is located on the 

proximal side of the heme cavity in MnP (Figure 1.7) and is equivalent to Trpl91 in 

yeast CcP [261]. In most plant and fungal peroxidases, Trpl91 is replaced by either 

Phe [304, 309, 376, 4301 or Leu [235, 3021. This residue has been studied by site- 

directed mutagenesis by two independent groups. 

The first variants of this residue, F190Y, F190L, F1901, and F190A, were 

created as a series of homologously expressed site-directed mutants [225]. The 

variants exhibited spectral and steady-state characteristics similar to those of wtMnP 

for both Mn2+ and peroxide [225]. An F190W substitution was also constructed but 

an insufficient amount of protein was recovered for analysis. Replacement of Phel90 



with either Ile or Ala significantly enhanced the thermal denaturation rate of the 

protein and decreased the pH of alkaline inactivation by -2  pH units, from pH 9 to 

pH 7 [225]. Moreover, the rates of spontaneous reduction of the oxidized 

intermediates were dramatically increased for the F190A mutant [225]. These results 

indicated a role for F190 in maintenance of the heme environment. 

A second set of F190 mutations, F190V, F190L and F190W, was later 

constructed by another group and heterologously expressed in E. coli [438]. The 

F190W variant was highly unstable, but no evidence for Trp radical formation was 

found [438]. Peroxide kinetics remained unchanged in the variants, as previously 

reported for the other F190 mutations [225]. Interestingly, the F190W variant 

exhibited an apparent 10-fold decrease in kcat and a 30-fold increase in the K,,, for 

Mn2+, resulting in an overall 300-fold decrease in the catalytic efficiency for Mn2+ 

oxidation in the steady state. However, this result was not supported by the transient- 

state analysis, which indicated that only the rate of compound I1 reduction was 

affected while the KD for Mn2+ remained unchanged [438]. No thermal stability 

studies were conducted with this set of variants; however, spectroscopic studies 

indicated that the F190V mutant underwent the alkaline inactivation at lower pH, as 

reported for the F190A and F190I variants [225, 4381. Also consistent with the 

earlier reports, the alkaline transition in the F190L variant was only slightly affected 

[225, 4381. The nature of the alkaline transition in MnP and the role of F190 is 

further explored in Chapter 2. 

1.7.3.2 Mutation of the Proximal Asp242. Asp242 is conserved in all heme 

peroxidases. This residue forms an important hydrogen bond with the proximal 

His173 (Figure 1.7), thereby modulating its electrostatic potential [119, 147, 43 11. 

Additionally, in peroxidases such as CcP, which contain a proximal Trp, Asp242 

forms an H-bond triad with the proximal His and Trp residues. The protonation state 

of the Trp, modulated by this interaction with Asp242, is believed to determine 

whether the radical in compound I forms on the indole ring or the porphyrin [147, 

2661. 

Two heterologously expressed MnP variants, D242E and D242S, were 

generated. Both variant proteins contained high-spin and pentacoordinate hemes, 



however, the redox potential of the enzymes were slightly lower than observed in the 

wild type [338, 4381, similar to those of the D235E variant of CcP and a D245N 

variant of CiP. All have high-spin and pentacoordinate hemes at normal pH, 

however, these variants undergo alkaline inactivation -2  pH units lower than in the 

wild-type enzymes [147, 358, 4381. In contrast, the D235N and D235A variants of 

CcP have low-spin, hexacoordinate hemes, even at normal pH 1118, 340, 4151. MnP 

does not have a proximal Trp, thus Asp242 interacts only with the proximal His, 

perhaps lending MnP more flexibility to mutation at this site [147, 3761. The results 

indicate that weakening of the Asp-His H-bond reduces the imidazolate character of 

the proximal His and lowers the redox potential of the heme in MnP [147]. 

Accordingly, the kinetic properties of the enzyme were slightly affected. The 

catalytic efficiency for peroxide was lowered 2-fold in the D242E variant and the 

efficiencies for Mn2+ oxidation were lowered 2- and 4-fold in the D242S and D242E 

variant, respectively. Binding of Mn2+ to the enzyme was not affected by either 

mutation, however, both variants exhibited lower alkaline transitions similar to those 

of the proximal Phel90 mutations [21, 338, 4381. 

1.7.3.3 Mutation of Proximal Residues Ser172 and Leu1 69. Two additional 

proximal residue variants of MnP from P. chrysosporium, S172A and L169F, were 

heterologously expressed in E. coli [lo]. Kinetic analyses indicated no significant 

differences between these variants and wild-type MnP. Some small decrease in the 

ability of their compound I1 to oxidize Mn2+ were noted, however, the values 

reported are within the variation for the wild-type enzyme in various literature reports 

[lo, 263, 4351. 

1.7.3.4 Mutm'on of the Calcium Binding Ligand Asp47. Only one variant 

of a calcium-binding site ligand in MnP has been reported [381]. A D47A variant 

was heterologously expressed in E. coli. The protein contained only one equivalent 

of calcium, suggesting complete functional loss of the distal calcium-binding site. 

The enzyme was inactive, exhibiting altered UV-visible spectra with maxima at 412, 

553, and 561 nm, similar to thermally inactivated MnP. These data support the 

hypothesis that loss of structural calcium may be involved in thermal inactivation 

[379, 3811 (see Section 1.6.2). 
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1.8 LIGNINOLYTIC ENZYMES FROM OTHER WHITE-ROT FUNGI 

White-rot fungi can be divided into three main groups: those that produce 

MnP and Lip, those that produce MnP and laccase, and those that produce all three 

enzymes [168, 4111. P. chrysosporium is a member of the first group. Most of other 

lignin-degrading fungi produce or contain genes encoding the copper-containing 

oxidase, laccase (EC 1.10.3.2) [98, 3231. Additionally, several fungi, particularly 

Pleurotus spp., produce "versatile" peroxidases, which appear to have features of both 

MnP and Lip [40, 62, 66, 258, 4 181. There are also scattered reports of extracellular 

Mn-independent peroxidases in Junghuhnia separabilima [412] and Pleurotus ostreatus 

[4 121 but these enzymes remain uncharacterized. 

1.8.1 Laccases 

Laccases from fungi including Trametes (Coriolus) versicolor [I 121, Coprinus 

cinereus [99], Pycnoporus cinnabarinus [107], Ceriporiopsis subvermispora, Pleurotus 

ostreatus [130], Letinus edodes [230], Dichomitus squalens [298] and Phlebia radiata 

[336, 3371, have been studied and appear to be related to the plant enzyme ascorbate 

oxidase [267, 3941 and the mammalian enzyme ceruloplasmin [267]. Laccases 

oxidize phenols at the hydroxyl position, effecting both depolymerization and/or 

further polymerization of the substrate [252]. There is only one, as yet 

unsubstantiated, report of this enzyme being produced by a strain of P. chrysosporium 

under fermentation conditions [328]. Sequencing of the P. chrysosporium genome is 

currently underway and will reveal whether, in fact, this organism contains laccase 

genes that are not expressed in laboratory culture [168, 41 11. Several reviews on 

laccases are available [323, 394, 4401. 

1.8.2 Manganese and Lignin Peroxidases 

The MnP and LIP enzymes characterized from other fungi appear to be very 

similar to the enzymes from P. chrysosporiurn, although far more gene sequences 

have been obtained than actual enzymes isolated. Whereas all known white-rot fungi 
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produce MnP [46, 57, 107, 126, 136, 145, 149, 168, 195, 204, 242, 254, 259, 271, 

282, 285, 299, 305, 316, 341, 342, 346, 369, 389, 405, 411, 4481, there are efficient 

lignin-degraders, such as D. squalens and Phanerochaete laevis, that do not appear to 

produce Lip [42, 240, 282, 2991. This is puzzling since Lip can directly oxidize 

non-phenolic lignin substructures, a reaction required for mineralization of lignin 

1179, 2511. While MnP and laccase can oxidize phenolic linkages, neither enzyme is 

able to directly oxidize non-phenolic linkages [192, 202, 203, 229, 366, 403, 4241. 

Therefore, how these fungi degrade non-phenolic lignin substructures is of 

considerable interest. Additional mediators, such as lipids, may allow the MnP and 

laccase systems to perform this function, however, the physiological relevance of 

these reactions has yet to be demonstrated [27, 106, 200, 4271. It is also possible that 

enzymes from this group of fungi possess additional capabilities. However, this does 

not appear to be the case for MnP from D. squalens, which is discussed in Chapter 5. 

A new class of hybrid enzymes or "versatile" peroxidases, combining 

properties of MnP and Lip, has been identified in several species of Pleurotus [15, 

62, 63, 66, 153, 155, 171, 2581, Bjerkandera adusta [170, 171, 2681, and Lentinula 

edodes [88]. Structural alignments and sequence comparison indicate that these 

enzymes are more closely related to Lip than MnP [333, 3341. The enzymes contain 

the conserved Mn-binding site residues, except Arg177, as well as certain Lip 

features, including a catalytic surface Trp, analogous to Trpl71 in P. chrysosporium, 

and shortened C-terminal tail [62, 3331. These proteins appear to be able to oxidize 

veratryl alcohol and Mn2+; however, the affinity for both substrates is lower than in 

other MnPs and Lips. Although possessing structural features and kc,, values for 

veratryl alcohol oxidation that are similar to wild-type Lip, the K, for veratryl 

alcohol is in the millimolar range in the enzymes examined kinetically, suggesting that 

these enzymes may still act primarily as Mn peroxidases [104, 258, 2681. The 

physiological role of these enzymes and substrate interactions require a more 

systematic and focused evaluation. The enzyme from P. eryngii has been 

heterologously expressed in hemin-supplemented cultures of Aspergillus nidulans 

[334], while the enzyme from P. ostreatus has been expressed homologously [190]. 



42 

However, the expressed enzymes have not been thoroughly examined kinetically or 

structurally. 

1.8.3 Hydrogen Peroxide Producing Enzymes 

In addition to glucose oxidase [242], many white-rot fungi, including Trametes 

(Polystictus) versicolor, Pleurotus eryngii and Bjerkandera adusta, produce 

extracellular H202 via an extracellular FAD-containing aryl-alcohol oxidase [115, 153, 

2771. As yet, the H202 producing systems of other fungi, such as Dichomitus 

squalens remain unelucidated. 

1.9 THE ROLE OF MANGANESE IN LIGNIN DEGRADATION 

1.9.1 Manganese Speciation and Availability 

Manganese is the eleventh-most common element, the third-most available 

transition metal in the Earth's crust ( - 900 mglkg) [121, 2751, and the most abundant 

transition metal in wood [441]. The three oxidation states common in biological 

systems are Mn2+, Mn3+ and Mn4+. Mn4+ forms insoluble oxides (MnO,), whereas 

the less oxidized forms exist primarily as soluble complexes [76, 2751. Some biotic 

processes mediate reduction and resolubilization of Mn4+ complexes [3 17, 3301, 

although these reactions are most commonly performed by anaerobic bacteria [275]. 

1.9.2 Manganese Complexes 

Mn2+, Mn3+, and Mn4+ are strong Lewis acids and bind well to oxygen 

ligands such as hydroxide and carboxylate [76, 1211. Nitrogen may also serve as a 

less preferred ligand and both ligand types are observed in the Mn-binding sites of 

various enzymes [82, 1211. Mn in most complexes, including the aquo-ion, is 

hexacoordinate. Exceptions included heptacoordination by ethylenediaminetetraacetic 

acid (EDTA) and tetra- or penta-coordinate Mn3+ and Mn4+ sites in some enzymes 

[82, 1211. 

Mn2+ has five unpaired electrons, one each of the five d orbitals and is thus 

neither a good oxidant nor reductant. As such, Mn2+ does not exhibit ligand field 



stabilization, forming hexacoordinate complexes with octahedral geometry, although 

some tetrahedral complexes are observed [76]. In contrast Mn3+ (d4) is both a good 

oxidant and reductant. Reduction produces stable Mn2+, half-filling the d orbitals; 

whereas oxidation removes an electron from an antibonding orbital, yielding Mn4+ 

with a d3 configuration with maximal ligand field stabilization energy (LFSE). As a 

result, Mn3+ complexes tend to be more stable than Mn2+ complexes. For example, 

the water exchange rate is 100-fold lower for Mn3+ than Mn2+ [76]. Mn3+ can be 

either penta- or hexacoordinate, normally with a tetragonally distorted octahedral 

geometry. At neutral and acidic pH, Mn3+ complexes undergo spontaneous 

disproportionation to Mn2+ and Mn4+ [275]. 

The nature (donor capacity) and geometry of ligands strongly mediate the 

redox potential of the various oxidation states of manganese. For example, the 

reduction potential of aquated Mn3+/Mn2+ ( -  1.5 V) drops to - 1.0 V upon ligation 

[275]. Similarly, the charge, size and electronic configurations of the different 

oxidations states influence their preferred coordination geometries [72, 2751. As a 

consequence, redox reactions of Mn centers may involve rearrangement of ligands in 

the first coordination sphere. Tempering these rearrangements, as often occurs in 

metal binding sites of proteins, may influence the redox potential of the metal. 

1.9.3 Manganese as an Enzyme Cofactor 

Manganese is the most soluble transition metal. Although it will form 

complexes with sulfur species, it does so to a far lesser extent than other transition 

metals [121]. It is therefore likely, that manganese was the redox-active transition 

element most available when life was first evolving [121]. Manganese is a cofactor in 

more than 160 proteins and enzymes, slightly less than half of which are involved in 

carbohydrate metabolism 1821. Interestingly, many tissue-specific protein isoforms in 

mammals can use a variety of metals, whereas the brain isoforms use manganese 

exclusively [29, 821. In fact, madness (hallucinations and paranoia) and Parkinson's 

type behavior are the first symptoms of manganese overdose in humans [29]. Plants 

efficiently take up and transport Mn2+. Concentrations can range from 1 pM to 2 

mM in the xylem and are typically higher in the phloem [275]. Manganese has a few 



specialized roles in plants, forming the catalytic center of the oxygen evolving 

complex in photosystem I1 and mediating H202 generation in the apoplast during 

lignification [177, 3061. The absolute requirement for manganese in some proteins is 

difficult to determine, as Mn2+ will often substitute for Mg2+ and even Zn2+ in many 

systems [322]. 

1.9.4 Manganese in Lignin Degradation 

The involvement of manganese in wood degradation has been long noted. The 

concomitant appearance of black or brown deposits with white-rot in wood had been 

observed in the 1800s [35, 110, 134, 223, 3 171. Although the role of copper- 

containing laccases in lignin degradation was being investigated as early as the 1960s 

[113, 116, 191, 2231, the involvement of manganese in this process would not be 

elucidated for another 25 years [35, 136, 2381. The identification Mn peroxidase 

[238], the most-prevalent lignin degrading enzyme [168], and elucidation of its 

mechanism changed thinking about the seemingly nonspecific, oxidative process of 

lignin degradation. Mn was identified as the sole substrate for MnP [135]. 

Moreover, production of small, stable, oxidized Mn-chelates was documented [135]. 

These complexes could easily diffuse into a sound wood matrix capable of excluding 

fungal hyphae and even most proteins [86, 87, 367, 3681, spawning the concept of 

mediator molecules as the agents of lignin degradation. 

Mn peroxidases are unique in their ability to selectively bind Mn2+, and 

efficiently oxidize and release Mn3+. All other enzymes capable of efficient oxidation 

of Mn have binding sites buried within the protein matrix and hold the metal as 

permanently bound cofactor(s) [82]. Claims of Mn2+ oxidation by the related enzyme 

Lip [2 131 have been disproven [36 11. Mn3+-chelate formation by catalase-peroxidase 

of the mycobacterium Mycobacterium smegmatis has been claimed [255]. However, 

although displaying sufficient Mn2+-binding (K,  - 5 pM), the enzyme oxidizes Mn2+ 

at a rate - 2000-fold slower than Mn peroxidase [255, 4251. The crystal structure of 

chloroperoxidase also revealed an Mn-binding site near the heme propionates (377a); 

however there is no evidence for Mn oxidation by this enzyme and the role of metal 

binding remains unclear. Heme independent Mn peroxidase activity has also been 



reported for the C-terminal domain of catalase-peroxidase CpeB from Streptomyces 

reticuli; however the phenomenon has not been extensively studied [448]. 

It is widely observed and accepted that Mn3+-chelators can oxidize phenolic 

linkages [26, 4 1, 403, 4261. However, direct oxidation of non-phenolic linkages by 

MnP is not observed without additional mediators such as lipids 126, 27, 120, 200, 

3661. A series of methoxybenzenes, E,,, - 1.76-0.81 V was used to investigate the 

oxidizing ability of both chemically and enzymatically generated Mn3+-chelates [308]. 

The results showed that manganese peroxidase, or physiological concentrations of 

Mn3+, oxidize only the lower potential congeners. Unfortunately, the oxidation of 

these compounds occurs only via electron abstraction. Hydrogen abstraction mediated 

by Mn-complexes may also occur. For example, HRP was found to oxidize veratryl 

alcohol only in the presence of chelated Mn and glutathione [264]. It was 

hypothesized that either a Mn3+-glutathione or a Mn2+-glutathionyl radical complex 

abstracted a hydrogen from the benzylic carbon of veratryl alcohol, followed by a 

disproportionation reaction to produce the veratryl aldehyde [264]. Similar reactions 

are presumed to occur during the MnP-mediated oxidtion of non-phenolic linkages in 

the presence of thiols and lipids [26, 27, 120, 200, 366, 4271. 

Finally, in addition to action as a substrate mediator in the oxidation of lignin 

substructures, Mn2+ stimulates MnP activity in cultures of many white-rot fungi [45, 

57, 123, 3891. The metal functions as a genetic regulator, increasing transcription of 

the mnp genes in P. chrysosporium [49, 50, 129, 138, 140, 2531. 

1.10 SUMMARY OF RESEARCH 

1.10.1 Relevance 

The resistance of lignin to hydrolytic degradation has profound ecological 

significance. In addition to affording microbial resistance to intact plants, 

lignocellulosic material serves as a carbon sink, constituting roughly 25% of the 

world's terrestrial biomass [47]. Partially degraded lignin products (humus) bind and 

control release of cationic nutrients in forest soils [186]. It is clear that research on 

lignin-degrading organisms and their extracellular enzyme systems is important, not 



only for understanding important arboreal ecosystems, but for developing technology 

to efficiently produce food, fuel and manufacturing materials from terrestrial biomass. 

In addition, the lignin-degrading machinery of white-rot fungi can also be utilized to 

degrade aromatic pollutants and other xenobiotics. Table 1.2 lists some of the toxic 

substances degraded by this organism, most under ligninolytic conditions [64]. The 

unique enzyme, manganese peroxidase, has been identified in the cultures or genomes 

of all white-rot fungi studied to date, indicating its importance in the lignin- 

degradation systems of these organisms. The present work focuses on biophysical, 

mutagenic, and kinetic studies of this interesting enzyme. 

1.10.2 Biophysical Studies of Manganese Peroxidase: Heat and pH Inactivation 

Upon inactivation by heat or high pH, manganese peroxidase (MnP) exhibits 

changes in the electronic absorption spectrum (Figure 1.9). Although the role of 

calcium in this transition in the heat-inactivated protein has been studied extensively, 

the alkaline transition had been only partially characterized. This high- to low-spin 

alkaline transition occurs at - 2 pH units lower in an F190I mutant MnP when 

compared to the wild-type enzyme. In Chapter 2, evidence from resonance Raman 

and UV-visible spectra from the oxidized and reduced proteins are presented, which 

indicate the formation of a bis-histidyl heme iron complex. No shifts in the low 

frequency RR bands are observed in 75% 180-labeled water. Therefore, the low-spin 

species is most likely not a hydroxo-heme derivative. Electronic and RR spectra also 

indicate that addition of Ca2+ to either the ferric or ferrous enzymes at high pH 

completely restores the high-spin pentacoordinate species, whereas addition of Ca2+ 

after returning the enzyme to low pH only partially restores the native species, 

indicating limited availability of the site under these conditions. Other divalent metals 

such as Mn2+, Mg2+, Zn2+ or Cd2+ do not restore the enzyme. 

In Chapter 5, studies on the thermal inactivation of wild-type MnP and several 

binding-site variants from P. chrysosporium and a MnP from Dichomitus squalens, 

heterologously expressed in P. chrysosporium are discussed. Although similar in 

amino acid sequence [245], the enzyme from D. squalens is 20-fold more 

thermostable than the enzyme from P. chrysosporium. The addition of Mn2+ and 



Table 1.2 

A Partial Listing of Pollutants Degraded by Phanerochaete chrysosporium [64] 

Chemical classification Compound 

Biopolymers 

Synthetic polymers 

Cellulose 
Lignin 

Polyacrylate 
Polyacry lamide 
Nylon 

Chlorinated aromatic compounds 2,4-Dichloroaniline 
2,4-Dichlorophenol 
Pentachlorophenol 
2,4,6- and 2,4,5-Trichlorophenols 
2,4,5-Trichlorophenoxyacetic acid 
Aroclor 1242 and 1254 
2,3,7,8-tetrachloro-p-dioxin 

Dyes 

Munitions 

Pesticides 

Azo-dyes 
Azure blue 
Bomphenol blue 
Crystal violet 
Cresol red 

TNT (2,4,6-Trinitrotoluene) 
DNT (2,4-Dinitrotoluene) 
Nitroglycerin 
RDX (Hexahydro-1,3,5-trinitro- 1,3,5-triazine) 

DDT (1, 1 , l-Trichloro-2,2-bis-(4- 
chloropheny1)ethane) 
Chlordane (Octachlorohexahydromethanoindane) 
Lindane (Hexachlorohexane) 
Toxaphene (chlorinated camphenes) 

Polycyclic compounds Anthracene 
Benzopyrene 
Chry sene 
Naphthalene 
P y rene 
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Cd2+ increases stability to heat in both the wild-type enzymes, while addition of both 

Mn2+ and Cd2+ causes synergistic stabilization. Zn2+ also stabilized MnP from D. 

squalens, whereas it does not influence stability of MnP from P. chrysosporium. The 

ability of Mn2+ to protect the enzyme from heat is decreased in the binding-site 

variants. Also, as observed by decrease in the UV-visible heme absorption and 

measurement of secondary structure at by circular dichroism (CD), the melting 

temperature of the variant enzymes is decreased compared to the wild type. The 

melting temperature of MnP from D. squalens was too high to be determined by CD 

using a water bath, indicating that although activity is lost, significant secondary 

structure remains in the heated enzyme. These combined results indicate a role for 

Mn2+ in stabilization of the heme and overall structure of Mn peroxidase. 

1.10.3 Mutational Studies of Manganese Peroxidase: The Role of Glu39 

Mn peroxidase is unique among Mn containing enzymes in that it selectively 

binds Mn2+ and releases Mn3+, rather than sequestering the Mn ions as permanent 

redox cofactors in a buried active site. The exact selective mechanism of binding and 

release in MnP is not yet understood. Previous mutational analyses and crystal 

structure determinations indicated that three amino acids, Glu35, Glu39, and Asp179, 

form the only functional binding site in Mn peroxidase [226, 237, 376, 3771. The X- 

ray crystal stucture indicates a hexacoordinate Mn atom with nearly octahedral 

geometry and moderately long Mn-ligand bond distances. The Glu39-Mn bond 

appears to be the weakest. It deviates from the octahedral geometry and has the 

longest bond distance at - 2.8 + 0.5 A. Data presented in Chapter 4 indicates that 

Glu39 does, in fact, function as a Mn-ligand. Both steady-state and transient-state 

kinetic analyses of three variants, E39D, E39A, and E35D-E39D-D179E, indicate 

that Mn2+ binding and oxidation is impaired when Glu39 is replaced. The kinetic 

data, combined with molecular modeling of the variants also indicates the importance 

of the coordination geometry in the selective mechanism of this unique enzyme. 
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1.10.4 Kinetic Studies of Manganese Peroxidase: The Role of Chelators 

Activity of Mn peroxidase has been widely reported to depend on the presence 

of chelators in the reaction media [135, 146, 215, 227, 231, 233, 398, 4253. 

However, their exact role in the reaction mechanism has remained controversial. 

Two main theories persist, that free (aqua) Mn2+ binds to the enzyme and that 

chelator functions to effect release of Mn3+ [22, 4251, and that a 1: 1 Mn2+-chelator 

complex is the true substrate for MnP [227, 2331. The data and suppositions 

supporting these two mechanisms are re-examined in Chapter 6, along with kinetic 

analyses of the wild-type enzyme from P. chrysosporiurn with various concentrations 

of chelator. Past and present evidence clearly support the theory of Wariishi et al. 

[425] that free Mn2+ is, in fact the substrate for MnP and chelator facilitates release 

of Mn3+. 

1.10.5 Research Impact 

This work has contributed to our understanding of manganese peroxidase and 

to peroxidase kinetics. The first constants for the transient-state inhibition of a 

peroxidase are derived. Also, for the first time, a role for Mn-binding site in the 

stability of MnP is presented. The formation of a bis-histidyl heme structure, 

proposed to occur upon alkaline inactivation, is supported. The role of calcium in the 

process is examined and found to be similar to that for thermally inactivated MnP, 

providing evidence that these phenomena are related structural events. Finally, the 

role of Glu39 as a catalytically important Mn-binding ligand is shown and the 

importance of ligation geometry within the binding site is explored. This work 

provides important information regarding Mn chemistry useful for protein 

engineering, especially in the application and engineering of MnP for biomaterial 

transformation and synthesis, bioremediation, and other important industrial 

processes. 



CHAPTER 2 

FORMATION OF A BIS(HIST1DYL) HEME IRON COMPLEX 

IN MANGANESE PEROXIDASE AT HIGH pH AND RESTORATION 

OF THE NATIVE ENZYME STRUCTURE BY CALCIUM" 

2.1 INTRODUCTION 

Manganese peroxidase (MnP) is an extracellular heme protein produced by 

virtually all lignin-degrading white-rot fungi [140, 144, 1681. Sequences have been 

determined for mnp cDNA (293, 313) and genomic clones [4, 139, 2621 encoding 

three MnP isozymes from Phanerochaele chrysosporium, the best-studied lignin- 

degrading fungus. These sequences and spectroscopic studies of the native and 

oxidized enzyme intermediates indicate that the heme environment in MnP is similar 

to that of other plant and fungal peroxidases [24, 101, 135, 164, 270, 3 13, 4221. 

Kinetic and spectroscopic studies of the purified enzyme indicate a typical peroxidase 

reaction catalytic cycle: 

MnP + H20, -. MnPI + H20 (1) 

MnPI + Mn2+ -, MnPII + Mn3+ (2) 

MnPII + Mn2+ + MnP + Mn3+ + H20 (3) 

However, MnP is unique in its ability to efficiently oxidize Mn2+ to Mn3+ [135, 136, 

4261. The released Mn3+ is stabilized by organic acid chelators, such as oxalate and 

malonate, which are secreted by the fungus 1233, 4251. The Mn3+-chelator complex 

is capable of diffusing from the enzyme to oxidize terminal substrates including lignin 

* Originally published in this or similar form in Biochemistry and used with permission of the 
American Chemical Society. 

Youngs, H. L., Moenne-Loccoz, P., Loehr, T. M., and Gold, M. H. (2000) Formation of a 
bis(histidy1) heme iron complex in manganese peroxidase at high pH and restoration of the native 
enzyme structure by calcium. Biochemistry 39, 9994-10000. 



substructures, phenolic compounds, and pollutants 127, 140, 144 and references 

therein]. 

The three amino acid residues believed to bind Mn2+, D 179, E35, and E39, 

were investigated by site-directed mutagenesis of recombinant MnP homologouslyt 

expressed in P. chrysosporium [226, 237, 263, 4361. These studies, combined with 

X-ray crystal structure analyses of the proteins [376, 3771, confirmed that the side- 

chain carboxylates of D179, E35, and E39 form the only apparent Mn2+-binding site 

in MnP from P. chrysosporium. In addition to the three amino acid ligands, the 

hexacoordinate enzyme-bound Mn2+ is ligated to the carboxylate of heme propionate 6 

and two water molecules, one of which is H-bonded to heme proprionate 7 [376]. An 

additional residue, R177, which forms a salt bridge with E35, was also recently 

shown to affect Mn2+ binding [360]. The enzyme contains two heptacoordinate 

structural Ca2+ ions, one distal and one proximal to the heme, which are believed to 

provide thermal stability to the enzyme (Figure 2.1) [380, 38 11. 

Other than the unique Mn2+ -binding site, the heme environment in MnP 

appears to be similar to those in other plant and fungal peroxidases [105, 235, 301, 

345, 3761. All of the important catalytic residues, including the distal His and Arg 

and proximal His and Asp, are conserved in MnP, Lip, cytochrome c peroxidase, 

horseradish peroxidase (HRP), and Coprinus cinereus peroxidase (CiP)/Arthomyces 

ramosus peroxides (ArP) [105, 119, 140, 172, 235, 301, 304, 3091. In addition, 

MnP has two Phe residues in the heme pocket, F45 and F190, which are conserved in 

HRP and Lip [105, 172, 304, 309, 3761 but are replaced by Trp in cytochrome c 

perioxidase (CcP) and ascorbate peroxidase [119, 2921 and Leu in CiPtArP [235, 

3011. Site-directed mutagenesis of F190 (Figure 2.1) in MnP from P. chrysosporium 

indicates a role for this residue in enzyme stabilization [21, 2251. 

In mutants where the F190 residue had been changed to Ala, Leu, Ile [225], or 

Val [21], a high-spin (HS) to low-spin (LS) conversion of the heme iron was noted 

when the solution pH was raised above 6.5. A similar spin change occurred in wild- 

type MnP but only when the pH was raised above 8.4 (225). Preliminary magnetic 

circular dichroism (MCD) evidence suggested the formation of a bis(histidy1)- 

coordinated heme iron at high pH in both the wild-type and F190I mutant MnP [225]. 
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Figure 2.1 Distal and proximal Ca2+binding sites in wild-type MnP from P.
chrysosporium [376]. The distal Ca2+is connected to the catalytic distal H46 via the
D47 ligand and a hydrogen-bonding network through a water ligand, £74, and N80.
The proximal Ca2+is ligated to 5174, adjacent to the proximal H173, and D191 and
T193, adjacent to F190.
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In this chapter, we provide additional evidence that, in both the F190I mutant MnP 

and wild-type MnP, this HS + LS transition is due to formation of a low-spin 

hexacoordinate (6cLS) bis(histidy1) heme iron complex, rather than a hydroxo-heme 

species, and that the native high-spin pentacoordinate (5cHS) heme iron is fully 

restored by the addition of excess calcium to the bis-His protein at high pH. 

2.2 MATERIALS AND METHODS 

2.2.1 Enzyme Purification 

Wild-type MnP was purified from nitrogen-limited shaking cultures of P. 

chrysosporium strain OGC 10 1 as previously described [136, 4421. The purified 

protein had an R, (A,,IA,,,) > 5. F190I mutant MnP was purified from a 

transformed strain of P. chrysosporium, pAGM5 [225], during primary metabolic 

growth, when endogenous wild-type MnP was not expressed [225, 3601. Enzyme 

concentrations were determined from the Soret absorbance (E,, = 129 mM-' cm-') 

[136]. 

2.2.2 UV-Visible Spectroscopy 

Electronic absorption spectra of samples containing 100 pM enzyme used in 

resonance Raman (RR) experiments (Figures 2.1 and 2.4) were recorded directly from 

capillary tubes using a Perkin-Elmer Lambda 9 spectrophotometer. Spectra were 

obtained before and after laser illumination to monitor sample integrity. Low-pH 

samples were incubated in water, pH 5.0. High-pH samples were incubated in 50 

mM sodium bicine, pH 9.0 (wild type), or 40 mM phosphate, pH 7.5 (F1901). All 

other electronic absorption spectra were recorded on a Shimadzu UV-260 

spectrophotometer with a 1-mL quartz cuvette. Enzymes were reduced by addition of 

excess dithionite. Solutions were allowed to equilibrate until no further spectral 

changes occurred (at least 1 min) following addition of components such as dithionite, 

CaCl,, or buffers to change pH before spectra were recorded. All recorded spectra 

were stable over the entire time course of experiments (up to 30 min). 



2.2.3 RR Spectroscopy 

RR spectra were obtained on a custom spectrograph consisting of a McPherson 

(Chelmsford, MA) model 2061/207 monochromator operated at a focal length of 

0.67 m and a Princeton Instruments (Trenton, NJ) LNllOO CCD detector with a 

Model ST-130 controller. Laser excitation was from a Coherent (Santa Clara, CA) 

Innova 302 krypton (413.1 nrn) laser. The laser line was filtered through an Applied 

Photophysics (Leatherhead, U.K.) prism monochromator to remove plasma emissions. 

Incident laser power at the sample was - 15 mW. Spectra were collected in a 90" 

scattering geometry from solution samples contained in glass capillary tubes at room 

temperature. Rayleigh scattering was attenuated by the use of a Kaiser Optical (Ann 

Arbor, MI) super-notch filter. Spectral resolution was set to 4 cm-'. Indene and 

CCl, were used as frequency and polarization standards, respectively. 

2.2.4 Chemicals 

All chemicals were of reagent grade, obtained from Sigma or Aldrich, and 

used without further purification. 

2.3 RESULTS 

2.3.1 UV-Vis and RR Spectroscopy of the Oxidized Proteins 

Wild-type MnP exhibits a HS ferric heme absorption spectrum with a Soret 

maximum at 407 nm and visible band maxima at 502 and 632 nm 11361. When the 

pH is raised above 8.4, the spectrum changes to that of a LS ferric heme, as indicated 

in Figure 2.2 and Table 2.1. The Soret peak is red-shifted to 412 nm, becomes less 

intense, and gains a shoulder at 350 nm; the visible bands at 502 and 632 nm 

disappear and a new peak is formed at 535 nm. Similar spectral changes also occur 

in the F190I mutant MnP, though at lower pH (B6.5) [data not shown]. The spectra 

observed are similar to those previously reported for both the F190I mutant and wild- 

type MnP [225] and are provided here as a reference. The alkaline spectra of both 

proteins resemble the ferric form of the known bis-His protein, cytochrome b, (Table 

2.1) [373]. However, the spectra are markedly different than that of alkaline HRP 



Wavelength (nm) 

Figure 2.2 Electronic absorption spectra of oxidized (native, ferric) wild-type MnP 
in distilled water, pH 5.0 (-) and 50 mM sodium bicine, pH 9.0 (---). Spectra are 
of capillary samples that were used in resonance Raman experiments. 



Table 2.1 

Optical Spectral Features of Several Oxidized and Reduced Heme Proteins 
at Various pH Values 

Enzyme pH Electronic Absorption Maxima (nm) 

Ferric wild-type MnP"sb 5.0 407 502 530 632 

9.0 412 535 559 (sh) 

Ferric cytochrome b,' 5.5 413 532 560 

Ferric HRP-OHd 11.0 416 545 572 

Ferrous reduced wild-type 
MnP" 

5.0 435 515 (sh) 557 586 (sh) 

9.0 425 529 559 

Ferrous F190I M n P  5.0 435 513 (sh) 557 585 (sh) 

9.0 425 529 558 

Ferrous cytochrome b,,,' 7.4 426 529 558 

" This work. 
From ref 225. 

" From ref 373. 
From ref 205. 

" From ref 296. 



(Table 2.1) [373], strongly suggesting that the alkaline structure is a bis(histidy1) 

heme complex rather than a hydroxo-heme complex. 

To further investigate the nature of the pH-induced HS + LS transition, RR 

and additional optical spectroscopy were performed. The high-frequency RR spectra 

for Soret excitation (413.1 nrn) characteristic of heme coordination and spin state are 

shown in Figure 2.3 and listed in Table 2.2. The RR spectrum of the wild-type 

protein at room temperature in distilled water, pH 5.0, is identical to those previously 

reported in 20 mM succinate, pH 4.5 [270], and 20 mM phosphate, pH 6.0 12261. 

The frequencies of the v, modes at 1484 and 1492 cm-' indicate HS species arising 

from mixed hexa- and pentacoordination in native MnP [270, 3601. The F190I 

mutant MnP displays a similar spectrum in water, pH 5.0 (Figure 2.3), indicating that 

the porphyrin core is not affected by the F190I mutation in the proximal domain. At 

pH 9.0, in 50 mM bicine, HS v, modes for the wild-type MnP disappear with the 

appearance of a 6cLS v, mode at 1505 cm-' (Figure 2.3). A concomitant shift of v, 

from - 1565 to 1580 cm-' and the appearance of a shoulder at - 1638 cm-' from v,, 

are additional indicators of the pH-induced HS + LS conversion. A similar spectrum 

is observed in the F1901 mutant MnP in 40 mM phosphate, pH 7.5 (Figure 2.3), 

indicating that similar LS species are formed in the two proteins, although the 

transition occurs at lower pH in the mutant enzyme. Both spectra resemble RR 

spectra of ferric bis(imidazo1e) heme and ferric cytochrome b5,, (Table 2.2) [70, 187). 

These data strongly suggest that the 6cLS species is formed by a rearrangement at the 

heme, which allows coordination of the distal imidazole, H46, resulting in a 

bis(histidy1) heme iron structure. Low-frequency RR spectra of the wild-type MnP at 

pH 9.0 in bicine buffer were also recorded [data not shown]. No shifts in any bands 

occurred following incubation of the sample in 75% H,180, consistent with assignment 

of the LS species as a bis-His coordinated heme iron rather than an hydroxo-iron 

heme derivative. 

2.3.2 Restoration of the Native Structure by Calcium 

The ability of calcium to restore the native electronic absorption spectrum in 

wild-type MnP is demonstrated in Figure 2.4. The first two spectra are the same in 



Raman Shift (cm-1) 

Figure 2.3 High-frequency region of resonance Raman spectra of MnP (- 100 pM) 
at low and high pH obtained with Soret excitation (413 run) as described. From top 
to bottom: wild type in distilled water, pH 5.0; wild type in 50 mM sodium bicine, 
pH 9.0; F1901 in distilled water, pH 5.0; and F190I in 40 mM potassium phosphate, 
pH 7.5. HS, high-spin; LS , low-spin; Sc, pentacoordinate; 6c, hexacoordinate. 



Table 2.2 

High-Frequency Resonance Raman Spectral Modesa 

-- 

Enzyme PH V4 V3 V2 VIO 

Ferric wild-type MnPb 

Ferric F190I MnPb 

Ferric cytochrome b,,," 

Ferric bis(imidazo1e) hemed 

Ferrous wild-type MnPb 

Ferrous F190I MnPb 

Ferrous cytochrome b,,," 

Ferrous bis(imidazo1e) hemed 

" Freqencies are given in reciprocal centimeters; excittion was at 413.1 nrn 
within the Soret band. 

This work. 
" From ref 187. 

From ref 70. 
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Figure 2.4 Electronic absorption spectra of oxidized (native, ferric) wild-type MnP 
in distilled water, pH 5.0 (spectrum 1 in all panels) and in 50 mM bicine, pH 8.45 
(spectrum 2 in all panels). Addition of 100 mM CaC1, to the enzyme in water, pH 
5.0, does not perturb the spectrum of native MnP (spectrum A3). Addition of 100 
mM CaC1, to the enzyme at pH 8.45 restores the native spectrum at high pH 
(spectrum B3). Subsequently lowering the solution pH to 5.5 by the addition of 100 
mM sodium succinate does not alter the Ca2+-restored spectrum (spectrum B4). First 
lowering the pH from 8.45 to 5.5 with the addition of 100 mM succinate only 
partially restores the enzyme (spectrum C3). Subsequent addition of CaCl, (100 mM) 
at pH 5.5 (spectrum C4) restores the optical spectrum but does not fully restore the 
Soret absorption, unlike the addition of CaCl, at high pH (spectrum B3). 



all three panels. Spectrum 1 is of the 5cHS native enzyme in distilled water at pH 

5.0, while spectrum 2 is of the 6cLS enzyme formed at pH 8.45 in 50 mM bicine. 

The same change was also seen upon comparing spectra of the enzyme in 20 mM 

phosphate at pH 5.0 and 9.0 [data not shown], excluding a buffer effect. Addition of 

100 mM CaC1, to the native enzyme at pH 5.0 (Figure 2.4A, spectrum 1) has no 

effect on the native 5cHS optical spectrum (Figure 2.4A, spectrum 3). However, 

addition of calcium to the 6cLS enzyme at pH 8.45 (Figure 2.4B, spectrum 2) 

completely restores the native 5cHS spectrum (Figure 2.4B, spectrum 3). 

Subsequently lowering the pH of the calcium-restored enzyme by the addition of 100 

mM succinate, pH 5.5, does not further alter the HS spectrum (Figure 2.4B, spectrum 

4). In contrast, first lowering the pH from 8.45 (Figure 2.4C, spectrum 2) to 5.5 

without the addition of CaC1, only partially restores the enzyme (Figure 2.4C, 

spectrum 3). The Soret peak is blue-shifted, though less intense, but the visible 

portion of the spectrum is not restored. Subsequent addition of CaC1, (Figure 2.4C, 

spectrum 4) restores the ligand-to-metal charge transfer (LMCT) bands at 502 and 

632 nrn but does not completely restore the Soret absorption. Other divalent cations, 

such as Mn2+, Mg2+, Zn2+, and Cd2+, were incapable of restoring the native spectrum 

at high-pH [data not shown]. 

2.3.3 W-Vis  and RR Spectroscopy of the Reduced Enzymes 

Reduction of the native ferric enzyme with dithionite causes noticeable changes 

in the electronic absorption spectrum (Figure 2.5). In distilled water, pH 5.0, the 

spectrum exhibits maxima at 435, 557, and 586 nm (Table 2. I), similar to that 

previously observed in 20 mM succinate, pH 4.5 [136]. The reduced F190I mutant 

protein at low pH displays a spectrum nearly identical to that of wild-type MnP 

(Figure 2.5, Table 2.1). At high pH, the spectra of both the reduced wild-type and 

F190I mutant proteins change (Figure 2.5). The Soret band at 435 nm is blue-shifted 

by 10 nm and loses intensity. The peak at 557 nm is slightly red-shifted, shoulders at 

515 and 585 nm disappear, and a new /.3 band appears at 529 nm. Importantly, the 

alkaline spectra are very similar to that of ferrous cytochrome b5,, (Table 2. I), which 

is a known 6cLS bis-His heme iron protein (187, 296). 



Figure 2.5 Electronic absorption spectra of reduced (ferrous) wild-type MnP and 
F190I MnP at low pH (-) with both proteins in distilled water, pH 5.0, and at higher 
pH (---) with the wild-type in 50 mM bicine, pH 9.0, and the F1901 in 40 mM 
potassium phosphate, pH 7.5. 



RR spectra of the reduced wild-type and F190I mutant MnP proteins at low 

and high pH are shown in Figure 2.6. The spectra of both the reduced wild-type 

MnP and the F190I mutant exhibit v,, v,, and v,, modes at 1475, 1563, and' 1610 

cm-', respectively, indicating a ferrous HS species in water at pH 5.0, similar to that 

previously reported for the wild type in 20 mM succinate, pH 4.5 [270] (Table 2.2). 

At higher pH, the reduced wild-type (pH 9.0) and F190I (pH 7.5) enzymes exhibit 

similar changes in their RR spectra. The HS modes disappear with appearance of LS 

modes at 1493, 1582, and 1626 cm-', resulting in spectra similar to those of 

bis(imidazo1e) heme and cytochrome b5,, (Table 2.2) [70, 1871. 

2.3.4. Restoration of the Reduced Proteins by Calcium 

Addition of exogenous Ca2+ restored the HS pentacoordinate reduced wild-type 

structure (Figure 2.7), similar to results with the oxidized proteins. The 5cHS 

spectrum of reduced wild-type MnP at pH 5.0 is shown in spectrum 1 of Figure 2.7. 

The 6cLS species is formed after the pH is raised to 9.0 by addition of 50 mM bicine 

(spectrum 2), while subsequent addition of 100 mM CaC1, at pH 9.0 restores the 

5cHS species (spectrum 3). 

2.4 DISCUSSION 

Electronic absorption spectra of heme proteins are indicators of the HS and LS 

states of the ferric heme iron. In most plant and fungal peroxidases, the heme iron is 

coordinated to the protein through the imidazole group of the proximal His residue 

[loo, 256, 287). Primary spectroscopic differences among the various heme proteins 

result from variations in coordination on the distal side of the iron [loo]. Whereas 

pentacoordinate heme iron is typically HS, coordination of a sixth ligand results in HS 

or LS ferric heme species, depending on the ligand field strength of the donor [290, 

3551. In addition to the Soret band near 405 nrn, ferric heme proteins typically 

exhibit four absorption bands in the visible region of the electronic spectrum. Two 

LMCT bands near 500 and 630 nm are apparent in spectra of HS derivatives, such as 

in native MnP, whereas spectra of LS derivatives exhibit the two bands designated ar 
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Figure 2.6 High-frequency region of the resonance Rarnan spectra of reduced MnP 
under conditions used in Figure 2.3. From top to bottom: reduced wild type in 
distilled water, pH 5.0; reduced wild type in 50 mM bicine, pH 9.0; reduced F190I 
in distilled water, pH 5.0; and reduced F190I in 40 mM phosphate, pH 7.5. HS, 
high-spin; LS , low-spin. 
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Figure 2.7 Electronic absorption spectra of reduced wild-type MnP in water, pH 5.0 
(spectrum I), or in 50 mM bicine, pH 8.45 (spectrum 2) .  Addition of 100 mM CaCl, 
to the enzyme in spectrum 2 ,  pH 8.45, restores the native spectrum (spectrum 3). 



and 0 near 570 and 540 nm, respectively [290]. HS -. LS transitions frequently 

occur in peroxidases as the pH is raised. Such "alkaline transitions" appear to 

involve the ligation of a sixth axial ligand to the pentacoordinate heme iron by either 

a hydroxyl group, as in HRP [205, 3511, or the imidazole of a distal His, as in CcP 

[357]. 

As previously reported, the electronic absorption spectrum of wild-type MnP 

indicates an alkaline transition from HS to LS, evidenced by the disappearance of the 

LMCT bands at 505 and 636 nm and appearance of ar and bands at 559 and 535 

nm, respectively, when the pH is raised above 8.4 (Figure 2.2) [225]. The resulting 

spectrum is similar to that of ferric cytochrome b, [373] (Table 2. I), a heme protein 

with bis-His axial coordination of the heme iron. The optical spectrum of the alkaline 

LS MnP is very different from that of hydroxo-HRP [205] (Table 2. I), supporting the 

assignment of the LS species in MnP to the formation of a bis-His, rather than a 

hydroxo-His, coordinated iron. A similar transition occurs in a mutant of MnP where 

F190 has been replaced by Ile (F1901), Ala (F190A) [225], or Val (F190V) [21], 

though at - 2 pH units lower than for the wild-type MnP. Previous visible MCD 

spectroscopy of the wild-type and F190I MnP at high pH indicated spectral features 

similar to those of the imidazole complexes of cytochrome c and myoglobin, as well 

as cytochrome b, [225, 4141. 

Replacement of the proximal residue F190, with Ile, Leu, Tyr, or Ala, does 

not affect the binding or oxidation of Mn2+ [225]. However, the thermal stability of 

the protein and the stability of oxidized enzyme intermediates are decreased in the 

mutant proteins 12251, The bulky Phe residue may provide a steric barrier that 

restricts mobility within the heme pocket 12251. Replacement of the large aromatic 

ring with smaller hydrophobic residues, such as Ile, may remove these restrictions, 

resulting in increased movement in the heme pocket. This may allow coordination of 

the distal H46 to the heme iron, thus accounting for the sensitivity of these mutants to 

external conditions, such as pH. 

Upon reduction with dithionite, the electronic spectra of the wild-type and 

F190I mutant proteins at pH 5.0 display a prominent absorption band at 557 nm with 

shoulders near 5 15 and 585 nm (Figure 2.5), characteristic of pentacoordinate ferrous 



heme proteins [386]. When the pH is raised to 7.5 for F190I and pH 9.0 for wild- 

type MnP, the spectra display two prominent absorption bands at 558 and 529 nrn, 

similar to the optical spectrum of ferrous cytochrome b,,, (Table 2.1) 12961, a known 

bis-His coordinated iron heme protein [124, 1871, strongly suggesting the formation 

of a bis-His heme iron at high pH. 

RR spectroscopy is sensitive to the oxidation and spin state of iron porphyrins 

in proteins. Excitation within the Soret region enhances symmetric modes of 

vibration within the porphyrin [365]. The modes v,, v,,, and v, are primary RR 

markers bands that characterize spin state, a measure of the pyrrole nitrogen-carbon 

stretching frequencies within the porphyrin core that respond to changes in the iron 

spin [364]. The RR spectra of the ferric wild-type and F190I mutant MnP are very 

similar (Figure 2.3, Table 2.1), indicating that the F1901 mutation alone does not 

disturb the porphyrin core. The location of the oxidation state marker band, v,, at 

1374 cm-' exhibited by both proteins is typical of ferric hemes [365]. Raising the pH 

has no effect on the oxidation state of either the wild-type or the F190I MnP (Figure 

2.3). However, shifts in the v,, v,, and v,, bands at high pH evidence a transition 

from a predominantly 5cHS species, with a small 6cHS component consistent with an 

aquo-heme, to a fully 6cLS heme iron species (Figure 2.3). The RR spectra of the 

alkaline ferric MnPs closely resemble those of ferric cytochrome b,,, and ferric 

bis(imidazo1e) heme (Tables 2.2) [70, 124, 1871, further supporting the assignment of 

the 6cLS species to a bis-His axial ligated heme iron. 

Incubation of the protein in "0-labeled water did not result in any changes in 

the low-frequency spectrum, as would be expected for a hydroxo-ligated heme iron. 

Other peroxidases, such as HRP and turnip peroxidase, also exhibit HS -+ LS 

transitions at high pH that had been previously attributed to coordination of a distal 

His to the heme iron [276, 3911. However, more recent studies have shown that 

incubation of several HRP isozymes in "0-labeled water at high pH results in shifts 

in the low-frequency RR spectra [351]. Bands in the spectra of LS alkaline HRP and 

turnip peroxidase have since been assigned to Fe-OH stretching at 500-520 cm-'. 

These peaks are shifted by -9 to -24 cm-' in H2180 [351]. No corresponding change 

was detected in the alkaline ferric wild-type MnP, consistent with the assignment of 



the 6cLS species to a bis-His iron heme rather than a hydroxo-His iron heme 

complex. 

RR spectra of the reduced proteins at high pH (Figure 2.6, Table 2.2) also 

show changes for the v,, v,, and v,, spin-state modes at high pH for both the wild- 

type and F190I mutant MnP indicating a HS -+ LS transition. The RR spectra of the 

reduced alkaline proteins resemble those of ferrous cytochrome b5,, and ferrous 

bis(imidazo1e) heme [69, 1871, further supporting the formation of a bis-His species 

in MnP at high pH. 

Together these results provide strong evidence that the 6cLS species formed in 

both the oxidized and reduced proteins is a bis-His heme iron. It has been proposed 

that this alkaline 6cLS complex is formed by ligation of the distal His46 to the heme 

iron as shown for alkaline cytochrome c peroxidase [357]. The identical RR spectra 

exhibited by the wild-type and F190I mutant proteins indicate that the same heme 

species is formed by both proteins; however, the F190I mutation allows coordination 

of the distal His to the heme iron at a lower pH than is observed in the wild-type 

protein. 

The electronic absorption spectrum of the 6cLS MnP formed at high pH is 

similar to that previously observed in thermally inactivated MnP [379]. Near IR- 

MCD spectroscopic analysis suggested the formation of a highly symmetric heme iron 

in the heat-treated enzyme [381]. The addition of excess calcium to the thermally 

inactivated MnP restored the HS native optical spectrum [379, 3811. Our present 

results indicate that excess calcium also restores the HS optical (Figure 2.4) and RR 

[data not shown] spectra of both wild-type and F1901 MnP at high pH. Together, 

these results indicate that Ca2+ mediates the transition from a 6cLS bis-His heme iron 

back to 5cHS heme iron. 

Sutherland and co-workers proposed that loss of the distal Ca2+ is responsible 

for the HS -. LS transition upon thermal inactivation [379, 3811. However, the loss 

of either or both of the distal or proximal Ca2+ ions (Figure 2.1) could conceivably 

result in the observed changes. The distal Ca2+ -binding site comprises the side chains 

of D47, S66, and D64, the backbone carbonyls of G62 and D47, as well as two water 

molecules (Figure 2.1) [376]. D47 is on helix B adjacent to the catalytic distal H46, 



and one of the water ligands to the calcium is bound to E74, which forms part of the 

H-bond network through 480 which terminates at the catalytic distal H46 (Figure 2.1) 

[ref 376 and references therein]. Loss of the distal calcium could result in changes in 

helix B and/or the E74-N80-H46 H-bond network, which could permit the ligation of 

the distal H46 to the heme iron. 

However, loss of the proximal Ca2+ could conceivably result in changes in the 

conformation of the proximal domain or in the position of the proximal His173, 

resulting in movement of the heme iron, thus also enabling ligation to the distal H46. 

The proximal calcium is bound by the backbone carbonyls of T196, S174, and T193 

and the side chains of D191, T193, D198, and S174, which is adjacent to the 

proximal H173 (Figure 2.1B) [376]. Indeed, F190 is adjacent to D 191 and 

replacement of F190 may affect stability of the proximal Ca2+ binding site. It is 

therefore conceivable that both Ca2+ ions may be involved in preventinglreversing the 

formation of the bis-His heme complex. 

The accessibility of the Ca2+ binding site(s) appears to be diminished at low 

pH. In thermal stability experiments, the addition of exogenous Ca2+ was less 

effective in preventing inactivation of the enzyme at low pH [379]. Protonation of the 

carboxyl ligands at the sites may alleviate repulsion in the empty site, resulting in a 

"collapse" of the site(s) preventing access by Ca2+. The resulting limited access may 

explain the inability of the cation to completely restore the HS species after the pH 

was lowered to 5.5 (Figure 2.4C, spectrum 3). Other cations, such as Mn2+ [379, 

4421, also have been observed to confer thermal stability to MnP. Sutherland and 

coworkers hypothesized that Mn2+ stabilized the enzyme by binding at the distal 

calcium binding site. However, since Mn2+ is unable to restore the native HS enzyme 

at high pH when the site is most exposed, it probably does not bind efficiently at the 

Ca2+ binding site(s). Rather, Mn2' probably confers stability to the enzyme by 

binding at the Mn2+-binding site. Coordination of a metal at this site, which includes 

three amino acids and the two heme propionates, may provide additional anchoring of 

the heme to the protein [442]. 

In conclusion, optical absorption and resonance Raman spectroscopy indicate 

that, at high pH, MnP undergoes a transition from a 5cHS to a 6cLS bis-His iron 
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heme species. No evidence for a hydroxo-heme species was found. Similar LS bis- 

His heme species are formed in both the wild-type and F1901 mutant MnP proteins, 

although the pH at which this transition occurs is significantly lower in the F190I 

variant. The optical spectra of the reduced proteins at high pH closely resemble those 

of cytochrome b,,, [296], a known bis-His-ligated protein [124, 1871. Moreover, the 

RR spectra of the oxidized and reduced MnP proteins are also similar to those of 

cytochrome b5,, and bis(imidazo1e) heme [69, 70, 1871. Finally, the 5cHS species is 

restored upon addition of excess calcium at high pH. This suggests that loss of one 

or both of the structural Ca2+ ions may result in conformational changes that permit 

coordination of the distal H46 to the heme iron. Other metal cations, including 

Mg2+, Mn2+, and Cd2+, were unable to restore the HS pentacoordinate species at high 

pH. 



CHAPTER 3 

EFFECTS OF CADMIUM ON MANGANESE PEROXIDASE: 

COMPETITIVE INHIBITION OF MnZ+ 

AND THERMAL STABILIZATION OF THE ENZYME* 

3.1. INTRODUCTION 

White-rot basidiomycetous fungi are primarily responsible for the degradation 

of lignin, a heterogeneous phenylpropanoid polymer constituting 20-30% of woody 

plant cell walls [%a, 143, 222, 3391. Major components of the extracellular lignin- 

degrading system of the white-rot fungus, Phanerochaete chrysosporium, include two 

heme peroxidases, lignin peroxidase and manganese peroxidase (MnP), as well as 

enzymes involved in peroxide generation [140, 143, 222, 2381. Unlike other enzymes 

involved in lignin degradation by P. chrysosporium, MnPs are produced by essentially 

all lignin-degrading fungi [168, 2991. Investigation of this enzyme is therefore 

important to our understanding of this important degradative pathway. 

Manganese peroxidase isozyme I from P. chrysosporium has been purified and 

extensively characterized by a variety of biochemical and biophysical techniques [135, 

140, 226, 4261. Spectroscopic, DNA sequence, and crystallographic studies suggest 

that the heme environment of MnP is similar to that of other plant and fungal 

peroxidases [24, 164, 3 13, 376, 4261. However, MnP is the only such peroxidase 

* Originally published in this or similar form in the European Journal of Biochemistry and used here 
with permission of Blackwell Publishing Ltd. on behalf of the Federation of European Bioch4emical 
Societies. 

Youngs, H. L., Sundaramoorthy, M., and Gold, M. H. (2000) Effects of cadmium on manganese 
peroxidase: competitive inhibition of Mn" oxidation and thermal stabilization of the enzyme. Eur. J. 
Biochem. 267, 1761-1769. 



that catalyzes the one-electron oxidation of Mn2+, a component of woody plant tissues 

[441], to Mn3+ [135, 4261 in a typical peroxidase cycle: 

MnP + H202 -. MnPI + H20 (reaction 3.1) 

MnPI + Mn2+ --+ MnPII + Mn3+ (reaction 3.2) 

MnPII + Mn2+ --+ MnP + Mn3+ + H20 (reaction 3.3) 

where MnPI and MnPII are the oxidized intermediate compounds I and I1 of MnP. 

Oxalate, which is secreted by the fungus, and other organic acid chelators, 

such as malonate, stabilize the enzyme-generated Mn3+ [227, 233, 4261. These 

Mn3+-chelate complexes diffuse away from the enzyme to oxidize phenolic substrates, 

including lignin, lignin model compounds [308, 403, 4251, and aromatic pollutants 

[321, 406, 4071. In addition to oxidizing Mn2+, MnPI and MnPII can directly oxidize 

small phenolic compounds, such as guaiacol and dimethoxyphenol, although the rates 

are greatly reduced compared with the Mn-mediated reaction [26, 227, 422, 4361. 

Crystal structure [376, 3771 and site-directed mutagenesis studies [226, 237, 

4361 indicate that the Mn2+ in the MnP binding site is hexacoordinate with four 

carboxylate ligands from the side chains of three amino acids, Asp179, Glu35, Glu39, 

and heme propionate 6, as well as two water ligands, one of which is hydrogen- 

bonded to heme propionate 7. Competition for these ligands by other metal ions has 

not been studied extensively. Sm3+, Eu3+ [H. L. Youngs and M. H. Gold, 

unpublished results], and Co2+ (Ki - 1 mM) [164] are competitive inhibitors for 

Mn2+, whereas, Ca2+ and Mg2+ do not inhibit Mn2+ oxidation by MnP [H. L. Youngs 

and M. H. Gold, unpublished results]. 

Recently, Cd2+ has been reported to inhibit the oxidation of 3- 

dimethylaminobenzoic acid, poly R, and polycylic aromatic hydrocarbons [18, 191 by 

the unpurified extracellular fluids of the white-rot fungi P. chrysosporiurn and 

Pleurotus ostreatus. However, Cd2+ also inhibits fungal growth 119, 3921 and may 

affect extracellular enzyme levels. Herein, we report the results of steady-state and 

transient-state kinetic experiments on the inhibition of purified MnP by Cd2+. We 

also investigate thermal stabilization of MnP by Cd2+ alone and by Cd2+ and Mn2+ 

together. 



3.2 MATERIALS AND METHODS 

3.2.1 Enzyme Preparation 

MnP isozyme I was purified from the concentrated extracellular medium of 

acetate-buffered, high-carbonllow-nitrogen liquid agitated cultures [I361 of P. 

chrysosporium wild-type strain OGClOl [8]. The concentrated medium was pH- 

adjusted to 6.5 and loaded on a DEAE-Sepharose column equilibrated with 20 mM 

potassium phosphate, pH 6.5. The column was washed with 20 rnM potassium 

phosphate, pH 6.0, and MnP was eluted as a single band with 20 mM sodium 

succinate, pH 5.5. The eluate was washed, concentrated, and further purified by 

Cibacron Blue 3GA dye affinity chromatography and FPLC using a Mono Q column 

as previously described [237, 2631. To remove bound Mn2+, the enzyme was gel- 

filtered on a G-25 Sephadex column in sodium succinate, pH 4.5. Metal (Mn, Fe, 

Cd) content was determined by atomic absorption spectroscopy using a Varian 

SpectraAA 20B spectrometer fitted with a graphite furnace. Enzyme was incubated 

with a 100-fold excess of either Cd2+, Mn2+, or a mixture of half Mn2+ and Cd2+ in 

50 mM malonate, pH 4.5, for 1 h at 4°C. The enzyme solutions were then 

concentrated and washed extensively using Centricon membranes (Amicon). Atomic 

absorption measurements for each metal were quantified by comparison with standard 

solutions. Purified enzyme had an RZ,,,~,, 2 5. The enzyme concentration was 

determined using E,, = 129 mM-' - cm-' [136]. 

3.1.2 Kinetic and Spectrophotometric Analyses 

Steady-state kinetics of Mn2+ oxidation were measured as Mn3+-malonate 

formation at 270 nrn as previously described [426], using a Shimadzu UV-260 

spectrophotometer. Binding of Cd2+ to MnP in 50 mM sodium malonate, pH 4.5, 

was determined using difference spectroscopy, as previously described for Mn2+ 

binding [426]. Transient-state kinetic experiments were performed on an Applied 

PhotoPhysics SX. 18 MV sequential stopped-flow reaction analyzer at 25.0 _+ 0.2"C, 

as recently described [359]. Complete formation of enzyme intermediates was 

confirmed by rapid scanning. Substrates oxidations were analyzed in the presence or 



absence of various amounts of CdSO, in 50 mM potassium malonate, pH 4.5, as 

indicated. The ionic strength (I) of all solutions was adjusted to 0.1 M with K2S04. 

A minimum 10-fold excess of substrate over enzyme was used in all reactions to 

ensure pseudo-first-order reaction kinetics. Reduction of MnPI was followed at 416 

nm, the isosbestic point between MnPII and native enzyme. Formation of MnPI and 

reduction of MnPII were followed at 397 nm, the isosbestic point between MnPI and 

MnPII. All kinetic traces displayed single-exponential character, from which pseudo- 

first-order rate constants were calculated. 

3.2.3 Thermal Inactivation of Enzyme 

Dilute, metal-free enzyme (10 pg . mL-') in 50 mM malonate, pH 4.5, was 

incubated at 55OC for up to 15 min, alone, or in the presence of the metals indicated. 

Aliquots (50 pL) of the heat-treated enzyme were removed at various time intervals 

and diluted to 1 mL with a room-temperature solution containing 500 pM MnSO, in 

50 mM potassium malonate, pH 4.5. The ionic strength was adjusted to 0.1 M with 

K2S04. The rate of Mn3+-malonate formation was recorded at 270 nrn on addition of 

H202 to 100 pM. The initial activity was considered to be 100% for each run. 

3.2.4 Chemicals 

DEAE Sepharose CL-6B, Cibacron Blue 3GA, Sephadex G-50, potassium 

ferrocyanide, 2-methoxyphenol (guaiacol) , 2,6-dimethoxyphenol (DMP) , and H202 

(30% solution) were obtained from Sigma-Aldrich. CdSO, was obtained from 

Mallinckrodt. The concentration of H202 was determined using c~,~,, = 39.6 

M-' - cm-' [280]. Solutions used for kinetic assays were prepared with HPLC-grade 

water from Sigma-Aldrich. Atomic absorption standards for Mn, Fe, and Cd were 

obtained from Sigma-Aldrich. Other solutions were prepared using distilled water 

further purified by the MilliQ 50 (Millipore) filtration system. DMP was purified by 

silica gel chromatography in hexanelethyl acetate before use. 



3.3 RESULTS 

3.3.1 Steady-State Kinetics of Inhibition by Cd2+ 

Under steady-state conditions, the effect of Cd2+ on the oxidation of Mn2+ by 

MnP was determined by following the formation of Mn3+-malonate at 270 nrn. Table 

3.1 lists the Ki values determined. With Mn2+ as the varied substrate, inverse plots at 

varying concentrations of CdSO, were linear with a common ordinate-intercept 

(Figure 3. lA), indicating that Cd2+ is a competitive inhibitor of MnP-catalyzed 

Mn3+-malonate formation. A Ki = 10 pM was calculated from the replot of the 

slope (K ,,,,, I V,,) vs. [Cd] (Figure 3.1 A, inset). 

The inverse plots of the steady-state kinetic analysis of Mn3+ -malonate 

formation with H202 as the varied substrate are shown in Figure 3.1B. The inverse 

plots at various Cd2+ concentrations were linear and parallel, indicating that Cd2+ is 

an uncompetitive inhibitor of H202. A Ki - 8 pM was calculated from the replot of 

intercepts (l/Vm,) vs. [Cd] (Figure 3. lB, inset). 

The effect of Cd2+ on the oxidation of 2,6-DMP by MnP in the presence of 

Mn2+ was also investigated. The inverse plot shows competitive inhibition with a 

calculated K, .= 4 pM [data not shown]. Under steady-state conditions, the direct 

oxidation of 2,6-DMP or guaiacol by MnP in the absence of Mn2+ was not inhibited 

by Cd2+ [data not shown]. 

3.3.2 Binding of Cd2+ to MnP 

Cd2+ binding to MnP in malonate, pH 4.5, produces characteristic difference 

spectra similar to those observed for Mn2+-MnP binding [426]. The spectra display a 

maximum at = 403 nm and minimum at .= 424 nm (Figure 3.2). The apparent 

dissociation constant, K, - 8 pM, was calculated from the plot of llAA vs. l/[S] 

(Figure 3.2, inset) according to Eqn (3.4), where AA, is the absorbance change for 

the complete formation of the complex. 

11AA = Kd/AA,1/[Cd2+] + 1/AA, 



Table 3.1 

Inhibition Constants for Cd2+ " 

Steady-state inhibition Transient-state inhibition Binding 

K - ~ n  lo pM K - M n P i b  ND Kd,Mn 10 pM 

K i - ~ n 1 2 . 6 - ~ ~ ~  pM K i - ~ n ~ ~  (pH 4.5) " pM K d , ~ d  t3 pM 

K i - 2 , 6 - ~ ~ ~  ND K i - ~ n ~ ~  (pH 3.0) " 1 mM 

&-guiaicol ND K - M ~ P I I ~  5 PM 

" Reactions were conducted in 50 mM malonate, pH 4.5, except where 
indicated. The ionic strength of all solutions was adjusted to 0.1 M with K2S04 .  
Inhibition of 2,6-DMP oxidation was evaluated in the presence (Ki,Mn/2,6.DMP) and 
absence (K,,,,,,,,) of Mn2+. Inhibition of guaiacol oxidation was evaluated in 
the absence of Mn2+. ND indicates no inhibition detected. Constants of 
inhibition in the transient-state were calculated using assumptions described in the 
text. 

MnPI formation. 

" MnPI reduction. 

MnPII reduction. 



Figure 3.1 Inverse plot of (A) llrate vs. l/[Mn] and (B) llrate vs. 1/[H20,]. (A) Reaction mixture contained 0.5 pg - mL1 
MnP (10 nM), 100 pM H202, in 50 mM malonate, pH 4.5, with MnSO, concentrations from 0.1 to 1 mM. CdSO, 
concentrations of 0 (o) ,  0.01 (@), 0.05 (a), 0.1 (m) and 0.3 (A) mM were used. The rate of Mn3+-malonate fotrmation was 
calculated using e = 9.7 mM-I - cm-'. Inset: Replot of the slope of the inverse plot vs. [Cd]. (B) Reaction mixtures contained 
1 pg -mL-' MnP (20 nM), 100 pM MnSO,, 50 mM malonate at pH 4.5, and H202 concentrations of 10-100 pM. CdSO, 
concentrations of 0 (o), 2.0 (a), 4.0 (o ) ,  10 (m), 20 (A) and 40 ( A )  mM were used. Inset: Replot of l/Vm vs. [Cd2+]. 



Figure 3.2 Binding of Cd2+ to manganese peroxidase. Difference spectra were 
recorded after addition of CdSO, to the sample cuvette. The change in absorbance 
increased with increasing CdSO, concentrations as shown. Sample and reference 
cuvettes both contained 3 pM MnP in 50 mM malonate at pH 4.5. Inset: The 
inverse plot, 1 / d  vs. 1/[Cd2+]. 



Binding of Cd2+ to MnP in 50 mM malonate, pH 4.5, was also measured by atomic 

absorption spectroscopy. The enzyme was incubated with buffer containing either no 

metal, 100-fold excess of Mn2+ or Cd2+, or a mixture of half Mn2+ and Cd2+, then 

repeatedly concentrated and washed with water. In all solutions, 0.9 equiv. Fe were 

observed per protein molecule. No Cd2+ or Mn2+ was detected in the control sample. 

The enzyme incubated with only Mn2+ contained 0.9 equiv. Mn per protein molecule. 

The enzyme incubated with only Cd2+ contained 0.7 equiv. Cd per protein molecule. 

The sample incubated with half Cd2+ and Mn2+ contained 1.3 equiv. Mn and 1.0 

equiv. Cd per protein molecule. 

3.3.3 Transient-State Kinetics of Cd2+ Inhibition 

3.3.3.1 Effect of Cd2+ on MnPI formation. MnPI formation (reaction 3.1) 

was monitored as a decrease in A,,,, the isosbestic point between MnPI and MnPII. 

The plots of k,,, vs. [H202] were linear (Figure 3.3A) with calculated apparent 

second-order rate constants for MnPI formation, k1,,, - 3 x lo6 M-' - s-', for all 

concentrations of Cd2+ (Table 3.2), similar to previous reports of wild-type and 

various mutant MnPs [226, 237, 423, 4361. Cd2+ does not appear to affect MnPI 

formation (Figure 3.3A), in accordance with the steady-state kinetic results which 

indicate that Cd2+ is uncompetitive for H202. 

3.3.3.2 Effect of Cd2+ MnPZ reduction. As predicted by the steady-state 

kinetics, reduction of MnPI by Mn2+ (see reaction 3.2) was inhibited by Cd2+ (Figure 

3.3B). The plots of the observed rate constants (k;,,,) vs. [Mn] were linear, 

indicating a second-order reaction as presented in Scheme 3.1. 

k2 
MnPI + Mn2+ --. MnPII + Mn3+ 

+ 
Cd2 + 

KiMnPr S. 
MnPI - Cd2+ 

Scheme 3.1 





Table 3.2 

Kinetic Parameters of Compound I Formation and Reduction 
of Compounds I and I1 in the Presence of Cd2+ " 

Apparent second-order rate constants (M-' . s-') 
[Cd"] MnPI MnPI reduction MnPII 

(p") formation reduction 
Hz02 Mn Guaiacol p-Cresol p- res sol 



The second-order rate constants for several concentrations of Cd2+ are shown in Table 

3.2. As Cd2+ is a competitive inhibitor of Mn2+, presumably only Cd2+-free enzyme 

is able to react with Mn2+. 

In this case, kobs is described by Eqn (3.2), where [MnPI] is the concentration 

of cadmium-free MnPI. 

k2,0hs = k2[Mn2+] [MnPI] (3.2) 

The reactions are carried out under pseudo-first order conditions such that: 

-d[MnP1lm,ldt = k2,0bs[MnP11tota, (3 3) 

Assuming a rapid pre-equilibrium reaction between MnPI and Cd2+, the K,,Mn,, 

representing the equilibrium dissociation constant for the MnPI-Cd2+ complex can be 

used to obtain the following expression for k,,,,,: 

k2,obs = k2[Mn2+l { - [LCd2+ + Ki,MnPI)l) (3 4, 

The apparent second-order rate constant (k,,,,,) is calculated for the enzyme in the 

absence of inhibitor when k,,, = k2,,,,[Mn2+]. The apparent second-order rate 

constants for various concentrations of Cd2+ are listed in Table 3.2. An average 

Ki,M,p, .= 3 pM (Table 3.1) was calculated for Cd2+ inhibition of MnPI reduction by 

Mn2+. At pH 3.0, inhibition by Cd2+ was much weaker than a Ki,MnPI 1 mM 

(Table 3.1). Reduction of MnPI by guaiacol and p-cresol in the absence of Mn2+ 

showed only slight inhibition in the presence of Cd2+ (Figure 3.3C, Table 3.2). Ki 

values could not be calculated for these substrates because of the unknown nature of 

the inhibition (i.e., competitive or mixed), as no inhibition was observable for these 

substrates in the steady-state analysis. 

3.3.3.2 Effect of Cd2+ on MnPZZ reduction. Cd2+ also inhibited the 

reduction of MnPII to native enzyme (MnP) by Mn2+ (reaction 3.3). The plots of the 

observed rate constants (Figure 3.4) showed saturation at higher levels of Mn2+, 

indicating the formation of a MnPII-Mn2+ complex according to Scheme 3.2. At 

higher concentrations of Cd2+ (> 10 pM) the plots became linear, suggesting that 

exchange of Mn2+ for Cd2+ became the limiting step in the reaction. The first-order 

and second-order rate constants, the calculated apparent second-order rate constants 

(k3,app), and apparent dissociation constants (K,) are listed in Table 3.3. 



Figure 3.4 Inhibition of MnPII reduction by Mn2+ in the presence of Cd2+. Reaction 
mixtures contained 1 pM MnP, 1 pM H,02, and 1 pM &Fe(CN), in 20 mM 
malonate (I = 0.1 M, K2S04). The MnSO, concentration was varied from 10 to 150 
pM. CdSO, concentrations of 0 (o), 2.5 (a), 5 (a), 10 ( A ) ,  50 (a), and 500 (m)  
pM were used. Each k,,, was obtained from the exponential change in A,,,. Inset: 
Replot of apparent K, vs. [Cd] . 



Table 3.3 

Kinetic Parameters for the Reduction of MnP Compound I1 
by Mn2+ in the Presence of Cd2+ a 

Apparent first Apparent and calculated 
Apparent binding order rate 

[Cdlll (pM) constant K, ( p ~ )  
second order rate 

constant (s-l) constants (M-' - s-') 

" Reactions were conducted and kinetic values were determined in 50 mM 
malonate, pH 4.5, as described in the text. 

Calculated second-order rate constants. 

Apparent second-order rate constants. 



Kd k3 
MnPII + Mn2+ - [MnPII-Mn2+] -. MnP + Mn3+ 

+ 
Cd2 + 

K i ~ n ~ l l  

MnPII - Cd2+ 

Scheme 3.2 

An expression for k,,, (Eqn 3.5) can be derived from Scheme 3.2 (see Appendix I), 

assuming competitive inhibition and rapid pre-equilibria between MnPII and both 

metals, which appears to hold for lower Cd2+ concentrations (< 10 pM): 

kobs = k3app[Mn2+l~,MnP111(Kd~,MnPII + [Mn2+lKi,MnPII + Kd[Cd2fl) (3.5) 

This expression reduces to Eqn (3.6) when the Cd2+ concentration is zero: 

kobs = k3,app[Mn2+lI([Mn2+l + Kc,) (3.6) 

The K,, and k,,,,, values were calculated by fitting the kob, vs. [Mn2+] plot to Eqn 

(3.6). Using this technique, values of K, .= 120 pM and k,,,,, = 550 s-' were 

obtained, in the absence of Cd2+, similar to values previously reported [360]. These 

values were then used to calculate inhibition constants for all [Mn2+] and [Cd2+] 

studied, yielding an average Ki,MnPI1 = 5 pM for Cd2+ inhibition of MnPII reduction 

by Mn2+ in 50 mM malonate, pH 4.5. MnPII reduction by guaiacol [data not shown] 

and p-cresol (Table 3.2) in the absence of Mn2+ showed negligible inhibition by Cd2+, 

similar to that observed for MnPI reduction. 

3.3.3.4 Effect of Cd2+ on thermal inactivation of MnP. The effect of Cd2+ 

on the thermal inactivation of MnP was investigated by monitoring the activity 

remaining after the enzyme was incubated alone and in the presence of metal at 55"C, 

as described above. The fraction of activity remaining vs. time is plotted in Figure 

3.5, and the half-lives for each combination are reported in Table 3.4.  Cd2+ and 

Mn2+, and to a lesser extent Ca2+, protected the enzyme from thermal inactivation. 

Both Mn2+ and Cd2+ at 1 mM extended the half-life of the enzyme by 2.7-fold and 

2.2-fold, respectively, whereas 1 mM Ca2+ only extended the half-life by 1.28-fold. 

Combinations of Cd2+ and Mn2+ protected the enzyme far more efficiently than either 

metal alone or either metal with Ca2+. The combination of 0.5 mM Mn2+ and 0.5 

mM Cd2+ extended the enzyme half-life by over 10-fold. In contrast, half-lives of 
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Figure 3.5 Effect of Cd2+ on the thermal inactivation of MnP. MnP (10 pg - mL-') 
in 50 mM malonate, pH 4.5, was incubated alone (0) or in the presence of 1 mM 
CaCl, (A), 1 mM MnSO, (0) or 1 mM CdSO, (0), or 0.5 mM MnSO, + 0.5 mM 
CdSO, (a) at 55°C for up to 15 min. The ionic strength of all incubations was 
adjusted to 0.1 M with K2S04. Aliquots of 50 pL were diluted to 1 mL (0.5 pg - mL-I 
MnP) and assays for Mn3+-malonate formation was conducted at 270 nm as described 
with 100 pM H202 and 500 pM MnSO, in 50 mM malonate, pH 4.5, I = 0.1 M 
K2S04. 



Table 3.4 

Half-Lives of MnP Incubated at 55°C with Various Metals 
in 50 mM Potassium Malonate, pH 4.5 

- -  - -- 

Metals added 

None 

1 mM Ca 

1 mM Cd 

1 mM Mn 

0.5 mM Mn + 0.5 mM Cd 

1 mM Ca 

2 mM Cd 

2 mM Mn 

l m M M n +  1 m M C a  

1 m M C d  + 1 m M C a  

1 m M M n  + 1 m M C d  



enzyme incubated with Mn2+ and Ca2+ or Cd2+ with Ca2+ were extended only slightly 

over those of enzyme incubated with Mn2+ or Cd2+ alone. 

3.4 DISCUSSION 

The binding of Cd2+ to MnP results in a perturbation the heme Soret which is 

similar to that observed on binding of Mn2+ to the enzyme. This suggests that Cd2+ 

is binding at a site close enough to the heme to affect the electronic absorption 

spectrum of the prosthetic group. X-ray crystallographic analysis indicates that the 

Mn2+-binding site comprises the carboxylate of three amino acids, Asp179, Glu35, 

and Glu39, as well as the carboxylate of heme propionate 6 and, through a bridging 

water, heme propionate 7 [376]. The binding of Mn2+ to the heme propionates is 

probably responsible for the change in the Soret observed when this metal binds to 

MnP. Consistent with kinetic data indicating competition of Cd2+ and Mn2+, binding 

of Cd2+ to MnP produces a similar perturbation in the Soret. These results suggest 

that the Mn2+-binding site is the most likely site for Cd2+-binding. 

Our preliminary spectroscopic results do not, however, exclude alternative or 

additional sites for Cd2+ binding. The preference of group 12 metals such as Cd2+ 

and Hg2+ for "soft" ligands such as thiols or imidazole is well known [249]. The 

Mn2+-binding site in MnP is composed of relatively "hard" carboxylate ligands. 

However, our steady-state kinetic analyses indicate that Cd2+ is an effective, 

reversible, competitive inhibitor of Mn2+ oxidation by MnP. Transient-state kinetics 

confirm Cd2+ inhibition of both MnPI and MnPII reduction by Mn2+. However, Cd2+ 

does not interfere with MnPI formation as shown by both steady-state and transient- 

state kinetics, suggesting that Cd2+ does not bind to other important catalytic residues 

involved in MnPI formation, such as the distal His. 

There is evidence that Cd2+ can substitute for Mn2+ in other enzymes, such as 

photosystem I1 [400] and Mn-dependent protein serine phosphatase [288]. 

Furthermore, Mn2+ and Cd2+ can replace other hard metals, such as Mg2+, in the 

binuclear metal-binding site of D-xylose isomerase [43] and Ca2+ in peanut peroxidase 

[256], phospholipase A [402, 4431, and Ca2+-dependent endonuclease [250]. Finally, 
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there is evidence that Cd2+ can effectively compete with Mn2+ in Mn2+-specific 

transport systems [239, 300, 4011. 

Previous kinetic analyses of binding site mutants show that reduction of 

enzyme intermediates by phenols are not affected by mutations at the Mn2+-binding 

site, which drastically reduce Mn2+ binding and oxidation [226, 237, 4361. This 

indicates that phenols bind at sites other than to the Mn2+-binding site. Accordingly, 

Cd2+ does not appear to significantly inhibit the direct oxidation of phenols by MnP in 

the steady state in the absence of Mn2+, while Cd2+ does inhibit the Mn3+-mediated 

steady-state oxidation of phenols by MnP, indicating specific inhibition of Mn3+- 

chelate formation. 

Cd2+ can compete with Mn2+ for its binding site on the enzyme, but additional 

competition between the two metals for chelator presumably also occurs. The 

contribution of this competition to the observed inhibition cannot be determined from 

the data presented here. However, considering the excess chelator concentrations 

used in our experiments, we believe the inhibition observed is primarily due to 

competition at the Mn2+-binding site. In support of this, the recently solved crystal 

structure of Cd2+-bound MnP indicates Cd2+ binding at the Mn2+-binding site [M. 

Sundaramoorthy, H. L. Youngs, M. H. Gold & T. L. Poulos, unpublished work]. 

Cd2+ is the only metal studied to date that binds to MnP with an equilibrium 

dissociation constant similar to that of Mn2+. The K, for Cd2+ is = 10-fold less than 

those recently determined for MnP-Gd3+ and MnP-Ce3+ [22]. These trivalent 

lanthanides have been proposed to mimic Mn3+ [22]. We propose that Cd2+ is an 

effective nonoxidizable mimic of Mn2+ in MnP. 

The results of the transient-state kinetic analyses suggest the inhibition by Cd2+ 

of Mn2+ binding to the enzyme intermediates, MnPI and MnPII. Because reduction 

of MnPI by Mn2+ is a second-order process, information on binding and catalysis are 

combined in the rate constant and cannot be distinguished (Scheme 3.1). In contrast, 

the reduction of MnPII displays "saturation kinetics," indicating that at high 

concentrations the formation of the productive ES complex consisting of Mn2+ -bound 

MnPII (Scheme 3.2) can be observed. In this case, binding is so much faster than 

catalysis that the ES accumulates and the kinetics of binding and catalysis can be 



separated into an apparent binding constant, K,, and apparent first-order catalytic rate 

constant, k,,,,. The addition of Cd2+ to the reaction (Scheme 3.2) most likely results 

in a depletion of the functional ES complex via formation of a competing EI complex, 

resulting in an increase in the apparent K, for Mn2+, as shown in the Figure 3.4 inset. 

At Cd2+ concentrations exceeding the apparent equilibrium KiVMnPlI for Cd2+ ( = 5 pM), 

the formation of EI may dominate. In this case, the rate of formation of ES probably 

becomes limiting; thus, ES forms at the same rate or more slowly than it is 

subsequently converted into product. Such an effect would presumably result in 

apparent second-order kinetics, where binding and catalysis are again combined into a 

single rate constant. The linear plots of k,,, vs. [S] for reactions containing > 10 pM 

Cd2+ support this probable transition (Figure 3.4). 

Kinetic studies also indicate that Cd2+ is not a dead-end inhibitor of MnP. 

The enzyme can presumbably oxidize substrates such as phenols at sites alternative to 

the Mn2+-binding site while Cd2+ is bound at the Mn-binding site. Very slight 

inhibition reduction of MnPI and MnPII by phenols was observed in the transient 

state; however, no inhibition of phenol oxidation was apparent under steady-state 

conditions in the absence of Mn2+. It is possible that interactions of Cd2+ with the 

phenolic substrates occur under transient-state conditions, in which the solutions are 

much more concentrated. Other substrates previously used in transient-state studies of 

MnP-intermediate reduction [360] such as halides and ferrocyanide could not be 

examined because of their precipitation in the presence of Cd2+. Alternatively, 

changes in protein conformation and/or redox potential on binding of Cd2' were 

considered. However, we expect that a Cd2+-induced change in the protein redox 

potential would affect the rate of MnPI formation and should be observable in the 

steady state. No such effects were observed. 

In addition to inhibition of Mn2+-oxidation, Cd2+ appears to afford thermal 

stability to MnP. Almost all of the thermal stability studies of MnP have focused on 

the role of structural Ca2+ ions, particularly the distal Ca2+ [379-3811. The addition 

of exogenous Ca2+ to thermally inactivated MnP restores enzyme activity and helps 

protect the enzyme from thermal denaturation [260, 379, 3811. Mn2+ also protected 

MnP from thermal inactivation. Under the conditions of the previous study, notably 



high pH (6.5) and low temperature (37"C), Ca2+ and Mn2+ afforded the same degree 

of protection to MnP. It was hypothesized that Mn2+ could bind at the Ca2+-binding 

site, protecting the enzyme in a fashion similar to Ca2+ [381]. Howevwe, our results 

indicate that, when MnP is incubated at high temperature (55°C) and the optimal pH 

(4.5), Ca2+ and Mn2+ differ markedly in their ability to stabilize the enzyme (Table 

3.4). It is likely that, under these conditions, Ca2+ and Mn2+ protect the enzyme by 

different mechanisms. Rather than binding to the Ca2+-binding site, Mn2+ and Cd2+ 

may stabilize the heme through its propionate ligands at the Mn2+-binding site and 

may therefore stabilize the enzyme by anchoring the heme to the protein. 

The combination of Mn2+ and Cd2+ dramatically increased the half-life of the 

enzyme by 10-fold over that of the enzyme in the absence of Mn2+ and Cd2+ and 3-4- 

fold over an equivalent concentration of either metal alone, suggesting a possible 

additional interaction. The preliminary X-ray crystal structure of Cd-MnP indicates 

that, in addition to binding of Cd2+ at the Mn2+-binding site, MnP apparently binds 

Cd2+ at the C-terminus in the crystal [M. Sundaramoorthy, H. L. Youngs, M. H. 

Gold & T. L. Poulos, unpublished work]. However, the site itself appears to be quite 

weak, affording only two amino acid ligands to the metal. The existence of a second 

low-affinity metal-binding site on MnP is supported by previous potentiometric studies 

[260]. Metal ligation at the C-terminus could offer additional stabilization of the 

enzyme by tethering the C-terminal tail to the body of the protein. However, no 

metal has been observed at this site in previous crystal structure of Mn-MnP [376, 

3771, and it is unclear whether this apparent binding site in the crystal structure 

occurs in solution. Crystals used for X-ray analysis were formed in cacodylate buffer 

at pH 6.5 [376, 3771 rather than under conditions optimal for activity (oxalate or 

malonate buffer at pH 4.5). 

Metal binding in solution under conditions optimal for activity was studied by 

atomic absorption analysis. When MnP was incubated with Mn2+ alone, 1 equiv. of 

the metal was bound to the enzyme, in accordance with our original X-ray- 

crystallography study [376]. Unlike the crystal structure of Cd-MnP, incubation of 

MnP in malonate solution at pH 4.5 with Cd2+ alone resulted in only 1 equiv. Cd2+ 

bound to the enzyme. It is probable that the crystal structure is not indicative of the 



solution state of the enzyme and that Cd2+ preferentially binds to the Mn2+-binding 

site in solution under conditions optimal for activity. However, we cannot rule out 

partial occupation of both sites with our current data. 

In contrast, when MnP was incubated with a mixture of half Mn2+ and half 

Cd2+, atomic absorption results suggest that the enzyme binds 1 equiv. of each metal. 

Binding of this second metal equivalent is most likely responsible for the additional 

thermal stabiity of enzyme incubated with the Mn2+/Cd2+ mixture vs. either metal 

alone. Differences in the occupancy of each site under different conditions may 

indicate subtle changes in geometry and binding preferences of the different sites for 

each metal. For example, binding of Mn2+ to the Mn2+-binding site may facilitate 

binding of Cd2' to the C-terminal site, whereas binding of Cd2+ to the Mn2+-binding 

site does not. Further experiments will be necessary to interpret the apparent 

additional interaction when MnP is incubated with both metals. 

In conclusion, Cd2+ is a reversible competitive inhibitor of Mn2+ in MnP. It 

does not inhibit substrates other than Mn2+, such as H20, and phenols, indicating 

specific interaction at the Mn-binding site. We also find that binding of Mn2+ or 

Cd2+ to the Mn-binding site affords considerable thermal stability to MnP. At low 

pH, this stabilization exceeds that offered by the binding of exogenous Ca2+ to the 

Ca2+-binding sites. Finally, binding and kinetic studies indicate that Cd2+ is the only 

metal studied to date that binds to MnP with an affinity similar to Mn2+ and may 

therefore be a nonoxidizable mimic of Mn2+ which could be useful for further probing 

this unique Mn2+-binding site. 



CHAPTER 4 

THERMAL STABILIZATION OF MANGANESE PEROXIDASES FROM 

PHANEROCHAETE CHRYSOSPORIUM AND DICHOMITUS SQUALENS: 

ROLE OF THE MANGANESE BINDING SITE 

AND A PUTATIVE C-TERMINAL METAL BINDING SITE 

4.1 INTRODUCTION 

Over the last thirty years, heme peroxidases have been applied to a wide range 

of basic research and industrial problems. Recent applications range from the release 

of caged molecules by peroxidases [348] to use of the enzymes in innovative sensitive 

diagnostic and biosensing assays [154, 193, 2011. Horseradish peroxidase isozymes 

(HRP) are the most extensively used peroxidases because they exhibit broad substrate 

specificity, are easy to isolate, and somewhat resistant to alkaline inactivation [101, 

3851. 

Extracellular fungal peroxidases such as lignin peroxidase (Lip) and 

manganese peroxidase (MnP) offer potential in biomaterial manufacture and 

detoxification of recalcitrant pollutants. These enzymes are of particular interest for 

several reasons: (1) they have higher redox potentials than HRP [25, 209, 2691; (2) 

they are more active and stable in acidic environments (-pH 3-4) than other 

peroxidases [I ,  60, 68, 2761; (3) they contain no tyrosine residues which are prone to 

oxidation and intra- and intermolecular crosslinking in other peroxidases [4, 11, 14, 

97, 139, 169, 293, 3 13, 4451; and (4) although they can directly oxidize a wide 

variety of phenols, they can also nonspecifically oxidize substrates via oxidative 

intermediates [26, 109, 160, 165, 166, 178, 4241. The veratryl alcohol cation radical 

is produced by Lip [132, 156, 214, 216, 2171. Chelated Mn3+ is generated by MnP 

[2, 135, 4251. Both are powerful oxidants, small and stable enough to diffuse away 



from the protein to oxidize terminal substrates, including large polymers such as 

lignin 132, 65, 73, 83, 120, 148, 162, 167, 2281. 

In spite of these advantages, the use of MnP and Lip in biotechnological 

applications is somewhat limited by their sensitivity to thermal and alkaline 

inactivation [283, 3801. Although LIP has a higher redox potential than MnP, it is 

also less stable [24, 601. An overlay of the two enzymes (Figure 4.1) shows that they 

share very similar structures [71, 105, 3761, although MnP has a longer C-terminal 

tail than Lip and a Mn-binding site at the y-edge of the heme [71, 105, 3761. 

The biophysical properties of an enzyme constrain the environmental 

conditions in which it may be applied. Therefore, rational approaches to extending 

enzyme serviceability require a thorough understanding of the enzyme active site(s) 

and the structural components necessary to maintaining active site integrity. 

Heme peroxidases are excellent subjects for structureffunction analysis. The 

enzyme activity is easily determined by use of a variety of chromogenic substrates, 

usually dyes or phenolic compounds, and the spectral properties of the heme provide 

a sensitive probe of the proteins inner core. In the present study, residual activity, 

the heme absorption, and the circular dichroism spectra are used to monitor the effect 

of exogenous metals on the thermal stability of MnP. 

Since the publication of the X-ray crystal structure of manganese peroxidase 

isozyme 1 from Phanerochaete chrysosporiurn (PcMnP1) in 1994 [376], several 

components have been shown to increase the thermal stability of the enzyme. These 

include: N-linked and 0-linked sugar moieties [144, 2841, the conserved heme pocket 

residue, Phel90 [21, 2251, and the two structural calcium atoms [376, 380, 3811. 

The effects of Ca2+ on thermal stability in MnP and Lip have been studied 

extensively. Loss of Ca2+ upon thermal inactivation and the ability of calcium to 

prevent thermal inactivation in MnP and Lip have been demonstrated [128, 283, 319, 

379-3811. Mutation of the distal Ca-binding ligand, Asp47, causes loss of the distal 

Ca2+ and inactivation of the enzyme, presumably through ligation of the distal 

histidine to the heme iron. A similar event is believed to occur during alkaline 

inactivation [see Chapter 21. 
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MnP

LiP
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Enzyme
PcLiPH8
PcMnPI
DsMnP2

C-tenninal amino acid sequence
S V ARIPPHKA-COOH
S L I A H C P D G S M S C P G V Q F N G P A-COOH
TLIPHC SNGSMNC TTVQFDGP A TNFDGDD S-COOH

Figure 4.1 (A) Overlay of the X-ray crystal structures of Mn peroxidase [376] and
lignin peroxidase isozyme H8 [309] from P. chrysosporium generated from
coordinates in the Brookhaven data bank in Swiss PDB Viewer. The C-termini and

Mn binding site are indicated. (B) Amino acid sequence alignment of the C-termini
of these enzymes and Mn peroxidase from D. squalens [245].



Emphasis on the role of Ca2+ in thermal stabilization of Mn peroxidase is 

logical. The Ca-binding sites are directly connected via H-bonding networks and 

through the backbone to the catalytic residues His46 and His173, distal and proximal 

to the heme [376]. Thus, loss of one or both calciums has significant impact on the 

heme environment, coordination, and activity [see Chapter 21. Such effects following 

alkaline inactivation are explored in Chapter 2. The structural calcium sites do, 

therefore, provide protection from thermal and alkaline inactivation. 

Certainly, studies on the addition of exogenous Ca2+ to the enzyme are of 

importance for in vitro application; however, they are of little physiological 

importance. First, the concentration of manganese in wood is in the mM range, 10- 

to 100-fold higher than that of calcium [441]. Second, all the studies to date have 

been conducted at pH 6.5, rather than at the enzyme's optimal pH of 4.5 [136, 380, 

3811. This is significant as the enzyme exhibits comparatively little activity at pH 

6.5. At neutral pH, reduction of compound 11 is significantly impaired and turnover 

is disrupted [227]. Also, as shown in Chapter 2, the Ca-binding sites are partially 

unavailable for binding exogenous metal at neutral pH. Thus, although Ca2+ does 

stabilize the enzyme, the work in Chapter 2 clearly shows that the addition of Mn2+ at 

pH 4.5 stabilizes the enzyme to a far greater extent. Furthermore, the only exception 

is in the specialized case of the Mn-binding site variants, indicating that stabilization 

occurs at the Mn-binding site, rather than the Ca-binding sites. 

In a previous study, Mn2+ was also shown to protect the enzyme from thermal 

inactivation but this effect was dismissed as binding of Mn2+ to the structural calcium 

binding sites [379]. This assertion is disproved by studies of the alkaline transition in 

MnP [Chapter 21 that indicate Mn2+ does not bind to the Ca-binding sites in MnP 

under normal physiological conditions (acidic pH). Thus, a physiologically important 

role for occupation of the Mn-binding site by manganese in thermal stabilization of 

the enzyme is indicated. 

Cd2+ also binds at the Mn-binding site and protects MnP from thermal 

inactivation to a degree similar to that of Mn2+ [Chapter 31. In addition, Cd2+ 

apparently also binds to a site at the C-terminus of the protein in the X-ray crystal 

structure at pH 6.0 [Chapter 31. The effect of Cd2+ on thermal stability may indicate 



a role for the C-terminus in protein stability. MnP sequences have longer C-terminal 

peptides than other class I1 peroxidases [144]. Recently, two mnp genes from 

Dichomitus squalens (DsMnP) were cloned and sequenced that have extended C- 

terminal regions. The predicted proteins share 69% overall sequence identity with 

MnP isozyme 1 from P. chrysosporium (PcMnP). The C-terminal regions in the 

DsMnPs are eight to twelve amino acids longer, compared to PcMnP sequences, and 

contain several polar and acidic amino acid residues [245] (Figure 4.1). 

Although the role of the calcium in thermal inactivation of MnP has been 

studied extensively, the roles of the Mn-binding site and C-terminus in the thermal 

stability of MnP remain unexplored. In this chapter, the effects of exogenous metals 

on the residual activities, heme Soret absorptions, and secondary structures of various 

MnP proteins are examined. Analysis of the wild-type PcMnP indicates that, at low 

pH, addition of exogenous Mn2' stabilizes the protein to a greater extent than Ca2'. 

Analyses of the Mn-binding site variants, D179N and E39D, indicate that the 

stabilization is due to interactions at the Mn-binding site. A putative C-terminal 

binding site variant, D84N, is also examined. The data indicate that this secondary 

site also contributes to thermal stability, although to a lesser extent than either the 

Mn-binding or Ca-binding sites. Finally, a recombinant MnP from D. squalens 

(rDsMnP) is examined. This protein, containing an extended C-terminus, exhibits 

kinetics similar to PcMnP, but is much more stable to thermal inactivation. The 

melting temperature of rDsMnP is almost 50°C higher than that of the PcMnP and 

the protein is 20 times more stable at 55OC. 

4.2 MATERIALS AND METHODS 

4.2.1 Organisms 

P. chrysosporium wild-type strain, OGC101, and prototrophic transformants 

expressing the D179N PcMnP construct pAGM6 [237], the D 179N-E35Q PcMnP 

construct pAGM9 [226], the D84N PcMnP construct [D. Li, unpublished], the E39D 

PcMnP construct [Chapter 51, and the rDsMnP construct pUDGM2 [246] were 

maintained as described previously [5]. 
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4.2.2 Purification of Proteins 

Wild-type MnP from P. chrysosporium was purified as previously described 

from shaking cultures grown in HCLN medium [136, Chapter 31. The D179N, 

D179N-E35Q, E39D, and D84N PcMnP variants were purified from shaking cultures 

grown in HCHN medium as previously described [237, 3601. The rDsMnP protein 

was expressed and isolated by Dongmei Li, as described previously [246]. 

4.2.3 Spectroscopic Procedures and Enzyme Assays 

Enzyme absorption spectra were determined using a Shimadzu UV-260 

spectrophotometer equipped with a jacketed cell and circulating water bath using a 

quartz cuvette with a 1-cm light path. Temperatures in the cell were measured 

directly using a Fluke 51 KIJ temperature probe. Thermal stability analyses were 

conducted as previously described [Chapter 31. Steady-state kinetic analyses were 

conducted as described [425] in 50 mM malonate (pH 4.5). MnP activity was 

determined at room temperature by monitoring the formation of Mn3+-malonate at 270 

nrn ( ~ 2 ~ 0  = 1 1 .6 mM-I - cm-') as described previously [ 136, 4251. Reaction mixtures 

(1 mL) contained 0.5 pg MnP, 2.5 to 200 pM MnSO,, 5 to 100 pM H202 in 50 mM 

sodium malonate (pH 4.5). Purified enzyme had an R, > 5 for the wild-type 

PcMnP, R, > 4.5 for the D179N PcMnP and R, > 4.3 for the rDsMnP. The 

enzyme concentration was determined using E,,, = 129 mM-' . cm-I [423]. 

4.2.4 Binding and Atomic Absorption Analyses 

Enzymes were passed over a Chelex-100 column (25 mL) pre-equilibrated with 

potassium phosphate (pH 6.0). Solutions used in binding experiments, including 50 

mM malonate (pH 4.5) and HPLC-grade water, were also treated with chelex, pH 

6.0, to remove metals. Metal (Mn, Fe, Cd) content was determined by atomic 

absorption spectroscopy using a Varian SpectraAA 20B spectrometer fitted with a 

graphite furnace as previously described [Chapter 31. 



4.2.5 Circular Dichroism 

Protein samples (10 pM in 4 mM sodium succinate, pH 4.5) were incubated in 

a cylindrical, water-jacketed quartz cell ( I  = 0.1 cm) connected to a Neslab RS-2 

circulating water bath with remote sensor. Spectra were recorded using a Jasco 5-720 

spectropolarimeter. Spectra ranging from 180 to 300 nrn were recorded prior to and 

following temperature changes. Melting curves were determined by following the 

ellipticity at 230 nm as the cell was heated from 35 to 65°C for the PcMnPs and 35 

to 95°C for the DsMnP, at a rate of 30°C .h-'. Plots were smoothed using the Jasco 

software and T, determined by a first derivative plot of the smoothed curve. (Values 

did not differ more than 0.3"C from derivatives of raw data.) 

4.2.6 Chemicals 

Phenyl sepharose CL-4B, DEAE sepharose CL-6B, sephadex G-100, 

potassium ferrocyanide, H202 (30% w/w), and HPLC-grade water were obtained from 

Sigma-Aldrich. All solutions used in kinetic analyses were prepared using HPLC- 

grade water. Otherwise, solutions were prepared using water purified by the MilliQ- 

50 ultrafiltration system (Millipore). Urea solutions were prepared fresh daily. The 

concentration of H,02 was determined using = 43.6 M-' cm-' [280]. Atomic 

absorption standards for Mn, Fe, and Cd were obtained from Sigma-Aldrich. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Analysis of Wild-Type Mn Peroxidase 

4.3.1.1 Kinetics and metal binding. The steady-state kinetic parameters for 

the enzymes used in this study are indicated in Table 4.1A. The transient-state 

kinetic parameters of the wild-type PcMnP and recombinant DsMnP are compared in 

Table 4. IB. Binding of metal ions to the enzymes was determined by atomic 

absorption spectroscopy following incubation with 1 mM Mn2+, 1 mM Cd2+, or 0.5 

mM of both metals in the presence of malonate at pH 4.5 and subsequent washing 

with chelex-treated HPLC water (Table 4.2). Wild type PcMnP binds 1.0 equivalent 

Mn2+ and 1.0 equivalent Cd2+ per mole protein, when incubated with an excess of 



Table 4.1 

(A) Steady-State Kinetic Parameters of rDsMnP and PcMnP 
(B) Transient-State Kinetic Parameters of rDsMnP and PcMnP 

Enzyme ko (s-I) 

wtPcMnP" 3.0 x lo2 

Values for Mn2+ were determined using 100 pM H202. Values for H,02 were 
determined using 500 pM MnSO,. All reactions contained 50 mM malonate, pH 
4.5, and 0.1 pg - mL-' enzyme. Mn3+-malonate formation was followed at 270 
nm. "From ref. 425. bFrom ref. 237. "See Chapter 4. 

Compound I Compound I 
Formation Reduction 
(HlO?) (Mn2+) 

Compound I1 Reduction 
(Mn2+) 

Enzyme k l , ~  k2w KD k3 k 3 ~ ~  
(M-' s-I) (M-' s-I) (PM) ( 0  (M-I s-I) 

rDsMnP 3.0 x lo6 4.8 x lo5 2.4 x lo1 2.4 x lo2 1.0 x lo6 

PcMnP 4.3 x lo6 1.4 x 10' 1.1 x lo2 5.6 x lo2 5.1 x lo6 

Kinetic values were determined as described in the text. Solutions contained 
final concentrations of 1 pM enzyme in 50 mM malonate (ionic strength = 0.1 
M K2S04). Compound I formation and compound I1 reduction were performed 
at the pH optimum of 4.5, whereas compound I reduction was followed at pH 
3 .O, due to the extremely fast rate of reduction at pH 4.5. 



Table 4.2 

Equivalents (per mole protein) of Metal Binding to Various Mn Peroxidases 
Determined by Atomic Absorption Spectroscopy 

Equivalents of metal per protein 

wtPcMnP rDsMnP 
- - 

Metal addeda Fe Mn Cd Fe Mn Cd 

None 1.0 0 0 1 .O 0 0 

Mn2+ 1 .O 1 .O 0 0.9 1.5 0 

Cd2+ 0.9 0 0.9 1 .O 0 0.7 

Mn2+ + Cd2+ 1 .O 1 .O 0.9 1 .O 1 .O 0.9 

Equivalents of metal per protein 

D179N D84N 
-- - 

Metal addeda Fe Mn Cd Fe Mn Cd 

None 1 .O 0 0 1 .O 0 0 

Mn2 + 1 .O 0 0 1 .O 1 .O 0 

Cd2+ 0.9 0 0 1 .O 0 1 .O 

Mn2+ +Cd2+ 1 .O 0 0 1 .O 0.3 1 .O 

Solutions contained 1 pM enzyme in 50 mM malonate, pH 4.5. Exogenous 
metal was added to a final concentration of 1 mM MnSO,, 1 mM CdSO,, or 0.5 
mM MnSO, + 0.5 mM CdSO, and incubated for > 20 min on ice. The enzyme 
was then concentrated in a centricon (Amicon) and washed with Chelex-treated, 
MilliQ-purified deionized H20. 



either metal ion alone. Surprisingly, the enzyme binds one equivalent each Mn2+ and 

Cd2+ when incubated with both metals. The amount of iron, 1.0 equivalent per mole 

protein is unchanged by incubation with exogenous metals. 

4.3.1.2 Residual activity kinetics and heme absorption. The purified enzyme 

was evaluated for thermal stability in the presence of exogenous metal. Half-lives 

were calculated from semi-log plots of the fraction activity remaining (residual 

activity) over time (Table 4.3). Denaturation of the protein, upon heating (49°C) or 

upon incubation in 4 M urea (37"C), was followed by measuring the decrease in the 

heme Soret absorbance at 406 nm. Denaturation constants (k,,,) and half-lives (t,,,) 

(Table 4.4) were determined from the slope of first-order plots (Figure 4.2) according 

to the relationship: 

InIA, - A,I = -kde,t + ln]A, - A,; (Equation 4.1) 

where A,, A,, and A, are the initial and final absorptions and the absorption at time 

t, respectively. 

The kinetics of inactivation measured by residual activity at pH 4.5 and 55°C 

are biphasic with an initial slow phase and secondary fast phase; whereas the loss of 

Soret absorption (pH 4.5, 49°C) is rnonophasic. This is in contrast to previous 

studies conducted at pH 6.5 and 37°C and higher where residual activity studies 

showed biphasic inactivation kinetics with a rapid initial phase and a slow secondary 

phase [380]. In that study, the authors also measured the Soret and tenuously 

correlated the change in absorbance to the second, slow phase of inactivation. 

Because the inactivation was largely reversible under the conditions of that study and 

upon the addition of calcium, the authors attributed the change in Soret to formation 

of a bis-histidyl heme complex with a lower extinction coefficient. However, under 

the conditions of this study, only the initial inactivation (slow phase) is reversible by 

lowering temperature. The initial phase was accompanied by an increase in the A,,, 

indicative of a bis-histidyl heme, a complex whose formation was shown to be 

reversible in Chapter 2. The enzyme appears to be irreversibly inactivated during the 

secondary phase [data not shown]. A likely mechanism for this is loss of the heme 

from the protein. The decrease in the Soret absorption A,, is consistent with this 

hypothesis. 



Table 4.3 

Half-Lives (in minutes) of rDsMnP and PcMnP 
in the Presence of Various Metals Determined from Semi-Log Plots 

of the Fraction Activity Remaining Versus Time 

Half-lives (in minutes) 

Metal Added wtPcMnP E39D D84N rDsMnP rDsMnP 

none 1.4 1.4 1.8 22 2.0 

1 mM Mn2+ 5.2 1.8 4.0 210 3.1 

1 mM Zn2+ 1.4 n.m. n.m. 100 2.5 

1 mM Cd2+ 4.5 2.8 4.5 100 6.0 

Activity was measured as the formation of Mn3+ -malonate at 270 nrn. Incubation 
mixtures contained 10 pg . mL-' enzyme in 50 mM malonate, pH 4.5, plus the 
various metals. Reaction mixtures contained a final concentration of 
0.5 pg mL-' enzyme in 50 mM malonate with 1 mM MnSO, and 0.1 mM H20,. 
The ionic strength of solutions was adjusted to 0.1 M with K2S04. n.m. 
indicates not measured. 



Table 4.4 

Kinetics of Heme Soret (A,,) Absorbance Loss 
during Denaturation of MnP by Heat and Urea 

Heat (49 " C )  4M Urea (37°C) 

Enzyme Metal addeda tt,,, (min) k e n  ( s )  t,,, (min) kden (s-I) 

wtPcMnP none 2.0 5.4 X 15.5 7.3 x 104 

Ca 6.6 ~ . O X I O - ~  22.8 5.8 x lo-, 
Mn 13 0.9 x 10" 28.6 4.3 x lo-, 

rPcMnP none 2.6 4.3 x lo-3 11.9 9.7 x lo-4 
Ca 6.8 1.6 x 12.7 9.1 x lo4 
Mn 10 1.1 x 14.8 7.8 x lo-, 

D 179N none 1.9 5.7 x 15.8 7.3 x lo-, 
Ca 6.1 1 . 9 ~ 1 0 - ~  29.2 9.1 x lo-, 

Mn 1.8 6.3 x 21.1 7.8 x lo-, 
D84N none 2.0 5.9 x lo-3 15.0 7.7 x lo-4 

Ca 6.3 1.8 x 25.2 4.6 X lo-, 
Mn 9.2 1.3 x 28.5 4.1 x lo-, 

Solutions contained 1.5 pM protein in 20 mM malonate, pH 4.5. Exogenous 
CaC1, or MnSO, was added to a final concentration of 1 mM. The ionic strength 
of all solutions was adjusted to 0.1 M with K2S04. 



Time (min) 

Time (min) 

Figure 4.2 Decrease in the heme Soret absorbance (Aa) upon heating the wild-type 
Mn peroxidase (A) and D179N variant MnP (B) in the absence of exogenous metal 
(o), 1 mM CaCl, (n), or 1 mM MnSO, (A). Solutions contained 1.5 pM enzyme in 
20 mM malonate, pH 4.5. The ionic strength of all solutions was adjusted to 0.1 M 
with K2S04. 
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The presence of Mn2+ prolongs the initial reversible phase during thermal 

inactivation, possibly by preventing the secondary phase loss of heme. Since Mn2+ is 

not effective at recovering the enzyme from the bis-histidyl form [see Chapter 21 and 

provides no protection from alkaline inactivation, it is unlikely to be affecting heme 

anchoring via histidyl coordination the heme. However, Mn2+ binds to the two heme 

propionates at the Mn-binding site and could provide additional anchoring by 

occupying the site [376]. 

The Arrhenius energy of activation (E,) for denaturation in the absence of 

metal ions is - 328 kJ mol-' . The E, increases to - 33 1 kJ - mol-' in the presence of 

1 mM CaCl, and - 333 kJ - mot '  in the presence of 1 mM MnSO,, corresponding to 

2-fold and 8-fold increases in the rate constant for inactivation (Table 4.4). These 

values are in close correlation with the previously reported E, of 335 kJ - mol-' for 

wild-type MnP most likely containing bound Mn2+ [225]. The change in the heme 

Soret in the presence of CdSO, could not be measured due to an increase in 

absorbance upon denaturation. The stability of the enzymes in the presence of 4 M 

urea at 37°C is improved only marginally by the addition of exogenous metal ions 

(Figure 4.3). Whether this is due to a difference in the stabilization by the metals to 

thermal versus chemical denaturation or simply due to an interaction between the 

metals and urea is not discernable from the data. Experiments with other chemical 

denaturants such as SDS or guanidinium chloride might be useful in exploring this 

phenomenon. 

4.3.1.3 Circular dichroism measurements. Half-lives of thermal denaturation 

were determined by circular dichroism measurements. Melting curves were generated 

by slowly heating the proteins (0.5"C -min-') and following changes in circular 

dichroism at 230 nm. Melting temperatures (T,) were determined from the first 

derivative replots. In most cases, the first-derivative plots indicate two transitions, an 

initial minor transition, indicating a small perturbation in the secondary structure, and 

a second major transition, indicating melting of the protein. The minor transition is 

small or unmeasurable in many of the samples, but more pronounced in samples 

containing cadmium and, to a lesser degree, calcium. The temperatures for the 

transitions are listed in Table 4.5 and overlays of the first-derivative plots indicating 
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Figure 4.3 Decrease in the heme Soret absorbance (A,,) of the wild-type Mn 
peroxidase (A) and D 179N variant MnP (B) in 4 M urea at 37°C. Solutions 
contained 1.5 pM enzyme in 20 mM malonate, pH 4.5, and the absence of exogenous 
metal (o), 1 mM CaC1, (a), or 1 mM MnSO, (A). The ionic strength of all solutions 
was adjusted to 0.1 M with K2S0,. 



Table 4.5 

Melting Temperatures Determined by Circular Dichroism Spectroscopy 

Primary Transitions [Melting Temperatures ("C)] 

Enzyme none Ca A Mn A Cd A Mn+Cd A 
- -- 

w ild-type 54.0 57.4 3.4 58.1 4.1 58.5 4.5 59.0 5.0 

D179N 51.3 54.0 2.7 53.4 2.1 55.8 4.5 54.3 3 .O 

D179N-E35Q 52.2 55.0 2.8 54.1 1.9 56.1 3.9 54.1 1.9 

D84N 52.7 54.1 1.4 55.0 2.3 53.9 1.2 55.6 2.9 

Secondary Transitions (" C) 

- - - - - - -- 

Enzyme none Ca Mn Cd Mn + Cd 

wild-type 44.6 46.7 47.2 47.6 48.0 

D 179N 45.8 48.7 48.5 49.4 47.7 

D179N-E35Q 45.7 50.0 49.3 49.2 49.7 

D84N n.d.b 41.1 n.d. 43.9 47.5 

A indicates the difference between the protein T, with metal added minus the T, 
without exogenous metal added. Solutions contained 10 pM enzyme in 4 mM 
sodium succinate, pH 4.5. 500 pM (final concentration) of CaCl,, MnSO,, 
CdSO,, or 250 pM each MnSO, + CdSO, were added to samples as indicated. 
The ionic strength of all solutions was adjusted to 0.1 M with &SO,. n.d. 
indicates not discernable. 



the melting points are shown in Figure 4.4. The T, values increased upon incubation 

with metal. Addition of Ca2+ increased the T, by 3.4"C, Mn2+ and Cd2+ individually 

increased the T, by 4.1 and 4.5 "C, respectively, and Mn + Cd increased the T, by 

5°C. Typically, though slightly less in degree, the minor transitions follow the trend 

of the major transitions. Melting of all samples was irreversible. Samples containing 

Mn2+ showed some residual spectrum (< 10 % intensity) following melting [data not 

shown]; whereas in the absence of Mn, samples precipitated. 

The results of the CD measurements correlate with those of the residual 

activity and heme Soret measurements. In all the analyses, exogenous Mn2+ 

stabilized the protein to a greater extent than Ca2+ at pH 4.5, indicating an important 

role in the Mn-binding site in stabilization of the enzyme in addition to catalysis. 

That is not to say the Mn-binding site offers more stability to the protein structure 

than the Ca sites, simple that the availability of these sites to exogenous metal at pH 

4.5 is different. Whereas, the Mn-binding site is on the surface of the protein and 

freely accessible to soIvent, the Ca-binding sites are buried within the distal and 

proximal domains, with somewhat limited solvent accessibility. The data presented in 

this chapter support the pH studies presented in Chapter 2, indicating that at low pH, 

accessibility of the Ca-binding sites is limited. 

4.3.2 The Mn Binding Variants 

The Mn-binding site is comprised of three amino acids (Glu35, Glu39, and 

Asp179), and the two heme propionates, one as a direct ligand and the other via H- 

bonding to a water ligand (Figure 4.9) [376]. Additionally, the residue Arg177 forms 

an H-bond with Glu35, orienting the side chain for binding [360]. Residues Glu35 

and Glu39 are on helix B, which contains the distal catalytic H46 residue. Residues 

Arg177 and Asp179 are on a loop that contains the catalytic proximal His173 between 

helices F and G [376]. 

Through these interactions and direct coordination at the propionates, binding 

of Mn to the enzyme most likely stabilizes the heme retarding loss of the cofactor. 

The E, for Soret loss in the wtPcMnP in present study is about - 328 kJ - mol-' in the 

absence of metal and increases to - 333 kJ . mol-' in the presence of 1 mM Mn. 
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Figure 4.4 First derivative plots of the circular dichroism melting curves of various 
PcMnPs in the absence of exogenous metals (I), and the presence of 500 pM final 
concentration CaC1, (2), MnSO, (3), or CdSO, (4) or 250 pM each MnSO, + CdSO, 
(5). All solutions contained 10 pM enzyme in 4 mM succinate, pH 4.5, ionic 
strength adjusted to 0.1 M with K2S04. 



Addition of exogenous Mn to the wild-type enzyme delays loss of the Soret 

absorption, increasing the half-life approximately 6-fold, whereas no effect is 

observed in the Mn-binding variant, D 179N (Table 4.4). Accordingly, atomic 

absorption analysis (Table 4.2) indicates that this variant does not bind Mn, consistent 

with kinetic data (Table 4.1). 

The effect of Mn on preserving the more global, secondary structure of the 

enzyme is less clear. Melting curves for the D179N PcMnP variant are shown in 

Figure 4.5. Melting temperatures (Td  were determined from the first derivative 

replots (Figure 4.4C and D). The addition of Mn2+ increases the melting 

temperature, measured by circular dichroism by - 4°C in the wild-type enzyme. 

However, Mn also increased the T, in the Mn-binding variants by -2°C (Table 4.4), 

similar to the effect of Ca. As the solutions were adjusted for ionic strength, this is 

most likely not a simple salt effect. The explanation for this phenomenon may lie at 

the C-terminus. 

4.3.3 D84N and the Putative C-Terminal Binding Site 

X-ray crystal structure analysis also indicates that, in addition to binding at the 

Mn-binding site, Cd2+ aIso binds at the C-terminus of MnP, coordinating to the 

terminal carboxyl moiety of Ala357 and to the residues Asp84 and, through a 

bridging water ligand, to Asn76 (Figure 4.6). The site is exposed to the solvent and 

could accommodate a Mn ion with a bound chelator such as oxalate or malonate, 

which are produced by the fungus and required for enzyme activity [see Chapter 61. 

Although Mn is not observed to bind at this site in the crystal structures, 

potentiometric binding analysis indicates a second Mn-binding site, with a 12-fold 

lower affinity for Mn2+ at pH 4.5 may exist somewhere in the protein [260]. 

Therefore, it is possible that Mn binds weakly to this site under physiological 

conditions (pH 4 . 3 ,  but not under the conditions for crystal formation (pH 6.5 in 

cacodylate buffer). This is in accordance with the potentiometric studies, which 

indicated that the affinity of the second site for Mn2+ decreased as the pH was 

increased from 4 to 6.5 [260]. Cd2+, however, may exhibit a higher affinity for this 

site than Mn2+, due to its ability to adopt a wider range of ligation geometries. 
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Figure 4.5 Circular dichroism melting curves of the Mn-binding variant D179N. 
Solutions contained 10 yM enzyme in 4 mM sodium succinate, pH 4.5. 500 yM 
(final concentration) CaCl,, MnSO,, CdSO, or 250 yM each MnSO, + CdSO, were 
added. Ionic strength was adjusted to 0.1 M with K,S04. 
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Figure 4.6 The Mn-binding site and C-terminus of cadmium bound wild-type Mn
peroxidasefrom P. chrysoporium. Possibleinteractionbetweenthe putativeC-
terminal metal binding site and the Mn-binding site is illustrated through the residues
D84, D85, and £39 [378].



Although atomic absorption analysis indicates that only one equivalent of Cd2+ binds 

per mole protein, partial occupation of both sites may also occur with this metal. 

Some interaction between this site and the Mn binding site is suggested by the 

synergistic effect of Cd2+ and Mn2+ binding to wild-type MnP. 

To examine the possible role for this site in thermal stability, a D84N variant 

was examined. Analysis of the D84N variant supports a role for this residue in Mn- 

binding and thermal stability. The steady-state parameters for the D84N variant 

indicate a slight (-2.5-fold) increase in the K, for Mn2+ compared to the wtPcMnP, 

although the other constants appear to be unchanged by the mutation (Table 4.1A). 

When wtPcMnP is incubated with both Mn and Cd a synergistic effect is observed. 

The thermal inactivation of the protein is dramatically decreased (Table 4.3), the 

melting temperature is further increased (though marginally), and one equivalent of 

each metal bound per mole protein are observed (Table 4.2). This synergistic effect 

is abolished in the D84N variant. The t , ,  for inactivation in the presence of Mn and 

Cd together is only slightly higher than each metal alone, in contrast to the wild-type 

(Table 4.3), the melting temperature is not increased over either metal (Table 4.5), 

and upon incubation with both metals 1 equivalent of Cd binds but only 0.3 

equivalents of Mn bind per mole protein. Finally, the kinetic parameters appear to 

indicate some slight effect on Mn binding (Table 4.1). Although the kc,, is similar to 

wild-type, the K, is almost 3-fold higher in the D84N variant. This could indicate 

that the Mn-binding site is affected. However, the Mn binding ligands are still intact, 

such that once bound, Mn oxidation may occur at a normal rate, similar to variants at 

Arg177 [360]. 

Interaction between the putative C-terminal site and the Mn-binding site could 

occur via hydrogen bonding networks. Asp84 is adjacent to Asp85, which forms an 

H-bond to Gln350 on the C-terminal tail (Figure 4.6). Structural overlays of the Cd- 

bound MnP and the D179N variant indicate slight movement in the tail away from the 

body of the protein (0.5 to 1.0 A) in the D179N structure, which lacks metal at the 

Mn-binding site [not shown]. Additionally, the Glu39 residue appears to adopt 

multiple conformations and may be protonated [378], possibly influenced by 

electrostatic interactions with Asp85 (Figure 4.6). It is possible, therefore, that 



binding of metal to one site influences the geometry at the other site. Finally, 

although this second site may stabilize the protein by "tethering" the C-terminal tail, it 

apparently plays a lesser role in thermal stability than the Mn-binding site. 

4.3.4 Mn Peroxidase from Dichomitus squalens 

Dichomitus squalens belongs to a group of white-rot fungi that produce Mn 

peroxidase and laccase but do not appear to produce lignin peroxidase. These fungi 

are capable of mineralizing lignin, despite the lack of lignin peroxidase. Therefore, 

the Mn peroxidases and laccases produced by these fungi are of interest. 

The amino acid sequences of the Mn peroxidases of D. squalens (DsMnP) and 

P. chrysosporium (PcMnP) are similar ( - 69 % identical, 80 % similar). As expected, 

the absorption spectrum of the recombinant DsMnP is very similar to spectra of the 

wild-type MnPs from D. squalens and P. chrysosporium, respectively [299, 423, data 

not shown]. Preliminary studies indicated that the MnP isozymes from D. squalens 

are kinetically similar to the MnP produced by P. chrysosporium 12991. The steady- 

state kinetic parameters, K,, kc,, and k,, - K,-', for rDsMnP, and several variant 

PcMnPs are compared to the kinetic parameters for wild-type PcMnP in Table 4.1. 

The K, and kc,, values for rDsMnP are only slightly lower (< 2-fold) than those of 

PcMnP and the catalytic efficiencies (k,,. K,-') of the two enzymes are similar (Table 

4.1A). The transient-state parameters for rDsMnP compound I formation and the 

reduction of rDsMnP compounds I and I1 by Mn2+ are not significantly different from 

those of PcMnP (Table 4.1B). 

Also similar to PcMnP, rDsMnP is inhibited by Cd2+ and Sm3+ but not 

divalent metals such as Ca2+, Mg2+, or Zn2+ (Figure 4.7). Inhibition constants for 

Cd2+ and Sm3+ are - 10 pM and - 250 pM for the rDsMnP, similar to those for 

PcMnP [see Chapter 31. 

Previous binding experiments with the wild-type DsMnP indicate that the 

native enzyme has a KD for Mn - 30 pM [299], similar to that of PcMnP [425]. 

These data, along with the kinetically determined KD for Mn2+ by compound I1 ( - 24 

pM), indicate that the Mn-binding sites of PcMnP and DsMnP are very similar. Both 
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Figure 4.7 Inhibition of rDsMnP-catalyzed Mn3'-malonate formation by various 
metals. CaCl, (A), CdSO, (o), CoCl, (a), MgSO, (m),  SmC1, (n), or ZnSO, ( A ) .  

Reaction mixtures contained 0.5 pg . mL-' enzyme with 500 pM MnSO, and 100 pM 
H,O, in 50 mM malonate, pH 4.5. 



sites bind Mn2+ with similar affinities, as indicated by the dissociation and inhibition 

constants, and in similar fashions, as evidenced by the catalytic constants which 

indicate similar ligand-induced reductions in the Mn redox potential, a phenomenon 

highly dependent on the coordination geometry and local environment of the metal 

binding site. Finally, both sites show similar specificities for other cations. 

While the overall sequences and Mn-binding sites of the two proteins appear to 

be very similar, there must be subtle differences in the structures of these two 

proteins. The melting temperature of the rDsMnP may be nearly 50°C higher than 

that of PcMnP ( -  100 vs. -50°C). Upon heating to 95"C, rDsMnP retains 

substantial secondary structure (Figure 4.8). A melting point could not be obtained 

for this protein using the water bath. The protein only begins to lose secondary 

structure around 90°C. Typically, the transition occurs over a 10 to 15 "C range, 

indicating that the melting point for this protein is mostly likely 95°C < T, < 05°C. 

The increase in stability is also evident in the residual activity analysis. The 

linear log plots for rDsMnP at 55°C and 65°C are shown in Figure 4.9. In the 

absence of exogenous metal, MnP from Dichomitus is significantly ( -  16-fold) more 

stable than PcMnP at 55°C (Table 4.3). The log plot for this sample indicates only 

one phase for inactivation, unlike all the other samples which indicate at least two 

phases, an initial slow phase and a secondary fast phase, similar to PcMnP (Figure 

4.9B). 

The stabilization of rDsMnP at 55°C appears to involve extension of the 

initial, reversible phase of inactivation. Whereas, this phase is not observed in the 

sample without exogenous metal added, it extends to - 100 min in the sample with 

Cd2+. Addition of Zn2+ or Mn2+ extends this phase to -200 min (Figure 4.9). 

Unlike PcMnP, addition of Cd2+ to DsMnP stabilizes the protein to a lesser extent 

than Mn2+ (Table 4.3). Surprisingly, addition of Zn2+ to rDsMnP extends the half- 

time 5-fold over the enzyme in the absence of metal at 55°C. No such stabilization is 

observed in PcMnP, indicating possible differences in the affinity of metal binding 

sites of the surface of these two proteins. 

The thermal stability of rDsMnP was also analyzed in the presence of various 

metals at 65°C. This temperature was chosen because the half-lives are comparable 
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Figure 4.8 Circular dichroism spectra of rDsMnP before heating (spectrum 1) and 
after heating to 95°C at 50°C/h (spectrum 2). Solutions contained 10 pM chelex- 
treated enzyme in 4 mM sodium succinate, pH 4.5, ionic strength adjusted to 0.1 M 
K2S04. No exogenous metal was added. 
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Figure 4.9 Thermal stability of rDsMnP at 65OC (A) and 55°C (B) in the absence of 
exogenous metal (o), or in the presence of 1 mM each ZnC1, (n), MnSO, ( A ) ,  

CdSO, (m),  or 0.5 mM MnSO, + CdSO, (a). Incubation mixtures contained 10 
pg - mL-' enzyme in 50 mM malonate, pH 4.5, plus the various metals. Reaction 
mixtures contained 50 pL incubation mixture in 50 mM malonate, pH 4.5, with 1 
mM MnSO, and 100 pM H,O,. 



to those of PcMnP at 55°C. Interestingly, the enzyme shows slightly different trends 

for the various metals at this temperature (Table 4.3). All curves show biphasic 

inactivation, except the Cd2+ sample which exhibits three distinct phases (Figure 4.9). 

The initial phase is extended from 2 min in the sample without exogenous metal to 

- 3  min in the samples containing Zn2+ and Mn2+ and 4 min in the Cd2+ and the 

Mn2+ + Cd2+ samples. The slope of the second phase varies considerably among the 

samples and appears to be responsible for the extension in half-lives at this 

temperature. 

The reason for the remarkable difference in the stability of rDsMnP compared 

to PcMnP is not clear. The amino acid sequences share 80% homology and no 

differences, outside of the C-terminal regions, are immediately obvious. The stability 

of rDsMnP is similar to that of soybean peroxidase SBP (T, -95°C). Although no 

crystal structure is yet available for SBP, another plant enzyme, peanut peroxidase 

(PNP) has been found to contain an additional disulfide bond that anchors the distal 

calcium [345]. rDsMnP does not appear to contain additional disulfides [245]. The 

carbohydrate content of DsMnP is not known. The predicted protein mass is 45 kDa, 

whereas the mass determined by SDS-PAGE is - 48 kD [246]. Glycosylation 

enhances the thermal stability of PcMnP [284]. Therefore, the role of sugar moieties 

in providing additional stabilization cannot be ruled out. 

The predicted C-terminus of the mnp2 gene of Dichomitus contains several 

acidic and polar amino acids, which could serve as metal ligands [245] (Figure 4.1). 

Atomic absorption experiments indicate that the native rDsMnP may bind more than 

one equivalent of Mn, in contrast to PcMnP (Table 4.2). Similarly, the half-life of 

the enzyme is extended 10-fold for rDsMnP versus only 4-fold for PcMnP by 

exogenously added Mn2+ at 55°C (Table 4.3). In contrast, both native PcMnP and 

rDsMnP appear to bind one equivalent of Cd2+ and the half-lives of both enzymes are 

extended -4-fold by the addition of exogenous Cd2+ at 55°C. Finally, whereas Zn2+ 

does not affect the half-life of PcMnP, Zn2+ extends the half-life of rDsMnP 5-fold, 

similar to the effect of Cd2+ on DsMnP. Cd2+ inhibits rDsMnP with a K, similar to 

that of PcMnP. Zn2+ does not inhibit either enzyme and, therefore, most likely 

stabilizes rDsMnP through interaction at a site other than the Mn-binding site. 



121 

Whereas the combination of Mn2+ and Cd2+ extend the half-life of PcMP an 

additional 5-fold over either metal alone, the combination in rDsMnP does not extend 

the half-life at all over that for Mn2+ alone at 55°C. It is possible, therefore, that in 

PcMnP, Mn2+ and Cd2+ each bind preferentially to the Mn-binding site and the 

combination of both metals is required to fill the alternate metal binding site which 

conveys additional thermal stability to the enzyme. A mechanism where Cd2+ 

competes only for the Mn-binding site, Zn2+ occupies only an alternate site, and Mn2+ 

can occupy both sites can be envisioned. 

4.4 CONCLUSIONS 

The thermal denaturation of MnP at pH 4.5, the optimum pH, can be 

described at a two-step process as follows: 

N e I + U  (Equation 4.2) 

where the native enzyme (N) is reversibly converted to the inactive bis-histidyl form 

(I) and irreversibly converted to the denatured enzyme (U). Irreversible denaturation 

occurs at around 54°C in the wild-type enzyme. The addition of exogenous metal to 

Mn peroxidase stabilizes the enzyme to environmental changes. At low pH, near the 

enzyme's optimum, exogenous Mn2+ provides greater protection from inactivation 

than Ca2+ and increases the melting temperature by - 5 "C. Whereas the Ca-binding 

sites apparently provide protection from thermal and alkaline inactivation, the Mn- 

binding site appears to function primarily in thermal stabilization of the protein, 

primarily by prolonging the initial, reversible inactivation stage. A putative C- 

terminal site may also stabilize the protein to thermal denaturation and cooperativity 

between this site and the Mn-binding site is postulated. A thermostable MnP homolog 

in D. squalens exhibits similar denaturation kinetic patterns, though at a melting 

temperature near 100°C. The structural basis for the remarkable stability of this 

enzyme remains unknown. 



CHAPTER 5 

THE ROLE OF Glu39 IN MnZ+ BINDING AND OXIDATION BY 

MANGANESE PEROXIDASE FROM PHANEROCHAETE CHRYSOPORIUM* 

5.1 INTRODUCTION 

White-rot fungi are uniquely adapted to degrade lignin, a phenylpropanoid cell 

wall polymer which provides rigidity, cell adhesion, and microbial resistance to 

vascular plants [I 1 1, 3391. The best-studied white-rot basidiomycete, Phanerochaete 

chrysosporium, preferentially degrades lignin under nutrient nitrogen limiting 

(idiophasic) conditions by secreting enzymes, including lignin and manganese 

peroxidases (Lip and MnP), and a hydrogen peroxide generating system [58a, 143, 

159a, 2221. Though specific components of the lignin degrading machinery of 

various white-rot fungi vary, manganese peroxidases (MnPs) have been detected in 

virtually all lignin-degrading fungi so far studied [168, 182, 286, 295, 2991. 

P. chrysosporium produces a series of extracellular MnP isozymes under 

ligninolytic conditions 1136, 2211. MnP isozyme 1 has been purified and studied 

extensively by a variety of biochemical and biophysical methods [135, 136, 143, 144, 

4261. Spectroscopic, DNA sequence comparison, and X-ray crystallographic studies 

indicate that the heme environment of MnP is similar to that of other plant and fungal 

peroxidases [105, 139, 235, 301, 313, 345, 3761. Kinetic and spectroscopic 

characterization of the native and oxidized intermediates of MnP indicates that the 

* Originally published in this or similar form in Biochemistry and used with permission of the American 
Chemical Society. 

Youngs, H. L., Sollewijn Gelpke, M. D., Li, D., Sundararnoorthy, M., and Gold, M. H. (2001) The role 
of Glu39 in Mn" binding and oxidation by manganese peroxidase from Phanerochaete chrysosporium. 
Biochemistry 40, 2243-2250. 



catalytic cycle is similar to that of other plant and fungal peroxidases [423, 4261. 

However, MnP is unique among peroxidases in utilizing Mn2+ as its primary reducing 

substrate [135, 4261. The peroxidatic cycle is as follows: 

MnP + H202 -+ MnPI (FeIV =O0+) + H,O 

MnPI + Mn2+ -. MnPII (FeIV = 0 )  + Mn3+ 

MnPII + Mn2+ + 2H+ -, MnP + H20 + Mn3+ 

where MnPI contains an oxoferryl porphyrin n cation radical (two-electron-oxidized) 

and MnPII contains an oxoferryl (one-electron-oxidized) heme. Enzyme-generated 

Mn3+ is stabilized by dicarboxylic organic acid chelators, such as oxalate [227, 231, 

4261. The Mn3+-chelator complex is stable enough to diffuse from the enzyme and 

oxidize terminal phenolic substrates, including lignin [403] and aromatic pollutants 

[198, 199, 406, 4081. Oxidation of non-phenolic lignin substructures by MnP has 

been proposed to occur via radical mediators [27, 4271. 

The Mn2+-binding site of MnP isozyme 1 from P. chrysosporium was 

identified by X-ray crystallographic and initial site-directed mutagenesis studies [226, 

237, 376, 3771. The MnP crystal structure indicates that enzyme-bound Mn2+ is 

hexacoordinate with two water ligands and four carboxylate ligands from heme 

propionate 6 and three amino acid residues: D179, E35, and E39 [376]. Several 

variant MnPs-D 179N, E35Q, E39Q, and D 179N-E39Q-were created by 

exchanging the amino acid carboxylate ligands for their respective amides via site- 

directed mutagenesis of the mnpl gene [226, 2371. The amino acid substitutions were 

chosen to maintain steric constraints within the site while abolishing Mn2+ ligation. 

Binding and oxidation of Mn2+ were greatly reduced in all the variant enzymes. In 

all other respects, including reactivity toward H202 and substrates with alternate 

binding sites, the variant enzymes were similar to the wild type, indicating that the 

mutations specifically affected Mn2+ binding and oxidation rather than the overall 

structure or function of the enzyme [226, 2371. This was confirmed by X-ray 

crystallographic analysis of the variants, which clearly showed disruption of the Mn 

binding site, while other structural features remained unchanged [377]. 

As a result of these combined studies, D179, E35, and E39 were identified as 

Mn2+ ligands. However, a recent mutagenesis study of these ligands has raised 



doubts regarding the importance of E39 in Mn2+ binding and oxidation [436]. In that 

study, site-directed mutagenesis was used to shorten the alkyl side chains of the E35 

and E39 ligands by "isochemica1" substitution to produce E35D and E39D mutant 

mnp genes. A D179A variant was also made. The proteins were then heterologously 

expressed in E. coli, isolated from inclusion bodies, and reconstituted. The D179A 

and E35D variants exhibited characteristics similar to the previous single variant 

MnPs (D179N and E35Q), including increased K, for Mn2+ and decreased k c ,  values 

[436]. In striking contrast to previous E39Q variant 12261, the E39D variant was 

claimed to exhibit wild-type characteristics including wild-type kinetics for Mn2+ 

binding and oxidation under both steady-state and transient-state conditions [436]. 

Those investigators concluded that E39 was "not critically important" to Mn2' 

binding nor electron transfer from Mn2+ to the enzyme. In this chapter, the role of 

E39 in Mn2+ binding and oxidation is reexamined through computer modeling and 

steady-state and transient-state kinetic analysis of our own homologously expressed 

E39 variant as well as a new variant, E39A. The flexibility of the Mn2+ binding site 

in MnP is also probed by examining an isochemical triple mutant, D179E-E35D- 

E39D. 

5.2 EXPERIMENTAL PROCEDURES 

5.2.1 Organisms 

P. chrysosporium wild-type strain OGC101, auxotropic strain OGC 107- 1 

(Adel), and prototrophic transformants were maintained as described previously [5]. 

Escherichia coli DH5a was used for subcloning plasmids. 

5.2.2 Molecular Modeling 

Structures were modeled using the Swiss PDB Viewer v3.6b3 (Glaxo- 

Wellcome). The crystal structure data for wild-type MnP were obtained from the 

Protein Data Bank file lmnp [376]. As recommended by the software documentation, 

ligands and Mn were first manually translatedlrotated to avoid steric interactions 

following introduction of mutation. The structures were then subjected to successive 
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energy minimization using the GROMOS96 protocol [409]. Structures were then 

rendered using the POV-Ray for Windows 3.1 g . watcom. win32 rendering engine 

(Persistence of Vision Development Team). 

5.2.3 Construction of Transformation Plasmids 

Site-directed mutations were introduced into the pGMl plasmid [226], which 

contains 1.1 kb of the gpd promoter fused to the coding region of P. chrysosporium 

mnpl at the ATG translation initiation codon, by the PCR-based Quikchange 

(Stratagene) method. Forward and reverse primers (16-20 bp) containing altered 

codons were obtained to introduce the mutations for each amino acid. The GAG 

codon for E39 was changed to GAC (E39D) or GCG (E39A). The GAA codon for 

E35 was changed to GAC (E35D). The triple variant was constructed by successive 

rounds of the Quikchange protocol. The E39D construct was used to create an E39D- 

E35D double mutation. Subsequently, the GAC codon of Dl79 of this double variant 

was altered to GAG (D179E) to create the E39D-E35D-D179E triple variant. 

Following mutagenesis, the plasmids were isolated and sequenced in both directions to 

confirm the mutations and check for any other sequence alterations. Plasmids were 

double-digested, and the XbaI-EcoRI fragments, containing the gpd promoter and 

mutated mnpl genes, were subcloned into pOGI18 [5, 71, a P. chrysosporium 

transformation plasmid containing the Schizophyllum commune ade5 aminoimidazole 

ribonucleotide synthetase gene as a selectable marker. The entire mnpl coding 

regions of the resulting plasmids were sequenced to again verify the mutations and to 

ensure no other sequence alterations occurred. 

5.2.4 Transformation of P. chrysosporium 

Protoplasts of the Ade- strain of OGC107-1 were transformed as described [5, 

7, 9, 2631, using 1 pg of EcoRI-linearized plasmid as the transforming DNA. 

Protoptrophic transformants were transferred to minimal medium slants to confirm 

adenine prototrophy and were subsequently assayed for MnP activity using the o- 

anisidine plate assay as described previously [263]. Transformants exhibiting the 



highest activity on plates were purified by fruiting as described previously 181, and the 

progeny were rescreened for MnP activity by the plate assay. The purified 

transformants exhibiting the highest activity in large shaking cultures were selected 

for further study. 

5.2.5 Production and Purification of Variant MnP Proteins 

Selected transformants were maintained on MYV slants and grown in high 

carbon-high nitrogen (HCHN) liquid medium in stationary culture from conidial 

inocula as described previously [263]. These stationary cultures were homogenized 

and used as inocula for shaking cultures containing 1 L of liquid medium in 2-L 

flasks, and were grown for 3 days at 28OC. The extracellular medium was filtered 

and concentrated, and the mutant MnP proteins were purified by a combination of 

Phenyl Sepharose CL-6B hydrophobic interaction, Cibacron blue 3GA dye affinity, 

and MonoQ anionic exchange chromatographies as described previously [226, 2631. 

Purified variant enzyme had R, values 1 4  and yields of - 2 mg L-'. The enzyme 

concentration was determined using E,, = 129 mM-' - cm-' [136]. Wild-type enzyme 

was produced as described previously [see Chapter 31. 

5.2.6 Spectroscopic Procedures and Kinetic Analysis 

Electronic absorption spectra and steady-state kinetic analyses were performed 

using a Shimadzu UV-260 spectrophotometer at room temperature. Steady-state Mn2+ 

oxidation was measured as the formation of Mn3+-malonate, followed at 270 nm (E, ,  

= 11.6 mM-') [426]. Apparent K, and kc,, values for Mn2+ and H202 were calculated 

from Lineweaver-Burke plots. Reaction mixtures contained 0.5 pg -mL-' enzyme, 50 

mM malonate, pH 4.5, and various concentrations of MnSO, and H202, as indicated. 

Transient-state kinetic experiments were performed using an Applied PhotoPhysics 

SX. 18MV sequential stopped-flow reaction analyzer at 25.0 f 0.2"C as described 

[360]. Reductions of each intermediate by ferrocyanide were measured individually. 

Complete formation of enzyme intermediates was confirmed by diode array rapid 

scanning. All reactions contained 50 mM potassium malonate, pH 4.5, and the ionic 

strength of all solutions was adjusted to p = 0.1 M with K2S04. The final 



concentration of enzyme was 1 pM, and a minimum 10-fold excess of substrate was 

used in all reactions to ensure pseudo-first-order reaction kinetics. All kinetic traces 

displayed single-exponential character from which pseudo-first-order rate constants 

were calculated. 

5.2.7 PCR of Genomic DNA 

Mycelia from 3-day-old stationary cultures (HCHN) of the selected E39D 

transformant were flash-frozen in liquid nitrogen and ground by mortar and pestle. 

Genomic DNA was extracted as described previously [4, 1391. To ensure selective 

amplification of recombinant mnp, primers in both the gpd and mnp genes were 

selected. The 19-bp forward primer in the PCR reaction annealed to the gpd 

promoter, 75 bp 5' of the rnnp ATG 12631. The 24-bp reverse primer annealed to the 

first 13 bp of intron IV and 12 bp of exon I11 in the mnpl gene. The resulting 

fragment 685-bp fragment was purified using the QIAquick PCR purification kit 

(Qiagen) and sequenced directly. 

5.2.8 C hernicals 

All chemicals were reagent grade and obtained from SigmaIAldrich. Solutions 

for kinetic analyses were prepared with HPLC-grade water. 

5.3 RESULTS 

5.3.1 Computer Modeling of Variant Enzymes 

Prior to construction, the variant MnPs were modeled using the Swiss PDB- 

Viewer. Virtual mutations were introduced into the 2.06-A crystal structure [376]. 

Figure 5.1A indicates the Mn2+-ligand distances for the wild-type protein. Modeling 

of the E39D and the E35D-E39D-D179E variants showed various scenarios in 

repeated energy minimizations, indicating some variability in the software's ability to 

predict the most stable conformation. Modeling of the E39D variant indicated some 

conformations with bond lengths similar to the wild type but with altered Mn ligand 

geometry [data not shown]. If the wild-type Mn geometry was maintained, the 
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Figure 5.1 (A) Mn2+binding site of wild-type manganese peroxidase isozyme 1 from
P. chrysosporium from X-ray crystal structure data [376]. Mn2+binding sites of the
(B) E39D single variant and (C, D) DDE (E35D-E39D-DI79E) triple variant could
be modeled with either retention of the wild-type geometry (B, C) or optimization of
ligand bond distances (D), but not both. Mutated residues are underlined. Mn-ligand
distances are reported in angstroms. Structures were modeled using the Swiss PDB
Viewer v3.6b3 and POV-Ray for Windows as described.



models showed an increase in the Mn-residue 39 bond length to 3.23 A, indicating 

probable loss of this ligand from the Mn coordination sphere (Figure 5.1B). 

Similarly, modeling of the E35D-E39D-D179E triple variant with wild-type Mn 

geometry showed retention of the 179 ligand (with possible bidentate coordination) 

and loss of the residue 35 and 'residue 39 ligands (Figure 5. IC). Shorter bond 

lengths, suggesting retention of all the ligands, could be obtained for the triple 

variant, but only with an accompanying distortion of the Mn ligation geometry 

(Figure 5. ID). Modeling of the E35D variant showed a 0.8-A incrase in the 

Mn-residue 35 bond distance [data now shown] from 2.6 A for E35 to 3.4 A for 

D35, suggesting that the D35 residue can no longer function effectively as a Mn 

ligand. 

5.3.2 Expression and Purification of the Variant Enzymes 

Prior to the fungal transformation, the entire coding regions of the mutant 

mnpl in the pAGM plasmids were sequenced. The only variations in the sequence 

versus the wild-type mnpI gene were the desired mutations. Transformation of the 

Ade- strain (OGC107-1) with the EcoRI-linearized plasmids resulted in multiple 

(10-80) transformants. Typically, 20% of the transformants were positive for MnP 

activity by the o-anisidine plate assay, using 5 mM MnSO, [263]. For each mutant, 

three transformants exhibiting maximal activity on the plate assay were selected and 

purified by fruiting [5, 7, 81. Colonies from single basidiospores were rescreened for 

MnP activity by the plate assay, and three purified isolates for each mutant were then 

grown in large HCHN shake cultures for 3 days at 28OC, when endogenous MnP is 

not expressed [263]. Extracellular medium from the transformants was tested for 

MnP activity [426], and the transformant exhibiting the highest activity was selected 

for further study. Enzymes were purified from extracellular medium by successive 

Phenyl Sepharose, Blue Agarose affinity, and MonoQ anion exchange 

chromatographies [226, 2631. The yields were comparable to those for previous 

variants and recombinant wild-type MnP ( - 2 mg - L-') [226, 237, 263, 3601. The R, 

values of the purified enzymes were >4. 



130 

5.3.3 Sequence Analysis of E39D Genomic DNA 

Genomic DNA was isolated from 3-day-old stationary cultures of the E39D 

transformant grown in HCHN medium. PCR amplification of the introduced 

gpd-mnpl construct was performed using a forward primer in the gpd promoter and a 

reverse primer in intron IV and exon I11 of the mnpl coding region. The 685-bp 

amplified fragment encoded the first 118 amino acids of the MnPl protein. The 

fragment was sequenced and the E39D mutation identified. The introduced mutation 

was the only alteration found in the E39D genomic fragment versus the wild-type 

mnpl gene. 

5.3.4 Spectral Analyses 

Electronic absorbance maxima of the native and oxidized intermediates for the 

wild-type and variant MnP proteins were compared [data not shown]. All of the 

spectra were stable for the duration of several successive scans (up to 30 s) and 

exhibited only slow auto-oxidation (k < 1 s-') thereafter, indicating that the enzymes 

were kinetically active and stable. Spectral maxima for the variant enzymes and their 

respective intermediates closely matched those of wild-type MnP, indicating no 

significant alterations in the heme environments of the variant MnPs. 

5.3.5 Steady-State Kinetic Analyses 

Steady-state parameters for the wild-type and each of the variant enzymes 

(E39A, E39D, E35D, and DDE) are listed in Table 5.1. Constants for the 

E35D-E39D double variant were not calculated, since Mn oxidation by the enzyme 

was barely detectable [data not shown]. Table 5.1 also lists the redetermined values 

for D179N, E39Q, E35Q variants which were previously constructed [226, 2371. 

With the exception of the E39D variant, the changes in kc,, and K, values for Mn2+ 

were consistent with previous reports [226, 237, 4361. 

The E39D variant showed markedly different kinetics from those previously 

reported for this variant (Table 5.1) [436]. Our variant showed a 50-fold decrease in 

kc,, to 6.5 s-' compared with the wild-type rate of 300 s-' [426] and in contrast to the 

previous report citing no change in the kcat value associated with this mutation versus 



Table 5.1 

Steady-State Kinetic Parameters for Wild-Type and Mutant MnPsfl 

" Reactions contained 0.5 pg/mL enzyme in 50 mM malonate (pH 4.5). 
The ionic strength was adjusted to p = 0.1 M with K2S04. Parameters for Mn2+ 
were determined using 0.1 M H202. Parameters for H202 were determined using 
5 mM MnSO,. 

From ref. 37. 

" DDE = the triple variant E35D-E39D-D179E. 



the wild type [436]. The kc,, values for the majority of the single ligand variants 

(D 179A, D 179N, E39Q, and E35D) decreased 50-100-fold, while several mutants 

(E39A, E35Q, and DDE) showed 300-400-fold decreases in kc,,, in agreement with 

previous work [226, 237, 4361. 

Our E39D variant also showed a 20-fold increase in the K, for Mn2+ to 

approximately 1 mM, in contrast to the previously reported Km of 36 pM for this 

same variant 14361. Again, this 20-fold increase in Km is consistent with the other 

single ligand variants, which all showed a 15-60-fold increase in the K, for Mn2+. 

The resulting catalytic efficiency for Mn2+ was decreased lo3-fold for all of the 

variants except E39A, E35A, and DDE, for which the efficiency dropped lo4-fold, 

again conflicting with the previous report citing no change in efficiency for the E39D 

variant [436]. None of the variants exhibited changes in the catalytic efficiency for 

H20,, in agreement with the previous report for E35D and in contrast with previous 

reports for the E39Q, E35Q, and D179N variants [226, 2371. 

5.3.6 Formation of MnP Compound I 

The rates of compound I formation for wild-type MnP and the E39D, E39A, 

E35D, and DDE variants were measured in 50 mM malonate at pH 4.5 by following 

the change in absorption of the enzyme at 397 nm, the isosbestic point between 

compound I and compound 11. Kinetic traces, from which pseudo-first-order rate 

constants (k,,,,) were measured, displayed exponential character. Plots of k,,,, versus 

[H,O,] were linear with zero ordinate intercepts, indicating irreversible second-order 

kinetics [data not shown]. Apparent second-order rate constants for the variant MnPs 

were similar to the wild type and previously reported values for other binding site 

variants [226, 237, 4361 (Table 5.2). 

5.3.7 Reduction of MnP Compound I 

Kinetic parameters for the reduction of compound I are listed in Table 5.2. 

Single-electron reductions of compound I to compound I1 of the variant enzymes by 

K,FeCN, and Mn2+ were examined in 50 mM malonate, pH 4.5, at 416 nm, the 

isosbestic point between compound I1 and native enzyme. The two-electron reduction 



Table 5.2 

Transient-State Kinetic Parameters: 
Apparent Second-Order Rate Constants (M-Is-') 

for Formation and Reduction of Compound I" 

Compound I Compound I 
Enzyme formation reduction 

Hz02 Mn" Br- &Fe(CN), 

wild type (4.8 f 0.1) x 10, -3 x lo7 (2.7 f 0.5) x lo3 (4.8 0.1) x 10' 

" Reaction mixtures contained 1 pM enzyme and 50 mM malonate (pH 
4.9, final concentrations. The ionic strength of all solutions was adjusted to p 
= 0.1 M with K2S04. Reactions were conducted under pseudo-first-order 
conditions, and substrate concentrations were varied as described in the text. 
Constants were determined from slopes of linear kob, vs. [S] plots. Individual 
kinetic traces showed exponential character and were fitted to obtain kob,. 

DDE = the triple variant E35D-E39D-D179E. 



of compound I to native enzyme by Br- was followed at 406 nrn. All kinetic traces 

used to calculate pseudo-first-order rate constants (k,,,,) were exponential in character, 

and plots of k,,, versus substrate concentration were linear (Figures 5.2 and 5.3). 

The second-order rate constants for reduction of the variant MnPs by K4FeCN6 and 

Br- were similar to wild-type MnP. However, second-order rate constants for 

reduction by Mn2+ were significantly lower than wild-type MnP and varied 

considerably for the different variants. The rate constant for the E39D mutant was 

- 30-fold lower than that of wild-type MnP and that previously reported for this 

variant [436]. The rate constant for E35D was 100-fold lower than that of wild-type 

MnP and 10-fold lower than that previously reported for this variant [436]. The rate 

constants for both the E39A single variant and the E35D-E39D-D179E triple variant 

were 1000-fold lower than that of wild-type MnP. 

5.3.8 Reduction of MnP Compound I1 

Reduction of compound I1 by K4FeCN6 (Table 5.3) and Mn2+ (Table 5.3) was 

measured in 50 mM malonate, pH 4.5, at 420 nm. Plots of k,,, versus Mn2+ 

concentration exhibited saturation kinetics (Figure 5.4) as have been previously 

observed for wild-type MnP [226] and the E35D and E39D variants [436]. 

Dissociation constants, KD, and first-order rate constants, k3, were determined as 

previously described 14261 (Table 5.3). The KD values increased 10-80-fold while the 

kc,, value decreased 40-fold for the E39D variant, 120-fold for E35D, and 1200-fold 

for E39A, compared with the wild type. The calculated apparent second-order rate 

constants decreased lo3-lo4-fold compared with wild-type MnP. Values for the E35D 

variant are in agreement with those previously reported for this variant, whereas the 

values for the E39D variant are in sharp contrast to the previous report that this 

mutation does not affect Mn binding or the rate of compound I1 reduction by Mn2+ 

[436]. 



Figure 5.2 Kinetics of compound I reduction by ferrocyanide (A) and bromide (B). 
Wild-type (n), E39D (A), E35D ( w ) ,  E39A (a), and E35D-E39D-D179E (0 ) .  

Reaction mixtures contained a final concentration of 1 pM enzyme and 50 mM 
malonate (pH 4.5). All kinetic traces displayed single-exponential character and were 
fitted to obtain k,,,,, values. 



Figure 5.3 Kinetics of compound I reduction by Mn2+. E39D (a), E35D (A), E39A 
(m), and DDE (E39D-E35D-D179E) (e). The wild type ( 0 )  and E39D ( 0 )  are 
shown in the insert for comparison; note the difference in scale. Reaction mixtures 
contained a final concentration of 1 pM enzyme and 50 mM malonate, pH 4.5. All 
kinetic traces displayed single-exponential character and were fitted to obtain k,,, 
values. 



Table 5.3 

Transient-State Kinetic Parameters for the Reduction of Compound 11" 

IdFeKN), Mn" . . ," 

Enzyme 
k3w (M-Is-') k3 (s-I) KD (M) k3qp (M-Is-') 

wild type (7.8 f 0.2) x lo3 (5.6 f 0.1) x lo2 (1.1 + 0.3) x 10" 5.2 x lo6 

a Reaction mixtures contained 1 pM enzyme and 50 mM malonate (pH 4.5), 
final concentrations. The ionic strength of all solutions was adjusted to p = 0.1  M 
with K2S04. Reactions were conducted under pseudo-first-order conditions, and 
substrate concentrations were varied as described in the text. Constants were 
determined as described 14261. Individual kinetic traces showed exponential 
character and were fitted to obtain k,,,. 

DDE = the triple variant E35D-E39D-D179E. 



Figure 5.4 Kinetics of compound I1 reduction by Mn2+. E39D (*), E35D (m), DDE 
(E35D-E39D-D179E) (o), and E39A ( A ) .  The wild type ( 0 )  and E39D (a) are 
shown in the insert for comparison; note the difference in scale. Reactions contained 
a final concentration of 1 pM enzyme and 50 mM malonate, pH 4.5. All kinetic 
traces displayed exponential character and were fitted to obtain k,,, values. 



5.4 DISCUSSION 

MnP is unique among Mn-binding enzymes in its ability to bind and oxidize 

Mn2+ and efficiently release Mn3+. This discriminatory binding is a critical aspect of 

MnP function. As a result of combined kinetic and crystallographic studies of these 

variants, the residues D179, E35, and E39 were identified as catalytically important 

Mn2+ ligands [226, 237, 376, 3771. In the first set of binding site mutants, the amino 

acid carboxylate ligands were exchanged for their respective arnides via site-directed 

mutagenesis of the mnpl gene from P. chyrsosporiurn [226, 2371. Since arnides are 

poor ligands for Mn, these variants were designed to maintain steric constraints in the 

enzyme while selectively interfering with Mn ligation. 

E39 is conserved in all known MnP sequences [I441 and previous kinetic 

analyses [226] and the X-ray crystral structures [376, 3771 clearly indicate that E39 

is, in fact, a ligand to the Mn. However, a more recent mutagenesis study using 

isochemical substitution of these ligands has raised doubts about the importance of 

E39 in Mn2+ binding and oxidation [436]. In that study, an E39D variant MnP was 

constructed which was claimed to exhibit wild-type reaction kinetics for Mn2+. As a 

result, Whitwam and co-workers proposed that E39 was not a ligand to the Mn. 

There are two alternate explanations for the proposed wild-type kinetics of the E39D 

variant in that study [436]. The first is that the mutation was lost and the kinetics 

observed really are those of the wild-type enzyme. The second possibility concerns 

the isochemical nature of the substitution. In the E39D mutation, the functional 

carboxyl group is retained, although the side chain is shortened by one methylene 

group. It is possible that a shortened D39 residue could still ligate the Mn in a 

fashion similar to the original E39 residue, if there were some flexibility in the Mn 

binding site. 

To further investigate this possibility, we first performed molecular modeling 

of the E39D and E35D variants. In the model, the Mn-ligand bond distances indicate 

that perhaps the mutated D35 residue is no longer capable of binding Mn, in 

agreement with the kinetic analysis of this mutant [436]. However, modeling of the 

E39D and E35D-E39D-D179E variants indicated possible flexibility in the binding 



site, whereby the mutated residues might still function as a ligands, but only with an 

accompanying change in the Mn ligation geometry (Figure 5.1). If the ligation 

geometry of the variants was fixed into wild-type, near-octahedral conformation, the 

metal-ligand bond distances were increased by 0.5-0.8 A, resulting in probable loss 

of the mutated ligands. 

To evaluate the models, we constructed the E39D and E35D variant MnPs 

using our homologous expression system [263]. The results of our kinetic analysis of 

the E35D variant are very similar to those previously obtained (Tables 5.1-5.3) [436], 

which is significant since the variants were expressed in different systems. The 

previous E35D variant was heterologously expressed in E. coli and reconstituted with 

calcium and heme. The resulting enzyme was not glycosylated. In contrast, 

homologous expression in P. chryosporium results in a fully processed and secreted 

enzyme which is glycosylated and which does not require reconstitution. The similar 

kinetic results for both the E35D variant MnPs in this work and the previous study 

[436] indicate that differences in the expression systems did not affect the overall 

kinetic characteristics of these variants. 

Our results for the E39D variant, however, are markedly different from those 

of the previous study [436]. Steady-state and transient-state analyses of our E39D 

variant MnP clearly indicate that the binding and oxidation of Mn2+ are significantly 

reduced by this substitution. Sequencing of genomic DNA from the transformed 

fungus containing the recombinant gene indicated that the E39D mutation was correct 

with no other sequence alterations present. We also constructed an E39A mutation, 

effectively removing the ligand from the binding site. As expected, kinetic analysis 

indicates that the E39A substitution decreases Mn binding and oxidation to a similar 

but slightly greater extent than the E39D substitution. Transient-state kinetics indicate 

similar changes (Tables 5.2 and 5.3). These results, combined with those for the 

previous E39Q variant, clearly indicate that E39 plays an important role in binding 

and oxidation of Mn2+. 

In addition to the single-site substitutions, we constructed an E35D-E39D- 

D179E isochemical triple variant. In this variant, two of the ligand side chains were 

shortened while the third was lengthened. Molecular modeling indicated that this 



triple-substituted binding site might still be functional for Mn binding and oxidation if 

the Mn and associated water ligands were to move a few angstroms outward toward 

residues 35 and 39 (Figure 5. ID). Whereas the kinetics for Mn oxidation by the 

double variant (E35D-E39D) were barely measurable, the triple variant performed 

almost as well as the E39A single variant. 

These combined results indicate that the Mn binding site may be relatively 

inflexible to changes in the geometry of the site. It appears that even isochemical 

substitutions greatly reduce both Mn binding and the rate of Mn oxidation. Although 

both the E39D and the isochemical triple variants are theoretically capable of Mn 

binding, both binding and electron transfer are in fact diminished. The kinetic data 

support the assertion that maintenance of the octahedral Mn ligation geometry 

predominates bond formation. The fact that the E39D variants perform slightly better 

than the E39A and E39Q variants and the E35D-E39D-D179E triple variant performs 

as well as the single variant indicates weak ligation in the altered sites. However, it 

is most likely energetically unfavorable for the Mn to adopt the altered geometry 

required for the substituted residues to act as good ligands. This is supported by 

crystal field theory in which tetragonally distortion of an octahedral complex is 

accompanied by electron spin pairing in the metal, which is energetically unfavorable 

for Mn [76]. 

Our results have interesting implications for attempts to engineer MnP-like Mn 

binding sites into other proteins. Recent studies with variants of cytochrome c 

peroxidase (CcP) engineered to contain an Mn binding site also indicate that precise 

geometry is required for efficient Mn binding and oxidation [438a, 4391. Similar to 

our results for MnP, and despite promising modeling of the CcP variants, the best Mn 

binding CcP performed only as well as any of the single ligand MnP variants [438a]. 

The preference of Mn ions for octahedral ligation and the preferential differences in 

the binding geometries of Mn2+ and Mn3+ for carboxyl oxygens may prove important 

to the mechanism of the Mn binding site in MnP. While Mn2+ can bind equally well 

in either the syn or anti orientation, Mn3+ prefers the anti orientation [72]. 

Therefore, the exact orientation of ligands within the Mn site might directly affect 
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binding of Mn2+, modulate the redox transition from Mn2+ to Mn3+, or affect release 

of Mn3+. 

In summary, mutation of the E39 residue in MnP decreases both Mn binding 

and oxidation as indicated by both steady-state and transient-state kinetics. The 

catalytic efficiency of the E39A (as shown herein) and E39Q [226] variants decreases 

- lo4-fold, while that of the E39D variant decreases - lo3-fold. These results clearly 

indicate that the E39 residue is a ligand to the Mn. We also investigated a 

E35D-E39D-D173E triple variant MnP which, despite favorable modeling studies, 

performed only as well as any of the single Mn ligand variants. The catalytic 

efficiency of the triple mutant was decreased lo4-fold, which is, however, - lo2-fold 

better than that reported for a double variant MnP [226]. These combined modeling 

and steady-state and transient-state kinetic studies indicate that precise geometry of the 

Mn ligands in the Mn binding site of MnP is essential for the efficient binding, 

oxidation, and release of Mn by this enzyme. 



CHAPTER 6 

UNDERSTANDING THE ROLE OF CHELATORS 

IN THE Mn PEROXIDASE REACTION CYCLE: 

A CLOSER LOOK AT Mn SPECIATION 

6.1 INTRODUCTION 

The role of chelators in the MnP reaction cycle has long been a subject of 

debate. Chelators are required for enzyme turnover [136, 227, 231, 233, 422, 423, 

4261; however, the exact mechanism is not known. The evidence has been distilled 

into two conflicting theories illustrated in Figure 6.1. (1) MnP binds free, unchelated 

Mn2+, oxidizes it and releases chelated Mn3+, either by mediated release (ligand 

exchange) or via a transient chelate-Mn3+ -MnP complex [22, 4261. (2) MnP only 

binds and oxidizes chelated Mn2+ and then releases the Mn3+-chelate product [227, 

23 11. 

Support for the role of chelator in release of Mn3+ from the enzyme is 

overwhelming. Chelator is required for turnover and stimulates rate of reduction rate 

by Mn2+ even in the transient-state [22, 227, 231, 4261. However, whether this 

occurs by an equilibrium-driven process such as ligand exchange or by formation of 

an actual ternary complex is not discernable from the data. The only evidence for 

such a complex is from the 'H-NMR data using lanthanides [22]; however, the 

assertion by Banci and co-workers, that lanthanides mimic Mn3+, is questionable. 

Lanthanides can accommodate many more ligands in a much looser geometric 

arrangement than Mn3+ [76]. There is no need for ternary complex formation to 

account for the stimulation of activity by chelator. 

Based on stability constants, nearly all of the Mn3+ in solution at physiological 

concentrations is chelated by compounds such as oxalate at pH 4.5 [349]. Only 



Figure 6.1 Two theories on the role of chelators in the reaction cycle of manganese 
peroxidase. (Top) Free (aquo) Mn2+ binds to the enzyme, with chelator effecting 
release of Mn3+ [22, 2451. (Bottom) A 1: 1 chelator:Mn2+ complex binds to the 
enzyme, is oxidized, and released [227, 23 11. 



competition between the chelator and the enzyme would alter this condition. Given 

the geometric constraints in the enzyme active site, the dramatic reduction in the size 

of the Mn3+ ion (0.7 A) versus the Mn2+ ion (0.91 A) [76], and the lo6-fold increase 

in stability constants for Mn3+-chelate complexes over Mn2+ complexes [349], an 

equilibrium-driven process is likely. 

The question as to whether free Mn2+ or Mn2+-chelate complex binds the 

enzyme and is subsequently oxidized is much more controversial. The requirement 

for chelator in the reduction of compound I1 by Mn2+ has been interpreted to indicate 

formation of a complex. The observed kinetics change as the concentration of 

chelator is increased. For example, a shift from first to second-order is observed, in 

the case of oxalate [227]. However, these changes can be correlated to the first, 

equilibrium model. At higher concentrations of chelator, inhibition by chelation of 

the substrate, Mn2+ should cause changes in the compound I1 kinetics similar to those 

of competitive substrate inhibition by Cd2+ presented in Chapter 3. It seems that the 

entire weight of the argument for a complex rests squarely on speciation data, 

suggesting that the stimulation of activity is due to the presence of a 1: 1 

Mn2+-chelator complex that is oxidized, binds chelator, and dissociates in a 1:2 

Mn3+-chelator complex [231]. Kuan and co-workers correlate the observed rate of 

compound I1 reduction by Mn2+ with the 1: 1 Mn2+ chelator complex (Figure 6.2A). 

However, no additional evidence for the formation of a ternary complex has been 

found by X-ray crystallography [376], 'H-NMR [22], or isotope labeling studies 

[personal observation, unpublished]. Upon re-evaluating the method by which the 

graph in Figure 6.2A was generated, there were flaws in the calculation. 

6.2 MATHEMATICAL TREATMENT 

The equations used were corrected as follows: 

[Mn],,, =[M~]+K,[M~][c]+K,K,[M~][c] '... +K,  ... Kn[Mn][qn (Equation 6.1) 

(Equation 6.2) 
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Figure 6.2 Mn speciation in 10 mM succinate, pH 4.5, and various concentrations of 
oxalate. From Kuan et al. 123 I]* (A,B). Calculated using the MacpQL program 
(C) .  

* Originally published as Figure 5 in: Kuan, I. C., Johnson, K. A., and Tien, M. (1993) Kinetic analysis 
of manganese peroxidase. The reaction with manganese complexes. J. Biol. Chem. 268, 20064-20070. 
Used with permission of Academic Press. 



(Equation 6.3) 

(Equation 6.4) 

with stability constants for Mn2+-oxalate: K, = 7.9 X lo3 M-', K2 = 7.9 X 10 M-' 

and Mn3+-oxalate: K, = 9.5 x lo9 M-I, K2 = 3.9 x lo6 M-', and K3 = 7 x 10' 

M-' . 

6.3 RESULTS AND DISCUSSION 

The experiment to measure compound I1 reduction was performed in 10 mM 

succinate, pH 4.5, with 20 pM Mn2+ (assumed to be MnSO,) and various amounts of 

oxalate [23 11. However, when the authors calculate the Mn speciation, they used the 

total concentration of oxalate added to denote [C] in Equations 6.1-6.4. This is 

incorrect as C represents the deprotonated chelator (C2), which must be calculated 

from the pKa values. Also, the effect of the 10 mM succinate (the pKa values and 

stability constants for Mn2+ complex formation) and the protons associated with 

adjusting the solution to pH 4.5 must be included in the calculation. The enzyme and 

its KD should also be included, but in this case did not influence the outcome of the 

graph [data not shown]. Figure 6.1C shows the speciation ratios calculated iteratively 

using all the values in the MacpQL program for Macintosh (Beat Miiller, 

Limnological Research Center EAWAG/ETH, CH-6047 Kastanienbaum) . When the 

kinetic data from Figure 6.1A [231] is replotted on this new speciation graph, it no 

longer aligns with the appearance of the 1: 1 complex (stimulation) and disappearance 

of the 1 : 1 complex/appearance of the 1 :2 complex (inhibition). Instead, stimulation 

occurs while there is still free Mn2+ in solution. The second half of the curve 

(inhibition) coincides with the appearance of the 1: 1 complex, suggesting that it is 

free Mn2+ that binds the protein and that complexation of Mn2+ by higher 

concentrations of chelator inhibits the reaction. 
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Kuan and co-workers were careful not to actually plot the kinetic data on the 

Mn3+ speciation graph. Rather, they align the two graphs and allow the reader to 

draw the conclusion that activity corresponds with the disappearance of the 1:2 

Mn3+ -chelator and appearance of a 1:3 Mn3+ -chelator complex. In fact this graph 

makes little sense in the context of the experiment. The speciation graph was 

calculated using 20 pM Mn3+ as the total Mn concentration, as was the case for 

Mn2+. However, the experiment was conducted under transient-state conditions and 

the rate measure is a single turnover. At the start of the experiment there is 20 pM 

Mn2+ in solution, binding to chelator. The substrate solution is then mixed with 1 

pM enzyme already in the compound I1 state. There is no Mn3+ until the reaction 

begins. The experiment is conducted in the transient-state such that only a single 

transition from MnPII to native enzyme is measured. Thus, even when the Mn3+ is 

generated, the maximum concentration of Mn3+ equals the concentration of compound 

I1 (1 pM). Furthermore, the Mn3+ is bound to the enzyme and must then compete for 

chelator in a solution with a - 19 pM Mn2+. The difference in stability constants 

ensures that Mn3+ will replace the Mn2+ in the chelator complexes, if it can escape 

the enzyme. The ratio calculation is practically meaningless. In essence all of the 

Mn3+ generated is bound, either to enzyme or to chelator and chelator can facilitate 

release by simple equilibrium. 

6.4 CONCLUSIONS 

Together the evidence suggests that no ternary complex between MnP, Mn and 

chelator is ever formed. Rather, all of the kinetic and biophysical data can be 

explained by equilibrium phenomena. At low levels, the Mn3+ -chelator complex and 

free Mn2+ dominate the speciation profiles. Activity is stimulated because Mn2+ is 

the enzyme substrate and formation of the Mn3+-chelator complex removes Mn3+ 

from the active site, facilitating turnover. In contrast, high levels of chelator inhibit 

activity by sequestering free Mn2+, competing with the enzyme. 



CHAPTER 7 

FINAL COMMENTS AND FUTURE DIRECTIONS 

7.1 IMPROVING STRUCTURAL STABILITY IN Mn PEROXIDASE 

7.1.1 Recent Reports on the Alkaline Transition in Other Peroxidases 

Concomitant with the publication of Chapter 2, a study of alkaline inactivation 

in lignin peroxidase (Lip), employing IR-MCD and EPR spectroscopy, also showed 

formation of a bis-histidyl heme at high pH [128]. In that study, isotope labeling 

indicated that both calcium ions are lost from Lip during alkaline inactivation [128], 

lending support to our speculation that the same phenomenon occurs in MnP [Chapter 

21. 

Analysis of a F221M variant of horseradish peroxidase (HRP-C) was reported 

recently [184]. Phe221 is equivalent to F190 in MnP. Several plant peroxidases 

from Arabidopsis thaliana are reported to contain a Met at this position [297]. Like 

MnP, HRP-C undergoes alkaline inactivation with a heme-iron transition from high 

spin to low spin. However, the transition in HRP-C occurs at much higher pH ( -  

10-12) and apparently involves formation of a hydroxyl, rather than a bis(histidyl), 

heme [351]. Like peanut peroxidase (PNP), HRP contains a disulfide bridge 

anchoring the distal calcium [125, 3451. This additional reinforcement, not present in 

the class I1 peroxidases, most likely prevents coordination of the distal histidine, even 

at high pH. However, exactly as the other MnP variants discussed in this work, the 

F221M variant of HRP-C undergoes the alkaline transition at -2 pH units lower than 

the transition in wild type MnP [225]. 'H-NMR and resonance Raman studies of the 

transition in the HRP-C variant indicate a lengthening of the Fe-imidazole bond and 

exposure of the proximal His to solvent [184], suggesting a role for this proximal 

residue in maintaining integrity of the heme environment. 



7.1.2 Reinforcing the Distal Calcium 

To date, six extracellular plant and fungal peroxidases have been studied by X- 

ray crystallography. Three class I1 fungal peroxidases have been studied: lignin 

peroxidase (Lip) [105, 304, 3091, manganese peroxidase (MnP) [376], and Coprinus 

cinereus/Arthromyces ramosus peroxidase (CiPIArP) [235, 3021. Three class I11 plant 

peroxidases have been studied: peanut peroxidase (PNP) [345], horseradish 

peroxidase (HRP) [125], and the major peroxidase from barley grain (BPI) [173]. 

All six enzymes contain two structural Ca-binding sites, one in each of the domains 

distal and proximal to the heme. The structures indicate a major difference in the two 

classes of enzymes involving the architecture of the distal calcium binding sites. In 

all the enzymes, the distal calcium sites are formed primarily by a single loop at the 

end of helix B, which contains the catalytic distal histidine. However, the class I11 

enzymes contain a disulfide linkage closing the loop (Figure 7.1). For example, in 

PNP the loop begins after the distal His41 at residue 43 and extends to residue 50, 

with the disulfide between Cys44 and Cys49 [345]. The loop in BPI is slightly 

longer, from residues 50-59, just after the distal His49 with the disulfide linkage 

between Cys51 and Cys59 [173]. Interestingly, while BPI shows an unusual pH 

dependency, reflecting a unique alternate H-bonding network in the distal domain, 

both PNP and BPI are extremely thermostable (T, > 90 "C). In contrast, MnP is 

considerably less thermostable (T, - 54 "C) and contains a longer distal calcium 

loop, from Ala48 to Ala63, lacking the stabilizing disulfide (Figure 7.1). 

Disruption of the distal Ca-binding site in these enzymes affects the positioning 

of the catalytic distal histidine and influences the activity of the enzymes. In Lip and 

MnP, loss of calcium at high temperature or pH has been correlated with coordination 

of the distal His to the heme iron, inactivating the enzyme [128, 225, 381, Chapter 

21. An opposing phenomenon occurs in BPI, although with a similar end result. At 

neutral to high pH, a sodium ion replaces the distal calcium in BPI, causing 

rearrangement of the Caz+-binding loop and H-bond network. Rather than allowing 

movement of the distal His closer to the heme, as in the fungal enzymes, the 

disruption in BPI causes the distal His to move away from the heme iron [173]. The 

displaced His can no longer participate in peroxide cleavage, resulting in an inactive, 
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A

Figure 7.1 Modeling of an A48C-A63C disulfide in the distal Ca-binding site of Mn
peroxidase with wild-type Ca-binding loop (A) and a truncation involving deletion of
residues 53-58 (B). Created using the crystal structure coordinates [376] in the Swiss
PDB Viewer.



although stable, enzyme conformation. The enzyme activity is restored following 

lowering of the pH and addition of exogenous Ca2+ to the protein [173]. 

A stabilizing disulfide near the distal Ca-binding site, similar to those in the 

plant peroxidases, was recently engineered into recombinant MnP [319]. Figure 7.1 

shows an overlay of the distal Ca-binding sites of PNP and the A48C-A63C double 

mutant. Unfortunately, the variant MnP protein was heterologously expressed in 

Escherichia coli, a process in which the protein is not glycosylated and must be 

isolated from inclusion bodies and reconstituted with heme and calcium [437]. 

Although the recombinant enzyme produced by this expression system appears to 

exhibit normal kinetics, it is much less thermostable than the wild-type enzyme, 

presumably due to the lack of glycosylation [284, 4371. Although the additional 

disulfide at the distal Ca-binding site did improve the recombinant MnP thermal 

stability, the engineered enzyme was still only as stable as the wild-type enzyme 

[319]. Engineering the disulfide in a construct that could be used for homologous 

expression in Phanerochaete chrysosporium would allow production of glycosylated 

protein, which would presumably be more stable to heat and high pH than the wild 

type. In addition, truncating the long surface loop near the Ca-binding site by 

eliminating residues 53-38 may increase stability (Figure 7.1). 

7.1.3 Tethering the C-Terminus and Extended Proximal Loops in Mn Peroxidase 

MnP from P. chrysosporium contains two extended loops that are not 

conserved in other class I1 peroxidases: an extended C-terminus and a loop in the 

proximal domain (Figure 7.2) [376]. The C-terminus extends around the protein, up 

past the Mn-binding site, and curving around to terminate in the distal domain at a 

putative metal binding site [376, Chapters 3 and 41. In addition to the putative C- 

terminal metal binding site, the extended C-terminal region of MnP contains a fifth 

disulfide linkage that is found only in other MnPs and not in any of the other class I1 

peroxidases [140, 1441. This linkage causes a kink in the C-terminal peptide (Figure 

7.2), which has been hypothesized to push the C-terminal peptide away from 

interfering with the Mn-binding site [376]. One conserved residue in this C-terminal 

loop, His340, appears to H-bond Arg177, which in turn interacts with the Mn-ligand 
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Figure 7.2 X-ray crystal structure of MnP indicating the unconserved C-terminal
peptide (red) and extended proximal loop (green) [376].
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Glu35 (Figure 7.3) 1360, 3761. The extended proximal loop contains one residue, 

Ser232, that appears to H-bond to the backbone carbonyl of His340, providing a point 

of interaction between the two loops and, indirectly, with the Mn-binding site. The 

actual roles of the C-terminal peptide, the fifth disulfide and that of His340 in MnP 

catalysis (influence on the Mn-binding site environment) and/or stability have not yet 

been tested. 

A common adaptation of thermostable enzymes is the stabilization or fixation 

of surface loops [12]. Thus, engineering additional salt bridges or disulfide bonds to 

stabilize the C-terminus and/or the proximal loop may further stabilize the protein. A 

possible H-bond occurs between Asp85 (adjacent to Asp84 in the putative C-terminal 

metal binding site) and Gln352 on the C-terminal peptide (Figure 7.3). The distance 

between the two sites is 3.97 to 4.26 f 0.5 A in the MnP crystal structures in the 

absence and presence of Cd2+, respectively [376, 3781. A salt bridge with a distance 

of - 2.27 A can be modeled by constructing a virtual D85E-Q352K double mutant in 

the existing space between the C-terminal peptide and the body of the protein without 

movement of C-terminus (Figure 7.3). The variant should exhibit increased stability; 

however, other effects, including changes in the kinetics of Mn2+ binding and 

interference in protein folding, are possible. 

7.2 DIRECTED EVOLUTION OF LIGNIN AND Mn PEROXIDASES 

White-rot fungi can oxidize recalcitrant aromatic compounds including natural 

lignin and toxic aromatic pollutants, including chlorinated phenolic compounds, 

dioxins, dyes and munitions waste [158, 159, 320, 321, 375, 406-4081. Application 

of ligninolytic enzymes to biomaterial processing, bioremediation, and detoxification 

of industrial byproducts is promising. The two extracellular peroxidases produced by 

these fungi, MnP and Lip, can oxidize a wide variety of terminal substrates, including 

complex polymers, via highly redox active mediator molecules. Chelated Mn3+ is 

generated by MnP [135, 4261; whereas the veratryl alcohol cation radical (VA*+) is 

generated by Lip [132, 157, 166, 2151. 
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Figure 7.3 The X-ray crystal structure of Mn peroxidase indicating the C-terminus
with Cd bound and showing the H-bond between Q352 and D85 (A). Structure of the
Mn-bound Mn peroxidase indicating interactions between the C-terminal and extended
proximal loops (B).



Unlike other related peroxidases, such as HRP and CiP, which oxidize a wide 

variety of small compounds, MnP and Lip possess highly specific binding sites for 

the substrates, Mn2+ and veratryl alcohol (VA), respectively, and are the only 

peroxidases that efficiently oxidize these substrates. 

Directed or in vitro evolution is an interesting and effective method to alter or 

extend the functionality of enzymes. Genes are subjected to repeated cycles of change 

and selection. Methods of change include mutagenesis (e.g., error prone PCR [61, 

2721) or generation of chimeric libraries (e.g., DNA shuffling [370, 3711 or random 

priming PCR techniques such as staggered extension processing (StEP) [347, 4471). 

So far, four proteins have been subjected to directed molecular evolution by error 

prone PCR to improve their peroxidase activity: CcP [188], HRP 12741, CiPIArP 

[68], and the oxygen binding protein, myglobin [420]. Two enzymes, yeast CcP and 

horse heart myglobin, were heterologously expressed and underwent selection in an E. 

coli system [188, 4201; whereas the other two, HRP and CiPIArP, were 

heterologously expressed and underwent selection in S. cerevisiae [68, 2741. In all 

cases, the process was extremely successful, although individual results varied 

according to the selection schema. The peroxidase activity of myoglobin was 

increased 25-fold 14201. The thermal stability of CiP was increased 110-fold and the 

oxidative stability 2.8-fold [68]. The thermal stability of HRP was increased 3-fold 

and showed increased activity towards small organic substrates [274]. Finally, the 

specificity of CcP toward guaiacol was increased 1000-fold [188]. 

Extensive mutational analyses of MnPs are difficult. Expression of the 

enzyme in E. coli, results in insoluble inclusion bodies that require reconstitution of 

the calciums and heme. Expression of MnP in other eukaryotic systems such as 

baculovirus [294] and Aspergillus oryzae [372] has not been overly successful. The 

fungus P. chrysosporium can be used to homologously express a recombinant version 

of its own MnP [263] or to heterologously express MnPs from other species [246]. 

The system yields useful amounts of glycosylated protein with proper insertion of 

metal ions and heme, but is cumbersome and time consuming. The fungus grows 

slowly, is difficult to transform efficiently, and can grow as a heterodikaryon 

requiring fruiting and purification to prevent genetic recombination [5, 7, 91. 
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The expression of MnP in yeasts, such as S. cerevisiae or Pichia pastoris, 

would allow directed evolution studies. As with other systems, error-prone PCR 

could be used to develop more stable MnPs or to increase the substrate range. 

Compared to other class I1 peroxidases such as Lip and Pleurotus elyngii peroxidase, 

MnP is uniquely poor at oxidizing small aromatic molecules in the absence of Mn, 

most likely due to an atypically acidic 6-meso edge environment [62]. While each of 

the ten or so amino acids surrounding the proposed aromatic substrate entry site could 

be manipulated by site-directed mutagenesis, directed evolution seems a much more 

efficient approach. DNA shuffling techniques could also be employed. Peroxidases 

are a large group of proteins, have a highly conserved core structure, and are 

expressed as multiple isozymes in most organisms. This group of enzymes possesses 

an inherent wide range of evolutionary possibilities. For example, 14 isozymes of 

HRP alone have been identified: 3 acidic isozymes (AlA3), 5 neutral isozymes 

(Bl-B3, C1-C2), and 6 basic isozymes (El-E6) [loo]. Some of these isozymes have 

pI values over 12! There are more than 30 gene sequences just for Mn peroxidases 

from various fungi in the NCBI database. It seems the possibilities are limited mainly 

by the implementation of desired selection schema. 
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APPENDIX I 

Transient-state Inhibition constants for compound I. 

k o s o t  k O s  l +  = k l [ q [ E ]  . kobs = & [ { l + g )  andas 1+0 kobs =&[q 1 :,]I 
Transient-state Inhibition constants for compound 11. 

[E I [Sl K ,  =- 
[ESIK, or [El=- and K,  =- [El [ I ]  [ E l  [I1 or [EI]  = - 

[ESI [SI [Ef l  KI 

[E l [ s l  [EI[I l  k,[ESI [a  [I1 
(1) [El,, =[El+[ESl+[Erl=[El+-  K,  +---[I+-+-) KI - [SI 

K,  K, 

(Assumption 1: Pseudo first order conditions. [S]>>[E] :. = 0) 

(Assumption 2: Because hyperbolic curve, there is buildup of ES and k2 is rate limiting) 

-d[E1"t = k,[E], = k [ E S ]  
(2) , dt 

from (2): kObs = such that as [I]+O.. . kobs = 
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