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ABSTRACT
IN VITRO DEPOLYMERIZATION OF NATURAL INSOLUBLE LIGNIN IN
AQUEOUS MEDIA BY THE EXTRACELLULAR PEROXIDASES OF
PHANEROCHAETE CHRYSOSPORIUM
by

David Neil Thompson

The lignin peroxidases (LIPs) and manganese peroxidases (MNPs) of
Phanerochaete chrysosporium have evoked worldwide interest because of their potential
to degrade a wide range of xenobiotic compounds, to decolorize bleach plant effluents,
and to be used in biopulping. LIPs and MNPs catalyze a wide range of reactions which
are consistent with those necessary to depolymerize lignin; however, their ability to
degrade the insoluble natural lignin polymer in aqueous media has not been
demonstrated. This study investigates the roles of these enzymes in the in vitro
depolymerization of an insoluble poplar lignin in aqueous media.

A small scale dialysis reactor was constructed and used to control veratryl alcohol
and/or H,0, concentrations in contact with the enzymes. Isolated poplar lignin was
treated for 12 hours with LIPs and MNPs alone and in combination. After treatment,
the residual solid lignin was analyzed by Fourier Transform Infrared Spectroscopy/Partial
Least Squares Regression. Unique lignin-derived products formed were identified by gas
chromatography/mass spectrometry (GC/MS) and subjected to structural analyses based
on their mass spectra. Treatment with MNP alone darkened the residual solid lignin,
slightly increased the mass of the solid, and produced measurable amounts of lignin-
derived 2,6-dimethoxyhydroquinone and 2-methoxyhydroquinone, but effected no
measurable change in lignin content. Treatment with LIP alone did not change the color
of the solid, but slightly decreased the mass, produced significant amounts of lignin-
derived p-hydroxybenzoic acid, and slightly decreased the lignin content. Finally,
treatment with LIP and MNP together first darkened the solid and then lightened it back
to its original color, decreased its mass by 11 %, decreased the lignin content by 8 %,



and gave compounds with molecular weights and mass spectra consistent with structures
of oxidized lignin-derived products. Many of these products, however, were present in
low concentrations (< 1 ppm in the concentrated extracts). LIPs and MNPs each may
have the potential for limited degradation of insoluble lignin in aqueous media; however,
these reults suggest that the main role of MNPs in lignin degradation is to increase the
effectiveness of LIP-mediated degradation through modification of the lignin polymer.
It is also clear that some method of control of H,0O, (and veratryl alcohol) concentrations
in contact with the enzymes is necessary to achieve this degradation, and that longer

reaction times are necessary for extensive degradation of the lignin polymer.
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CHAPTER I: INTRODUCTION

Billions of tons of lignocellulose are produced annually in the biosphere (Tsao et
al., 1987). Were it not for the action of lignin degrading microorganisms, this biomass
would be only partially decomposed due to the protective role played by lignin, a random
phenylpropanoid polymer comprising 20-30% of the dry mass of woody plants
(Boominathan and Reddy, 1992). While the carbon pool represented by lignin is an
important renewable resource in its own right, most biomass conversion studies have
focused on efficient recovery of carbohydrates from the two other major components of
lignocellulosic materials, cellulose and hemicellulose. Cellulose and hemicellulose are
comprised mainly of carbohydrates (glucose in cellulose and hemicellulose, and xylose,
mannose, galactose, arabinose, and certain uronic acids in hemicellulose) joined by easily
hydrolyzable bonds. This makes them prime candidates for use in commercial and
industrial enterprises such as ethanol production, foods, etc. Lignin, on the other hand,
is a highly complex heterogeneous aromatic polymer (see Figure 1.1), and therefore
yields complex mixtures of aromatic products when degraded. Thus, lignin is not well
suited for the economical production of industrial chemicals and fuels given the current
process technology. In addition, the complex structure makes lignin difficult to degrade
and therefore presents effective barriers to microbial degradation of lignocellulose and
to chemical removal of lignin for paper production. In the pulp and paper industry,
lignin removal is quite important and is a very energy intensive and expensive process
(Michel et al., 1991). Toxic effluents are produced by the various bleaching processes,
which must be cleaned up prior to discharge. Clearly, chemical removal of lignin has
major drawbacks which might be solved by the use of microbial delignifiers.

The major aerobic lignin degrading organisms are the white rot fungi
(Boominathan and Reddy, 1992). Despite its high carbon content, lignin is unable to act
as a carbon source for white rot fungi. White rot fungi also appear to degrade
herbicides, pesticides, PCBs, polyaromatic hydrocarbons, and other xenobiotics
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Figure 1.1: Representative structure for spruce lignin (Boominathan and Reddy, 1992).
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(Boominathan and Reddy, 1992). Clearly, optimization of these processes for industrial
use will in the end depend on which ligninolytic enzymes are most important in
depolymerization of lignin, and the products which are formed. Reactions catalyzed by
the ligninolytic enzymes of Phanerochaete chrysosporium, the best characterized white
rot fungus, on soluble lignin model compounds have been fairly well characterized (Tien,
1987). However, rates of degradation of insoluble lignin are very slow compared to
rates observed for these soluble substrates, and thus there is some question as to whether
the results with soluble compounds can be extended to the results from insoluble
substrates. To fully understand how lignin degradation occurs and what products to
expect under optimized conditions, the in vitro mechanism of action of the ligninolytic
enzymes on natural insoluble lignin must be determined (Tien, 1987). This information
could then be used to develop industrial processes for in vitro removal of lignin by these
enzymes, substantially decreasing the energy costs and the toxicity of plant effluents.

The broad goal of this study was to verify whether the extracellular ligninolytic
enzymes of P. chrysosporium depolymerize water-insoluble natural lignin in completely
aqueous media, an activity which has been suggested but not proven by the abilities of
these ehzymes to cleave lignin model dimers and to depolymerize synthetic lignins in
aqueous organic media. Concentrated extracellular peroxidases of P. chrysosporium
were incubated with insoluble lignin in a two-chambered reaction vessel, in the presence
of O,, H,0,, and veratryl alcohol and/or Mn(Il), in tartrate buffer. One chamber of the
reactor contained the insoluble lignin substrate and high levels of ligninolytic enzymes
and was continuously supplied across a membrane with veratryl alcohol and/or H,0, by
diffusion from concentrated stock solutions in the second chamber. Insoluble lignin
remaining after treatment with the ligninolytic enzymes was quantitatively recovered and
any changes in lignin, carbohydrate, methoxyl, and phenolic hydroxyl contents were
determined by Fourier Transform Infrared Spectroscopy (FTIR) combined with Partial
Least Squares Regression. The soluble phase from the reactor was also recovered and
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the major soluble products of lignin depolymerization were partially characterized by gas
chromatography/mass spectrometry (GC/MS).  Varying the culture conditions
(Boominathan and Reddy, 1992) used for enzyme production enabled both families of
ligninolytic enzymes (lignin peroxidases and manganese-dependent peroxidases) to be
studied individually and in combination. This information was used to show that while
LIPs and MNPs both appear to effect a very limited release of lignin-derived degradation
products, the main role of MNP is to modify the insoluble lignin polymer, thereby
increasing the effectiveness of LIP-mediated degradation.

This dissertation is divided into six chapters, including this first chapter
(Introduction). A brief review of the relevant literature is presented in Chapter II,
focusing on lignin structure, in vivo aerobic degradation of lignin by wood rotting fungi
(major focus on the white rot fungi), the lignin degrading enzymes of the best
characterized white rot fungus, P. chrysosporium, results of studies on in vitro
degradation of lignin model compounds and synthetic lignins by lignin degrading
enzymes, and methods for analyzing solid lignin and lignin degradation products. The
rationale and approach for each part of the project are presented in Chapter III.
Experimental and theoretical methods, and materials used are the subject of Chapter IV.
The results of these experiments are presented in Chapter V and discussed in Chapter VI.
Finally, pertinent equations, assays, computer programs, tabulated data, and FTIR and
mass spectra not presented in the body of the text are presented in Appendices A-F.



CHAPTER II: LITERATURE SURVEY

The lignin biodegradation field is widely diverse, encompassing lignin structure,
degradation by a wide variety of microorganisms, mechanisms of degradation of lignin
by the various lignin-degrading enzymes, and the genetics of lignin degrading organisms.
Many excellent reviews (Tsao et al., 1987; Boominathan and Reddy, 1992; Tien, 1987;
Fiechter, 1993; de Jong ef al., 1994; Evans er al., 1994; Higuchi, 1993; Hadar ez al.,
1993; Susmel and Stefanon, 1993; Reddy and D’Souza, 1994; Gold and Alic, 1993) have
been published with some regularity on all these topics. Because there is so much
information on lignin biodegradation available in the literature, a comprehensive literature
review is not necessary and thus will not be done here; only areas directly contributing
to this work will be presented. The areas included are lignin formation and substructure;
aerobic lignin degradation by white rot fungi, specifically, Phanerochaete chrysosporium;
the lignin peroxidases (LIPs) and manganese peroxidases (MNPs) of P. chrysosporium,;
mechanistic studies with LIPs and MNPs from P. chrysosporium; in vitro lignin and
lignin substructure model compound degradation by the LIPs and MNPs of P.
chrysosporium; and a brief overview of techniques used for the characterization of solid
lignin and soluble lignin fragments.
2.1 Lignin Formation and Substructure

Lignin is a complicated, stereochemically complex, aromatic, heterogeneous
renewable biopolymer that comprises 20-30% of the dry mass of woody plants. It is the
second most abundant organic polymer in the biosphere and is relatively resistant to
biodegradation (Ander and Eriksson, 1978; Crawford, R.L., 1981; Eriksson and Kirk,
1985; Higuchi et al., 1983; Kirk and Farrell, 1987; Buswell and Odier, 1987). Since
lignin occurs in close physical and chemical association with cellulose and hemicellulose,
it limits access by polysaccharide-digesting enzymes to these plant polymers and is a
major obstacle to the efficient economic conversion of lignocellulosic materials to feeds,

fuels, and chemicals (Eriksson and Kirk, 1985; Buswell and Odier, 1987; Boominathan
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and Reddy, 1992; Higuchi, 1990).

Lignin is formed by random free radical polymerization of sinapyl, coniferyl and
coumaryl alcohols, which are synthesized from cinnamyl alcohol (ultimately derived from
phenylalanine) in the plant (structures shown in Figure 2.1), to form a heterogeneous,
optically inactive, cross linked, and highly polydisperse polymer of guaiacyl, syringyl
and small amounts of p-hydroxyphenyl units (Kirk and Farrell, 1987). Gymnosperm
lignins contain primarily guaiacyl units, while angiosperm lignins contain essentially
equal amounts of guaiacyl and syringy! units; see Figure 2.2 for the structures of these
base units. A typical formula for spruce lignin is presented in Figure 1.1 in the
Introduction. The linkage types between the various lignin "monomers” have been fairly
well characterized. The predominant type is the 8-O-4 linkage, comprising about 40-
60% of lignin linkages. The linkages in Figure 1.1 between the lignin monomers 1 and
4,5and 4, 5 and 6, 7 and 8, 13b and 14b, and 15 and 16, are of this type. Others
include phenylcoumaran (6-12% of the total number of linkages; between lignin
monomers 17 and 18), diarylpropane (5-10%; between lignin monomers 16 and 20), a-
aryl ether linkages (6-8%; between lignin monomers 11 and 12), pinoresinol (less than
5%; between lignin monomers 8 and 9), biphenyl (5-10%; between lignin monomers 12
and 13a), and diphenyl ether (4-6%; between lignin monomers 6 and 7) (Boominathan
and Reddy, 1992). This complicated polymer presents an effective deterrent to
biodegradation of lignocellulose since any enzyme system utilized must be extracellular,
nonspecific, and nonhydrolytic. The enzyme systems thus far discovered tend to rely on
random free radical mediated lignin degradation (Crawford, R.L., 1981, Boominathan
and Reddy, 1992), which will be discussed below.

2.2 Aerobic Lignin Degradation By White Rot Fungi

There is a considerable potential for the use of ligninolytic organisms or their
enzymes in many processes of industrial importance, including biopulping and
biobleaching of paper pulps (Eriksson and Kirk, 1985; Reid and Paice, 1994; Messner
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and Srebotnik, 1994), decolorization of bleached pulp effluents (Michel er al., 1991,
Boominathan and Reddy, 1992), biotransformation of lignin into aromatic chemical
feedstocks and related applications (Eriksson, 1993). In view of the ecological and
industrial importance of lignin biodegradation, there has been much interest in recent
years on lignin degradation by white rot fungi because these organisms rapidly and
completely degrade lignin to CO, and H,0 (Crawford, R.L., 1981; Kirk and Farrell,
1987; Tien, 1987; Higuchi, 1990; Boominathan and Reddy, 1992; Fiechter, 1993).
Many fungi, including the white rot fungi (de Jong er al., 1992; Orth et al., 1993;
Hatakka, 1994), degrade lignin. Brown rot (Kirk er al. 1975; Haider and Trojanowski,
1980) and soft rot (Haider and Trojanowski, 1980; Kirk, 1984; Kirk and Cowling, 1984)
fungi, as well as some bacteria (Antai and Crawford, 1981; Crawford, D.L. et al., 1982;
McCarthy and Broda, 1984) have also been shown to degrade lignin aerobically (lignin
is not degraded to any great extent anaerobically (Kirk and Farrell, 1987)), but the major
lignin degrading organisms have been found to be the white rot fungi (Boominathan and
Reddy, 1992). Since this study will focus on the extracellular peroxidases produced by
a white rot fungus, only white rot fungi will be treated in detail here.

White rot basidiomycetes have been found to degrade lignin more rapidly and
extensively than other microbial groups that have been studied. Their apparent mode of
attack is to grow into the lumens of cell walls, where they secrete extracellular enzymes,
including cellulases, hemicellulases, and peroxidases. It has been shown, using electron
microscopic techniques, that lignin degradation takes place at some distance from the
hyphae and that lignin is progressively removed from the lumens as degradation proceeds
(Blanchette, 1984; Blanchette and Reid, 1986; Otjen and Blanchette, 1986; Ruel an(i
Barnoud, 1985). While these fungi do not utilize the lignin as a growth substrate, the
removal of the protective lignin barrier opens up the structure of the carbohydrate matrix
so that near complete degradation of the lignocellulose is possible (Blanchette et al.,
1989). Cellulose and hemicellulose serve as the substrates for growth and other
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metabolic functions. Ligninolytic enzymes are produced by the fungus during secondary
metabolism as a result of carbon and/or nitrogen limitation in wood. These factors
indicate that lignin depolymerization is likely to be a rate limiting step in the
mineralization (degradation to CO,) of lignocellulose.

The best studied of the white rot fungi is Phanerochaete chrysosporium
(Boominathan and Reddy, 1992). This organism lends itself well to lignin biodegradation
studies because of a number of factors. There is already a wide base of knowledge on
its physiology, molecular biology, biochemistry, and genetics (Boominathan and Reddy,
1992; Reddy, 1993; Reddy and D’Souza, 1994). It can be reproducibly grown on
chemically defined media. The fungus produces both conidia (asexual spores) and
basidiospores (sexual spores), so culture maintenance and stability are greatly simplified.
More importantly, however, the fungus grows rapidly in agitated cultures, produces
substantial levels of extracellular peroxidases relative to peroxidase production by other
white rot fungi, and rapidly degrades lignocellulose (Boominathan and Reddy, 1992).
The following sections will describe P. chrysosporium and its lignin degrading system
(LDS).

2.3 The Lignin Degrading System of P. chrysosporium

P. chrysosporium is known to degrade lignin extensively and rapidly and has been
the organism of choice for lignin degradation studies in most laboratories worldwide.
This fungus has also evoked worldwide interest because of the potential of its ligninolytic
system in degrading a variety of toxic xenobiotic compounds from the environment such
as PCBs (Bumpus et al., 1985), benzo(a)pyrenes (Sanglard er al., 1986), di- and
trichlorophenols (Valli and Gold, 1991; Joshi and Gold, 1993), dioxins (Valli ef al.,
1992a), and dinitrotoluene (Valli ef al., 1992b). Consequently, knowledge is rapidly
accumulating on the physiology, biochemistry, and molecular biology of the lignin-
degrading system of this organism. Although lignin is rapidly mineralized by P.
chrysosporium, the lignin itself is of little significance as a carbon source for this
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organism (as with other white rot fungi), and a suitable cosubstrate such as cellulose,
hemicellulose or glucose must be present for lignin degradation to occur (Kirk et al.,
1976; Kirk and Farrell, 1987; Buswell and Odier, 1987; Buswell, 1991). The
ligninolytic enzymes of P. chrysosporium, as with other white-rot fungi, are produced
during secondary metabolism triggered by limitation of nutrients such as carbon and/or
nitrogen.

P. chrysosporium produces two families of extracellular peroxidases, designated
lignin peroxidases (LIPs) and manganese-dependent peroxidases (MNPs) (Kirk and
Farrell, 1987; Buswell, 1991) and several H,0, producing enzymes as major components
of its lignin-degrading enzyme system. At least six LIP isoenzymes and 4 MNP
isoenzymes have been described (Tien, 1987; Gold et al., 1989; Dass and Reddy, 1990;
Boominathan and Reddy, 1992). Average molecular weights of the two families are 41
and 46 kDa, respectively (Boominathan and Reddy, 1992). Each isoenzyme is a
glycoprotein which possesses one mole of iron protoporphyrin IX per mole of enzyme
and obligately requires H,0, for activity. MNPs, in addition to these characteristics, also
require Mn(II) (Gold et al., 1989; Boominathan and Reddy, 1992). These enzyme
families are discussed below.

2.3.1 Lignin Peroxidases (LIPs)

LIPs are glycosylated heme proteins (molecular weight 38,000 to 46,000). They
are obligately dependent on H,0, for activity, and have been shown to catalyze the
oxidative cleavage of B-O-4 linkages (the most abundant linkage in the lignin polymer),
C.-C; linkages, and -1 linkages in lignin substructure model compounds. LIPs have
also been shown to depolymerize the water-insoluble synthetic lignin polymer when
solubilized in organic solvents, and to catalyze demethoxylation of ring structures,
produce ethylene from KTBA (2-keto-4-thiomethylbutyric acid), and decolorize the
polymeric dyes Poly-R and Remazol blue, which have some structural similarities to the
lignin polymer (Kirk and Farrell, 1987; Buswell, 1991; Tien and Kirk, 1984; Andersson
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et al., 1985). Reactions typical of those found to be catalyzed by LIP on lignin model
compounds are shown in Figure 2.3 (Boominathan and Reddy, 1992). LIP activity is
conveniently assayed by measuring the oxidation of veratryl alcohol (VA) to
veratraldehyde (Tien and Kirk, 1984). VA also stimulates LIP activity in vivo (Shimada
et al., 1981; Tien and Kirk, 1984; Faison et al., 1986; Harvey et al., 1986; Hammel and
Moen, 1991; de Jong ez al., 1994).

At least six heme proteins (H1, H2, H6, H7, H8, and H10) with LIP activity are
seen in Fast Protein Liquid Chromatography (FPLC) profiles of P. chrysosporium strain
BKMF-1767 (Dass and Reddy, 1990; Kirk er al., 1986a; Kirk et al. 1986b) cultures
grown in nitrogen-limited media although other investigators have reported observing as
many as 15 isoenzymes (Leisola et al., 1987). A typical FPLC profile for an acetate
buffered, agitated culture of P. chrysosporium is shown in Figure 2.4 (Boominathan and
Reddy, 1992). The LIP isoenzymes H2, H6, H8, and H10 constitute the major LIPs in
both static and agitated cultures of P. chrysosporium (Kirk et al., 1986b; Leisola et al.,
1987; Dass and Reddy, 1990). The optimum pH for LIP activity is 2.5, although the
enzymes are not very stable at this pH (Tien, 1987; Boominathan and Reddy, 1992).
Detailed investigation of LIP isoenzymes has shown that each isoenzyme is encoded by
a separate lip gene (Boominathan and Reddy, 1992; Gaskell and Cullen, 1993; Reddy
and D’Souza, 1994). H1 and H2 have been shown to be nearly identical (Tien, 1987,
Boominathan and Reddy, 1992; Reddy and D’Souza, 1994). H7 and H8 were shown to
be similar to each other and to H1 and H2, but different in that they lacked at least two
major peptides (Tien, 1987; Boominathan and Reddy, 1992). H6 and H10 have been
shown to be most similar to H7 and H8 (Tien, 1987; Boominathan and Reddy, 1992).
The V.. /K, (productive binding rate) for H,0, is essentially the same for all the
isoenzymes, while the binding constants (K,) vary markedly. A broader range of
Va/Ka and K, were observed for the reducing substrates (methoxylated aromatics and
lignin substructure models) of the LIP isoenzymes (Tien et al., 1986). Thus, the
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isoenzymes are quite similar in some respects but also somewhat different in their
preferred substrates (Tien er al., 1986; Leisola et al., 1987; Dass and Reddy, 1990).

Studies done with lignin substructure models have shown that LIPs, operate by
a free radical generating mechanism (Hammel e al., 1985; Kersten et al., 1985; Gold
et al., 1989). Steady-state kinetic studies with VA have indicated a ping-pong
mechanism in which the LIP heme is first oxidized by H,0,, and the oxidized heme then
reacts with VA to form veratraldehyde (Tien et al., 1986; Gold et al., 1989; Harvey et
al., 1993; de Jong et al., 1994). H,0, was found to competitively inhibit binding of VA
to the enzyme, and to irreversibly inactivate the enzyme at high relative concentrations
(Tien et al., 1986). Since VA is normally produced by this fungus under secondary
metabolic conditions (Shimada ez al., 1981; Faison et al., 1986; Liebeskind et al., 1990),
it has been suggested that LIP may catalyze the oxidation of VA to a cation radical which
is then free to diffuse into the lignin matrix and react with oxidizable lignin bonds
(Harvey et al., 1986; Cui and Dolphin, 1991; Hammel and Moen, 1991; Harvey et al.,
1993; Schoemaker et al., 1994; de Jong et al., 1994). ESR spectroscopy studies
(Kersten et al., 1985) have indicated that some LIP-generated free radicals are stable
enough to diffuse away from the active site of the enzyme; this does not, however,
completely rule out physical accessibility of the lignin to the enzyme as a rate limiting
factor (Tien, 1987; Daniel et al., 1989; Blanchette et al., 1989). Physical accessibility
of the substrate to cellulases has been shown to be the rate limiting factor in the
hydrolysis of cellulose (Thompson er al. 1992); it is probable that this limitation affects
other enzyme systems as well (Tien, 1987).

2.3.2 Manganese Peroxidases

MNPs are also glycosylated heme proteins (average molecular weight 46,000) and
are obligately dependent on H,0, for activity. In addition, MNPs require Mn(II) for
activity, and catalyze the oxidation of Mn(II) to Mn(IIl) which in turn oxidizes phenols
to phenoxy radicals (Glenn and Gold, 1985; Paszczynski er al., 1985; Gold er al. 1989;
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Gold and Alic, 1993). MNPs have been shown catalyze a number of oxidations of
aromatic compounds. The dyes Poly B-411 and Poly R-481 are decolorized by oxidation
by MNP (Glenn and Gold, 1985). Higher molecular weight chlorolignins are also
degraded by MNPs (Lackner er al., 1991). MNPs have been shown to partially
depolymerize synthetic lignin (Wariishi et al., 1991), to cleave a-carbonyl lignin model
dimers (Tuor er al., 1992), and to degrade a wide range of phenolic environmental
contaminants (Valli and Gold, 1991; Valli et al., 1992a; Valli et al., 1992b; Joshi and
Gold, 1993). In addition, MNPs have been shown to be the limiting factor in the
decolorization of kraft bleach plant effluent (BPE) by continuous cultures of P.
chrysosporium (Michel et al., 1991), although Ferrer et al. (1991) found that lignin
peroxidase also decolorized kraft BPE if the LIP was immobilized. MNP activity is
assayed by measuring the oxidation of Phenol Red dye (Kuwahara et al., 1984) or by
measuring the conversion of Mn(II) to Mn(IIl) in the presence of tartrate (Paszczynski
et al., 1988).

At least four heme proteins, H3, H4, HS, and H9 (see Figure 2.4) with MNP
activity have been described in nitrogen-limited agitated or static cultures of P.
chrysosporium strain BKMF-1767 (Kirk et al., 1986b; Glenn and Gold, 1985;
Paszczynski er al., 1985; Kuwahara er al., 1984) although other investigators have
reported observing as many as 6 or more isoenzymes (Leisola et al., 1987). The MNP
isoenzyme H4 constitutes the major MNP in both static and agitated cultures of P.
chrysosporium (Dass and Reddy, 1990). MNP activity is stimulated by the addition of
an a-hydroxy acid such as malonate, tartrate, lactate, etc. as a chelator (Glenn et al.,
1986; Wariishi et al., 1988). In acetate-buffered cultures at 37°C, fungal production of
LIP is suppressed and MNP production is enhanced by addition of 40-100 ppm Mn(II)
(Bonnarme and Jeffries, 1990; Brown et al., 1990). Similarly, MNP production can be
eliminated by the omission of Mn(II) from the medium (Bonnarme and Jeffries, 1990).
The catalytic cycle of MNPs is similar to that of LIPs, except that Mn(II) is oxidized to
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Mn(III) by the MNP, and the Mn(III) in turn oxidizes the substrate molecule. A
comparison of the catalytic cycles of LIP and MNP is shown in Figure 2.5. Kinetic
studies on the oxidation of Mn(II) by MNP and hydrogen peroxide have indicated that
the stoichiometry is 2 Mn(Il) oxidized per H,0, consumed, that the catalysis occurs via
a typical peroxidase ping-pong mechanism similar to that of LIP, and that an organic acid
chelator (such as malonate, lactate, tartrate, etc.) must be present to stabilize the Mn(III)
that is formed and to efficiently remove it from the active site of the MNP (Wariishi ez
al., 1989a; Aitken and Irvine, 1990; Wariishi er al., 1992). Perez and Jeffries (1992;
1993) found that both Mn(II) and organic acid chelators were important in regulating not
only the expression of both LIPs and MNPs, but also their activity. They found that in
whole cultures when high levels of Mn were present along with a suitable chelator, some
depolymerization of a synthetic lignin occurred, but the bulk of the depolymerization did
not occur until the Mn eventually precipitated out as MnQO, and LIPs were expressed.
In addition, they found that lignin mineralization was most efficient at low Mn
concentrations. This led them to conclude that MNPs catalyze an initial modification of
lignin, preparing it for further degradation by LIPs (Perez and Jeffries, 1992; Perez and
Jeffries, 1993).
2.4 Mechanistic Studies Of Lignin Degradation
2.4.1 Water-soluble Lignin Substructure Models

In vitro mechanistic studies with LIP H8 have shown that in the presence of H,0,,
LIP will catalyze C,-C,; cleavage, oxidation of benzylic alcohols, S-aryl ether cleavage,
loss of methoxyl groups, and aromatic ring opening (Kirk and Farrell, 1987;
Boominathan and Reddy, 1992; Tien, 1987; Gold ez al., 1989; Tien et al., 1986; Kersten
et al., 1985; Hammel ez al., 1985). The mechanism of C,-C; cleavage of lignin model
compounds is shown in Figure 2.6 (Tien, 1987). Using lignin model compounds, MNPs
have been shown to catalyze, through the generation of Mn(III), the cleavage of phenolic
B-1 dimers (Gold et al., 1989) and a-carbonyl lignin model dimers (Tuor ef al., 1992),
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alkyl-phenyl cleavage, and C,-C, cleavage (Wariishi er al., 1989b; Wariishi et al.,
1991). These reactions are consistent with the types of bond breakages necessary to
release monomers from polymeric lignin (Tien, 1987; Boominathan and Reddy, 1992;
Gold and Alic, 1993), leading to the lignin degradation roles assigned to both LIPs and
MNPs.

At present, there are at least two theories on the putative roles of LIPs and MNPs
in lignin degradation. Perez and Jeffries (1990; 1992; 1993), in studies with soluble C-
labelled synthetic lignins, suggested that MNPs perform the initial steps of lignin
depolymerization, but that LIPs are necessary for further degradation of the polymer to
low molecular weight products, and for complete mineralization. Boyle et al. (1992),
however, in a study with C-lignin labelled wood, found evidence that LIPs played the
main role in lignin solubilization and MNPs were important in subsequent CO,
production. Haemmerli et al. (1986) demonstrated that at least in some cases, LIP
catalyzes polymerization of solubilized isolated lignin fragments and not
depolymerization, and that the polymerization was enhanced by the addition of VA. This
led them to conclude that LIPs are not directly involved in the depolymerization of
lignin. However, these studies were done under conditions of low O, and at extremely
low H,0, and VA levels relative to LIP. This may result in anaerobic free radical
coupling reactions due to both the low O, and the lowered levels of cation radicals
generated from H,0,. Sarkanen et al. (1991) also indicated that LIPs are not involved
directly in the depolymerization of lignin, but may either play a role in detoxification of
lower molecular weight phenolic fragments released by MNPs, or may directly enhance
the susceptibility of polymeric lignin toward depolymerization by another enzyme through
the introduction of suitable functional groups.

2.4.2 Synthetic Polymeric Lignins

Most of the studies on degradation of water-insoluble naturally occurring

lignocellulosic substrates have focused on total CO, production by cultures of the whole
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organism (P. chrysosporium or other white rot fungi) (Kirk and Farrell, 1987; Buswell
and Odier, 1987; Buswell, 1991; Boominathan and Reddy, 1992). There is a wealth of
information on LIP and MNP catalyzed reactions using water-soluble, lower molecular
weight lignins and lignin substructure models; however, very little has been done with
water-insoluble polymeric lignin substrates until the recent studies of Hammel and Moen
(1991), Hammel e al. (1993), and Wariishi e al. (1991). The reasons behind this
reluctance to use a water-insoluble, high molecular weight natural lignin are not trivial:
(1) the rates of in vivo depolymerization of water-insoluble lignin are orders of magnitude
slower than rates seen with water-soluble lignins and model compounds; (2) maintenance
of a steady supply of H,0, at levels which will not inactivate the enzyme, yet sustain the
reaction is difficult; and (3) analytical techniques for the rapid characterization of
partially degraded solid substrate are not readily accessible (Tien, 1987). Hammel and
Moen (1991) presented the first direct evidence for the in vitro depolymerization of
synthetic guaiacyl-syringyl lignin. They demonstrated the partial solubilization of a 'C,-
labelled synthetic hardwood lignin partially soluble in 9:1 sodium acetate (pH 4.5)/N,N-
dimethylformamide, in the presence of LIP, H,0,, and VA. LIP and H,0, were
continuously added slowly to a stirred dispersion of lignin in the presence of VA (by
means of a peristaltic pump). Products with molecular weights as low as 170 were
detected and 25-30 % of the radiolabel originally present was converted to volatile
products. In experiments where LIP or H,0, were omitted, no evidence of
depolymerization was found. Moreover, little discernible lignin depolymerization was
observed in reactions lacking VA. Since the majority of intermonomer linkages in lignin
occur through C; of the propyl sidechain (Adler, 1977; Ander and Eriksson, 1978;
Higuchi, 1990), the extensive volatilization of C from a Cg-labelled lignin can only
occur if the sidechain is broken (Hammel and Moen, 1991). Thus, these results clearly
indicate the peroxidative alkyl side-chain cleavage of the synthetic lignin in the presence
of LIP, H,0,, and VA.
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Hammel et al. (1993), in further investigations using the system described above,
again found that LIP depolymerized synthetic lignins, but only if the lignin was dispersed
in an organic solvent. Veratryl alcohol was also required; ligninolysis was most effective
when VA was added at 375 umoles/liter of reaction, with H,0, present in limiting
amounts. Increases of VA above this amount gave little change in the extent of lignin
depolymerization. LIP was found to degrade highly methylated (derivatized) phenolic
lignin as well as phenolic lignin, but MNP was only effective with phenolic lignin.
Conclusions from this study were: (1.) organic cosolvents are preferred for in vitro lignin
depolymerization studies; (2.) H,0, should be present as limiting substrate, and
preferably at concentrations less than 100 xM; (3.) VA is required for protection of the
LIP from H,0,-mediated inactivation, and also as a one-electron redox shuttle to promote
LIP catalyzed oxidations; (4.) lignin concentrations should be low; and (5.) O, is
absolutely required to prevent free radical coupling reactions, which lead to
polymerization rather than depolymerization.

Olsen et al. (1991), in a recent European Patent Application, described a process
in which water-insoluble paper pulp is treated in vitro with mixtures of LIPs, MNPs, and
xylanases in the presence of H,0,, VA, Mn(Il), lactate, and O,. Measurements of pulp
brightness and Kappa number for the treated material versus controls (in which no
enzymes were added) indicated that extensive delignification had occurred. This is the
first direct evidence of in vitro delignification of a water-insoluble polymeric lignin from
a natural source (as opposed to synthetic lignin), although during the pulping process it
is likely that the lignin in the pulp was modified enough that it no longer closely
resembled lignin as it occurs undisturbed in wood. In this study, H,O, was generated in
the reaction vessel by glucose oxidase, while VA was added intermittently. Ranges of
enzymatic activities and reagent concentrations to achieve maximum delignification were
presented in the preferred embodiment of the patent. These ranges are presented in
Table 4.2 (Chapter IV) rather than here, since they were used in the design of
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experiments for this study.

Wariishi ez al. (1991) recently demonstrated that a purified MNP also catalyzes
the depolymerization of C-labelled synthetic guaiacyl as well as guaiacyl-syringyl
lignins in 3% DMF in water. Reactions were carried out under an atmosphere of 100%
O, at 37°C, pH 4.5, 200 uM Mn(II), and with an H,0, generating system consisting of
2.5 mM glucose and 0.025 Units of glucose oxidase. Gel permeation profiles showed
significant depolymerization of the various synthetic lignins, indicating involvement of
MNPs in lignin depolymerization. The major product released from the syringyl lignin
was identified as 3,5-dimethoxy-1,4-benzoquinone, with much smaller amounts of 3,5-
dimethoxy-1,4-dihydroxybenzene and syringaldehyde. Tuor et al. (1992) also identified
the quinone and hydroquinone structures above in a study of the oxidation of phenolic
arylglycerol B-aryl ether lignin model compounds; again, the quinone was present in
much higher concentrations than the hydroquinone form. It was found that in the
presence of O, or Mn(IIl), the hydroquinone form was spontaneously oxidized to the
quinone form, accounting for the low concentrations of the hydroquinone (M.H. Gold,
personal communication). Based on these studies, pathways for C,-C; cleavage, C,-
oxidation, and alkyl-phenyl cleavage of lignin by MNP were proposed; these pathways
are presented in Figures 2.7 and 2.8. They concluded that MNP oxidized C,-oxo-
substituted substructures as well as C,-C, substructures, leading to the depolymerization
of lignin. '

2.5 Techniques for Characterization of Lignin

Lignin chemistry is a complex, ill-defined field due to the heterogeneous aromatic
structure of lignin (Sarkanen and Ludwig, 1971). Most early techniques for lignin
characterization relied on oxidative degradation of the lignin or acid hydrolysis of the
aliphatic sidechains in lignin, followed by characterization of the aromatic products
released, and formulation of probable intermonomer linkages based on the functional
groups and side chains present in the products (Sarkanen and Ludwig, 1971). More
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Figure 2.7: The mechanism of alkyl-phenyl cleavage of a lignin-model dimer by MNP
and C_-oxidation. Solid "O" refers to oxygen atom derived from '*O in labelled water
(Tuor et al., 1992).
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Figure 2.8: The mechanism of C_-C;, cleavage of a lignin model dimer by MNP (Tuor

et al., 1992).
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recent developments, such as Fourier Transform Infrared Spectroscopy (FTIR) have
allowed nondegradative characterization of lignin, although interpretation of the spectra
in terms of the actual lignin structure are difficult. Pyrolysis-Gas Chromatography/Mass
Spectrometry (Pyrolysis-GC/MS), although still a degradative technique, has gained in
popularity in recent years due to its nonoxidative method of depolymerization, yielding
lignin-derived products that are not significantly more oxidized than they occur in the
polymeric lignin. Finally, '*C Nuclear Magnetic Resonance (NMR) of both solubilized
and solid lignins has proven to be a useful technique in characterizing the structure and
intermonomer linkages in lignin. These techniques will be briefly reviewed below.
2.5.1 Chemical Techniques

The three major degradative chemical techniques for lignin characterization are
potassium permanganate oxidation (Sarkanen and Ludwig, 1971; Tanahashi and Higuchi,
1988; Gellerstedt, 1992), nitrobenzene oxidation (Sarkanen and Ludwig, 1971; Tanahashi
and Higuchi, 1988), and thioacidolysis (Obst, 1982; Tanahashi and Higuchi, 1988;
Rolando et al., 1992). Each technique releases lignin monomers by different
mechanisms, resulting in different functional group changes, which are used to predict
the original linkage types in the lignin. Detailed descriptions of procedures for these
techniques and specific results from studies using them are beyond the scope of this
review; rather, only the general information which can be gained from each technique
and the advantages and disadvantages of each will be given.

Potassium permanganate oxidation has been used for quite a number of years in
the characterization of lignin samples; the initial publication describing the procedure was
published in 1936 (Freudenburg et al., 1936). This technique involves the selective
degradation of all aliphatic sidechains directly attached to aromatic rings in lignin with
potassium permanganate, resulting in a mixture of aromatic syringyl- and guaiacyl-
derived carboxylic acids. The amounts and identities of each acid, usually determined

by HPLC or GC/MS, provide information as to the frequency of occurrence of each
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aromatic ring substitution pattern and the amounts of different types of intermonomer
linkages (Gellerstedt, 1992). The biggest drawback of permanganate oxidation is that
lignin monomers which do not contain free phenolic hydroxyl groups cannot be analyzed
by this method, so the information gained represents only a small fraction of the total
lignin structures. Sample size is preferentially on the order of 10-100 mg calculated as
lignin (Gellerstedt, 1992); therefore, if quantitative replicate analyses are required,
relatively large lignin samples (up to 300 mg calculated as lignin) are needed.

Nitrobenzene oxidation, first reported by Freudenberg et al. (1940) releases
aromatic aldehydes and carboxylic acids from lignin. High yields of vanillin, and
vanillin and syringaldehyde are obtained from gymnosperm and angiosperm lignins,
respectively (Tanahashi and Higuchi, 1988). In addition, large amounts of p-
hydroxybenzaldehyde are obtained from grass lignin. The determination of each
aldehyde present, usually by GC/MS, in the oxidation mixture provides information that
is useful in the chemical characterization of the lignin. Carboxylic acids produced from
the corresponding aldehydes by the Cannizaro reaction (Tanahashi and Higuchi, 1988)
decrease the yields of the aldehydes, and should be included in the aldehyde totals. This
method has been one of the most useful in providing information for the phylogenetic and
taxonomic classification of woody plants. Sample sizes of 60 mg of wood meal or 15
mg of lignin (both extractive-free) are necessary for good quantitative results.

Thioacidolysis is but one of a number of hydrolysis techniques, including
ethanolysis, acidolysis, thioacidolysis, and thioacetolysis, commonly used for the
characterization of lignin (Tanahashi and Higuchi, 1988). These techniques cleave the
alkyl-aryl ether linkages (the most common intermonomeric bonds in lignin) to form
syringyl- and guaiacyl-derived lignin monomers which can be quantified and used to
determine, among other things, the syringyl and guaiacyl contents of the lignin (Obst,
1982; Tanahashi and Higuchi, 1988; Rolando et al., 1992). Acidolysis and thioacidolysis
are used to determine arylglycerol-g8-aryl ether linkages in lignin (Tanahashi and Higuchi,
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1988) through characterization of the y-methyl isomers of B-oxy-p-coumaryl alcohol
derivatives released from the lignin. Compared to acidolysis, thioacidolysis gives greater
yields of less complex monomers, especially from hardwoods, which makes the resulting
monomeric composition of hydrolyzable structures in the lignin more reliable. Relatively
little (20 mg) of sample is needed for either technique (Obst, 1982; Tanahashi and
Higuchi, 1988; Rolando er al., 1992), but complete chemical characterization of the
lignin is not possible by this technique (or by any of the techniques above); rather,
information from this and all of the above techniques is necessary for complete
characterization of the lignin. The biggest drawback to chemical characterization of
lignin through the use of these degradative techniques, then, is that a large amount (400
mg or more) of sample would be needed to get complete, reliable results.
2.5.2 Pyrolysis-GC/MS

Pyrolysis-GC/MS, with the advances in GC/MS analysis in recent years, has
gained in popularity because it yields lignin-derived products that are not significantly
more oxidized than they occur in the polymeric lignin. Within the last 15 years, a wealth
of information on lignin monomeric products has been generated using pyrolysis
combined with electron-impact GC/MS (Martin ez al., 1979; Philp et al., 1982; Fullerton
and Franich, 1983; Saiz-Jimenez and de Leeuw, 1984; Faix et al., 1987; Pouwels and
Boon, 1987; Boon et al., 1987; Genuit et al., 1987; Faix et al., 1988; Sjostrom and
Reunanen, 1990; Faix et al., 1990a; Faix et al., 1990b; van der Hage et al., 1993).

Since the structure of lignin is so complicated, many different degradation
products are possible using any degradative technique. The mass spectra of the lignin-
derived products found in these studies should be useful in identifying oxidative lignin
degradation products, since the more stable molecular fragments (containing the aromatic
moiety and substituents attached directly to the ring) produced by electron impact mass
spectrometry should be similar whether the aliphatic side chains are oxidized or not. The
most complete studies on pyrolysis-GC/MS of lignins have been done by Faix and co-



29
workers (1987; 1988; 1990a; 1990b; Genuit er al., 1987), in which they determined the
mass spectra of hundreds of previously unmeasured compounds derived from lignin,
including substituted guaiacyl and syringyl alcohols, aldehydes, and ketones; catechols,
aliphatic-substituted phenols, and many others. It was found in these studies that there
are key mass fragments that can be assigned to certain lignin-related structures: m/z 107
is typical for alkylated phenols, m/z 137 and 167 are key fragments for alkylated
guaiacyl- and syringyl- structures, respectively, and m/z 151 and 181, in general,
indicate a carbonyl-group at the a-carbon of the propyl side chain in guaiacyl- and
syringyl-structures, respectively (Faix er al., 1990a; Faix et al., 1990b). The masses of
these fragments change with degree of substitution beyond the base syringyl and guaiacyl
structures (Faix ef al., 1990b). As little as 100 ug of lignin can be used for pyrolysis-
GC/MS (Faix et al., 1990a). One disadvantage of using pyrolysis-GC/MS for routine
lignin analysis is that it requires very expensive equipment which is dedicated solely to
that task, making it unavailable to most researchers. In addition, the mass spectra
obtained from pyrolysis-GC/MS may be of limited use to some lignin degradation
studies; since derivatization of the volatile products is not possible, matching of spectra
obtained is then limited to nonderivatizable products.
2.5.3 ®C NMR of Solubilized and Solid Lignin

BC NMR has been used extensively to characterize lignin structure, with both
acetylated and other solubilized lignins, and with the development of cross-polarization
magic angle spinning (CPMAS or CP/MAS; Yannoni, 1982), solid lignins. Each case
will be briefly described below.

Liquid-state ®*C NMR has been used both qualitatively and quantitatively to
characterize solubilized lignins. Qualitative liquid *C NMR has been successfully used
to differentiate between lignins from hardwoods and softwoods (Nimz et al., 1981), to
identify degradation products of lignin degraded in vivo by Phanerochaete chrysosporium
(Chua er al., 1982; Chen et al., 1982), to compare the importance of syringyl and
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guaiacyl units in Poplar lignin (Lapierre et al., 1982; Lapierre and Monties, 1984), to
study the structure of Kraft lignins (Kringstad and Morck, 1983; Morck er al., 1986),
and to compare the structure of a synthetic lignin to a milled wood lignin isolated from
spruce wood (Evliya, 1989). Quantitatively (quantified by integration of the peaks in the
NMR spectrum), it has been used to determine hardwood syringyl to guaiacyl ratios
(Obst and Ralph, 1983), methoxyl to aryl ratios (Obst and Landucci, 1986) in
hardwoods, to estimate total hydroxyl content in milled wood lignin from spruce and in
a synthetic lignin (Robert and Brunow, 1984), and to quantify C.-C; bonds present in
spruce wood decayed by Phanerochaete chrysosporium (Robert and Chen, 1989).
Clearly, Liquid-State *C NMR is a powerful tool for the characterization of lignins that
can be solubilized. The main drawback to using Liquid-State *C NMR is that it has a
- very low sensitivity, which makes necessary the use of large amounts of lignin in order
to get relatively concentrated samples, and a long duration of analysis (in the instrument)
is required in order to get clear peaks for minor, but important structures (Lapierre and
Monties, 1984). In addition, only lignin samples that are of low enough molecular
weight to be solubilized can be analyzed with this technique.

Solid-State *C NMR utilizing CP/MAS has been used in several structural studies
of solid lignin isolated from spruce wood (Fleming and Bolker, 1980; Bartuska ef al.,
1980), intact lodgepole pine wood (Kolodziejski ez al., 1982; Taylor et al., 1983), and
residual Kraft lignin (Leary ef al., 1988), with mixed results. This technique can be
used to determine differences in functional group contents between related lignin samples
(Taylor et al., 1983), but it remains to be seen whether truly quantitative results can be
obtained due to the lack of sharpness and separation of peaks in the NMR spectrum. The
Solid State *C NMR technique using CP/MAS has the advantage over Liquid-State *C
NMR that the molecular weight of the lignin to be analyzed is not limited by solubility;
however, sample sizes remain large (0.4 cm® sample volume; Kolodziejski et al., 1982;

Taylor er al., 1983) and analysis times are very long (1-4 hours per sample; Taylor et
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al., 1983). In short, both 3*C NMR techniques require large samples and long analysis
times to get good results, a strong disadvantage if sample size is limited.
2.5.4 Spectrophotometric Techniques

The spectrophotometric techniques most commonly used for lignin analysis are
Ultraviolet (UV) and Fourier Transform Infrared Spectroscopy (FTIR), due to the
reproducible absorbance maxima exhibited within relatively narrow wavelength ranges
by aromatic rings and functional groups attached to them. Characterization of lignin by
UV and FTIR spectroscopy depends completely on the assignment of absorbances at
various wavelengths to specific functional groups, usually identified through studies of
the absorbances of model compounds (Sarkanen and Ludwig, 1971). The use of UV and
FTIR spectroscopy for lignin characterization will be discussed below.

The major use for UV spectroscopy in lignin characterization is in the
determination of the lignin content of woods and isolated lignins (Fergus et al., 1969;
Bagby et al., 1973; Boutelje and Eriksson, 1982; Saka er al., 1982; Janshekar et al.,
1981; Boutelje and Eriksson, 1984), since the aromatic rings in lignin absorb intensely
at 280 nm, while cellulose and hemicellulose are transparent to UV in this region
(Sarkanen and Ludwig, 1971). Some functional group contents can also be estimated
with this method, including carboxylic acid content (Sarkanen and Ludwig, 1971) and
phenolic hydroxyl content (Yang and Goring, 1980; Boutelje and Eriksson, 1984).
Clearly, this method could be potentially useful for the characterization of lignins, but
it cannot be used to completely characterize lignin since the aliphatic sidechains in the
lignin cannot be measured by UV (Sarkanen and Ludwig, 1971).

IR spectroscopy has been useful in determining differences between lignins from
different sources, and between lignins from the same source but isolated by different
methods (Sarkanen and Ludwig, 1971). Comparison of absorbances at the various
maxima in the range of 4000-700 wavenumbers (1/A, cm), which can be attributed to

various functional groups and lignin bonds (identified by inspecting IR spectra of lignin
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model monomers and dimers (Sarkanen and Ludwig, 1971)), gives important information
about differences in the chemical and structural makeup of the lignin. These IR band
assignments are shown in Table 2.1 (Faix, 1992). Lignin does not have to be soluble
to be used in IR studies (Sarkanen and Ludwig, 1971), making the technique quite useful
in studies of whole, insoluble isolated lignins (and not just organic solvent-soluble
extracts).

With the development of FTIR, which allows for much faster and accurate
measurement and analysis due to the ability to quickly measure and average a large
number of scans (Griffiths and de Haseth, 1986), methods have been developed for the
quantitative measurement of functional group compositions of lignins using FTIR and
Beer’s Law (Sarkanen and Ludwig, 1971), and various mathematical methods (Schultz
et al., 1985; Schultz and Glasser, 1986; Fuller ez al., 1988a; Fuller et al., 1988b; Hames
et al., 1991). The first method to be developed employed was Diffuse Reflectance FTIR
(DRIFT FTIR; Schultz et al., 1985; Schultz and Glasser, 1986) and empirical regression
methods. In DRIFT FTIR, the FTIR spectrum of the solid lignin sample is determined
by measuring the spectrum of IR radiation reflected from the lignin (1:40 in powdered
KBr) using a complex system of mirrors; the method i