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Introduction

Lignin is a polymer composed of phenylpropane units interconnected by a number of
stable carbon to carbon and carbon to ether linkages. Lignin is racemic and amorphous.
It has highly resistant to biodegradation.

Hence, investigations on the biodegradation of the model compounds containing major
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*3. Dept. of Forest, Products & Technology, College of Forestry, Kangweon National

University, Chuncheon, 200-701 Korea.
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substructures of lignin macromolocules have largely contributed to elucidating the degrada-
tion of lignin.

It is decomposed efficiently, however, by basidiomycetous white-rot fungus. The
basidiomycete Phanerochaete chrysosporium Burds produces an extracellular lignin-degrading

enzyme. It's enzyme discovery by Kent kirk's group and named” "Ligninase" or "Lignin
peroxidase". 1,)

The ligninase (Lignin peroxidase) catalyzes a variety of seemingly different reactions
in the presence of hydrogen peroxide, Ca-Cp cleavage of their aliphatic side chain of
lignin models, hydroxylation of benzylic methylene groups, oxidation of benzylalcohols to

the corresponding aldehyde or ketones, and phenol oxidation.

”?:0
CH
H

H
 aten.
HOCH - Mgo
Tz o ¥ HOH,C—CH—CH cl’ CHy
Htl:-o—@- M—CH—CH, 0 CHy 9 I OCHy Hsco.
. H-C-0OH " " . "l‘l—c"'“c"\

In—cn-cn,on HOCH CHy OCH, °-<i"
cH HyC CHLOM [ HyC
] (M Sn—ip HyC \ CHyOH t  OCHy
HOCHy 8. M o H! Hebom o it M He—o 04 cH=cH-chyon o 0 Erpon
- —CH-CH,0M -d H i
:E 0 @0 H0l LOST,  HCOH E)-om Horec- TH neom nc—o—cn,—cu_ -@-ou cH
- @—\
CH. DCHy g
pee i B A:N,Né wogn ngco L " g"—c“ nc.o o Thock, ‘C"r H—cw CHa0M
He. 0— H-—CHK OCH, 0"
.@_ —CH- N 2 |
c| H-CH20H 0~ ( CH (SC 66 NC CN,ON ) ocH,
oH o cHy CH=CH l
-CH—O0— N
" CH—CH—CHZON 0 OCHy  GHZOH CHz0m Ho-{Z--tH—o 3 2 o H,on 'c'"
1y HOHC~ - O——CH—CH=0 l 1
e CH CHy (sce) 0~(21 CHy " He OH CHgOH
HEO 3 CH, ? OH
OH CHy h -OH
N HOHyC— CH—ch 0—1I9) HiCO i
1 i’? -0 CH=CH
HC—CH

uc
HeOH
mt tn womc—ch—an 0-CH-CH5OH nou,c—cum “?_@Eco

HOHC~ CH=CR CHy

HOH,C - z

21 ® (IJ CHs KE-o0 g A \°‘-£§—cn =cH-gH "’ OCH,

"G Hy 1 (5¢10) HyC

né HyC0 SUGAR T, M Hy

cHom 4 H {
HyCO 4 ”‘;:_o c{ R\ . "o ,,sl 1 "E 8:,‘.:,"20 — N.on
o 3 C—@O @ H~CH,OH TEH-CHOH —-cn OH
—on 't \?‘_c( o c} N t 9 '@‘

cH= cu—cuzou

¢ HOH,C —CH—&
c CH,OH % 2 "—C-Qon
| 0CH, "Zn,zn (zccz GHz0H —3-]; CH, HO-GF-cHeCH—Chgon l" H cHy
HC —HC— —CHc ou eH—¢ CHOH OH
] CHeOH “g tscem) X% " H i My *

- 0 O
HC-OM »I -, C"s GHyOH ocHy  O=cH HOH,C ON
od

HOM,
Tl a i b o TS
HyC s0) I ! HO H-CH
<Y ocn. " HO- HC-0—CHy ul S C“g"l i
?""’” ’ﬁ us,-fu ¢ Hy - Hy ©
o

Ly 1o nT—(zz) HOMeC ocn,
H CHy  CHa0M .
o neody oy L S Bl
HOM,C P PO wi—o HoKe HyC HO-CH Ho=¢H
27 PhocHy  HE-on He 0CH, ’°$ (49—
HG—o gn,m-?n Ha¢ We—o0 M €O HOHLC
" 9 CH0H (w/o HOM,¢ CHyOM |
Ho HC=CHaOH HC HR_/CH=CHOM
SUGAR—0—CH Wo-tH O—Ch se3n| Th
HOHZL neao 144
CHy "I CHy
! " ° Hg—En-Chpom
HC—CH~CHa0H gHa0n 20

(sces) Ha O (scea)

Fig.1, = Softwood lignin model designed by computerized evaluation (by courtesy of W.G.
Glasser).
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2)

based on the simulation of radical coupling reactions of the p-hydroxv cinnamyl alcohols,

The most recently, the lignin model reported by Glasser and Glasser”’ was mainly

and was composed of 94 phenylpropane units (Fig. 1).

Lignin models used were arylglycerol-g-arylether (3-0-4), phenylecoumaran(g-5),
diarylpropane(g-1), biphenyl(5-5), Aryl-Alkyl(3-6) and resional(8-8) compounds.

The general mechanisms for ligniase-catalyzed degradations of different model

compounds are shown in Fig. 2 - Fig. 20.

1. Cation radical

3)

generates cation radicals from methoxybenzenes. Evidence given Fig. 2 indicated that

Recently, Kersten and Kirk™’ have demonstrated that the ligninase of P. chrysosporium
these are formed directly one-electron oxidation followed by a reverse disproportionation
reaction. The detection of cation radicals in the enzymatic system from methoxybenzens
permitted predictions of the products formed from ligninase-catalyzed oxidation. The
mechanism of demethoxylation presumably involves one-electron of the methoxybenzene by
- the oxidized enzyme and subsequent addition of HZO to the cation radical, followed by or
sim‘ultaneous with methoxyl aromatic cation radicals has been noted in other systems.
Fig. 2 shows that 1,4-dimethoxybenzene is converted to p-benzoquinone and methanol.
The ligninase reaction is a new biological mechanism for ether clearage.
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F1G6. 2. Hypothetical scheme showing two sequential one-
electron oxidations of 1,4-dimethoxybenzene and addition of
water with loss of methanol.

2. Arylglycerol-f-Arylether Linkage

The arylglycerol-g-arylether bond (B-O-4 substructure) is the most abundant
interphenylpropane linkage in lignin Higuchi group reported that P. chrysosporium and C.
Versicolor degrade both phenolic and nonphenolic 8-O-4 compounds. Fig. 3 shows that a
phenolic B-0-4 model, arylglycerol-f-coniferyl ether(1) is converted by Phanerochaete

_47_.
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(pathway B.) to arylglycerol-B-guaiacylglycerol ether(2') which is converted to vanillic acid

ether(5) via vanillin ether(4).

The vanillic acid ether(5) is than degraded either to

glycerol-2-vanillic acid ether(6). and dimethoxy-p-benzoquinone(7) by alkyl-phenyl cleavage

or. to vanillyl alcohol(9),
B clevage, as found for nonphenolic 8-O-4 models.
could occur via phenoxV radicals of the substrate mediated by lignin peroxidase.

HO S CHO  HO ~.COOH
Howlog A _HO OQ/

probably via vanillin as primary product by oxidative Ca-C

Both alkyl-phenyl and Ca -Cf cleavage
4,5)
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Fig. 3. Dcgradation pathways of guaiacyiglycerol-g-coniferyl cther by F. solani

M-13-1 and Phanerochaete chrysosporium.
pathway by Phanerochaete.

To elucidate the degradation mechanism is very

substructure by lignin degrading fungi. Higuchi's groups)

on $-O-4 model compounds (10) using P. chrysosporium.

guaiacol(12),

importment

C6 C, (benzylalcohol) derivative(13) and guaiacoxy ethanol(14)

A, Pathway by Fusarium; B.

for nonphenolic B-0O-4
started degradation study in 1981

They identified arylglycerol(11),
. Guaiacoxye-

thanol(14) was suggested to be formed by retroaldol reaction of r-aldehydeic -O-4 dimers

shown in Fig. 4.

“ko?c“a

Fig. 4. chradauon palhways _of nonphenolic arylglyccrol-ﬁ-ary]

ether models by P. chrysosporium.
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So, to elucidate the mechanism of Ca- Cg cleavage, Higuchi group7) synthesized a trimer
(15) composed of B-O-4 and a-O-7 substructure, i.e, the trimer model, and used it as
substrate for ligninolytic culture of P. chrysosporium.

Fig. 5 shows the degradation of 7y-benzyl ether of S-O-4 model(15) with phanerochaete.
Benzyloxyethanol(16), a C8- C7 fragment compound was first identified by Higuchi group,
in addition to a CG- Ca derivative(13) and arylglycerol derivative(17) as degradation

produects.
4?@ O,
O, CHO OH
HOx3 0% / 'O
Hy 0CH3
OCH3
13 :

Fig. 5. Degradation pathways of a trimer composed of 3-O-4 and
@-O-r substructure, r-benzyl ether of §-O-4 substructure
model by P. chrysusporium.

On the other hand, Gold's groupS) reported that on the degradation of 4-ethoxy-3-
methoxyphenylglycerol-8-guaiacyl ether(10) With ligninolytic culture of P. chrysosporium.

Enoki et 81.9,10)
zylaleohol(13), guaiacol(12), glycerol-2-guaiacylether(14) and  guaiacoxyethanol(18) by GC-

identified 4-ethoxy-3-methoxyphenylglycerol(11), 4-ethoxy-3-mothoxyben-

MS, and concluded that nonphenolic $-O-4 model are converted via three pathway as
shown Fig. 6.

oH

@ocn,

OEL
13

Fig. 6. Degradation pathways of nonphcnohc arylglycerol-8-aryl ether models by
Phanerochaete chrysosporium.
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1) Alkyl-phenyl cleavage (pathway A), presumably preceeded by 4-O-dealkylation to give
guaiacylglycerol-g- guaiacyl ether and catalyzed by POy,

2) Ca- C8 cleavage (pathway B), presumably to involve C7-oxidation, which has not been
established, followed by a reversed aldol reaction.

3) p-ether cleavage (pathway C), followed by Ca-Cp cleavage in the phenylglycerol
product (pathway D).

On the other handg, Nakatsubo”) reported that on incubation of veratrylglycerol-g-coniferyl

ether(19) with P. chrysosporium the substrate is converted to the glycerol ether(20), which
is then converted to the vanillic acid ether(22) via the vanillin ether(21) as shown Fig. 7.

HO X~ CH0H HO C HZOH HO
HO ,[;:T,
oC H3

OCH,
0CH, OCHy OCH,
OCH, OCH,4 0CH,4
/@/COOH
%iocu:,
OCH3

Fig. 7. Pathway for partial degradation of veratrylglycerol-8-coniferyl ether by
Phanerochaete chrysosporium

Also, Tien and Kirk1 2 have isolated and characterized an enzyme that directly cleavages

the Ca-Cp linkage of arylglycerol-g-arylether as shown Fig. 8. The enzyme has been
purified from the culture filtrate of P. chrysosporium.
compound converted to veratryl aldehyde and guaiacol.

The arylglycerol-g-aryl ether

OCH4y 1OCHzs
Colored
products

OCH,
OCH4

Fig. 8. Cleavage of a 8-0-4 model compound by a ligninolytic oxygenase from Phanero-
chaete chrysosporium is analogous to cleavage of B-1 models (Fig. ). Compounds in brack-
ets are suspected products, based on work with related models. From Tien and Kirk (1984).
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3,13)

Recently, Kirk group reported that ligninase functions by single-electron oxidation of

the aromatic nueclei to unstable cation radicals, which decompose via various reactions to
yield the observed products Schomemaker et al14) have suggested a smilar mechanism.
In the case of S-0-4 substructures, generation of a cation radical in ring A is expected
to lead mainly to Ca-Cp cleavage, whereas smilar oxidation instead in ring B is expected
to lead in part to O-C cleavage. Kirk group1 5) reported that a mechanism for Ca-Cp

cleavage via a cation radical intermediate can be formulated as illustrated in Fig. 9(a).

(a) (b}
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Fig. 9. (a) Possible mechanisms for C.;~C 4, cleavage, C,, oxidation and (5) C,-methoxy-group demethoxylation via cation radical

intermediates

Also, a mechanism of Ca-oxidation via cation radical intermediate is illustrated in this
Fig. 9(a). '

Fig. 10 illustrates a possible mechanism15) for formation of products 26, p-benzoquinone
and methanol on ligninase oxidation of model compound 25. Formation of a small amount
of methanol from model 25 compound reveals that ligninase probably is responsible for at
least some of the methoxy group loss that accompanies lignin degradation by P.
chrysosporium. (Chen and Chang‘s) Ander and Eriksson)'.1

The role of ligninase in the demethoxylation of lignin is not get known, and other
enzymes might well be involved. Crawford‘syhas reported aryldemethoxylase activity in

the culture filtrate of P. chrysospoirum.
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OH OH
o) : H0 | o O
OCH,; p- Benzoqumone ~OCH,
OCH, OCH,
26

Fig. 10, Possible mechanism for formation of product (26 ),
p-benzoqumone and methanol from model compound
(25) via initial formation of a cation radical in ring B

The carbonyl group render the aromatic nuclei resistant to oxidation by ligninase, it seems
evident that other enzymes are involved in further degradation of the Ca-carbonyl-bearing
structures. P. chrysosporium enzyme apparently are not able to reduce such Ca-carbonyl
groups.

In addition to cleaving the Ca-Cf§ bonds, the fungas appears to be able to cleave the Cj-
C7 bonds in side chains also.

An example of the CB-C7 cleavage is shown in Fig. 11 for a $-O-4 substructure(Chen and

Chang1 9)).

The side chain of the A ring is subsequently cleaved via Ca-Cf§ cleavage to
form a benzoic acid derivative, whereas the a-hydroxy group of the side chain of the B
ring is oxidized to an a-carbonyl group.
The resulting intermediate presumably is converted to a substructure of the type(27) via a
reverse aldol type reaction and subsquent release of this substructure from the lignin
macromolecule would give compound 30.

s
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Fig. 11 Possible pathways for fungal degradation of nonphenolic g-0O-4 substructures
involving cleavages of Ca-Cﬁand Cﬁ Cabonds in side chains: L1, L = lignin molety.
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Whereas structure 27 and 28 are detected by 13C-NMR in" polymeric degraded lignins,

compound 29 and acetosyringone 30 are identified among the low molocular weight
degradation lignin.

3. Phenylcoumaran (8-5) Linkage

Phenylcoumaran substructure accounts for 6% and 9-12% of the intermonomer linkage
in birch and spruce wood lignins, respectively.
) reported that the
cinuamyl alcohol side chain of 4-O-methyldehydrodiconiferyl aleohol(31) is first converted

Recently, in ligninolytic cultures of P. chrysosporium Nakatsubo et a120

to the corresponding glycerol structure(32), which is then converted (by loss of the two
terminal carbon atoms, B and C) to a Ca-aldehyde derivative(33).

The coumaran ring is then converted to a coumarone(34) which is metabolized slowly to a
CG—C1 acid compound as shown in Fig. 12.

3 R=CHQO —>

R=CHaOH
COOH -
3;oca3

OCH, OEt

—— ——>34 R=CH,.R=CHO

R=CHZCHy, R=CHO — —

R=CH,CHy. R=CH,0H

Fig.12. Degradation pathway of 4-O-methyldchydrodiconiferyl alcohol by Phanerochaete
chrysosporium

Umezawa et a121) also reported that further experiments using phenylcoumaran-a -aldehyde
with syringyl ring(35) showed the formation of phenylecoumarone(36) and a-hydroxyphenyl-

coumaran(37) which was found to be degraded to 2,6-dimethoxy-p-benzoquinone(38) as
shown in Fig. 13.
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Fig.13. Degradation pathway of dehydrodiconiferyl alcohol derivative by Phanerochaete

chrysosporium

It seems that a-hydroxyphenylcoumaran(34) is an intermediate to give rise 2,6-dimethoxy-
p-benzoquinone(38) and the compound(39) in degradation of phenolic phenylcoumaran.

4. Diarylpropane ([3-1) Linkage

Diarylpropane-1,3-diol is one of the major substructure of lignin (5 - 15% in lignin).

Fig. 14 shows the degradation pathway of 1,2-diarylpropane-1,3-diol(40) by ligninolytic
culture of P. chrysosporium. (Higuchi group22’23)).

The compound(40) was degraded to syringylglycerol(43), a-hydroxyacetosyringone(45),
syringaldehyde(44) and syringyl alcohol(46), but 2,6-dimethoxy-p-benzoquinone(7') was

scarecely detected. This suggests that the degradation of phenolic $-1 models with P.

chrysosporium proceeds mainly via Ca- Cf cleavage.

OCHy OCH3
OH _B | H
OCHy H OCH3
W43 0 45
i
-+  HO
H3 OCH3
46
J\ .
R-H
H3¢° 41 Rr=
o 41f R= ocng

Degradatlon pathways of I, 2-diarylpropane-1, 3-diols by F. solani
M-13-1 and P. chrysosporium. A, Pathway by Fusarium; B, pathway

by Phanerochaete.

Fig.14.
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The Ca-CpB cleavage reaction in nonphenolic -1 models with which the enzyme(ligninase)
was first detected by Kirk group“).
Fig. 15 shows the cleavage pathway of nonphenolic 1,2-diarylpropane-1,3-diol(47) by
ligninase of P. chrysosporium.

The compound(47) was degraded to 5-methoxyveratrylaldehyde(48), veratrylaldehyde(49) and

w-methylhydroxy veratrylaldehyde derivative(50).

oot

OCH3

V’Cl Fragment

———>
3

Fig.15. Cleavage of a 8-1 model compound by a ligninolytic oxygenase from Phanero-
chaete chrysosporium involves C,—C,4 cleavage.

In addition to the Ca-Cp cleavage the purified enzyme catalyzes the oxidation of
benzylalcohols to aldehyde and ketones.

5. Resinol (8-B) Linkage

Degradation of §-8' linked lignin substructure models was investigated with ligninolytic

cultures of a white-rot basidiomycete, Phanerochaete chrysosporiumn’“).

Fig. 16(pathway B) shows the degradation pathway of syringaresinol derivatives by P.
chrysosporium. Syringaresinol(51), a major substructure of hardwood lignin and its
monomethyl ether(52) are converted to the Ca-oxidized compounds(53, 54), 3-O-demethylated
compound(59), 7y-lactons(54, 56), methoxy-p-benzoquinone(7') and lactol(58).

7-Lacton was converted to 3,4,5-trimethoxybenzonic acid(57) via Ca-C§8 clevege. The
formation of these degradation products indicates that the resinols were degraded via
oxidative alkyl-phenyl cleavage and Ca-Cf cleavage, both probably mediated by lignin
peroxidase. d,l1-Pinoresinol monomethyl ether is converted analogous degradation products.
The Ca -pxidized compounds(53, 54) occur in two chemical structures, hemiketal-keto
aleohol, due to the ring-chain tautomerism.
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53 R=H,R’=CHy B
° 54 R=R'zCHj3 =———59 R:zOH,R=M
B
. HjCOQM A,B
[+]
OCH; " 7 Hy
A .
o 3 : o OCH3
Hy H; 8 XYOCH
HO o 0'\0 HO & H3
58 55 R=H o
56 R=CH3 57

Fig.16. Degradation pathways of syringaresinol derivatives by F. solani M-13-1 and
P. chrysosporium. A, Pathway by Fusarium; B, pathway by Phanerochacze.

6. Biphenyl (5 - 5) Linkage

Biphenyl structure is an important linkage unit in natural lignin marcromolecule and
resistant to microbial attack. ‘
Higuehi group25) found that pinoresinol monoethyl ether(60), a p-B' linked lignin
substructure model, was largly dimerized at free otho-position of the phenolic hydroxyl
group, probably by the action of fungal phenol-oxidizing enzymes. (Fig. 17)
The biphenyl dimer(61) was rather stable, but slowly degraded to give 6-oxo-2-(4-ethoxy-
3-methoxyphenyl)-3, 7-dioxabieyelol3,3,0] octane(62) in 5 days.
About 75% of compound 61 was recovered.
This biphenyl dimer 61 was degraded mainly via alkyl-aryl(Ca'—C1) cleavage, after oxidation
of the benzylie position(Ca).

H3CO'

O
HyCo 7
Fig.17. Alyli-arvl cleavage of lignin model compounds with biphenyl linkage

by Phanerochaete chrysosporium.
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 On the other hand, another type of biphenyl model 64 prepared from the S-ether dimer
63 was more actively degraded by the P. chrysesporium and disappeared completely in 5
days. )

Only one product was isolated and identified as glycorol-2-guaiacyl ether 65. This results
indicated that compound 60 was also degraded via alkyl-aryl cleavage, followed by
reduction of glyceradehyde-2-guaiacyl ether as speculative intermediate to give compound
65.

7. Alkyl-aryl (8-6) Linkage

Lignin peroxidase catalyzing Ca-Cj cleavage is an oxygenase, incorporating an oxygen
atom into the B-carbon and requiring an a-hydroxyl for cleavage reaction to proceed, as
shown in Fig. 18. (chen and Chang).zs)

The cleavage results in . the formation of benzaldehyde derivatives that are either further
oxidized to benzoic acid derivatives or reduced to benzyl alcohol derivatives.

The Ca-Cpj cleavage probably also occurs in many different lignin substructures as long as
there is a hydroxyl group at the a-carbon.

Judging from the many aromatic dicarboxylic acids identified, the Ca- Cpg cleavage
probably also occurs condensed structures such as -5 and S-6 substructures.

Chen and Changzs)
5-hydroxy-4-methoxy benzoylformic acid(66), m-hemipimic acid(67), 4-methoxy-m-hemipimic
acid(68) and vanillic acid(69).

reported that the -6 dimeric compound was degraded to 2-carbonyl-

c»,ou
du-t, .‘,o.. “_L,
o -
“-C"zo" - H—CHyOH
@ cn, c
o-1, -ty
0—L4
,(01
ooH coon
@ 00H COCOOM
w0 e T e
i,
69 66 ’

A c.w@’“ L-i?‘ |

Flg- 18 Possible pathways for fungal degrads
1t Vs gradation of nonphenolic 8-0-4 and 8-6 substruct
€=y Bonas in side chains: L,. Ly, Ly = lignin moiety. # sructures involving cleavage of
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8. Conclusive remarks

The oxidation patterns revealed by the degradation products of main dilignols such as
guaiacylglycerol-g-coniferyl alcohol ether, dehydrodiconiferyl aleohol, syringaresinol ether,
1,2-diguaiacylpropane-1,3-diol, biphenyl compound and 8-6 compound by P. chrysosporium.
Higuchi group27) reported that ally aleohol side chains of dilignols were degraded in a
different way by this fungi (Fig. 19).

1) Cinnamyl alcohol groups are oxidazed to the corresponding cinnamic acids via
cinnamaldehyde by Fusarium but are converted to glycerol group by Phenerochaete.
2) Both cinnamie acid and glycerol side chains thus formed are converted to the Ce-C,

aldehyde groups and these to the CG-C1 acid groups.

OH
R /Y\OH
OH
R—CH=CH—CH;OH Phanerochaete chrysosporium R—CHO —R —CQOH
0 0
—
R/\/k\H R/\/\OH R— CH,0H

Fusarium solani M-13-1

Fig. 19. Oxidative degracation of allyl alcohol side chains of dilignols by Fusarium solani
M-13-1 and Phanerochacte chrysosporium

Fig. 20 shows the degradation products identified so far from p-O-4 substructure model
compounds by culture of P. chrysosporium and lignin peroxide. (Higuchi groupzs)).

These are yielded by Ca- Cj cleavage, O-4 cleavage, alkyl-phenyl cleavage, Ca-oxidation,
oxidation of B-hydroxy group and subsequent reaction with hydroxyl groups, and aromgtic

ring cleavage derived from the oxidation of either A ring or B ring by lignin peroxide.

Fig. 20.

Degradation products identified from 3-O-4 substructure model compounds
by the culture of P. chrysosporium and its lignin peroxidase.

pathway started from aromatic ring A; B, degradation pathway started
from aromatic ring B.

A, Degradation
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