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ABSTRACT

The HO,-dependent degradation of adlerol by a crude vilggatroxidase fronBjerkandera adustaa new
ligninolytic enzyme, was investigated. Adlerol @4-dimethoxyphenyl)-2-(2-methoxyphenoxy)-1,3-
propanediol)) is a non-phenolcO-4 dimer whose structural architecture represemgsnost abundant unit
(50-65%) of the valuable renewable biopolymer lignLignin removel plays a key role in utilizing
lignocellulosic biomass in biorefineries. Steadgtstanalyses in the pL scale showed saturationidsier
both, HO, and adlerol with quite sensitive response t@H This was characterized through slow transient
states (lag phases) prior steady-state and weraneatl by increasing J@, concentration. The major
reason for such phenomena was found to be an atationuof compound Il (E) via reaction of
compound Il (&) with H,O,; instead with adlerol to the enzyme’s ground st order to restart another
catalytic cycle. As result, the enzyme deviatednfiits normal catalytic cycle. A corresponding timasd
was determined & 50 uM HO, and an adlerol to ¥D, ratio of 15:1 for the given conditions. Furthermor
E" did not represent a catalytical dead-end interatedas it is generally described. By an additional
decrease of the adlerol to,®} ratio of ca. 3 at the latest, considerable irrside enzyme deactivations
occurred promoted through reaction df ®ith H,0,. At a mL scale deactivation kinetics by®} were
further examined in dependence on adlerol presefioe.course followed a time-dependent irreversible
deactivation (two step mechanism) and was diminishehe presence of adlerol. The deactivationa el
sufficiently described by an equation similar te Michaelis-Menten tyge, competitive inhibited lateaol.
Finally, first estimates of the kinetic parameters, Kn>" (Si: H20), K2 (Sy: adlerol), P and K**Pwere
made. Moreover, the peroxidase reaction mechanisa mviewed and recommendations are given
preventing permature enzyme losses.

Keywords: Versatile Peroxidase (VP), Lignin Model CompoundV(), Steady-State Kinetics, Slow
Transient States, Deactivation

1. INTRODUCTION (Sanchez, 2009)) of vascular plants (Wong, 2008), i
wood or straw. Lignocellulose is the most abundant
Lignin is the only naturally synthesized aromatic renewable organic raw material on earth, and bagedts
biopolymer (Dashtbaret al, 2010). Together with the main constituents of high value, with an annually
polysaccharides cellulose and hemicellulose, ligarms production of many billion tons (Villas-Boas al, 2002).
a complex lignin-carbohydrate network, well-knows a Lignocellulosic material is of great interest as
lignocellulose, the major compound (around 50% feedstock for bio-based industrial products and
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biorefineries. Especially wood is focused on bibfue
production of second generation due to severabreas
it is inexpensive, available in large amounts (E&ic
2008) (3,300 rfelled or otherwise removed roundwood
per year worldwide (Elet al, 2009)) and C®neutral,
thus contributing to the reduction of greenhouss ga
emissions (Lange, 2007). Furthermore, wood is fith
both carbohydrates cellulose (40-50%) and hemiosku
(24-35%) and in lignin ranging from 18% up to 35%
(Howard et al, 2003) offering a variety of products
besides the biofuels. Nevertheless, much reseamdh a
development is still needed for utilizing lignocedisic
biomass (Kamnet al, 2008), such as wood, efficiently.
The lignin removal plays a considerable role ins thi
connection, since this step has to be addresseatebef
polysaccharide bioconversion can be tackled. Tiusgss
is hampered due to the lignin complexity (polydisee3D
construct (Martinezt al, 2005) causing difficulties in
analysis) (Erikssomt al, 1990) and as generally known,
its enormous recalcitrance to degradation.

H,0,-dependent ligninolytic heme peroxidases
(POXs) and @dependent laccases (Lac, EC 1.10.3.2),
extracellular enzymes fromBasidiomycetous white-rot
fungi (thus, Class Il peroxidases), are the most efficien
lignin degraders in nature (Kirk and Farrell, 1987)
Compared to Lac, POXs have high redox-potentiaim¢al
overview is given by Torres and Ayala (2010)) reicgj
“high interest as industrial biocatalysts” (MarZp@007),
consequently. However,
implemented at large scale (Torres and Ayala, 2010)

The POXs include lignin peroxidases or ligninases

(LiP, EC 1.11.1.14), manganese peroxidases (MnP, EG,

1.11.1.13), and versatile peroxidases (VP,
1.11.1.16), also known as hybrid peroxidases aritig

POXs have not yet been

Cenzymatic from non-enzymatic

still attracted double attention, “as model enzyrand

as a source of industrial/lenvironmental biocatalyst
within the last years (Ruiz-Duefiast al, 2009a).
Nonetheless, research work for delignification
concerning VPs are seldom, in particular kinetigdgts
with non-phenolic lignin model dimers (lignin model
compounds (LMC)) containing g-O-4 linkage. These
components are the most frequent structural umits i
lignin biopolymers ranging from 50% up to 65%
(Adler, 1977). Moreover, the cleavage of such LMC i
a substantial indicator for enzyme catalyzed lignin
depolymerization processes (Tien, 1987; Wong, 2009)
B-O-4 dimers are therefore suitable for studying
delignification mechanisms in a more or less sifigdi
manner as it will be seen later in the text.

The present work focuses on kinetic investigations
based on the degradation of tfeO-4 lignin model
dimer adlerol by a new (Jena Bioscience, 2010) erud
versatile peroxidase (VP) froBjerkandera adustas a
ligninolytic model peroxidase. All studies were
conducted without the need of any mediator (e.g. th
non-phenolic monomer veratryl alcohol (VA) or Kin
or surfactant like Tween. In addition, the pH optimof
reaction was determined and enzyme deactivation by
H,0, depending on adlerol amount was also examined.

Ligninolytic peroxidase assays are generally known
to be more complex and difficult to optimize
(Sinsabaugh, 2010; Germa al, 2011). Prior starting
with the experimental description, the paper will
therefore be continued by a compact review of tBXP
reaction mechanism providing basic information &or
etter understanding and in order to differentiptee
reactions. For this
purpose most background knowledge was received from

manganese peroxidases, since those enzymes combingihors examining horseradish peroxidase (HRPYifcti

LiP and MnP catalytic properties. While LiP is
probably the most famous biocatalyst studying
delignification processes, VP is a relative new Pand
was first interpreted as a MnP in 1996 by Martieéz
al. and in 2000 by Giardinat al (Ruiz-Duefiast al,
2009a). In contrast to LiP and MnP, VPs are capsble
direct degradation/oxidation of a broad spectrum of
persistent substrates (e.g. (non-) phenolic lignin

from plants (Class Ill peroxidases) on appropriate
phenolic substrates as well as LiP using mainly &A
substratep-O-4 lignin model dimers are also involved as
LiP substrates. VA is a second metabolite of
Phanerochaete chrysosporiuamd other white-rot fungi
(Schoemaker and Piontek, 1996) and thus the mediato
of choice for LiP enabling phenolic compound oxidat
Both, LiP and HRP are similar in many characterssti

compounds, dyes, such as RB5 and others) meaninge.g. the enzyme oxidation states as depictéegni-3)

without the requirement of mediators (Poggti al,

2005); an important feature for biotechnological

applications. Although VPs are limited available (a

major drawback for industrial utilization), they vea
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(Schoemaker, 1990) and are so far the most populér
best studied peroxidases. Moreover, it will be expa
that the used VP should be in compliance with a LiP
from P. chrysosporium at least for ca. 60%
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(Ruiz-Dueiiaset al, 1999). Consequently, LiP reactions (S, the actual electron donor “preferentially electrich

are more concerned for comparison throughout thidys ~ aromatic compounds” (Lundekt al, 1993a)). Both

than those for MnP. Additionally, MnP is stronglynf+ ~ reaction steps are pH-dependent (Pérez-Baztdal,

dependent resulting in Mn-mediated degradation 2005; Wong, 2009) and causing release of radidarca

processes. intermediates (%) (Palmeret al, 1987) (pathway 3 and
4 inFig. 1, and Equation (2)-(3)):

2. THE REACTION MECHANISM

E'+s 0Of- E"+S* @)
It is widely adopted that the catalytic peroxidase
(POX) cycle follows a ping-pong mechanism. In castr E'+s 0. EC+S* + H,0 3)

to the classical mechanism, the POX reaction scheme

(“common for most heme peroxidases” (Dunford, 2010)

is assumed to be irreversible as sketchedim 1 in  With k3 >> Kk,

simplified terms. That means, formation of enzyme

substrate complexes (e.g. ES) prior reaction prioduc  Substrates causing' Eeduction in Equation (2) can

generation can be neglected at this point, sineg e also reduce ¥ (Equation (3)) as described by Dunford

assumed to be of fleeting non-detectable existencg2010) for HRP. The same applies for ligninolytic

(Dunford, 1991). enzymes, such as LiP, and phenolic substrates
Within its catalytic cycle inFig. 1 the enzyme  (Schoemaker, 1990). Hence, the overall net enzyme

undergoes two fundamental structural changes. Firsteaction can be expressed according to Equation (4)

(pathway 1), the reaction will be initiated by hgden

peroxide (HO,) through a pH-independent (within the +

range of approximately 2-7.5 for a LiP (Andrawisal, 28 + H0, M~ 28" + 2H,0 “)

1988) or 3.5 and 7 for a VP (Pérez-Boadal, 2005))

two-electron oxidation converting the enzyme fram i

native resting ferric/ground state °%jBto the so-called

compound | (E first intermediate) (Equation (1)), a

The consumption rate r for S and,® can be
defined as follows.

protein cation radical (Torres and Ayala, 2010¥twbng - _ 1 d[S] - _ d[HZOZ] = 1 d[S’*] (5)
oxidative power (Arnaet al, 1990b). 2 dt dt 2 dt
E°+H.0. OM_ E' +H.O (1) However, caution should be exercised with regard
2z 2 to generalization once non-phenolic substrates are
involved.

k: reaction rate constant; index: pathway number Compound 11 (&) of LiP can just be reduced by di-

Subsequently, 'Bwill be reduced back to the resting methoxylated (minimum amount of alkoxy substitugnts
state B via a second enzyme intermediate",(E non-phenolic aromatic compounds, wherea's aso
compound ) through two consecutive one-electron @CCepts —mono-methoxylated —aromatic ~components
reduction steps triggered by suitable reducing tsates ~ (Schoemaker, 1990).

H.O, H,O S s S s

EO 1 3 4
EI EII

0
» E

Fig. 1. Simplified “POX ping-pong” mechanism " represents the three main peroxidase oxidatidesst@he symbols S and'S
stand for an appropriate substrate (e.g. adlemd) its corresponding radical cation, respectivdlge reaction will be
initiated by HO, (pathway 1) followed by two consecutive one-eleetreduction steps (pathway 3-4).
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The radical cation intermediates will further pass ROO can react with a further substrate molecule,
through non-enzymatic reactions (diffusion contd)l alternatively, resulting in a new free radical aad

yielding complex mixtures with a wide variety ohéi organic peroxide (ROOR’, if R’ stands for hydrogen,
products. Depending on the nature Of $1e subsequent organic hydroperoxide (ROOH) will be produced)
non-enzymatic reactions include (based on Pakhetl. formation (Palmeret al, 1987). Moreover, Rcan
(1987) and Schoemaker (1990)): undergo dimerization (reaction with other free cad)

as well as polymerization processes (reaction with
« one-electron oxidation of another appropriate neutral molecules) (Palmest al, 1987). In particular,
substrate molecule (e.g. lignin or lignin derivagy phenolic structures “are prone to polymerize under
while S* will be reduced to its ground state (S) oxidative conditions” (Schoemaker, 1990).
(Palmeret al, 1987); this reaction is also referred to Free-radical products may also attack the perogidas
mediator (diffusible oxidizer) behavior and may be along with an inactivation process (Nicell al, 1993)
stimulated through rapid electron-transfer from the on the one hand or they act as an additional daitab

reducing substrate to*YSchoemaker, 1990) substrate molecule (thus the radicals can be also

+ S" may also degrade immediately to a free radical R considered as S (depending on their chemistry)) for
(R also stands for aromatic residual) (Palraeral, maintaining the catalytic cycle on the other hamte
1987) caused by rapid deprotonation processedatter is partly applicable for the radical cation
(Schoemakeet al, 1994a) intermediates as discussed later in the text.

» side-chain cleavage (e.g.a&CB bond cleavage as Next, the basic adlerol degradation steps, indumed
seen inFig. 2, C-H bond cleavage) (fungal) heme peroxidases, will be explained aimiog

* demethoxylation meet the needs of the current study. The graphical

« ether-bond cleavage (e.g. addition of solveniQ illustration is given inFig. 2. Here, the catalytic cycle
(Palmeret al, 1987) will be initiated again by kD, to form E. E further

» hydroxylation (e.g. through oxygen incorporation reacts with adlerol (structure I) to" Eand an adlerol
via O, or H,O from the solvent) of benzylic cation radical intermediate (structure Il) (Lundellal,

methylene groups 1993b) which  will be rapidly fragmented
+ phenol formation (by nucleophilic attack, e.g., non-enzymatically between its a€CB bonds in the

addition of solvent (kD) (Palmeret al, 1987)) subsequent (Hataklet al, 1991). For the latter, various
« aromatic ring cleavage caused by reactions withtheories have been under consideration.

perhydroxy radicals (HO®O details follow in the Based on Tien and Kirk (1984), Kidt al (1986) and

next paragraph) (Palmet al, 1987) Hatakkaet al (1991), the consequence by LiP action is

the Gu-Cp cleavage resulting mainly in veratraldehyde

The free-radical species JRare highly reactive (VAId) (structure IV) formation from the €& moiety. In
(Palmeret al, 1987) which in turn can bind molecular parallel, formation of a @centred radical (structure
oxygen (Q) forming the final product and a superoxide VIII) was presumed leading to guaiacol (structuri)V
anion radical (@) (Schoemaker, 1990) via degradation and glycoaldehyde (structure VI) through reactioithw
of an organic peroxy radical intermediate (RD®almer O, and eventually via an unstable hemiacetal
et al, 1987). @~ undergoes rapid disproportionation to intermediate (structure IX) (Kirkt al, 1986). In general,
H,O, and Q (Harmanet al, 1986; Schoemaker, 1990) the reaction course was suggested to be similg-1o
(Fig. 3, Equation (b)). The © is in a pH-dependent lignin model compounds (Tien and Kirk, 1984).
equilibrium with its protonated counterpart, thehyelroxy In contrast, Lundelét al (1993b) and Schoemaker
radical (HOO) ((Bielski et al, 1985);Fig. 3, Equation (a)).  al. (1994b) concluded a slightly different non-enzyima
At low pH conditions HOOpredominates and represents a reaction after @-Cf cleavage assuming structure Il (in
powerful oxidant (Halliwell and Gutteridge, 1983hus Fig. 2) with a cation radical centre at theB-€ther
contributing to substrate degradation processasitisting oxygen position as consequence of LiP action. They
additional bond cleavage in consequence of subs(@t  were able to show formation of a veratryl alcotadlical
oxidation to its radical cation. The oxidant ieifseduced  (VA’, structure Ill) and a Ecation (structure V) reacting
to H,O, (Palmeret al, 1987). to component IV (preferably), VI and VII, respedciy.
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H,0, H,0
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Fig. 2. Graphical illustration of the adlerop{O-4 model compound, structure ) biocatalysis dase LiP. Several degradation
variants (partly in a summarized manner) are shderived from proposed reaction schemes by Tien Kirid (1984);
Kirk et al. (1986); Lundelket al. (1993b) and Schoemaket al. (1994b). A detailed description is found in thette
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In addition to the @-Cp cleavage, the adlerol cation
radical can also undergooxidation (e.g. due to proton
loss (Kirk et al, 1986; Schoemaker, 1990) or direct
hydrogen abstraction in the presence of active emxyg

authors, for this study (due to some structurdedénces
between HRP and ligninolytic enzymes, like VP)case
of the used VP, Eand B are expected to be tryptophan
radical containing proteins. Thereby, the said toppan

species (Snook and Hamilton, 1974) giving rise to aradical is suggested to be located at the enzynméace

corresponding ketone (structure X, second majoduysrd
(15%)) generation) (Tien and Kirk, 1984; Kiekal, 1986).

(~ 10-11 A to the heme centre (Poghial, 2005; Ruiz-
Duefiaset al, 2009a)) for substrate oxidation purposes.

For this purpose, reaction schemes are published byrhat means, there is no direct contact betweeréinee

Schoemaker (1990) and by Kiekal (1986).

Furthermore, some more compounds
veratrylglycerol) could be detected by Kigk al (1986),
but just in small amounts (thus, these componerag m
be omitted in further analyses). The product distibn
is determined by pH, generally (Schoemaker, 1990).

In case adlerol will not serve as reducing substrat
any more, for some reason, component Il and Vildo
be act as substrates for driving the cycle baclkE%o
Whereas the reaction with guaiacol (VII) could be
monitored, in principle, at 456 nm (Moreied al, 2006)
or at 470nm as well, due to polymerization
(tetraguaiacol (Chance and Maehly, 1955)) of itiaal
products, apparently phenoxy radicals (Lundstllal,
1993b), the reduction of "Eto E° by component I
results finally in veratraldehyde formation (Scheeer,
1990; Schoemakeat al, 1994b). The latter may only an
option under low oxygen conditions (Schoemageal,
1994b), since the existence of Il is supposedetahort-
lived by reacting with @ immediately (see discussion
above). Remembering the mediator function of rddica
products component Ill could cause co-oxidatiorugth
degradation) of adlerol as well. It is believed ttlzam
efficient mediation can only be realized if the deting
substrate will bind close to the active site of €mzyme
(Schoemakeet al, 1994b).

Under substrate (adlerol) limited conditions Tierd a
Kirk (1984) demonstrated a non-stereospecifity hairt
used ligninolytic enzyme (LiP) due to complete ekege
of the B-O-4 lignin model compound. This may be an
important feature because lignin has a highly utag
(Schoemaker, 1990) structure.

As already indicated abovejg. 1 and 2 give just a
first insight into the topic. Indeed, the mechanisniar

(e.g.

(F€") co-factor and the reducing aromatic substrates,
ranging from VA (non-phenolic monomer) up to the
complex lignin biopolymer (macromolecule), avoiding
steric hindrance. Interactions between substratethe
heme group will be enabled via long range electron
transfer (LRET) (Ruiz-Duefiaet al, 2009a). The
involvement of LRET in lignin degradation processes
through ligninolytic enzymes seems to be generally
accepted and can be read up elsewhere.

In the following, a brief explanation will be givdar
each reaction pathway Fig. 3.

Based on investigation results of transient state
kinetics using a recombinant native VP (obtained by
E. col), both E and E' reduction by VA oxidation
exhibited reactions which can be described by Eqoat
(6) and (7) (Ruiz-Duefiast al., 2009b):

E+Ss -fm_ E-sob- E"+S* (6)

E'+s Mm_ E'-sob. E°+s” @)

Kpi and k (with i 3,4) are the corresponding
equilibrium dissociation constant and rate constant
respectively. That implies, reversible steps (faoraof

an enzyme-substrate complex or also defined as
precursor complex (Dunford, 2010)) are certainly
possible within pathway 3 and 4 kig. 1-3. A reaction
behavior similar to Equation (7) was also propofad
the ABTS ([2,2-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid] diammonium salt) oxidation by a HRP
(Smith et al, 1992). As a result, Smitht al (1992)
concluded the product dissociation as limiting stapst
likely due to good electron donor properties of ABT
which are beneficial for fast precursor complex

more complex considering certain circumstances. (e.gdevelopment.

reaction conditions, enzyme type, presence of itdrif
substrate and radical chemistry, respectively) hasva
schematically inFig. 3. Hence, in the interest of
simplification, all POX intermediates are picturada
more general representation, as already done laralev
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The two single one-electron oxidations of the
substrate S described through Equation (2) andak8)
not universal for peroxidases (Kanofsky, 1991)cése
of certain substrates, the two-electron oxidatioove in
pathway 9 ofFig. 3 (van Rantwijk and Sheldon, 2000)
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could be dominant as demonstrated with a thyroid 1990). This B' formation will be affected by pH (beside

peroxidase (TPO) by Nakamuetaal (1985). the S/HO, ratio) and is enhanced at acidic pH values
Furthermore, it seems possible that both, one- andCai and Tien, 1992). Finally, "E becomes either
two-electron transfer routes, may occur within talkydic irreversibly inactivated (pathway 14, mediated bstHer

cycle (Nakamuraet al, 1985). For ligninolytic systems, pH-dependent reactions with,®, (Wariishi and Gold,
this phenomenon cannot be excluded for sure (thiistp 1990; Goodwin et al, 1994)) or it decomposes
is also discussed by Schoemaker (1990)). Additipnal spontaneously (Nakajima and Yamazaki, 1987) under
an alternative reduction of"Eby radicals (component —Superoxide radical release to the ferric state(stowly
), as depicted inFig. 2, makes it difficult to  unimolecular reaction, pathway 7 (Arnabal, 1990b)).
differentiate between two serial one-electron stapd ~ Vice versa, Wariishi and Gold (1990) also documerate
one single two-electron step (Schoemaker, 1990). conversion of Eto E" by O, in their catalytic scheme
However, the most important (side) reactions in the With LiP (reverse reaction of pathway Fig. 3)).
catalytic cycle appear once the S toOl ratio is  Alternatively, if reducing substrate is presertt, Eturns _
unbalanced (Arnacet al, 1990a; 1990b). It is well- O E via pathway 6 (reaction is obviously faster than i
known that the co-substrate,®} is essential for the Pathway 7 (Cai and Tien, 1992)) generating a radica
catalytic cycle but in excess it will favor reactio  cation (S) (as seen in reaction pathway 3 andrig(1-
diminishing enzyme activity (pathway 5 ifig. 3 Fig. 3)) and HO, (Yokota and Yamazaki, 1965; Acosta

(Arnao et al, 1990b; Chung and Aust, 1995)) up to €t al, 1988). Moreover, it is reported thgf' Enay be
enzyme inactivation (E(pathway 10, 11 and 13 (Arnab converted to Eby an _one-electron omdgtlon of S
al., 1990b), and pathway 14 (Wariishi and Gold, 1990) (Tamura and Yamazaki, 1972) as explained through
At low S/H,0, ratios both substrates compete for pathway 8.' At this point, it has to be mentioneal thot
reactions with E(Tien, 1987: Arnacet al, 1990a) and all potential POX substrates (S as well as related
E' (Chung and Aust 1’995) ’ K radicals) are capable to revert' Ebasically to B

I the event of Ia,rge wz.excess or in the absence of Necessarily. -Consequently, "Eremains catalytically

a suitable reducing su.bstra.lte,'the PO>§ exhibitsetim Irgzz?i\:;:‘ nvcillitvr\]/lllbk;)ez.sik‘)]epcrt:giégl0):3:::1vpelest]rcgfmsah
d_epe_ndent |rreyer§|ble inactivation (Vlas#sal, 20_10) phenomena is given by Chung and Aust (1995) stugdyin
kinetics (combination of pathway 10, 11 and 1Jig. the inactivation of the isozyme H2 of LiP from
3). Such inactivation is designated as suicide iitibit P. chrysosporiumby H,O, during phenol oxidation in
in the literature belonging to mechanism-based ;o mparison to VA. They found out that neither the
inhibitions. For detailed information the reader is phenolic substrate nor its free-radical producteguixyl
referred to Copeland _(2092) and Marangoni (2003). yadical) was competent to converf Back to & The
Thereby, the intermediate -H;0, (may also be of  same was observed for VA contrary to its radicaioca
fleeting existence (Dunford, 1991)) must not lead product (VA™), which reverted & to native enzyme as
exclusively to an inactivated enzyme @athway 13).  marked by 6’ in ig. 3).
Several pathways are possible. For E' of HRPs an additional decomposition tb\Eas
Concerning the backward reactions firskHzO,is  supposed by b0, dissociation (pathway 19) (Tamura and
reversibly dissipated to'E{pa@hwgy 11) enabling 8,  yamazaki, 1972; Nakajima and Yamazaki, 1987) thoug
consumption to kD and Q yielding a reduction to E  reaction with reducing substrate (Cai and Tien2.99
(pathway 2 (Nakajima and Yamazaki, 1987; Valderrama  Reconsidering the start-up from the ferric stafeirE
et al, 2002; Vlasitset al, 2010)). Therefore, reaction Fig. 3, an alternative way was introduced by Acasttal
path 2 is related to catalase activity (Arretcal, 1990b; (1988) (originally worked out by Smitét al (1982)) via
Vlasits et al, 2010), whereas Arnaet al (1990b)  direct reaction with substrate S forming the fesrou
referred to a direct reaction of-B,0, with H,O, (in the enzyme (B under $ release (pathway 15). Depending on
absence of reducing substrate) in this contekt D, the presence of Dtwo subsequent reaction variants 6f E
can also be transformed td' Eunder superoxide anion may occur. On the one handi€ oxidized to & (pathway
radical (Q") release; pathway 12 (Arnad al, 1990b)), 16) independent of the,@evel (Smithet al, 1982; Acosta
which will further react with HO, (pathway 5) to et al, 1988), on the other hand &ill be converted to £
another third intermediate'E(also defined as compound by H,0, in the absence of Jeleasing HO (pathway 18)
lll) of none or far less catalytic activity (Schoaker, (Jantschket al, 2005; Dunford, 2010).

% Science Publications 371 .



Busse, N. et al. / American Journal of Biochemistrgt Biotechnology 9 (4): 365-394, 2013

SO S

9

y H,0, H,0
S E° > \ 1 J > E' o,
Fell / 2 [FeV=01"*
H,0 + 0O, H,0,
10
S+ H,0 1n

, E“H0, 2 »E; |
S ot
S +2 H+ S
H,0, )
19 A > FE 0.~
/ 5 Fe"=0
H,0,
14
(
HO,® = H" + O,"- (a)
2 H+ + 2 02‘— — H202 + 02 (b)
S.+ -_I—r’ R. (C)

R* + O, — R'O0O" + CO; (d)

R'0O0° + RH —» R'OOH + R’ (€)

Fig. 3. Summary of possible peroxidase intermediates, tie¥elopment and reaction pathways collected framious research
reports containing enzyme reaction studies witlsé@dish peroxidases and ligninolytic peroxidasessfly LiP) as well for
different reducing substrates. The normal peroxidagle is highlighted through bold solid lines iehis involved enzyme
intermediates are color-shaded. The reaction pathaee numbered (1-19) for identification purpoSée representation of
each enzyme intermediate/compound was derived ®eweral authors (Arnaet al, 1990; Schoemakest al, 1994;
Dunford, 2010; Torres and Ayala, 2010) showing falfchanges at the heme group. Equation (a)-(epdotre several
important non-enzymatic reactions for completensisse organic hydroperoxide ROOH competes for i@aatith E> and
E'. As a result, enzyme inactivation (pathway 13)urs¢Acostaet al, 1988).
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Thus, Acostaet al (1988) gave another option for
initiating the catalytic cycle without 0, addition.
Smith et al (1982) reported also a return of Ho E
described through pathway 17 (Acostal, 1988).

To gain a deeper insight into the structural charafe
the enzyme due to reactions showrFig. 3, the reader
is referred to Dunford (1991; 2010) as well as torés
and Ayala (2010).

Finally, superoxide (or perhydroxyl radicals K@t
low pH) can be additionally served as electron dpno
instead of a reducing substrate. Consequentlythadie
enzyme states'EE" and E' may be reduced by 0O
(such unimolecular reactions are omittedFig. 3 for
better clarity) under ©production (Bielskiet al, 1985;
Kettle et al, 2007) according to Equation (8)-(11), based
on Kettleet al (2007).

E'+0, M- E"+0, (8)
E'"+0, +H" M - E°+0,+H,0 9)
E" +0, +2H" M - E°+H,0,+0, (10)
or

E" +0, +2H" M - E'+H,0+0, (11)

alcohol. This progress is hampered by the systems
complexity per se. Nevertheless, veratraldehydstghble
product, which cannot be further reduced by lighjtio
systems (Kirket al, 1986)), guaiacol and theouCketo-
form seem to be substantial products of the catalyt
POX cycle to work with.

3. MATERIALSAND METHODS

In the following all represented concentration data
final concentrations.

3.1. The Enzyme and its Prepar ation

The heme peroxidase used in this study was a
lyophilized crude versatile peroxidase (VP) from
B. adusta purchased from Jena Bioscience GmbH,
Germany, with a molecular weight (MW) of 43 kDa.eTh
lyophilisate was generally stored at -20°C. Forheac
experiment a fresh VP stock solution, with distlle
water as solvent, was prepared directly from the
lyophilisate. The Reinheitszahl (RZ) value (ratente to
total protein content) was sporadically checked by
recording the absorbance of 200 stock solution at
407 nm (maximum absorption of the heme group ogtsor
band for that VP) and 280 nm (total protein) atmoo
temperature (RT). For this, a HELLMA quartz glass
microplate (supplied by VWR International GmbH,

The reaction in Equation (9) is supposed to preventGermany) and a BioTek microplate reader Synergy HT

enzyme inhibition caused by poor reducing subsirfie
maintaining its activity (Kettleet al, 2007). In contrast,
superoxide and
reactions with the enzyme. Similarly, competition
between HO, and organic hydroperoxides of the form
ROOH (Fig. 3, Equation (e)) also exists for reaction with
E° to E and between S and ROOH fot &nversion
depending on the relation of their
(reaction pathways are also omittedFig. 3 for more
clarity). Reactions of ROOH with 'Head to enzyme
inactivation. At low Q concentrations ROOH formation
is limited (Acosteet al, 1988).

In summary, taking the non-enzymatic radical
initiated processes above into account, it is exidkat

concentrations

(BioTek, Germany) was used. The RZ value for the
crude VP was 0.3. At least a factor of ten lowéan

reducing substrate S compete folRZ values for other purified VPs, ranging from 3.2

(Moreira et al,, 2006) and 3.5 (Pogmt al, 2005) up
to 4.0 (Garcia-Ruizet al, 2012). However, the RZ
value is no indicator for enzymatic activity necedly
(Dunford, 1991; SAC, 2012).

Enzyme activity measurements were carried out
according to the instructions, as seen below. Deipgn
on their outcome a further dilution of the enzyraenple
to an adequate working solution was required.

With regard to ensuring that enzyme losses could be
excluded and the same starting point could be wterda
for all studies, respectively, regular enzyme afstiv

even the adlerol degradation mechanism by hememeasurements of the used VP solution were perfoahed
peroxidases is not fully understood and fundamentalthe beginning as well as at the end of each expettiah

research work is still needed. The same appliegher

day. All VP solutions showed persistent activityd@y)

conversion of the most studied monomer veratryl by storing in distilled water at RT.
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3.2. Preparation of the Co-Substrate Hydrogen defined as the enzyme amount formingriol product
Peroxide (H-0,) (ABTS™) from ABTS per minute. The enzyme activity

. 0 R ) (U mL™ was calculated using the Gen5 software and its
Hydrogen peroxide (30% EMSUREor analysis from well analysis calculation type Max V, value of the

Merck KGaA) was purchased from VWR International maximum slope (maximal change in absorbaridg) (in
GmbH, Germany. For each experimental day a suitableOD mind), in Lambert-Beer's law. Every maximum
stock solution was prepared freshly by diluting 8886 slope was generated from a data set of 8 measuring
solution with distiled water. To prevent ,8, points along a straight line ofR 0.998

consumption, i.e. caused by diverse contaminatimms Each enzyme activity measurement was performed in

light irradiation, prior enzyme reactions start,eth triplicates. The relative error of the assay waR-
reservoirs needed were cleaned and flushed tholpugh

with distilled water before use. Furthermore, the 3.3.2. Preparation of the Sodium Acetate Buffer
reservoirs were kept sealed, if possible, and theks
solutions were stored in the dark, additionally.

The concentration of each stock solution was

The used buffer system was composed of 1 M acetic
acid (obtained from 100% acetic acid, EMSURE

controlled by measuring the absorbance at 230ep4#h Enrg\(/jvr;ulstfor a?alysléfrobr:' M(;arck KGaA adn(i 'p\)/lurck(ijgse
=0.078 mM' cm?) in a HELLMA 104-QS semi-micro 2 nternational GmbH, Germany) an sogium

cuvette SUPRASIE 10.00 mm (obtained from VWR hydroxide (made of sodium hydroxide pellets purelas
International  GmbH, Germany) using a Thermo from Carl ROTH GmbH and Co. KG, Germany). The pH

Spectronic HELIOS Y UV-Visible spectrophotometer Was adjusted by titrating with 1 M NaOH while stig at
(Thermo Fisher Scientific, Germany). At random RT. Finally, the buffer was sterile-filtered withOa22pum

intervals repeated concentration measurements wer&ES filter (250 mL polyether sulfone filter fromdahrom
done for HO, stability evaluation. All rechecked AG, Germany)and stored at 2-8°C in the refrigeratuil
solutions were stable. use. For each experimental day the buffer was &teub

Depending on the experimental design a furtherover nightat RT.

dilution of the stock solution with distilled watéo a 3.3.3. Preparation of an ABTS Working Solution
suitable working solution were also necessary. T

A working solution, varying from 20 to 50 mL in

3.3. Enzyme Activity M easur ements volume according to requirements, was obtained by
solving ABTS in distilled water. Finally, it was pe
3.3.1The Assay Procedure refrigerated (2-8°C) in 1 mL aliquots (1.5 mL Rakb’

For determining the VP activity, the well-known reaction vessels for light-sensitive samples fromrl C

oxidation reaction of ABTS ([2,2-azino-bis(3- ROTH GmbH and Co. KG, Germany) until use. Under
ethylbenzthiazoline-6-sulfonic acid] diammonium tsal these conditions the working solution is stablésast for
(purchased from AppliChem GmbH, Germany) to the one month based on experience. Before each exaomnat
stable green cation-radical ABT$Barr and Aust, 1994) the amount of aliquots needed were brought to RT.
was monitored ak =420 nm according to an internal
standard procedure. The assay was carried out N®U 3.4. The Adlerol Assay for Studying VP Kinetics
Immuno-Modules, F8 Polysorp (supplied by VWR .
International GmbH, Germany) and again on the BloTe 3.4.1. The Experimental Procedure
microplate reader Synergy HT for the photometric  The kinetic assay (modified based on Tien and Kirk
measurements. The reader was operated and1984)) was carried out in a HELLMA quartz glass
programmed through the corresponding data collectio microplate and on a BioTek microplate reader Syyerg
and analysis software Gelt5 version 1.06. HT for monitoring the oxidation product veratralgee

Each activity test was conducted in sodium acetate(VAId) (3,4-dimethoxybenzaldehyde) at= 310 nm €31
buffer at 25°C. The final reaction volume was 2@0 =9300 M* cm® (Tien and Kirk, 1984)) at 30+1°C. The
resulting in a layer thickness of 0.57 (determined reaction mixtures were generally composed of
according to a technical note of Promega (2009p). V approximately 0.3 mg nit. lyophilisate, 0.1 M sodium
activities were expressed in units (U). Thus, 1 dsw tartrate buffer (pH 4.0), ¥, and adlerol varying from
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0.015mM to 0.15mM and 0.15mM to 1.5mM, 3.4.4. Preparation of an Adlerol Stock Solution
respectively. For this purpose, the enzyme
(0.3 mg mL* final concentration) was pre-incubated
first in the microplate reader, together with adler

and buffer (thus, in an incomplete mixture), at an

adjusted temperature of 35°C. The reaction WasI dustries. Ltd. in J For the Kinetic i i
initiated by HO, addition once a temperature of 30°C ndustries, 1. n apan). For € Kinetic inveafions a
stock solution was made by solving the requirectradil

could be measured in the test solution (external ¢ with distilled ¢ taini 10%  (v/
temperature measurement device equipped with gamount -wi Istiled - water containing b (V)

Pt100 sensor from Testo AG, Germany). As a result acetone under vigorous st.irring for 2-3h at 35°C.
7 min were necessary in principle for pre-incubatio Subsequently, it was stored in a sealed amber glabs

Preliminary studies have shown that the tempera’[ureanOI in the dark, at RT until use. Under these dinms

control unit of the microplate reader has to baisj to the adlerpl solution is stable at least for one thdrased
35°C in order to maintain a desired temperaturgQafL°C on expenence.

in th : . ith | vol ¢ Depending on examination conditions, the stock
n t e_ regctlon mlxtl_Jre with a tota V_O ume 0 21(10 solution must be further diluted with distilled wato an
(resultlpg in a layer thlqkness of 0.57 which watednined appropriate working solution prior starting the estment.
according to a technical note of Promega (2009 T

actual reaction time and the time interval for rdomy UV 35. Set-up for Studying VP Deactivation by

Adlerol (1-(3,4-dimethoxyphenyl)-2-(2-methoxy-
phenoxy)-1,3-propanediol), with a molecular weigtfit
334.36 g mo[*, was purchased from Wako Chemicals
GmbH, Germany (manufacturer is Wako Pure Chemical

absorption of VAId were 4 min and 10 sec. An enzyme H,0,
adlerol mixture (final adlerol concentration variad seen
above) was used as blank. Enzyme deactivation studies were conducted in a

Controls have taken place previously to evaluate10 ML and 50 mL scale, reispectively, under contirsljo
adlerol decay in absence of the VP gObf respectively.  Strfing with a speed of n = ca. 375 rpm at 30+1f(hg

It was found that adlerol could be only degradetf Add a magnetic stirrer of the type MR Hei-Standrad,riro
in the presence of both, VP angd Heidolph Instruments GmbH and Co. KG, Germany. For

All examinations were performed in triplicates. this purpose, an average lyophilisate concentratibn

-1 . . . .
Hence, the reaction velocities (calculations simila Ot.06dmgdrr:jL .(I!nal ;:cinizgor}tratlon .W'ﬂ;) taquxmal
ABTS assay above) were determined as the mean oprandard deviation o 6) was incubated WilDH

these three measurements with a maximal standard®Y'"9 from initially 0 mM up to 1 mM and in the
deviation of< 10% from the mean. presence (4 mM (10 mL scale)) or absence (50 mleksca

of adlerol. Reaction conditions (buffer system, pH,
3.4.2. Determination of the pH Optimum practical procedure) were similar to those seerhim
section above. The reaction was started by enzyme
addition and VP stability was determined every ¢hre
minutes, through the internal ABTS assay, overnzeti
period of 18 min. To this, the measuring time oé th
ABTS assay has to be modified without affectingnaig
linearity for reaction velocity determination.

All examinations were performed in duplicates. The
remained active enzyme concentration was therefore
determined as the mean of these two measuremethts wi
3.4.3. Preparation of the Sodium Tartrate Buffer a maximal standard deviation of 10% from the mean.

The experimental set-up for determining the pH
optimum was similar to the kinetic assay. The major
differences in this study are the fixed adlerol and
H,O, concentration of 1mM and 0.1 mM,
respectively. In addition, the pH of the 0.1 M sodi
tartrate buffer was varied in 0.5 pH units, ranging
from 2.0 to 5.0. Buffer solutions were not sterile-
filtered because of the direct use after prepanatio

The buffer system, pH 4.0, was made up of 1 M
tartaric acid (obtained from L(+) tartraic acid, 4.RESULTS
EMSURE' for analysis from Merck KGaA and .
purchased by VWR International GmbH, Germany) and 4.1. Effect of pH on VP Reaction Rate
1 M sodium hydroxide, similar to the sodium acetate  The pH optimum for the yD,-dependent adlerol
buffer preparation above. degradation to the major product veratraldehyde @y A
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by the crude VP fronB. adustaappeared within the
range of 3.5 and 4.0-(g. 4).

4.2. Influence of the Pre-incubation Phase with
Adlerol

As introduced throughout section “Materials and
Methods” the used VP was pre-incubated with adlerol
prior each reaction start by,#, in order to bring up the
reaction temperature to 30°C. The pre-incubatioasph
was continuously monitored in the incomplete remacti
mixture (none HO,, thus the final volume was not
achieved without causing any considerable impagt) b
recording the absorption at 310 nm every 10 sec. It
was found that the absorption showed saturation
behavior while the time course was clearly affedigd
adlerol concentration, examples are illustratedrig.

5. The time required reaching saturation was reduced

by an adlerol increase. Furthermore, after satomati
was achieved, a relative slow but constant decrease
absorption started; with some time delay at thehbig
adlerol concentration.

To gain a better understanding of these findings th
soret band (heme group absorption maximum of tked us
VP at 407 nm) was also investigated independently,
under equal conditions, at adlerol concentratidr® and
ca. 1 mM Fig. 6). Any red or blue shift in the soret band
are indicators for changes in the enzyme transiiate
(E°, E-E" as well as B. Those shifts are quasi spezific
and each transition state can be assigned by aircert
wavelength, thus enabling the identification of
conformational changes of the enzyme under study. F
initial orientation, the given characteristic weaamjths
for E-E" in Tablel (received from literature) were
assumed for this work. Moreover, in order to obtain
representative reference fof Bnd E', the soret band
was also examined by storing the VP just in désdill
water and 0.1 mM }D,, respectively. Both, in the
absence of adlerol. On this basis, (notwithstandhg
fact that B and B' may be difficult to differentiate,
which will be further hampered by the chosen buffer
system) it is clearly seen iRig. 6, that the VP was
initially in its oxidation state ¥ (by comparing the black
dashed solid line with the red ones (VP isO)) before
it was transferred to its ground stat€ Bver pre-

7

6F e J,%
5} i y %1
e af / 1{]
=
T3
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2t /
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7 2.5 3 35 4 4.5 5 5.5
pH/-

Fig. 4. Effect of the pH on the enzymatic,®G,-dependent
adlerol conversion to veratraldehyde. The studis wa
performed in triplicates in 100 MM sodium tartrate
buffer with 100 uM HO,, 1.0 mM adlerol and ca.
0.3 mg mL* VP lyophilisate at 30°C.
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Fig.5. A-B: Effect of the adlerol amount during pre-

incubation. The enzyme was pre-incubated in ca.
100 mM sodium tartrate buffer, pH 4.0 at 0 uM aaller
(reference) @), 0.13 mM adlerol A) and 1.3 mM
adlerol ¢k). The last two were conducted in 133 mM
sodium tartrate buffer, pH 4.0, since the mixtunese
without H,O, and thus, still incomplete in volume.

E' (high reactive) and 'Has expected for LiP somewhere

around 435 nm (Palmet al, 1987)) could not be
detected under the given conditions, or additigresdks

incubation time; regardless of adlerol presenceis Th within > 500 nm and< 700 nm. An absorption drop of

observation is in good agreement wiHig.5. That
means, & spontaneously decayed t8. E
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Table 1. Assumed soret band maxima of the intermediafes E concentration at different fixed adlerol conceritnas as

E" for orientation purposes. depicted in Fig. 7A. Vice versa, same results were
Enzyme A Enzyme Reference obtained by varying the adlerol concentration atesal
state nm fixed initial H,O, concentrations Hig. 8A).

E° 407 VP Pogniet al (2005) Consequently, for each examination procedure two
E 403 VP Pérez-Boadat al (2005) apparent kinetic constants, like the maximum reacti
gl 417 oY= Pérez-Boadat al (2005)  Velocity Vs * and the dissociation constant®, were
g 420 LiF Tien and Kirk (1984) determined according to the Michaelis-Menten equmati
a. fromBjerkandera adusta type as followg. The index & Equaﬂon (12) staqu for
b. recombinant VP frorEscherichia coli the concentration of substrate i, such g©Hfor i=1
c. fromPhanerochaete chrysosporium and adlerol for i = 2.
03 without adlerol . with adlero app
A without adlerol B 2’_112[“ | v = Vmax [S] - 1’2 (12)

0.25 0.1k

0.08

To solve the data-fitting problem in least-square
ool L sense the MATLAB non-linear curve fit function
‘Isqcurvefit (default setting) was used resulting in the
kinetic constants listed iTable 2 and 4. For each
calculation, initial starting points for,u,c™ and K,
were estimated from intercepts (b =.14%"» and
slopes (M = K*Woh.™), respectively, of the
reciprocal plots seen ifrig. 7B and 8B by linear
regression (general formula: y(x) = mx + b). Once,
these plots run parallel to each other, ping-pong
mechanism exists (Bisswanger, 2008). The plots just
Fig. 6. Behavior of the soret band within the first 6 mirsuteé partly show parallelism irFig. 8B, whereas those in
pre-incubation. A: VP in 100 mM sodium tartrate Fig. 7B are nearly parallel.
buffer, pH 4.0, B: VP incubation in an incomplete Note: At an initial HO, concentration range of
reaction mixture (without bD,) in the presence of ca. 50puM to 100uM H,O, depletion was reached within
133 mM sodium tartrate buffer, pH 4.0 and ca. I m ca. 3 min, whereas at 18 H,0, the reaction may be
adlerol. The black dashed line represents theirggart already done after ca. 1.5 min at the latest.
point of incubation as well as the first wavelengtan Assuming the POX cycle will be not inhibited and
(with 2 nm steps) followed by three additional &an jreversible with k >> k,, while k; is just rate limiting
Wlth an interval of 2 minutes. The upper blgck aoli (see simplified two substrate 48, and adlerol (S))
line stands for the last scan at time t=6 minukes scheme inFig. 1), the steady-state product (VAld)
references, the blue dashed line represents thénVP . . . .
distilled water, and the red dashed line shows\Re accumulatlon. can .be simply Qescrlbed by Equa_\tlon
only stored in 0.1 MM bO,. The grey lines in the (13) (in consideration of .Equatlon (1)—(5); only with
graphs serve only for orientation purposes. yAId as product). A detailed deduction can be found
in the study of Rasmusse al. (1995).

0.2}

oD/ -

0.150

0.1r

300 350 400 450 500 300 350 400 450 500
Al nm A/ nm

No conformational changes were seen by storing VP
in distilled water. dvaid] _ 2k,[E]s][s] (13)

dt k
4.3. Steady-state Kinetics of the H,0,-dependent k;: [s.]+[s]

Adlerol Conversion by the Crude VP

The reaction velocities of VAId accumulation Wwith the reaction rate constant:
obtained throughout the steady-state phase showed a
hyperbolic shaped course by varying the,OH Ky = Keat (14)
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Fig. 7. A: VP kinetics for the co-substrate,®, at different Fig. 8. A: VP kinetics for the reducing substrate adlerol at

constant adlerol concentrations as follows: 100 uM several fixed initial HO, concentrations as follows:
(%), 250 pM @), 500 pM ), 750 pM ©), 1000 pM 15 uM @), 25 uM @), 50 uM (A), 75 uM ©),
(0), and 1500 puM %). Reactions were conducted in a 100 uM @), 125 pM (), and 150 uM X). Reactions
200 pL scale in 100 mM sodium tartrate buffer, pbl, 4 were conducted in a 200 pL scale in 100 mM sodium
at 30°C and an enzyme concentration of ca. tartrate buffer, pH 4.0, at 30°C and an enzyme
0.3mgmLCY.  Computer simulated curves are concentration of ca. 0.3 mg ML Computer simulated
demonstrated by black solid lines or a dotted blamk curves are demonstrated by black solid lines astted

for c(adlerol) = 1500 uM. B: Double-reciprocal pluft black line for c(HO,) = 150 uM. B: Double-reciprocal
the data shown in A. Due to the enormous similasity plot of the data shown in A. No parallelism is séen
the results obtained at fixed 1000 uM adlerol and general. The inset plot show the results of linear
1500 pM, the latter was omitted to provide a better regression at initial HD, concentrations of 15 pMX),
overview. The almost parallel arrangement of the 25 uM #) and 125 uM ) where parallelism can be
straight solid lines (gained through linear regmss observed. The black solid lines are gained through
(y = mx + b)) indicates a ping-pong bi bi mechanism linear regression of the general formulay =mx + b
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and the enzyme mass balance 14— = 1402
1.2 O 1.2
- 1 - 1
— 0 | I 'c 'c
] = [l ) ] as oo s |
<04 <04
The total enzyme concentratiorr as calculated 0.2 0.2
by assuming 8.6% of the used lyophilisate are the % 2 4 6 & 10 12 14 % 400 800 1200 1600
actual VP amount (in consideration of the determine B/uM c(adlerol) / uM
Rz value of 0.3 compared to the reported 3.5
(Pogniet al, 2005)). Fig. 9. A: Coefficient A vs. coefficient B (both received by
Setting non-linear curve fitting using Equation (18)).

Non-linear course indicates deviation from the redrm
POX cycle. Black solid line was just drawn for
A =k, [Sz] (16) orientation. B: Hyperbola dependency of coefficiént
on adlerol concentration as general indicator foe t
involvement of reversible (unimolecular) reactideps.
B = ks [s,] (17) The black solid line in B illustrates computer siatidn
k, using a Michaelis-Menten type formula.

However, due to the apparent hyperbolic
dependence of the kinetic parameters on both
substrates a two substrate ping-pong bi bi mechanis
will be suggested with formation of binary enzyme-

substrate (ES) complexes before irreversible prbduc
d[VAld]/dt = A[Sl] (18) release occurs (Marangoni, 2003). The generally

2[E] B+[s)] accepted non-inhibited rate equation, just conecegyni

forward reaction in the absence of product(s),iieiy

Finally, plots of the coefficients like A vs. B through Equation (19) (Bisswanger, 2008; Cornish-
(coefficients were obtained via the same non-limeave ~ Bowden, 2012).
fit approach, as previously discussed using Eqnatio

(Rasmussert al, 1995), which is valid and feasible for
constant adlerol concentrationBid. 7) and rearranging,
Equation (13) becomes to Equation (18).

(18)) and A vs. [adlerol] should yield straightdimif the v = Ve, [S)][S)] (19)
mechanism follows the classical POX cycle and is K [S,]+ K2 [S+[SS,

irreversible Fig. 1), respectively (Bakovic and Dunford,

1993). As illustrated irfFig. 9, neither plot A nor plot B In case $(H,O, concentration) varies ang (adlerol

appears linear. Plot B shows definitely a hyperbolaconcentration) is treated as constant, which wasemo
dependence of coefficient A on adlerol, while pft  realistic for the current study, Equation (19) tkae
tends rather towards linearity (but is still notisfactory ~ Michaelis-Menten form seen in Equation (12) (for$)

following the solid line in plot A oFig. 9). with the parameters,u’* and K;* as follows.
By secondary plots of the apparent kinetic pararaete [ ]
Vmac?? and KPP given inTable 2 and 4, both display v = Vimay [ (20)

h . max KSQ + Sz

yperbolic dependence on adlerol as well as e®,H m

concentration Kig. 10-11), whereas the dissociation

constants seem to have a maximum. For adlerol the ., = K2%[S)] 21
maximum K;*Pis ca. 382uM at a HO, concentration of mo- K2 +[s, (21)
75uM and for HO, ca. 13uM at an adlerol

concentration of 75QM before decreasing to 3184 By fitting Equation (20) and (21) to the represente
and 11uM. Repeated VP reactions at fixed /8 and  data inFig. 10 using the known non-linear approach,
150 uM H,0, concentrations were done independently first estimates of the kinetic parameterg,y Kn> and
and confirmed the findings iRig. 11. Km>2 were made as recordedTiable 3.
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Fig. 10. Vmat™ (A), KPP (B) dependence on c(adlerol). v
and K represent the data listedTiable 2. The black

solid line denotes a computational non-linear curve

fit as explained in the text by using Equation (28)
and Equation (21) (B).

Table 2. Apparent kinetic constants,y*® and K, 2*° varying

H,0O, at different fixed adlerol concentrations.

Kinetic constants

c(adlerol) o K a0

MM max m
UM min? UM

100 25+0.0 40+0.6
250 45+0.1 8.8x1.9
500 6.4+0.1 8.1+23
750 7.8+0.1 13.2+1.8
1000 9.1+£0.1 10.3+0.8
1500 9.3+0.5 10.8+0.9

The kinetic constants represent the results of @linear

curve fit using the mean steady-state reaction citgloof

three measurements. All reactions were carried iout
100 mM sodium tartrate buffer (pH 4.0) at T = 30°C.

Table 3. Estimates of \, KoY and K52 for constant adlerol
conditions (% H,O,, S;: adlerol).

S S
Kinetic parameter Vmaf . Ko K¥:
UM min ny UM

[S;] = constant 12.2 16.4 417

Data were calculated by non-linear curve fittingings
Equation (20) and (21), respectively.

4.4. Pre-steady-state Transients

Prior steady-state (linear reaction rate velocias h
been developed) slow transient phenomena in fora of
lag phase appeared once,(d exceeded a certain
concentrationKig. 12 and 13).
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Fig. 11. Effect of H,O, 0N Vinart™P (A) and K, 2P (B). v and K
represent the data listed Trable 4. Black solid lines
are just drawn for orientation.

Table4. Apparent kinetic constants,y* and K,*P varying
adlerol at different fixed initial KD, concentrations.

Kinetic constants

c(H0,) VPP K 2P

HM max m
UM min? UM

15 6.5+0.1 141 + 15
25 7.8+0.3 168 £ 14
50 9.3+0.2 233+4
75 11.1+0.6 382 + 50
100 11.8+0.1 3605
125 13.6+0.4 3138
150 13.8+£0.3 319+ 16

The kinetic parameters represent the results obralinear
curve fit using the mean steady-state reactioncitylof three
measurements. All reactions were carried out in rh@0
sodium tartrate buffer (pH 4.0) at T = 30°C.

380

Under the current reaction conditions the threskwldbe
approximately at c(bD,) > 50uM. Based on a constant
adlerol concentration (an illustrative example igeg in
Fig. 12), the lag phase was extended by increasing the
initial H,O, concentration until a maximum is achieved,
obviously without affecting the subsequent steddies
velocity v which supports the data iRig. 7A. Any
additional HO, increase led to a drop in absorption signal
(absorption of the VP-adlerol blank is greater ttizat of
the full reaction mixture as seenhig. 14) resulting first in
negative reaction rates, apparently of the sartialinpeed.
The negative slope declined with time until it sizigd (a
minimum/turning point was reached) before product
accumulation could be finally detected. Whereastitne
course inFig. 14 is strongly dependent on the®} load
until reaching the turning point, the subsequemdpct
accumulation profile remained unaffected.
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Lag phase formation by increasing thgOs amount

(50 uM (A), 75 uM ©), 100 M ), 125 pM (),
and 150 pM K); inset plot: 15 uM¥), 25 uM &))

at a fixed adlerol concentration of 500 uM. The
corresponding adlerol toJ8, ratios are 33.3, 20, 10,

6.7, 5, 4, and 3.3. The absorption value (data are
already corrected by blank) at a wavelength of

310 nm is plotted as a function of measuring time.

0.14

0.12f

Fig. 13. Lag phase characteristic depending on the adlerol

200 250

amount (100 uM M), 250 uM @), 500 uM (x),
750 M (A), and 1500 uM +)) at a fixed initial

H,0, concentration of 100 uM. The corresponding

function of measuring time.
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Fig. 14. Behavior of the spectrometric measurements (data
are already corrected by blank) at an appare@,H
overload. The adlerol (100 uM) to,8, (100 uM

(m) and 150 uM A))

ratio was 1 and 0.7,

respectively. The inset plot shows the raw daté (fu
assay A), VP-adlerol blank 4)) of absorption
measurements at 310 nm for the initial adlerol to

H,O, ratio of 1.

Such events occurred at adlerol tgOsl ratios ranging
from 1.3 (10QuM adlerol and 7%M H,0,) up to 3.3
(500uM adlerol and 15@M H,0,) as long as the adlerol

concentration will

be maintained at 500pM. At

concentrations> 750uM the lag phase could still be

monitored. Thus, concerning a fixed

initial ,®}

concentration (e.g. 1Q@M (Fig. 13)), the duration of the
lag period was reduced by elevating the adleroteran
Moreover, the reaction rate rose with adlerol ak we

45. Spectral Soret  Band Monitoring

Reaction Mechanism I nter pretation

for

In order to clarify the events of several reactieasn
above, the soret band behavior was again indepégden
investigated under the same reaction conditions as
executed for the kinetic measurements, excepfjtisag
fixed adlerol concentration of 1 mM was used. The
corresponding results are graphically showrFig. 15;
the characteristic wavelengths were already listed
adlerol to HO, ratios are 1, 2.5, 5, 7.5, and 15. Table 1. At » =310 nm inFig. 15, an additional grey
Absorption values (data are already corrected by lin€ is drawn to follow the VAld accumulation ovéme,

blank) at a wavelength of 310 nm are plotted as a Simultaneously. The reaction mixture was monitologd
a series of spectroscopic scans (wavelength atesée
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300 nm and 500 nm, with a step size of 2 nm) made An additional reaction was conducted at 330
every two minutes over a time period of t=12 min H,O, to simulate a theoretical ,B, overload as
(inclusive pre-incubation phase of 7 min) startingm reference Kig. 15F). In such circumstances, preliminary
t = 0 min. The last scan of pre-incubation was qrentd studies using ABTS as reducing substrate showed som
at t = 6 min (blue solid line ifig. 15, all previous scans degree of inactivation of the used VP (data are not
are omitted). At the time t=7 min the reactionswa published). Indeed, monitoring VAld, similar result
initiated by HO, addition. The first scan was made one (initial drop in absorption) were received as s&eRig.

minute later at t = 8 min (red solid line king. 15). 14. Thus, enzyme deactivation may be expected.
04 . . 0.4 . - - 04
A 15uMH,0, B 50 (M H,0, C 75uMH,0,
0.12 0.12 0.12
0.35} ——— 1 035} 0.35}
0.1 § 0.1 0.1
\\\ §
03 0.08[" 1 0-3\ .08 0-3\ 0.08 \\ 1
0.06 0.06 0.06
025\ 390 400 410 420 430 0.25}¢ 390 400 410 420 430 0.25} 390 400 410 420 430 4
o.z\ 0.2f
) y
{1 0.15F% 1 045},
: . ob NN ] oAb
__X ........ =§ ....... -
0.05 . . : 0.05 : . : 0.0 . . .
300 350 400 450 500 300 350 400 450 500 300 350 400 450 500
Alnm Alnm Al nm
0.4 . . 0.4 . . 0.4 - .
D 100 uM H,0, E 125 MH,0, F 350 (M H,0,
0.12 0.12 0.12
0.35 0.35} 1 o035
0.1 \ 0.1 0.1
N
\ =
0.3 ] 0.3 = 1 03f\ oos[™ N
\ 0.08 N \ 0.08 ‘At% 0.08 \
0.08 0.06 0.06
, 025 390 400 410 420 430 4 0_25\ 390 400 410 420 430 4 0.25 390 400 410 420 430
o)
o
0.2 0.2
01511\ 0.15F,
0.1f 0.1f
0.05 : - - 0.05 - L S 0.05 . - -
300 350 400 450 500 300 350 400 450 500 300 350 400 450 500
Alnm A/nm A/ nm

Fig. 15. Monitoring (raw data) of the soret band behaviara(s interval: 2 minutes, step size: 2 nm) afterctiea start by
adding A: 15 uM, B: 50 uM, C: 75 pM, D: 100 puM, B5 puM, and F: 350 uM 4D, at constant adlerol concentration
of 1 mM. The blue solid line represents t = 6 masubf pre-incubation while the red solid line is tiecord of the first
minute (or at t=8 minutes; pre-incubation plusas@ement time) after reaction start. The end afctien
(t = 12 minutes) is indicated by the upper blackdstine, except in A. Here, the lower black solide depicts the
reaction end. Inset plots are zooms of the soggbne The black dotted line acts as reference &oavs a spectral scan
of a VP sample just incubated in 350 pNMQ4.
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At an initial HO, concentration range of 5M to H,O, concentration (range: 0-1 mM) at initial adlerol
100uM H,0O, depletion is assumed within ca. three concentrations of 0 mM and 4 mM. The mixtures were
minutes, based on the kinetic measurements aboveontinuously stirred with a stirrer speed of cab 8Fm.
(therefore t =10 min is supposed to be the laah suf Enzyme stability was determined every three minutes
reaction), whereas at 181 H,O, the reaction was (by ABTS assay) over a time period of 18 min. The
already done after 1.5 min at the latest (the saan observed deactivation constanjok) was calculated by
t = 8 min (red solid line) should only be counted). Equation (27) assuming enzyme deactivation follows

In Fig. 15B-F it can be extracted that after,®) first-order kinetics of the general formula given i
addition the soret band (407 nm) experienced sshéftl Equation (22).
to ca. 420 nm, similar to the spectral scan of ss&ple

which was only be incubated in 3pM H,0,. That

would imply the VP reaction cycle passed throudh E E Ot - E (22)
before return to % Furthermore, the soret band

recovered by the end of reaction (around aboy®,H E indicates the active enzyme andtlie inactivated
depletion) at KO, concentrations< 100uM, while E" form. Since enzyme inactivation trended to
remained unchanged above 100 H,0, (no HO, incompleteness due to an expectegDHconsumption

depletion within the reaction period). Beside thd shift ~ the enzyme concentration was modified and Equation

(blue solid line vs. red solid line), a considesbl (22) becomes to Equation (23).

decrease in absorption intensity is seerriig. 15E-F,

once HO, exceeded 10(AM, which is probably d[E]

associated with an enzyme inactivation process. ——= = Ky(ong [E - Ew] (23)
Although, the reaction was almost expired after the

first spectrum was recorded Fig. 15A, the cycle is

assumed to follow the normal POX mechanigtig(1) E. =Eatt=o (24)
under such low kD, conditions. However, a drop of the

soret peak could also be registered at the end oi{EO] = [E]+[Em] (25)
examined period. By reconsiderififg. 14 (inset plot) in

the preceding section in this context, a relativsvsbut Separation of the variables and integration for the

constant decrease in absorption is noticed mongdhe  poundary conditions

VP-adlerol blank. This phenomenon, which was alyead

mentioned  throughout  pre-incubation, — appearedg = E att = 0 (26)
independently of the adlerol amount in all studiath
rates of <0.002 mii. The same kind of behavior
showed the full reaction assay after achievingDH
depletion. At this point, evidence is taken that thajor

yields Equation (27).

cause of any observed absorption decay is relat&Pt [E]—[Em]

. o . A In

instabilities. Instability becomes more significatlow E,|-|E

initial H,O, concentrations as well as lowered adlerol _kd(obs) = - (27)

content Fig. 15A and to some degree kig. 12 and 13
of the previous sub-chapter). VP inactivation and

stability studies will be continued in the next tsec. In order to receive estimates of the enzyme hisif-li

(ty0) setting:

3.6. VP Inactivation/Deactivation by H,O, and
the Impact of Adlerol (E.]J-[E.]) = 2(E]-[E.]) (28)

The influence of HO, concentration on the VP
stability was investigated as well as the impact of
adlerol. For this purpose, two series of experimevere
carried out in a 10-50 mL scale by varying theiahit ¢ = ty2 (29)

and
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After substitution in Equation (27), a subsequent
rearrangement tq,tyields Equation (30).

(30)

Based on Equation (27),qks was obtained from
negative slopes of the straight lines generategldtying
the numerator against the denominator t (primaoyspl
Secondary plots of gdgn) as a function of kD,
concentration irFig. 16 show a hyperbola dependence.
The double-reciprocal plot ifig. 17 of the same data
yields a linear relationship with non-zero intercep
According to Copeland (2000), the VP inactivatian i
subjected to a two-step mechanism with an initial
binding step followed by a slower inactivation pedare
(e.g. see combination of pathway 10, 11 and 1RBi@n

3). The scheme is also known as time-dependent

irreversible inhibition (Copeland, 2000; Marangoni,
2003). Therefore, dghs) Was described through Equation
(31) in the absence of adlerol. An impact of agitabn
enzyme stability could be excluded for <h600 rpm
(unpublished data).

_ k™[s]
T K™ +[s]

where, $ stands again for ..

d(obs) (31)

The parameter;¥” represents the apparent maximal
rate of enzyme inactivation, while ;® denotes the
apparent concentration of inhibitor for reaching
half-maximal rate of inactivation (Copeland, 200Bdth

competitive inhibited by adlerol (denoted a$ ®hich
could be expressed via Equation (32). This equation
also allows a first estimation of the adlerol
dissociation constant J% For this purpose, the
adlerol concentration was again considered to be
constant. Initial values for ;¥° and K" were
transferred from previous calculations (Equation
(31)). For K, 0.417 mM was specified initially
based on the results in the sections above. Fintilgy
kinetic parameters were adjusted by non-linear eurv
fitting of both data sets (with and without adlgrol
offering a reevaluation of ¥° and KP
simultaneously. The data are also storedable 5.

k(s
Kf‘pp(h[f%]j sl

kd(obs) - (32)

The ratio IKE*IK®P reflects a second-order rate
constant and is a measure of the inhibitory potefan
irreversible inhibitor (Copeland, 2000), such a®Hin
this case. The obtained value was 25 $A.

Due to the inactivation characteristics in the pree
of adlerol,Fig. 16 can be clearly extracted that adlerol
improved enzyme stability, in general. However, the
half-life (inset plot offFig. 16) decreased relative fast by
an elevation of KD, up to 100uM and strongly slowed
down immediately afterwards.

5. DISCUSSION

The optimal pH of the VP being examined for the

were obtained through the same non-linear curve fitMn-independent adlerol degradation was 3.5-4.0.hWit

approach as previously done for the steady-staigtiks,
but using Equation (31). In order to solve the fiogar
problem via the'lsqcurvefit’ function in MATLAB",
initial starting points for R and K*" were received
from the intercept (b=1/K% and the slope
(m = K®k*), respectively, of the linear regression
(red solid line with the general formula y = mx + b
X = c(H0,) and y = keps) made inFig. 17. The results
are listed inTable 5. In the presence of adlerol R
increased, while ;#° remained almost constant round
about 0.3 mift comparing the red solid line (0 mM
adlerol) with the black one (4 mM adlerol) Fig. 16

the same VP, but subsequently purified, an activity
maximum at pH 3.0 (50 mM sodium tratrate buffer;
20°C) was recorded for VA conversion (Liees al,
2010). Based omable 6, the pH optimum of ligninolytic
enzymes (VP, LiP) varies between 3.0 and 4.0. &e cd

a polycyclic aromatic substrate a Mn-independent pH
optimum was found at 4.0 (Wangt al, 2003). In
previous studies (data are still unpublished), @tues

of < 3.5 (50 mM sodium tratrate buffer) showed a higher
impact on enzyme stability than temperature changes
within 25-30°C. Moreover, the pH optimum for lignin
degradation by ligninolytic cultures from

and 17. Consequently, the inactivation mechanism was P. chrysosporiunis 4.5 (Schoemaker, 1990).
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Fig. 16. H,0,-dependent deactivation kinetics in the absence Fig. 17. Double-reciprocal plot of the data seerFiig. 16 as

of the substrate adlerol (experimental data (sgare useful tool to distinguish 1-step (intercept wilb g
computer simulation (red solid line)) and in the through the origin) and 2-step (non-zero intercept)
presence of 4 mM adlerol (experimental data inactivation mechanism (according to Copeland
(triangles), computer simulation (black solid line) (2002)). The solid lines are results of linear
Reaction conditions: T: 30 + 1°C, pH 4.0 (100 mM regression (y(x) = mx + b).

sodium tartrate buffer), n: 375rpm, enzyme
concentration: ca. 0.06 mg MLV: 10mL or 50 ML, Tap1e5 Determined inactivation constants®R and K**®

Each examination was carried out .in. duplicates with simultaneous K52 estimation.
(parallel) with a maximal standard deviation of 10%
from the mean. The inset plot illustrates the Kinetic constants
corresponding half-life (1) course as a function of ~ c(adlerol) - - wn /e an K2
initial H,O, concentration. pM ki Ki ki /Ki m
min? M Mtst UM
Despite the fact, the used high concentrated buffer 0.25 145 288 na?

system seemed to slightly interfere the soret peak

morphology, it was not possible to distinguish testw

E' and E', since differentiation is difficult anyway The kinetic constants represent the results of mrlinear

(maxima are close together as seeifable 1). Thus, a  curve fit using the mean observed deactivation e ps)

comparison was made with references, for instance,?ftwo measurements. o

where VP was stored in distilled water only (refere ) “best measure for inhibitory potency for an imeiele

for EO) or just in HO, (reference for p formation) inhibitor is the second-order rate constant obthifilem the

) . ) i0 k2PHIK PP
Indeed, conformational changes (kind of a burst g)at'ok IK{™ (Copeland, 2002)

phase,Fig. 5) could be recognized throughout enzyme__ Nt applicable

pre-incubation with adlerol. For some reason, itswa

found that the VP was in its oxyform"Ebefore it was Contrary, an ABTS conversion study by HRP

brought up to its ground ferric stat& Ehis process was . .. ’ - .

strongly affected by adlerol concentratiofrid. 5). m@cated a ter bi ping-pong mecha-nlsm (Clelandi3)9

Consequently, the question arises if this phenoméso W't_h one ternary ComF?'eX form:’:ttlon. (EB-ABTS,
while E-H,0, was defined as 'E prior HRP was

related to binary enzyme-substrate (ES) complex ) o | .
convert adlerol. There are no official statements release occurred (Child and Bradsley, 1975).

regarding complex formation of ligninolytic POX Wit In general, HO, and reducing substrate do not bind
aromatic substrates as well as analogue by todiage s on the same “active site” of the enzyme. Two separa
the enzyme is not designed for direct contact \tish  access channels are identified in the literature first
centred heme group (Ruiz-Duef@sal, 2009a). one is conserved in all POX and quasi reservedi$ar,

4000 0.28 188 248 2,506
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(direct contact to the enzyme’s heme group), themse If E" can be transferred back t8 Was reviewed by
serves for reducing substrate (Ruiz-Duefets al, pre-incubating the VP in 4, (E" formation was
2009a). Due to the design of the second channel theexpected), under the known conditions, followed by
enzyme substrate contact takes place at the engyme’adlerol addition for initiating the reaction. After lag
surface via a tryptophan component (in case of ihf  phase VAId production gradually restarteBig; 18)
B. adustd which is supposed to be responsible for most likely due to B disappearance. It is conceivable
substrate oxidation, in its radical form (Poggt al, that several enzyme molecules were still activecgsino
2005; Ruiz-Duefiast al, 2009a). response in absorption signal could be detecteer aft
However, based on the experimental data acomplete enzyme inactivation) to decompose adlerol
conversion of adlerol by"E would automatically imply ~ along with certain products which served as sutesfa
the inability of E to degrade such a lignin model dimer E". This requires kD, availability, though only in small
as it is displayed through pathway 15iqg. 3. amounts. The theory is based on studies examimiag t
A possible £ formation due to reaction of'Ewith ~ conversion of # of a LP (LiP-E') from
adlerol (See also pathway 8 ﬁ]g 3) Causing the said P. ChrySOSpOfiUnﬂnd VA besides 1,2,4,5-tetra-meth0xy'
enzyme transformation could not be determinedPenzene as substrates (Barr and Aust, 1994). The
accurately Fig. 6). Even it would be true, further researchgr ha\{e beer! shown.Li'IE’-Eisappearance 'due
conversion resulting in product (VAId) accumulatisn ~ [© reaction with cation radical products tol LiP-E
expected as concequence, provided tHawilt be the resulting in a ref’;\cnon rate .|ncrease with timeE'lf of .
defined active intermediate. Since it was foundt tha € used VP will be reactivated by an adlerol catio

adlerol was not further decomposed to VAld and rad|cg| or a yeratryl alcohol 'pr"admal (\()A 'S
saturation appeared, this theory is more unlikely. questionable. It is proven that LiP-Econversion to

. 0 . . . .
VP kinetics could be sufficiently described by the \I;IeF:altE |C;r;gﬁtmoi(;liiroxlar;gsg:o?\/vp)vnr(]c\gib‘b;r:dw"}?e?
well-known Michealis-Menten equation. Both,,® Y '

) ~1992; Chung and Aust, 1995).
and adlerol had promotional effects on reaction
velocity v in general. Nevertheless, pre-steadyesta
transients were recognized characterized by,@,H
dependent lag phase in the time course of VAld
accumulation. Usually, transient states are more 24}
expected to be fast (ms time scale) and may just be
detectable throughout rapid-reaction techniques
(Eisenthal and Danson, 2002). Indeed, the said lag-
phase was slow enough for sensing and appeared ¢
H,O, concentrations> 50 uM under current reaction < o.22}
conditions. On the basis of the red shift of theeso
band Fig. 15), it will be presumed that the main cause
of this phenomenon must have been an accumulatior

0.25

0.23

310nm

of E" via E' reaction with HO,. Inhibitory effects of i
the co-substratg 1D, in ;uch a \(vay are known to slow 02; = m 5 o5 750
down the reaction (Cai and Tien, 1992; Nicell al, time /s

1993; Vlasitset al., 2010).

Goodwin et al (1994) obtained similar results Fig 18, Raw data for a reaction start by adlerol additideraf
studying the LiP catalyzed oxygen consumption with seven minutes pre-incubation of VP with,®4
VA, and in presence of EDTA and oxalate as welle Th (3005'\/' considering the incomplete assay mixture)
O, reduction rate appeared linear at low,O4 and E formation was expec_ted. The _usual reaction

. L conditions were met with a final adlerol
concentration of 3QM, whereas at values within 'the concentration of 1 mM and an enzyme amount of
range of 9QuM and 120uM lag phases could be noticed round about 0.3 mg mi(in the full assay mixture).
for the same reason'(Eormation). The black solid line is drawn just for orientation.
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Furthermore, VAis supposed to rapidly react with @
VAId under aerobic conditions (Schoemaket al,
1994b). Since the kinetics were conducted in O
atmosphere, VAas reductant for 'E can be excluded.
Aerobic conditions may be further promoted due to O
generation as a result of"Eformation (Nakajima and
Yamazaki, 1987; Goodwiet al, 1994). On the other
hand, cation radical products are also limitechgirtlife-
time. For VA" a half-life of 40 ms was recorded (Harvey
et al, 1993). Finally, the radical decay is dependent o
the nature of its substitutes (e.g. OQB®Me) groups in
Fig. 2 favor formation and stabilization) (Wong, 2009).
A conversion of B back to E by oxidation of an adlerol
cation radical would imply less VAld accumulation,

this context, Aitken and Irvine (1989) and Eual (1993)
investigated deactivation kinetics of a LiP (andvaP)
from P. chrysosporiumBoth working groups concluded
that the lag phases, caused by Hormation, are
additionally associated with enzyme deactivatian®/. It
was found that the drop in the restored soret peak
proportional to loss in enzyme activity (ldtial, 1993).
Based on the soret band behavior, deactivatiohef t
crude VP also appeared mainly through compoufid E
which will be promoted by the used acidic pH. Aakui
check showed that"Eformation did not occur when the
VP under study was stored in distilled water, iadtef
the known buffer system, spiked with the sam@®H
amount. An enhanced susceptibility of a VP from

since one adlerol molecule will be only consumed pleyrotus pulmonariugor H,0, with decreasing pH was

throughout one reaction cycle. At least as longhes
reaction passes the'Bntermediate. Thus, the reaction
with adlerol has to be reconsidered at this paMtthe
end of the pre-incubation period with,®, E" is the

also confirmed by Bocklet al (1999).

Liers et al (2010) examined VPB( adusta stability
under acidic conditions (50 mM sodium tartrate byff
pH 2.5) at 20°C. 70% loss in activity was recoraégr

perdominat intermediate (supported Dby soret bandj h of incubation. In the current work a half-liiee of
behavior and by Barr and Aust (1994)) and a certainsp min was found in the presence of adlerol at 306

portion of enzyme is merely reversible inhibitechal
means, B may be the only reactant for adlerol. For
evidence, further investigations have to be caaty o
When HO, concentration was additionally increased
and exceeded a certain limit (depending on thelavai
adlerol content) noticeable rapid drop in the apton
signal was the consequendéd, 14 and 15E-F). Such

15 min once 0.1 mM }D, (initial concentration) was
added, while the stability was halved in the abseoic
adlerol. A half-life time of just 1.3 min has evéeen
reported in presence of 1 mM,B, (no substrate;
60 mM phosphate buffer, pH 6.1) (Valderrama and
Vazquez-Duhalt, 2005).

In this study, VP deactivation meachanism byOH

H,O, concentrations were obviously sufficient to cause represents a time-dependent irreversible inhibiéind is

some degree of irreversible enzyme deactivatiore u
the fact that KO, will be consumed throughout the

competitive inhibited in the presence of adleroheT
deactivation kinetic could be described satisfalgtdry

process the drop declined with time. Once acceptabl the model in Equation (32) assuming constant abllero

catalytically conditions were restored, accumulatiaf

conditions. From estimates of ¥ and K" an average

VAId was again measurable. This could be ansSecond-order rate konstant of ca. 258 was

explanation for the gradually decline of the appare
KPP at H,0, values> 100uM in Fig. 11B. Since HO,

degraded faster than adlerol (mechanism-based),
enzyme:adlerol:kD, ratio was probably modified in
constant as seen

irFig. 7. Nevertheless, enzyme

calculated. 16 M s* (pH 3.0; 23°C) were measured for
the HO,-dependent inactivation process via Bf a LiP

th‘gAitken and Irvine, 1989). Furthermore, an addiabn

éstimation for the dissociation constant, K of
2,506uM was obtained indicating high substrate affinity.

in comparison to the steady-state kinetics,a°Kalue of
just 417uM (Table3) was determined at constant

deactivation cannot be fully excluded even in the 5qiergl conditions. On the basis of the argumennati

presence of sufficient adlerol content as well 85 b
recovering B at low H,O, concentrations as it was seen
in Fig. 15A-D. Although the current deactivation studies
have demonstrated protective properties of adleéhd,
enzyme activity/stability still undergoes a consalde
impact by HO, concentrations up to 1Q0M at clearly
increased adlerol amounts of 4 mMid. 16 and 17). In
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above, the estimated,R* and the apparent steady-state
kinetic parameters may differ from the true valussce

a portion of enzyme and ,8, was partly lost when
linear reaction velocities could be determined. S hhe
initial planned concentrations were not fully matsuch
circumstances, obtained reaction velocities
underestimated (Kulmacz, 1986).

are
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As pointed out at the beginning, kinetic constdats
adlerol are seldom in the literature; none werenébfor
VP. Instead, sufficient data are available forridmucing
substrate VA (just for orientation purposes) ansbah
few for LiP and adlerol conversion. fable 6 several
results from literature are listed for VP (fn
independent) and LiP. As it can be seen, ¥alues
> 3,000uM are quite conceivable for VPs, also in
conjunction with VA, whereas those for LiP are
considerable lower. According to Liees al. (2010), VP

is less active toward non-phenolic lignin model
compounds than LiP. In addition, the question veased
as whether for ligninolytic peroxidases a greatssuatbe
excess (e.g. 25 mM) has to be required in ordeeach
maximal reaction rates (Germanal, 2011).

Finally, based on the current observations, the
crude VP reaction mechanism for adlerol degradation
will be assumed as summarizedHig. 19 for the next
investigations, such as developing g0 feeding
strategy.

H,0, H,0
AA
0y $**+H,0 H.0, / S
s| (.
/ 8 s 4] |2
SorS™ 3 / \
(7) 02'___ Su
Yy
7 H.0 H,0,
Ei < E"'-H202 Emm— E"l = W E“
H,0,

reversible steps within the normal POX cycle:

E+S &— E-s —> E"+s5"

Ell+S {:)_ EII_S — E(}+So+

(a)
(b)

Fig. 19. Supposed kD,-dependent reaction mechanism of the crude VP Boadustafor adlerol degradation.’(E" are enzyme
intermediates. The symbols S and &and for an appropriate substrate (e.g. adlarad)its corresponding radical cation,
respectively. @ denotes superoxide radi@alions. Pathway 1-3 depicts the usual POX reactjote with the reversible
steps described by Equation (a) and (b) (Ruiz-Dsiefial, 2009b). The cycle will be initiated by,&, (pathway 1).
Pathway 4, 5, and 7 show important side reactiatis MO, which competes with pathway 6. Enzyme deactivafien
inativated enzyme) is found to occure vi& Bs sketched in pathway 7. Pathway 8 illustrategcataneous unimolecular

deacy of &',
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Table6. Compilation of some kinetic investigation results 8O, and different monomeric and polymeric aromaticsstates.

Peroxidase Substrate S Ko Vimax Kpn Initial reaction Reference
st UM min? UM conditions
pH: 4.0/T: 25°C/
VP H.0, n.a. n.a. 200 50 mM malonate buffer /
(Bjerkandera adusta reducing substrate: PAH Vanget al, 2003
PAHY 2.8 n.a. 23,800 0.1 mMj®,
28 pH: 3.0/ RT/0.5mM
H,0, n.a. (U mg?) 182 VA /ca. 0.1 mM sodium
VP 9 tartrate buffer
(Bjerkandera speci¢s VA n.a. U i\fg'l) 1,500 g;'O :fl.l?ﬂll'zgz Moreiraet al, 2006
VA n.a. s Erg:g'l) 3,670 pH: 5.0
VP pH:3.0and 4.5/0.1 mM
(Bjerkandera species VA 1.4-2.8 7.6-15.8 116-534 H,0,/50 mM succinate Mester and Field, 1998
strain BOS55) buffer / [E]: 4 mg [
pH:3.0/2 mM VA/
H,0, n.a. n.a. 2-3 0.1 mM sodium tartrate
buffer
Camarereet al, 1999
VP pH: 3.0/ 0.4 mM HO, /
| ¢ ) VA n.a. n.a. 3,500 0.1 mM sodium tartrate
(Pleurotus eryng)i buffer
45-95 pH: 3.0/ 0.1 mM HO, /
VA n.a. 1, 3,000-3,500 0.1 mM sodium tartrate Martinezet al, 1996
(Umg’) buffer
pH: 3.0/ T: 25°C/
H,0, 3.7 8.9 11 1-50 pM HO, /1 mM
, VA [E]: 40 nM
(LFI>F;1|ebia raciats pH: 3.0/ T: 25°C / Lundellet al, 1993b
VA 7.1 17.0 149 0.2 mM H0,/ 2-500 uM
VA [E]: 40 nM
adlerol 4.7 113 192 similar to VA above
. dimeric pH: 3.0/ T: 37°C/
LiP on 0.2 mM KO, /0.1 mM
(Phanerochaete phenolic n.a. n.a. 55 sodium tartrate buffer / Tien and Kirk, 1984
chrysosporiump LMCS) 0.1% Tween 80/
5 g mL?! protein
pH: 3.5/ T: 25°C/
8-0-4 50 UM KO, /
LiP 0.5 54) 160 0.05-2.5 mM S/ 125 mMChoet al, 2010
(adlerol) tartrate /
[E]: 1.8 uM

D PAH: polycyclic aromatic hydrocarbon,

2 original data was 145 nifn

% original data were 1.9-3.9 U g

4 subsequently calculated based on given data asgui, = Keat [E],
% 1,2-bis-(3-methoxy-4-methoxyphenyl)-propane-1 8-di
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It is suggested that the normal VP reaction cycle
(without E" formation) involves reversible reaction
steps. Despite a further review regarding applitsiof
the kinetic models described through Equation (G3)
(19) as well. An approval is given by Ruiz-Due@ésl.
(2009b) who investigated transient state kineti€sao
recombinant native VP (obtained W. col) with the
substrate VA (Equation (6)-(7)).' Formation via two-
electron oxidation of £ by H,0, “has long been
understood” (Dunford, 2010). Moreover, it will be
supposed that 'E is directly reduced by adlerol
(assumption is general accepted, e.g. for VA oiddat
(Ruiz-Duefiaset al, 2009b)). However, the evidence for
this assumption is still pending.

occurs between J@, and adlerol or its radical cation
products, respectively, for reactions withds well as E.
Regardless the proven catalytic activity df, gt is
recommended to maintain .8, concentrations below
50uM at an adlerol to kD, ratio of at least 15:1 in order
to minimize enzyme reactions as well as enzymeefoss
via E". From the bioprocess engineering point of view,
this implies relative slow }D, feeding rates, or in other
words, a fine tuning of D, concentration concerning
fed-batch and continuous operational modes in &itoes.
Indeed, lowin vitro H,O, concentrations are assumed
(Hammelet al, 1993; Bockleet al, 1999), since D, is
obiviously assimilated by the fungal mycelium awoid
unfavorable high concentratioris vivo (Bockle et al,

Deactivation of the crude VP is supposed to occur1999). In addition, the reducing substrate amouuit the

as described by pathway Fi¢. 19). Nevertheless,
activity loss via spontaneous unimolecular decay'of
(is unstable (Dunford, 2010); is omitted king. 19) and
E" to E' and B, respectively, have to be taken into
account for mathematical
simulation. The same probably applies for side tieac
of E' with H,0, to E' (pathway 4,Fig. 19) or even
directly to B' (Vlasits et al, 2010), in case D,
exceeds a certain amount.

6. CONCLUSION

“Due to the complexity of the degradation reactions
of B-O-4 compounds it is difficult to find solid
experimental support” (Lundellet al, 1993a). In
addition, definite conclusions are generally harager

since a crude enzyme was used. However, focusing

bioprocess engineering, e.g. implementation of nenli
monitoring systems along with developing feeding
stratgies, important insights could be gained itie
reaction mechansim as follows.

The crude VP fromB. adusta showed saturation
kinetics (descriped by Michaelis-Menten equationj f
adlerol degradation with relative sensitive respoms
H,0,. This was characterized by slow transient states i
form of a lag phase most likely caused BY #rmation
via E' reaction with HO, prior steady state. Furthermore,
E" could be (partly) converted back t8 r restarting a
catalytic cycle. Wheter that was triggered by ailler its
cation radical product still has to be verified.

The VP deactivation by D, followed a

time-dependent irreversible mechanism and occurred

mainly through B. Deactivation was diminished in
presence of adlerol indicating protective propsrtéthe
substrate. Hence, evidence is taken that a conopetit
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modeling and process

enzyme needs to be balanced as well.
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