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Abstract

The thermal stability oHansenula polymorphalcohol oxidase (AOX) was evaluated at*®0 The stability of free AOX was dependent of
pH, buffer and additives but independent of protein concentration. More than 80% of the initial activity was retained after 9 h in the presence
of additives, such as lactose, dextran sulphate and PEG 400 and combinations thereof. In the specific case of 0.01% dextran sulphate anc
50 mM lactose no activity was lost for 9 h. Salts (ammonium sulphate and chloride) had a strong destabilising effect on the enzyme.

The immobilisation of AOX onto controlled-pore glass (CPG) beads allowed the use of mini packed-bed bioreactord) (@Imumitor
ethanol concentration. The conversion decrease (80% after 4 h) during continuous oxidation of ethan@l iat (#@sphate buffer was
attributed to inactivation by hydrogen peroxide rather than thermal deactivation. Accordingly, an in situ stabilisation strategy was devised, whi
consisted in promoting the instantaneous consumption©f Hy horseradish peroxidase (HRP) and its reducing substrates, phenol-4-sulfonic
acid and 4-aminoantipyrine. This strategy led to high operational stabilities (more than 10 h with no loss in conversion degree) and was
successfully applied in a flow injection analysis (FIA) system for ethanol analysis.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction tion or covalent attachment to insoluble matrices, entrapment
into polymeric films or membranes, covalent crosslinking
Enzymes have been increasingly used in many analytical of the protein structure and addition of additives to the en-
applications, offering many advantages over conventional zyme preparation are some of the most used techniques to
chemical methods, which mainly stem from their intrinsic improve the thermal stability of the biological elemgsi].
specificity, sensitivity and ability to operate under mild op- Many oxidoreductase enzymes, especially peroxifise
erational conditions. oxidaseg6] and dehydrogenasgg], have been the focus of
Since the development of the first enzymatic sensor com- intense stabilisation studies. Nevertheless few studies have
prising the enzyme glucose oxidase, a multitude of enzyme-assessed the stability of alcohol oxidase (AOX). Gibson and
based sensors have been constructed. Nevertheless, the@o-workers have conducted several stabilisation studies of
implementation into commercial successful instruments has AOX in the dry state using a combination of polyelectrolytes
been hampered mainly by the lack of stability of the bi- and sugar derivativeR,8]. In particularly, the system di-
ological componenfl]. This biological component should ethylaminoethyl (DEAE) dextran/lactitol showed promising
present a high stability not only during storage but also dur- results in retaining the activity of dried AOX9]. In this
ing operation2]. work, the influence of other additives in the thermal stabil-
There is a large amount of information in the literature re- ity of free AOX is investigated in order to enhance storage
garding the enhancement of the stability of enzymes for use stability. The operational stability of AOX during the con-
in bioanalytical systems. Immobilisation by physical adsorp- tinuous oxidation of ethanol is also addressed and different
strategies are applied in order to obtain high performances.
* Corresponding author: Tel+44-351-218419065; Alcqhol oxic_lase (E_.C. 1.1.3.13; alcph_ol:z(bxid(_)redL_Jc- _
fax: +44-351-218419062. tase) is an oligomeric enzyme consisting of eight identi-
E-mail addressifonseca@alfa.ist.utl.pt (L.P. Fonseca). cal sub-units arranged in a quasi-cubic orientation, each
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containing a strongly bound flavine adenine dinucleotide content was determined using the 2,4,6-trinitrobenzo-

(FAD) cofactor[10,11] The binding of the cofactor to the

sulfonic acid (TNBS) method[16] and a value of

protein depends rather on the adenine than on the flavine48.3 + 0.8 umolyy,/gsupport Was obtained. The covalent

moiety. The adenine-moiety is believed to bind to the

N-terminal domain of each monomer, which contains a typ-

ical nucleotide-binding fold12]. It has been found that the

immobilisation of AOX to the support was accomplished
using glutaraldehyde as coupling agent, through the for-
mation of Shiff's bases. Aminopropyl-CPG was suspended

FAD molecules are bound to the surface of the monomersin a 10% (v/v) glutaraldehyde aqueous solution for 2h,

rather than to the interface between sub-ufiiy.
Alcohol oxidase catalyses the oxidation of primary low

and manually agitated from time to time. The support was
then thoroughly rinsed with water and phosphate buffer in

molecular weight alcohols, e.g. methanol and ethanol, into order to remove excess glutaraldehyde. The buffer was re-

the corresponding aldehydes. During this reaction,
AOX cofactor (FAD) is first reduced to its hydrogenated
form (FADHy) and then re-oxidised to its native form by
molecular oxygen (©), with the concomitant formation of
hydrogen peroxide (FD). The kinetics of AOX has been

the moved with a pipette and an equivalent volume of enzyme

solution (25 mg/ml in MOPS buffer) was added to the sup-
port. The amount of protein loaded was quantified using
a modification of the Lowry methofll7] and a value of
78 £ 4 MGyrotein/Osupport Of Was determined.

studied by two different strategies: by monitoring the con-
sumption of oxygen, using e.g. a Clark oxygen electrode, 2.2.2. Bioreactor preparation

or by monitoring the production of hydrogen perox{dd]. A mini packed-bed enzyme reactor was prepared using
The concentration of D, in turn can be determined by CPG beads with immobilised AOX. The CPG beads were
different enzymatic and non-enzymatic methods. Most en- packed in a glass microcolumn with 25 mm length, 2mm
zymatic methods make use of the enzyme horseradish perinternal diameter and 0.5 mm wall thickness. The ends of
oxidase (HRP), which is able to oxidise many chromogenic the column were plugged with glass wool and connected to
substrates during the J@> reduction. A new system to  an external Omnifit teflon tubing circuit (i.d. 0.8 mm) with
assay HOp, based on the oxidation of phenol-4-sulfonic silicone tubing. The length of the AOX-CPG packed bed
acid (PSA) in the presence of 4-aminoantipyrine (4-AAP) was 10 mm, originating a total volume of 31 im

catalysed by HRP has been recently characteffi$gH In
this work, the applicability of this system to the study of the
kinetics of oxidation of ethanol by AOX is also investigated.

2.2.3. Alcohol oxidase activity assay

A bi-enzymatic assay comprising alcohol oxidase (AOX)
and horseradish peroxidase (HRP) was used to monitor the
oxidation of ethanol to acetaldehyde by AOX. A colorimet-
ric system based on the combination of phenol-4-sulfonic
acid (PSA) and 4-aminoantipyrine (4-AAP) was chosen to
measure the concentration 068, produced by AOX. In
this particular system, two moles of,B, react with one
mole of PSA and one mole of 4-AAP, yielding three moles of
water, one mole of sodium hydrogenosulfate and one mole
of a quinoneimine dy¢l15].

2. Experimental
2.1. Materials

Hansenula polymorphalcohol oxidase (AOX) was ob-
tained from Applied Enzyme Technology (Leeds, UK)
with an activity of 500 U/ml measured with the Clark
Oxygen Electrode and supplied as a solution in 0.1 M
sodium 3-N-morpholino)propanesulfonate (MOPS) buffer.
Horseradish peroxidase (HRP) isoenzyme C was pur-
chased from Biozyme (catalogue name HRP 4) as a brown 2H;O; + PSA+ 4-AAP HRP Quinoneimine dye
freeze-dried powder with a specific activity of 252 U/mg +3H,0 + NaHNO;
material, measured using pyrogallol as reducing substrate.

Absolute ethanol was obtained from Merck and the reduc- This dye has a characteristic magenta color with maximum

ing substrates, phenol-4-sulfonic acid sodium salt (PSA) absorption around 490 nra4gonm= 5.56 mM~tcm~1 de-

and 4-aminoantipyrine (4-AAP) were purchased from Fluka termined experimentally towards B,). The activity of

and Sigma, respectively. Alkylamine controlled-pore glass AOX was determined by monitoring the associated increase

(CPG) was a gift from Dr. H. Weetall. Other chemicals used in absorbance at 490 nm with a Hitachi U-2000 spectropho-

were obtained with the highest grade available. tometer. This increase is proportional to the rate @Dbl
production and, consequently, to the rate of ethanol con-

Ethanol+ Oy AoX Acetaldehydet H,02
(1)

2.2. Methods sumption. All kinetic studies were performed at“Z5 us-
ing a standard assay reaction mixtyreontaining 0.4 mM
2.2.1. Immobilisation of AOX 4-AAP, 25 mM PSA, and 2U/ml HRP in 0.1 M phosphate

AOX was immobilised onto controlled-pore glass beads buffer, pH 7.0, unless otherwise stated. One unit of activity
bearing functional amino groups, with 74—1,2& (120-200 (U) was defined as the number pfmol of H>O, produced
mesh) particle size and 550 A pore size. The amino group per minute at 25C.
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2.2.3.1. Free alcohol oxidase.ln a typical assay, 2fl of staltic pumps connected with Tygon tubing obtained from
an AOX sample was added to 1 ml of the standard assayElkay. Sample injection was performed with a Rheodyne
reaction mixture. The reaction was initiated by the addition rotatory PTFE valve, controlled by an Omnifit universal
of 25ul ethanol. The reaction was followed at 490 nm for switching module. Absorbances were measured with a Jen-
1 min in a 1.5 ml, magnetically stirred, quartz cell (Hellma) cons spectrophotometer, using an 18¥ngass flow cell
thermostatised at 2%. with a 10 mm path length from Hellma, and the output
was recorded on a Gallenkamp data trace flat-bed recorder.
2.2.3.2. Immobilised alcohol oxidaseThe activity of Teflon tubing (i.d. 0.8 mm) and connectors were supplied
AOX immobilised in CPG was determined using a contin- by Omnifit. Connections were made using 1/4-28 thread
uous system. This system consisted of a 20 ml glass stirredlow-pressure HPLC unions, nuts and ferules from Upchurch.
tank, a Watson—Marlow peristaltic pump, a [di8Hellma The FIA system has a double reagent line (the buffer and
continuous flow optical cell and a packed-bed bioreactor, all the assay reaction mixture lines). All measurements were
connected in series with Omnifit teflon tubing. The piping performed at 32C under a constant flow rate of 1 ml/min.
system was completely filled with the standard assay reac-
tion mixture. A certain volume (5-15ml) of this reaction
mixture was added to the stirred tank and the reaction was3. Results and discussion
initiated by the addition of 2pl of 6.5 mM ethanol per ml
of reaction mixture. The flow rate was 1 ml/min. 3.1. Kinetic and activity assays
2.2.4. Stability assays of alcohol oxidase A bi-enzymatic colorimetric assay comprising alco-
hol oxidase (AOX) and horseradish peroxidase (HRP)
2.2.4.1. Thermal stability. The thermal stability of free  was used to study the kinetics of ethanol oxidation by
AOX was studied at 50C in 0.1 M phosphate buffer pH  AOX. This colorimetric assay is based on the co-oxidation
7 and in the presence of a wide range of additives. Differ- of phenol-4-sulfonic acid (PSA) and 4-aminoantipyrine
ent aqueous solutions of 0.25mg/ml AOX were placed in (4-AAP) by HRP in the presence ofJ85.
polypropylene micro-tubes and incubated in a thermostated
water bath. Aliquots of 2hl were taken at regular time in-  3.1.1. Effect of PSA and 4-AAP in the oxidation of ethanol
tervals and the residual enzyme activity was determined as The concentrations of PSA and 4-AAP, which led to opti-
described earlier. mal HRP activity for the HO, assay, have been determined
to be 25 mM and 0.4 mM, respectivglis]. In order to cou-
ple this assay to a #D, producing oxidase, it is necessary to
the CPG immobilised AOX during the in situ oxidation of guarantee that the reducing substrates (PSA and 4-AAP) do
ethanol was studied at 32. The 31 mm AOX packed bed not inhibit the oxidase activity. The activity of AOX presents
bioreactor was continuously fed with 6.5 mM ethanol either exactly the same pattern of the activity of HRP in relation
in 0.1 M phosphate buffer or in the standard assay reactionto PSA and 4-AAP obtained by Vojinovic et 4l.5]. Thus,
mixture (enriched or not with AOX stabilisers) at a flow rate the changes of activity of AOX are probably linked with
of 0.1 ml/min. When the reaction took place in buffer, the the activity variation of the coupled enzyme HRP with PSA
stream exiting from the bioreactor was mixed with a stream and 4-AAP rather than on AOX. These results validate the
carrying a reaction mixture, with twice the concentration use of the HO, colorimetric assay to study the oxidation
of the standard assay mixture (i.e. 50mM PSA, 0.8 mM of ethanol by AOX.
4-AAP, 4U/ml HRP in 0.1 M phosphate buffer pH 7) and
at the same flow rate. TheoB, produced in the bioreactor 3.1.2. Effect of additives
reacted with the assay reaction mixture in a 2m long coil.  Ethanol quantification is of great importance in on-line
The absorbance was measured after the coil at 490 nm infermentation monitoring. Colorimetric systems used for the
a 18 mn¥ glass flow-cell (Hellma). When ethanol was ox- detection of ethanol should be sensitive, accurate and ro-
idised in the standard assay reaction mixture, the solutionbust. Nevertheless many compounds present in fermenta-
exiting the bioreactor, passed directly through the reaction tion broths are known to affect the detection of® and,
coil and the spectrophotometer flow-cell, without any dilu- hence, the rate of oxidation of ethanol. The effect of these
tion. This methodology allowed the on-line measurement of type of compounds on the activity of AOX was studied.

2.2.4.2. Operational stability. The operational stability of

the final reaction product concentration and thus, th&H
produced by AOX during the oxidation of ethanol.

2.2.5. Ethanol analysis in FIA system

Ethanol analysis was performed in a flow injection anal-
ysis (FIA) system with an incorporated immobilised AOX
bioreactor. The FIA system was set up with Gallamp peri-

The additives chosen were typical nutrients and fermenta-
tion metabolites, namely, 5 g/l yeast extract, 1®gglucose,

10 g/l p-galactose, 2 g/l sodium pyruvate, 0.5 g/l succinate,

0.5 g/l glycerol and 7.2 g/l potassium acetate and were previ-
ously added to the ethanol standard. Additive concentrations
were chosen based on a 1:4 dilution of a typical fermenta-
tion sample. None of these additives had a negative effect
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on the activity of AOX, except potassium acetate, which led in MOPS buffer is much lower. At pH 8.0, a similar effect is
to a 13% decrease. This colorimetric assay can thus be useabserved in phosphate and Tris—HCI buffer, but in this case

to monitor ethanol in fermentation broths. the retention of activity in phosphate is significantly lower
than in Tris—HCI. These results suggest that the stability
3.1.3. Kinetic studies of AOX of AOX is greatly influenced by the type of buffer ions

Since it is known that KO, produced by oxidases, in- present in solution. Apparently this effect follows the ly-
hibits the activity of these enzymgs8], the oxidation of otropic (Hofmeister) series for anions (phosphate; sulphate;
ethanol by AOX was studied in the presence of HRP and acetate~ chloride), with the exception of Tris—HCI and
reducing substrates (i.e. in the standard assay reaction mix-assuming that MOPS (N¢morpholino)propanesulfonate)
ture), in order to insure that all 4D, produced is immedi-  behaves as the sulphate ion. The stabilisation observed in
ately consumed by HRP. Tris—HCI may be attributed to the presence of hydrox-

The kinetics of oxidation of ethanol catalysed by ymethyl groups in the Tris—cation, which are analogues of
Hansenula polymorphalcohol oxidase in the standard as- the AOX in vivo substrate, methanol, and can thus stabilise
say reaction mixture follows a typical Michaelis—Menten the enzyme by interaction with the active centre.
kinetics. The kinetic parameters were determined using a The native AOX is an octamer composed of eight identical
Lineweaver—Burk plot and the values.&4- 0.2 U/mg and sub-units each containing a FAD cofactor. Loss of activity
4.46 4+ 0.19 mM were obtained for the maximum velocity during thermal deactivation assay can be associated to the
and Michaelis—Menten constant, respectively. The fitting disassembly of the octamer into the inactive monorfie9%

correlation factor was 0.9992. or to the loss of the FAD cofactg20] among other events.
The deactivation of AOX was studied in detail at pH 7.0 and
3.2. Thermal stability 7.5 in phosphate and at pH 7.0 in MOPS buffeig( 1). All

points represent the average of two independent measure-

In order to be successfully implemented into a commer- ments. At pH 7.0, phosphate buffer, three different sets of
cial sensing device, AOX has to exhibit a high retention of experiments were performed. One of these experiments was
activity during storage. The thermal stability of AOX was performed at a protein concentration 10 times lower than the
studied at 50C in order to accelerate the deactivation pro- other two sets. A§ig. 1 shows, the deactivation profile of
cess (up to 12h). AOX is not significantly affected by protein concentration.

An initial screening study was performed in different Several author$21-23] have proposed that protein in-
buffer solutions at different pH value$able 1summarises  activation occurs in a stepwise manner, involving different
the influence of pH in the initial activity and in the retained structural intermediates, which may or may not retain the
activity after 4 and 8 h of incubation at 3C. These results  same activity as the native form. For the specific case of
show that highest activities and stabilities were achieved at AOX, during the early stage of the inactivation process, the
physiological pH values. At acidic pH, both activity and stable octamer is probably converted into a more labile but
stability are extremely low. No activity was retained after still active intermediate form, which unfolds leading to an
4 h incubation at 50C at pH 5 and after 8h at pH 5.5. The inactive form. This inactivation process is schematised in
activity retained at pH 6.0 and 6.5 after 8 h incubation at Eg. (2) where (AOX}ative iS the native octamer, (AOXgbile
50°C was<10%. At basic pH values, the decrease in activ- the labile intermediate and (AOX}he deactivated AOX.
ity was less pronounced than at acid pH values. Besides the
pH value, the type of buffer is also crucial for AOX stability.

At pH 7.0, the activity in phosphate buffer and in MOPS 10 |
buffer is almost the same. Nevertheless the activity retained

~
Table 1 5 0.8- ]
Effect of buffer and pH value on the AOX initial activity and retained =
activity after 4 and 8h of incubation at 5G =
pH Buffer Initial activity Retained activity (%) Pﬁ 0.6+ 7

0.1M) (U/mg) 4h at50C  8h at 50C El

=]
5.0  Acetate 0.14+ 0.03 0.0 0.0 ‘g 044 g
5.5 Acetate 0.85+ 0.03 23.7 0.0 &
6.0 Phosphate 115 0.1 a7.7 7.5
6.5  Phosphate 134 0.3 62.4 9.9 02 R
7.0 Phosphate 14F 0.5 73.2 64.2 0 200 400 600 800 1000
7.0 MOPS 14.8+ 0.6 48.3 37.6 Time (min)
7.5 Phosphate 15.& 0.0 95.0 79.0
8.0  Phosphate 158 0.0 27.0 9.0 Fig. 1. Deactivation profile of AOX at 50C in 0.1 M MOPS buffer pH 7.0
8.0 Tr!s—HCI 145+ 0.1 46.6 28.8 (#) and in 0.1 M phosphate buffer pH 7.l(and[J) and 7.5 &). Closed
9.0 Tris—HCI 13.7£ 0.2 47.6 24.2

symbols: [AOX]= 0.25mg/ml; open symbols: [AOXF 0.025 mg/ml.
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Table 2 0.0 0.1 0.2 0.5 1.0 L5
One and two-step deactivation model parameters, correlation coefficient 1.0 74 L : : : t
(r) and half-life ¢1,2) for AOX at 50°C in different 0.1 M buffers and 0.9 1
pH values 0.8 &
074 © & IS
Model parameters Phosphate buffer MOPS buffer 0.6 - - S
g *
pH 7.0 pH 7.5 pH 7.0 o gi j o .
’ *
Two-step deactivation model i 0.3 ° © o o
aj 0.734 1.103 0.666 027 °
g 0.001 0.000 0.000 £ 011 , , e , .
k (min—1) 5.8 x 1073 3.3 x 1072 1.9 x 1072 < oo 'A ' ' ' ' '
kg (min—1) 9.1 x 1074 7.2 x 1074 1.8 x 1073 g 03
r 0.977 0.997 0.995 T 074 A a
ty/2 (min) 618 1129 225 & gg ot "39 o e A
One-step deactivation model 0' 4: A
kg (min~1) 11x 103  47x10%  26x 1072 03] 4
r 0.968 0.932 0.952 024 u a
0.1 u
0.0 T T T T T T T ! T !_
ki ka 0.0 0.1 0.2 0.5 1.0 1.5
(AOX)native— (AOX)1abile = (AOX)d (2) Additive Concentration (M)

Assuming that at time zero only the native enzyme is present, Fig. 2. Effect of reducing and non-reducing sugars in the retained activity
then the total activitya, can be expressed 8g. (3) where a_fter 9h of in_c_ubation at 5tC_in phos_pha_te buffer pH 7 in the presence of
k; andky are first-order rate constants andandag represent different additive concentrations{) inositol, (A) sorbitol, () glucose,

. . . ] (@) frutose; ) lactose, &) sucrose, ©) maltose, H) trehalose;l )
the relative activity of the species (Aol&)"e and (on)d' melezitose, ®) maltotriose, I0) raffinose. The grey dotted lines represent

the activity retained only in phosphate buffer. [AOX]0.25 mg/ml.

ajki agkd
= 1 - exp(—kit
¢ ad+<+kd—ki kd—ki) P(=ha)
aiki agki 3.2.1.1. Effectof sugars.Polyols, such as sugars have long
— <kl—lk — ﬁ) exp(—kqr) 3) been regarded as protein stabilisg24,25] Nevertheless,
d — Ki d — Ki

it should be mentioned that each protein-additive-solvent
The experimental data was fitted using this two-step deac-system is unique because every protein possesses its own
tivation model Table 2 and also with a first-order deacti- individual pattern of surface groupsig. 2 shows the effect
vation model. As was expected the first model originated a of different sugars (mono-, di- and tri-sacharides) on the ac-
better fitting than the later. The highest half-life (18.8 h) was tivity retained after 9 h of incubation at 5€ and pH 7.0.
achieved in phosphate buffer at pH 7.5. At this pH there is Higher retentions of activity were attained at lower concen-
an enhancement in activity prior to the onset of inactivation. trations of additives. In the presence of 50 mM lactose and
This enhancement probably occurs because the labile inter-10 MM melezitose<20% of activity was lost after 9 h of
mediate has a higher specific activity than the native octamerincubation at 50C (compared with 54% loss in phosphate
(the value ofy; is higher than one). At the other experimen- buffer).
tal conditions studied, the labile octamer has a lower activ-  Solvent additives have the ability to affect the equilib-
ity than the native onecf is lower than one) which reflects  rium between the native and the unfolded conformational
the effect of pH and buffer on the activity of the interme- State of a proteij26]. As a general rule, additives, which
diate form. The specific activity of the denatured enzyme Stabilise the native structure at high concentrations, are pref-
(i.e. the value ofxg) is as expected practically zero for all erentially excluded from the vicinity of the protef25]. As
experimental conditions. The value lyfrepresents the rate  Fig. 2 shows, increasing additive concentrations leads to a
of formation of the labile octamer arlg the actual deacti-  decrease in the activity, which indicated that instead of being
vation rate. In accordance with the values of half-lives ob- preferentially excluded, these additives probably bind to the
tained, higher deactivations rates are observed at pH 7.0 inprotein surface, accelerating the inactivation of AOX either
MOPS buffer, than in phosphate buffer and the lowest rate by facilitating the cofactor loss or the protein disassembly.
is attained at pH 7.5.
3.2.1.2. Effect of salts. The influence of ammonium sul-

3.2.1. Effect of additives phate and ammonium chloride in the stability of AOX

To improve the thermal stability of AOX, the effect of was studied at different salt concentrations. Increasing salt
several additives, including sugars, polymers and salts, wasconcentrations leads to a drastic decrease in the stability.
evaluated. The additives chosen were those that led to higheiSulphate salts have long been used as protein stabilisers and
retentions of activity of the enzyme HRP (Graham et al., are routinely used for storage purposes. Nevertheless, for
unpublished results). concentrations higher than 0.5M, AOX retained less than
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10% of its initial activity after 9 h of incubation at 5C. also be formed with polycations, such as DEAE-dextran, a
This decrease was even more pronounced for the chloridepolymer derived from dextran T-500 by substitution of the
salt, as expected from the Hofmeister series, witt?o of second position with diethylaminoethyl groups. In this case,

the activity retained. These results suggest that these ionghe positive tertiary amine group of DEAE can bind to neg-
probably bind to charged groups of the protein (or peptide atively charged amino acids residues (such as the carboxyl
bonds), reducing the number of water molecules clustersgroups of aspartic and glutamic acids). The formation of
surrounding the protein. This interaction, usually described such complexes stabilises AOX probably due to the forma-
in the literature as salting-in, favors the disassembly and/or tion of a network of polymer chains around the protein sur-

unfolding of the octamer. face, which entangles the enzyme and restrains unfolding
and dissociation of the octamer sub-units.
3.2.1.3. Effect of polymers.The effect of different poly- Polyethylenimine (PEI), a highly branched cationic poly-

mers on the stability of AOX at 50C was also investigated ~mer containing primary, secondary and tertiary amine groups
(Table 3. The polymers chosen included different molecu- in a ratio of 1:2:1, also protected AOX against thermal in-
lar weight dextrans (dextran 9500, dextran 464000, dextranactivation at 0.01% (w/v). Nevertheless, at higher concen-
sulphate and DEAE dextran), different molecular weight trations, there was a strong destabilisation of the enzyme,
polyethylene glycols (PEG 400, PEG 1000, PEG 20000 and which was probably due to the strong interaction of the
a methoxy derivative—mPEG 2000) and polyethyleneimine charged amino groups with protein amino acids residues or
(PEI). As observed with salts and sugars, an increase in thebound water.
polymer concentration led to a decrease in the AOX stabil-  Ithas been reported that under certain experimental condi-
ity, although less pronounced. tions (at a certain ionic strength), the enzyme/polyelectrolyte
Within the PEG family a decrease in stability with the complex precipitatefd]. This precipitation was observed at
molecular weight of the polymer was observed. The intro- 0.5% DEAE-dextran and 1% PEI.
duction of a methoxy group slightly improved the stability
of AOX, especially at high concentrations. Nevertheless, the 3.2.1.4. Effect of additives combinationdt has already
highest retention of activity was obtained in the presence of been reported that a combination of DEAE-dextran with a
0.01% PEG 400. The enhancement of protein stability by sugar alcohol, lactitol, is able to protect AOX against loss of
PEGs and other neutral polymers has been attributed to theactivity during freeze-drying9,27] and to improve biosens-
steric exclusion of the polymer from the vicinity of the pro- ing characteristics of AOX electrodg28]. The effect of
tein, which promotes a preferentially hydration of the pro- using polymer/sugars mixtures to improve the stability of
tein [25]. AOX was thus investigated@ble 4. The polymers and sug-
On the other hand, within the dextran family, AOX stabil- ars chosen were the ones that led to higher activity reten-
ity depends more on the charge of the polymer than upon itstion when incubated alone with AOX, i.e. 0.01% PEG 400,
molecular weight. Dextran sulphate is a polyanionic poly- 0.01% dextran sulphate, 50 mM lactose and 0.5 M sucrose.
mer in which each glucose monomer can contain up to threeMelezitose was not used due its high cost when compared
sulphate groups. These negatively charged groups can interwith sucrose.
act with positively charged groups of amino acids residues Extremely high retentions of activity were obtained in
(namely with the amine group of lysine and with the guani- the presence of the polyelectrolyte dextran sulphate and the
dinium group of arginine, at the working pH) on the pro- sugar lactosel@able 4. It should be mentioned that although
tein surface, creating large complexes. These complexes caronly the data relative to the activity after 9 h of incubation
at 50°C is presented, the inactivation of AOX was followed
Table 3 reg.ul_arly during 12h. A striking'fact was an i_ncrease in
Retained activity (%) after 9h incubation at 8D in the present of activity (up to 15%) observed during the incubation of AOX
different concentrations of polymers in polymer/sugars mixtures. This enhancement in activity
suggests the formation of an enzyme intermediate (probably

Polymer Concentration (% (w/v))
Designation MW (Da) 0.01 0.1 0.5 1
Table 4
Dextran 9500 61.6 725 62.4 64.0 Activity retained after 9 h incubation at 5C€ in the present of different
Dextran 464000 61.0 71.1 59.5 36.9 combinations of additives
Dextran sulphate 10000 84.8 74.8 56.8 67.4
DEAE dextran 500000 70.6 61.1 a_ 544 Additives combination Retained
PEG 400 89.1 649 589 469 Polymer Percentage  Sugar oy activity (%)
PEG 1000 72.2 76.3 55.0 45.0
PEG 20000 62.7 26.8 4.2 0.2 Dextran sulphate 0.01 Sucrose 500 914
mPEG 2000 75.9 71.9 69.8 70.0 Dextran sulphate 0.01 Lactose 50 99.9
PEI 750000 79.0 47.4 N.D. a PEG 400 0.01 Sucrose 500 89.7
PEG 400 0.01 Lactose 50 87.4

Without stabilisers, the retained activity was 53.9%. N.D.: not determined.
@ The enzyme/polymer solution got turbid. Without stabilisers, the retained activity was 53.9%.
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the enzyme-polymer complex), exhibiting more activity than
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Table 5

the native enzyme. In the presence of these polymers/sugaréoss in ethanol conversion and in AOX activity after a certain time of

combinations, activity loss was only observed after 6 h of
incubation at 50C.

3.3. Operational stability of AOX

The successful integration of enzymes into analytical de-
vices requires not only high storage stabilities but also high
operational stabilities. The retention of enzymatic activity
under conditions of continuous or semi-continuous substrate
conversion is of extreme importance in biosensors design.
The operational stability of AOX immobilised in CPG was
studied at 32C during the continuous oxidation of ethanol
fed at a flow rate of 0.1 ml/minFig. 3). The conversion of
ethanol is however low since Jds the limiting substrate
(0.22 mM). An ethanol conversion of 2.8% corresponds to
an O conversion of 82%.

When the bioreactor was fed with 300 mg/l ethanol so-
lution prepared in 0.1 M phosphate buffer, after 3h of op-

continuous oxidation of ethanol in phosphate buffer 0.1M pH 7 and in
the standard assay reaction mixture af@2at flow rate of 0.1 ml/min

System Buffer Standard assay
reaction mixture
8h 34h 140h
Loss in conversion (%) 79 25 73
Loss in activity (%) 31 7 30

that many enzymes deactivate under the action gd4l
due to the oxidation of catalytically essential amino acids
residued18,29,30]

At the end of these stability studies, the bioreactors were
unpacked, the supports were suspended in phosphate buffer
and the remained enzymatic activity was evaluated accord-
ing to the procedure described in the material and methods
for CPG immobilised AOX. The residual activities were 69
and 93% of the initial activity for the CPG beads operating
in buffer and in the standard assay reaction mixture, respec-

eration there was a sudden decrease in the consumption ofjyely (Table 5.

ethanol Fig. 3). After interrupting the experiment, the biore-

The operational stability of AOX under continuous ox-

actor column was opened and it was possible to observe thajgation of ethanol in the standard assay reaction mixture

the glass beads had lost their individuality and had aggre-
gated into flocs of 2-3 mm of diameter. These flocs were
gently stirred in a fresh buffer solution and packed again
into the bioreactor. This renewed bioreactor was able to op-
erate for 40 min more without loosing activity but after 3h

of continuous operation the residual conversion was almost
zero. When ethanol was fed to the bioreactor in the stan-

dard assay reaction mixture the system was able to operaté:reased to2

during at least 11 h without any decrease in the ethanol con-
version. Furthermore, after 34 h of continuous operation the
decrease in conversion was only of 25%alfle 5.

These results clearly indicate that if the® produced
during the oxidation of ethanol is not eliminated, a strong
inhibition/deactivation of AOX occurs. In fact, it is known

3.0 :
Mmooo oo Ooo0omoo d 0O OOy
251 :
g : R
< *
g 20 *06%% 000 .
2 . %
3 15 _
2 *
=
© 10 Py i
[=]
g . .
§ 0.5 . :
0.0{ we .
0 2 4 6 8 10
Time (h)

Fig. 3. Operational stability of CPG immobilised AOX during the contin-
uous oxidation of 300 mg/l ethanol in 0.1 M phosphate buffer pH#3 (
and in the standard assay reaction mixtuiré).(

was further studied during 6 days at3 and 0.1 ml/min.
The decrease in ethanol conversioRifano) followed an
exponential decay according to the equatipa= 0.994):

Nethano(%) = 2.51e 00092 @

After 140 h of operation, the ethanol conversion had de-
5%. The bioreactor was then thoroughly washed
with water and phosphate buffer, and AOX residual activity
was evaluatedTable §. The data inTable 5shows that the
decrease in ethanol conversion does not directly correlate
with the deactivation of the immobilised enzyme. A more
likely explanation for the loss of conversion is inhibition/
poisoning either by the reducing substrates 4-AAP and PSA
or by the reaction products, acetaldehyde or the quinonein-
ime dye. Acetaldehyde, for instances, has been found to be
a potent end product inhibitor of alcohol oxidd84].

In order to elucidate whether loss in conversion was
mainly due to inhibition rather than deactivation, the stan-
dard assay reaction mixture was enriched with a stabilising
polyelectrolyte/sugar combination. The decrease in ethanol
conversion followed the same pattern as observed without
the stabilisers. This clearly indicates that the loss in the
bioreactor performance was not due to the deactivation of the
biocatalyst but to its poisoning, probably by end-products.

3.4. Ethanol assay

The AOX immobilised bioreactor was incorporated into a
FIA system and its stability was tested by multiple manual
injections of 25.1 samples of 250 mg/l ethanol. The bioreac-
tor was incorporated in both buffer and standard assay reac-
tion mixture lines, mimicking the operational stability stud-
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80 ——————————————T———— used to study the kinetics ddansenula polymorph&OX
701 1 and to monitor the oxidation of ethanol by this enzyme.
The AOX thermal stability was found to be rather sensi-
60+ o o tive to the type of buffer and pH value of the medium. Opti-
» 504 o . ¢ ] mum working conditions were obtained in phosphate buffer
ED 40, ] at pH 7-7.5. AOX could be successfully protected against
f B= ¢ thermal deactivation using a combination of polyelectrolytes
E 30+ D:' * 1 and sugars, such as dextran sulphate and lactose.
20 ‘e il The operational stability of AOX immobilised on CPG
10 ' ] beads was studied in a mini packed-bed bioreactor operating
g in continuous mode. AOX was strongly inactivated by the
04— end-product, HO», during catalytic turnover. Combinations

(I) l(l)O 2(I)0 3(I)0 4(I)0 5(I)0 6(I)0 7(I)O S(I)O . -
Ethanol (mg/) of additives, such as the ones used to stabilise free AOX were
& useless during continuous operation of the enzyme. The use

Fig. 4. Peak heights resulting from the injection of different concentrations 0f an in situ strategy, which consisted in the removal eOhl

of ethanol through an injection valve located just before the bioreactor, hy HRP and reducing substrates, led to high operational
which was incorporated in the buffer line®) or in the standard assay stabilities

reaction mixture line[(J). The straight solid line represents a calibration

with H,0, standards. The in situ stabilisation strategy was successfully applied

in a flow injection analysis (FIA) system for ethanol mon-
itoring. The use of the mini packed-bed bioreactor with
ies described above. In both cases, stable and reproducibléOX immobilised on CPG enabled the rapid quantitation of
peak heights were obtained even when ethanol was oxidisedethanol in samples with concentrations lower than 250 mg/I.
in the buffer line. According to the operational stability stud-
ies performed, after 3h of continuous ethanol oxidation in
buffer, there was a decrease in the bioreactor performance Acknowledgements
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