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Mediation of glycosylated and partially-deglycosylated glucose
oxidase of Aspergillus niger by a ferrocene-derivatised detergent
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A ferrocene-derivatised detergent, (11-ferrocenylundecyl) trimethylammonium bromide (FTMAB). when oxidised to the corre-
sponding ferricinium ion, was found by ¢lectrochemical studics to be an cffective clectron acceptor for reduced glucose oxidase
of Aspergilius niger {EC 1.1.3.4) and thus acts as a clectron-transfer mediator between glucose oxidase and o working clectrode
held at a petential sufficicntly positive to rcoxidise reduced FTMAB. An increase in mediating activity was produced when
FTMAB was present in concentratious ahove its critical micelle concentration. An ‘enzyme elecirode’ was formed by adsorption
of glucose oxidase and FTMAB surfactant on a graphite rod. The electrode functioned as an amperometric biosensor for glucose
in phosphate-buffered saline solution. A mixed micelle of glucose oxidase and FTMAB. probably adsorbed on the clectrode
surface, appears to be advantageous for the amperomctric determination of glucose. Additionally, glucose oxidase was treated
with a-mannosidase. When this partially-deglycosylated glucosc oxidase was incorporated in an cnzyme clectrode. a 100-fold
tncrease in the second-order rate constant (k) for electron transfer between the cnzyme and FTMAB wa observed. together
with increased current densities, with respect to the equivalent values for FTMAB and commercial glucose oxidase. The usc of

deglycosylated enzymes in biosensors is suggested.

Introduction

Glucose oxidase is a glycoprotein obtained from
microbial and fungal sources that catalyscs the oxida-
tion of glucose to gluconic acid, with the concurrent
formation of hydrogen peroxide from molecu!ar oxygen
[11. The enzyme obtained from Aspergillus niger has a
total molecular weight of approximately 160000 and is
composed of two homologous protcin subunits [2], ecach
of which contains a tightly but non-covaiently bound
FAD group to participate in the necessary redox reac-
tions [3,4}.

The enzyme has frequently been employed as an
element of a glucose biosensor where the biochemical
event of glucose oxidation is coupled to a means of
signal transduction, be it electrical, thermal or optical
[5}. Due to the great clinical interest in a rapid and
accurate determination of glucose in bicod or other
body fluids, glucose oxidase is widcly employed in such
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biosensors and much reported in the hiterature in this
respect. The majority of reports concern non-mediated
or amperometrically-mediated enzyme clectrodes. In
the former configuration. glucose reacts with the oxi-
dised FAD of glucose oxidase to form gluconolactoac
and reduced FAD: molecular oxygen then oxidises the
reduced FAD with the formation of H,0O.. Glucose
oxidase may be combined with an O, or H,O, sensi-
tive electrode to follow the rate of consumption or
production respectively, of these chemicals. However,
{fluctuations of the ambient concentration of oxygen in
solution, from one sample to another for example.
gives rise to fluctuating and thus unreliable responses.

On.: attempt to overcome this problem is to employ
a xenogenous re Jox-active species to accept electrons
from the reduced flavin group of glucose oxidasc in
place of O, and subsequently pass the electrons to an
electrode held at fixed potential in order to regenerate
the mediator. The currents thus produced are propor-
tional to the concentration of glucose in solution as the
glucose / glucose oxidase reaction is overall rate-limit-
ing. Amongst the mediators documented in the litera-
ture are representatives of almost every class of chemi-
cal compound possessing fast. reversible clectrochem-
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g L Chenacal structure of terrocene detergents (A FIMARB as
used in this stuch: (R Compound used by Bourdilon and Madja [ 21},

istry: monomeric ferrocenes [6], glucose oxidase cova-
fently modificd with terrocene [7.8). terrocenc deriva-
tised polymers [9.10], conducting “charge transfer salts’
{11] "redox gels’ {12]. octacyanotungstates [13]. hexa-
cyanoruthenate [14], nickel cyvelams [15], and organic
compounds such as quinones and benzoquinones [16].

Duc to the cxtensive work of Hill and coworkers
(for example see Ref. 17) the ferrocene family of
compounds has been established as reliable mediators
for glucose oxidase and other flavoproteins. Addition-
ally, the behaviour of ferrocenes solubilised in deter-
gent micelles has been well studied and reviewed [18-
200. The ferrocenes are generally only sparingly soluble
in aqueous solution; their ferricinium ions are soluble
but also unstable [19]. The use of detergents such as
dodecyitrimethylammomium  bromide (DDTAB) or
sodium dodccyl sulphate (5DS) to solubilise {errocenes
indicates that such systems are capable of improved
mediation between proteins (for example cytochrome
¢} and an electrode. refutive to the ferrocene species
alone, duc to an ¢nhanced cffective solubility in aque-
ous solution [19). However, we believe that only in o
fev. cases [21,22] has a surfactant derivative of fer-
rocene combining detesgent and redox moicties in the
same molecule (sce Fig. 1B) been employed as a medi-
ator of glucose oxidase. Bourdillon and Madja [21]
employed a rather complex electrode upon which a
ferrocenc surtactant and glucose oxidase were de-
posited. Loffler et al. {22] prepared ferrocenes with a
long alkyl chain ring-substituent that were inherently
insoluble in water but could be solubilised in micelles
of non-redox-active “tenside” detergent. However, they
did note quasi-reversible electron-transfer at goid elec-
trodes and high (10° M "' s 1) second-order rate con-
stants for electron transfer from glucose oxidase.

In this paper we present 1esults from a simple
amperometric system employing a surfactant derivative

of ferrocene (different to that used by Bourdilion and
Madia 171). Our findings indicate the importance of
cohesive detergent/ protein interactions. and comicel-
hzation of mediator and glucose oxidase. for rapid
protein / mediator clectron-transfer. The applicability
of a partially-deglvcosylated glucose oxidase in a
biosensing system is also presented. We present results
to show that in the case of a detergent-likc mediator
such as FTMAB, mediation is more effective with
partially-deglycosylated glucose oxidase than with the
commercial enzyme, suggesting that the use of deglyco-
sylated glucose oxidase in bioscnsors may also be ad-
vantageous,

Materials and Methods

Electrochemical methods

A BAS-100 clectrochemical analyser (Bioanalytical
Systems (ULS AN was ¢mployed to perform cyclic
voltammetry, chronoamperometry and preparative con-
trolled-potential thin layer electrolysis in electrochemi-
cal cells (Metrohm) of vols of 5-20 ml. A three-elec-
trode cell was comprised of a standard calomel refer-
ence clectrode (with respect to which all potentials are
quoted). an auxiliary electrode of a platinum rod and a
working electrode of glassy carbon (Metrohm) (surface
area 7 mm°) or an 'enzyme electrode’ (see below).
Cyclic voltammetry was performed with scan speeds of
5-100 mV s ! and chronoamperometry with a 1 s time
resolution. For preparative controlled-potential thin
layer clectrolysis of FTMAB, a 10 ml three compart-
ment ccll (Metrohm) with a platinum working elec-
trode was employed with an applied potential of + 350
mV. The electrolysis was foliowed by ultraviolet-visible
spectrophotometry and was continued until there was
no further change in the spectrum. All experiments,
unless otherwise stated, were performed using phos-
phate-buffered saline solution (100 mM NaCl/10 mM
Na,HPO,/0.1 mM EDTA /0.01% sodium azide /0.01
mM phenylmethyisulphonyl fluoride (PMSF), adjusted
to pH 7.4 with conc. HCI). The concentration of azide
used in this buffer did not etfect the observed activity
of glucose oxidase. relative to an identical buffer pre-
pared without azide.

Determination of kinetic constant for mediation

The second-order rate constant, k, was derived fol-
lowing the cxperimental method described by Cass et
al. [6]. Bricfly, the magnitude of the catalytic current at
a glassy carbon electrode was measured by cyclic
voltammetry . a three-electrode cell in samples with
increasing amounts of ghicose oxidase in solution,
FTMAB and glucose being in excess. The change in
catalytic current with additions of glucose oxidase was
compared to the diffusion currents obtained in the



absence of c¢nzyme and therchy retated to the rate
constant by the scheme of Nicholson and Shain [23].

Preparation of enzyine electrode

Slabs of graphite (ZXr5-Q. 6.2 pum mean pore size.
15.4% porosity by volume, Poco Graphite Co.. De-
catur, Texas, U.S.A)) were cut to dimensions of 5 x 6
> 10 mm. These blocks were drilled at one 5 x 6 mm
face to enable the connection of a plastic coated cop-
per wire which was anchored by silver amalgam to
ensure electrical contact. The junction was fully insu-
lated with inert silicon resin. The electrode was incu-
bated in a solution of glucose oxidase or partially-de-
glycosylated ;lucosc oxidase (0 mg/ml) and FTMAB
(typically 5-10"* M" in phosphate buffered saline at
4°C. One or several electrodes were immersed in the
incubation solution. For convenicnce, an incubation
time of 16 h was used (i.e. overmght); however. an
electrode incubated for 2 h gave equivalent results to
those incubated for longer than this period. Electrodes
were thoroughly rinsed with distilled water following
withdrawal from the incubation solution. Unless other-
wise stated, the electrodes were then used immediately
for cxperimer.ts.

Measurement of glucose oxidase activity, apparent actic-
ity and amount of glucose oxidase adsorbed on graphite
electrodes

The specific activity of glucose oxidase in a solution,
or the apparent activity of the enzyme adsorbed on
electrodes. was monitored by an spectrophotometric
assay based cn peroxidase to measure production of
H,0, [24] where 1 unit. U. is defined as the amount of
enzyme that will oxidise 1 umol of glucose per min at
pH 7.0 and 25°C. Determination of the apparent activ-
ity ol glucose oxidase adsorbed on electrodes was per-
formed by vortexing of ar electrode with the perosi-
dase assay solution previously blank.Jd at A4.,,. fol-
lowed by measurement of the increase in A, that Had
occurred during the period of vortexing. This was then
interpreted as a rate of increase per s, The amount of
protein adsorbed was assayed by shaking of an glucose
oxidasc/ FTMAB celectrode in 15 mi of phosphate-
buffered saline solution for 24 h at room temperature.
The amount of desorbed protein in tke buffer was
assayed with a Biorad kit [25]. It was assumed that all
of the protein had desorbed from the surface as the
electrode showed no apparent glucose oxidase activity
after this procedure.

Partial deglvcosylatior of glucose oxidase

Glucose oxidasc of Aspergillus niger was partially
deglycosylated by a simple method similar to that of
Kalisz et al. [26]. A solution of glucose oxidase (10
mg/ml) and a-mannosidase (0.5 mg/ml) in phosphate
solution (30 mM NaH.PO,. pH 5) was incubated at

9
37 Ctor 30 b The solution was then Blicred using an
Amicon ultratiliratien coll tmodel NSt with o Y M- 100
membranc tmolecuiar-weght cut-off of approximatel
HOOMY 1o retain oniy glucose onidase. The phos-
phate-only buffer was exchanged tor the phosphate:
buffered saiine (7 H 7.4 buffer specificd above. with
the tinal concentration of protein being 10 myp, ml.

Miscelluncous

FIMAB was obtaincd from Dojindo Chemicals.
Japan. Glucose oxidase was supplied by Fluka, Switzer-
land. with an activity of 215 U mg ', All other reagents
were purchased from Fluka, Sigma or Aldrich. Unless
otherwise stated. experiments were pertormed at 20°C
and most solutions were not degassed and thus con-
tained dissobhed oxygen. However, where necessary,
solutions were saturated with nitrogen prior to use and
the gascous volume of the electrochemical cell was
continuousiy purged with nitrogen using a system of
rubber septa and syringe needles. Sotuiions were stirred
magnetically. Surface tension measurements were per-
formed with 3 Gow-Chapman balance (Kruss, Ham-
burg) equipped with 2 Pt ring, at 2(°C with a trough-
cover to prevent rapid evaporation ‘rom the bath.
Denaturing sodium dodecylsulphate-polvacrylamide gel
clectrophoresis (SDS-PAGE) was performed following
the method of Laemmli {27] with an acriamide con-
centration of 10%. Molecular weight siandard proteins
were from Bochringer. Ultraviolet-visibie spectropho-
tometry was performed with a Hewlett-Packard HP
8450A diode-array spectrophotometer.

Results

Electrochemistry of FTAAB in solution

As has been previouslhy demonstrated in g ron-bio-
sensur-oriented  application  [28-32] (1 1-ferrocenyl-
undecyltrimethylammonium bromide (FTMAB, Fig.
1A} and related compounds posscss rapid, clectro-
chemically acversible, heterogenous clectron transfer
with a range of electrode materials. It has been pro-
posed that the compound has surfactant properties.
with a critice! micelle concentration of less than 1- 10
M [30.31] when the Fe atom of the ferrocenyl moiety is
in the (I1) oxidation state. Using a glassv-carbon clec-
trode. with a solution of 5-10°* M FTMAB in phos-
phate-buffered saline (pH 7.4), and either glucose oxi-
dase or glucose present, cyclic voltammetry (Fig. 2AG))
shows a sharp peak in current corresponding to oxida-
tion of the Fe (11} form to the Fe (111 form of FTMAB,
with the peak current occurring at a potential of +95
mV. (scan speed of 25 mV s~ '). The oxidation pcak
resembles that of an electrode-surface adsorbed species
in its shape and sharpness: however, the peak current.
{,. was lincarly proportional to the root of the cyclic



voltammetry scan speed as ene would expect trom o
diffusion-fimited  reaction: trom the Rundles-Seveik
equation [33] 1 diffuston coetficient of 1.69 < 10 ¢m?
s Twas determined. 1n the Fe (11D state. it has been
proposed by Sy and co-workers (30, 31) that electro-
static repulsions cause the micelle to gisperse. In con-
cordance with their resuliz, the broad reauction peak
at +35 mV oin the cyclic voltammogram suggests that
the diffusion coctficieni of the monomeric Fe (11D
form is greater than that of the Fe (il in micelles. i.c.
the Fe (I form may be ejected from a micelle com-
posed of Fe (I1) species. The standard redox potential
of FTMAB in phosphate-buffered saline (pH 7.4) solu-
tion was determined to hbe +65 mV as measured at a
glassy-carbon clectrode.

In the presence of glucose (> 1| mM) and glucose
oxidase (> 1-107" M), the cyclic voltammogram of
FIMAB displays a wave-form commonly referred to as
a “catalvtic wanve” (Fig. 2A(D) and Gii)). The exact shape
of the catalytic wave was tme-dependent and corre-
sponded to the macroscopic state of the solution /
suspension: 1 min atter addition of glucose and glucose

(a)
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oxidase. the cyclic voltammogram shows no reduction
peak and the magnitude of the anodic current in-
creases  (Fig. 2AGH). Macroscopically, this  corre-
sponded to turbidity of the FITMAB / glucose oxidase /
glucose suspension. After 5 min. the solution had clari-
fied; this was accompanied by a more pronounced
catalytic wave (Fig. 2Afiii)) as observed by cyclic
voitammiciry. We suggest that these time-dependent
changes correspond to the reorganisation of FTMAB
micelles around glucose oxidase; the protein is initially
precipitated and then solubilised to form a mixed mi-
celle. where mediation is most efficient. The catalytic
wave has been rationalised [23] as cvidence for fast
cleetron transfer from reduced glucose oxidase to oxi-
discd mediator (FTMAB ferricinium ion), coupled with
fast. diffusion-controlled electrochemically reversible
reoxidation of the reduced mediator at the electrode
surface. The sccond-order rate constant for electron
transfer from rcduced glucose oxidase to FTMAB
ferricinium ion was found to be 5- 10 M™' s ! thus
in the range oi values previously determined for the
ferrocene family with glucose oxidase [6]. Additionally,
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Fig. 2. Cyelic voltammograms (sweep rate of 25 mV s ') recorded at 20°C of FTMAB in solution and adsorbed on o graphite surface. (A) (i):
510 * M FTMAB in phesphate-buffered saline (pH 7.4) solution at glassy carbon working electrode, no glucose oxidase or glucose present;

Gi): as () but in the presence of glucose (63 mM) and glucose oxi

dase (110" M). cyclic voltammetry performed | min after glucose

oxidase /glucose addition: (i) as Gid but 10 min after glucose oxidase /glucose addition, (B) FTMAB coadsorbed with ghucose uxidase on surface
of graphite as described in text. Cyelic voltammeiny was performed in phosphate-buffered saline (pH 7.4) buffer both in the absence of glucose (i)
and in the presence of glucose (i) when a “catalytic wave” was observed.
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Fig. 3. The relationship of catalytic current to the critical micelle
concentration of FTMAB. The cataivtic current ( 2 ) was recorded at
a glassy carbon clectrode in phosphate-vuficred =<hine solution (pkH
7.4) of glucose oxidase (1-10 " M), glucose (100 mM) and FTMAB
(from 1-10 710 10 ° M) at 26°C. The critical micelle concentrations
of FTMAB (®) and FTMAB ferricinium ion (8) in phosphate-
buffered saline (pH 7.4) buffer were determined by the medsurement
of surface tension. Temperature: 20°C.

the magmitude of the catalytic current varies with the
concentration of gitcose in solution (data not shown)
as expected.

It was seen that the surface-active propertics of
FTMAB did not perturb the apparcent activity of the
glucose oxidase enzyme. No change of activity in a
standard assay (sce Materials and Methods) was seen
following a 1 weck incubation of the protein (1-10
M) in an 5-10°* M FTMAB solution in phosphate-
buffered saline {(pH 7.4) at room temperature. Equally.
a detergent analogous m structure to FTMAB but
lacking the ferrocene moicty, dodecyltrimethylammo-
nium bromide (DDTAB). did not affect the observed
activity of glucose oxidase under these conditions,

The effect of FTMAB concentration on its mediation of
glucose oxidase

To quantify the effect of the concentration of
FTMAB on the nature of the catalytic current pro-
duced in the presence of glucose. the magnitude of this
current was measured in phosphate-buffered saline
(pH 7.4) solutions containing a constant amount of
glucose oxidase (1-107" M), glucose (200 mM) and
varying coacentrations of FTMAB (from 1-1077 to
1- 1072 M). The magnitude of the catalytic current (i)
at +400 mV was measured from cyc'ic voltammograms
and the results are expressed graphically in Fig. 3. It
can be seen that the relationship is no: lincar as one
would expect from a simple cffect of amount of
FTMAB added. It was observed that FTMAB is in-
deed active as a mediaior below a concentration of
19 °* M but that there is a rise in aciivity with FTMAB
cencentrations above that value. To complement the

clectrochemical data, the onitical micelic concantya-
ttons of botk the Fe (1D and (1D forms of FIMAR
were determined by measurement of the variation of
surtiace tension with FTMAB concentration (Fig. 30
For the Fe (H) form of FIMAB. @ crinical mucelle
concentration of S+ 107 M was obtained. This concen-
tration corresponds closely to that above which mediar-
ing activity of FTMAB increases.

The Fe (D form was formed by preparative con-
trolicd -potential thin laver clectrolvsis of FTMAB (1D
(1-10 ° M solution in phosphate-buffered saline (pH
7.4). Untraviolet-visible absorption peaks at 626 and
546 am weere recorded. This solution. which showed
foaming upon stirring or gas bubbling. was then diluted
to give a range of concentiations between - 107 and
1-10 © M. The value for the critical micelle concen-
tration of the Fe (11D form of FTMAB was signifi-
cantly higher than that for the Fe (ID form. in the
order of 110 % M. Therefore. some surface-activity
was presernved but it is hikely that micelles of the Fe
(11D form are not stable at high concentrations due te
charge repulsion. Additionally, the solvent will have a
greater effect on the critical micelle concentration of
the oxidised FTMAB compared to that of the reduced
FTMAB and other values may well be determined 1n
buffers of different compositions, The presence of pro-
tein (1-10 *and 1-10 " M glucose oxidase, as in the
electrochemical experiments) did not  significantly
change the critical micelle concentration as determined
for either oxidation state of FTMAB.

Electrochemisuyv of co~adsorbed FIMAB and glucose
oviduse

An “enzyvme clectrode” may be tormed by incubation
of a picce of graphite in g solution of glucose oxidase
and FITMAB as in Matcrnials and Mcthods. FTMAB
exhibits fast, reversible electron transfer when ad-
sorbed (cither in the presence or absence of guucose
oxidase) on the surface of graphite of low porosity (Fig.
2B although the features of the evehie voltammetry
wave are somewhat masked by the capacitive current
due to charging of the electrode surface itself. The
redox potential of the adsorbed FTMAB. as judged
from cvclic voltammetns, is approximately + 320 mV,
representing an increase of 255 mV when compared to
that observed for the species in solution at a glassy
carbon electrode (see previous section). This indicates
that the reduced form of the FTMAB redox couple is
preferentially stabilised when the FTMAB is adsorbed
on a graphite surfacc. The positions of the oxidation
and reduction pcaks are separated by only 40 mV wat
<350 mV s ! scan speed). suggesting that the redox
waves correspond to adsorbed species with little mass
transfer limitations to horerogenous clectron transfer.
This was supported by the observation that the peak
xidation current and the peak reduction current were
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curtace coverage of 297 - bt mol cm wits
calculated (o continuous monolaver of FUMAB would
correspond to approximately - 10 ¥ molem 7). From
the protein assay of glucose oxidase deworbed from the
clectrode surface as i Maternials and Methods, a glu-
cose oxidase coverage of LS mol cm T was
determined. The apparent staichiomeiry of adsorption
will be discussed below, When the enzyme clecirode s
employed as the werking ¢lectrode in a three-electrode
system, a Ccatalvtic wave” is observed in the presence of
glucose tand proportional to tae glucose concentration).
although duc to the background capacitine current the
wave is mainifested as o onet shift of the 1 relation-
ship in the direction of oxidation (Fig. 2BGi)) when
compared to the equivadent evelic voltammetn wave in
the absence of glucose (Fig, 2BG,

Glicose sensing by glucose oxidase « FIAMAB electrodes
Chronoamperometny was used to quantity the mag-
mtude of the catabvtic current, registered at a given
potential, produced at an enzvme clectrode immersed
in phosphate-buttered saline (pH 7.4) following addi-
tion of aliquots of glucose (using & 1 M stoek solution)
to give final concentrations in the ccllule of, typically.
1. 204080 1o, and 32 mM. The working enzyme clec-
trode was held at a potentiul corresponding to the
oxidation pecak obsernved for the redox couple of ad-
sorbed FTMARB to ensure rapid clectron transfer: thus
with enzyme clvctrodes all measurements were per-
formed at #3530 mV. The trace of 4 tvpical chronoam-
perometric experunent is shown in Fig. 4. Upon addi-
tion of aliquots of 1 molar glucose solution in phos-
phate-butfered saline (pH 7.4, an immediate increase
in current was observed with a maximum value being
reached after 30 s, The rate of response was in fact
limited by the mixing time of solution. as an increased
rate of mechanical stirring gave @ more rapid response
which, however, suffered from more "noise” when mea-
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Fig. 3. Grraph tooshow magmitude of chronsamperometric response of
glucose onudine “FTMAB cnzyme-clectrodes to addition of glucose.
Ename-electrodes were assaved in phosphate-buffered sakine (pH
T4 batter in the presence () and absence (8) of saturating
mtrogen. Blectiodes were held at a constant potential of + 350 mV
and the stea v-state currents were recorded. Temperature: 200C.

suring the background current. The response was sta-
ble over & number of minutes. except at the higher
concentrations of glucose (32 mM and above) where a
‘tailing oft” was scen after the peak current was
reackod. The response of identical electrodes prepared
in the same incubation solution of FTMAB and glu-
cose oxidase did not differ by more than 5% in their
characteristics of response, although this discrepancy
was necarer 107 wher clectrodes from different incu-
hation batches were compared. The re<nonse of simi-
larly prepared electrodes in both the presence and
absence of saturating nitrogen is displaved (Fig. 5). The
presence of saturating air reduced the current densities
by some 309 (data not shown), representing the com-
petition of ambient O, with FI'MAB ferricinium ion
for reduced glucose oxidase. However, the shape of the
plot of response against glucose concentration, for

time (secongs)
Fig. 3 Chronoumperometric cxpeniment to sbow response in ime of glucose onadase - FTMAB enzyme-clectrode to addition of aliguots of
glucose. saved in phosphate-buftered saline tpH 7.4 buffer. The electrode was prepared by incubation in o glucose oxidase /FTMAB solution
as desertbed m Materialy and Methods, A constant potential of + 330 mV was applied 1o the electrode. Temperature, 200C.



cxample the limiat of lincarity of response, was similar
in both cases. In addition, clectrodes incubated with
glucose oxidase and FTMAB did not show a significant
response 1o glucose when the FTMAB concentration in
the incubation solution was below its critical micelle
concentration.

It was also found that clectrodes, once incubated in
a glucose oxidase / FTMAB solution. could be rinsed.
left to dry for hours or days and then rehvdrated prior
to sensing of glucose. Performance was not significantiy
diminished. Limited ageing studies on the scale of
weeks. using dry clectroedes exposed to ambient condi-
tions of temperature. light and air, showed a moderate
loss of performance upon rchydration relative to a
similar electrode that had not been dried (1577 de-
crease of maximum current with 32 mM glucose. per
week stored). Once immersed. activity is lost in a
matter of hours through desorption of enzyme and
mediator, as with an electrode that is not dried after
removal from the glucose oxidase /s FTMAB solution.

Preparation of partially degivcosviated glucose oxidase

Glucose oxidase was found to exhibit different elec-
trochemical and physical properties after treatment
with the c¢nzyme a-mannosidase. After only 1 h of
treatment as described in Materials and Methods, 987
of glucose oxidase originally in solution was macroscop-
ically precipitated and formed feathery aggregates. For
incubation times up to 12 h, the apparent glucosc
oxidase activity of this precipitate (when stirred and
fully suspenaed in the solution) was unchanged relative
to the commercial enzyme. After 36 h incubation
apparent giucose oxidasc activity was still 80% of the
pre-incubztion activity of the glucose oxidase sol.iion.
As mon'tored by the ratio of flavin absorption at 440
nm to aromatic amino-acid absorption at 280 nm
(A,,0/ 5 for commercial enzyvme = ().15), the super-
natant was cnariched in FAD (A,,,/A., = 0.43) sug-
gesting some loss of FAD (3% of the total present)
from its binding sitc in glucose oxidase during the
deglycosylation / precipitation  process. However, the
a-mannosidase-treated  glucose  oxidase has  an
A/ Vg 1atio of 0.2, a value for which we cannot
readily account as it suggests carichment of FAD or
loss of protein.The latter possibility iv ruled out by
analysis of total protein retrieved aiter ultrafiltration of
the treated sample.

As monitored by denaturing sodium dodezeyl sul-
phate polyacrytamide electrophoresis (Fig. 6). commer-
cial glucose oxidase from Aspergillus niger gives risc to
one diffuse band (typical for glycoproteins) with an
apparcnt molecular weight of 65-67 (M0 for the single.
dissociated subunit as judged against molecular weight
standards. After 36 h incubation, a single. shghtly
sharper band with an apparent molecular weight of
62-65000 was observed (the a-mannosidase itself

1 2 3 4 5 6 7

Frg. 6, Denatuning SDS-pohvacnlanide electre phoresis gel to chow
the effect of a-mannosidase treatment of  bypcrgilles mieer chucose
oxvrdase. Acndamide concentration, [V - Key (from left to righty
lane 1 molecular weighi soondards: fune 20 bovine serum albumin;
lane 2. & phage: lune 4. commercial glucose ovdase (100 g g loaded;
lane S glucose oxtdase #nd a-manaosidase after 36 hincebation (see
Materials and Methods) (H0 g Toided): Lane 60 molecular weight
standards: lane 7. commercial glucose onadase (H) gp Toaded)  The
maolecular weight standards were trom top of geD) myosing, 200000
moleculiar weight, g-valuctosidisc, 116 38 plosphondase b, 97300,
ovolransterrin, 76 IRONL glutamate debsdiogemise, SS500 cnalby-
min, 37 700,

shows two hands on the gel. corresponding to molecu-
lar weights of approximately 25000 and 40000). This
indicates that the protein species is still heterogenous
but that the average molecular weight of the glucose
oxidase molecuies has decreased by approximately
S000. It is sugpested that this net decrease in molecular
weight is due to partial deglycosylation (3000 molecular
weight corresponds to 307 of the total carbohydrate
initially presemt) of the glucose oxidase by a-mannosi-
dase. The precipitates of protein were not dispersed by
FTMAB «r DDTAB above their respective critical

.ol concentrations. SDS. however, in a 57¢ solu-
tion. did disrupt the precipitate: all the protein in a
sampie entered an SDS-polyacrylamide electrophoresis
gel. Commercial glucose oxidase incubated under the
same incubation conditions but in the absence of a-
mannosidase showed no change in apparent activity. no
precipitation / aggregation and no change in the appar-
ent molecular weight of the subunits.
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The partiadls degheosdated slucose ondase. obe
tained by omncubation for 30 howith ae-mannosudise
tollowing remenal of the aomannosidise by altrabitra.
tion as i Materials and Methoda) was mcorporated in
enzvme clectrodes exactly as with the coamereiad vla-
cuse oxidase.

Glucose sensing by partialiv-dechcosvtured glucose oxi-
dase / FTMAR electrodes

The responses of enzyme clectrodes prepared with
partially-degheoslated  glucose oxidase in place of
commercial glucose oxidase are shown v Fig. 7. As
controls, commercial glucose onidase and FIMAB were
incubated with a graphite clectrode with the same
conditions {pH. tonic sitengtn of buffer. temperature),
or combinations thereet. as used in the partial deglyeo-
sviation reaction, Al electrochemical experiments were
performed in phosphate-buftered saline (p 7.4). that
is, onh the incubation conditions for the glucose oxi-

ditse Ui YEAR clectrodes were different. Tt wes seen
th S v-degheosviated glucose oxidase / FTMAB
e o5 eeve current densities greater than commer-

cuoglucose ovidase s FTMAB celectrodes. The clectro-
Soennical responses of glucose oxidase / FITMAB and
partiallv-deghveosylated glucose oxidase / FTMARB clec-
trodes to addition of glucose are compared in Table 1
Incubation of electrodes with FTMAB and commercial
glucose oxidase in solutions of lower pH and/or low
ionic strength compared to phosphate-buffered saline
(ptt 7.4 did indeed give rise to increases inocurrent
densities but these were not as mirked as those pro-
duced by the use of deglveosylated glucose oxidase (see
Fig. 7). In cases where graphite rods were incubated in
solutions of the the commercial enzyme with varving

TABLE

ATOD
i

) y
— .3()“?’) -
i
E |
£ /
< 2000 A //
T
s
2 1000

0 T T T T T

0 8 16 24 32 40 48 56 64

[glucose] mM

Fig. 70 Graph to show magnitude of amperometric responses of
partially deglvcosnvlated and gheosylated glucose oxidase /FTMAB
cname-clectrodes 10 addition of glucose. Graphite rods were tncu-
hated in 4 phosphate-buffered saline-solution (phi 743 of partially
deghscosslated glucose onidase (10 mg,/mb and FTMAB (510 °
MY C o in commerdial glucose osidase (10 mg/mD and FTMAB
(510 M) solutions of varving buffer composition: 30 mM phos-
phate (¢pH .00 (@ % phosphate-butfered saline. (pH 5.0), (@); 30 mM
phosphate (pH 7.4). €2 1 phosphate-buffered siline (pH 7.4), (O
Al measuremenis were performed ideatically in phosphate-buffered
saline (pil 7.4) butier. with ename-clectrades having been rinsed in
that bufter after incubation. Tte electrodes were held at a potential
of £ 0m\,

buffer compositions. the amount of protein adsorbed
was always in the range of 1- 10 " mol em ", similar
to that for the commercial cnzyme in phosphate-
buftered sahine (pH 7..-Y. However. a detailed <tudy of
the observed activity of the adsorbed commercial en-
zvme was not carricd out. The results serve as controls

Comparisanr of phvsicochenical and clecrrochenical properties of commercal and partialiv degh cosvicied giucose oxidase trom Aspersltus wger

Glucose onidinne was treated with a-mannos dase o obtain a patticlh degiveosviated enzame. Molecular weights were obtai ced by clectrophore -
sisand apparent activity measured by oa peronddase-couple assay. Graphite electrodes were meubated o phosphate-bftered iline (pH 7.4)
solation of ensaame and FIMAR Cavebe voltamictry and chronoamperometnie techmgques were used 1o charactense the mediction of the
cnsvmes by ooterrceene dervateed dotergent, TEMAB Fall cxperimental detaibs are prosented i the Materals and Mo ods section of the texd.

Dt reprosant mean « S 1o

ondase

Commeranal glucose

Partially degiveosslated
elucose omidese

Modecular weight
Activity in solution (L 'mg)
Apparent aetivity in adsorbed state (U, mg)
Amount adsorbed tmotem )
Rate constant tkywith FIMAB N o 5
Current densty of enzyme-clectrode at
10 mM glucose (nA mm 7))
K

(IR RIS
S0+ )

1(+0.35
L35~ 1
S(+5)10°

2600 ¢ - 1H
wm Of cnzyme-clectiode tmM) G+

1.20+0.3)-10 °
W+

170+

1Os¢+ 010 1
2(+05)-10°

1730+~ 3)

St+ D

'Ry owas defined as that concentration of glucose which gave rise to a current density half that maximallhy observed with saturating glucose.



to demonstrate that the cffect of deglycosylation is the
major cffect observed.

Discussion

The study of clectrochemistey in micelles has re-
ceived some attention {20.34] and in particular the
cffects of dctergent species on the clectrochemistry
and mediating action of small, monomeric ferrocenes
[18,35] and tctrathiovalene [36]) have been thoroughly
investigated. Due 1o coulombic and noncoulombic ef-
feets, the electrochemical properties of the surfactant
solubilised molecule are frequently modified [37]. By
appropriatc choice of the detergent ‘host’, the electro-
chemical properties of the redox-active compound may
be modified and often Iead to enhanced rates of clec-
tron transfer [19]. The FTMAB molecule possesses
redox and detergent properties. The ferrocene group
could be envisaged as being puried in the middle of an
insulating micellar structurc: however, the heteroge-
nous clectron transfer of the FTMARB ferrocene with a
glassy carbon or graphit¢c remains clectrochemically
reversible, demonstrating that the dynamics of mono-
mer association / dissociation with the micelle. or the
dynamics of the assembled micelle, are sufficiently
rapid not to limit heterogenous ¢lectron transfer.

It has been previously suggested {30.31] that the
FTMAB ferricinium ion does not form a stable micelle.
Our findings indicate that following complete clectro-
chemical oxidation of FTMAB to the FTMAB
ferricinium ion, the chemical retains some surfactant
activity, with a critical micelle concentration of 1-10 °
(against 5- 10" * for the reduced form). Cyclic voltam-
metry shows that an adsorbed. mixed micelie of
FTMAB (II) and glucose oxidase may cxist. Even
though it is the FTMAB (1) that intcracts with the
active site of glucose oxidase, we suggest that in soly-
tion. a micelle of FTMAB (I} provides a high local
concentration of mediator. An increase in the mediat-
ing activity of FTMAB in solution is observed above a
concentration of approx. 110 ° M: this corresponds
closely to the critical micelle concentration of the
FTMAB (ID suggesting the importance of the micelle.
Upon oxidation of FTMAB (11). the (1) form may he
ejected from the micelle: this would promote interac-
tion with a nearby molecule of glucose oxidase.

The second-order rate constant (k. 5-10° M 's ")
for FTMAB ferricinium ion rcaction with glucose oxi-
dasc is of the same order as those constants found for
other, non-surfactant ferrocenes [6]. This shows again
that the presence of the ferrocene group itself within
the micelle (as the redox group is at the opposite ‘end’
of the molecule from the polar hcad-group) does not
prevent interaction of a given monomer with the active
site of glucose oxidase. The rapid association and dis-
sociation of monomers of FTMAB with micelles may

(H)

allow the transport of the reduced meditor awin from
the active «ite of the ceame.

In the cgunalent configuration for a  smail
monomeric ferrocene such as dimethvltferrocene, the
mcdiator is often mixed in a paste of paraffin o1l with
glucose oxidase. and a graphite powder (o ensuire clee-
tival vonduction of tne resulting clectrade. The paral-
fin ol is necessary due to the low sotubiiity of {or
rocene in water [18] and senves as a resenvoir of media-
tor due to the high partition cocefficient of ferrocenc in
the oil. In the monomeric ferrocene system. upon oxi-
dation of the ferrocence at the electrode. the ferricinium
ion thus formed is soluble and will diffuse 1o the active
site of glucose oxidase where it mav aceept clectrons
from the reduced flavin group of glucose oxidase. How-
cever. when reduced to the ferrocene. the solubility is
poor. In the case of oxidised FITMAB. the solubility of
the reduced form of mediator is significant. To further
understand the possible advantages conterred by the
presence of a micelle. one would wish to investigate
the kinetics of electron trar fer from glucose oxidase
to the oxidised FTMAB with bulk FTMAB concentra-
tion below the critical micelie concentration. for com-
parison. The sensitivity of the cyclic voltammetry-based
method does not extend to this low concentration and
stop-flow measurements would have to he used.

This model for association and mediation is not
necessarily confirmed by the perceived stoichiometry of
twenty adsurbed FTMAB to one adsorbed glucose
oxidase (mol/mol. 2.9 - 10 " and 1.5-10 "' mol em”,
respectively) which would not instinctively correspond
10 a complete micelic of FIMAB around glucose oxi-
dase (approaimately 100: 1, see also Ref, 21) However,
two very different assay principles are used to dernve
these values and it is tikely that the electrochemical
method for FTMAB. the protein assay and the activity
assay for glucose oxidase are likely to probe greatly
different populations of the respective molecules:
FTMARB at or far from the clectrode surface. adsorbed
denatured and non-denatured glucose oxidase. ete and
the associated errors may be sigaificant, The manner
of adsorption of FTMAB/ glucose oxidase to surtaces
warrants a separate investigation,

The electrochemical response to glucose of enzyme
clectrodes prepared with partially-deglycosylated glu-
cose oxidase and the determination of the rate con-
stant (k) for electron transfer from partially-deglyeo-
svlated glucose oxidase nrovides further information as
to the mechanism of glucose oxidase / FTMAB media-
tion. Additionally. a number of interesting observations
on the role of the polysaccharide chains of glucose
oxidase in mediation can be made. It has been demon-
strated here thau in phosphate-buffered saline (pH 7.4)
solutions the apparent activity of partially-deglyco-
sylated glucose oxidase with respect to glucose and O,
is the same as for commercial glucose oxidase. This
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corrclates with previous fimdimes, Nakamura and co-
workers {3539 treated vlucesc onidise with penodate
o oxiditse carbohydrate: the 137 total carbohsdrate
by weight was reduced to 33700 The activity of glucose
oxidase and its gross structure was apparcatly un-
changed by this treatmenic the authors suggested that
the polvsaccharide moicty of glucose oxidase senved
only to increase the thermal stability to SDS detergent
inactivation. In other cases i the literature {40 men-
tion s made of @ periodate-omdised cnzyiie” as having
been incorporated into cnsvme electrodes but this
species appears not to have been rigorously charae-
terised: carboxyvl groups were ereated bur the extent of
polysaccharide chain loss was not determined. No pre-
vious experimenters have remarked the precipitation of
pactially deglyeosslated glocose oxidine or ctfects on
the ctectrochemistry of the ensvme. It appears that
only a minor loss (3070 o1 polysacciande is sufficient
to modify the electrochemicai and physical properties
of elucose oxidase.

Following partial deghyeosslation o1 glucose onidase.
the more hvdrophoiie surtuce. with fess sterie interter-
ence by the polysaccharide chains, would allow casier
access of detergents sach as SDS and FITMAB. The
increased current densitics obtained with partially de-
glvcosylated glucose oxidase / FITMARB . clectrodes, to-
gether with o striking, e o orders of magnitude in-
crease in & for FIMAB and partialiv-deglyeosyvlated
glucose oxidase. indicate that the surface conformation
of glucose oxidase, as approximated by the amount and
nature of the polysaccharide chains attached there, has
a major influence on the interaction of FIMAB with
the active sue of the ensyme. Incubation of commercial
glucose oxtdase in buffers of pH 5 and low ionic
strength (30 mM phosphate). the butter used for the
deglvcosylation reaction with a-mannosidase. also in-
creased the current densities produced by the resulting
cnzvme clectrode, indicoting varnation in the apparent
activity of the adsorbed protein. However, none ot
these circumstances had such a marked effect as par-
tial deglveosylation ot the enzvme.

Removal of the polvsaccharide. or a portion thereof,
would tend to increase the hvdrophobic character of
the ghucose oxidase molecule. The obsenved precipitis-
tion sugpeests that contact between revealed. byvdropho-
bic regions of different protein molecutes leads to
agercgation. The apparent glucose oxidase activity is
higher in partially-deghycosylated glucose oxidase than
in the commercial enzvme but only in the adsorhed
state (Table D). Both the commercial cnzyvme and par-
tially-deglveosviated  glucose oxidase  are fess  active
when adsorbed bui the partiallyv-deghveosylated glucose
oxidase aggregates retain more apparent activity foi-
lowing the process ot adsorption. It s generally ac-
cepted that when proteins adsorb to a solid surface.
they change their secondary, tertiory and quaternary

structures. which may in turn fead 1o o change in
Diological activity [41]. The partialiv-deglycosvlated glu
cose oxiditse aggregates may be more resistant to these
further structural changes induced by adsorption.

Our conclusions complement those made by Bour-
difon and Madja {21]. Thesc authors, using a surfac-
tant molecule with the ferrocene moiety at the hy-
drophilic. positively charged headgroup. concluded that
approximately 100 surfactant  molecules  aggregate
around the cntire glycoproicin shell of the glucose
oxidase molecule. a number greater than one would
expect from purely clectrosta’ic considerations. They
speculated that “clectrostatic and hydrophobic forces
could thus be involved as well as intercalation” of the
surfactant molecule into the protein structure. From
our results, we see that the apparent activity of glucose
oxidase or partially-deglvcosvlated glucose oxidase s
unchanged by prolonged incubation in a solution (20
mM) of FITMAB (and cqually DDTAB), demonstrating
that the protein is not functionally perturbed by the
presence and possible intercalation of such detergents.
However. the deactivauon of glucose oxidase by hexa-
deavitrimethylammonium bromide (HTAB) has been
reported [42F we suggest that the C, acyl chain of
HTAB denatures the enzyme readily compared to the
(> ¢hain of DDTAB. We note that FTMAB and
DDTAB do not disperse aggregates of partially-degly-
cosvlated glucose oxidase whercas SDS does.

The formation of a surface adsorbed mixed micelle
of glucose oxidase / FTMAB is indicated. Partial degly-
cosvlation of glucose oxidase leads to more efficient
mediation by FTMAB: we also suggest that the use of
deghvecosylated enzymes in biosensors may improve per-
formance.
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