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A rapid spectrophotometric method for the determi-
nation of pectinesterase activity is presented. In this
assay, methanol released from pectin by pectinester-
ase is oxidized with alcohol oxidase to form hydrogen
peroxide and formaldehyde. Hydrogen peroxide is
then quantitated with peroxidase and the chromogen
2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid).
Since both reactions exhibit the same pH optimum it
was possible to couple the methanol assay directly to
the action of pectinesterase for the real-time determi-
nation of this enzyme. The assay is reliable and sensi-
tive, being capable of quantitating a minimum pectin-
esterase activity of 0.0625 unit (1 unit = 1 uM methanol
released per minute). It is also capable of detecting the
enzymatic demethoxylation of galactopyranosyl uro-
nic acid methyl esters of pectin down to a minimum
concentration of 1.56 nM of methanol per milliliter us-
ing a pectin substrate with a methoxy content of 10%
(w/w) at a concentration of 0.5 pg/ml.

Pectin, a major biopolymer of fruits, is composed pri-
marily of essentially linear polymers of D-galactopyran-
osyl uronic acid units joined in a-D-(1 — 4) glycosidic
linkages. This regular structure is interrupted, how-
ever, with L-rhamnopyranosyl units and with side
chains containing other neutral sugars. The interven-
ing regions of the chain, which are largely composed of
galacturonic acid, are esterified with methanol up to
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80%. The degree of methoxylation (DM)’ varies with
age and location within the plant tissue (biosynthetic
conditions) and with the method of extraction. A good
knowledge of the chemical structure of pectins is of
major importance from a technological point of view
and also aids the understanding of the role of pectic
substances in the cell walls (1).

Pectinesterases (pectin pectylhydrolase EC 3.1.1.11;
PE) catalyze the hydrolysis of the galactopyranosyl uro-
nic acid methyl esters of pectin, converting high me-
thoxy pectins (HM) to low methoxy ones (LM) and
methanol (Eq. [1]). Pectinesterases have been found in
all species of higher plants tested and are also produced
by a number of plant pathogenic fungi and bacteria.
Plant pectinesterases participate in the conversion of
protopectin to soluble pectin and pectate and are in-
volved in plant maturation processes as well as in
mechanisms that protect the plant from infection (1).
Plant pectinesterases do not hydrolyze methyl esters
in a more or less random fashion, as do microbial ones,
but act processively on the galacturonan chain creating
blocks of free carboxyl groups. These blocks are ex-
tremely prone to complex formation and precipitation
with calcium ions (2). Fractionation of pectins by ion-
exchange chromatography is mainly based on the de-
gree of esterification of the pectin. Furthermore, the
distributions of free and methoxylated carboxyl groups
influence the elution behavior of pectic molecules dur-
ing high-performance ion-exchange chromatography
(HPIEC) (8). Versteeg, who investigated the demeth-
oxylation abilities of PE isoenzymes I and II from or-
ange peel on partially demethoxylated pectins, recently

3 Abbreviations used: DM, degree of methoxylation; PE, pectin pec-
tylhydrolase; HM, high methoxy pectins; LM, low methoxy pectins;
HPIEC, high-performance ion-exchange chromatography; AOD, alco-
hol:oxygen oxidoreductase; POD, donor:hydrogen peroxide oxidore-
ductase; ABTS, 2,2 '_azino-bis(3-ethylbenzthiazoline-6-sulfonic acid).



showed that pectinesterases were unable to demethox-
ylate pectin completely and that PE I was able to de-
methoxylate highly esterified pectin better than PE II
(4). A substantial amount of substrate was not demeth-
oxylated by either PE, possibly because of irregularities
in the pectin chain. As free carboxyl groups in the pec-
tin are required for optimal enzyme—substrate complex
formation, this behavior has been assumed to depend
on the distribution of these groups along the polymer
backbone. Therefore, the activities of various pectines-
terases on a pectin fraction in relation to the degree of
methoxylation after partial alkaline saponification
may give valuable information on the intramolecular
distribution of free and esterified carboxyl groups in
pectin. To gain such information, a sensitive and sim-
ple assay for pectinesterase is desired.

A unit of PE activity is defined as the amount of
enzyme that liberates 1 uM of carboxyl groups from
methoxylated pectin per minute under standard assay
conditions. Methods for the determination of the enzy-
matic activity by titrimetry (5), spectrometry (6), and
manometry (7) have been described. The most fre-
quently used method of determining the activity of pec-
tinesterase is by real-time titration of the liberated car-
boxyl groups with dilute alkali (4) while the pH is kept
constant (pH-stat). Demethoxylation of pectin by plant
pectinesterase exhibits optimum activity at pH 7.5. Us-
ing a titrimetric assay at the optimum pH of pectines-
terase corrections must be made for partial dissociation
of the liberated carboxyl groups, whose pK values vary
with the concentration of the pectin, the degree of ester-
ification, and the mode of deesterification (8).

Because of the need to measure pectinesterase activi-
ties without any empirically derived corrections for its
substrate pectin, much attention has been paid to the
analysis of the released methanol by spectrophotome-
try (9), gas chromatography (10), headspace gas chro-
matography (11), high-performance liquid chromatog-
raphy (12), and radioisotope methods (13). Pyrolysis
gas chromatography (14), pyrolysis mass spectrometry
(15), **C-NMR (16), and IR spectroscopy (17) have been
employed to examine pectins with regard to their DM
during pectinesterase-induced plant maturation pro-
cesses.

One spectrophotometric method often used to deter-
mine methanol in relation to pectin methyl ester hydro-
lysis involves the oxidation of released methanol to
formaldehyde with potassium permanganate, reduc-
tion of the excess permanganate with sodium arsenite
(9), and condensation of the formaldehyde with ammo-
nia and 2,4-pentanedione to yield the colored Hantzsch
product 3,5-diacetyl-1,4-dihydro-2,6-dimethylpyridine
(18). The procedure was modified by Klavons and Ben-
nett (19), who used the enzyme alcohol oxidase (alco-
hol:oxygen oxidoreductase, EC 1.1.3.13; AOD) (Eq. [2])
instead of permanganate for methanol oxidation to pre-

vent interferences by trace components of nonreduced
permanganate and to replace the toxic arsenite.

A major disadvantage of those methods is that they
are discontinuous in that aliquots of the reaction solu-
tion have to be taken at distinct time intervals and
subjected to analysis of the released methanol. The
utility of existing methods is also restricted by the fact
that the sensitivities of those assays for the determina-
tion of methanol are sometimes too low, especially if
low amounts of pectin are available, e.g., in fractions
generated during the separation of pectic substances
by high-performance size-exclusion chromatography or
high-performance ion-exchange chromatography (20).

Recently we developed a very sensitive modification
of the AOD procedure (21). As with the previous pub-
lished method (19) it uses alcohol oxidase from the
yeast Pichia pastoris to oxidize methanol to formalde-
hyde, but subsequently employs peroxidase (donor:hy-
drogen peroxide oxidoreductase, EC 1.11.1.7; POD) and
hydrogen peroxide, the second product of the AOD reac-
tion, to catalyze the oxidation of the chromogen 2,2'-
azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS)
to form the colored ABTS radical cation (Eq. [3]). This
so-called AOD-POD-ABTS assay offers a 20-fold in-
crease in sensitivity (0.05 ug methanol/ml) over the
AOD procedure (1 pg/ml) (19).

We present here an application of the AOD-POD-
ABTS procedure to continuously determine the release
of methanol from pectin by pectinesterase and we de-
scribe its use to determine pectin or pectinesterase lev-
els. Under the conditions of this assay, the equilibrium
constants for the enzymatic reactions involved in this
procedure all strongly favor the forward reaction as
written in Egs. [1], [2], and [3]. Thus, in the presence
of saturating amounts of pectin the rate of generation
of the ABTS radical cation, which absorbs strongly at
420 nm, is proportional to the amount of pectinesterase
in the reaction. This interdependence is also valid for
the determination of unknown amounts of pectin in the
presence of saturating amounts of pectinesterase.

Pectinesterase (PE)

Pectin-COOCH; + H,0 -
Pectin-COO~ + H* + CH;0H

Alcohol oxidase (AOD)

CH;0H + O, -

[1]

HCHO + H,0, [2]

Peroxidase (POD)

H,0, + 2 ABTS(H) -

2 H,O + 2 ABTS** [3]

MATERIALS AND METHODS
Chemicals

Citrus pectin, methoxy content 10% (w/w) (supplier’s
note, as received) (No. P-9135), alcohol oxidase from P.



pastoris [52 mg protein/ml (Biuret), 33 units/mg pro-
tein (pH 7.5, 25°C), No. A-2404], peroxidase [Type VI-
A from horseradish, 1380 units/mg solid (pH 5.0, 25°C),
No. P-6782], 2,2’-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) diammonium salt (No. A-1888), and pec-
tinesterase from orange peel [130 units/mg solid (pH
7.5, 30°C), No. P-5400] were obtained from Sigma
Chemical Co. (St. Louis, MO). Methanol (high purity)
was obtained from Burdick & Jackson (Muskegon, MI).
All other chemicals were analytical grade and of the
highest purity obtainable.

Methods

Basic assay protocol. The following stock solutions
were employed: (A) One tablet of ABTS (=10 mg ABTS)
was dissolved in distilled water and diluted to 2 ml
(approximately 0.1 mg ABTS per assay); (B) 2.17 mg
of peroxidase was dissolved in distilled water and di-
luted to 2 ml, and 20 ul of this solution was diluted to
2 ml with distilled water (approximately 0.3 unit per
assay); and (C) 30 pl alcohol oxidase solution was di-
luted to 2 ml with distilled water (approximately 0.5
unit per assay). Reagents (A), (B), and (C) were stored
at 4°C in the dark and mixed shortly before the assay
was performed. For (D) 0.77 mg of pectinesterase was
dissolved in distilled water and diluted to 2 ml (approx-
imately 1 unit per assay). For the determination of
pectinesterase at various enzyme concentrations, the
pectinesterase stock solution (D) was diluted 1:1, 1:4,
1:8, and 1:16 with distilled water (D,). For (E) 1050
mg of pectin was dissolved in distilled water without
further purification and diluted with water to 100 ml
(pectin stock solution). Aliquots of this pectin stock so-
lution were diluted in 0.2 M potassium phosphate
buffer, pH 7.5, 0.1 M NaCl, to give pectin standard
solutions with concentrations of 2.1, 4.2, 6.3, 8.4, and
10.5 pg/ml (Ey). ‘

Solution A (20 pl) and solution B (20 ul) were pi-
petted into an amber-colored Eppendorf microcentri-
fuge tube (0.5 ml volume), which was light imperme-
able to prevent light-induced reactions. Aliquots (100
pl) of pectin standards dissolved in 0.2 M potassium
phosphate buffer, pH 7.5, and 0.1 M NaCl were added.
The tubes were shaken for 3 s with a Vortex mixer
(Scientific Industries, Bohemia, NY). An aliquot of
this mixture (120 pl) was pipetted into the microcu-
vette (path length, 10 mm; volume, 200 ul) placed in
the light beam of the spectrophotometer. Solution C,
diluted alcohol oxidase (20 pl), was pipetted into the
cuvette with repeated flushing of the pipet tip to dis-
perse the enzyme and to start the conversion of free
methanol contaminants; the kinetic software was
started instantly. After 2.0 min pectinesterase solu-
tion (20 ul) was added with multiple pipet flushings.
Absorbances were measured as a function of time at

20°C and at a wavelength of 420 nm against air (no
cuvette). The absorbance of the blank without pectin-
esterase was subtracted afterward. A Shimadzu
Model UV-2101 PC spectrophotometer (Shimadzu
Scientific Instr. Inc., Columbia, MD) was used in its
single beam modus to measure the absorbance of all
samples. Data were analyzed using the Shimadzu
UVPC Kinetics Software, Version 2.7.

To construct a methanol calibration curve, solutions
of methanol standards (20 xL) from 8.57 X 1072 t0 0.171
pg/ml were added after 2.0 min of preincubation, in-
stead of pectinesterase. To evaluate the contribution of
the assay components to false positive reactions, dis-
tilled water was added to the pectin standards instead
of pectinesterase. Another blank containing 0.2 M po-
tassium phosphate buffer, pH 7.5, 0.1 M NaCl, instead
of pectin standard solution, was treated like the pectin
standards. :

Calculations of pectinesterase activity. The activity
of pectinesterase, expressed as micromoles of methanol
released per minute, was calculated from the rate of
absorbance change of the Ay of the reaction mixture,
using a molar extinction coefficient (E420nm, apts) of
21,600 cm~ ! Mm~* for the ABTS radical cation (22) and
allowing for the 1:2 molar stoichiometry between meth-
anol release and the generation of the ABTS radical
cation. This resulted in a sensitivity (Es20nm) of 43,200
cm ™! M~! methanol released.

Determination of the enzymatic deesterification of
pectin. Pectin standard solutions K, through Ei5
(100 pl) and solutions of A (20 ul) and B (20 pl) were
mixed in light-impermeable microcentrifuge tubes (as
described above). Preincubation was started by addi-
tion of solution C (20 ul), followed after exactly 2 min
by the addition of solution D (20 ul). The spectrophoto-
metric analysis for methanol was then conducted as
described above.

Determination of pectinesterase activity. To estab-
lish the suitability of the AOD-POD-ABTS assay for
the determination of pectinesterase levels a pectin
standard solution was used as substrate (8.4 ng pectin/
ml, dissolved in 0.2 M potassium phosphate buffer, pH
7.5, 0.1 M NaCl). This solution (100 ul) was preincu-
bated with solutions of ABTS, POD, and AOD (see
above), and 20 ul of the pectinesterase stock solution
(D) orits 1:1, 1:4, 1:8, and 1:16 dilutions (D,) was added.
The absorbance of each sample was monitored at 420
nm for 5 min and the rate of release of methanol was
calculated.

Examination of interferences of alcohol oxidase by
alcohols. Methanol or glycerol were added to a pectin
standard solution (8.4 ug pectin/ml, dissolved in 0.2 M
potassium phosphate buffer, pH 7.5, 0.1 M NaCl) in
amounts sufficient to give to 21, 27, and 36% of the
molar content of methanol that was esterified in the



pectin. Thus, for methanol 0.0055, 0.0071, and 0.009
pmol/ml were incubated, and for glycerol 0.009 pmol/
ml. A blank (8.4 ug pectin/ml) was treated like the
samples except that the addition of alcohol was omit-
ted. Reaction was started by addition of solution C (20
pL) to 120 uL of a mixture of the pectin-alcohol solution
(100 pL), solutions A (20 L) and B (20 pL). After prein-
cubation for 2 min, 20 ul of pectinesterase stock solu-
tion (D) were added and the change in absorbance at
420 nm was determined.

Examination of potential sources of pectinesterase
inhibition. Pectin stock solution D and 2.0 M potas-
sium phosphate buffer, pH 7.5, 1.0 M NaCl, were
added to weighed amounts of glycerol. The resulting
solutions were diluted with distilled water to give a
final pectin concentration of 8.4 ug/ml and glycerol
concentrations in the range of 0.1 to 0.6 g/ml in 0.2
M potassium phosphate buffer, pH 7.5, 0.1 M NaCl.
Aliquots (100 ul) were assayed as described above
(preincubation with solutions A (20 yL), B (20 uL),
and C (20 L) followed by incubation with pectines-
terase stock solution (20 pL).

RESULTS AND DISCUSSION

Examination of the Enzymatic Deesterification of
Pectin at Various Pectin Concentrations

The demethoxylation of pectin by pectinesterase, as
well as the enzymatic determination of methanol with
AOD, POD, and ABTS, exhibit optimum activities at
pH 7.5 (21). Therefore, this pH was used for the assay
described here. Aliquots of solutions of pectin ranging
in concentration from 2.1 to 10.5 yug/ml were subjected
to demethoxylation with pectinesterase after a 2-min
preincubation with AOD, POD, and ABTS to measure
basal methanol levels. Under the conditions described
here the release of methanol from pectin by pectinester-
ase was accompanied by an increase in absorbance at
420 nm.

Pectinesterase-independent reactions during  the
assay. Ascanbe seen in Fig. 1, preincubation of pectin
solutions with AOD, POD, and ABTS resulted in a
rapid, small increase in absorbance which lasted for
about 1 min, and was followed by a much slower rate
of increase of about 40 mAbs/min (Fig. 1, ¢ = 0-2.0
min). Even blanks containing only the two enzymes
AOD and POD in the presence of ABTS in 0.2 M potas-
sium phosphate buffer (pH 7.5), 0.1 M N aCl, exhibited
the latter, slow absorbance increase. The cause of this
observed blank reaction has not yet been identified, but
it might be the result of the autoxidation of formalde-
hyde, reversibly bound to P. pastoris alcohol oxidase, to
formic acid and hydrogen peroxide and the subsequent
reaction of peroxidase with this hydrogen peroxide (23).
In any case, the rate of change of absorbance due to
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FIG. 1. Demethoxylation of various concentrations of pectin with
pectinesterase (PE) using the AOD-POD-ABTS assay. (1) 2.1, (2) 4.2,
(3) 6.3, (4) 8.4, (5) 10.5 pg/ml pectin. ¢ = 0 min, addition of AOD
solution; ¢ = 2.0 min, addition of PE stock solution. BIl, blank.

this reaction is small compared to that when pectines-
terase is present and can be readily subtracted from
the gross rate of change of absorbance.

Addition of pectinesterase to determine demethoxyla-
tion of pectin. Pectinesterase was added to the cuvette
after 2 min of preincubation of the mixture of pectin,
AOD, POD, and ABTS. Opening and closing of the spec-
trophotometer lid and pipetting and multiple flushing
of the pipet tip to disperse the pectinesterase was done
in 10 s. Arapid, reversible change in absorbance accom-
panied this procedure (Fig. 1, spike between ¢ = 2.0—
2.2 min). After the lid was closed the absorbance read-
ing went back to its initial value. From that point the
absorbance change for the blank (no pectin) continued
its previously mentioned linear positive increase,
which did not reach an end point even after several
minutes. The absorbance recording for the pectin sam-
ples containing pectinesterase was marked by an im-
mediate increase induced by the release of methanol
from pectin by pectinesterase and its participation in
the oxidation of ABTS via the action of the AOD-POD
enzyme system, resulting in an increase in Ay, (Fig.
1,¢ = 2.2-5.0 min).

After this initial rapid linear increase in absorbance,
the rate of absorbance change decreased, but continued
at a distinct, though lower, positive rate, which did not
reach an end point even after several minutes (Fig. 1,
¢ = 5.0 min). With increasing concentrations of pectin
the slope of the absorbance plot in this region increased
proportional to the pectin concentration from 32 mAbs/
min (2.1 ug pectin/ml) to 120 mAbs/min (10.5 ug pectin/
ml). It has been found recently that this absorbance
change is a linear function of the amount of methanol
present (21). Since formaldehyde is a substrate for alco-
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FIG. 2. Calibration curve for the deesterification of pectin stan-
dards (average from five values at each concentration) with pectines-
terase using the AOD-POD-ABTS assay. Extinctions taken at ¢ =
6.0 min (see Fig. 1).

hol oxidase and is oxidized by this enzyme to formic
acid and hydrogen peroxide (23), it is assumed that
formaldehyde, as one product of the oxidation of metha-
nol enzymatically released from pectin, is source of ad-
ditional hydrogen peroxide and is the cause of this ob-
served increase in absorbance change, compared to the
blank.

Quantitation of the released methanol. As can be
seen in Fig. 1, incubation of increasing amounts of pec-
tin with a fixed amount of pectinesterase led to dis-
tinctly higher absorbances in the presence of AOD,
POD, and ABTS. When absorbance readings were
taken at ¢ = 6.0 min, the measured extinctions were a
linear function of the pectin concentration from at least
2.1 to 10.5 ug/ml pectin (Fig. 2). Such pectin levels
correspond to concentrations of methanol esterified
with the galactopyranosyl uronic acid of pectin in the
concentration range from 0.21 to 1.05 yg/ml. Polynomal
fitting calculations with intercept zero gave a calibra-
tion curve with the formula y = 0.0007x> + 0.073x —
0.0052 and R? = 0.9994, where vy is absorbance and x
is pectin concentration. This validates the subjective
impression that the response is a linear one.

A methanol calibration curve was constructed using
methanol standards, instead of a mixture of pectin and
pectinesterase, ranging in concentration from 0.05 to
1.0 pg/mL. The absorbance was recorded 6 min after
the start of the AOD-POD-ABTS assay and plotted as a
function of the methanol concentration (Fig. 3). Linear
fitting calculations gave the formula y = 0.8087x with
R? = 0.9991, where y is absorbance and x is methanol
concentration. It was concluded that, at the very least,
the useful range of the assay for methanol was between

0.05 and 1.0 pg/ml. The lower detection limit of 0.05
pg/ml corresponds to the smallest clearly detectable
absorbance change (0.030 Abs unit) that is different
from the background noise in the presence of pectin,
defined as three standard deviations (30) of the appro-
priate blank value. This corresponds to a minimum
detectable methanol concentration of 1.56 nmol/ml,
which is a minimum detectable amount of 4.2 ng meth-
anol per assay (assay volume 160 1 at a sample volume
fraction of 0.536). These results are in good agreement
with investigations on the minimal detection limit of
H,0,, one of the products from the oxidation of metha-
nol, which has been reported for pure solutions of HyO,
to be discriminated from blank values by the ABTS
method with a probability of 95% at a concentration of
0.2 nmol/ml or 14 ng H,0, per assay (assay volume 2.4
ml at a sample volume fraction of 0.833) (24).
Alkaline demethoxylation of the pectin used here and
determination of the released methanol with the AOD-
POD-ABTS assay gave an average methanol content
of 10.01 ug per 100 ug pectin (21). On this basis the
concentration of pectin-bound methanol in a solution
of pectin containing 2.1 ug/ml was calculated to be 0.21
pg/ml (6.56 X 10% pymol/ml). Employing a sensitivity
for methanol of (Esz0nm) = 43,200 cm™ M™%, the mea-
sured absorbance of 166 mAbs units (Fig. 2) is signifi-
cantly lower than the theoretical absorbance of 173
mAbs units to be expected from quantitative demethox-
ylation. The methanol released by the action of pectin-
esterase was calculated to be 9.56 ug per 100 ug pectin
(=95.6% of the original ester content of the pectin).

"This less than complete demethoxylation of pectin by
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FIG. 3. Methanol calibration curve (average from five values at
each concentration). Addition of methanol standards instead of pec-
tinesterase using the AOD-POD-ABTS assay. Extinctions taken at
t = 6.0 min.
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FIG. 4. Determination of pectinesterase (PE) activities in the pres-
ence of a given concentration of pectin (8.4 yg/ml) using the AOD-
POD-ABTS assay. Pectinesterase concentration: (1) 1.0, (2) 0.5, (3)
0.25, (4) 0.125, (5) 0.0625 unit per assay. ¢ = 0 min, addition of AOD
solution; ¢ = 2.0 min, addition of PE solution.

the pectinesterase from orange peel is in agreement
with results from other laboratories which have shown
that pectinesterases produced by higher plants do not
act randomly, as is seen with fungal pectinesterases or
alkaline hydrolysis (2). The former primarily demeth-
oxylates blocks of methoxylated galacturonic acids and
ester groups next to free carboxyl groups, while the
latter agents are also capable of hydrolyzing methyl
esters that are not present in blocks. Therefore, me-
thoxylated pectin is only partially hydrolyzed by pectin-
esterases from higher plants. If the methyl esters are
entirely arranged in blocks demethoxylation can be
nearly quantitative. As reported here, this was almost
the fact with the pectin used in our tests.

The results have been confirmed both by alkaline
titration to monitor the appearance of free carboxyl
groups as a result of pectinesterase activity and by the
well-established permanganate—pentanedione assay
(9) to quantitate the release of methanol. Using the
AOD-POD-ABTS assay, demethoxylation of pectin at
pectin concentrations as low as 0.6 ug/ml (50 ng pectin
= 5 ng methanol per assay) could be detected reliably
using the pectinesterase concentration employed here.

Determination of Pectinesterase Activity

Solutions of pectinesterase (20 ul) with absolute ac-
tivities ranging from 0.0625 to 1 unit (activities based
on suppliers data) were added to preincubated detec-
tion mixtures containing pectin (8.4 ug/ml), AOD, POD,
and ABTS in 0.2 M potassium phosphate buffer (pH
7.5), 0.1 M NaCl, and the A, was monitored with a
spectrophotometer (Fig. 4). The initial slopes of the ab-

sorbance curves following pectinesterase addition were
dependent on the activity of the pectinesterase (Fig. 5).
The formula for the calibration curve with an intercept
zero was calculated to be y = —0.0273x> + 0.8325x
with an R? value of 0.998 using polynomal regression
calculations where y is absorbance change and x is pec-
tinesterase concentration. This validates the subjective
impression that the response is a linear function of the
enzyme concentration. By this method enzyme activi-
ties as low as 0.0625 unit per assay could be detected
reliably at the given pectin concentration. At pectines-
terase levels below this, the amount of methanol re-
quired for accurate determination could not be reached
in the chosen time interval of 5 min.

A standard pectinesterase assay utilizing a pH-stat
to monitor enzyme-dependent deesterification of pectin
(4) as well as a conventional methanol assay with per-
manganate/pentanedione (9) have verified the accuracy
of the AOD-POD-ABTS assay. There was agreement
between the best estimate of pectinesterase activity
obtained from the AOD-POD-ABTS assay and its “true
value” as determined by these other methods. Accuracy
in comparison to the titrimetric assay was y = 2.64 +
1.00x with a correlation coefficient of r = 0.992. The
precision of the assay from day to day showed a varia-
tion coefficient of 2.2%.

Interferences with the AOD-POD-ABTS Assay

To evaluate the utility of the assay with crude pectin-
esterase and standardized pectin preparations, poten-
tial interferences, their modes of action, and measures
for their prevention have to be addressed. In principle,
major interferences may be caused by spectral overlap-
ping of colored sample material with the dye formed in
the indicator reaction or by competition between the
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FIG. 5. Pectinesterase (PE) activity as a function of pectinesterase
concentration (average of five determinations at each activity). Re-
sults evaluated from Fig. 3 (slopes in the time interval ¢ = 2.5-3.0
min).
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FIG. 6. Interferences of pectinesterase (1 unit/ml) by methanol: (1)
blank, (2) 0.0055, (3) 0.0071, (4) 0.009 pmoles methanol/ml. ¢ = 0
min, addition of AOD solution; ¢ = 2.0 min, addition of PE solution.

substrate or its intermediate products and sample com-
ponents able to serve as alternative substrates.

Interferences with Alcohol Oxidase

It is well known that the substrate specificity of P.
pastoris alcohol oxidase is not limited to methanol (23).
For example, the relative activity toward ethanol has
been determined to be 86% compared to methanol
(100%), and the K,, values are 0.7 mM for methanol
and 9.0 mM for ethanol. Other alcohols such as 1-propa-
nol, 2-propanol, 1-butanol, and allyl alcohol are oxi-
dized at slower rates (23).

Solutions of pectin containing low concentrations of
free methanol or glycerol were formulated and the
AOD-POD-ABTS assay was conducted, with no added
pectinesterase, to test their interferences with the
assay. The absorbance curve for glycerol (not shown)
was not significantly different than that of the blank,
confirming the results of other investigators that poly-
ols at low concentrations do not serve as substrates for
alcohol oxidases (25, 26). Free methanol was oxidized
to formaldehyde and hydrogen peroxide, resulting in
significant linear increases in the initial absorbance
(Fig. 6, t < 0.5 min). These were proportional to the
original concentrations of free methanol. These were
followed by much slower rates of increase, similar to
that of the blank (Fig. 6, ¢ > 1.5 min).

The addition of pectinesterase after 2 min to pectin
samples without free methanol (Fig. 6, curve 1) or with
various amounts of free methanol (Fig. 6, traces 2, 3,
and 4) led to distinct increases in absorbance due to
the enzyme dependent release of methanol (Fig. 6, ¢ =
9.5 min). Pectinesterase activity could be calculated by
the absorbance change in the time interval ¢ = 2.5-3.0

min without any correction for preexisting methanol in
pectin samples. Thus, although free alcohols in pectin
samples interfered with the assay, their presence was
easily detected because of their reactivity with alcohol
oxidase prior to the addition of pectinesterase. With
pure aluminum-precipitated pectin, as was used in this
investigation, interference by alcohol impurities has
not been observed: The absorbance curves in the AOD-
POD-ABTS assay prior to the addition of pectinester-
ase overlap perfectly over the range of pectin concentra-
tions examined (Fig. 1, ¢ = 0—2.0 min).

Errors may arise due to the presence of very high
levels of lower alcohols, which can be present in com-
mercial alcohol-precipitated pectin preparations. Due
to the high sensitivity of the assay toward such alco-
hols, purification of those pectins is therefore recom-
mended to remove such alcohol contaminants. This pu-
rification can be achieved by using well-accepted
procedures, i.e., multiple wetting and drying, dialysis
against water, reprecipitation with acetone, or column
chromatography.

The presence of free alcohols in pectinesterase prepa-
rations would lead to artifactually elevated calculated
activities for pectinesterase. Nevertheless, determina-
tion of pectinesterase activity could be achieved by sub-
traction of the absorbance change due to low concentra-
tions of contaminating free alcohol from the apparent
pectinesterase activity. The contribution of free alco-
hols to the AOD-POD-ABTS activity could be deter-
mined by conducting a pectinesterase assay with no
added pectin, by using heat denatured pectinesterase
preparations, by adding pectate (a pectinesterase in-
hibitor), or by omitting sodium chloride, a pectinester-
ase activator from the assay. In our investigations with
pectinesterase, pectin-free blanks did not exhibit an
increase in absorbance after addition of enzyme, which
proved its purity with regard to free alcohols.

Interferences with Peroxidase and Hydrogen Peroxide

While peroxidase is specific for the hydrogen ac-
ceptor, hydrogen peroxide is not specific for the hydro-
gen donor. Large numbers of phenols, amino acids, and
ascorbate are able to serve as alternative electron do-
nors for hydrogen peroxide (27). Therefore, in the assay
method presented here a 100-fold molar excess of ABTS
over concentrations of the analyte hydrogen peroxide
(22) were employed to suppress reactions in the pres-
ence of minor concentrations of competitive hydrogen
donors. Reductive reversal of the dye color is of particu-
lar concern when ascorbic acid, a strong reductant, is
present. Interfering ascorbate could be eliminated by
dialysis or by the use of ascorbate oxidase, which does
not produce hydrogen peroxide (28). It is important
that the pectinesterases contain no or low concentra-
tions of catalase, because catalase destroys hydrogen
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FIG. 7. Inhibition of pectinesterase (1 unit/ml) by increasing con-
centrations of glycerol: (B1) blank, (1) 0.1, (2) 0.2, (3) 0.3, (4) 0.4, (5)
0.5, (6) 0.6 (g glycerol/ml). ¢ = 0 min, addition of AOD solution; ¢ =
2.0 min, addition of PE solution.

peroxide and can lead to an underestimate of methanol
in the assay. Sodium azide may not be included in the
assay medium to inhibit contaminating catalase, since
alcohol oxidase from P. pastoris is strongly inhibited
by free azide anions (23).

Potential Interferences with Pectinesterase

High concentrations of sugars inhibit pectinesterase,
probably due to their abilities to reduce water activity.
Noncompetitive inhibition of pectinesterase was found
with sucrose and with glycerol (29). Therefore, glycerol
was used here as a reference standard for water activ-
ity reducing compounds to study its effect on pectines-
terase. Solutions of pectin (8.4 ug/ml) containing glyc-
erol concentrations from 0.1 to 0.6 g/ml were incubated
with solutions of AOD, POD, and ABTS. With increas-
ing concentrations of glycerol an increase of absorbance
occurred after addition of AOD (Fig. 7, ¢ = 0 min),
compared to the blank, which first was presumed to be
due to oxidation of glycerol to its aldehyde at high glyc-
erol concentrations (Fig. 7, ¢ < 2.0 min). However, pre-
vious examinations of the substrate specificity of meth-
anol-oxidizing enzymes with alcohol oxidases from the
yeast Candida boidinii (25) and from a basidiomycete
belonging to the family Polyporaceae (26) and our own
studies with P. pastoris have clearly shown that the
enzymes exhibit no activity toward glycerol (0%), com-
pared to methanol (100%). Although data about the
substrate specificity of P. pastoris alcohol oxidase to-
ward sugars are not available, it has been shown that
the P. pastoris enzyme is similar to other yeast alcohol
oxidases reported in the literature with regard to such

features as molecular weight, number of subunits, co-
factor requirements, temperature optimum, specific ac-
tivity, etc. (22). This makes it seem improbable that
the P. pastoris alcohol oxidase was acting directly on
the added glycerol. Even blank samples without pectin
and alcohol impurities exhibited changes in absorbance
in the presence of glycerol after the addition of alcohol
oxidase. It is conceivable that this was caused by an
exaggerated blank reaction due to a glycerol-mediated
change in reaction conditions which increased the au-
toxidation of alcohol oxidase. Solutions of purified alco-
hol oxidase from P. pastoris are known to produce low
levels of hydrogen peroxide in the absence of added
substrate if exposed to air (22). Glycerol in excess might
have accelerated the release of formaldehyde normally
found bound to- the purified enzyme. Another reason
for the observed increase in absorbance might be an
increase in the dissolved oxygen levels with increasing
glycerol concentration, due to a change of the oxygen
solubility, which might have affected the kinetic prop-
erties of alcohol oxidase as well as the rate of the appar-
ent autoxidation reaction (22). Thus, glycerol at very
high concentrations interferes with the indicator assay
described here. Nevertheless, addition of pectinester-
ase to pectin samples containing glycerol concentra-
tions up to 60% (w/v) led to a distinct increase in ab-
sorbance (Fig. 7, t = 2.5 min), both compared to the
initial absorbance change and compared to a sample
lacking glycerol, which enabled determination of its
activity.

Figure 8 shows that both the absorbance change in
the time interval ¢; = 1.6—1.8 min (0) (initial indicator
activity) and the absorbance change in the time inter-

A Absorbance (min'l)

0 0.1 0.2 0.3 0.4 0.5 0.6
glycerol conc. (g/ml)

FIG.8. Pectinesterase (PE) activity as a function of glycerol concen-
tration. Results evaluated from Fig. 7 [slopes in the time intervals
(¢, = 1.6-1.8 min and ¢, = 2.6—2.8 min)]. Initial indicator activity
(@) (¢, = 1.6-1.8 min), apparent activity (A) (t, = 2.6—2.8 min),
“true” PE activity (O).



val t, = 2.6—2.8 min (A) (apparent PE activity) are
linear functions of the glycerol concentration with simi-
lar slopes, differing only in their ordinate interception.
While there was no deviation from linearity with the
AOD-POD-ABTS assay throughout the range of glyc-
erol concentrations examined, the apparent activity of
pectinesterase reached its maximum at 0.4 g/ml and
decreased afterward. Subtraction of the initial indica-
tor activity from the apparent pectinesterase activity
resulted in the “true” PE activity (O) which was linear
from zero to 0.4 g glycerol/ml and dropped distinctly at
higher glycerol concentrations.

The examined glycerol concentrations in the final
assay volume were 10 to 60 times higher than the con-
centration of simple sugars in samples of common fruit
pulps. Therefore, it is unlikely that sugar concentra-
tions in pectinesterase samples from the plant matrix
would interfere considerably with the assay.

Comparison with Other Methodology

Pectinesterase activity is typically determined by ti-
tration of the free carboxyl groups generated by incuba-
tion of a pectinesterase sample with pectin (4). Pectin-
esterase can also be measured by determining the
amount of methanol released by the enzyme during
this incubation, avoiding corrections for partial dissoci-
ation of the free carboxyl groups at the pH optimum of
pectinesterase. Such a method is described here.

Here, for the first time, the action of pectinesterase
was monitored directly by following the release of
methanol with a conventional analytical method with-
out taking samples for subsequent methanol analysis.
This decreases the number of analytical steps, and re-
duces analysis time and the consumption of reagents
substantially. The procedure described here is very
rapid: with an analysis time of less than 10 min it is
one of the fastest methanol assays reported to date. The
titrimetric pH assay requires relatively large solution
volumes to cover the electrodes and, therefore, large
amounts of substrate are needed. In contrast, the AOD-
POD-ABTS method requires only small amounts of
substrate. Also, in contrast to the pH-stat assay, there
is no need to discriminate between the multitude of
hydrolytic enzymes, responsible for demethoxylation,
deacetylation (30), dephosphorylation (31), and proteo-
lysis (4), such as frequently occurs in fruit juices. Com-
pared to the well-established permanganate—pen-
tanedione assay with a molar absorbance coefficient of
the colored Hantzsch product of 7,700 cm™* M~* (18),
the AOD-POD-ABTS is almost six times more sensi-
tive. The reduction of the dilution factor of the sample
by 2.25, compared to the procedure of Wood and Siddi-
qui (8), led to a further improvement in sensitivity.
Finally, the reduction of the absolute volumes led to a
procedure which was capable of allowing the rapid

assay of small volumes of column eluant fractions of
pectin or pectinesterase, such as those that are gener-
ated by chromatography, without further concentra-
tion.

The assay has been used to quantitate purified or-
ange peel pectinesterase at levels from 0.0625 to 1.0
unit per assay at a pectin standard concentration of
8.4 pug/ml, methoxy content 10% w/w, and to quantitate
pectin levels from 0.5 to 10 ug/mL using 1 unit of pec-
tinesterase. Thus, this method offers not only a higher
relative sensitivity then current titrimetric methods,
which require approximately 5 mg of pectin per millili-
ter or 8 units of pectinesterase (32), but moreover a
tremendous increase in absolute sensitivity. The AOD-
POD-ABTS assay combines a high sensitivity toward
methanol with the continuous assay feature of the titri-
metric pH-stat assay, making it to a powerful tool for
the real-time determination of pectinesterase activity.

The presented assay is a very useful analytical
method for the determination of the activities of puri-
fied and semipurified pectinesterases. Plant matrix
compounds such as polyols have been shown to not
substantially interfere with pectinesterase unless they
greatly exceed naturally occurring concentrations. We
have also shown here that pectinesterase activities
could be detected without any corrections for low con-
centrations of preexisting methanol contaminants in
pectin samples. Nonetheless, we have found that the
assay described here can only be accurately applied to
the determination of pectinesterase activity in crude
fruit juices lacking alcohol contaminants. Investiga-
tions on the modification of the basic AOD-POD-ABTS
assay protocol and the use of this modified assay for
the determination of activities of pectinesterase in
juices are currently being carried out in our depart-
ment (manuscript in preparation). When it is desired
to study crude pectinesterases, substances interfering
with alcohol oxidase and peroxidase-ABTS can be re-
duced significantly or even eliminated by simple physi-
cal, chemical, or enzymatic procedures.

Applications of the AOD-POD-ABTS Assay

With regard to pectin, the AOD-POD-ABTS assay
was primarily developed to determine the activity of
purified or partially purified pectinesterase prepara-
tions on pectins by measuring the methanol released.
Comparison of the rate and degree of demethoxylation
by pectinesterase with the value for the original total
methoxy content of the pectin, determined by alkaline
saponification, can give valuable information on the
distribution of methoxy groups along the D-galactopy-
ranosyl uronic acid backbone of both high- and low-
methoxylated pectins. This provides useful information
regarding the gelling behavior of various pectins (2). In
conjunction with pectinesterase treatment the method



can also be used to characterize pectin oligomers re-
sulting from treatment of pectin with pectin lyases and
endo polygalacturonidases.

With regard to pectinesterase, the AOD-POD-ABTS
assay has been used to determine pectinesterase activi-
ties in partially purified and purified commercial prep-
arations.

The data presented here show that with state-of-the-
art computer-controlled spectrophotometric equip-
ment, the enzymatic demethoxylation of pectin can be
determined sensitively and rapidly.
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