Oligogalacturonate Hydrolase from Carrot Roots

Eva Stratilova®”, Maria Dzdrova?®, Anna Malovikova?, and Jifina Omelkova®

a Institute of Chemistry, Slovak Academy of Sciences, Dubravska cesta 9, SK-84538 Bratislava,
Slovakia. Fax: +421-2-59410222. E-mail: chemevi@savba.sk

® Faculty of Chemistry, Technical University of Brno, Purkyfiova 118, CZ-61200 Brno,
Czech Republic

* Author for correspondence and reprint requests
Z. Naturforsch. 60¢, 899-905 (2005); received April 27/May 24, 2005

The presence of multiple forms of enzyme with terminal action pattern on pectate was
evaluated in the protein mixture obtained from carrot roots. The form with pH optimum 3.8
clearly preferred substrates with a lower degree of polymerization (oligogalacturonates). Its
molecular mass, isoelectric point, glycosylation as well as cleavage of pectate from nonredu-
cing end corresponded to an exopolygalacturonase [EC 3.2.2.67]. The affinity of this enzyme
to the substrates increased with the increasing degree of polymerization, and the difference
was observed only in the maximal ratio of catalysis of oligomeric and polymeric substrates.
Sterical hindrance for substrates with more than six D-galactopyranuronic acid units is sup-
posed and an oligogalacturonate hydrolase rather than exopolygalacturonase is considered.
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Introduction

Exopolygalacturonases [poly(1,4-a-p-galacturo-
nate)galacturonohydrolase, EC 3.2.1.67] are exo-
hydrolases catalyzing the hydrolytic cleavage of
glycosidic a@-1,4-bonds of D-galacturonan at its
nonreducing end under releasing D-galactopyranu-
ronic acid as the sole reaction product. Substrates
for these enzymes are polygalacturonic and oligo-
galacturonic acids and, in contrast to polygalactu-
ronases [EC 3.2.1.15], also di-p-(galactosiduronic)
acid (Rexova-Benkova and Markovi¢, 1976). The
particullar enzymes differ from each other by the
range and rate of the effects on substrate in rela-
tion to the chain length. It was supposed that un-
like exopolygalacturonases of microbial origin,
which favourize oligomers of lower DP (degree of
polymerization), di-p-(galactosiduronic) acid or
those, in which the substrate chain length is not
a factor determining the enzyme effect, the most
suitable substrates for exopolygalacturonases of
plant origin, are polymeric D-galacturonan or a
partly degraded p-galacturonan of DP about 20
(Heinrichovd, 1977 and references cited therein).

Although the first study of exopolygalactu-
ronases from carrots (Hatanaka and Ozawa, 1964)
indicated the presence of multiple forms of this
enzyme based on the three present pH optima,
later studies supported the idea of one form of
exopolygalacturonase (Heinrichovd, 1977; Pressey
and Avants, 1975; Konno, 1988). In 1996 the multi-

ple forms of exopolygalacturonase from carrot
roots were identified (Stratilova et al., 1996a) and
later the partial separation and characterization of
four forms of this enzyme was described (Strati-
lova et al., 1998). One of them, with pH optimum
3.8, clearly preferred oligomeric substrates.

The aim of this work is to characterize this en-
zyme. The found enzyme is the missing element of
the enzyme chain needed for complete hydrolysis
of pectin in plants. We suggest the denotation “oli-
gogalacturonate hydrolase” rather than exopoly-
galacturonase.

Materials and Methods

Extraction of exopolygalacturonases from carrot
roots

Carrots (Daucus carota cv. Tiptop) in an amount
of 50 kg of roots from September crop were col-
lected from the same field. The carrots were
treated immediately after their sampling. The first
step of extraction of enzymes was performed on a
juice extractor ES-3551 (Severin, Sundern, Ger-
many). The obtained juice was precipitated with
ammonium sulfate (Merck, Germany) until a satu-
rated solution was obtained as determined by re-
fractometry (24 h, 4 °C), filtered, dissolved in a
small amount of water and precipitated with 96%
ethanol (1:4 v/v, 24 h, 4 °C) (Rexova-Benkova and
Slezarik, 1966) followed by dialysis, freeze-drying,
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and removing of low molecular substances on a
Sephadex G-25 Medium column (Pharmacia,
Sweden).

Purification of oligogalacturonate hydrolase

The individual forms of pectate hydrolases from
carrot juice were purified from the protein mixture
using ion-exchange, affinity and gel-permeation
chromatographies as described by Stratilova et al.
(1996a). For CM-Sephadex C-50 chromatography
(Pharmacia, Sweden) stepwise elution was used
with 0.05 m acetate buffer, pH 3.8, 0.10 Mm acetate
buffer, pH 4.8, 0.15 m acetate buffer, pH 5.6, and,
finally, this buffer containing 1.0 m NaCl. The pro-
teins with exopolygalacturonase activity eluted
with 0.15 m acetate buffer, pH 5.6, in the first peak
(Stratilova er al., 1996a) were after desalting and
freeze-drying applied on a concanavalin A-cellu-
lose column (Mislovicova et al., 1995) in 0.1 m ace-
tate buffer, pH 4.7. 0.1 M Methyl-a-D-mannopyra-
noside (Sigma, Germany) was used as an eluting
agent. FPLC (Pharmacia, Sweden) was performed
on a Superose 12™ HR 10/30 column in 0.05 M
phosphate buffer, pH 5.6, 0.15 M NaCl. The flow
rate was 0.5 ml/min. The separation of exopolygal-
acturonase and oligogalacturonate hydrolase was
performed on a Phenyl Superose column HR 5/5
(FPLC, Pharmacia, Sweden) utilizing a linear gra-
dient of 0.05wm phosphate buffer, pH 7.0, with
1.7M ammonium sulfate to 0.05wm phosphate
buffer, pH 7.0. The flow rate was 0.5 ml/min. The
rest of proteins was removed from the column by
200 ul of 99% ethylene glycol by decreased flow
rate (0.2 ml/min). The activity assay was made
after desalting of fractions on PD 10 (Pharmacia,
Sweden).

Substrates

Commercial citrus pectin (Genu Pectin, Copen-
hagen, Denmark) was purified by washing with
acidified 60% ethanol (5 ml conc. HCI/100 ml of
60% ethanol), followed by 60% and 96% neutral
ethanol as described previously (Kohn and Furda,
1967). Pectate (DP 152) was prepared from this
pectin by total alkaline deesterification (Kohn and
Furda, 1967).

Oligogalacturonic acids with DP 2—7 were pre-
pared by enzymatic hydrolysis of pectate (Hein-
richovd, 1983), gel filtration on a Sephadex G-25
Fine column in 0.05 M phosphate buffer, pH 7.0,
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and desalting on a Sephadex G-15 column (Rexo-
va-Benkova, 1970).

Unsaturated oligogalacturonic acids (DP 2, 3)
were obtained after enzymatic degradation of po-
tassium pectate by bacterial pectate lyase (1%
pectate treated by lyase of Erwinia sp., pH 8.0, sus-
tained by addition of 0.1 m KOH, 30 °C, 20 h) and
freeze-drying. Reduced oligogalacturonates were
prepared from the oligogalacturonates (DP 2, 3)
by treating with sodium borohydride according to
McCready and Seegmiller (1954). In this way the
reduced galacturonic acid unit was changed to
galactonolactone. Following the reduction step
the products were desalted by gel filtration on
Sephadex G-10 as described (Rexova-Benkova,
1973).

Activity assay

Exopolygalacturonase activity was assayed in
0.1 M acetate buffer, pH values corresponding to
the pH optimum of the individual form (pH 3.8
and pH 5.0; Stratilova et al., 1998) at 30 °C (except
the determination of temperature optima at tem-
peratures from 20 °C to 70 °C) by measuring the
increase of color intensity at 530 nm (Somogyi,
1952) in the reaction mixture containing solutions
of substrates (1 mwm solution of oligogalacturonates
or 0.5% solution of sodium pectate). The enzyme
activity was expressed in umol reducing groups
(using a standard graph for p-galactopyranuronic
acid) liberated within 1 min by 1 mg protein. The
activity of fractions eluted from columns was sim-
ply expressed as an increase of absorbance at
530 nm under standard conditions (solution of
pectate or pentagalacturonate, pH optimum of en-
zyme, 30°C and identical time interval for en-
zyme-substrate incubation).

The thermal stability of oligogalacturonate hy-
drolase was evaluated after 2 h of incubation of
enzyme solutions at 20 °C-70 °C followed by en-
zyme assay at 30 °C.

Characterization of oligogalacturonate hydrolase

Michaelis parameters were determined utilizing
the initial velocities at five concentrations of sub-
strate, ranging from 0.05 to 0.5 mm (substrates
with DP 2-7) or 0.05 to 0.25% (pectate), 30 °C,
and calculated by nonlinear regression. Affinities
of subsites were calculated according to Hiromi
et al. (1973). The suggested active site was then
compared with the active site of the main form of



E. Stratilova et al. - Oligogalacturonate Hydrolase from Carrots 901

carrot exopolygalacturonase (Heinrichova et al.,
1995).

The products of the hydrolysis of pectate or nat-
ural and unsaturated oligogalacturonates were an-
alysed by thin-layer chromatography on Silufol sil-
ica sheets (Kavalier, Zd’ar nad Sazavou, Czech
Republic) using n-butanol/formic acid/water
(2:3:1) as the eluent (Koller and Neukom, 1964).
The spots were detected by aniline phthalate rea-
gent, D-galactopyranuronic acid being the refer-
ence substance. The reduced derivatives of oligo-
galacturonates  were  chromatographed on
Whatman No. 4 in the solvent system ethyl ace-
tate/pyridine/acetic acid/water (5:5:1:3, by vol.).
The reduced compounds behaved as nonreducing
sugars and were detected as lactones with hydrox-
ylamine reagent according to Gee and McCready
(1957).

Approximate relative molecular masses (M) of
enzymes were determined by gel filtration on a
Superose 12™ HR 10/30 column connected to a
FPLC device in 0.05wm phosphate buffer, 0.15 M
NaCl, pH7.0. Ferritin (M, 450 kDa), catalase
(240 kDa), aldolase (158 kDa), albumin (68 and
45 kDa), chymotrypsinogen A (25 kDa) and cyto-
chrome C (12.5 kDa) were used as the standards
(“Combithek” Calibration proteins 1I, Boehrin-
ger-Mannheim, Germany).

For deglycosylation, a N-glycosidase F Deglyco-
sylation Kit (Roche Diagnostics, Germany) was
used. The cleavage of oligogalacturonate hydro-
lase denaturated in a boiling water bath (10 min)
in the presence of 5% mercaptoethanol and 1%
SDS was performed as recommended for N-gly-
cosidase F [0.1 m phosphate buffer, pH 7.2, con-
taining 0.1% SDS, 1% mercaptoethanol, 0.025 m
EDTA, and 2% 3-[(3-cholanamidopropyl)dime-
thylammonio]-1-propanesulfonate (CHAPS)]. The
cleavage was performed for 24 h at 37 °C. The
change of relative molecular mass of oligogalactu-
ronate hydrolase was detected by SDS-PAGE (so-
dium dodecyl sulfate-polyacrylamide gel electro-
phoresis).

SDS-PAGE for molecular mass analysis of na-
tive and deglycosylated oligogalacturonate hydro-
lase was performed on a Mini-Protean 3 Electro-
phoresis System (Bio-Rad Laboratories, Hercules,
California) under reducing conditions (with (-
mercaptoethanol). The silver-staining method was
used for band visualization (Wray et al, 1981).
Standard calibration proteins in the range 17—
95 kDa (Serva) were utilized: Phosphorylase b

(94 kDa), albumin (67 kDa), ovalbumin (43 kDa),
carbonic anhydrase (30kDa), trypsin inhibitor
(20.1 kDa) and a-lactalbumin (14.4 kDa).

Ultrathin-layer isoelectric focusing in polyacryl-
amide gels on polyester films was performed as
previously described by Radola (1980). Proteins
were stained with Serva Violet 49 (Heidelberg,
Germany). Exopolygalacturonase activities were
determined by the zymogram technique with a
dyed substrate (Ostazin Brilliant Red/p-galactu-
ronan DP 10) (Markovi€ et al., 1992) or with col-
ourless D-galacturonan DP 10 followed by staining
of not cleaved substrate with ruthenium red.

The exopolygalacturonase forms were washed
out by water from frozen gel segments obtained by
preparative isoelectric focusing. Activities of such
separated forms were detected using solutions of
pentagalacturonate (Imm in 0.1 M acetate buffer,
pH3.8) and pectate (0.5% in 0.1 M acetate
buffer, pH 5.0).

Results and Discussion

The purification procedure of oligogalactu-
ronate hydrolase was monitored after each chro-
matography step by gel-permeation chromatogra-
phy on a Superose 12™ column (Stratilova ef al.,
1996a, b). SDS-PAGE was not suitable for this
purpose because of irreversible inactivation of en-
zyme in running buffer as well as because of low
protein content of enzyme in comparison with
contaminants in the crude extract from carrot
roots.

Two protein peaks with exopolygalacturonase
activity were obtained by the elution of crude pre-
cipitate from carrot juice on a CM-Sephadex C-50
column with 0.15 m acetate buffer, pH 5.6 (Strati-
lova et al., 1996a). The pH optimum determination
on pectate of the first one showed the presence of
two enzymes: exopolygalacturonase with pH opti-
mum 5.0, described and relatively well character-
ized earlier (Heinrichova, 1977; Heinrichova and
Pereckova, 1983; Heinrichova et al., 1995), and an
apparent minor enzyme form with pH optimum
3.8. The determination of pH optimum on penta-
D-(galactosiduronic) acid compared with a previ-
ous one shows clearly the preference of substrates
with a lower degree of polymerization for this en-
zyme (Fig. 1).

The attempt to separate these two enzyme
forms on a concanavalin A-bead cellulose column
(Stratilova et al., 1996b) was not successful. A
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Fig. 1. pH optimum of exopolygalacturonase and oligo-
galacturonate hydrolase in carrot juice; (@—-@®) — activ-
ity on 0.5% sodium pectate; (O-O) — activity on 1 mm
pentagalacturonate.

huge amount of contaminants was removed (about
fifty-fold purification) as in the case of ion-ex-
change chromatography (Stratilova et al., 1996a),
but the affinity of both enzymes to concanavalin
A remained the same. The elution profile of this
fraction on a Superose 12 column indicated the
same retention time for activities of both enzymes,
what made the separation on the basis of molecu-
lar weight unable (Stratilova et al., 1996a).

As indicated by ion-exchange chromatography,
thin-layer isoelectric focusing showed very similar
isoelectric points of both enzymes (Stratilova et al.,
1996a). This method as well as chromatofocusing
on a Mono P column (FPLC) was not suitable for
separation of these forms, but the preparative iso-
electric focusing with activity assay in both sub-
strates of difference brought the evidence that
really two enzyme forms were present in this frac-
tion and not only one form with preference of sub-
strates with various DP at different pH values
(Stratilova et al., 1998).

Separation of these two enzyme forms, a typical
exopolygalacturonase and an enzyme for which
the name oligogalacturonate hydrolase could be
suggested, was performed utilizing hydrophobic
interactions on a Phenyl Superose column (Fig. 2).
The desalted fractions 40—42 were used for fur-
ther characterization.

As showed by the purification process oligo-
galacturonate hydrolase is the enzyme form from
carrot roots with pH optimum 3.8, molecular mass
about 50 kDa (as determined by gel filtration) and
isoelectric point about 4.5 (Stratilova et al., 1998).
Its glycosylation led to affinity towards concana-
valin A (Stratilovd et al, 1996a) and was con-
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Fig. 2. The separation of exopolygalacturonase and oli-
gogalacturonate hydrolase from carrot roots on a Phenyl
Superose column (FPLC). Activity is expressed as Aszo;
(@-®) - 1mMm pentagalacturonate, pHS5.0 and
(O-0) - 1 mmMm pentagalacturonate, pH 3.8 were used.
Proteins are expressed as A,gg (—). Conditions: Linear
gradient of 0.05 M phosphate buffer, pH 7.0, with 1.7 m
ammonium sulfate to 0.05 m phosphate buffer, pH 7.0;
flow rate 0.5 ml/min.

firmed by N-glycosidase F cleavage (Fig. 3). SDS-
PAGE showed a molecular weight of about
54kDa decreasing after deglycosylation to
31.5kDa.

The temperature optimum of oligogalacturonate
hydrolase was almost 70 °C. The activity of oligo-

- - | 67kDa
' 43 kDa
P 0 kDa
gt 17kDa
&
" — ]
Run A Run B standards MW

Fig. 3. SDS-PAGE of purified oligogalacturonate hydro-
lase from carrot roots. Run A, natural enzyme; run B,
enzyme deglycosylated by N-glycosidase F. The silver-
staining method was used for band visualization. Stand-
ard calibration proteins in the range 14-94 kDa (Serva)
were utilized: Phosphorylase b (94 kDa), albumin
(67 kDa), ovalbumin (43 kDa), carbonic anhydrase
(30 kDa), trypsin inhibitor (20.1 kDa) and a-lactalbu-
min (14.4 kDa).
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Table I. Kinetic analysis

Substrate Km v ko log k¢ ko/ Ky log ko/Ky of substrates deorada-
(GA)pp* [moll]  [umol/min]  [l/s] tion with DP 28 by oli-
_ lacturonate hydro-
(GA), 8.6 x 10~ 0.21 017 - 0.766 199.5 2.30 goga
(GA) 1.9 x 10-4 0.53 044 —0358 22694 336 lase from carrot roots.
(GA), 1.0 x 10~4 0.63 052 -0.283 5105.9 3.71
(GA)s 7.7 x 107> 0.68 0.57 - 0.246 74222 3.87
(GA)s 57 x 1073 0.70 0.59 -0.232 10280.7 4.01
(GA), 2.9 %1073 0.40 033 -0477 11695.9 4.07
(GA)g 2.0x 1077 0.37 031 - 0.515 14990.2 4.18 )
PGA degraded extremely slowly, no possibility to provide the kinetic analysis ~ * GA, D-galactopyranu-

ronic acid unit.

galacturonate hydrolase after 2h at 60 °C was
about 90%, but at 70 °C it drastically decreased.
For comparison, the temperature optimum and
high stability of the major form of exopolygalactu-
ronase from carrot roots was between 60 and 70 °C
(Heinrichova, 1977).

The preference of low molecular substrates by
this enzyme led to kinetic analysis of degradation
of substrates with DP 2—8 (Table I). Surprisingly,
the affinity of this enzyme increased with increas-
ing DP of substrate as was determined for exopo-
lygalacturonase (Heinrichova et al., 1995). The dif-
ference between these two enzymes was observed
in value of their maximal reaction rate, Ky on
substrates with different DP. While this value for
exopolygalacturonase increased with increasing
DP of substrate (Heinrichova et al., 1995) for oli-
gogalacturonate hydrolase it increased from DP 2
and it reached the maximum at DP 6 and then
with further increase of DP decreased (Table I).
This may explain the observation that oligogalac-
turonate hydrolase is able to degrade the dyed
substrate Ostazin Brilliant Red/p-galacturonan
DP 10 (Stratilova et al., 1996a) which is undegrad-
able by other carrot exopolygalacturonases. From
this reason this dyed substrate is not suitable for
distinguishing of pectate hydrolases with random
and terminal action pattern as was supposed by
Markovi€ et al. (1992).

The orientation of substrate splitting was evalu-
ated using substrates modified by reduction and
endopectate lyase. Degradation of oligogalactu-
ronates (DP 2, 3) modified by reduction of the sac-
charide unit on the reducing end to lactone
showed that the trimer was cleaved on monomer
and marked dimer. In contrast with previous ob-
servations for exopolygalacturonase (Heinrichova,
1977) the dimer was degraded, too, but extremely
slowly. Degradation of unsaturated oligogalactu-
ronates (DP 2, 3) obtained after treatment of pec-

tate with endopectate lyase (oligogalacturonate
marked on nonreducing end by double bound),
with oligogalacturonate hydrolase and exopolygal-
acturonase did not lead to any splitting of these
modified substrates. This led to the conclusion that
oligogalacturonate hydrolase utilizes cleavage of
substrates from their nonreducing end as exopoly-
galacturonase (Heinrichova, 1977).

The obtained parameters (Table I) were used
for the calculation of the subsite affinities accord-
ing to the method described by Hiromi et al
(1973). The reason for the choice of this method
was its use by Heinrichova et al. (1995) for calcula-
tion of the subsite affinities of carrot exopolygal-
acturonase. After calculation of the missing affini-
ties of first and second subsites the comparison of
the active site of exopolygalacturonase and oligo-
galacturonate hydrolase from the same source was
performed (Table II).

The active sites of both enzymes contain six sub-
sites (Fig. 4). The arrangement of subsite binding
affinities is very similar with the highest affinity on
subsite A,. A; of exopolygalacturonase is higher
than Aj; and A4, in the case of oligogalacturonate
hydrolase it is opposite (Table IT). Such an ar-

Table II. The subsite affinities of exopolygalacturonase
and oligogalacturonate hydrolase from carrot roots (cat-
alytic site between first and second subsite).

Subsite  Oligogalacturonate Exopolygalacturonase*
[kJ/mol] hydrolase

A 1.75 2.41

A, 29.56 32.58

As 6.13 1.53

Ay 2.04 0.59

As 0.94 0.35

Ag 0.82 0.27

* Subsite affinities of subsites 3—6 from Heinrichova
et al. (1995).
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Fig. 4. The dependence of kinetic properties of oligo-
galacturonate hydrolase (O) and exopolygalacturonase
(@, Heinrichova et al., 1995) from carrot roots on DP.
(-), log ko; (---), log ko/ Ky

rangement of active site of oligogalacturonate hy-
drolase can hardly explain the relatively high reac-
tion rate on digalacturonate, but this problem may
be answered in future structural studies.

Conclusion

The separation of exopolygalacturonase and oli-
gogalacturonate hydrolase was reached only on
the basis of their different hydrophobicity. Both
enzymes have very similar properties, as terminal
action pattern, cleavage of substrates from nonre-
ducing end, affinity towards oligogalacturonates
increasing with increasing DP of substrate (Ky; de-
creased with increasing chain length of substrate),
molecular masses, isoelectric points, glycosylation,
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