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Two possible modes of action of exo-D-galacturonana sc from carrot (E.C. 3.2.1.(7) werc in
stigated; this enzyme cataly;es thc ,equen tial hydrolyti(; clc(l\agc of pcctantns and oligo
ga lacturonans by a te rminal action from thc nom-cducing cnd of the Illolcculc. The expcriments 
indicate that the invcstigatcd cxo-D-galacturonanase degrades these substrates by a predomi
nantly multi-chain mechanism. Distribution of degradation product s of oligorneric sub>lratcs 
(hexa- and pcntagalacturonide) unde r an optimal condition for thc ac tio n of the cnzyme (pH 
and temperature) indicates that a multi-chain enzyme attack with a prevalent simple collision 
is involved. Results of the cnzyme degradation kinetics arc in a good agreement with the above
-mentioned presumption. 

Two di stinct models of action exist for degradation of a polysaccharide by enzymes 
with terminal or random mechanism of hydroly~ i s: 1) the single-chain mechani sm, 

where the enzyme fuJly degrades one polymeric chain and only afterwards it passes 
its action to the further macromolecule chain; 2) multi-chain mechanism, where 

the enzyme randomly cleaves the individual unit s from all attainable polymeric 
terminals. Concurrently, the enzyme can cataly, e the hydrolysis of one or more 

bonds sooner than it has dissociated and formed a new active complex. The single
-chain and multi-chain mechanisms are two extreme poss ibilIties of polymer degrada

tion, the multiplicity of the attack is a more general conception involving the multi

-chain and single-chain process as specific extreme case. 

A single-chain mechanism was reported 1 . 2 when investigating the action of plant 

p-amylases on amylose of a high molecular ma ss (DP = 1000). On the other hand , 
other authors 3 - s tended to favourize the multi-chain action of p-amylase. As re

ported later6 - 9 , the action of p-amylase on amylose of a lower molecular mass 

(DP = 44 and 49) and on maltodextrine (DP = 6 a nd 7) was a degradation process 
involving transition between the single- and multi-cha in action. The reaction condi

tions (pH and temperature) were found 1o to change the measure of the multi-chain 
action of p-amylase. These findings stimulated us to seek experimental meth ods 

for estimation of the single- and multi-chain action of exo-D-galacturonanase from 
carrot, which , similarly as plant p-amylases degreades polymeric and oligomeric 
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substrates by terminal mode of action. The poss ibility to asses the si mple and mUltipl e 
attacks was exa mined when degrading the polymeric and oligomeric substra tes. 

EXPERIMENTAL 

Material 

Enzyme: Exo-o-galacturonanase was isolated from the carrot (Dollells carora) debris which 
was extracted by a 5%- NaCi a t pH 5'0. The isolation process included the sa lting-out of prureins 
by ammonium sulfate up to 90% of saturation, sepa ration of the mixture of proteins by chromato
graphy on DEA E cellulose, refiltration on Sephadex G-100, desalting of the enzyme On Sephadex 
G-25 Medium and freeze-drying ll

. Exo-o-galacturonanase prepared by this process had specific 
activity 5 . 10 - 2 mol s - 1 kg - 1 (determined On a polymeric substrate) . 

Substrates: Sodium pectate was Obtained from citrus pectin by a repeated alkaline deesteri
lication with O' IN-NaOH at pH 10 and 22°C. The deesterified product was precipitated after 
lowering the pH to 2·5 with hydrochloric acid and neutralized with socillm hydroxide. Sodium 
pectate contained 82'9% of o-galacturonan, 10% of neutral saccharides and 0'2% of rhamnose. 
The mean molecular mass 27000 was determined viscometrically. Oligogalacturonic acids were 
prepared from the partially or enzymatically hydrolyzed D-galacturonan by gel chromatography 
on Scphadex G-25 Fine and desalting on Sephadex G-IO by a procedure already described l2

, 13. 

Methods 

The substrates were enzyme-hydrolyzed at pH 5· 1 and 30°C. The course of degradation was 
mon itored by measurement of the reducing group increases in time intervals. The liberated 
reducing groups were estimated by the Somogyi method 14. The starting reaction rate (in mol . 
. 5-

1 kg - I) was calculated by graphical extrapolation of the experimental data. The limit degra
dation time was considered that at which no further reducing group in~;ease was observed 
at a long-lasting hydrolysis. The degree of maximum enzyme degradation of the polymeric 
substrate determined from the maximum value of reducing groups freed by the enzyme in the 
limit time of degradation was expressed in per cent of the cleaved glycosidic bonds. 

Change of the Molecule Size of the Polymeric Substrate in Correlation with Both the Rate 
and Degree of Degradation 

A) Sodium pectate (100 ml of a 1% so lution in an 0'1 M-acetate buffer of pH 5'1) was incubated 
at 30°C with the enzyme (2 mg) dissolved in the same acetate buffer (5 ml) for 158 h. Samples 
(13 ml) each) withdrawn in time intervals were inactivated by boiling and employed for deter
mination of both the degradation degree of the substrate and degradation products. The con
centrated 10 ml-aliquots were transferred on a Sephadex G-50 column (1'8 x 120 cm) and the 
elution volume of the degraded polymeric molecule was estima ted. 

B) Sodium pectate (100 ml of a I%-solution in an O'IM-acetate buffer of pH 5'1) and hexa
galacturonic acid (IOOmg, 82 (.10101) dissolved in O'IM-acetate buffer of pH 5·1 (5 ml) were 
incubated at 30°C with the enzy me (2 mg) dissolved in the same buffer (5 011) for 168 h. Samples 
(13 ml) each) were withdrawn in the same time intervals and worked up as under A). 

C) Sodium pectate (100 ml) of a I % solution in 0· 1 M-acetate buffer of pH 5'1) and trigalacturo
nic acid (100 mg, 150 (.1mol) were incubated with the enzyme (2 mg) under the same conditions 
as in the preceding cases. 
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The e lution volumes of polymcric m olec ules we re dcte rmincd in 10 ml -a liqu o ts o r sa mples Al. 
B) and Cl a fter gcl chroma tography on Sephadex G-SO equilibrated a nd elu ted with 0' 1 M-acc tate 
buller of pH 4·4 . Reducing g ro ups in the pa rticula r fra ct io ns we re~ photo metricall y e~tima ted 

a fter react ion with 3.S-d init rosa licylic acid at 530 nm ; the ob tained data were gra phica ll y eva lua t
ed a nd the elution vo lumes of mok c ul<:s we rc determined fro m the cu rvc co urses . The degrada
tiOn produ cts o f sod ium pectate, hexa- a nd tri ga lac turo nic acid s were chromatographica ll y de
termined in a liquots o f inactiva ted sa mples A), 13) and C) in the respec ti ve phases o f hyd ro lysis_ 
Sol vent system fo r paper chromat ography of o li gomers was ethy l acctat e- ace tic acid - water 
( 18 : 7 8 ). for thin-layer chromatog raph y o n Siluro l shcct s I-bu tanol- fo rmic ac id - wa ter (2 : 3 : I l. 
eI ref. I, _ The particular o ligogalacturon ic acids wcrc identified a fter detectio n with anilinium 

hydrogen phthalate reagent according to value log [R F / ( I --- RFl I. which is the fun ctio n of po ly
meril.ation deg ree_ D-Galacturonic acid a nd sta ndard o li goga lac turo nic ac id s we re the reference 
sa m ple_ 

The Mode of Attack by the Enzyme 

A) Considering the degradatiol/ products of h<'xa- and pell/a,r;alac turonic acid,\': F rom the reac ti on 
mixture. containing hexa- or pentaga lac turonic ac id (50 mg) a nd the enzy me (0-0 6 Illg) in 0-1 M 

-aceta te buffer of pH 5' 1, samples (0-4 ml eac h) were wit hdrawn in 10,20,30,60 and 120 min 
in te rva ls_ Samples of the mixture inac ti vated by a 20 m in-bo iling were chromatographica ll y 

a nalyzed_ 

B) COllsidering the degradatioll k inet ics of pcnto.'lalar tlll'rlllic acid: Each sa mple (2·5 mi l. 
conta inin g pentaga lac turonic acid (37, 5 )lIno l) a nd the enzy me (0-07 Illg) was incubated in 0'1 M
aceta te buffer of pH 5'1. After 30, 60 a nd 120 min-incubatio n the inc rease o f reducing g ro ups 
was estimated in 0·1 ml a liquots . The inacti va ted reac tion mi xture (2 ml -samples) were introduced 
on the Sephadex G-25 column Fine ( two tai l-to-head coupl ed column s 1·6 X 120 cm) equi
libra ted with O' IM-acetate buffer of pH 4-4 and the degrada ti on products were elu ted by the equi
libra tion soluti o n_ A standard mixture of o li goga la cturonic ac id s co mposed o f pcnta galacturonic 
ac id (12 I1mol), te tragalacturonic ac id ( 18 )1mol). tri ga lacturonic ac id (10 )1mo l). and D-ga lac turo
nic acid (10 )1mol) was worked up in the same way. the frac ti o n volumc was 4 ml. O li goga lac tu
ronic ac id s were identified by thin-layer chromatograp hy; the ir quantitati ve representa tion 
was det ermined by the Somogy i method. The per cen t yiel d. with respec t to the a m ou nt s app lied . 
was: pen taga lacturonic ac id 80%. te traga lacturonic ac id 76'~~. tri ga lact uro nic ac id 74%. and 

D-galacturonic acid 79%. 

RESULTS 

To find the proper time for the desired conversion o r the substrate, when investigating 

the single- and multi-chain action pa ttern , o nly a littl e am o unt of samples was 

employed . Changes of the substrates were monito red within 144 h , when the maxi

mum degree of polymer degradation was attained, i.c. 43-3% o f cleaved glyco , idic 

bonds. Upon gel filtration the peak o f the polymer substra te lowered wi th th e proceed

ing degradation of the po lymer toward s higher elution vo lum es, thi s be ing a n iml i(,; I

lion that the enzym e did not keep associated with the fir st , ub'>t ra te m o lecul ,'_ I ' il l 

concurrently cleaved vario us m olecules. Table J shows the degradali <l :1 C ' ill l ,,: 

upon time of the polymer substrate (sam ple A) , hexaga lac turon ic ;I ci tl ( ;; l l pk I ») 
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and trigalacturonic acid ( ~ ample E) expressed in ~mol of the D-galacturonic acid 
increase. The substrate in experiment B was 1 %-solution of sodium pectate and hexa
gal ::.cturonic acid (0'1 g, 82 ~mol). The interaction of the enzyme with sodium 
pectate in the presence of trigalacturonic acid (0'1 g, 150 ~mol) was investigated 
in experiment C. Addition of hexagalacturonic acid to the polymeric substrate 
influences both the rate and degradation degree even after 30 min-incubation (Tables T, 
JI). A different course has the degradation of the polymer in the presence of tri
galacturonic acid, where changes due to the action of hexagalacturonic acid on the 
polymer were observed only after 24 h. The degradation degree of the polymeric 

TABLE 1 

Amount of reducing groups (J.lmol) liberated by degradation of polymeric and oligomeric sub-
strates by exo-D-ga lacturonanase 

Incubation, h 
Sample" 

0·5 24 48 120 144 

A 186·3 294·6 449·2 720·6 1 280-4 1 566· 8 1754·4 1998·6 
B 197·8 355·0 491·0 77 1·0 1 339·2 1739·2 1 814·3 2 152·3 
C 186·2 294·0 449·3 720·0 1302·0 1709·2 1791·0 2098·1 
D 53-9 103·6 130·8 169·9 211 ·6 248·1 268·2 308·2 
E 30·' 50-4 65·3 107·8 174·6 209·0 -231,2 247·0 

a A a 1 % so lut ion of sodium pectate , B a I % solution of sodium pectrate with an addition of hexa
galacturonie acid (I 00 mg), Ca l % solution of sodium pectate with addi tion of trigalacturonic 
acid (100 mg), D hexagalacturonic acid (100 mg), E trigalacturonic aeid (l00 mg). 

TABLE II 

Degree of degradation (%) of the polymer and oligomer substrates during incubation (h) by carrot 
exo-D-galacturonanase 

% of degradation after incubation, h 
Sample" 

0·5 24 48 120 144 

A 4·2 6·4 9·2 15·7 28 ·0 34·3 38 '9 43 ·3 
D 12·2 23·5 30·7 38 ·6 48'1 56·3 62·9 10·1 
E 6·8 11 ·4 14·8 21 '5 37·0 47·2 52·5 56·0 

a A, D, E substrates defined in Table I. 
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substrate was also reflected in the changes ofelulion volume of the partially d egraded 

polymer molecules (Table J II ). Deviations in the rat e and degradation degree of so
dium pectate due 10 the effect of hexa- and triga lacturonic acids were also seen 

in changes of elution vo lumes of the polymer degraded under modified conditions 
(Table III). 

Degradation products o f hexagalacturonic acid during a simult aneou s deg rada

tion of the polymer substrate (experiment B) are after a 5, JO a nd 30 min hydrolysis 
pentagaiacturonic and D-galacturonic acid s only. A 6 h hydro lysis afforded also 
trigalacturonic acid as a degradation product ; none theless the reaction mixture 

did not contain , at thi s stage of degradation, the sta rti ng substrate. Digalacturonic 
acid was found after a 48 h hydrolys is only, when the highe st degradable substrate 

TABLE III 

Time dependence (h) of the elut ion vo lume (ml) of the polymer substrat e during its degrada tions 
by exo-o -ga lacturona nase in the absence CA) and in the presence of oligoga lacturonic acids 
(8 and C) 

Elution volume (m l) after incubation , h 
Samplea ------,_.- ,-

24 48 120 
------- ----

A 202 205 219 246 290 312 325 

B 202 202 214 235 276 290 298 

C 202 202 2 19 245 262 280 290 

a A, B, C, substrates defined in Table T. 

TABLE IV 

Kinetics of exo-o-ga1acturonanase action on pentagalac turonic ac id (~mol of acids produced) 

Incubation o-Galacturo-
m in 

30 
60 

180 

nic acid 

9·80 
22·50 
30·26 

Tetragalacturonic Triga lacturonic 
------ _. -_ . .. _ .-

ca lculated" found ca lcu la teda found 

8·71 
20·50 
29·50 25'90 

o 
2·7l{ 

l XI 

a Calculated on the basis of a total multi-cha in process from the gai n or I ) · [';d.1l I' ; ', . ,,, ,. , . : 

fractionation on a Sephadex G-25 (Fine) column. 
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in the incubation mixture was tetragalacturonic acid. Exo-D-galacturonanase of car
rot degraded pentagalacturonic acid within 30 min at pH 5·1 and 30°C to tetra
galacturonic acid and monomer exclusively, within 60 and 180 min the further 
product was also trigalacturonic acid. Fractionation of degradation products of pen
tagalacturonic acid by gel chromatography jointly with monitoring the kinetics 
of the enzyme action showed that after 60 and 180 min degradation a 86% conver
sion of pentagaiacturonic acid to the tetramer was achieved instead of the anticipated 
100% one (Table IV, Figs 1- 3). 

FIG. I 

Quantitative analysis of degradation pro
ducts of pentagalacturonic acid after a 3 min 
incuba tion with exo-D-galacturonanase, after 
their separation by gel chromatography 
on Sephadex G-25 (Fine). Symbols 1, 3, 4, 
and 5 refer to the polymerization degree of oli
gogalacturonic acids 

FIG. 2 

Quantitative analysis of degradation products 
of pentagalacturonic acid after a 60 min 
incubation with exo-D-galacturonanase, after 
their separation by gel chromatography 
on Sephadex G-25 (Fine) 

FIG. 3 

Quantitative analysis of degradation products 
of pentagalacturonic acid after a 180 min 
incubation with exo-D-galacturonanase, after 
their separation by gel chromatography 
on Sephadex G-25 (Fine) 
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DISCUSSION 

The action of exo-D-galacturonanase a t a single and multi-chain process can be 

distinguished as fo llows (Scheme 1): 

SCHEME I 

L S n 
A' 

(n 
,Y 

[Sn 

/ '" 
( .' ) ~( 5 ) 

__ " ( 0 ) _ _ " 
(j - I: S~ _I ~----

(j -t- ES n .: 

I 

: (-I) 
y 

---------- ----.~- - .• _--_._-

E enzyme, S" sllb ~tratc of DP = n, (J ga lact uronic ac id 

E + Sn _1 + (J 

The single-chain action is a sum of successive reactions (1), (2), (3), (4), where certain 

enzyme molecule reacts with the same substrate molecule. The multi·chain action 

proceeds via reaction (1) an d (5), or (I ), (2) and (6), continuation by reaction (7) 

by a recombination with the same, or another substrat e. Both these conception 

were verified on one type of polymeric substrate of DP = 131 and o n two low-mo lc

cular substrates, namely hexa- and pentagalacturonic acid s. An increasc o f the 

reducing value a t a time-degradation of sodium pectate by exo-D-galacturonan3 se, 

and the change of the polymer molecu le size reflect ed in the elution vo lumc o f the 

original and partially degraded molecules were related whcn using the p o lymc ric 

substrate . As it follows from the mechanism o f exo-D-ga lacturonanase action Oil thc 

polymer substrate, it is very difficult in the fir st phases to di stingui sh whcth er I he 

single- or multi-chain process is involved , since thc fir st a tt ack canot , in rrin ci ;,1 

change the n ature of the molecule, but changes the chain lcngth to a litt k 

Therefore, the degradation was monitored ill vario us timc intcrvals dl lllJl! ' 

h-degradation. The single chain action in thi s ca ~ e influenccs lcss th e ' 1/ , 

mer molecule than does the multi-cha in process . i\ gradua l inu! ;' 

volume of a a partially degraded po lymer mo leculc incii cl i<" lh · 
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of the enzyme. To verify this presumption, the interaction of exo-D-galacturonanase 
with a polymer substrate was investigated in the presence or in the absence of hexa
and trigalacturonic acids. An addition ofhexagalacturonic acid proved the multi-chain 
process at the polymer substrate. Hexagalacturonic acid was able to compete with the 
polymer for the enzyme already in the starting phases of the reaction. This was mani
fested by an enhanced amount of the freed D-galacturonic acid when contrasted 
with the experiment in which the enzyme degraded the polymer substrate only. 
At an alternating interaction of the enzyme with the polymer substrate alld hexa
galacturonic acid an increased amount of freed D-galacturonic acid and particularly, 
degradation products of hexagalacturonic acid were observed. This was associated 
with a slowing-down of degradation of polymer chains, and consequently also 
with a gentle increase of elution volume of the degraded polymer molecules upon 
time. The products of degradation of hexagalacturonic acid determined after separa
tion of the polymer by gel filtration are also in favour of the multi-chain process. 
Exlusively pentagalacturonic and D-galacturonic acids were found to be the reac
tion products after a 5, 10 and 30 min hydrolysis. Only after a 6 h-hydrolysis , when 
no hexagalacturonic acid was present in the reaction medium, tetramer and trimer 
were the products of reactions. During a 120 h-hydrolysis none significant amount 
of the monomer in the excess of hexagalacturonic acid was found in any phase, 
what could indicate the single-chain process of the exo-D-galacuronanase action. 
Difference between the simultaneous interaction of the enzyme with the polymer 
and trigalacturonic acid, and the alternating interaction of the polymer with hexa
galacturonic acid was that trigalacturonic acid started to compet~ for the enzyme 
only after a 24 h incubation , and even with a lowered effect. This is e~idently due to 
a lowered affinity of exo-D-galacturonanase towards trigalacturonic acid when 
contrasted with hexagalacturonic acid and sodium pectate; these results are in agree
ment with those we have already reported 11. 

A predominant mode of action of the enzyme process only can be observed during 
interaction of exo-D-galacturonanase with the polymer substrate in the presence, 
or in the absence of oligomer substrates. The single- or multi-chain mechanism 
of action of exo-D-galacturonanase can be distinguished when using the precisely 
defined oligomeric substrates and monitoring both the kinetics of the enzyme process 
and the reaction products in the individual phases of the reaction. Four D-galacto
pyranuronic acid units can be cleaved from each molecule of the pentamer when 
degrading pentagalacturonic acid by exo-D-galacturonanase. In the case of a single
-chain process (under a great excess of the substrate) only D-galacturonic acid should 
result in addition to the not degraded pentagalacturonic acid molecules. The amount 
of liberated D-galacturonic acid should be identical with that of the tetragalacturonic 
acid formed in the exclusive multi-chain process provided a sufficient amount of the 
original substrate in the medium. Therefore, theoretical valUes of intermediates 
for a full multi-chain process were calculated for three time-intervals. The real 
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amount of intermediates was determined after fractiona tion of degradation products 

by gel chromatography. As it follows from results of these experiments only I11ulti
-chain process of degradation of pentagalacturonic acid took place at a 30 min 

lasting hydrolysis. This is in line with findings reported by Bailey and Whelru1 5 who 

attained the highest ratio of multi-chain action (98/~) with degradation of maltohexose 
by purified soya-been ~-al11ylase, whereas the ratio for polymeric amylose was much 

lower. Our experiments showed that the 60 and 180 min hydrolyses of pentagalactufo
nic acid gave a 14% deviance from the theoretically presumed totally multi-chain 
process. The fact that digalacturonic ac id as intermediate was not observed in the 

whole phase of minotoring the reaction , and trigalacturonic acid fonned only 14% 
of the amount of the tetramer originated, and only minimal amount of the original 

substrate was present let us refuse a single-chain mechani ~m of pentagalacturonic 
acid degradation. The occurrence of trigalacturonic acid as a product of degradation 

at a 60 and 180 min hydrolyses, presuming the total multi-chain action, can be 
explained by two alternative ways. The first is based upon a multi-chain process 

with a iterative attack (maximum two cleaved D-galacturonic acid units per one 
effective collision of the enzyme with the substrate). A more probable alternative 
is based on the presumption of randomness of the attack during the multi-chain 

process, when this becomes a competitive substrate of the enzyme process in the 
excess of the product of tetragalacturonic acid. A multi-chain process for the action 

ofexo-o-galacturonanase was a lso supposed by Pressey and Avants l 6
, who investigat

ed the degradation course of pectic acid by exo-o-galacturonanase from apricot 
by gel chromatography on Sephadex G-lOO. The finding reported by Milll7, who 

proposed the multi-chain mechanism on the basis of the course of cleavage of tri
galacturonide by exo-o-galacturonanase from Asperg illus niger mycellium was 

in line with our results. The measure for the multi-chain a ttack showed by any enzyme 
seems to be ClOse to kinetic constants, governing the vitality of the enzyme-substrate 
complex and limiting the time of catalytic transformation I8

-
2o

. Following the usual 

relationships of eJlZyme kinetics expressed by Michaelis and Menten, the modeJl 

of enzyme action depend s on the relative rate constants kl ' IL l and 1<2 controlling 
the formation, dissociation and reaction of the inermediate ES complex. 

This paper reports the multi-chain mechanism of degradation of polymer sub

strate by exo-o-galacturonanase from carrot. The employed methods do not , however, 
exclude involvement of a single-chain process at a gradual degradation of the poly

mer molecule. This project could be so lved on the basis of experimentally deter
mined rate constants responsible for the formation of ES compJex, for di ssociation 

of this complex and for the reaction giving the pro duct. The vita lit y of thc ell/ YI1l<': 

-substrate complex at a simple collision is given by the ratio "2 /k _ I' Till' reL II I' " 
ship between the Michaelis constant and rate con stant s can se rve for dnI 1lc l"F I l i c' 

multiplicity of the attack. This paper has been a imed to characteri z<.: IhL' 1" ,1;,' 1111 ,1; 

processes. 
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