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Abstract--The products of hydrolytic action of 18 enzyme preparations at pH 3.5 and 5.5 on pectate were ana- 
lyzed by gel-filtration chromatography early in the course of reaction (E&150/, hydrolys$ and at a time 10 times 
that required for 107” hydrolysis. The degree of hydrolysis at the latter time varied from 25 to 74%. Three patterns 
of oligosaccharidc production could be distinguished: endo-hydrolysis, euo-hydrolysis, and that due to S-poly- 
galacturonase. The initial products ofrndo-hydrolysis were mixed oligosaccharides 5-30 units long; monomer and 
dimer appeared early but represented less than 2?/,of the products until late in the reaction. euo-Polygalacturonase 
(not entirely free ofendo-) showed predominant productIon of the monomer and was clearly evident wl;cn mixed 
with four parts of endo-polygalacturonase. The time course of reducing group production by highly purified S- 
polygalacturonase could be reproduced by the above mixture of rxo- and endo-polygalacturonases, but the pat- 
tern of products and the pH relations could not. The initial products of S-polygalacturonase were monomer, 
dimer and pentamer with lesser amounts of trimer and tetramer. After the hydolysis of the polymer and large 
oligomers, the pentamer was attacked by S-polygalacturonase, in the same way that the accumulated hexamer, 
etc. were finally hydrolyzed by the endo-polygalacturonase. 

lNTRODUCTlON 

It has been recognized for many years that the pat- 
tern of hydrolysis of polysaccharides differs with 
different enzymes. In particular, the en&-type, 
exemplified by x-amylase (E.C. 3.2.1. l), is thought 
to hydrolyse in a random manner, while the eso- 
type, such as fi-amylase (E.C. 3.2.1.2), removes suc- 
cessive identical units from one end of the chain. 
Until the development of gel-filtration chromat- 
ography. however, there were no easy methods of 
actually observing the distribution of molecular 
sizes among the products of the so-called random 
hydrolysis, nor the residues from the endwise 
attack. This paper is a report of a study of such 
molecular distributions with purified preparations 
and mixtures of polygalacturonases [Poly (1,4-x- 
D-galacturonide) glycanohydrolase ; E.C. 3.2.1.15; 
Poly (1,4-r-D-galacturonide) galacturonohydro- 
lase, EC. 3.2.1.671. In addition to partially purified 
preparations which can be classified as exo- or 
endo-, a highly purified preparation is described 
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which yields a pattern that is distinct from either. 
There is only one previous report on the use of gel- 
filtration chromatography to study the products of 
polygalacturonase [ 11. 

RESULTS 

Time course of hydrolysis; starldardized samples 

A standardized comparison between prep- 
arations (whose courses of hydrolysis deviated 
from linearity after l&30% hydrolysis) was made 
by taking two samples for analysis at each pH, 1 
during the linear hydrolysis period (S-15% hydro- 
lysis) and 1 at 10 times the time required for 10% 
hydrolysis (10 x 10). 

Table 1 shows the measured extent of hydrolysis 
at 10 x 10 for all the samples investigated, ranging 
from 25 to 74%. Table 1 also shows the ratios of 
the rates of hydrolysis at pH 3.5 to those at pH 5.5, 
ranging from 0.54 to 39. 

None of the enzyme preparations tested hydro- 
lyzed the pectate completely, and the most com- 
plete hydrolysis measured was only 85% at more 
than 1000 times the time required for 10% hydroly- 
sis (fraction 3b). Furthermore, irrespective of the 
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Table I. Extent of reaction and ratio of initial rate at pHs 3.5 and 5 5” 

I:nz\ime preparation 
or fraction 

______ ___--. 

2d 

3h 
41~ 
5b 

YPG: 

3R + YPG(3:l) 
3R -t YPG(I:-I) 

* Reaction used pcctate (50 mM uranic acid equivalents), 50 mM NaCl or acetate. and suflicient cnryme to gi\c IO”,, hydrolysis 
in 0.5~ 3 hr. except for fraction 2D and Lipasc B where the pH 5.5 experlmcnts took 39 and hS hr to IO”,,. rap. The adjust4 cur~cs 

for 2D neverthclcss coincided. Figure I contains &cl-filtration analyses of the products from these cspcrmients. The IOO”,, ~xluc 
150 mM) was detcrmincd colorimetricallv. the dcgrec of reaction by rcducinp group titration. 

t Ten times the time required for Io”,,~hydroly&. 

: Yeast I70l~pnlactLlronn\c. 

enzyme source or purity. at 10 x 10 there was a 
residue all the way to the void volume of the 
column. In this residual continuum, there were 
always tw,o peaks. one at the void volume. and one 
further on. Summation of the calorimeter data 
gave 4.5”,, as the minimum amount in these two 
peaks. All of this continuum was predominantly 
galacturonic acid, but a concentrated and acid 
hydrolyzed sample of the first peak showed, in 
addition. the presence of rhamnose, xylose and 
galactose (plus a little glucose from starch). The 
lower M W peak contained more galacturonic acid. 
but other sugars were also present. 

Figure I (A-R) shows the patterns of small oli- 
gosaccharides found in the 10 x 10 samples. 
arranged in order of increasing per cent hydrolysis 
at that time. The higher members (P, Q_ R) show 
a predominance of monomer; none of the other 
hydrolysis curves can be accounted for by a simple 
c>so-hydrolytic mechanism, such as the exclusive 
production of dimcr. On the other hand the pat- 
terns show a distribution of oligomers consistent 
with the per cent hydrolysis. In pattern B. for in- 
stance. the relative proportion of mono-, di-. tri-. 
and tetra-mer is 15. 20. 42 and 23”1,, respectively. 
on a molar‘basis, and can be calculated as repre- 
senting X7”,, hydrolysis. Taking into account the 
higher residues (not shown), this is in good agree- 
ment with the 31”,, hydrolysis found by titration. 

Parts A-1. K (Fig. 1) form one series (2547”,, hyd- 
rolysis) in which the dominant members gradually 
change from the trimer and tetramcr to the dime1 
and trimcr; at the same time as the pentamer and 
tetramcr disappear. the dimcr and monomer in- 
crease. Parts .I. N R form a second scrics. in which 
the monomer is dominant. becoming more so as 

the per cent hydrolysis increases from 35 to 74”., 
rr/lrl iii which the t~j/~~c~i. is 111001 uhimltr~~t thf f/w 
diuw (except in R). In contrast. parts L and M 
have the products arranged in a series decreasing 
continuously from monomer to pentamer. Thus. in 
Fig. 1 parts K. L, M and N show three diflererent 
patterns of hydrolysis, all at 47~~48”,, hydrolysis. 

While the patterns of oligosaccharides at 10 x 
10 are informative. those taken during the linear 

hydrolysis period are necessarily more indicative 
of the primary products of hydrolysis of the 
enzymes concerned. Three distincti\.e patterns 
again emerged. illustrated in Fig. 2. 

One pattern is due to c,rldo-polqgalacturonasc in 
which the primary product is a mixture of oligo- 
saccharides between the penta- and XI-mer. 

Detailed study using the yeast polqgalacturonase 
showed this material accumulated to more than 
half of the total saccharides during the rapid phase 
of the reaction. By the time the rate of reducing 
group production began to slow. oni\, one third of 
the saccharides were in units of hexamer and 
smaller (mainly pentamer and hexamer) with an 

insignificant amount ( <?,,) of mono- and di-mer. 
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4 32 I 43 2 I 

D.P 

Fig. 1. Gel-filtration chromatography of oligosaccharides at 
IO x 10% hydrolysis. Vertical scale marks are 100 Klett units 
(proportional to absorbance). using 0.2 ml aliquots of each frac- 
tion (ca 2 ml each, indicated by steps in pattern). Degree of 
polymerization (D.P.) is the number of monomer units per 
molecule. Samples (in order of I>‘, hydrolysis, see Table I) are: 
A-yeast rndo-polygalacturonase, pH 5.5: B-yeast rrldo-poly- 
galacturonase, pH 3.5; C-Pectin01 45AP, pH 5.5; &fraction 
5b. pH 5.5; E-fraction 4b, pH 5.5; F-Pectin01 46AP, pH 5.5; 
G-fraction 5b, pH 3.5; H-Pectin01 45AP, pH 3.5; I-fraction 
4b, pH 3.5; J- Lipase B, pH 5.5; K--Pectin01 46AP, pH 3.5; 
L-fraction 2d, pH 3.5; M-fraction 2d. pH 5.5; N--mixed 3b 
and yeast enzyme (1: 4), pH 3.5 ; 0---Lipase B. pH 3.5; P-frac- 
tion 3b, pH 5.5; Q--mixed 3b and yeast enzyme (4: 1). pH 3.5; 
R--fraction 3b. pH 3.5. Estimated height of broken peak in M 

is 1000 units, and in 0, P, Q and R is near 1500. 

Subsequently, the larger oligomers were hydro- 
lysed, including the penta- and hexamer, produc- 
ing the pattern shown in Fig. 1. (On further incu- 
bation, the tetramer disappeared.) The viscosity 
was reduced 90% about halfway through the linear 
hydrolysis period. The standardized survey sam- 
ples at early times showed that all those in the first 
mentioned series above, except that due to the Pec- 
tinol 46AP at pH 3.5, (Fig. lK), gave similar pat- 
terns. Using the yeast polygalacturonase as a stan- 
dard, the extents of hydrolysis at 10 x 10 (25-42x) 
and the pH ratios (0.54-1.6) (Table 1) evidently are 

Eluted fraction 

Fig. 2. Gel-filtration chromatography of early hydrolysis pro- 
ducts of rndo-, exe- and S-polygalacturonases. Coordinates as 
in Fig. 1. Part A shows yeast endo-polygalacturonase, pH 5.5, 
95”/, viscosity reduction, 6:; hydrolysis (0.8U,L pectate, diluted 
2 x for chromatography, 0.9 ml aliquots); B is fraction 3b. pH 
3.5, 8% hydrolysis (0.9% pectate, 0.8 ml aliquots); C is fraction 

2d, pH 3.5, 10% hydrolysis (0.9:” pectate, 0.8 ml aliquots). 

measures of impurity not shown in the qualitative 
patterns. 

The second pattern shown at early time is due 
to an exe-polygalacturonase (cutting off a mono- 
saccharide) with varying amounts of endo-polyga- 
lacturonase [2]. Fraction 3b at pH 35 showed 
least endo-polygalacturonase, and the monomer 
was the primary product (Fig. 2b). The pattern at 
pH 5.5 was similar, but with much more oligomers. 
Mixtures of this with the yeast endo-polygalactur- 
onase showed that the addition of 1 part endo- to 
4 parts rxo-polygalacturonase (parts by reducing 
group assay units) was qualitatively insignificant, 
while the reverse mixture produced the endo- pat- 
tern with monosaccharide added, both at early 
times and at 10 x 10 (Fig. 1 N, Q). Pectin01 46AP, 
which fell into theIirst series at 10 x 10, at pH 3.5 
at early time fell into this series, further demon- 
strating the value of samples at two times. Lipase 
B fell into this series at 10 x 10, (Fig. 1 J, 0) but 
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at pH 3.5 at early time was the only mixture tested 
that showed evidence of the third pattern (below). 

The third pattern of ofigosaccharide production 
(Fig. 1 L. M. Fig. r 2 C) is that of fraction 2d. In time 
course studies, it was found that from the very ear- 
liest time to the end of the rapid hydrolysis period 
the most prominent product peaks were the mono-. 
di- and penta-saccharides. The tri- and tctra-sac- 
charidcs were relatively minor and there was much 
less production (a maximum of IS”;, of the total) 
of the fargc oligosaccharides than was found with 
cl/&-polygalacturonasc. Ninety per cent viscosity 
reduction required nearly the whole linear reaction 
phase. By the end of the linear reaction period, 
about 250,, of the polymer had been converted to 
mono- and di-mer. and 10’:,, to pentamer. The pcn- 
tamer increased further. to about 2Y,, of the 
whole, before disappearing. Thus. although the 

shape of the hydrolysis curve of fraction 2d can bc 
duplicated by an appropriate mixture of c~do- and 
era-polygalacturonases (Table l), the pattern of 
oligosaccharide production cannot. The distinctive 
pattern cannot be discerned using the source mix- 
ture (Pectin01 46AP). but in another mixture con- 
taining much c.yo-polygalacturonase (Lipase B) the 
penta-sac&ride accumulated at early time at pH 
3.5. Further evidence for the distinctive character 
of this enzyme is the unique pH ratio (Table I); 
which was more than lo-fold that of the ~so-f?oly- 
galacturonase, and nearly %)-fold that of the clnllo- 
pofygalacturonase; assay at various pHs indicate 
that the optimum is at pH 3.8 4.4, with very little 
activity at pH 5, the optimum for rlldo-polygalac- 
turonase. If fraction 2d contained any of the fatter, 
it should be discernible by assay at pH 5.5; the pat- 
terns obtained at pH 3.5 and 5.5 are qualitatively 
identical. but suggest some cjndo-polygalactur- 
onase contamination at pH 5.5. If this should be 
as much as half of the activity at pH 5.5. it would 
be fess than 3V;, at pH 3.5. The ratio of mono- to 
di-mer was not consistent in all the experiments. In 
some the molar ratio was 1. but in others there was 
more monomer. This may be due to differences in 
reaction conditions (pH, salt concentration, sub- 
strate concentration). 

DISC~‘SSION IL 

The pH ratio and oligosaccharide products of 
fraction 2d are so divergent from the other prep- 

arations studied here that one must postufatc a 
mode of action difl‘ercnt from ~‘.Yo- or r,r~fo-. The 
failure of a further elcctrophoretic purification step 
to change the pattern (not shown), and the failure 
of repeated attempts to adsorb ~~~rdo-l~of~gaf~~ct~~r- 
onase on DEAE ccllulosc (used in the preparation 
of 2d). indicates that the properties of fraction 2d 
arc those of a unique pol~galacturorl~~sc. It GlIlnot 
be called an isocnzymc of tither L’.YO- or PIJ~/O-poly- 

gafacturonase: it nevcrthcless rescmbfcs ~~r~t/o- 

polygafacturonasl: in the f3roduction of. and rcla- 
tivc inactivity on. a series of oligos~lccllaridcs. The 
designation S-f~~~fygalacturonasc is f>roposcd. In 
its pH optimum. high hoat stabilit!, (it is also 
rather stable at f7H I ) and ratio of viscosity rcduc- 
tion to reducing group production (unpublished). 
S-pofygalacturonasc is the same as “Errdo-pol)ga- 

lacturonase II” of Endo [-iI (SK also 4). 
The patterns produced bq c~rlrfo-pofygafacttlr- 

onase during the linear hydrofq,sis period suggest 
random hydrolysis. The f>rimary product was 
material that \V;IS smaller than the starting 
polymer. but larger than the hex:lsaccharidc. Fur- 
thermore, the apf~arcntf~ unchanged material. 
chromatographing at the void volume of the 
Sephadex G25 column, \\ as really being degraded. 
since 5O’j(: viscosity reduction occurred before IY,, 
of it disappeared. HoLvcvcr. there arc limits to the 
randomness. In one pattern taken late in the linear 

hydrolysis period. the r&/r. r.~tio.s of mono-, di-. 
tri-. tetra- and hcxa-mcr b’crc‘ : 048. 0. I X, 0.59. I W. 
0.82 and fG rcspectivelq. It is c\ident that bonds 
near the end of the chain arc not rcadif! broken. 
A model analogous to that of lyso;/lme 151 stems 
suflicient to explain the action of c]rJrlo-f7ofygllf;lc- 
turonase. Demain and Phaff [6] have shown that 
yeast c~ndo-pol~galact~~~-~)ti~~s~ ftas a fowel- f>H opti- 
mum when working on short ofigosacchat-ides 
than when working on pcctate. This appears to be 
reflected in the dilrerences bctwccn the per cent 
hydrolysis at IO x IO at two pHs and in the pat- 
terns at earl) times. 

Some authors have claimed that the early pro- 
ducts of c,rJr(o-pol!galactllronase arc monomer or 
small oligomers. In some cases (e.g. [7.8]) this can 
be attributed to contamination by i~.~o-f~“l~g~lac- 
turonase, the inability to separate and \isuafi/e the 
larger ofigomers on PC or TLC. or both. This 
seems not to apply to the report of English of 
rrl. [ 11 that the primary products. as \vclf as the end 
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Table 2. Elution volumes of galacturonic saccharides on 
Sephadex G25 

Elution volumest Elution volumes? 
D.P.* Expt. 1 Expt. 2f D.P.* Expt. 1 Expt. 2: 

I 153 153 7 112 110 
2 145 144 10 102 99 
3 137 135 20 87 88 
4 131 126 30 81 84 
5 124 121 Polymer 76 78 
6 118 II5 

* D.P. Degree of Polymerization; the number of saccharide 
units per molecule. 

f Elution volumes were measured to the closest ml. From 
D.P. l-7, a graph of log (elution vol-void vol) vs D.P. gave a 
straight line: the elution vol of D.P. IO was extrapolated on that 
graph, while those of D.P. 20 and 30 were interpolated on a 
graph of I/D.P. vs elution vol, assuming the polymer peak was 
at D.P. 100. 

$ Experiments were the 1st and 10th of a set run about 3 
weeks apart on the same column without repacking, and were 
the hydrolysates at pH 3.5 from yeast polygalacturonase (I I Y/O 
hydrolysis) and fraction 2d (107” hydrolysis), resp (see text). 

products, of their enzyme are the tri-, di- and 
mono-saccharides (similar to Fig. 1 G, H, I). 

The crude preparations studied were chosen 
because of the range of variety of polygalactur- 
onases as determined by enzyme chromatography: 
mainly S-polygalacturonase in Lipase B, interme- 
diate in Pectin01 46AP, and nearly no S-polygalac- 
turonase in Pectin01 45AP [9]. These proportions 
were reflected in the order of the pH ratios (Table 
1). A peak possibly identifiable as the exo-polyga- 
lacturonase described here, was found [9] (labelled 
“III”) in the enzyme chromatograms, but it was a 
minor peak with the assay used and was often obs- 
cured. The patterns produced by the crude prep- 
arations, when compared to mixtures of purified 
endo- and rxo-polygalacturonases, indicate very 
little exo-polygalacturonase in the original pro- 
ducts, except Lipase B. Pectinols 45AP and 46AP 
have pH ratios (Table 1) lower than any fraction 
isolated from the latter, which indicates the exist- 
ence of a polygalacturonase with a higher pH opti- 
mum than any of the fractions isolated (se& also 

[I7, 101. 

EXPERIMENTAL 

Enzymes. Commercial preparations were from Aspergillus 
[9]. Pectin01 46AP was fractionated by pH gradient chromat- 
ography on cellulose phosphate [7,9] and combined into 5 
fractions. Fractions 2 and 5 corresponded to polygalacturonase 
peaks II and V of Ref. 9 while fractions 3 and 4 are the interven- 

ing material. Each fraction was rechromatographed in the same 
way, yielding fractions 2b, etc. Fraction 2b only was twice chro- 
matographed on DEAE-cellulose, yielding a product (fraction 
2d) free of pectin esterase (E.C. 3.1.1.1 l), giving a single large 
band on gel-electrophoresis, with pectin lyase (E.C. 4.2.2.10) as 
the only observed minor band. Electrophoretic removal of the 
latter did not affect the action on pectate. The yeast polygalac- 
turonase from Succharomyces fragilis [ 1 l] was chromatogra- 
phically purified, and corresponded to fraction Sb of Pectin01 
46AP. 

Gel jiltruriorl chromutography. A column, 1 x 245 cm, was 
filled (about 190 ml) with Sephadex G25 fine, in 0.1 M HOAc. 
Column packing must be diluted to about 5 x the packed vol 
while being added to the column under pres, and the metering 
pump (about 0,2ml/min) run for several hr before inserting 
each sample. 2 ml samples were applied to the top of this 
column, and fractions of about 2 ml collected. using 0.1 M 
HOAc as eluant. Samples were pre-dissolved. Precipitation of 
pectic acid in the eluant occurred rarely. Galacturonic acid and 
sucrose were used as standards, and peaks attributable to the 
heptamer or octamer were often found. Graphical extrapola- 
tion of the elution vol of the resolvable oligomers shows that 
oligomers up to about 30 units would have elution vol distinct 
from that of the starting material (Table 2). 

Chrmicul methods. Hydrolysis rates were determined by 
reducing group titration [12]. The amounts of galacturonic 
acid units in gel-filtration chromatography fractions were deter- 
mined by measuring the red color developed in the anthrone 
test 1131. Suitably diluted aliquots (1 ml) were mixed with 
HZSO, (6 ml) containing 0.2% anthrone, using the heat of dilu- 
tion for development. 

Suhstratr. Pectate (polygalacturonic acid) was reprecipitated 
with acidic isoPrOH. The washed. drv ppt was redissolved and 
diluted to 50 mM uranic acid equiv&ts (about 0.9% pectic 
acid) as measured with the anthrone test. The pH was adjusted 
with NaOH to 3.5 or 5.5. with the addition of 50 mM NaCl at 
pH 3.5, and 50 mM HOAc at pH 5.5. A similar purified sample, 
analyzed titrimetricallv. was 97”j anhydrollronic acid (ash-free 
dry wt) and 3:; csterifihd. Enzyme reactions were carried out at 
30-, and samples taken for oligosaccharide analysis by acidifica- 
tion (0.1 M HCI) and heating at 100’ for IO min. 
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