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Summary 

A D-galacturonanase (EC 3.2.1.67) catalyzing the degradation of D-galac- 
turonans by termmal achon pattern was punfmd from a culture filtrate of 
Asperglllus n~ger by a procedure Including the saltmg-out with ammonmm 
sulfate, preclpltatmn by ethanol, chromatography on DEAE-cellulose, and gel 
chromatography on Sephadex G-100 The obtained preparatmn was shghtly 
contaminated by an enzymmally reactive protem fraction Maximum achwty 
and stability of the enzyme was observed at pH 5 2. The enzyme degrades 
dlgalacturomc acid, p-nltrophenyl~-D-galactopyranuromde, as well as ohgo- 
galacturomdes containing at the nonreducmg end 4-deoxy-L-threo-hexa-4-eno- 
pyranosyluronate It differs from all A roger enzymes so far descnbed which 
degrade D-galacturonans by the termmal actmn pattern, in not clearly prefer- 
ring low-molecular substrates It is therefore classffmd as an exo-D-galactu- 
ronanase 

Introduction 

Exo-D-galacturonanases*, (poly-l,4-~-D-galacturomde-galacturonohydrolase, 
EC 3 2.1.67) catalyze the hydrolytm cleavage of terminal glycosldm a-l ,4 hnk- 
ages of D-galacturonans, releasing D-galacopyranuronm acid as the sole reaction 
product The degradation catalyzed by mmroblal and plant exo-D-galacturona- 
nases proceeds from the nonreducmg end of the D-galacturonan chain 

The differences m some propertms, especially m the preference of substrates 
with respect to their degree of polymenzatlon, metal ion requirement, and pH 
optimum, observed with some of the exo-D-galacturonanases so far described, 
lndmate that m spite of the same action pattern, the mechamsm of action of 

* So fax called exopolygalacturonase The new name, proposed by Professor D e r e k  H o r t o n  (private 
commumcatlon) is m agreement w~th the name of the  preferred  substrate  
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these enzymes may not be identical These differences are displayed not  only 
by enzymes of dllferent origin, but also by enzymes produced by the same 
biological specms Mill [1,2] purified two exo-D galacturonanases from a cul- 
ture extract of Aspergdlus ntger, of whmh one, activated by mercury ions, 
preferentially degraded low-molecular substrates The ratio of degradation 
rates of high-molecular D-galacturonans to digalacturomc acid was 1 85 The 
other enzyme, not  activated by metal Ions, degraded dlgalacturonic acid 11 
times faster than polymeric substrates Hatanaka and Ozawa [3] described an 
A n~ger exo-D-galacturonanase which, unlike many other exo-D-galacturona- 
nases, also degraded the substrates containing 4-deoxy-L-threo-hexa-4-eno-pyra- 
nosyluronate at the nonreducing end This enzyme degraded dlgalacturonlc 
acid 6 3 times faster than a polymeric D-galacturonan For exo-D-galactu- 
ronanases purified from a culture extract of Acrocyhndnum [4] and Penzc~l- 
llurn dlgltatum [5],  the chain length of a substrate is not  a factor determining 
the degradation rate In none of the mentioned papers were substrates with 
different degree of polymerization used at eqmmolar concentrations, so that it 
is not  clear, in some cases, to what extent  the differences in the rate of cleavage 
reflect the influence of the effective concentration of the cleavable terminal 
bonds, and to what extent  they reflect the differences in the mechamsm of 
enzyme action. It was proposed to differentiate between the enzymes operating 
by termmal action pattern according to preferred substrates and to classify 
those clearly preferring low-molecular substrates as ohgogalacturonide hydro° 
lases [6,7] 

In the course of the punfication of an extracellular endo-D-galacturonanase 
from a culture filtrate of A niger [8] it was found, unlike a previous finding, 
[9] that  the starting materml has a low activity of a D-galacturonanase which 
acts by the terminal action pattern It was the purpose of our experiments to 
purify the enzyme and to compare its properties with those of other exo-D- 
galacturonanases of A ntger described so far 

Materials and Methods 

Subs tra tes 
Pectic acid (polygalacturonlde content  75 5%, molecular weight 27 000) was 

prepared from a commercial apple pectin by repeated alkaline de-esterlflcation 
with 0 1 M NaOH, followed by the precipitation at pH 2 5 

Homologous ohgogalacturomc acids, degree of polymerization 2--4, were 
prepared from a partial acid hydrolyzate  of pectic acid by gel chromatography 
on Sephadex G-25 Fine as descnbed elsewhere [10] The purity of ohgogalac- 
turomc acids was tested by thin-layer chromatography on slhca-gel according to 
Koller and Neukom [11],  as well as by the determmatlon of reducing groups 
by the Nelson-Somogyl method [ 12] and by titration of carboxyhc groups 

Acid soluble pectic acid {degree of polymerization 10 + 1) was prepared by 
treating apple pectin in 0 5M H2SO4 at 100°C for l h  [13],  followed by 
repeated chromatography on Sephadex G-25 Fine [ 10] and desaltmg on Sepha- 
dex G-10 The content  of polyuromde and the degree of polymerization were 
characterized on the basis of carboxyhc group and reducing group content,  
determined as in the case of ollgogalacturonlc acids 
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4,5-Dehydrogalacturonosyl-a-D-trlgalacturonlc acid (4,5-unsaturated tetra- 
galacturonm acid) was prepared by  the ~-ehmmatlve degradation of highly es- 
tenfled pectin (degree of  esterlflcatlon 95%) carried out  at pH 6.8 and 100°C 
The degradation products  were fractlonated by chromatography on Dowex 
1X8, fol lowed by  chromatography on Sephadex G-25 Fine [10] and desaltlng 
on Sephadex G-10 

p-Nltrophenyl-a-D-galactopyranuronlde was a preparation obtamed from Dr 
K. Schwabe, Central Insti tute for Cancer Research, Berhn-Buch (Germany) 

Enzyme assay 
Exo-D-galacturonanase activity was determined by measurmg the initial rate 

of  reducing group increase by a spectrophotometr lc  method using Nelson- 
Somogyi reagent [12] In a typical expenment ,  a senes of  0 5-ml ahquots of  
the substrate solution and 0 5 ml of  enzyme solution were mixed and incu- 
bated for different time intervals at 30 ° C. An 0.5% solution of sodium pectate, 
pH 5.2 (0 1 M acetate buffer) or dlgalacturonic acid (1 pmol per ml) in the 
same buffer  were used as substrates The reducing groups were determined by 
means of  a standard graph for D-galactopyranuromc acid The initial velocity is 
defined in pmol  of  reducing groups liberated by 1 mg of protein per mm The 
protem content  was determined by the method of  Lowry et al [14] 

For the determination of the pH opt imum, digalacturomc acid in 0 1 M 
acetate buffers of  pH 3--6 and in 0 1 M phosphate buffers, pH 6 5 and 7 0, 
respectively, was used as a substrate. The effect  of pH on the stability of the 
enzyme was examined by incubating the enzyme in the above-mentmned buf- 
fers for 2 h The enzyme solution was then adjusted to pH 5 2 and a constant  
volume, and the activity on digalacturomc acid was determmed 

The activity of  exo-D-galacturonanase on p-nltrophenyl-a-D-galactopyra- 
nuronlde was determined by measuring the Increase in absorbance at 405 nm, 
after adjustmg pH of the reactmn mixture to 10, as well as by the analysis of  
liberated D-galactopyranuronlc acid by thin-layer chromatography 

Specificity of exo-D-galacturonanase was exammed on the basis of the analy- 
sis of  reaction products  by thin-layer chromatography using sodium pectate as 
a substrate 

Purlftcatlon of exo-D-galacturonanase 
Exo-D-galacturonanase was purified from a culture filtrate of A roger grow- 

ing 10 days on Czapek-Dox nutrient  medmm containing 1 5% citrus pectin as 
carbon source A crude preparation of pectic enzymes was prepared by a proce- 
dure including the salting-out of  proteins with ammonium sulfate (0 9 satura- 
tion), precipitation with ethanol and desaltlng by gel filtration on Sephadex 
G-25 Medmm, as described previously [ 14] 

1 5 g of  the crude preparation containing 30 units of  exo-D-galacturonanase 
were chromatographed on a column of DEAE-cellulose, 3 8 cm × 22 cm, 
equilibrated with 0 005 M phosphate buffer, pH 7 0 The column was eluted 
using phosphate buffers of  gradually increasing concentration. The course of 
the fractyonatlon was fol lowed by recording the absorbance at 280 nm The 
fractions eluted with 0.15 M phosphate were collected, freeze-dned, desalted 
by gel filtration on Sephadex G-25 and again freeze-dried 
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The obtained preparation (37 mg containing 21 umts of  enzyme act:wty) 
was then chromatographed on a column of Sephadex G-100, 1 4 cm × 90 cm, 
equilibrated with 0.5 M solution of  sodium chloride in 0 1 M acetate buffer, pH 
5 2 In addlhon to absorbance at 280 nm, D-galacturonanase activity was deter- 
mmed in mdlvldual fractions, using sodmm pectate as a substrate The fractmns 
containing exo-D-galacturonanase were desalted on Sephadex G-25 and freeze- 
dried 

The purity of  the preparation was tested by electrophoresls on polyacryl- 
amlde gel performed m Tns/glycm buffer, pH 8 3, at 4°C using a potential of 
3 V/cm [16,17] 

Results and Discussion 

The course of  the punhca t lon  of exo-D-galacturonanase from the crude 
enzyme preparation is shown m Figs. 1 and 2 and m Table I The mLxture of 
proteins present m the crude preparahon (see dlsc-electrophoretm pattern, 
Table I) was separated by chromatography on DEAE-cellulose mto six frac- 
hons The frachons eluted with 0 1 M phosphate (3), 0 2 M phosphate (5), and 
0 4 M phosphate (6) showed respechvely, endo-D-galacturonanase, pectmester- 
ase, and polymethylgalacturonase act]vlty The fraction eluted with 0 15 M 
phosphate (marked by the arrow), whmh has been overlooked m the previous 
experiments [15] ,  contamed a D-galacturonanase whmh degraded dtgalactu- 
romc acid and hberated D-galactopyranuronm acid from a polymeric D-galac- 
turonan as the mmn product  Traces of ohgogalacturonm ac:ds found besides 
D-galacopyranuromc acid as the product  of  pectic acid degradation, indicated a 
slight contammatlon of  the enzyme by endo-D-galacturonanase, the main por- 
tion of  whmh was eluted from the column with the preceding buffer By 
polyacrylamlde gel electrophoresls three protein fractmns were found The 
removal of the endo-D-galacturonanase was achieved by gel chromatography on 
Sephadex G-100 By this procedure two peaks were obtained (Fig 2) The first 

A280 

2 3 4 $ 6 

Fig 1 C h r o m a t o g r a p h y  of  the  c rude  e n z y m e  p r e p a r a t i o n  on  DEAE-ce l lu lose  The  c o l u m n  (3 8 c m  × 22 
cm)  was e lu t ed  wi th  s o d i u m  p h o s p h a t e  b u f f e r s  of  (1) 0 0 0 5  M, (2) 0 05 M, (3) 0 1 M. (4)  0 15 M, (5) 
0 2 M (all pH 7 0), (6)  0 4 M. p H  6 0 l S - m l  f rac t ions  w e r e  c o l l e c t e d  at  30 m m  intervals  T h e  course  of  
the  s epara t ion  was fo l lowed  by r e c o r d i n g  the  a b s o r b a n c e  at 280  n m  n. f rac t ion  n u m b e r  
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Fig 2 C h r o m a t o g r a p h y  on Sephadex  G-100  of  the  f~achon  e lu ted  f r o m  the  DEAR-cel lu lose  c o l u m n  wi th  
0 15  M p h o s p h a t e  bu f fe r .  The  c o l u m n  (1 4 c m  × 90  c m )  was  e lu ted  wi th  0 5 M so lu t ion  of  NaCI m 0 1 M 
ace ta te  bu f fe r ,  p H  5 2, a nd  5-ml f rac t ions  were  co l lec ted  at  30  rain in tervals  Full  line, a b s o r b a n c e  a t  280  
n m ,  dashed  line,  D-ga lac tu ronanase  ac t iv i ty  d e t e r m i n e d  by  Ne l son -Somogy l  m e t h o d  an d  expressed  in 
abso~bance a t  530 n m  n, f r ac t ion  n u m b e r  

T A B L E  I 

S U M M A R Y  OF E X O - D - G A L A C T U R O N A N A S E  P U R I F I C A T I O N  

Specxfm ac t iv i ty  is expressed  m g m o l  of  r educ ing  g roups  l ibe ra ted  by  1 mg  of p ro t e in  rain -1 usm_g dl- 
ga l ac tu ronm  acid as subs t ra te  N 0, c rude  e n z y m e  p r e p a r a t i o n ,  N 1, f r ac t ion  e lu ted  f r o m  DEAE-ce l lu lose  
c o l u m n  wi th  0 15  M p h o s p h a t e  bu f f e r ,  N 2, f inal exo -D-ga lac tu ronanase  p r e p a r a t i o n  P o l y a c r y l a m l d e  gel 
e l ec t rophoresm was  p e r f o r m e d  in T r l s / g l y c m  buf fe r ,  pH 8 3 Th e  p ro t e in s  were  s ta ined b y  A m l d o  Black 
10 B 

P roduc t  Specif ic  ac t iv i ty  Disc e lec t rophores i s  
( p m o l  m g  -1 ) 

N O 0 034  

Nl  0 70  

N2 1 44  

I 
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peak contained the purified enzyme, endo-D-galactmonanase was present m the 
second peak 

As shown m Table I, the purlfmatlon procedure led to the removal of the 
majority of  contaminating proteins The activity of the final preparation was 
42 times higher than that of  the crude preparation However, the final product  
was still slightly contaminated by an unknown,  reactive protein fraction, which 
could not  be separated, even by further chromatography on Sephadex G-150 

The enzyme operates by the terminal action pattern liberating D-galacto- 
pyranuromc acid as the sole reaction product  It is active on dlgalacturomc 
acid, as well as on p-nltrophenyl-a-D-galactopyranuromde Its pH opt imum of 
activity and stability lies at pH 5 2 (Figs 3 and 4) In both cases the shift of pH 
to acldm or alkahne side results m a sharp decrease m speof lc  activity The 
effect of  temperature on the activity and stability of  the enzyme is illustrated 
in Figs 5 and 6 The temperature stability was investigated by incubating the 
enzyme solution In 0 1 M acetate buffer, pH 5 2, for 4 h at various tempera- 
tures The activity of  the enzyme was then determined at 30°C 

W~th respect to the pH opt imum, the enzyme is s~mflar to the exo-D-galac- 
turonanase isolated from a mycelhum extract of A niger [1] which was acti- 
vated by Hg e÷ ions Therefore the effect  of HgC12 on the actlwty was exam- 
reed It was found that neither Hg 2÷ nor other divalent cations (Ca 2÷, Cu 2÷, 
Mn 2÷, Zn 2÷) affected the actxvlty of the enzyme 

For the comparison of  the enzyme with exo-D-galacturonanase described by 
Hatanaka and Ozawa [3] ,  the activity on 4,5-dehydrogalacturonosyl-D-trlgalac- 
turomc acid was determined It was found that the substrate is degraded at the 
same velocity as the corresponding saturated ohgogalacturomc acid Trlgalac- 
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F i g  3 E f f e c t  o f  p H  o n  t h e  a c t i v i t y  o f  e x o - D - g a l a c t u r o n a n a s e  D l g a l a c t u r o m c  a c i d  m 0 1 M a c e t a t e  b u f f e r s  
o f  p H  3 - - 6  a n d  m p h o s p h a t e  b u f f e r s ,  p H  6 5 a n d  7 0,  w a s  u s e d  as  s u b s t r a t e  

F i g  4 E f f e c t  o f  p H  o n  t h e  s t a b l h t y  o f  e x o - D - g a l a c t u r o n a n a s e  T h e  e n z y m e  s o l u t i o n s  in  b u f f e r s  o f  v a r y i n g  
p H  w e r e  i n c u b a t e d  a t  3 0 ° C  f o r  2 h T h e  s o l u t i o n s  w e r e  t h e n  a d j u s t e d  t o  p H  5 2 a n d  to  a c o n s t a n t  v o l u m e ,  
a n d  t h e  t m t l a l  v e l o c i t y  o f  d l g a l a c t u r o m e  a c i d  d e g r a d a t i o n  w a s  d e t e r m i n e d  
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Fig 5 E f f e c t  o f  t e m p e r a t u r e  on  the  ac t i v i t y  of  e x o - D - g a l a c t u r o n a n a s e  An 0 5% s o l u t i o n  of  s o d i u m  

p e c t a t e  in  0 1 M ace ta t e  b u f f e r ,  p H  5 2, was  u s e d  as s u b s t r a t e  

Fig  6 E f f e c t  o f  t e m p e r a t u r e  on  the  stabLb.ty of  e x o - D - g a l a c t u r o n a n a s e  E n z y m e  s o l u t i o n s  in 0 1 M 

a c e t a t e  b u f f e r ,  p H  5 2, were  i n c u b a t e d  at  t he  r e spec t ive  t e m p e r a t u r e s  fo r  4 h The  imt i a l  ve loc i t y  o f  

s o d m m  p e c t a t e  d e g r a d a t i o n  was  t h e n  d e t e r m i n e d  a t  3 0 ° C  

turomc acid was the primary saturated product  of the reaction. This lndmates 
that  the -OH group at C-4 of the sugar umt  at the nonreduclng end of the 
substrate is not  essential for the catalytm reactmn 

For the charactenzatmn and classlfmatlon of the enzyme, the effect of the 
degree of substrate polymenzat lon on the activity was investigated. In order to 
exclude the effect of the unequal concentration of the terminal cleavable 
bonds, which could lead to an inadequate interpretation of the results, the 
activity was determined on the substrates used at equimolar concentratmns. 
For comparison with the data presented in other papers, measurements were 

TABLE II 

ACTIVITY OF EXO-D-GALACTURONANASE ON SUBSTRATES OF DIFFERENT DEGREE OF 

POLYMERIZATION 

(GalpUA)n , ohgogalacturonic acld, degree of polymertzatlon n, I, substrates used m the concentration of 

i pmol m1-1 , n, substrates used in the concentration of 0 05% Specific activity is expressed tn pmol of 

r e d u c i n g  g r o u p s  m g  p r o t e i n  -1 m i n  -1 

S u b s t r a t e  Spec l fm ac t iv i ty  

I II  

( G a l p U A ) 2  1 66 1 99 
( G a l p U A ) 3  4 30 3 61 

( G a l p U A )  4 6 80 
( G a l p U A ) 1 0  4 00  2 42 
S o d m m p e c t a t e a v  DP = 153  I 90 0 52 
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made m whmh the substrates with a degree of polymerization 2, 3, and 10, as 
well as sodmm pectate, were all used at the same percentage concentration 

As is seen m Table II, among the substrates used, tetragalacturomc acid is the 
substrate of  preference A shortening, or elongabon of the substrate chain 
length resulted in a decrease in the rate of glycosldm bond sphttmg The ratm 
of the rates of tetragalacturomc acid and dlgalacturomc acid degradatmn was 
found to be 4.1 1 The degradatmn rates of dlgalacturomc acid and the poly- 
meric substrate, used at equlmolar concentrations, are approximately equal, 
while at a concentratmn of 0 05% of both substrates, dlgalacturomc acid was 
degraded 3.8 times faster than the polymeric substrate From this pomt  of 
vmw, the extracellular enzyme of A ntger differs from all mycelhal D-galac- 
turonanases so far described whmh operate by terminal actmn pattern, by not 
prefemng low-molecular substrates, therefore it may be classffmd as exo-D- 
galacturonanase 
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