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ABSTRACT

Cladosporim resinae (1 - 3)-a-D-glucanase has been characterized as an endo-
glucanase capable of completely hydrolysmng insoluble (1-—3)-«-D-glucans isolated
from fungal cell-walls D-Glucose was the major product, but a small amount of
nigerose was also produced The enzyme was specific for the hydrolysis of (1—3)
bonds that occur 1n sequence, and nigerotetraose was the smallest substrate that was
rapidly attacked Isolated (1—3)-a-D-glucosidic linkages that occur in mycodextran,
1solichenin, dextrans, and oligosaccharides derived from dextran were not hydrolysed
Insoluble glucans synthesised from sucrose by culture filtrates of Streptococcus spp
were all hydrolysed to various Iimuts, the range was 11-61% A soluble glucan,
synthesised by an extracellular p-glucosyltransferase of S rmurans OMZ176, was not
a substrate, whereas mnsoluble glucans synthesised by a different D-glucosyltransferase,
1solated from S murans strains OMZ176 and KI1-R, were extensively hydrolysed
(84 and 92%, respectively) It 1s suggested that dextranase-CB, a bacterial endo-
(1> 6)-a-D-glucanase that does not release p-glucose from any substrate, could be
used together with C resinae (1—3)-a-D-glucanase to determine the relative propor-
tions of (1—6)-hnked to (1 —»3)-linked sequences of D-glucose residues 1n the insoluble
glucans produced by oral streptococc: The simultaneous action of the two D-gluca-
nases was highly effective 1in solubilizing the glucans

INTRODUCTION
(1—+3)-x-D-Glucanases!~* (EC 3 2 1 59) are capable of hydrolysing (1 —3)-a-D-

glucans that are components of the cell wall of several species of fungi®~1% Some
(1 >3)-a-p-glucanases? * *! *2 can also partially degrade the extracellular glucans

*For Part I, see Ref 11
tnée Dewar
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produced by Streprococcus mutans and Streptococcus sanguis, and by some strains of
Streptococcus salwarius These polysaccharides are synthesised from sucrose by p-
glucosyltransferases that are released into the culture fluids of D-glucose-grown
streptococc1! 1718 A glucan 1solated in this way from S mutans OMZ176 was shown
by methylation analysis!® to contain ~50% of (1—3) linkages The polysaccharide
was designated as “mutan”'” '®) so as to distinguish 1t from dextran, hitherto
defined as a polysaccharide composed of a substantial, if not a major, proportion of
(1—6)-linked «-D-glucopyranosyl residues

Enzymes specific for the hydrolysis of (1 —3)-a-D-glucosidic hinkages in poly-
saccharides were first 1solated! from culture filtrates of Trichoderma viride QM6a and
Pemcillium funiculosum that had grown in a medium containing (1->3)-g-D-glucan
(pseudonigeran) 1solated from the cell walls of Aspergillius niger Punfied T wviride
(1—3)-¢-D-glucanase? was characterized as an endo-glucanase, and the enzyme
displayed a broad specificity, hydrolysing such linear glucans as isolichenin and
mycodextran, where (1—3)-a-D- and (1—4)-a-D-glucosidic linkages alternate, 1n
addition to pseudomgeran, where (1 — 3)-a-D-glucosidic linkages occur 1n sequence’ 33
T iruide QM6a grown on medium supplemented with mutan did not produce an
enzyme capable of hydrolysing mutanl?, but Trichoderma harzianum OMZ779
grown under the same conditions produced a “mutanase” that, even after extensive
purification, was able to hydrolyse mutan completely 3

A survey® of over 200 micro-orgamsms revealed seven fung that produced up
to 10-fold higher yields of (1—3)-a-D-glucanase than could be obtained from either
T wride, or T harzianum, when the cultores were grown 1n a simple salts medium!?
with (1 —3)-x-D-glucan from Polyporus betulinus tramal tissue as carbon source
Among the meoest active producers of extracellular (1—3)-a-D-glucanase was one
orgamism, Cladosporium resinae QM7998, that was unique 1n its ability to produce
(1-3)-a-D-glucanase 1n the absence of (1-»3)-a-D-glucan Equivalent amounts of
enzyme were produced whether C resinae was grown on starch, D-glucose, or (1-3)-
«-D-glucan Partially punified C resinae (1-3)-z-D-glucanase was without action on
mycodextran?®, but was reported* to hydrolyse mutan to the extent of 24% after
prolonged mcubation

A punfied preparation of C resmnae (1-3)-o-D-glucanase was subsequently
mcubated with glucans'! produced from sucrose by twelve strains of Streptococcus
spp 1solated from human dental plaque The limit of hydrolysis of the insoluble
S mutans glucans was mm the range 27-47% Giucans from strains resembling S
senguis were more resistant to attack (9-18% hydrolysis), but their degradation
resulted 1 greatly increased soilubilization These results might be more easily
interpreted if more were known about the mode of action and specificity of C resinae
(1-3)-a-D-glucanase The limut of hydrolysis of pseudomgeran by endo-(1-»3)-2-D-
glucanases has not been reported

In this paper, we present a method for 1solating C resmae (1 - 3)-a-pD-glucanase
that 1s electrophoretically homogeneous The use of polysacchanides and oligosac-
charides having a known proportion and distribution of (1-—3)-a-b-glucosidic
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linkages has enabled the specificity of the enzyme to be defined The conditions
necessary to hydrolyse fungal (1—3)-a-D-glucans to the limit have been established
Under these conditions, the action of the enzyme has been tested on the glucans
synthesised from sucrose by purified p-glucosyltransferases i1solated from culture
fluids of S rmutans

MATERIALS AND METHODS

Carbohydrates — (1-—-3)-a-D-Glucan (pseudonmigeran) was i1solated from the
myceha of Aspergilfus mger NRRL326 as described by Hasegawa et al > The fungus
was grown 1n submerged culture 1n a 10-Iitre fermentor at the Unmiversity of New
South Wales, by courtesy of Professor B J Ralph Samples of pseudonigeran and
Polyporus betulinus glucan were kindly supplied by Dr E T Reese (1—-3)-a-D-
Glucan from Polyporus tumulosus® was provided by Dr V J Benderand by Dr D C
Ellwood, and Phytophora wifestans glucan® was a gift from Dr T Miyozaki Mutan!®
was synthesised from sucrose by the muxture of D-glucosyltransferases present in
culture fluids of Streptococcus mutans OMZ176 A sample of mutan was also
generously provided by Professor B Guggenheim Insoluble glucans!! from other
strains of S mutans, Stieptococcus sanguis, and Steptococcus salnarius were
simularly prepared by incubating cell-free filtrates with sucrose (4%) Isolichenin was
a generous gift from Dr J R Turvey, and mycodextran was purchased from Sturge
Co Ltd Streptococcus mutans K1-R (1-—3)-x-D-glucan was prepared by the action
on sucrose of a purified D-glucosyltransferase®! 1solated from culture filtrates
S mutans OMZ176 (1—3)-x-p-glucan and S rmutans OMZ176 soluble glucan were
stmilarly synthesised from sucrose by the action of p-glucosyltransferase-I and D-
glucosyltransferase-S, respectively The separation of these two D-glucosyltransferases
1s described below A mxed-linkage, msoluble glucan was also synthesised from
sucrose by the combined action of D-glucosyltransferase-S (0 043 1 u) and p-gluco-
syltransferase-I (0 004 1u)

Nigerose (N,) and migerose oligosaccharides (IN; and N,) were 1solated from
a partial, acid hydrolysate of pseudonigeran The polysaccharide (500 mg) was
heated with 90% formic acid (7 ml) for 10 mun at 100° Water (7 ml) was then added,
and heating was coni:nued for 3h Formic acid was removed by evaporation, and
the restdue was heated with 0 25M H,SO, (12 ml) for 15 min at 100° After neutrahza-
tion with BaCOj;, and removal of BaSO,, the supernatant solution was concentrated,
and the products were separated by preparative chromatography on Whatman
No 3mM paper A plot of the logarithm of the partition function against chain length
was linear, showing that the oligosaccharnides formed a homologous series Authentic
samples of migerose and mgerotriose were also kindly provided by Dr I R Johnston

Dextrans from Leuconostoc mesenteroides strains NRRL B-512(F) and
B-1355 (fractions S and L) were gifts from Dr A Jeanes The tetrasaccharide O-x-
glucopyranosyl-(1—3)- O-u-D-glucopyranosyl-(1 — 6)- O-a-p-glucopyranosyl-(1—6)-x-
p-glucopyranose (33-x-p-glucosyhisomaltotriose) and the branched heptasaccharide



418 G J WALKER, M D HARE

33-¢-p-glucosylisomaltohexaose (B,), which was possibly in admixture with 33-a-
1somaltosylisomaltopentaose, were 1solated?? from the reaction products of Penucil-
lium funiculosum dextranase on dextran B-512(F)

Total carbohydrate was estimated with a cysteine-sulphuric acid reagent?3
Reducing sugars were determmned by the method of Nelson2?, and p-glucose was
assayed with the b-glucose oxidase reagent as modified by Dahlqvist?® Separations
of glucose, 1somaltosaccharides, nigerosaccharides, and branched oligosacchandes
were made by paper chromatography on Whatman No 3MMm paper with ethyl
acctate—pyndine-water (10 4 3), detection was effected with alkaline silver mitrate?®

Bacteria — Streptococcus mutans strains OMZ176, K1-R, and B13 were
obtained from Professor B Guggenheim, Dr R J Fitzgerald, and Dr S Edwardsson,
respectively, and Streptococcus sanguis 804 was from Professor J Carlsson The
micro-organisms were grown overnight in a Microferm fermentor (New Brunswick
Scientific Co ), with the pH controlled at 60, under the conditions described
previously*!

Separation of D-glucosyltransferase-S and D-glucosyitransferase-I from cultiie
Sfluids of S mutans OMZI176 — After removing the bactenia by centnfugation at 2°
for 10 min at 4,000 g, the cell-free supernatant solution (21) was concentrated to
38 m! in a hollow-fibre device (DC2, Amicon Corp Lexington, Mass, US A)
The concentrate was dialysed against S0mM sodium citrate buffer (pH 6 5), and then
ammomum sulphate was added to give 50% saturation The precipitated protein
was dissolved 1in 50 mm potassium phosphate buffer (pH 6 5), dialysed overnight
agamst the same buffer, and then apphed to a column (42x3 cm) of hydroxyl-
apatite (Bio-Gel HTP) prepared 1n the same buffer The column was eluted with a
hinear gradient of potassium phosphate (pH 6 5), and the peak fractions of D-gluco-
syltransferase-S, dextranase, and D-glucosyltransferase-I were eluted with 007,
0 095, and 0 40Mm buffer, respectively The combined fractions of b-glucosyltransferase-
S were then readsorbed onto hydroxylapatite 1n 50mM buffer, and by elution with a
shallower gradient, the enzyme was obtained free from dextiranase The combined
fractions of the two D-glucosyltransferases were dialysed against 50mM sodium
citrate buffer (pH 6 5) Incubation of D-glucosyltransferase-S with sucrose produced
a soluble glucan, whereas glucosyltransferase-I synthesised an insoluble glucan,
later shown to be a (I —3)-a-D-glucan The soluble glucan was precipitated and
washed with 60% ethanol, dissolved in water, reprecipitated and washed with 75%
ethanol, and dissolved 1n water, and the solution was then freeze-dred The 1nsoluble
glucan was washed ( x 6) with water, and freeze-dried

Fung: — Cultures of Cladosporium resinae QM7998 and Trichoderma viride
QM9123, and acetone precipitates of (1 —3)-a-D-glucanase from culture filtrates of the
fung, were kindly provided by Dr E T Reese

Grouthh of C resmae and T vinde — The culture conditions that provided
optimal yields of fungal (1—3)-z-D-glucanase were thoroughly examined by Reese et
al %, and our growth conditions were based on their recommendations C resmnae
QM7998 spores (10-15 x 10°) were 1noculated 1nto Trichoderma viride salts medium*°
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(100 ml) contaiming a carbon source (0 5 g) and Tween 80 (0 1%) Production of
extracellular enzyme capable of hydrolysing mutan was not increased when starch
as carbon source was replaced with mutan, or with nsoluble glucans from other
strains? of streptococct 1solated from human dental plaque Either starch or P
betulinus glucan was therefore provided, and the flasks (500 mi) were shaken at
90 strokes/mun in a New Brunswick incubator-shaker at 29° The pH rose to 6 5
within 5 days, and remained steady thereafter The mycelia were harvested after
14 days, when enzyme activity 1n the medium was usually at a maximum

T uiride was grown under simular conditions, with P betulinus glucan as
carbon source

Purification of C resinae (I —3)-a-D-glucanase — All operations were carried
out at 1-4° Mycelium and cell debris were removed by centrifugation at 34,000 g
for 20 mun

Step I Cold acetone (1 volume) was added dropwise to the cell-free filtrate
(150 ml), and, after 1 h, the precipitate was removed by centrifugation for 10 min
at 34,000 g A second volume of acetone was added to the supernatant solution,
and the precipitate was likewise collected after 1 h The two precipitates were dissolved
m 5 ml of 20mM sodium phosphate buffer (pH 6 0), and dialysed against the same
buffer

Step 2 The enzyme, which was mainly recovered in the 50-66% acetone
fraction, was applied to a column (50 x 3 cm) packed with DEAE-Sephadex (A-50)
that had been washed with the same buffer The column was eluted with a hnear
gradient of sodium chloride at 11 mi/h (1-3)-a-p-Glucanase activity was eluted
with 0 11M sodium chloride Enzymes having activity towards mycodextran and
nigerose oligosaccharides were removed 1n this step, being eluted with 022 and
0 26M sodium chlonide, respectively (Fig 1)
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Fig 1 Chromatography of C resinae (1—3)-a2-D-glucanase on DEAE-Sephadex (A-50) The frac-
tion (44, 6 ml) containing peak activity was prepared for 1soelectric focusing @, (1—-3)-x-D-glucanase
A, mycodextranase, B, (1-—>3)-x-b-glucosidase, , sodium chloride gradient B-p-Glucanase,
active towards laminarin, was eluted 1n fractions 58-75 and 95-105, amyloglucosidase with activity
towards glycogen and maltose, was cluted 1n fractions 56-62 and 72-82 (not shown)




420 G J WALKER, M D HARE

Step 3 Traces of amyloglucosidase having activity towards glycogen, pullulan,
and 1somaltosaccharides were removed by isoelectric focusing in an LKB column
(110 ml) with a density gradient of glycerol and a pH gradient of 3-6 Peak fractions
of (1—3)-e-p-glucanase from step 2 were dialysed agamnst 2M urea contaming glycine
(1%), and then focused for 96 h with a terminal voltage of 600 V The column was
then drained, and fractions devoid of amyloglucosidase were combined A small
peak ol (1—-3)-f-p-glucanase was aiso separated from (1-3)-a-D-glucanase 1n this
step

Step 4 The enzyme was separated from ampholytes, glycerol, urea, and glycine
by gel filtration on Bio-Gel P-10 1n 50mM sodium citrate buffer (pH 6 0) A summary
of the purification is given 1n Table I

The 1soelectric point of (1—3)-x-D-glucanase was at pH 4 2 The enzyme was

homogeneous by the criterion of disc gel-electrophoresis?”

TABLE I

PURIFICATION OF (1—3)-2-D-GLUCANASE

Purification step Enzyme recover) Specific actinity Purification
(Umits|mg of protein)

(Ututs) (%)

Cell-free filtrate 300 100 71

Acetone fractionation 210 70 110 16
DEAE-Sephadex chromatograpty 171 57 285 40
Isoeleciric focusing® 43 14° 102 144

20Only the peak fractions from the previous step (51 units specific activity, 45) were taken for 1so-
electric focusing ZRecovery in this step was 84%

Determmnat.on of (1 3)-a-b-glucanase activity —— The activity digest (1 0 ml)
contained mutan (7 mg), 1I0mM sodium citrate buffer (pH 4 5), and enzyme After
mncubation at 50° for 15 mimn and 30 mun, samples were withdrawn into ice-cold
centrnifuge tubes, and centrifuged 1n a cold room at 2,000 ¢g for 5mn b-Glucose
oxidase reagent (0 75 ml) was added to a portion (0 05 ml) of the supernatant solu-
tion, and the muxture (1 0 ml) was incubated for 1 h at 35° One unit of enzyme 1s
defined as the amount that Iiberates 1 pumol of D-glucose per mun in the activity
digest The rate of the reaction was not increased by shaking the digests

Derermmation of mycodextranase activity — The activity digest (1 0 ml)
contaimned mycodextran (5 mg), 10mM sodium citrate buffer {(pH 4 5), and enzyme
After incubation for 2 h at 40°, a sample was centrifuged at 2°, and a portion (0 25 ml)
of the supernatant solution was withdrawn nto copper reagent for the determination
of reducing power

Determmation of actinty touards nigerose and 1somaltotriose — The activity
digests (0 25 ml) contained nigerose (50 pg) or isomaltotriose (250 pg), 10mM sodium
citrate (pH 4 5), and enzyme After 30 mn at 50°, portions were withdrawn for the
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determunation of D-glucose with D-glucose oxidase reagent Isomaltotriose digests
were also incubated at pH 6 0 and 35° for 5 days when it was necessary to ensure
that (1 —»3)-a-D-glucanase was free from enzymes having actuvity towards the products
of dextranase

Dextranases — Pemcilhium fumculosum QM474 dextranase was induced by
shaking the organism for 12 days at 30° 1n T wvuride salts medium, supplemented with
oral dextrans®® The mycelium was removed by centrifugation, and the clear, super-
natant solution was dialysed against Smm sodium citrate buffer (pH 6 0) and then
freeze-dnied

Dextranase-CB, a product of Calbiochem, Los Angeles, was described
previously?® This bactenal dextranase required the presence of at least five con-
secutive (1—6)-a-D-glucosidic Iinkages before rapid attack could occur The man
products from dextran B-512(F) were 1somaltotriose and isomaltotetraose, with a
smaller amount of 1somaltopentaose and traces of isomaltose Isomaltose oligosac-
charides having d p > 35 were hydrolysed mainly at linkages 3 and 4 (counting from
the reducing end) D-Glucose was not a product of hydrolysis of oligosaccharides
or dextran The enzyme had no action on pseudomgeran

Linut of enzymuc hydrolysis and solubihization of nsoluble glucans — Because
of the insoluble nature of the substrates and the consequent difficulty of obtaining
a true aliquot, severai digests for each glucan were prepared 1n centrifuge tubes, and
each digest was sampled only once A determunation of total carbohydrate 1n the
supernatant solutions gave the extent of solubilization of the substrates by each
enzyme, the glucans did not dissolve when controls were incubated without enzyme
Toluene was added to all digests 1n order to prevent the growth of bactena

(@) C resinae (1-3)-a-D-glucanase (0 23 unit) was incubated for a total of
10 days with polysacchande (1 mg) 1n 50mm sodium citrate buffer (pH 6 0, 0 29 ml)
at 35° At each time-interval, one digest from each set was centrifuged, and portions
of the supernatant solution were withdrawn for the determunation of D-glucose,
reducing sugars, and total carbohydrate More enzyme (0 12 umit) was added after
5 days

() Dextranase-CB (0022 umit) was incubated for 5 days with polysacchanide
(1 mg) as in (@) The release of reducing sugars was expressed as apparent conversion
into 1somaltotriose Under these conditions, the hydrolysis of dextran B-512(F) was
94%, and S sanguis 804 insoluble glucan was degraded to the hmit (62%) A higher
concentration (up to 20-fold) of enzyme produced no further hydrolysis

(¢) The combined action of C resinae (1-»3)-a-D-glucanase (023 umt) and
dextranase-CB (0022 umit) was followed 1in digests (0 29 ml) incubated under the
same conditions as for (@) and (b) Duplicate digests were incubated for 5 and 10 days,
respectively Reducing sugar not accounted for as p-glucose and nigerose, was
expressed as 1somaltotriose, and the hydrolysis (%) was calculated from the sum of
D-glucose, mgerose, and apparent 1somaltotriose
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RESULTS

The ability of C resinae {1-+3)-z-D-glucanase to hydrolyse mutan did not alter
during the various steps in the purification of the enzyme Celi-free filtrate, eluate
from DEAE-Sephadex, and the final pool of enzyme from the 1soelectric focusing
step all hydrolysed mutan to the same hmit (40% as glucose), and the extent of
solubilization was 50% Therefore, C resinae did not produce extracellular enzymes
that supplemented the action of (1—3)-z-D-glucanase on mutan Addition of a
Penicillium furmculosurm dextranase-preparation to a digest in which mutan had been
hydrolysed to the imit with C resmae cell-free filtrate (Fig 2) resulted in a 1apid
mcrease i hydrolysis Enzyme precipitated from culture filtrates of T viride QM9123
with acetone (1 vol ) hydrolysed mutan to a hmit of 53%, and its solubilization was
70% This organism does not produce dextranase when grown with P betulinus glucan
as carbon source®

The rate of hydrolysis of mutan by purified C resinae (1-»3)-a-D-glucanase
was compared with that of the essentially linear (1—3)-«-D-glucan, pseudonigeran
Duning the 1mmtial stages of the reaction, the relative activity towards pseudonigeran
was 6-fold greater than that towards mutan (Fig 3) Finally, pseudonigeran was
completely hydrolysed and solubilized The 1ncubation conditions (pH 6 0 and 35°),
which were different from those used for activity digests of short duration, provided
for optimal stability of the enzyme over the long period necessary to hydrolyse (1 —3)-
a-D-glucans There was no loss 1n soluble-enzyme activity after incubation for 4 days,
showing that adsorption to the mmsoluble substrate did not occur Incubation with
higher concentrations of enzyme did not accelerate the reaction

100

Hydrolysis ()

0 20 a6 80 80 W00 0 140 60
Time (h)

Fig 2 Hydrolysis of mutan with culture filtrate of C resinze, followed by that of P fumculosum
Each digest (0 5 ml) contamed mutan (1 mg), sodium citrate buffer (pH 6, 50 mm), and dialysed
C restnae cell-free filtrate containing 0 5 umt of (1->3)-a-p-glucanase activity, more enzyme (0 25 umit)
was added at 70 h () After 125 h ({), freeze-dnied cell-free filtrate of P fumculosum (33 ug, containing
0 07 unit of dextranase and 0 05 muiliunit of (I-—3)-x-D-glucanase) was added to the remaming
digests Incubation was at 35°
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Fig 3 Limut of hydrolysis of pseudonigeran (8) and mutan (@) by a purnihed preparation of C
resinae (1—3)-z-D-glucanase Digests (0 5 ml) contamning substrate (1 mg), sodium ctrate buffer
(pH 6, 30mM), and enzyme (0 23 umt) were mcubated at 35°, and more enzyme (0 12 unit) was adaea
at 22 h, 66 h, and 160 h Several digests were sampled dunng the first hour (not shown) so as to
compare the relative rates of hydrolysis

Limut of hydrolysts of D-glucans from fungi, sea-u eed, and moss — The glucans
were mncubated for 5 and 10 days under the standard conditions for hydrolysis
Although, 1n most cases, the hydrolysis was completed within 5 days, more enzyme
was routinely added at 5 days, and the incubation continued for a total of 10 days
The results (Table II) showed that only the glucans that contamned (11— 3)-a-D-
glucosidic inkages exclusively were hydrolysed The release of reducing sugar was
slightly higher than that of D-glucose, and analysis of the products by pape:r chro-
matography showed that nigerose (Rg;. 0 85) was present in addition to the major
product, D-glucose The extra reducing-power was therefore expressed as disacchande,
and the hmut of hydrolysis 1n Table IT was obtained from the sum of p-glucose and
nigerose

TABLE II
ACTION OF (1—3)-¢-D-GLUCANASE ON VARIOUS D-GLUCANS OF KNOWN STRUCTURE

Source Main hinkage(s) Lt of
hydrolysts (%)

Aspergillus mger (pseudomgeran) a~(1—>3) 100
Aspergillus mger (mycodextran) a-(1—-3) and «-(1—4) 0
Iceland moss (solichenin) a-(1—3) and a-(1-—>4) 0
Lamuraria digitata (laminarin) B-(1—3) 0
Polvporus tumulosus 2-(1—3) 93
Phytophora infestans o-(1—3) 100
Lmut of hydrolysis of bacterial a-D-glucans — Glucans from Leuconostoc

mesenteroides and Streptococcus spp were 1ncubated with C resinge (1-—3)-2-D-
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glucanase under the same conditions as the fungal cell-wall (1->3)-a-bD-glucans
The streptococcal glucans were all hydrolysed to various extents, and the values for
the himit of hyarolysis of glucans from S mutans OMZ176 and S sanguis 804 were
in agreement with therr known content®*® of (1-3)-linked a-D-glucose residues
(Table ITI) The leuconostoc dextrans, on the other hand, were totally resistant to
hydrolys:s, despite the presence of 40% of (1-3)-inked «-D-glucose residues 1n one
sample (strain B-1355, fraction S)

TABLE I}
ACTION OF {1—3)-%-D-GLUCANASE ON BACTERIAL -D-GLUCANS?
Micro-organism Strain (I—-3)-hinkages® Linut of hydrolysis
(%) (%)
Leticonostoc mesenteroides B-512(F) 0 0
B-1355(S) 40 0
B-1355(L) — 0
Streptococcus miurans OMZ176 49 40
KIi-R — 49
B13 —_ 61
Streptococcus sanguis 804 18 1€
Streptococcus saliarus ATCC13419 — 40

“Synthesised from sucrose by cell-free filtrates ?Determunation of 2,4,6-tr1i-O-Me-Glc by methylation
analysis3®

TABLE 1V
ACTION OF DEXTRANASE-CB AND (l—>3)-a-D-GLUCANASE ON S mutans ¢-D-GLUCANS
Strain Enzyme Glucan Lumir of hydrolysis and solubihization® (%)
C resinae Dextranase-CB  (1—3)-a-D-
(I—3)-o-D- Glucanase +
glucanase dextranase
OMZ176 CFF* Mutan 40 (5D 22 (46) 51 (92)
GTF<-1 (1—3)-x-p-Glucan 84 (100) 4 (1) 96 (100)
GTF-S Soluble glucan 0 15 22
GTF-I1+S  Mixed glucan 31 (39) 11 (62) 39 (86)
KIi-R CFF Crude glucan 49 (5% 52D 65 (94)
GTF-1 (1->3)-2-D-Glucan 92 (100) 4 (7D 96 (100)
B13 CFF Crude glucan 61 (81) 32D 68 (93)

“Values 1n parentheses refer to solubilization °CFF, cell-free filtrate ‘GTF, p-glucosyltransferase

Limit of hydrolysis of glucans synthesised by 1solated D-glucosyltransferases and
cell-free filtrates of S mutans — The action of C resinae (1—3)-a-D-glucanase on
the 1nsoluble glucans synthesised by b-glucosyltransferases-I of S mutans K1-R and
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OMZ176 was compared with that on insoluble glucans synthesised by untreated
cell-free filtrates of S rutans strains (Table 1V) The extent of hydrolysis of the
former was high (92 and 84%, respectively) and their solubilization was complete,
thus indicating that they were essentially (1-3)-2-D-glucans Glucose and a trace of
nmigerose were the products seen from both glucans By contrast, S murans OMZ176
soluble glucan was completely resistant to hydrolysis, the “mixed™ glucan gave an
imtermediate result, ssmilar to that of mutan

The extent of hydrolysis by dextranase-CB also showed marked differences,
being very iow (~4%) for insoluble glucans of strains K1-R and B13, and for (1 3)-
a-D-glucans of K1-R and OMZ176, whereas the hydrolysis of soluble glucan,
“mixed glucan”, and mutan from strain OMZ176 was n the range 11-22% The
simultaneous action of dextranase-CB and (1 - 3)-a-D-glucanase resulted 1n extensive
solubihzation of all the imsoluble glucans Analysis by paper chromatography
indicated that the extent of hydrolysis by dextranase-CB was being underestimated
when calculated as 1somaltotriose, for the soluble glucan gave small spots, and most
of the crude glucans (mutans) gave large spots, corresponding to branched tetra-
and penta-sacchanides (Rg,. 025 and 0 13, respectively), as well as isomaltotriose
(Rgic 0 35) and 1somaltotetraose (Rg,c 0 19) The exceptron were S murans B13 and
K1i-R crude glucans, hydrolysis of these glucans by the two glucanases, acting
together, gave similar products to those seen on paper chromatograms of digests
contaimng (1—3)-a-D-glucanase alone Glucose was the major product, with traces
of migerose, 1somaltosaccharides were not visible

Mechamsm of action of (1-3)-a-D-glucanase — S mutans K1-R (1-3)-x-D-
glucan, synthesised from sucrose with D-glucosyltransferase-I, was selected as the
substrate for a study of the action of purified C resinae (1 - 3)-x-D-glucanase on a
S mutans (1--+3)-a-pD-glucan

The configuration of p-glucose released by (1 — 3)-2-D-glucanase was determined
with D-glucose oxidase (f-D-glucose oxygen l-oxidoreductase) (1—3)-2-D-Glucan
(7 mg) was incubated with enzyme (0 016 umit) at pH 6 and room temperature for
7 5 mun The digest was centrifuged, and then one portion of the supernatant solution
was incubated with D-glucose oxidase reagent, and another portion was treated with
4% aqueous sodium carbonate before addition of D-glucose oxidase The rate of
oxidation at room temperature was followed on the spectrophotometer (Fig 4)
The mutarotated sample was oxidized more slowly than the untreated sample
indicating that the enzyme had released f-D-glucose

The degree of polymernization of the soluble products of the reaction was
determined during the very early stages of the hydrolysis When the extent of hydrol-
ysis of (1—3)-a-D-glucan was 0 7%, 14%, and 2 7%, the dp of the products,
calculated from the ratio of solubilized carbohydrate reducing equivalents®!, was
19,12, and 1 1, respectively

(1-3)-a-D-Glucans of S mutans strains OMZ176 and K1-R were treated with
periodate and borohydnide, so as to modify the b-glucose residue at the non-reducing
end of the chains®? The rate of hydrolysis of the modified glucans, determined in
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Fig 4 Determination of the configuration of p-glucose released by (1->3)-z-bD-glucanase The rate
of oxidation of an untreated sample (B) was compared with that of a digest sampie that had been
mutarotated (@) before addition of D-glucose oxidase

standard activity digests, was 30-85% of that of the untreated glucans The hmit of
hydrolysis of the modified glucans from strains OMZ176 and K1-R was 87 and 93%,
respectively

The affimty of C resinae (1—»3)-¢-D-glucanase for K1-R (1 3)-a-b-glucan and
for mutan was compared by incubating the enzyme with a range of substraic con-
centrations (1 5 to 30 mg per ml) Lineweaver-Burk plots gave a K,, value cf 33 g/l
for mutan and 2 4 gjl for (1 —3)-a-D-glucan

Hydrolysis of olhigosaccharides — Digests (0 5 ml) contaiming nigerose oligo-
sacchandes and 1somaltose ohgosacchandes (0 75 umol) were incubated with enzyme
(0 4 unit) at pH 4 5 and 40° The rate of release of p-glucose from migerotetraose was
mtially high, but later became closer to that of nigerotriose (Fig 5) Isomaltose,

SOr
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Fig 5 Relative rate of hydrolysis of migerose (@), mgerotriose (&), and migerotetraose (4) by
(1—>3)-x-p-glucanase
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1somaltotriose, 3*-¢-D-glucosylisomaltotriose, and the branched heptasacchande B,
were not hydrolysed during incubation under these conditions for 24 h Nigerose was
hydrolysed at the rate of 1% per hour 1n this experiment, and the disacchande should
therefore not have persisted among the products of digestion of (1 - 3)-a-D-glucans
Inhubition of 1ts hydrolysis 1n the presence of a large excess of D-glucose could explain
the survival of small amounts of migerose after exhaustive hydrolysis of (1-3)-a-D-
glucans

The value of K, for mgerotetraose was 0 64 x 107 3M (Fig 6) This low value
illustrates the affimty of the enzyme for soluble ohigosaccharides of the migerose
sertes, and explains why these products were never observed 1n samples taken for p ¢
during the hydrolysis of (1-s3)-«-p-glucans

Q3

/v

3 3 Z 5 3 7
/5 (mm)"

Fig 6 Lmeweaver-Burk plot of the action of (1—3)-a-D-glucanase on nigerotetraose Digests
(0 25 ml) containing enzyme (0 008 unit), sodium citrate buffer (20mv) and a range of substrate
concentrations v/ere incubated at 40° After 15 mun samples were withdrawn for the specific
determunation of p-glucose

DISCUSSION

Investigations®3 into the structure of 4 mger NRRL326 (1—3)-a-D-glucan
(pseudomigeran) by the techmiques of penodate oxidation, Smuth degradation,
methylation analysis, and partial hydrolysis with acid, indicated that pseudomigeran
1s a hnear glucan contaiming at least 98% of o-(1—3)-hinked p-glucose residues
The remaiming 2% were o-(1-—4)-linked D-glucose residues, possibly derived from
traces of migeran (mycodextran) which 1s associated with {1 —3)-a-D-glucan in fungal
cell-walls Simular studies® revealed that an alkali-soluble a-p-glucan from Polyporus
tumulosus cell-wall 1s also an essentially unbranched polymer of (1—3)-hnked D-
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glucose residues The d p of native pseudonigeran was reported? to be 700, whereas
pseudomigeran, purified by an additional acetylation step, had®3 a d p of 330 Our
preparation of pseudonigeran was completely converted into p-glucose and nigerose
by the purified (1 —3)-«-D-glucanase from Cladosporium resinae (1—3)-o-D-Glucans
extracted from cell walls of Polyporus tumulosus, Polyporus betuhnus, and Phyto-
phora infestans were also extensively hydrolysed (Table II)

Chromatography on DEAE-Sephadex permuited the separation of three
C rcorrae enzymes having activity towards substrates containing (11— 3)-e-D-gluco-
sidic inkages (Fig 1) The three enzymes were spectfic for the hydrolysis of (1 - 3)-a-
p-glucan, mycodextran, 2nd migerose ohigosaccharides, respectively The (1—3)-a-D-
glucanase was further purified by 1soelectric focusing, and 1ts action was then tested
on various glucans and ohgosaccharides under the same conditions of enzyme
concentration and reaction time that were required to achieve complete hydrolysis
of (1 -3)-x-p-glucans

Nigerotetraose (IN,) was the smallest mgerose oligosaccharide that was rapidly
attacked by (1 —3)-a-D-glucanase The imitial products of the reaction, p-glucose and
nigerotriose (Rg,. 072) seen on paper chromatograms, indicated that the mner
hinkage 1n N, was not hydrolysed, and that mgerose 1s produced later from secondary
attack on migerotriose The rate of reaction with N, fell sharply after the release of
one molar proportion of glucose Nigerotriose was more slowly attacked; and the
hydrolysis of nigerose was extremely slow (Fig 5), some preparations of (I - 3)-x-D-
glucanase were without detectable action on nigerose!!

The results with migerose oligosacchanides indicated that C resinae (1—3)-x-D-
glucanase required substrates having two or more consecutive (1—3)-a-D-glucosidic
Iinkages In accord with this view was the mability of the enzyme to hydrolyse
mycodextran, 1n which (1-3)-linked «-D-glucose residues alternate with (1—+4)-
Iinked x-D-glucose residues, or to have any action on L mesenteroides NRRL B-1355
dextran (fraction S, with 40% of (1—3)-o-D-glucosidic inkages), in which the (1—-3)-
x-linkages alternste with (1 -—6)-a-D-glucosidic hinkages Isohchemin, a linear glucan
which consists of sequences where either one or two (1—3)-a-linked D-glucose
restdues alternate with adjacent (1—4)-¢-linked residues, was also totally resistant
to C iesmae (1-3)-a-D-glucanase The enzyme had no action on the single (1—3)-a-
D-glucosidic linkage at the non-reducing end of 33-x-D-glucosylisomaltotriose, or
on the (1-»3)-a-p-glucosidic branzh-hinkage 1in 33-x-D-glucosylisomaltohexaose L
mesenteroides NRRL B-512(F) dextran [with 5% of (1—3)-a-D-glucosidic branch-
Iinkages] and L mesenteroides NRRL B-1355 {fraction L, with 12% of (1—3)-a-bD-
glucosidic branch-linkages] were totally resistant to (1— 3)-a-D-glucanase (Table III)
These results show that the enzyme was free from all traces of enzymes, e g , amylo-
elucosidase, which have a limited ability to attack (1—6)-x-D-glucosidic hinkages in
olhigosaccharides and dextran

The complete hydrolysis of linear (1—3)-¢-D-glucans of fungal ornigin, and the
total resistance of dextrans contaiming (1—3)-a-b-glucosidic branch linkages or
1solated (1—3)-a bonds within the main chan, indicated the suitabihity of C resmnae
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(!> 3)-x-D-glucanase for revealing counsecutive (1—3)-x-D-glucosidic linkages 1n
glucans The polysaccharide defined as mutan, synthesised by culture filtrates of
S mutans OMZ176, was already known to be hydrolysed to the limit of ~40%, as
glucose'! 2¢ Direct adsorption of protein from cell-free filtrates of S murans
OMZ176 on to hydroxylapatite had previously'® led to the elution of two peaks of
D-glucosyltransferases, each of which yielded multiple D-glucosyltransferase peaks on
subsequent 1soelectric focusing All of these D-glucosyltransferases synthesised
msoluble glucan In the present work, where chromatography on hydroxylapatite
was preceded by ammonium sulphate fractionation two p-glucosyltransferases were
also obtained The first of these, D-glucosyltransferase-S, converted sucrose nto a
scluble glucan which was not a substrate for C resinae (1—3)-x-pD-glucanase The
second D-glucosyltransferase synthesised an insoluble glucan which was 84% hydrol-
ysed by the (I —3)-z-D-glucanase (Table IV) A bp-glucosyltransferase of S mutans
KI-R, 1solated by a similar procedure, synthesised an insoluble glucan which was
hydrolysed to the extent of 92% These two nsoluble polysaccharides can therefore
be designated as (1 —3)-x-D-glucans The limit of hydrolysis &f the insoluble glucans
from both stramns of S mutans was raised to 96% when C resinae (1 —3)-x-D-glucanase
acted 1n concert with a bacterial dextranase (Calbiochem) Dextranase-CB, when
acting alone, gave 4% hydrolysis of each insoluble glucan, and small amounts of
IM, and IM, were seen on paper chromatograms of the reaction products This
result indicates the presence of consecutive (I1-—6)-z-hinked D-glucose residues
(perhaps an average of 16 per molecule of mol wt !¢ ~70,000), which could represent
the orniginal primer within each molecule Sumulation of synthesis of S rrurans
6715 glucan was reported3* to occur with 1somaltosaccharndes of d p >8 and primer
efficiency increased with chain length, the sacchande with d p 23 being as effective
as dextran

Further studies on (1—3)-x-D-glucanase were carried out with S murans
KI1-R (1-3)-z-D-glucan This substrate was chosen because of its extensive hydrol-
ysis and 1ts low K, value, furthermore, the glucan originates from a well-studied
caniogenic strain of S mutans The enzyme was considered to be an endo-glucanase
accordmng to two criterta Modification of the glucose residue at the non-reducing
terminal by periodate oxidation, followed by borohydride reduction3?, had little
influence on the rate of attack and did not alter the himit of hydrolysis of (1 - 3)-«-D-
glucan In addition, use was made of a sensitive technique®' that can distinguish
between the action of exo- and endo-glucanases on insoluble substrates A concave
curve, indicative of an endo-glucanase, was obtamed by plotting the average d p of
the products 1n the reaction mixture against the release of glucose The average d p
(19) at 0 7% hydrolysis quickly fell to 1 1, and thereafter the extent of hydrolysis
determuned by reducing power (expressed as D-glucose) was close to that determuned
with D-glucose oxidase Clearly, the concentration of enzyme used to degrade the
msoluble polysaccharide rapidly hydrolysed the solubilized fragments to glucose
No oligosacchanides other than small spots of migerose were ever seen in samples
taken for aralysis by p ¢ at various stages in the hydrolysis of bactenial or fungal
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(I—=3)-x-p-glucans The endo-action of C resinae (1-—-3)-a-D-glucanase 1s thus
supported by the same evidence that finally characterized T wiride (1—3)-o-D-
glucanase’ as an endo-glucanase

Ebisu e al 3% proposed that mutan 1s a highly branched p-glucan having a
main chain contaming long sequences of (I —3)-¢-hinked D-glucose residues, possibly
flanked by (1—6) linkages, but with most of the (1—6)-hinked D-glucose residues
located in side chains An endo-mechanism would permit C resmnae (1—3)-a-D-
glucanase to hydrolyse sequences of (1 3)-x-D-glucosidic inkages in mutan, whether
they occur within the molecule or as external chains Since no evidence was found
for (1-3)-linked D-glucose residues at the non-reducing terminals of the side chain
in mutan33, the polysaccharide would be resistant to hydrolysis by an exo-(1— 3)-«-
D-glucanase

Dextranase-CB, an endo-(1—6)-a-D-glucanase, should hydrolyse unbranched
chains of (1—6)-a-hinked b-glucose residues, regardless of their posiion However,
the insoluble glucans that were not fully hydrolysed by C resinae (1 3)-x-D-glucanase
were still not completely hydrolysed when dextranase-CB was also present, although
all the glucans were solubilized to the extent of 86% or more (Table IV) The incom-
plete hydrolysis could be explained by a ramified structure of (1-—-3)-x-D-glucan
chains intersected by (1 —6)-linked glucan chains The requirement of dextranase-CB
for 6 consecutive (1—6)-linked D-glucose residues?® was not a hmiting factor, for
P fumculosum dextranase, which will hydrolyse 1somaltotriose, hydrolysed mutan
to the same eatent'? (20-22%) Short side-chains consisting of only one or two
(1 -6)-hinkea Dp-glucose residues would not be hydrolysed by endo-dextranases

We can assume that soluble glucan does not contain long sequences of (1 -3)-
hinked D-glucose residues The limited hydrolysis by dextranase-CB (15%), and by
S mutans endo-dextranase®! (17%), indicates the presence of branch points or
isolated (1—3) bonds in the main chain, soluble glucan was totally resistant to exo-
dextranases®® A chemical and enzymic analysis of the structure of soluble glucan 1s
NOW In progress

The value of the particular combination of endo-glucanases, dextranase-CB
with C resinae (1—3)-x-D-glucanase, chosen for this work, lies in the ease of distin-
guishing between their reaction products A specific determination of D-glucose
indicates the hydrolysis of (1-+3) bonds, with an accuracy of > 90% Addition of
a specific (1—3)-a-p-glucosidase?®® would be necessary to hydrolyse the minor product
mgerose, and so give a complete conversion into D-glucose The release of other
reducing sugars would then represent the hydrolysis of (1—6)-x-D-glucosidic hinkages
by dextranase-CB Since dextranase-CB has no action on pseudomigeran, and C
restnae (1—3)-z-D-glucanase does not hydrolyse (1-—6)-a-D-glucans, the two glu-
canases can contnbute to the structural analysis of polysacchanides by providing
values for the relative proportions of (1-3)- and (1—6)-¢-inked sequences of D-
glucose residues The results in Table III indicate that insoluble glucans from five
strains of Streptococcus spp contain different proportions of sequential (1--3)-c-
inked D-glucose residues When combined with earlier results'! obtammed with
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C resmnae (1->3)-a-D-glucanase, the enzymic hydrolyses reveal a range of 11-61% of
susceptible (1—3)-a-D-glucosidic hnkages in the insoluble glucans synthesised from
sucrose by Streptococcus spp The proportion of (1 —3)-x-hnked p-glucosyl residues
m each glucan will depend on the relative activities of the D-glucosyliransferases
mmvolved, and although these activities will change with the conditions of growth
of each organism, the results illustrate the existence of strain and species differences,
because each micro-orgamism was grown in the same way Mutan preparations from
two laboratories were hydrolysed to the same extent (40%) by C resinae (1-3)-2-D-
glucanase Thus, the synthesis of a particular msoluble glucan can be reproduced
when the § mutans strain 1s grown under standard conditions

T wiride (1-3)-a-D-glucanase? has a wider specificity than C resinae (1-3)-a-
D-glucanase, and also degrades mutan more extensively The T uviride enzyme may
hydrolyse certain isolated (1—3) bonds, or those adjacent to (I —6) bonds, that are
resistant to the C resinae enzyme The (1-3)-a-b-glucanase of T lLarzianum?,
another inducible endo-glucanase, was reported to solubilize and hydrolyse mutan
completely An enzyme of such broad specificity could not be used to distinguish
between the different «-p-glucosidic linkages in S mutans glucan Other inducible
glucanases, produced for example by Penmcillnun lilacinum, P finiculosum, and
Spicaria violacea, are also unsuitable for explorning the structure of streptococcal
glucans that contain substantial amounts of both (1—3)- and (1—-6)-a-linked D-
glucose residues This 1s because these fungi produce (1-3)- and (1-6)-¢-D-
glucanases together, their proportions being dependent on the growth conditions,
in particular the nature of the inducer Therefore, unpurified, commercial dextranases
of unspecified origin should not be used 1n attempts to distinguish between the various
glucans synthesised by D-glucosyltransferases of S mutans stramns The conflicting
results published for the hmut of hydrolysis and solubilization of mutan by glucano-
hydrolase preparations from P fumculosum'? 17 37 and T harzianum® *2 could be
due to the difficulty of isolating specific glucanases from these orgamisms Con-
stitutive enzymes having narrow specificities could provide more consistent results
Recently, another constitutive (1—3)-a-D-glucanase, from Flarobacterium sp EK-
1438, was reported to give a hmited, specific degradation of mutan, the products of
the hydrolysis (11%, as glucose) being ohigosaccharides of the nigerose series The
extent of solubilization of mutan (~ 50%) was similar to that reported here for the
constitutive endo-(1—3)-a-D-glucanase of C resinae
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