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ABSTRACT 

Extracts of Tetrahymena pyriforznis contain an enzyme which can transfer 
B-D-gIucosy1 residues from cellobiose to C-6 of either D-glucose or the non-reducmg 
residue in ccllobiose, with the formation of either gentiobiose or 62-~-D-glucosyl- 

celIobiose. With an extract of Ochronzonas malhamensis, transfer from cellobiose is 
mainIy to C-4 and C-6 of the non-reducing residue of cellobiose, giving cellotriose 
or 62-fl-D-glucosylcellobiose. The same extracts can also use gentiobiose as a D-glucosyl 

donor, giving higher gentiosaccharides as the major products. 

INTRODUCITON 

When P-D-glucosidase preparations from various biological sources are incu- 
bated with solutions containing more than 1% of cellobiose, the enzymic hydrolysis 
to D-glucose is usually accompanied by the formation of ohgosaccharides (for a 
review, see Manners2). This arises from the fact that most carbohydrases are trans- 
glycosylases, and that hydrolysis represents a special example in which a glycosyl 
unit is transferred from an aglycone to water. With cellobiose, transfer may take 
place onto either D-glucose or cellobiose to give di- and tri-saccharides, respectively. 
The nature of the ohgosacchandes formed is related to the acceptor specificity of the 
/?-D-glucosidase. Since cell-free extracts of the ciliate Tetrahymezza pyrzfbrznis and the 
flagellate Ochromorzas malhamensis show marked /_I-D-ghlcosidase activity, it was of 
interest to examine the action of these preparations on concentrated solutions of 
cellobiose and gentiobiose under various conditions. A preliminary account of these 
results has been presented elsewhere3. 

MATERIALS AND METJZODS 

Materiais. - We are indebted to Dr. J. F. RyIey for freeze-dried cells of Tetrahy- 

mena pyrzjh-mis and Uchromomzs malhamemis. Details of the conditions of growth of 
T. pyrzjixmis are described by Archibald and Manners 4_ Cultures of 0. nzaZhamerz.sis 

were grown in daylight in a medium containing Oxoid Peptone (0.1%, w/v), Hepamino 
Liver Extract (O-l%), and D-glucose (0.1%) at pH 6.0. For bulk growth, 2-l&e 
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conical flasks each containing 500 ml of medium were used. After growth for 7 days 
at 24”, the cells from 36 1 of medium were collected by using a Sharples centrifuge, 
washed once in citrate buffer (pH 6.0), freeze-dried in 100 ml of buffer, and stored at 
- 15’. Part of the freeze-dried preparation was purified by suspending 5 g in water 
(500 ml) at 20” with occasional stirring for 1 h, discarding insoluble material, and 
allowing the solution to autolyse at 37” for 3 days under toluene. After dialysis to 
remove impurities of low molecular weight, protein was precipitated by the addition 
of ammonium sulphate to 70% saturation. The precipitate was collected, dissolved 
in water (100 ml), dialysed against running tap water for 12 h, and centrifuged. The 
supernatant solution was made 2Om~ with respect to sodium citrate (pH 6.0) and 
freeze-dried to give 1.1 g of enzyme preparation. 

General methods. - Details of the experimental methods for the separation 
and identification of oligosaccharides were given by Manners, Pennie, and Stark’. 
For paper chromatography, the following solvent systems were used (v/v): (A) ethyl 
acetate-pyridine-water (10:4:3); (B) butyl alcohol-pyridine-water (6:4:3); (C) ethyl 
acetate-acetic acid-formic acid-water (l&3:1:4). The following spray reagents were 
used for diagnostic purposes: (a) reducing aldohexoses substituted at C-4 give a 
characteristic blue colour with diphenylamine-aniline6 ; (b) periodate-p-rosaniline 
forms a yellow colour with such sugars as 3-U-substituted aldohexoses which give 
rise to a malonaldehyde derivative on periodate oxidatlon7. Other sugars, e.g. 
4-O-substituted aldohexoses, give a blue colour. From the colour obtained before and 
after borohydride reduction, it is therefore possible to differentiate between (l-+2)-, 
(1+3)-, (l-+4)-, and (1+6)-linked glucose disaccharides. Electrophoretic mobllities 
of oligosaccharides are expressed as M, values (D-glucose = 1 .OO), and of the derived 
aicohols as AIs values (D-ghcitol = l.OO), in borate and molybdate buffers, respec- 
ivety 5. 

‘A phenol-sulphuric acid reagent8 was used to determine the amount of carbo- 
hydrate eluted from paper chromatograms. The degree of polymerisation (DP) of 
oIigosaccharides was determined by the method of Peat and co-workersg, except that 
the anthrone estimation was replaced by the above reagent. A D-glucose oxidase 
reagent 1 O was used to follow D-glucosidase activity quantitatively_ 

Micro-scale methylation of disaccharides and gas-liquid partition chromato- 
graphy of the derived methyl glycosides was carried out as described previously5. 

The nomenclature of oligosaccharides is that recommended by Whelan’ ‘. 
Incubation conditions. - All digests were incubated at 37” under toluene, to 

prevent microbial contamination. Qualitative digests contained solutions of substrate 
(I “A) and freeze-dried protozoa1 enzyme preparation (1 “A) in a total volume of 0.5 
or 1 ml. 

RJXJLTS 

Carbohydrase activity of protozoa1 extracts. - Aqueous extracts of the freeze- 
dried cells showed substantial carbohydrase activity. Both extracts readily hydrolysed 
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B-D-linked disaccharides (cellobiose, gentiobiose, laminaribiose, Fiji-trehalose) but 
only slowIy attacked methyl and phenyl j?-D-glucosides, xylobiose, lactose, melibiose, 
and laminarin, and did not hydrolyse xylan. 

In general, the level of activity towards p-D-glucosides was much less than that 
towards the corresponding a-D-glucosides. The rate of hydrolysis of various glucosides 
(0.1%) by the T. pyriformis extract (0.025%) at 36” was constant over 24 h; if the 
maltase activity is taken as 100 units, the relative activities were cellobiase 4.7, phenyl 
a-D-glucosidase 3.2, and phenyl /?-D-glucosidase 1.5. 

With the initial 0. malhamerzsis extract, small quantities of D-glucose were 
produced by autolysis. This effect was overcome by partial purification using dialysis 
followed by precipitation with ammonium sulphate; no D-@UCOSe was released on 
incubation of the purified preparation over a period of 14 days. 

Action of T. pyriformis extract on cellobiose. - When a 10% solution of 
celiobiose was incubated with a 1% extract of T. pyrzfomis, several oligosaccharides 
were synthesised (Table I). The f&t of these could be detected after only 8 h. 

TABLE I 

SYNTHESIS OF OLKiOSAC- ES EXOM CELLOBIOSE BY E?CTRACTS OF Temahymena pyriformis’ 

Time of R. value (solvent A)b 
incubation 

WY4 0.76 0.44 0.33 0.18 0.14 0.07 

0.3 -I- - 

1 + ++ -I- 
2 - -I-+ ++-i- + + 
5 -I- -I-++ ++-I- -I-+ + 

10 + +++ i--I--i- ++ ++ + 

Sxcluding the onginal cellobiose (RG 0.58) and o-glucose. bThe relative amounts of the products 
on paper chromatograms are indicated by: -, nil; f, hght; + i-, medium; + f f, heavy. 

The oligosaccharides were isolated by preparative paper chromatography from 
a digest consisting of cellobiose (5 g) and T. pyrziformis extract (0.5 g) in water (50 ml) 
which had been incubated for 15 days. The properties and identities of the oligosac- 
charides are given in Table II. All the fractions were readily hydroIysed to D-glucose 
by almond j?-D-glucosidase, showing the presence of /I-D-glucosidic linkages, and 
the absence of a-D-glucosidic linkages. 

The chromatographic and electrophoretic properties of Fractions TI and 2 
identify these disaccharides as laminaribiose and sophorose, respectively. The identi- 
fication of an additional disaccharide as unchanged cellobiose was confirmed by 
methylation analysis; a methanolysate contained the mixed glycosides of 2,3,4,6- 
tetra- and 2,3,6-&-i-U-methyl-D-glucose. 

Fraction T3 was identified as gentiobiose by the properties in Table II, and 
by the presence of the glycosides of 2,3,4,6-tetra- and 2,3,4-tri-O-methyl-D-glucose 
in a methanolysate of the methylated sugar. 
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TABLE 11 

PROPERTIES OF OLIGOSACCHARIDES S YNTHESISED FROM CELLOBIOSE BY EXlR4Cl-S OF T. pJrifOrnliS 

(T-I-T&) AND 0. malhamensis (0.1-0.3)0 

Fraction No. Ro value Yield Mo Ms 
(solvent A) (mg) 

ColouP with Colour with Identity 
drphenylamine periodate-p- 
reagent rosaniline 

(a) (b) 

T.1 0.76 
T.2 0.62 
T-3 0.44 
T.4 0.33 

T.5 
T.6 
0.1 
0.2 

0.3 

0.18 27 - 
0.14 12 - 
0.40 2 - 
0.33 17 0.25 

0.23 

10 
5 

100 
45 

23 0 27 0.20 b 

0.60 0.01 g 
0 26 0.78 g 
0.56 0.80 g 
0 25 0.20 b 

- b-g 
- b 
- 
0.20 E 

Y 
z 

Laminanbiose 

:: b 
Sophorose 
Gentiobiose 

- - 6’-fi-D-Glucosyl- 
cellobiose 

- - Gentiotriose 
- - Unknown 
- - Gentioblose 
- - 6Z-j%~-Gluco~yl- 

cellobiose 
- - Cellotriose 

“Excluding any residual cellobiose and o-glucose formed by hydrolysis. bb, BIue; g, grey, y, yellow. 

The presence of a 4-O-substituted reducin g end-group in Fraction T4 was 
indicated by the various colour tests, and by the electrophoretic mobility which was 
the same as that for cellobiose. Partial, acid hydrolysis gave D-glucose, cellobiose, 
and gentiobiose; after borohydride reduction, a partial hydrolysate contained 
cellobiitol and gentiobiose. After methylation, a methanolysate contained the glycos- 
ides of 2,3,4,6-tetra-, 2,3,Ptri-, and 2,3,6-tri-O-methyl-D-glucose. Fraction T4 is 
therefore 62-/?-r+glucosyicellobiose (40-P-gentiobrosyi-D-glucose). 

Fraction T5 had similar chromatographic and electrophoretic mob&ties and 
colour reactions to genttotriose. However, after borohydnde reduction and partial 
hydrolysis with acid, gentiobiose, gentiobiitol, and other drsaccharides were produced, 
indicating that fraction T5 was not homogeneous, and contained gentiotriose and 
another oligosaccharide. The fraction T6 with R, 0.14 gave a blue colour with 
diphenyiamine-phosphoric acid, indicating the presence of a 4-O-substituted reducing 
end-group, but was not examined further. 

Action of T. pyriformis extract OIZ gentiobiose. - When a 10% solution of 
gentiobiose was incubated with the T. pyrijbrmis extract, D-glucose and a sugar with 
the RG value of gentiotriose were detected within 30 min, and the amount increased 
steadily. After 2 days, the major products were clearly gentiotriose and gentiotetraose, 
with smaller amounts of sugars having R, 0.29 and 0.53, and traces of cellobiose, 
laminaribiose, and gentiopentaose. With gentiobiose, transfer was therefore mainly 
to C-6 of the non-reducing residue of gentiosaccharides, thereby forming the next 
higher oligosaccharide. 

Action of 0. malhamensis preparation on cellobiose. - Incubation of a 10% 
solution of cellobiose with the partially purified preparation from 0. malhamensis 
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resulted in the synthesis of two new oligosaccharides within 1 day, and after 6 days, 

traces of a third oligosaccharide were detected (Table III). On further incubation, 

the concentration of the sugar with R, 0.23 decreased slowly, whilst that of those 
with R, 0.33 and 0.40 increased. However, additional oligosaccharides were not 

produced. 

TABLE III 

SYNTHESIS OF OLIGOSACCHARIDES FROM CELLOBIOSE BY 

molhamensisa 
AN ENZYhIE PREPARATION FROM Ochromonos 

Trme of 
tncubation 

(days) 

& values (solvent A) 

0.40 0 33 0.23 

1 - + + 

a 

- + ++ 
- ++ ++ 

6 + +++ +++ 

“Excludmg the residual cellobiose and also D-glucose formed by hydrolysis. 

A digest containing cellobiose (2.5 g) and enzyme preparation (250 mg) in a 

total volume of 25 ml was incubated for 12 days. The pattern of synthesis was iden- 

tical to that in Table III. Samples were wIthdrawn at intervals for quantitative paper 

chromatography. The results are given m Table IV. After 12 days, the enzyme was 
inactivated by heating, coagulated protein was removed, and the oligosaccharides 

were separated by preparative paper chromatography. 

TABLE IV 

CHANGES IN THE COMPOSrTION OF A DIGEST CONTAINING CELLOBIOSE (10%) AND AN ENZYME PREPARATION 

FROM Ochromonos malhamensis 

Time of incubation D-Glucose Disaccharrdes Htgher 

(days) (%I (%I obgosaccharrdes (%) 

2 0.3 95.0 47 
4 0.9 93.7 5.4 
8 2.8 91.1 6.1 

11 30 89.4 7.6 

Fraction 0.1 had the same mobility as gentiobiose in solvents A, B, and C. It 
was hydrolysed to D-glucose by almond j?-D-glucosidase, and gave d grey colour with 

diphenylamine-phosphoric acid reagent. 
Fraction 0.2 was chromatographically pure, and had R, 0.40 in solvent B. 

It was a trisaccharide (experimental DP 3.1) and was completely hydrolysed by almond 

j?-D-glucosidase; on partial hydrolysis with acid, it gave D-glucose, gentiobiose, and 

cellobiose. After borohydride reduction, a partial hydrolysate contained D-glucose, 
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gentiobiose, and cellobiitol. The presence of a CO-substituted reducing group was 
also indicated by the blue colour with diphenylamine-phosphoric acid reagent. The 
oligosaccharide is therefore 62-/3-D-glucosylcellobiose. 

Fraction 0.3 had the chromatographic and electrophoretic properties of a 
40-substituted derivative of D-glucose. It was a trisaccharide (experimental DP 3.3) 
and was compIetely hydrolysed by almond &D-glucosidase; on partial hydrolysis, it 
gave only D-glucose and cellobiose, and had the same R, value as authentic cellotriose 
in solvents A, B, and C. 

The effect of additional D-glucose on the pattern of oligosaccharide production 
was examined in a digest containing cellobiose (8%) and D-glucose (4%). Traces of 
gentiobiose could be detected within 12 h, together with the other two oligosaccharides. 
On further incubation, the amount of gentiobiose steadily increased, and after 8 days, 
all three sugars were present in approximately the same amounts; thereafter, gentio- 
biose predominated. Laminaribiose and other oligosaccharides could not be detected. 

Tram-B-D-ghcosylation from cellobiose to penroses. - Digests contammg 
cellobiose (5%), various pentoses (5%), and the partially purified 0. malhamensis 

preparation (1%) were prepared and examined by paper chromatography with solvent 
A. Small amounts of glucosyl-pentoses, which gave a pink colour with aniline oxalate, 
were detected after 7 days from D-xylose (& OH), D-arabinose (R, 0.75), and D- 
lyxose (RG 0.72 and 0.90). D-Ribose failed to act as an acceptor. 

Action of 0. malhamensis preparation on gentiobiose. - Incubation of a 10% 
solution of gentiobiose with the partially purified 0. maZhamen.sis preparation resulted 
in the formation of three oligosaccharides (R, 0.30,0.18, and 0.07; solvent A) within 
12 h. On continued incubation, the concentration of gentiobiose and the sugar with 
RG 0.30 decreased, whilst additional oligosaccharides with R, 0.25 and 0.12 made 
transient appearances. Traces of laminaribiose (RG 0.75) and cellobiose (RG 0.57) 
appeared after 2 days, and slowly increased in amount. After 8 days, the relative 
proportions of sugars (determined by quantitative paper chromatography) were 
D-glucose, 35% ; gentiobiose, 25% ; other disaccharides, 7% ; higher oligosaccharides, 
34%. 

The oligosaccharides were isolated from a digest of gentiobiose (1 g) which had 
been incubated with the enzyme preparation (0.1 g) in water (10 ml) for 10 days. The 
yields and probable identities are given in Table V. Although insufficient quantities 
of the oligosaccharides were available for full chemical characterisation, all the 
oligosaccharides except G4 and G6 had the same RG values (in solventsd, B, and C) 
and MG values as authentic samples of the appropriate reference sugar. G4 was a 
mixture of two sugars; the major component had Ro 0.30 and MG 0.30, suggesting 
the presence of a 40-substituted D-glucose residue. The minor component (R, 0.26) 
had MG 0.55, indicating a 3- or &O-substituted D-glucose residue. Neither sugar was 
an oligosaccharide of the cellosaccharide or laxninarisaccharide series. The R, values 
of fraction G7 in solvents A and B corresponded to gentiotetraose. 

Tram-j3-D-glucosylation from gentiobiose to various pentoses. - Glucosyl- 
pentoses were readily detected when mixtures of gentiobiose (5%) and pentose (5%) 
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TABLE V 

OLIGOSACCHARIDFS SYNTHES ISED FROM GENTlOBIOSE BY m-nucrs OF 0. malhamenris 

Fracrion No. & va& Yield Tentative identity 
(solvent A) (mg> 

G.1 0.76 13 Laminaribiose 
G.2 0.57 15 Cellobiose 
6.3 0.42 204 Gentiobiose 
GA 0.30, 0.26 27 - 
G-5 0.18 68 Gentiotriose 
G.6 0.14 10 - 
G7 0.07 47 Gentiotetraose 

were incubated with the 0. mal/iamensis preparation. With each pentose, a mixture 

was produced; after 7 days, the digests were inactivated by heating, and the various 
sugars separated by preparative paper chromatography. The major produ:ts were 
eluted from paper chromatograms, and hydrolysed with acid, and the presence of 
approximately equal quantities of glucose and the original pentose was shown. The 
RG values (solvent A) were as follows: D-xyiose, 0.60 (major), 0.82 (minor product); 
D-lyxose, 0.71 (major), 0.88, 0.30 (minor products); D-arabinose, 0.65 (major), 0.28, 
0.73 (minor products); D-ribose, 0.62 (major), 0.77, 0.86 (minor products). 

DISCUSSION 

The protozoa constitute a large class of unicellular organisms which show a 
wide range of morphological and biochemical features. Tetrahyn2enn pyrzjkmis is a 
free-living ciliate commonly found in fresh-water ponds, which can be readily grown 
in bacteria-free culture on a peptone-salt medium. The reserve carbohydrate is 
glycogen, and the cells contain the enzymes of the glycolytic pathway which anaero- 
bically convert glycogen into succinic acid and other products’ 2. Ochromonczs 

maihamensis is also a fresh-water organism, but is a flagellate which stores fat and 
leucosin13 [a /S-(1-+3)-D-glucan] as reserve materials. This organism can be grown 
on a medium containing acetate as carbon source. Cell-free extracts of both of the 
above organisms show a wide range of carbohydrase activities, which appear to 
differ in many respects from the admittedly limited information on other protozoa. 
For example, extracts of the sheep-rumen ciliate Entodinizzm caudatum show strong 
maltase and amylase activity, but only traces of other carbohydrasesf4. Extracts 
from the cattle-rumen ciliate Epidinium ecaudatzun (Crawley) show strong xylanase, 
xylobiase. and cr-D-galactosidase activity1 ‘, in contrast to the lack of this activity in 
the present experiments. 

Although the cell-free extracts of T. pyrzjbrmis and 0. malhamerzsis contain 
mixtures of carbohydrases, it is possible to use these extracts directly to obtain infor- 
mation on the acceptor specificity of the enzymes, since the transfer of a glucosyl 
residue follows the formation of a specific glycosyl-enzyme complex by the appro- 
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priate enzyme and the carbohydrate donor2s2’. a-D-Glucosidases, for example, do 
not interfere with the reaction behveen cellobiose and a /3-D-glucosidase. Moreover, 
in view of the limited quantity of cells which were available, purification of the extracts 
was not practicable. 

As a preliminary to these studies, the ability of the extracts to polymerise 

D-glucose was examined. As reported previously4, the T. pyrzjixmis preparation had 
no action on a 20% solution of D-glucose. By contrast, the 0. mallramensis prepara- 
tion slowly synthesised small quantities of a sugar having the R, value of gentiobiose 
from D-glucose. This fact has been taken into account in assessing the trans-B-D- 
gIucosylase activity of the extract (Tables III and IV). This enzyme preparation also 
produced D-glucose by the autolysis of leucosin; this effect was removed by partial 
purification of the preparation. 

When incubated with 10% solutions of cellobiose, the two extracts produced 
different patterns of oligosaccharides. These are considered to be true products of 
enzymic transfer reactions, and not artefacts due to microbial contamination of the 
enzyme digests. The T. pyrifrmis extract gave a mixture of gentiobiose and 62-/3-~- 

glucosylcellobiose with smaller amounts of laminaribiose and gentiotriose, and traces 
of sophorose and higher oligosaccharides. This contrasts with the 0. mazhamensis 

extract which gave cellotriose and 62-j3-D-glucosylcellobiose, and a -rery small amount 
of gentiobiose. This indicates that the OH groups at C-4 or C-6 of the non-reducing 
residue of cellobiose are the most favourable acceptor sites, whereas with the T. 
pyrifirmis enzyme extract, C-6 of D-glucose and the non-reducing residue of cellobiose 
are preferred; the OH groups at C-3 or C-2 of D-glucose are less favourable. 

The results obtained in the present study are compared in Table VI with those 
reported by various workers using plant or fungal enzyme preparations. The 0. 
malhamensis enzyme also differs from other B-D-glucosidases in its f&lure to use 
pentoses as effective, alternative acceptors. For example, when enzyme preparations 
from Aspergillzzs niger 2 ’ or Cladophora rupestris 1 ’ are incubated with mixtures of 
cellobiose and xylose, 3-0-P-D-glucopyranosyl-D-xylose is readily synthesised, whilst 
barley B-D-glucosidase produces 4- 0-F-D-glucopyranosyl-D-xylose from a mixture 
of salicin and xylose22. 

Since the enzyme extracts from T. pyrzjbrntis and 0. malhamensis showed 
significant gentiobiase activity, their action on a 10% solution of gentiobiose was also 
examined. In both cases, a mixture of oligosaccharides -mainly gentiosaccharides- 
was produced, and the pattern of synthesis was different from that for cellobiose. 
Moreover, in the presence of pentoses, glucosyl-pentoses were formed more readiIy 
by the 0. malhamensis extract from gentiobiose than from cellobiose. These results 
may indicate the presence of separate cellobiase and gentiobiase enzymes in the 
extracts. 
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