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The enzyme «,a’-glucoside 1-glucohydrolase, which catalyzes the hydrolysis of
trehalose, was isolated from Streptomyces hygroscopicus and was purified approxi-
mately 80-fold. The enzyme was completely specific for trehalose as substrate. None
of the other naturally occurring glucose disaccharides exhibited any significant ac-
tivity. The pH optimum for enzymatic activity was found to be 6.5 and the K., was
estimated to be approximately 1.8 X 10~2 M. The product of the reaction was iden-
tified as D-glucose by chemical, chromatographic, and enzymatic methods. The
presence of this enzyme was demonstrated in several species of Streptomyces and

related organisms.

Trehalose is found in many organisms, such
as yeasts, insects, fungi, and bacteria, where it
functions as a reserve carbohydrate. Trehalase
activity has been detected in most of these or-
ganisms. An excellent review of trehaloses and
trehalases has been made by Birch (4). More
recently, trehalose synthesis (21) and metabolism
(5) in the cellular slime mold Dictyostelium dis-
coideum have been described.

As reported in a previous communication (6),
an enzyme which catalyzes the transfer of glucose
from guanosine diphosphate-pD-glucose (GDPG)
to glucose-6-phosphate has been isolated from
Streptomyces  hygroscopicus. The purification
and properties of this new enzyme have been
reported in another communication (in prepara-
tion). This enzyme was also detected in a number
of other Streptomyces species (7). In each of these
organisms, it was shown that the vegetative my-
celia contained readily detectable amounts of
trehalose, which was characterized by its physi-
cal properties following crystallization.

The present report deals with the purification
and properties of a specific trehalase (a,a'-
glucoside 1-glucohydrolase) from S. hygroscopi-
cus as well as with the demonstration of trehalase
activity in a number of other Streptomyces
species.

MATERIALS AND METHODS

Materials. All chemicals were obtained from com-
mercial sources unless otherwise indicated. A lyophi-
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lized culture of Leuconostoc mesenteroides NRRL
B-1424, which produces a dextran from which koji-
biose and isomaltose were isolated, was kindly sup-
plied by Allene R. Jeanes of the U.S. Department of
Agriculture. The culture was maintained as previously
described (12). Kojibiose and isomaltose were iso-
lated by acetolysis (25). Nigerose was obtained by
hydrolysis of nigeran (3) and laminaribiose from
hydrolysis of laminarin (20). Sophorose was a gift
from H. G. Fletcher of the National Institutes of
Health. Calcium phosphate gel was made by the
method of Keilin and Hartree (14) or was purchased
from the Sigma Chemical Co., St. Louis, Mo. Hy-
droxylapatite, made by the method of Miyazawa and
Thomas (16), was kindly donated by E. Bresnick,
Baylor University College of Medicine.

Analytical methods. Glucose was determined by
either the reducing sugar method of Nelson (18) or
with glucose oxidase obtained from Worthington
Biochemical Corp., Freehold, N.J. (11). Hexose was
determined by the anthrone method (15) and protein
by the method of Sutherland et al. (24).

Paper chromatography was performed with
either Whatman no. 1 or no. 3MM filter paper.
Chromatographic solvents were solvent I, propan-1-
ol-ethyl acetate-water (7:1:2); solvent II, butan-1-ol-
acetic acid-water (8:1:1); solvent III, butan-1-ol-
pyridine-water (6:4:3). Sugars were detected on
chromatograms by use of the alkaline silver nitrate
reagent (26).

Culture conditions. S. hygroscopicus was grown as
previously described (6). After 8 days of growth at
room temperature on a New Brunswick rotary
shaker, cells were harvested by filtration on a Biichner
funnel and washed several times with ice-cold distilled
water; the cell paste was stored at —10 C until used.

Assay of enzyme. For routine assay, incubation
mixtures contained the following components, in a
final volume of 0.1 ml: sodium cacodylate buffer
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(pH 6.5), 20 pmoles; trehalose, 3.0 umoles; and an
appropriate amount of enzyme. The mixtures were
incubated at 37 C for 15 min. The reaction was stopped
by heating the tube for 10 min in a boiling-water bath.
The release of glucose was measured either by the
Nelson method or by glucose oxidase. Both methods
gave comparable results.

One unit of enzymatic activity is defined as that
amount of enzyme which hydrolyzes 1 umole of
trehalose in 1 min at 37 C.

Purification of the trehalase. Lysozyme was used to
disrupt the cells (27). A 60-g amount of cell paste was
suspended in 180 ml of 0.1 M potassium phosphate
buffer (pH 7.5), containing 0.5 mg of ethylenedi-
aminetetraacetic acid per ml and 1 mg of egg-white
lysozyme (Sigma Chemical Co.) per ml. After incu-
bation at room temperature for 1 hr, the suspension
was centrifuged at 30,000 X g for 10 min. The super-
natant fluid contained the enzymatic activity. All
steps were conducted at 0 C unless otherwise indi-
cated.

Manganese precipitation and first ammonium sulfate
fractionation. To 180 ml of crude extract, 7.2 ml of
1 M MnCl; was added slowly with stirring. The mix-
ture was allowed to stand for 5 min and then was
centrifuged. The precipitate was discarded, and 31.5 g
of solid ammonium sulfate (309, saturation) was
added to the supernatant liquid. After centrifugation,
an additional 38.7 g of solid ammonium sulfate was
added to the supernatant liquid (607 saturation).
After centrifugation, the precipitate was dissolved in
30 ml of distilled water and was dialyzed overnight
against distilled water.

Calcium phosphate gel treatment. To 33 ml of the
ammonium sulfate fraction, 49.5 ml of calcium phos-
phate gel (15 mg/ml) was added. The mixture was
allowed to stand for 15 min and then was centrifuged.
The supernatant fluid was discarded and the gel was
resuspended in 50 ml of 0.04 M potassium phosphate
buffer, pH 6.5. The gel suspension was stirred me-
chanically for 30 min and then was centrifuged. The
enzymatic activity was released from the gel and was
recovered in the supernatant fluid.

Second ammonium sulfate fractionation. To 50 ml
of the supernatant liquid from the above treatment,
12.1 g of solid ammonium sulfate (409, saturation)
was added. The precipitate was removed by centrifu-
gation and discarded, and an additional 5.1 g of solid
ammonium sulfate (559, saturation) was added to
the supernatant liquid. The precipitate was removed
by centrifugation, dissolved in 10 ml of distilled water,
and dialyzed overnight against distilled water.

Hydroxylapatite chromatography. A 10-ml amount
of the second ammonium sulfate fraction was applied
to a column (1.5 X 6 cm) of hydroxylapatite, which
had previously been equilibrated with 0.001 M potas-
sium phosphate buffer (pH 6.5). The column was
washed with 50 ml of 0.001 M potassium phosphate
buffer, pH 6.5. The enzyme was eluted stepwise with
50-ml portions of 0.01 M, 0.02 M, and 0.03 M potassium
phosphate buffer (pH 6.5). Enzymatic activity was
removed at 0.03 M. With this procedure, the enzyme
was purified approximately 80-fold with 109, re-
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covery (Table 1). This enzyme fraction was used in
all of the following experiments.

The enzyme was found to be stable to freezing at
all stages of purification. The purified enzyme showed
no loss in activity after storage at —20 C for 4 weeks
and could be frozen and thawed several times with
no significant loss of activity.

RESULTS

Effect of time, enzyme concentration, and sub-
strate concentration. The hydrolysis of trehalose
was linear with respect to time and enzyme con-
centration (Fig. 1). The rate of the reaction was
proportional to trehalose concentration to
1.2 X 1072 M, and the K,, was estimated to be
1.8 X 102 M (Fig. 2).

Effect of pH. Figure 3 illustrates the effect of
pH on the rate of hydrolysis of trehalose. The
optimal pH in cacodylate buffer was found to be
approximately 6.5. Potassium phosphate buffer
at the concentration used in the standard assay
procedure (0.2 M) caused approximately 20%
inhibition of enzymatic activity. Tris(thydroxy-
methyl)aminomethane buffer at the same con-
centration completely inhibited enzymatic activ-
ity.

Stoichiometry of the reaction. Incubation of
trehalose with the purified enzyme resulted in
the formation of 2 moles of glucose for each
mole of trehalose consumed.

Characterization of the product. As would be
expected, the product of the reaction was easily
identifiable as glucose. Approximately 12 umoles
of the product was isolated, by paper chroma-
tography in solvent I, from a large incubation
mixture. On development of the chromatogram
with alkaline silver nitrate, only two spots were
observed, corresponding to glucose and trehalose.
The area corresponding to glucose was cut out
and eluted. On further chromatography of this
region in two other solvents, it was again found
to have the same mobility as authentic D-glucose
(Table 2). In addition, samples tested for re-
ducing sugar, total hexose, and activity with D-

TABLE 1. Purification of trehalase

Specific activity
Fraction Total units (units/mg of
protein)

Crude extract.......... 35.0 2.2 X 1072
Manganous chloride +

ammonium sulfate. .. 30.0 7.2 X 1072
Calcium phosphate

gel.......... ... .. ... 28.3 14.8 X 1072
Ammonium sulfate. . . . 15.8 21.8 X 1072
Hydroxylapatite. ... . .. 3.3 166.7 X 1072
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glucose oxidase gave a ratio of hexose to reduc-
ing sugar to glucose oxidase-positive substance
of 1.02:1:0.93.

Substrate specificity. The purified enzyme was
found to be completely specific for trehalose
(Table 3). None of the other naturally occurring
glucose disaccharides exhibited any significant
activity. No «a- or B-glucosidase activity was
detectable when the enzyme was tested with the
a- or (-p-nitrophenyl glucosides. The enzyme
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Fi1G. 1. Effect of time and enzyme concentration on
rate of hydrolysis of trehalose. Incubation mixtures con-
tained, in a final volume of 1 ml, sodium cacodylate
(pH 6.5), 200 pmoles; trehalose, 30 umoles; and tre-
halase, 1.34 X 1072 units (®), 2.62 X 107 units (X),
and 5.33 X 107 units (O). At the times indicated,

0.1-ml samples were withdrawn and analyzed for re-
ducing sugar formation.
TaBLE 2. Paper chromatographic identification of

the product formed from trehalose®

RS
Compound
1 I jiss

Glucose............... 1.00 1.00 1.00
Galactose............. 0.92 0.94 0.91
Mannose.............. 1.40 1.26 1.10
Unknown............. 1.00 1.00 1.00

e Ratio to glucose in solvents I, II, and III.
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did, however, exhibit a slight activity towards
trehalosamine.

Detection of trehalase activity in Streptomyces
other than S. hygroscopicus. Table 4 shows the
specific activities of trehalase in various species
of Streptomyces and also in two other actino-
mycetes. It can be seen that, to a greater or lesser
extent, the enzyme is present in all of the species
thus far examined. It should be noted, however,
that although the relative specific activities dif-
fered as much as 100-fold, all of the values were
significant.

TABLE 3. Substrate specificity of trehalase®

Disaccharide Linkage l}g:-:nzfd%:ﬁ]s:

umoles
Trehalose al - 1 0.72
Kojibiose al - 2 0.00
Sophorose Bl —2 0.00
Nigerose al -3 0.00
Laminaribiose gl -3 0.00
Maltose al » 4 0.04
Cellobiose gl —» 4 0.00
Isomaltose al - 6 0.03
Gentiobiose Bl -6 0.00
Trehalosamine al — 1 0.10

e Incubation mixtures contained, in a final
volume of 0.1 ml, sodium cacodylate (pH 6.5),
20 pmoles; enzyme, 6.67 X 1072 units; and 3 pmoles
of disaccharide. Mixtures were incubated for
15 min, and glucose formation was measured by
glucose oxidase.

TABLE 4. Distribution of trehalase®

Specific activity

Organism (units/mg of protein)

Streptomyces hygroscopicus. . 1.55 X 102
S. lavendulae. . . ........ .. .. 0.12 X 102
S. rimosus.................. 2.25 X 102
S. aureofaciens.............. 0.1 X 102
S. antibioticus. ... .......... 0.07 X 102
S.griseus........... ... . ... 0.18 X 102
S. venezuelae. . ....... ... ... 0.05 X 102
S. virginiae. ................ 0.1 X 102
Micromonospora chalcae. . . . 0.02 X 102
Mpycobacterium smegmatis. . . 0.03 X 102

e Incubation mixtures contained, in a final volume
of 0.2 ml, sodium cacodylate (pH 6.5), 40 umoles; tre-
halose, 6 umoles; and an appropriate amount of the
dialyzed crude extract of the organism indicated.
Mixtures were incubated for 15 min, and the glucose
formed was measured by the Nelson method for re-
ducing sugar.
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FiG. 2. Effect of substrate concentration on trehalase activity. Incubation mixtures contained, in a final volume
of 0.2 ml, 20 pmoles of cacodylate buffer (pH 6.5); 0.67 X 107 units of enzyme; and trehalose, in various
amounts. The mixtures were incubated for 15 min, and glucose formation was measured by the reducing sugar

methad.

DiscussioN

The trehalase isolated from S. hygroscopicus
is markedly similar to that isolated from the
hybrid yeast by Avigad et al. (2). The yeast en-
zyme was shown to have a pH optimum of 6.9
and a K, of 10~2 M, which are comparable with
the pH optimum of 6.5 and K, of 1.8 X 102 ™M
of the S. hygroscopicus enzyme. These values
are in marked contrast to those found in other
organisms, such as yeasts (17, 19), insects (8, 22),
and Neurospora (10).

Trehalose has been found in large quantities
(159 of the total carbohydrate) in Neurospora
spores (23). A trehalase has been crystallized
from the mycelia (10), and it has been shown that,
although trehalase activity is present in spores,
there is a great increase in the amount of enzyme
upon germination (9).

Similarly, trehalose is also present in high
concentration in the spores of the cellular slime
mold D. discoideum. On germination, trehalase
activity increases markedly. Trehalose is rapidly
hydrolyzed and the glucose formed is further
metabolized (5).

Very low levels of trehalase activity have been
found in the spores of S. hygroscopicus. The
level of this enzyme in germinating spores has
not yet been determined. In addition, the levels
of trehalose present during germination have
not been examined. However, as trehalose ap-
pears to be a reserve carbohydrate in many or-
ganisms, this may be its function in Strepto-
myces.

It is interesting to note that trehalosamine
inhibits the germination of the spores of D. dis-
coideum (5). Trehalosamine has also been found
to exert an antibacterial effect against mycobac-
teria (1). In the present study on the trehalase
from S. hygroscopicus, preliminary evidence
indicates that trehalosamine can act not only
as a substrate for trehalase but also as an in-
hibitor of trehalase when trehalose is used as
substrate. Presumably, therefore, trehalosamine
acts as a competitive inhibitor.

An enzyme which catalyzes the cleavage of
trehalose phosphate to trehalose and inorganic
phosphate has also been detected in crude ex-
tracts of S. hygroscopicus, but the specificity of
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pH

FiG. 3. Effect of pH on trehalase activity. Incubation
mixtures were as described in the text. Acetate buffer
from pH 4.5 to 6 (O) and cacodylate buffer from pH 6
10 7.5 (X) were used.

this phosphatase has not been determined (A.
E. Hey and A. D. Elbein, unpublished data).

Trehalase activity has been detected in all of
the other species of Streptomyces tested thus
far. Although the specific activities differed by
as much as 100 times, there was a significant
level of activity in each species. It would be of
interest to measure the relative changes in the
levels of the enzyme through the vegetative
phase of growth, as well as in the spores of each
species before and during germination. With
this information and with more information on
the properties and relative levels of the other
enzymes in the system, such as GDPG pyrophos-
phorylase, trehalose synthetase, and trehalose
phosphate phosphatase, a more thorough under-
standing of the role of trehalose in Streptomyces
can be achieved.

ACKNOWLEDGMENT

This investigation was supported by Public Health
Service grant AI-AM 07738-01 from the National
Institute of Allergy and Infectious Diseases.

LiTERATURE CITED

1. Arcamone, F., and F. Bizioli. 1957. Isolamento e
costituzione chimica della trealosamina, nuovo
amminozucchero prodotto da uno streptiomi-
cete. Gazz. Chim. Ital. 87:896-902.

2. Avigad, G., O. Ziv, and E. Neufeld. 1965. Intra-

TREHALASE FROM STREPTOMYCES HYGROSCOPICUS

w

10.

11.

12,

13.

14.

15.

16.

17.
18.

19.

109

cellular trehalase of a hybrid yeast. Biochem.
J. 97:715-722.

. Barker, S. A,, E. J. Bourne, D. M. O’Mant, and

M. Stacey. 1957. Studies of Aspergillus niger.
Part VI. The separation and structure of oligo-
saccharides from nigeran. J. Chem. Soc., p.
2448-2454.

. Birch, G. G. 1963. Trehaloses. Advan. Carbo-

hydrate Chem. 18:201-224.

. Ceccarini, C. 1967. The biochemical relationship

between trehalose and trehalase during growth
and differentiation in the cellular slime mold
Dictyostelium discoideum. Biochim. Biophys.
Acta 148:114-124.

. Elbein, A. D. 1967. Carbohydrate metabolism in

Streptomyces hygroscopicus. 1. Enzymatic syn-
thesis of trehalose-phosphate from guanosine
diphosphate-p-glucose-C*. J. Biol. Chem. 242:
403-406.

. Elbein, A. D. 1967. Carbohydrate metabolism in

streptomycetes. II. Isolation and enzymatic
synthesis of trehalose. J. Bacteriol. 94:1520-
1524.

. Friedman, S. 1960. The purification and proper-

ties of trehalase isolated from Phormia regina,
Meig. Arch. Biochem. Biophys. 87:252-258.

. Hill, E. P, and A. S. Sussman. 1964. Develop-

ment of trehalase and invertase activity in
Neurospora. J. Bacteriol. 88:1556-1566.

Hill, E. P, and A. S. Sussman. 1963. Purification
and properties of trehalase from Neurospora.
Arch. Biochem. Biophys. 102:389-396.

Huggett, A. St. G.,, and D. A. Nixon. 1957.
Enzymatic determination of blood glucose.
Biochem. J. 66:12P.

Jeanes, A. R. 1965. Preparation of dextrans from
growing Leuconostoc cultures, p. 118-127.
In R. L. Whistler (ed.), Methods in carbo-
hydrate chemistry, vol. 5. Academic Press,
Inc., New York.

Kalf, G. F., and S. V. Rieder. 1958. The purifica-
tion and properties of trehalase. J. Biol. Chem.
230:691-698.

Keilin, D., and E. F. Hartree. 1938. On the
mechanism of the decomposition of hydrogen
peroxide by catalase. Proc. Roy. Soc. (London)
Ser. B 124:397-405.

Loewus, F. A. 1952. Improvement in the anthrone
method for determination of carbohydrates.
Anal. Chem. 24:219.

Miyazawa, Y., and C. A. Thomas, Jr. 1965.
Nucleotide composition of short segments of
DNA molecules. J. Mol. Biol. 11:233-237.

Myrbiack, K. 1949. Trehalose und trehalase.
Ergeb. Enzymforsch. 10:168-190.

Nelson, N. 1944. A photometric adaptation of the
Somogyi method for the determination of glu-
cose. J. Biol. Chem. 153:375-380.

Panek, A., and N. O. Souza. 1964. Purification
and properties of bakers’ yeast trehalase. J.
Biol. Chem. 239:1671-1673.

. Peat, S., W. J. Whelan, and H. G. Lawley. 1958.

The structure of laminarin. Part I. The main
polymeric linkage. J. Chem. Soc., p. 724-728.



110

21. Roth, R., and M. Sussman. 1966. Trehalose syn-
thesis in the cellular slime mold Dictyostelium
discoideum. Biochim. Biophys. Acta 122:225-
231.

22. Saito, S. 1963. Trehalose in the body fluid of the
silkworm Bombyx Mori L. J. Insect. Physiol.
9:509-519.

23. Sussman, A. S. 1961. Role of trehalose in the
activation of dormant ascospores of Neuros-
pora. Quart. Rev. Biol. 36:109-116.

24, Sutherland, E. W., C. F. Cori, R. Haynes, and
N. S. Olsen. 1949. Purification of the hyper-
glycemic-glycogenolytic factor from insulin and

HEY AND ELBEIN

J. BACTERIOL.

from gastric mucosa. J. Biol. Chem. 180:825-
837.

25. Torii, M., E. A. Kabat, and S. Beychok. 1963.
al,2 Linkages in Dextran NRRL B1424. Arch.
Biochem. Biophys. 103:283-285.

26. Trevelyan, W. E., D. P. Proctor, and J. S. Harri-
son. 1950. Detection of sugars on paper chro-
matograms. Nature 166:444-445.

27. Walker, J. B, and V. S. Hnilica. 1964. Develop-
mental changes in arginine. X. Amidinotrans-
ferase activity in streptomycin producing strains
of Streptomyces. Biochim. Biophys. Acta 89:
473-482.



