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ABSTRACT

Studies on Trehalose Phosphate Synthetase
in Mycobacterium smegmatis
By

Cecillia Huan Liu

The biosynthesis of trehalose phosphate occurs by two reactions which utilize
different sugar nucleotides, UDP-glucose or GDP-glucose. Cell free extracts of
several mycobacteria catalyzed the synthesis of trehalose phosphate from both UDPglucose and GDP-glucose.

An extract of Mycobacterium smegmatis was separated

into iwo fractions by chromatography on DEAE cellulose.

Fraction 1 catalyzed the

synthesis of trehalose (trehalose-P) from GDP-glucose but only slightly active with
UDP-glucose.

However, when fraction 2 was added to fraction 1, UDP-glucose was

able to serve as an effective glucosyl donor for trehalose synthesis.
conditions, GDP-glucose was still active.

Under these

Fraction 2 had no detectable enzymatic

activity and was heat-stable. The action of fraction 2 could be replaced by crude
&-lactalbumin, but not by pure c>Hoctalbumin, lysozyme, albumin or a number of
other proteins. The products formed from UDP-glucose-^C and fractions 1 and 2
or GDP-glucose-and fraction* 1 were identified as trehalose by paper chroma¬
tography and cocrystallization of the octaacetate derivative to constant specific
activity with authentic trehalose octaacetate.
As to the substrate specificity, ADP-glucose gave similar results to UDP-glucose.
Fructose-6-P was equally effective in fulfilling the requirement for glucose-6-P,
presumably due to the presence of phosphohexose isomerase.

TABLE OF CONTENTS

PAGE
LfST OF TABLES
LfST OF FfGURES

......
.

iv
v

[NTRODUCTfON

1

LITERATURE REVIEW

3

MATERIAL AND METHODS

9

Chemicals

9

Culture of Organisms

9

Analytical Methods

10

Chromatographic Method

11

Assay of Trehalose Synthetase

11

Identification of Products

13

Partial Purification of Trehalose Synthesis .

14

RESULTS

17

Synthesis of Trehalose from UDPG and GDPG

17

Characteristics of Peak I

17

Characteristics of Peak II

18

Identification of Products

19

Substrate Specificity

19

Requirements for Synthesis .

20

DISCUSSION

22

SUMMARY

27

.

Ill

PAGE
BfBLfOGRAPHY . .

28

APPEND fXES

34

LIST OF TABLES

TABLE

PAGE

1. Trehalose Synthesis by Various Fractions

40

2. Partial Purification of Trehalose Synthetase

41

3. Heat Inactivation of Peak I

42

4. Trehalose Synthesis by Various Heated Fractions ........ 43
5. Trehalose Recrystallization to Constant Specific Activity .... 44
6. Specificity of Glucosyl Donor for Trehalose Synthesis
7.

Specificity of Glucosyl Acceptor for Trehalose Synthesis

45
....

46

LIST OF FIGURES

FIGURE

PAGE

1.

Structure of cl, & -trehalose

........... 47

20

Chromatography of Trehalose Phosphate Synthesis on
DEAE Cellulose
....... .

48

3. Effect of Concentration of Peak If or a Number of Other
Proteins on Trehalose Synthesis from UDP-glucose and
PeakI o «o.o.««.».o.*..»«.«...o 49
4. Effect of Concentration of Peak U or a Number of Other
Proteins on Trehalose Synthesis from GDP-glucose and
Peak I ......

50

5. Effect of Time and Enzyme Concentration on Trehalose
Synthesis from UDP-glucose ............... 51
6. Effect of Time and Enzyme Concentration on Trehalose
Synthesis from GDP-glucose

52

7. Effect of GDP-glucose Concentration on Trehalose Synthesis ... 53
8. Effect of Glucose-6-P Concentration on Trehalose Synthesis
from GDP-glucose and Peak I

54

9. Effect of UDP-glucose Concentration on Trehalose Synthesis ... 55
10. Effect of Glucose-6-P Concentration on Trehalose Tynthesis
from UDP-glucose and Peaks I and II

56

INTRODUCTION

, d\-trehalose is widespread in nature; it is found in bacteria, yeast, fungi,
plants and invertebrates. It appears to function as a reserve food material.

The

enzyme catalyzing trehalose synthesis (trehalose synthetase) has been found in
several different microorganisms. Cabib and Leloir (1958) first isolated a trehalose
synthetase from commercial brewers yeast which was found to catalyze reaction 1
as follows:
1„

UDP-glucose + Glucose-6-P

Mg4*

> Trehalose-6-P
+
UDP Reaction 1.

These workers also found a specific phosphatase which accounted for the formation
of free trehalose by yeast.
2. Trehalose-6-P Trehalose + p;
A similar reaction to 1 also occurred in the locust (Candy and Kilby, 1961).
Goldman and Lornitzo (1962) found evidence for the presence of a trehalose synthe¬
tase which catalyzed the above reaction in Mycobacterium tuberculosis.

Murphy

and Wyatt (1965) described such an enzyme in the silk moth fat body, and Roth and
Sussman (1966) described a similar enzyme system in Dictyostelium discoideum.
Recently, a trehalose synthetase catalyzing the reaction
3. GDP-glucose + Giucose-6-P

Mg4*

=>

Trehalose-6-P
+

GDP Reaction 2.
was found in Streptomyces hygroscopicus (Elbein, 1967) and also was demonstrated
in a number of other Streptomyces species, but could not be detected in Saccharomyces cervesiae or fungi. (Elbein, 1968). In all of the streptomycetes examined,
UDP-glucose would not serve as a glucosyl donor. However, more recently, in
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other actinomycetes principally Mycobacteria and Nocardia species, crude
extracts were found to utilize either UDP-glucose or GDP-glucose as the glucosyl
donor for trehalose synthesis (Elbein, 1968, unpublished data). This phenomenon
raised a problem. Did the same enzyme catalyze both reactions or were there
two distinct enzyme systems, each capable of catalyzing only one of these reactions?
Thus, it was decided to attempt to purify the enzyme (or enzymes) from one
organism in which both of these reactions occurred in an effort to separate the two
activities.

Mycobacterium smegmatis which is easy to culture and has reasonably

good enzymatic activity was chosen for this study.

LITERATURE REVIEW

GENERAL
Trehalose is a 1, 1-linked disaccharide of D-glucose. Trehalose has

, jg. and 0, ^ anomers containing two pyranose forms.

oU cA -trehalose is the

only anomer of trehalose which is found in nature and was first isolated from ergot
of Rye in 1832 by Wiggers.

The structure of this compound is shown in Figure 1.

The general metabolism of trehalose involves biosynthesis and degradation as
follows:
(1) .

Biosynthesis:
Nucleoside Diphosphate Glucose + Glucose-6-P
Trehalose-6-P Synthetase
Trehalose-6-P + Nucleoside
Mg-tt Diphosphate

(2) .

Degradation:
Trehalose-6-P

Phosphatase ^

Trehalose + Pi

Trehalose Trehalose 2 D-glucose
**■

—

H2O

Trehalose apparantly functions as a reserve food material.

dt,d-TREHALOSE; OCCURRENCE AND METABOLISM
1.

Trehalose in Mycobacterium.

The finding of trehalose in Mycobacterium phlei by Pangborn and Anderson
(1933) was followed by the discovery of Anderson and Newman (1933) that the
natural fat of the human tubercle bacillus contains a trehaloside instead of a
glyceride.

Henderson (1942) found that the tubercle bacillus could use

<3,c%

-trehalose as a nutrient instead of glycerol; growth was about two-thirds as rapid.
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A BCG strain (Fitzgerald and Bernhein, 1948) could oxidize -trehalose more
rapidly on addition of NaF at certain pH values than without this salt.
cyanide increased the rate of oxidation of ol

Azide and

-trehalose by mycobacteria.

Bloch

and Sul I man (1945) isolated trehalose from the tubercle bacillus.
Elbein (1967 a, b) isolated a trehalose-phosphate synthetase from Streptomyces
hygroscopicus and a number of other species that utilized GDP-glucose as the
glucosyl donor for trehalose phosphate synthesis and also (1968, unpublished data)
found that a number of Mycobacteria species could utilize both UDP-glucose and
GDP-glucose as glucosyl donors.

Lornitzo and Goldman (1964) purified a trans-

glucosylase inhibitor from Mycobacterium tuberculosis which blocked trehalose-6-P
synthesis and also identified it as a oligoribonucleotide containing adenine and
guanine, but no pyrimidine bases.

Winder and Brennan (1964, 1967) found an

accumulation of free trehalose in mycobacteria (M. smegmatis, M. tuberculosis)
when exposed to isoniazid and suggested that the primary action of isoniazed on
Mycobacterium species might be partial inhibition of a reaction in some central
area of metabolism such as glycolysis.
Lederer and coworkers (1956) identified the cord factor of the human tubercle
bacillus as a glycolipid which is the o(/dt “trehalose 6,6' diester mycolate.
Najima (1959) isolated the cord factor from wax D of BCG strain. Yamamura and
Azuma (1962 a, b) isolated cord factor from Mycobacterium fortuitum and atypical
mycobacterium strain P]£.

The molecular form assumed to be C^gH135O4

different from that of tubercle bacillus which contains mycolic acid.

is

They also

isolated the cord factor from Mycobacterium smegmatis and Mycobacterium phlei
and assumed the formula to be

The method for the synthesis of cord
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factor was suggested by the synthesis of stearic acid esters of d*

-trehalose by

Willstaedt and Borgard (1946)» Lederer et al (1956 a, b) and Ferrol and Polonsky
(1958) have synthesized cord factor chemically. Mycolic acid was acetylated with
acetic anhydride in the presence of pyridine, and the product was converted into
the acid chloride which was then reacted with anhydrous ot ,<6* -trehalose in pyridine
to give d}, <dt, “trehalose dimycolate.
Trehalosamine has an antimycobacterial effect which is antagonized by
©i -trehalose.

One mole of trehalosamine as inhibitor removes 0.337 moles of

trehalose from the surface of the trehalose (Ghionre and Sanfilippo, 1957).

Narumi

and Tsumita (1965) isolated trehalose 6, 6' diphosphate with side chains of mannose
from Mycobacterium tuberculosis.
phorylated polysaccharide.

It has been characterized as a subunit of a phos-

In 1967 they identified dl/ 6l-trehalose 6,6' diman-

nosyl phosphate of Mycobacterium tuberculosis.

2.

Trehalose in Yeast

Robinson and Morgan (1928) first isolated trehalose monophosphoric ester from
the products of fermentation of fructose with dried yeast.

In 1930 they found

trehalose monophosphate increased in amount when the fermentation was continued
for some time after the addition of phosphate, but decreased if the fermentation was
prolonged.

Bouthilet and Neilson (1949) found several species of yeast could fer¬

ment trehalose.

Cabib and Leloir (1958) first isolated trehalose phosphate synthetase

which catalyzed the transfer of glucose from UDP-glucose to glucose-6-P to form
trehalose phosphate. They also detected a phosphatase which cleaved trehalose
phosphate to trehalose and inorganic phosphate.

Frohwein and Leibowetzy found
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that Baker's yeast contained at least two distinct glucosidases, one of which was
responsible for hydrolysis of trehalose and another for maltose.

In the same year,

Panek used isonicotinyl hydrizide and sodium fluoride to show that while they
inhibited growth, they did not effect trehalose formation.

He suggested a competi¬

tion between the systems for amino acid synthesis and trehalose synthesis since
glucose-6-P is an intermediate for both pathways.

Panek (1963) also found that

the storage carbohydrates of yeast cells are trehalose and glucose.

After the initial

"lag" phase of growth, trehalose is rapidly degraded and CO2 is released.
and Souza (1963) purified a trehalose from Baker's yeast.

Panek

Avigad and Neufeld

(1965) also isolated an intracellular trehalose of a hybrid yeast.

3.

Trehalose in Slime Molds

In 1925 Iwanoff demonstrated the presence of trehalose in isolated spores of the
cellular slime mold Ret?cularia lycoperdon (Mycomycetes).

Clegg and Filosa (1961)

found that trehalose in the cellular slime mold Dictyostelium ducoroides plays an
important role in germination. Ceccarini and Filosa (1965) showed that the level
of trehalose varied very dramatically during the life cycle of Dictyostelium
discoideum.

Roth and Sussman (1966) isolated a trehalose synthetase which util¬

ized UDP-glucose as the glucosyl donor from Dictyostelium discoideum , and
showed that its activity varied with the developmental stage0

Ceccarini (1966)

isolated and purified the trehalose from Dictyostelium discoideum.

Ceccarini (1967)

showed trehalose appearance and trehalose breakdown to glucose during the spore
germination.

Roth and Sussman (1968) found that trehalose phosphate synthetase is

related to protein synthesis in D. discoideum during the developmental stage.
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4. Trehalose in Neurospora
Lingappa and Sussman (1959, 1961) showed that trehalose plays a role In devel¬
opmental stage in ascospores of Neurospora tetrasperma.

Hill and Sussman (1963)

isolated and purified trehalose from Neurosporia and also (1964) found that invertase
activity was highest in the mycelia while trehalose activity was highest in ungerm¬
inated conidiao

Both enzymatic activities were low in ascospores,,

Hanks (1967)

found that the trehalose breakdown and trehalose activity increased during the dif¬
ferent developmental stages of sporulation and conidiation in Neurospora.

Liu and

Elbein (1968, unpublished data) isolated a trehalose phosphate synthetase which
utilized UDP-glucose as a glucosyl donor for trehalose synthesis from Neurospora
crassa.

5. Trehalose in Other Fung?
Ballio

a! (1964) isolated trehalose from the conidia of Penicillium chryogenum.

Mandels and Parrish (1965) found trehalose as an endogenous reserve at the spore
surface of Mycothecium verricoria.
from Pulularia pullulaus.

Merdinger and Kohn (1967) isolated trehalose

Williams and Niederpruem (1968) isolated trehalose from

Schizophllum commune.

6. Trehalose in Insects
Seiborvitz (1944) first isolated trehalose from the desert manna.

Howden and

Kilby (1956) found that trehalose activity was in the blood serum and fat body, both
of which had activity for both maltose and trehalose.
lated trehalose from a number of insect species.

Wyatt and Kalf (1956) iso¬

In 1957, they studied the insect

hemolymph and demonstrated that trehalose was the major blood sugar.

In 1958,
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Kalf and Rieder purified a trehalase from silkworm wax moth which had high spec¬
ificity and a low Km.

fn some species, trehalose has been shown to serve as a

mobile energy source for flight and its levels in the blood have been implicated in
the control of the expenditure of flight energy (Wyatt, 1961; Clegg et al, 1961).
Candy and Kilby (1961) isolated a trehalose synthetase which utilized the same
sugar mucleotide (UDPG) as described by Cabib and Leloir (1958) in yeast,

fn

silkworm larvae, trehalose has been suggested as a source of carbon for chitin syn¬
thesis during molting (Florkin et al, 1963). The level of blood trehalose varies
greatly in the developmental history of different species and seems to be subject to
quantitative regulation which is suggested by the constant and characteristic level
of this sugar within the blood of each developmental stage of each species (Wyatt,
1961).

fn 1964 and 1965 Murphy and Wyatt studied the relationship between

trehalose and glycogen synthesis, since they utilized the same sugar nucleotide as
a glucosyl donor and found both of them were influenced by natural metabolites in
ways that may provide for the physiological control of production of these carbo¬
hydrates. Derr and Randall (1966) isolated trehalase of the grasshopper, and also
found evidence that the enzyme is inhibited by trehalosamine.

Friedman (1968)

studied the regulation of trehalose as related to the rate of glucose-6-P hydrolysis
in the blowfly extracts of fat body and other tissue.

MATERIALS AND METHODS

Af.

Chemicals

Guanosine diphosphate D-glucose-^C (GDPG-^C) and uridine diphosphate
D-glucose-^C (UDPG-^C) were prepared by the method of Elbein (1960) which
is a modification of the method of Roseman et a[ (1961).
Calcium phosphate gel was prepared as described by Colowick (1955)(Appendix I).
Pure

-lactal bumin was a gift of Dr. R. L. Hill, Duke University Medical

School, Durham, North Carolina.
-lactalbumin was purchased from Nutritional Biochemical Company.
zyme and serum albumin were obtained from Sigma Chemical Company.

Lyso¬

Glucose,

trehalose, glucose-l-P, glucose-6-P, fructose-6-P, galactose-6-P, glucosamine-6-P
and uridine d i pho sph ate-D-glucose (UDPG) were also obtained from Sigma Chemical
Company.

Guanosine diphosphate D-glucose (GDPG) was purchased from Calbichem,

Los Angeles, California.
Alkaline phosphatase was obtained from Worthington Biochemical Company,
Freehold, New Jersey.

Bo

Culture of Organisms

Cultures of Mycobacterium smegmaties were maintained on Tryptic Soy Agar(2%
Agar added to Tryptic Soy Broth) at room temperature. One hundred and twenty-five
ml flasks containing 30 ml of Tryptic Soy Broth were inoculated from the slants. After
48 hours of growth at 37° on a New Brunswick rotary shaker, 5 ml of this culture
were used to inoculate 2-liter flasks containing 1 liter of the same medium.

After

growth for 2 or 3 days at 37° on a rotary shaker, the cells were harvested by centrif-
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ligation at 17,000 xg for 20 minutes and washed once with distilled water. The
cells paste was stored at -20° until used.

C. Analytical Methods
Radioactivity on paper was located qualitatively by a Packard Model 7200
radiochromatogram scanner with a Packard Model 385 recording ratemeter at a
speed of 1 cm/min. Radioactivity was quantitated with a Packard Model 2002
Liquid scintillation spectrometer. Absorbancies were measured in a Zeiss PMQ H
spectrophotometer,,
Hexose was determined by the anthrone method according to Loewus (1962).
Usually 0.2 - 0.3 ml samples were added into 0.8 - 0.7 ml of water, then 2 ml
of anthrone reagent (200 mg anthrone in 100 ml sulfuric acid) were added and the
tubes were heated at 100° for 5 minutes. Samples were read at 620 mu for the
determination of hexose, using a glucose standard treated in the same manner.
Reducing sugar was determined by the method of Nelson (1944) (Appendix II).
Protein was measured by the phenol method as described by Lowry et al (1951)
(Appendix III).
A second method for protein determination was by its absorption at 280 mu as
described by Kalckar (1947) (Appendix IV). The characteristic absorption in this
certain range derives principally from the indol group of tryptophan, the phenolic
group of tyrosine, and the phenyl group of phenyalanine.
Trehalose and trehalose phosphate were determined by the anthrone method,
after hydrolysis of nucleotide sugars by acid hydrolysis, and destruction of reducing
sugars by alkaline hydrolysis. Due to the absence of free reducing groups, trehalose
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is stable to alkali.

The detailed procedure will be described under assay of tre¬

halose synthetase.

Do

Chromatographic Method

The following solvent systems were used in descending paper chromatography
on Whatman No. 1 or No. 3 paper;
I. Propanol-ethyl-acetate-water (7: 1: 2)
IT. n-Butanol-pyrdine-water (6: 4: 3)
Sugars were detected with the alkaline silver nitrate reagent as described by
Trevelyan et a^ (1950). Trehalose and glucose were separated by their different
Rf value.

At least 24 hours of development were necessary for separation of these

two sugars by the above solvents.

E.

Assay of Trehalose Synthetase

Two different methods were used to determine enzyme activity. One of those
was a colorimetric procedure, the other was a radioactive method.

The reaction

mixtures were the same, except that the radioactive method involved the use of
UDP-D-glucose-^C; or GDP-D-glucose-^C, while the colorimetric method
utilized unlabeled sugar nucleotides.

Incubation mixture contained the following

components (in micromoles) in a final volume of 0.2 ml : GDPG-^C or UDPG-^C
(20,000 counts/min) or GDPG or UDPG, 0.5xim; glucose-6-P, 0.5 jum; MgC^,
0.6; 0.1 M

Tris buffer, pH 7.5, containing 0.005 M ^-mercaptoethanol, 5.0,

and an appropriate amount of enzyme.

Incubation was done at 37° for 30 minutes.

For the colorimetric method, after incubation, HC1 was added to a final concen¬
tration of 0.3 N and the tubes were heated at 100° for 13 minutes to hydrolyze
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any remaining sugar nucleotide.

The tubes were cooled and NaOH was added to a

final concentration of about 0.25 N (usually 0.25 to 0.3 ml of 2% NaOH was
added).

Again the tubes were heated at 100° for 15 minutes.

This treatment des¬

troyed sugars with free carbonyl groups, such as glucose and glucose-6-P. Trehalosephosphate could then be assayed by the anthrone procedure (usually 0.2 - 0.3 ml
samples were added into 0.8 - 0.7 ml of water, then 2 ml 2% anthrone reagent were
added and the tubes were heated at 100° for 5 minutes).
determine free trehalose.

This method will also

Thus organisms having a phosphatase capable of cleaving

trehalose-phosphate to trehalose would also be determined. Control tubes were
prepared in which UDP-glucose or GDP-glucose, enzyme or some other component
was added after incubation and these controls were submitted to the same treatment
as the unknowns.

Specific activity is reported as units per milligram of protein.

One unit is that amount of enzyme which causes an optical density change ofO. 1
at 620 mu in 30 minutes (about 0. 15/J mole of trehalose phosphate or trehalose).
fn the radioactive assay, two methods were used to measure this enzyme system.
One was paper chromatography; reactions were stopped by heating at 100° for 5
minutes.

A 0.1 ml aliquot of alkaline phosphatase (10 mg/ml in 0.1 M Tris buffer,

pH 8) was added to convert trehaIose-6-phosphate to trehalose, and the mixtures
were incubated at 37° for 60 minutes.
Following this incubation, tubes were heated for 5 minutes to stop the reaction
and any insoluble material was removed by centrifugation. The supernatant liquid
was treated with mixed-bed ion-exchange resin (Dowex 1-COg and Dowex 50-H*)
to remove anions and cations and then placed in a vacuum dessicator to concentrate
the supernatant. Then the samples were chromatographed in solvent II or I for 24

13
hours. Radioactivity in trehalose was scanned with a Packard radioactive paper
scanner and determined quantitatively in a Packard liquid scintillation spectrometer.
The other assay method was by paper electrophoresis. At the end of the incu¬
bation, HC1 was added to a final concentration of 0.4 N in order to hydrolyze
the sugar nucleotides. This was necessary only in those tubes in which the sub¬
strate was GDP-glucose-^C, since the electrophoretic mobilities of trehalose-P
and GDP-glucose-^C were fairly close. When UDP-glucose-^C was the sub¬
strate, incubation mixtures were simply heat-killed. All tubes were then heated at
100° for 10 minutes. The complete reaction mixtures were then streaked on Whatman
3 MM paper and subjected to high voltage electrophoresis in 0.2 M ammonium
formate buffer, pH 3.6. Papers were then scanned with a Packard radiochromato¬
gram scanner. The areas of the papers corresponding to trehalose phosphate were
cutout and counted in a liquid scintillation spectrometer.

F.

identification of Products

The products of the reactions were tentatively identified as trehalose by paper
chromatography. Besides the unknown samples, standards of authentic glucose and
trehalose were also spotted on the paper and these were developed with solvent II
or f. The areas of the papers corresponding to authentictrehalose were cut out
and eluted with water and rechromatographed as above in a different solvent.
A further identification was by preparation of the actaacetate derivative of
the radioactive sugar and then cocrystallization of this derivative to constant spec¬
ific activity with authentic trehalose octaacetate. Trehalose-^C was collected
from different reactions; that is GDP-glucose-^C and peak I or UDP-glucose-^C
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and peaks f and IT until enough radioactivity was available to be crystallized.
Then they were eluted with water.

After filtration samples were dried in vacuo

and were then treated with acetic anhydride and pyridine and kept at 4° for a
couple of days to prepare the octaacetate derivative. The mixtures were then
diluted with distilled water and extracted with chlorogorm several times to extract
the octaacetate.

The chloroform layer which contained the sugar sample was kept

and washed with sodium bicarbonate to remove any remaining acetic acid, and then
with water.

The chloroform was then removed in vacuo.

This radioactive sugar

octaacetate was mixed with 50 mg of authentic c3,d*. “trehalose octaacetate and the
mixture was crystallized from ethyl alcohol (80%) a number of times.

Each times it

was counted to determine the specific activity in a liquid scintillation spectrometer,
and the crystals were weighed.

G.

Partial Purification of Trehalose Synthetase

(1) .

Preparation of crude extract.

Crude extracts were prepared by suspending 20 gm of cell paste in 100 ml ice
cold 0.01 M Tris buffer, pH 7.5, containing 0.005 M /3-mercaptoethanol and
subjecting the suspension to sonic oscillation with a Biosonik probe Bronwill oscil¬
lator. The sonicator was operated for six 3-minute periods, each followed by a
3-minute resting period to cool the extract.
20,000 xg for 20 minutes.

The extract was then centrifuged at

The supernatant fraction contained the enzyme activity.

All steps were conducted at 0° to 4°.
(2) .

First ammonium sulfate fraction.

To 100 ml of crude extract 31.3 gm of solid ammonium sulfate were slowly added
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to give a final concentration of 50% saturation. The mixture was allowed to stand
for 20 minutes in an ice bucket,

ft was then centrifuged at 20,000 xg for 15 min¬

utes. The precipitate was dissolved in 8 - 9 ml of 0.01 M Tris buffer, pH 7.5
containing 0.005 M jS -mercaptoethanol and dialyzed over night against 2 liters
of the same buffer.
(3) .

Calcium phosphate gel adsorption and elution

To 10 ml of the above ammonium sulfate fraction was added 8 ml of calcium
phosphate gel (15 mg/ml).

The solution was stirred for several minutes and then

allowed to stand for 15 minutes in order to adsorb protein.

Both the supernatant and

precipitate were tested for their ability to catalyze trehalose synthesis,

(fn order to

test the precipitate, it was suspended in Tris buffer and allowed to stand for a few
minutes, and then the supernatant was taken to test.) The supernatant fluid con¬
tained the enzyme activity.
(4) .

Second ammonium sulfate fraction

To the above fraction (about 18 ml), 4.7 gm of solid ammonium sulfate were
slowly added with magnetic stirring to give a final concentration of 50% saturation.
The mixture was allowed to stand for 20 minutes and was then centrifuged. The
precipitate was dissolved in 5 ml of 0.01 M_ Tris buffer containing 0.005 M

-

mercaptoethanol and dialyzed overnight against 2 liters of the same buffer.
(5) .

Diethylaminoethyl (DEAE) cellulose column chromatography:

lulose was prepared as described by Peterson and Sober (1956).

DEAE cel¬

First it was washed

with 1 N NaOH and then with distilled v/ater until neutral. Then it was washed
with 1 N HC1 and again with distilled water until neutral.
f M KC1 until used.

It was then stored in
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A column (3 x 17 cm) of DEAE cellulose was prepared and washed with 0.01
M Tris buffer pH 7.5 containing 0„005 M -

-mercaptoefhanol until free of chloride

ion. The ammonium sulfate fraction was applied to the column and the column was
then washed well with 400 - 500 ml 0.01 M Tris buffer (same as above),. The enzyme
was eluted with a linear gradient set up as follows: The mixing bottle/ which con¬
tained 500 ml of 0o01 M Tris buffer pH 7.5 with 0.005 M_ ^-mercaptoethanol,
was placed on a magnetic stirrer and was connected to a reservoir of 500 ml of
1 M KC1 in the same buffer. Fractions/ each 6 - 7 ml/ were collected and tested
for protein with the spectrophotometer at 280 mu. Two isolated peaks were obtained
as shown in Figure 2. Peak tubes v/ere combined/ and protein was precipitated by
the addition of solid ammonium sulfate to 70% saturation (471 g/1 liter). The pre¬
cipitate was isolated by centrifugation, dissolved in the smallest amount of Tris
buffer (0.01 M Tris, same as above) and dialyzed overnight against 3 liters of the
same buffer.

RESULTS

A. Synthesis of Trehalose from UDP-glucose and GDP-glucose.
All enzyme fractions were tested for their ability to catalyze trehalose synthesis.
Crude extract, first ammonium sulfate fraction, calcium phosphate gel fraction, and
the second ammonium sulfate fraction, each had enzymatic activity for both UDPglucose and GDP-glucose.
Two fractions were obtained from a DEAE cellulose column as shown in Figure 2.
These were assayed alone and in combination with each other.

The results (Table 1)

showed that peak I alone catalyzed the synthesis of trehalose from GDP-glucose
but had virtually no activity with UDP-glucose.
GDP-glucose or UDP-glucose.

Peak II had no activity with either

However when peaks I and II were combined,

UDP-glucose was able to serve as a suitable glucosyl donor for trehalose synthesis.
Under these conditions, GDP-glucose was still active as a glucosyl donor for tre¬
halose synthesis.
The enzymes were tested both by the colorimetric and radioactive assays; both
of these gave similar results as shown in Table 1.

The enzyme activity of all frac¬

tions was stable; no significant loss of enzyme activity occurred after freezing at
-20° as also shown in Table 1.
The purification of the enzyme is shown in Table 2.
B. Characteristics of Peak I
In order to show that peak I contains a single trehalose phosphate synthetase
which can utilize either GDP-glucose or UDP-glucose, depending on the presence
of peak II, two experiments were done.
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(1) . Peak 1 was further fractionated on Sephadex G-100 and again on DEAE
cellulose.

The former was eluted with 0.001 M phosphate buffer, pH 7.5 and the

latter was eluted with a linear gradient of KC1.

In each case, only one peak of

activity was obtained and this was found to catalyze trehalose synthesis from either
UDP-glucose or GDP-glucose.

The results of these experiments showed that activ¬

ity of these sugar nucleotides emerged together from these two columns.
(2) . Peak I was heated at 45° for varying periods of time, then incubated
with GDP-glucose and UDP-glucose plus peak II at 37° for 30 minutes.

The form¬

ation of trehalose from either GDP-glucose or UDP-glucose was decreased almost at
the same rate for both reactions, that is, GDP-glucose and peak I or UDP-glucose
and peaks T and II. The results are shown in Table 3.

C.

Characteristics of Peak II

Several experiments were done in order to characterize peak II.
(1) .

While peak I was heat labile, peak II was still active after heating at

100° for 5 minutes.
Because of the heat stability of peak II, either heated crude extract or the
first ammonium sulfate fraction (after heating) was tested with peak I for their
ability to catalyze trehalose synthesis from UDP-glucose.

The results showed that

heated crude extracts from other Mycobacterium species (M. phlei) also could
catalyze trehalose synthesis from UDP-glucose in the presence of peak I from
Mycobacterium smegmatis.
(2) .

All of these results are shown in Table 4.

Figure 3 shows the effect of increasing amounts of peak II on trehalose

synthesis from UDP-glucose and peak I.

If can be seen that increasing concentra-
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Hons caused an Increased synthesis in a typical saturation type curve. This activity
could partially be replaced by a high concentration of crude C^-lactalbumin. How¬
ever, when highly purified C^-lactalbumin was tested in this system it no longer
exhibited any effect. A number of other proteins including serum albumin or lyso¬
zyme, were also ineffective.
Similar experiments were done also with GDP-glucose and peak I. These
results showed only a slight effect of peak It and crude

-lactalbumin on trehalose

synthesis.

D. Identification of the Products from Both of the Reactions
The products of both reactions, that is GDP-glucose and peak I or UDP-glucose
and peaks l and If, were shown to be trehalose as indicated in Table 5; that is, the
sugars were converted to their octaacetate derivatives and these cocrystallized to
constant specific activity with authentic trehalose octaacetate through four recrystallizations.
Paper chromatography also showed that the dephosphorylated disaccharide ex¬
hibited the same mobility as authentic trehalose in different solvents ( I and II).

E. Substrate Specificity
(1).

Specificity of glucosyl donor for trehalose phosphate synthesis:

As shown in Table 6, the enzyme system appeared to be relatively nonspecific
for GDP-glucose, UDP-glucose, and ADP-glucose as glucosyl donors in crude
extract, first ammonium sulfate fraction, calcium phosphate gel and second ammonium
sulfate fraction. After the DEAE cellulose column fraction, ADP-glucose gave
similar results to UDP-glucose; that is, when peaks I and II were combined, ADP-
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glucose was able to serve as an effective glucosyl donor for trehalose synthesis.
Glucose-l-P could not replace the sugar nucleotides as a glucosyl donor for the
trehalose synthesis at all.
(2)0 Specificity of glucosyl acceptor for trehalose phosphate synthesis:
As shown in Table 7, glucose, mannose, glucose-l-P, fructose-6-P, galactose- .
6-P and glucosamine-6-P were individually tested with both UDP-glucose and GDPglucose for trehalose synthesis with different fractions from the DEAE cellulose
column (peak 1 alone and peaks I and II). Only fructose-6-P was equally effective
in fulfilling the requirement for glucose-6-P while the others were only slightly
effective in replacing glucose-6-P0 All of the experiments were only tested using
the colorimetric assay0

Fo

Requirements for Synthesis

(1) .

Effect of time and enzyme concentration:

The formation of trehalose phosphate from GDP-glucose and peak I or UDPglucose and peaks I and IT, or UDP-glucose and peak I and crude c^-|octalbumin
was almost linear with respect to time and protein concentration under the standard
assay conditions by the colorimetric method (Figures 6, 5).
(2)

0

Effect of substrate concentration

The effect of concentration of GDP-glucose with peak I on trehalose phos¬
phate formation is shown in Figure 7. The reaction was proportional to GDP-glucose
contration to about 10“°M and the Km was estimated to be 1,0 x 10“°M<> The
reaction was also proportional to glucose-6-P concentration to 2 x 10”°M, and the
Km for this substrate was estimated to be 1.8 x 10~°M (Figure 8)0 The effect of
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concentration of UDP-glucose with peaks I and IT (or peak I alone) and glucose-6-P
on trehalose phosphate formation is shown in Figure 9.

The reaction was proportional

O

to UDP-glucose concentration to about 0o8 x 10"°M and the Km was estimated to
be 9 x The reaction was also proportional to glucose-6-P concentration to
10”^M and the Km for this substrate was estimated to be l»4x 10"^M (Figure 10)o

DISCUSS TON

1.

Synthesis of Trehalose from UDP-glucose and GDP-glucose
The results presented here show that in Mycobacterium smegmatis two fractions

are required to catalyze reaction 1. (shown below), while only one of these fractions
is necessary for reaction 2.
UDP-glucose + Glucose-6-P
GDP-glucose + Glucose-6-P

1 + II

^

Trehalose-P + UDP

(1).

1
> Trehalose-P + GDP

(2).

It seems possible that fraction II modifies the enzyme (fraction I ) so that it is able
to use UDP-glucose as a substrate and thus this system may be analogous to the
lactose synthesizing system described by Brodbeck et cd (1967) and Brew etjal. (1968)
as shown below:
UDP-galactose + N-acetyl-D-glucosamine
A

^ N-acetlyactosamine + UDP

UDP-galactose + D-glucose

A+ B

Lactose + UDP

In the case of lactose synthesis, the B protein has been shown to be cl -lactalbumin which apparently modifies the acceptor specificity of the galactose trans¬
ferase so that glucose, rather than N-acetylglucosamine can act as the acceptor
molecular.

2.

Characteristics of Peak I
Since the activity for both GDP-glucose and UDP-glucose emerge together

from columns of DEAE cellulose and Sephadex G-100, it seems likely that the same
protein in peak 1 catalyzes the synthesis of trehalose from either UDP-glucose or
GDP-glucose.

The heat inactivation experiment, while not conclusive, still indi-
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cated that both enzymatic activities disappeared at approximately the same rate,
suggesting that both activities may reside in the same protein.

For determining the

purity of peak [, an examination of the proteins by disc gel electrophoresis (done
by B. Patterson) on columns of acrylamide showed at least 6-7 bands. These results
suggested that further purification will be necessary to resolve the problem of whether
both activities reside in one protein.

However, as indicated above heat inactivation

and purification studies suggest only one enzyme.

3„

Characteristics of Peak II
Peak IT was heat stable, and heated crude extracts from a number of other

Mycobacteria species

could replace this requirement for peak If.

This implies that

the material present in peak II is probably widely distributed among the myco¬
bacteria.

In order to determine whether peak II was universal in causing trehalose

synthesis From UDP-glucose, it was combined with the GDPG-trehalose synthetase
from So hygroscopicus which only utilizes GDP-glucose as a glucosyl donor for
trehalose synthesis.

Under these conditions, UDP-glucose was stil I ineffective,

while GDP-glucose was a good substrate.

(Done by Dr. Elbein.) These results

imply that it is not likely that a common enzymatic reaction or mechanism is required
in trehalose phosphate synthesis for both organisms.
Several experiments were done by Dr. Elbein and B. Patterson for determining
the characteristics of peak II. Peak II did not pass through Diaflo membranes with
cutoffs of 30,000 and 50,000 molecular weight, but did pass through 100,000 mole¬
cular weight filter.
weight compound.

These results imply that peak If may be a rather high molecular
Because of the high absorption of peak If at 260 mu, it seems

24

likely that peak II may contain considerable nucleic acid and the activator for
trehalose phosphate synthesis from UDP-glucose may compare to the inhibitor that
reportedly blocks the synthesis of trehalose-6-P from UDP-glucose and glucose-6-P
in M. tuberculosis (F. A. Lornitzo and D. S. Goldman, 1964).

Interestingly enough,

the inhibitor is also an oligoribonucleotide containing adenine and guanine, and it
is a low molecular weight compound. The further purification of peak II and the
nature of this compound, as well as its function in the reaction, is still under inves¬
tigation. The replacement of crude c^-lactalbumin, but not purified ^-lactalbumin,
(a milk protein which appears to modify the substrate specificity of the lactose syn¬
thetase, Brew et al, 1967) for peak II indicated that some material in the crude c£lactalbumin was responsible for this activity. A number of other proteins Including
albumin, lysozyme, etc., were ineffective, suggesting that the function of peak If
Is not just a stabilization of the enzyme by other enzyme proteins.

4.

Identification of Products
The products of both reactions, that is, GDP-glucose and peak I and UDP-

glucose and peaks I and It, were identified as trehalose by paper chromatography
and cocrystallization of the octaacetate derivative.

Besides these two, the sugar

or sugar phosphate were identified as trehalose or trehalose phosphate by the fact
that they were stable to alkali in the anthrone procedure.

Another experiment was

also done by Dr. Elbein for a more definitive identification of the products.

The

products of both reactions reacted at the same rate as authentic trehalose with highly
specific trehalose purified from S. hygroscopicus.

The products of the reaction were

identified as D-glucose. This indicated that the product of both reactions was di,o)
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-trehalose.

5. Substrate Specificity
(1) .

Glucosyl donor specificity for trehalose phosphate synthesis:

A possible explanation for this enzyme system which appears to be relatively
nonspecific for the glucosyl donors

GDP-glucose, UDP-glucose and ADP-glucose,

is that the extracts contain some enzymes which converted UDP-glucose or ADPglucose to GDP-glucose, etc.

Further purification of peaks l and N and radio¬

active labeling experiments to look for the stabilization of UDP-glucose with peak T
alone and peak Tf will resolve this question.

Now these experiments were done in

our laboratory and the results showed that UDP-glucose was stable with peak I
alone, and was not converted to GDP-glucose. Thus it confirms the idea that peak
rr induced a conformational change in trehalose-P synthetase from UDP-glucose.
(2) .

Specificity of glucosyl acceptor for trehalose phosphate synthesis:

The fact that fructose-6-P can act as an acceptor appears to be due to the
presence of phosphohexose isomerase in peak t.

6. Requirements of Reactions
All of these experiments were only done using the colorimetric method.

Since

there are interfering materials in the enzyme preparation, further studies using the
radioactive assay will confirm the results,,

So far, preliminary results show the peak I

has a similar Km for GDP-glucose and UDP-glucose of reactions; that is, GDPglucose and peak I, and UDP-glucose and peaks I and IL

7. Conclusion
The results presented here indicate that UDP-glucose can serve a glucosyl donor
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for trehalose synthesis only In the presence of a high molecular weight material In
peak IT.

The possibility exists that peak II functions by modifying the trehalose

phosphate synthetase so that it now can use UDP-glucose as a glucosyl donor.

The

mechanism by which peak H effects a change in substrate specificity appears to be
complex but it is possible that it represents a new type of molecular control of a
biological reaction.

In order to understand the mechanism of this enzyme system,

further purification of peaks I and II will be necessary.
An important question which may be considered is whether trehalose synthesis
by the combination of peaks I and I! from UDP-glucose could be a general type of
control mechanism in different growth stages or culture conditions and also whether
the amount of peaks I and If will be different during different growth or develop¬
mental stages.

SUMMARY

Synthesis of trehalose from UDP-glucose and GDP-glucose in different fractions
in Mo smegmatis has been studied. Only after DEAE column fraction, does
enzyme activity for UDP-glucose and GDP-glucose show a difference.

Two fractions which form the cellulose column, are required to catalyze the
trehalose synthesis from UDP-glucose; while only one of these fractions Is
necessary for GDP-glucose as a cjlycosyl donor.

The characteristics of peak I have been studied by the further purification and
heat inactivation experiment.

Heat-killed and the replacement of a number of proteins have been used for
studying the characteristics of peak II.

The products from both of the reactions, that is, GDP-glucose and peak If or
UDP-glucose and peaks I and II, have been identified.

The specificity of glucosyl donor and acceptor for the trehalose phosphate syn¬
thesis have been studied and the partial requirements of the reactions also
have been determined.
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APPENDIX I

PREPARATION OF CALCIUM PHOSPHATE GEL

The following description is quoted directly from Keilin and Hartree: *
150 cc. calcium chloride solution (132 gc^CaC^ 6H20 per litre) is diluted to
about 1600 cc. with tap water and shaken with 150 cc. trisodium phosphate solution
(152 g0 Na3P04

12H20 per litre).

The mixture is brought to pH 7.4 with dilute

acetic acid and the precipitate washed three or four times by decantation with large
volumes of water (15 - 201).

The precipitate is finally washed with distilled water

in a centrifuge, and 9.1 g. calcium phosphate is obtained.

* Keilin, D., and E. F. Hartree, Proc. Roy. Soc. (London) B-124, 397 (1938).

36

APPENDIX II

NELSON'S METHOD FOR REDUCING SUGARS

Reagents:
Copper Reagent A
Dissolve

25 gm. Na2COg (anhydrous)
25 gm. Rochelle sale (K-Na tartrate)
20 gm. NaHC03
200 gm. Na2SO^ (anhydrous)

in 800 ml. I^O.
Dilute to 1 liter. Filter if necessary. Solution should be stored where temperture will not fall below 20°. A sediment may form after a few days. This may
be filtered off without detriment to the reagent.
Copper Reagent B

,

15% CuSCU . 5 H2O containing one or two drops concentrated HoSO
100 ml.

per

Arsenomolybdate color reagent.
Dissolve 25 gm. ammonium molybdate in 450 ml. ^O.
Add 21 ml. cone. ^2^4°
Add 3 gm. Na2H As

Mix.
„ 7 H2O dissolved in 25 ml H2O.

Mix.

Place in 37° incubator for 24 to 48 hours. Store in glass stoppered brown bottle
Procedure:
1 ml. of sugar solution (0.01 mg. to 0.15 mg. glucose) in calibrated tube. 1 ml
of copper mixture (25 parts A - 1 part B; prepared fresh). Heat 20 minutes in
boiling water bath. Cool in a pan of cold water. Add 1 ml. arsenomolybdate
reagent. Mix well. Dilute to mark (25 ml.) as standards and water blank are
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Nelson's Method for Reducing Sugars

(Continued)

diluted same way.
Color forms instantly, is very stable and can be read at 500 mu - 520 mu where
get a minimum of variations due to blank, reoxidation of cuprous oxide, etc.;
also can read a wider range of concentrations.
Peak is at 660 where sensitivity is increased over four times.
620 mu.

Ed Heath prefers

Comments:
High concentrations of salts influence color development. Sat. (NH^2 SO^
inhibits color. So does Manganese chloride - neither of these are removed
sufficiently by Ba-Zn precipitation technique.

REFERENCE: Nelson, JBC, 153,

375 (1944).
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APPENDIX lir

PROTEIN DETERMINATION BY PHENOL METHOD

Reagents:
Standard Serum: 5.5 mg. 1 cc. calculated from N assay.
Dilute 1 : 50
NaOH - NaCOg : 60 grams anhydrous NaCOg / 8 grams NaOH / HgO to
2 liters.
Cu SO^ in H2O0
Tartrate: 4% Na tartrate.
Phenol reagent:

(Coleman & Bell) Diluted 1:3 before test.

Method:
"Assay mixture" keeps 3 - 4 days. 200 cc NagCOg - NaOH layered with
2 cc. tartrate and 2 cc. CuSO^.
Bring protein to 1 ml., then add to this 5 ml. assay mixture. Let stand 10 min¬
utes and add 0.5 ml. 1 N phenol reagent; wait 10 minutes.
Read at 660 rryu on spectrophotometer.

REFERENCE: Sutherland, Eric Harpus, and Olson, JBC, 180, 26 (1949).
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APPENDIX IV

SPECTROPHOTOMETRIC PROTEIN DETERMINATION

Proteins can be determined by their adsorption at 280 rr>u.

Nucleic acids inter¬

fere but can be eliminated to some extent by dichromatic readings.
Procedure:
1. Place the sample (25 - 250/jg) in a cuvette. Add water to 1 or 3 ml
depending on the cuvette and place in the spectrophotometer.
2. Read at 280 and 260 rryj0
/jg of protein = 1.50 x 280 reading - 0.76 x 260 reading.
Tf read in 1 ml cuvette/ then number from the above formula is equal to /Ug of
protein in the aliquot assayed0
If read in 3 ml cuvette then number x 3 is equal to /jg of protein in the
aliquot.
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TABLE 1

Trehalose synthesis by various fractions from M. smegmatis0

Incubations were

as described and were done at 37° for 30 minutes„ They contained unlabeled or
^C-labeled sugar nucleotides as indicated.,

Trehalose was assayed either colori-

metrically or by the radioactive assay.

(mg)

Trehalose
Formed
Colorimetric Assay
Radioactivity
(A620) (CPM)

Fraction used Protein UDPG

GDPG

Crude extract 0.405
After freezing

0.075
0.08

0.060
0.065

First ammonium sulfate
After freezing

0.90

0.665
0.57

Calcium phosphate gel
After freezing

0.304

Second ammonium sulfate
After freezing
DEAE cellulose column:
Peak t
After freezing
Peak II
After freezing
Peak 1 and II
After freezing

UDPG

GDPG

0.520
0.48

3241

3181

0.213
0.201

0.280
0.265

1093

2171

0.505

0.617
0.604

0.650
0.605

3239

3233

0.32

0.090
0.08

0.460
0.37

249

2489

0.05

0.009
0.003

0.003
0.004

100

86

0.49
0.450

0.465
0.455

1960

2478
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TABLE 2

Partial purification of trehalose synthetase from M. smegmatis.
were as described and were done at 37° for 30 minutes0
as units per milligram of protein..

fncubations

Specific activity is reported

One unit is that amount of enzyme which causes

an optical density change of 0.1 at 620 mu in 30 minutes (about 0o15

mole of

trehalose phosphate or trehalose).

(units/mg)
Fraction

Total (mg/ml) (units/ml) Specific Yield %
Vol. Protein
Activity Activity
Recovery

Fold Purification

UDPG GDPG UDPG GDPG UDPG GDPG UDPG GDPG
Crude
First ammo¬
nium sulfate
DEAE cel¬
lulose column:
Peak I
Peak If

103

14

7.0

18

8.2 7
5.5 1

3.8

13.1

1.8

11

13.8

0.54

0.25

100

0.74

0.64

83

1.97

61.5

7.9
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TABLE 3

Evidence for one enzyme catalyzing trehalose synthesis from UDPG and GDPG.
Peak T was heated at 45° for varying periods of time and was then incubated with
substrates (glucose-6-P and UDPG or GDPG) and peak If at 37° for 30 minutes.
Trehalose was assayed only by the radioactive method.

Heat at 45°

TREHALOSE FORMED

UDP-gl ucose GDP-gl ucose
TIME (minutes
0

%
100

CPM
6807

%

CPM

100

3172

1

99.9

6804

80.2

2479

3

22.4

1525

16.5

511

7

26.8

1828

18.3

581

11

11.2

767

11.0

348

13

17.8

1207

12.2

400

15

17.2

1179

60.4

1916

17

22.7

1591

35.1

1165

20

6.1

422

7.1

225
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TABLE 4

Studies of the characteristics of peak \ and IT from M. smegmatis.
Trehalose synthesis by various fractions and heat treatment (heat at 100° for 5 min¬
utes) from Mycobacterium smegmatis and M. rubrum.

incubations were as described

and contained unlabeled or ^C-labeled sugar nucleotides as indicated. Trehalose
was assayed either colorimetrically or by the radioactive assay.

TREHALOSE FORMED

Fractions

Colorimetric assay
A 620
UDPG
_GDPG

Radioactive assay
CPM
UDPG
GDPG

0.09

0.46

249

2489

Peak IT

0.009

0.003

100

86

Peak i + H

0.49

0.46

1960

2478

Heated T + peak H

0.007

0.001

no

119

Heated fl + peak l

0.46

0.53

1865

2456

Heated 1st ammonium sulfate
(M. smegmatis}+ peak f

0.32

0.43

Heated 1st ammonium sulfate
(M. rubrum) + peak I

0.5

Peak T
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TABLE 5

Trehalose from Mycobacterium smegmatls synthesized from UDP-glucose-^C
or GDP-glucose-^C.
acetate).

Recrystallization to constant specific activity (as octa-

See text for details.

Trehalose Octaacetate
CPM/Mg from
UDP-glucose

GDP-gli

First

315

411

Second

309

385

Third

316

401

Fourth

300

380
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TABLE 6

Specificity of glucosyl donor for trehalose synthesis. Different glucosy!
donors were tested for their ability to the synthesis of trehalose by various fractions
from Mycobacterium smegmatis.

Reaction mixture included glucose-6-P, Mg"f

Tris buffer, enzyme and the following addition as described.
at 37° for 30 minutes.

Incubations were done

Trehalose was assayed by the colorimetric assay.

TREHALOSE FORMED
Colorimetric Assay (A 620)
Addition
UDpG

GDPG

ADPG

Glucose-1-P

Crude extract

0.105

0.08

0.085

0.000

First ammonium sulfate

0.705

0.63

0.50

0.000

Calcium phosphate gel

0.47

0.37

0.249

0.000

Second ammonium sulfate

0.65

0.69

0.410

0.000

DEAE cellulose column:
Peak I

0.095

0.37

0.10

Peak II

0.008

0.002

0.005

Peak I + II

0.34

0.30

0.29
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TABLE 7

Specificity of glucosyl acceptor for trehalose phosphate synthesis. Different
glucosyl acceptors were tested for their ability to the synthesis of trehalose by
various fractions from Mycobacterium smegmatis.

Reaction mixture included sugar

nucleotides, Mg , Tris buffer, enzyme and the following addition as described,
incubation was done at 37° for 30 minutes. Trehalose was assayed by the colori¬
metric assay.

TREHALOSE FORMED

( A 620 )

Fraction : DEAE cellulose column
Peak
1
(UDPG)

Peak 1 + II
(UDPG)

Peak 1
(GDPG)

Glucose

0.046

0.075

0.08

Giuco$e-l-p

0.036

0.09

0.04

Glucose-6-P

0.09

0.34

0.33

Fructose-6-P

0.18

0.225

0.245

Galactose-6-P

0.10

0.12

0.09

Glucosarnin-6-P

0.03

0.04

0.032

Addition
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Figure 1„ The structure of

c5>-trehalose.,

CH20H

<5 ,<3 - TREHALOSE

Figure 20

Separation of trehalose synthetase (peak I
and il) on DEAE cellulose column,.

o
TUBE

NUMBER

Figure 3.

Effect of concentration of peak TT or a number
of proteins on trehalose synthesis from UDPglucose and peak To

Incubation mixtures were

as described in the text and contained 198 /jg
of peak I.

°

-peak i + peak II. °- peak f +

o?-l octal bumin.
x

^ -peak I + lysozyme,

-peak I + sermiun albumin, pure-loctalbumin.

PROTEIN

CONCENTRATION

Ug)

OPTICAL DENSITY

AT 620 mu

Figure 40 Effect of concentration of peak H or a number of
proteins on trehalose synthesis from GDP-g!ucose
and peak l. Incubation mixtures were as described
in the text and contained 180 ug of peak I.
peak I + peak H, o -- peak [ +
x - peak I + lysozyme.

9

-

-I octal bum in,

PROTEIN

CONCENTRATION (ug)

OPTICAL DENSITY AT 620 nui

Figure 5.

Effect of time and protein concentration on the
formation of trehalose phosphate from UDPglucose; Incubation mixtures were as described
in the text and contained the following amounts
of proteins: x - peak I (0.198 mg) + c3/ -Iactalbumin (0o375 mg).

°

- peak I (0.320 mg) +

-lactalbumin (0.375 mg).

* - peak l (0.198 mg)

+ peak II (0.035 mg). ^ - peak I (0.198 mg).

MINUTES

OPTICAL DENSITY AT 620 mAi
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Figure 6.

Effect of time and protein concentration on the
formation of trehalose phosphate from GDPglucose: Incubation mixtures were as described
in the text and contained the following protein
(peak l):

x

”

0 - 0.58 mg.

0.178 mg. 0 - 0.29 mg

MINUTES

OPTICAL DENSITY AT

620 mju

Figure 7.

Effect of GDP-glucose concentration on the
reaction velocity»

Incubation mixtures were

as described in the text and contained 0„21 mg
of enzyme (peak [).

o

5d

S

Figure 8.

Effect of glucose-6-P concentration on the
formation of trehalose phosphate from GDPglucose and peak f.

incubation mixtures were

as described in the text and contained 0„21 mg
of enzyme (peak Q.

50
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Figure 9.

Effect of UDP-glucose concentration on the
reaction velocity,

incubation mixtures were

as described in the text and contained 0.21 mg
of enzyme (peak f); 0.035 mg of peak ii.

1

s
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Figure 10 „

Effect of gIucose-6-P concentration on the
formation of trehalose synthesis phosphate from
UDP-glucose and peaks f and II.

Incubation

mixtures were as described in the text and con¬
tained 0.21 mg of enzyme (peak I); 0.035 mg
of peak IT.
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