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ABSTRACT
In this paper the properties of the enzymes UDP glucose

dehydrogenase and UDP galactose epimerase were characterized.

It was shown that UDP glucose dehydrogenase has a considerable
lag period, and is activated by the substrate UDP glucose.

This activation may be brought about by a disaggregation.
Both enzymes were shown to be labile.

For accurate kinetic

measurements the dehydrogenase must be separated from the

epimerase.

The UDP galactose epimerase showed no requirements

for exogenous NAD+ and demonstrated slight positive cooperativity
for UDP galactose.

Experiments were carried out in order to

determine the specific activity of UDP glucose dehydrogenase
during a 24-hr growth period, but a large variability in the

results did not permit one to conclude that the specific activity
in the yeast and mycelial forms is significantly different.
It is thought that the yeast form may indeed have a higher

level of the UDP glucose dehydrogenase than the mycelial form.
This problem is discussed.
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INTRODUCTION
A number of fungi have been shown to exhibit dimorphism,

existing in two reversible morphological forms.

Depending upon

the environmental conditions they may develop either in the

form of a mycelium composed of long branching septate or
aseptate filaments, or in the form of spherical shaped budding

yeast cells.

The yeast-mycelium dimorphism exhibited by a

variety of fungal species has intrigued scientists since Pas
teur's time.

This phenomenon has been of great interest to

the medical mycologist since many dimorphic fungi are patho
genic, causing systemic infections in man and animals.

The

yeast-like form of the invading fungus is usually the parasitic
phase, while the mycelial form acts as the saprophytic phase
(Romano 1966).

The significance of these organisms in medicine

has stimulated many studies on the physiology of yeast-mycelium

dimorphism.
Romano (1966) has suggested dimorphism to be of three
types; temperature dependent, nutritionally dependent, and
temperature and nutritionally dependent.

The human pathogen,

Blastomyces dermatitidis is a good example in which temperature
seems to be the only factor determining its cellular form.
Levine and Ordal (1946) demonstrated that the organism develops
as a yeast at 37°C, and as a mycelium at 25°C.
1

No extra
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nutritional factors are required for morphological inter

conversion which depends solely on temperature (Nickerson and
Edwards 1949).

The pathogenic fungi Histoplasma capsulatum,

H. farciminosum, and Sporothrix schenckii belong to a group of

fungi for which additional nutrients are required to bring
about mycelial to yeast conversion at 37°C.

Fungi whose

dimorphism appears to be dependent solely on nutritional
differences include many species of Mucor and some other

members of the Mucorales such as Mycotypha and Cokeromyces.

Environmental Conditions Which Influence Yeast-Mycelial
Dimorphism in Mucorales with Particular Reference to Mucor
Species
Yeast-mycelium dimorphism was first observed in the 19th

century (Berkley 1838; Bail 1857 cited by Bartnicki-Garcia 1963).

In 1857 Bail described the yeast-mycelium dimorphism in Mucor
spp. as a case of species transmutation (the conversion of one
species to another).

Four years later Pasteur observed that

the morphological form of Mucor spp. was dependent upon the
environmental conditions under which the organism was cultured.

He observed that a species of Mucor was filamentous on the
surface of liquid cultures where oxygen was plentiful, and

yeast-like at the bottom where little oxygen was present.
Pasteur correlated yeast-like growth with high fermentative

activity.

Since Pasteur's observations, several environmental

and chemical factors have been shown to influence dimorphism
in Mucor spp., including C02, 02 and fermentable hexoses.

has been shown that changes in these conditions strongly
affect the organism's morphogenetic pattern.

It
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In 1962 Bartnicki-Garcia and Nickerson observed that the

atmosphere of incubation plays a major role in the morpho
genetic development of Mucor rouxii.

When cells were grown

in an atmosphere of air or nitrogen in a low glucose concen

tration, the cells developed as filamentous mycelium typical
of Mucor rouxii, whereas cells grown under anaerobic atmos

pheres (N2/CO2 mixture) of relatively high pCC>2

(0.3 atm or

more) developed exclusively as yeast-like budding cells.
a decrease in pCC^

With

(less than 0.3 atm) both yeast and mycelial

morphologies were observed.

Under anaerobic conditions, the

morphology of Mucor rouxii was also influenced by the level
of hexose sugar present in the culture.

In general, the

yeast morphology requires high concentrations of a hexose
carbon source.

Bartnicki-Garcia (1968) observed that the

tendency toward yeast-like development increases with the
concentration of hexose.

Under an inert anaerobic atmosphere

of 100% N2r the organism developed yeast-like if the glucose

concentration were higher than 8%, while lower concentrations

yielded a hyphal morphology.

Hyphae grown in 0.01% glucose

were long and thin; with increasing glucose concentration the
hyphae became shorter and fatter until at 8% glucose, all
the cells were budding yeast cells.

Thus, under an inert

anaerobic atmosphere of N2 a whole range of morphologies

could be produced with varying glucose concentrations.
very low hexose concentrations (0.01%), CC>2

atmosphere)

At

(even a 100%

did not allow development of yeast cells, and

the culture developed mycelial-like, but as the hexose levels
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increased the yeast form was promoted.

Thus the effects of

CO2 and hexose sugar seem to be complimentary.

The hexose

D-glucose was most effective in producing these effects, while

D-mannose was less effective and D-galactose was least effec
tive.
These and other observations (1-5 discussed below)

indicate the importance of glucose, C02, and fermentation in

inducing yeast development in the Mucorales:
1.

Mucor subtillisimus can grow yeast-like under N2

alone, although small amounts of metabolically-generated
C02 will be present.

EDTA equally reverses yeast-like

morphology in both CO2-dependent and independent strains,
thus suggesting that the action of C02 in inducing yeast
like development in Mucor rouxii may not be a direct one,

but rather may lead to the formation of an inducer of
yeast-like development common to all Mucor species

(Bartnicki-Garcia and Nickerson 1962) .
2.

Inhibitors of mitochondrial function and of the

formation of intact mitochondria cause the formation of

yeast-like cells in some species of the Mucorales.
Inhibitors of mitochondrial electron transport, uncoupling
agents, and inhibitors of Krebs cycle enzymes cause a
shift to yeast-like morphology in species of Mycotypha

(Schulz et al. 1974; Hall and Kolankaya 1974) and Mucor
rouxii (Friendenthal et al. 1974).

Inhibitors of the

activity or synthesis of cytochrome oxidase also inhibit
the yeast to mycelial conversion of Mucor rouxii (strain
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NRRL 1894) which normally occurs when yeast-like

cells are exposed to air (Haidle and Storck 1966).
3.

Phenethyl alcohol causes a shift from a mycelial to

yeast morphology which is accompanied by an increase in
the rate of fermentation (Terenzi and Storck 1969).

Similarly, when Mucor rouxii or Mucor genevensis is grown
in the presence of chloramphenicol aerobically, a shift

from a mycelial to yeast morphology occurs

(Zorzopulos

et al. 1973; Clark-Walker 1973).
g
4.
In the presence of N -2-0’-dibutyryl adenosine-3’-

5'-cyclic monophosphate (dBcAMP) and glucose, both Mucor
rouxii and Mucor racemosus can be induced to form aerobic

yeast cells, but if glucose is replaced with a non-hexose
carbon source, a shift to mycelial development results

(Larsen and Sypherd 1974).

The level of cAMP (pmol/mg

protein) decreases fourfold on a yeast to mycelial transi
tion in Mucor racemosus.

However, in Mycotypha africans

and Mycotypha microspora, exogenously added cAMP stimu

lated mycelial growth (Schulz et al. 1974).

The role of

cAMP in mediating these transitions is not understood.

5.

A particular spontaneous mutant of Mucor bacilliformus

is respiratory-deficient, has a high fermentative rate
and develops yeast-like in air (Storch and Morrill 1971).

The above studies and many others suggest that yeast-like

development in the Mucorales can be correlated with a high
rate of fermentative activity, recognized by the production
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of ethanol.

It has also been proposed (Villa, personal

communication) that high fermentative activity is responsible

for the accumulation of glycolytic intermediates which serve
as precursors for the yeast cell wall, thus causing differences
in the chemical and structural composition of the wall of the

yeast and mycelial forms.

This difference is directly related

to the difference in morphologies and will be discussed.

The Life Cycle of Mucor rouxii
The life cycle of Mucor rouxii grown aerobically and

anaerobically is shown in Figure 1.
Spore germination.

The sporangiospores of Mucor rouxii

are ellipsoidal in shape (6x5 pm) and germinate to give rise

to either the vegetative yeast cells or mycelial cells,
depending on environmental conditions during germination.
In the first phase of germination, the ellipsoidal spore

swells into a larger spherical cell (10-18 pm in diameter).
During germination a new cell wall is synthesized de novo

under the spore wall, with the new cell wall being physically
and chemically distinct from that of the original spore

(Table 1).

Cell wall synthesis is evenly distributed in this

early phase of germination but it is not yet known whether

the plasticity of the spore wall is due to enzymatic degrada
tion or simply an expansion force due to the accumulation of
cell material.

If the spore is under conditions favoring

yeast development, the new cell wall becomes considerably

thicker and its chemical and physical structure differ from a

spore that will give rise to a germ tube.

7

Fig. 1

Patterns of vegetative morphogenesis in Mucor rouxii
grown in liquid media and on solid media aerobically
This figure is adapted from Bartnicki-Garcia and
Nickerson (1962).
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In the next phase of germination, if a germ tube is

to develop, polarization of cell wall synthesis is confined
to a small area of the spore.

This eventually results in

the emergence of an apical growing germ tube.

If the spore

is to give rise to a yeast cell, cell wall synthesis is not
polarized.

Uniform cell wall synthesis results in the emer

gence of a spherical bud.

Mycelial Growth
Polarization of cell wall synthesis is the fundamental

difference between yeast and mycelial growth.

Polarization of

wall synthesis in the mycelial form of Mucor rouxii has been

associated with the presence of an apical corpuscle present
in the early germ tube (Bartnicki-Garcia et al. 1968) which

may be involved in the polarization of cell wall synthesis

before emergence of the germ tube.
for this has been established.

However, no direct evidence

Once polarization occurs and

a germ tube emerges, mycelial growth continues with various

degrees of branching depending upon the culture conditions.
During mycelial growth, arthrospores are often produced

by septation of the hyphae.

Although arthrospores resemble

yeast-like cells, they can be distinguished, because arthro
spores do not form spherical buds.

Currently work is being

done in this laboratory on arthrospore structure and formation.

Dimorphic Transitions

Dimorphism in Mucor rouxii is freely reversible, thus
a shift in morphology can take place in both directions

(YhM) .
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When a yeast-like cell is induced to develop into a hyphae,

yeast buds are lost and one or more germ tubes are formed

(cell wall synthesis becomes polarized).

The yeast to mycelium

shift occurs shortly after exposure to air.

When mycelial

cells are induced to form yeasts, spherical cells begin to

bud from the sides and tops of the hyphae (cell wall synthesis
is not polarized).

This shift from a mycelial to a yeast mor

phology does not occur rapidly, but rather takes many hours.
Bartnicki-Garcia (1968)

showed that transfer of hyphae to a

medium favorable to yeast-like growth (shift in glucose con

centration from .01% to 10% anaerobically) caused no immediate
shift in morphology, until after 12 hr.

Thus it seems that an

increase in hexose concentration acts to repress the polarizing

effect.
Cell Wall Composition and Arrangement of Polymers in the Cell
Wall of Yeast and Mycelial Forms of Mucor rouxii

The dimorphic process can be directly related to the

expression of the chemical composition and arrangement of
polymers in the cell wall.

Work done by Bartnicki-Garcia and

Nickerson (1962) and Bartnicki-Garcia and Reyes (1968a,b)

shows a comparative composition of different cell wall types
of Mucor rouxii throughout the life cycle (Table 1).

Recently,

Dow and Rubery (1977) have also shown the presence of glyco

proteins and glycopeptides within the cell wall of both the

yeast and mycelial forms of Mucor rouxii.

Qualitatively the

composition of the yeast and mycelial walls are similar.

The

principal components are chitin, chitosan, mannose, fucose,

10

TABLE la
Chemical Differentiation of the Cell Wall in the
Life Cycle of Mucor rouxii

Wall component

Yeasts

Hyphae

Sporangiophores

Spores

8.4

9.4

18.0

2.1°

27.9

32.7

20.6

9.5C

Mannose

8.9

1.6

0.9

4.8

Fucose

3.2

3.8

2.1

0.0

Galactose

1.1

1.6

0.8

0.0

12.2

11.8

25.0

1.9

Glucose

0.0

0.0

0.1

42.6

Protein

10.3

6.3

9.2

16.1

5.7

7.8

4.8

9.8

22.1

23.3

0.8

2.6

0.0

0.0

0.0

10.3

Chitin

Chitosan

Glucuronic acid

Lipid
Phosphate

Melanin

aThis table is based upon the work of Bartnicki- Garcia and
Nickerson 1962 ; Bartnicki-Garcia and Reyes 1964 , 1968.

^Values are per cent dry wt of the cell wall.

c

Not confirmed by x-ray. Value of spore chitin represents
N-acetylated glucosamine ; chitosan is nonacteylated glucosamine.
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galactose, glucuronic acid, protein, lipid, and phosphate.

However, there are significant quantitative differences between
the yeast and mycelial forms in the amount of mannose and

protein content.

The yeast cell wall has been shown to con

tain 5 to 6 times more mannose, and almost twice as much
protein as the mycelial cell wall.

In addition electron

microscopy has revealed that the yeast wall appears to be
a two-layered structure which is 10 times as thick as the

single-layered mycelial wall (Barrera, personal communication).
However, it is not known how these differences in composition
and structure are related to differences in cell shape.

The monosaccharide residues D-mannose, D-galactose, L-

fucose, D-glucuronic acid, N-acetyl-D-glucosamine, and Dglucosamine are arranged into at least five different polymers
within the cell wall of Mucor rouxii (Table 2):

1.

Chitin - This is poly-N-acetylglucosamine with the

monomers linked B(l—>4)

2.

in straight chains;

Chitosan - deacylated chitin (B(l—>4) polyglucosamine

with no or very few acetyl groups);

3.

Mucoric acid - poly-D-glucuronic acid;

4.

Mucoran - a heteropolymer of D-glucuronic acid, D-

galactose, L-fucose, and D-mannose; and

5.

Glycoproteins - D-galactose, D-mannose, L-fucose.

The cell wall of Mucor rouxii is not a homogenous mixture
of its constituent polymers, but rather a very structured and

complex assembly.

The cell wall can be seen to have a fibrillar

phase (chitin and chitosan) and a matrix phase (mucoran and

12

TABLE 2a
Sugar Composition of Polymers from the Cell Wall of Mucor rouxii

Polymer

Sugar Composition

Chitin

Poly N-acetyl D-glucosamine

Chitosan

De-acetylated chitin

Mucoran

D-glucoronic acid, D-galactose,
D-mannose, L-fucose

Mucoric acid

D-glucuronic acid

Glycoproteins

D-galactose, D-mannose, L-fucose
(D-glucuronic acid)

Glycopeptides

D-galactose, D-mannose, L-fucose
(D-glucuronic acid)

aThis table is based on the work of Bartnicki-Garcia
and Nickerson, 1962;
Bartnicki-Garcia and Reyes,
1968a,b; Dow and Rubery, 1977.

(D-glucuronic acid) - only present in small amounts.
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glycoproteins).

The fibrils act as a rigid net-like

structure, and spaces in the net are filled by the matrix
polymers.

This arrangement is analogous to plant cell walls,

where celluloses compose the fibrillar phase and pectins
and hemicelluloses compose the matrix phase.

The acidic

polymers (mucoran and mucoric acid) contained within the

matrix phase of Mucor rouxii may play a similar role to that
of pectins in the plant cell wall.

The polymers function in

controlling extension and elongation, and these effects are
thought to be mediated through alterations of gel-like properties
of the polymers.

Cell Wall Polymers and Their Role in Dimorphism of Mucor rouxii

Considerable attention has been focused on the fibrillar
polymers and their possible role in dimorphism.

Much work

has been done by Bartnicki-Garcia and his co-workers on the

role of chitin and chitosan in determining cellular morphology.
Autoradiographic studies have revealed that labeled N-acetyl-

D-glucosamine (a precursor for chitin)

is preferentially

incorporated into the growing apical region of hyphae, and
over the entire surface in the budding yeast-like cells.
Chitin synthetase, the enzyme responsible for chitin synthesis,
has been shown to be predominantly located in the cell wall
fraction (85% of the activity) with a small amount in the

microsomal fraction.

Recent studies by Ruiz-Herrera and

Bartnicki-Garcia (1976) indicate that chitin synthetase may
be regulated by a proteolytic activation and inactivation.

CARROLL COLLEGE L^,

HELENA, MONTANA
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It is believed that chitin synthetase may be present in an

inactive form (zymogen)
action.

and can be activated by protease

However, the mechanism involved and its possible

role in determining cell shape is not yet understood.

Much less work has been done on the matrix polymers
and their possible role in dimorphism.

It has been suggested

that the acidic polymers may have a role in maintaining tip

integrity and hyphal extension (Dow and Rubery 1975).

However,

this role in the mature hyphae and yeast cell walls is not

known.

Currently at New Mexico State University, studies are

being done on the sites and control of synthesis of cell wall

matrix polymers.

The sites of biosynthesis of these polymers

is not yet known, but it is thought that the polymers are

probably biosynthesized from the nucleoside diphosphate sugar

donors:

GDP fucose, GDP mannose, UDP glucuronic acid and UDP

galactose.

The polymeric material is probably transported

to the site of incorporation into the cell wall within vesicles,
although Mucor rouxii lacks a morphological distinct Golgi
body.

Previous work by Dow and Rubery (1977) has shown that

mucoran polymers differ in composition in the yeast and

mycelial forms (Table 3).

These differences could play a

significant role in determining cellular morphology.

The

overall differences in cell wall composition, and differences
in mucoran composition could arise from the differences in

the availability of sugar donor molecules, or possibly by
the availability or activity of glycosyl transferase enzymes.
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TABLE 3
Sugar composition of non-dialysable material from EDTA
extracts which has been fractionated into acidic and
weakly acidic/neutral on glass-fibre paper electrophoresis.

Mycelium

Sugar

Strongly
acidic

%a
Glucuronic acid

Weakly
acidic/
neutral
%

35.4

Yeast
Total
dialysed Strongly
extract
acidic
%

%

Weakly
acidic/
neutral
%

51.5

53.7

37.2

11.1

13.9

““ —

24.4

13.5

62.8

12.9

18.9

—

too
Galactose

25.6
little

Mannose

8.4
material

Fucose

30.5

The amount of each sugar is expressed as a percentage of the
total disintegrations per minute in the sugars.
This is based on the work of Dow and Rubery, 1977.
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Experiments are currently being carried out on the synthesis
of these activated sugars and its control.

In particular,

1 have studied the production of UDP galactose and UDP glucu
ronic acid from UDP glucose as catalyzed by the enzymes UDP

galactose epimerase and UDP glucose dehydrogenase respectively
(Figure 2).

The production of UDP glucuronic acid from UDP

glucose involves an oxidation in which NAD+ acts as a co
factor.

S

The stoichiometry of the reaction is such that the

oxidation of each UDP glucose to UDP glucuronic acid requires
2 NAD+.

The UDP glucose~»UDP galactose is a freely reversible

epimerization reaction.
In this paper the properties of these enzymes and charac

terization of the reactions will be described.
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Fig. 2

Formation of UDP galactose and UDP glucuronic acid
from UDP glucose as catalyzed by UDP galactose epimerase
and UDP glucose dehydrogenase respectively.

MATERIALS AND METHODS

Fungus and Chemicals
Mucor rouxii, strain NRRL 1894, was obtained from the

Northern Regional Research Laboratories, USDA, Peoria, Illi

nois.

Yeast extract and bactopeptone were obtained from

Difo Laboratories, Detroit, Michigan.
D-

The radiochemical UDP-

-glucose was obtained from New England Nuclear,

Boston, Massachusetts.
per mmole.

The specific activity was 200 m Ci

All other chemicals were obtained from Sigma

Chemical Company, St. Louis, Missouri.

Preparation of Sporangiospores
A solid medium containing equal volumes of tomato juice

and 5% agar in double-distilled water was used in growing
the sporangiospores.

The tomato juice and 5% agar solutions

were autoclaved in separate flasks for 15 min.

The lukewarm

solutions were mixed and then poured into petri plates and
3
allowed to harden.
Each plate was inoculated with 1x10
sporangiospores and incubated in a Thelco incubator at 28°C

for 4 days.

At the end of the incubation period the spor

angiospores were harvested by adding a few mis of sterile

distilled water to the plates, and gently scraping the hyphal
mat with a glass rod.

The resulting sporangiospore suspen

sion was filtered through 4 layers of cheesecloth to remove

18
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any hyphal fragments.

The sporangiospore suspension was

then centrifuged down (650xg,

5 min) washed 10 times by

centrifugation with sterile distilled water, and counted
using an improved Neubauer hemacytometer.

The sporangiospores

were stored in a sterile screw cap test tube at 4°C, and
subsequently used in the inoculation of culture media.

Culture Media
Mucor rouxii was grown in liquid cultures in yeast

extract-peptone-glucose medium (YPG)

(Bartnicki-Garcia 1968).

The medium contained 0.3% yeast extract, 1% bacto-peptone,
and 2% glucose.

These ingredients were dissolved in double-

distilled water and the pH was adjusted to 4.5 with ^SO^.
The medium was sterilized by autoclaving at 120°C, 103.4 kN/m2

(15 lbs/in2), for 15-20 min.

Growth Conditions
Aerobic.

Cultures containing 1 1 of sterile YPG medium in

2-liter Erlenmeye'r flasks were inoculated to a final concentra

tion of 1x10^ sporangiospores/ml.

The flasks were stoppered

with a cheesecloth plug and covered with aluminum foil.

The

cultures were incubated in a New Brunswick Controlled Environ

ment Incubator-Shaker at 200 rpm and 28°C for specified growth
periods.

Anaerobic.

Cultures containing 2 1 of YPG medium in

4-liter Erlenmeyer flasks were used.

Two liters of YPG medium

were used in order to obtain enough cells for breakage and

extraction procedures.

The cultures were continually gassed
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with a mixture of carbon dioxide/nitrogen (30/70 by volume).
A rubber stopper inserted with a gas dispersion tube and an
outlet tube was used to seal the flask.

rate was adjusted to 70-80 ml/min
to inoculation.

The CC>2/N2 flow

for a 1-hr period prior

This was done to minimize the oxygen present

within the flask when the sporangiospores were introduced
into the medium.

The cultures were maintained at 28°C in a

water bath, and were stirred with a magnetic stirrer.

After

1 hr of gassing at 70-80 ml/min, the flow rate was adjusted
to 1 ml/min and the culture was inoculated to a final concen

tration of 1x10^ sporangiospores/ml with a sterile syringe
through a septum in the stopper.

Harvesting of the Organism
The hyphal form of the fungus was removed from the liquid
medium by filtration through Whatman No. 1 filter paper in a

Buchner funnel.
distilled water.

The hyphal mat was then washed with doubleThe yeast-like form was harvested by fil

tration and washed with double-distilled water.

Both samples

were stored at -40°C until needed.

Breakage of Cells and Extraction of Enzymes
Both yeast and mycelial extracts were prepared in the
same manner with the exception of blending of the mycelial
form.

The frozen samples were placed in an Eaton cell which

was previously frozen in dry ice.

Ten to 15 ml 50 mM KPO^

(K2HPO4/KH2PO4) buffer pH 7 in 0.01 M mercaptoethanol were

added to the Eaton cell and allowed to freeze solid.
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Mercaptoethanol was added since the sulfhydryl group in poly
peptide chains is very reactive, and susceptible to oxidation
by mild oxidizing agents present within the cell.

Thus mercapto

ethanol protects the sulfhydryl group by acting as a reducing
agent.

Mercaptoethanol also prevents the oxidation of phenols

to very reactive quinones.

The cells were then broken in an

Enerpac hydraulic press under 2000 pounds per square inch.

After breakage, 10-15 ml 50 mM KPO^ pH 7 in 0.01 M mercapto
ethanol were added to the broken cells which were allowed to
thaw at 4°C.

The broken cells were homogenized, and the mycelial

samples were blended for 1 min in a Waring blender to ensure

complete extraction.

After crushing in the Eaton cell, the

samples were observed microscopically.

The yeast-like cells

were not blended since cell breakage was observed to be more
than 90% complete.

The broken cells were then centrifuged

for 10 min (27,000xg, 4°C).

The supernatant was saved, and

the pellet was resuspended in 5-10 ml 50 mM KPO^ pH 7 in 0.01
M mercaptoethanol and centrifuged (27,000xg, 5 min, 4°C).

The

total volume of the supernatant recovered (60-70 ml) was
recorded.

A 0-30% ammonium sulfate fraction of the supernatant

was prepared by adding 170 gm/1 of ammonium sulfate to the
supernatant and stirring gently for 1 hr in an ice bath.

The

precipitate which formed was centrifuged down (27,000xg, 10
min, 4°C) and discarded.

Next, a 30-65% ammonium sulfate

fraction of the supernatant was prepared by adding 220 gm/1
of ammonium sulfate, and gently stirring in an ice bath for

1 hr.

The precipitate was centrifuged down (27,000xg, 10 min,
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4°C) and the supernatant discarded.

The pellet was resuspended

with 10-15 ml 50 mM KPO^ pH 7 in 0.01 M mercaptoethanol by
gently dissolving through the use of a Pasteur pipet.

This

solution (10-15 ml) was dialyzed against 2 1 of 10 mM KPO^
pH 7 and 5 mM mercaptoethanol for 18 hr at 4 °C.

After 18 hr

of dialysis, the precipitate which had formed was removed by

centrifugation (12,000xg, 5 min, 4°C) and the supernatant

fraction was subsequently assayed for the enzyme activities.

Separation Methods Used in the Radiochemical Characterization
of Reaction Products
A.

Electrophoresis was carried out on Whatman No. 3 MM.

paper in a Savant flat bed electrophoresis apparatus at 2KV for

1 hr.

The samples were run at pH 5.7 in 0.05 M ammonium acetate

and were applied with a micropipet and dried with cold air

through the use of an electric blow drier.
B.

Descending Paper Chromatography.

Samples were applied

to Whatman No. 1 chromatography paper with a micropipet and
dried with cold air.

The solvent system used was 2.0 M ammonium

acetate/ethanol (30/70 by volume).

Acid Hydrolysis of Uridine Diphospho Sugars and Separation of
Free Neutral Sugars

Uridine diphospho sugars were hydrolyzed to give free
sugars in 0.1 M HCl for 30 min at 100°C.

The free sugars

were separated using descending paper chromatography on Whatman
No. 1 paper, with ethyl acetate/pyridine/water (8:2:1 by volume)

as the solvent.
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Elution of Material from Electrophoretograms and Chromatograms
Elution of the material from separations was carried out
by placing paper strips (2 cm x 6 cm) between two microscopic
slides held together by rubber bands.

The slides were placed

in double distilled water in a petri dish.

The water irri

gated through the strips and the resulting eluant (5 ml) was

collected in a test tube.

This solution was then concentrated

by lyophilization.

Detection of Markers on Chromatograms and Electrophoretograms
A.

Trevelyan's reagent (Trevelyan 1950).

Trevelyan's

reagent dip was used in the detection of reducing sugars.

The

dry paper strip was first dipped in silver nitrate solution.

This was prepared by diluting 0.5 ml of saturated aqueous

silver nitrate solution diluted to 100 ml in slightly aqueous

acetone.

The strip was allowed to dry, and then dipped through

a solution of 0.1 M potassium hydroxide in methanol.

Reducing

substances form dense black spots of silver which develop
rapidly at room temperature.

The strip was then dipped in a

10% sodium thiosulfate solution to stop the development of the

spots.

•

B.

Molybdate reagent (Burrows et al. 1952).

was used in the detection of phosphorylated sugars.

This reagent
This

reagent is a modification of Hanes and Isherwood's reagent
(1949) and allows the papers to be dipped instead of sprayed,

by replacing part of the water with acetone.

The molybdate

reagent used contained 1 g ammonium molybdate dissolved in 8 ml
water and 3 ml concentrated HCl;

3 ml perchloric acid (70%)
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are added and the mixture diluted to 100 ml with acetone.

The dried paper strip was dipped in this reagent, causing
hydrolysis of the phosphate esters.

The free orthophosphoric

acid produced from the esters forms a phospho-molybdate com

plex, and this is reduced to a blue colored compound by dipping

the paper in mercaptoethanol

(0.1%)

in acetone.

This last

step has been modified from the original method in which the

paper is treated with hydrogen sulfide gas.
C.

An ultraviolet light

= 254 nm) was used in the

detection of the markers UDP glucose, UDP glucuronic acid,
and NAD+.

These compounds absorb U.V. light, giving dark

spots on a light background.

NADH appears as a strongly blue/

white fluorescent spot.

Estimation of Protein in the Cells
Protein estimation in crude extracts was carried out by
the method of Lowry (1951), using bovine serum albumin as

standard.

Liquid scintillation spectrometry; preparation of
samples for counting.

The chromatograms and electrophoreto-

grams were cut into 4x1 cm strips with the long axis of the

strip perpendicular to the direction of separation.

These

strips were placed in scintillation vials with 5 ml of scin
tillation fluid (3.5 g diphenyloxazole

(5 phenyloxazoyl)^ -benzene (POPOP)

(PPO) , 100 mg l,4-bis|^2-

in 1 1 of Triton X-100/

toluene (1:2)) and the radioactivity was counted in the scinfiliation counter, with window settings for

and attenuation of 45.
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C at 040-1000

Quenching was assumed to be constant

on paper chromatograms and electrophoretograms.

RESULTS

Assay Conditions for UDP Glucose Dehydrogenase
The enzyme was assayed in the crude 30-65% ammonium

sulfate extract by the measurement of the change in absorbance
at 340 nm due to the reduction of NAD+ to NADH, the absorbing

species.

UDP glucose and UDP glucuronic acid were shown not

to absorb at 340 nm.

The standard assay mixture contained

10 /nmoles NAD+ (0.25 ml), 2 yumoles UDP glucose (0.25 ml), 0.1 ml

of enzyme extract solution, and 8 0 /umoles KPO^ buffer pH 8
(0.4 ml).

The blank cuvette had buffer instead of UDP glucose.

The change in absorbance was followed in a Beckman Model-24

spectrophotometer at 30°C.

The enzyme was assayed at experi

mentally determined optimum pH (pH 8).

Maximum reaction rate

was not observed immediately after mixing the substrates and

enzyme.

Instead the enzyme exhibited a considerable lag period

before maximum rate was achieved (Figure 3).

This suggests

that an activation of the enzyme by the substrates was occur
ring .

Experiments were carried out to further investigate this
activation process.

The enzyme extract was preincubated (30°C)

with 0.25 ml 8 mM UDP glucose in the absence of NAD+ for 30
min and then assayed (the reaction was initiated by addition

of 0.25 ml 40 mM NAD+).

The maximum rate of the reaction was

25
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reached with only a very small lag as compared to the assay

without preincubation with UDP glucose (Figure 3).

Pre

incubation with 0.25 ml 40 mM NAD+ (30 min, 30°C) did not
exhibit the same effect after the reaction was initiated

with 0.25 ml 8 mM UDP glucose.

No change in the lag period

was observed as compared to the regular assay procedure.

However, other work in this laboratory has shown that by

progressively decreasing the concentration of NAD+ present
in the reaction assay mixture, there is a progressive increase

in the lag period, when the reaction is initiated by addition
of enzyme.

This implies that both UDP glucose and NAD+ are •

involved in an activation process, and that UDP glucose prob

ably binds to the enzyme before NAD+.

Effects of Storage on the Activity of UDP Glucose Dehydrogenase
The 30-65% dialyzed ammonium sulfate fraction was made

5 mM with respect to mercaptoethanol and 10 mM with respect
to KPO^ buffer pH 7, and stored at both 4°C and -10°C.

stored mixtures were assayed after 1, 2 and 6 days.

The

The

assay mixture contained 0.2 ml of the above mixture, 0.25 ml
40 mM NAD+, 0.25 ml 8 mM UDP glucose and 0.3 ml KPO^ buffer pH 8

When assayed, the maximum rate of the reaction decreased pro

gressively with storage.

Other work in this laboratory has

shown that the Km value increases with storage.

Storage of

the extract in 3.2 /iM UDP glucose (1.2 ml extract with 1 ml
8 mM UDP glucose and 0.3 ml 5 mM mercaptoethanol in 10 mM KPO^
buffer pH 7)

at 4°C produced the same results upon assay.

Absorbance at 340

27

Fig. 3

UDPG dehydrogenase activity in the 30-65% ammonium
sulfate extract.

aPreincubation in the presence of UDPG for 30 min at 30°C

^Without preincubation in the presence of UDPG
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However, storage at -10°C slightly decreased these effects.
In these experiments the same amount of enzyme was assayed
in each case, so the results can be directly compared.

Decreasing enzyme concentrations show increased lag periods.

These results indicate that the enzyme is labile since
its properties change quickly upon storage.

This suggests

that the enzyme must be assayed without extensive manipulation
if the properties measured are to resemble those of the enzyme
in the cell.
Radiochemical Characterization of the Reaction Products

The reaction mixture contained the standard assay mixture

(with and without NAD*-) supplemented with 0.1 yu ci UDP-^U-^^cj -

glucose.

The putative products UDP glucuronic acid, NADH,

and UDP galactose were separated by descending paper chroma
tography and electrophoresis as described in METHODS.

UDP

glucose and UDP galactose were also identified by hydrolysis
and separation of the free radioactive sugars by paper chroma

tography.
A.

Paper Chromatography of the Whole Reaction Mixtures.

T
14 1
Chromatography of the crude extract with UDP-1U- Cl - glucose
in the absence of NAD+showed one peak of radioactivity corres

ponding with the UDP glucose marker, which also runs at the
same mobility as UDP galactose (Figure 4).

No UDP glucuronic

acid was produced in the reaction (Figure 5).

Incubation in

the presence of NAD+ and chromatography separated two peaks
of radioactivity, one corresponding with the UDP glucose marker

and one corresponding with the UDP glucuronic acid marker
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Origin

<— Solvent
Fig. 4

front

Mobilities of uridine diphospho sugars, NAD and
NADH on descending paper chromatograms.
The solvent
system used was 2.0 M ammonium acetate/ethanol (30/70
by volume).
The time of chromatography was 27 hr.

30
4

UDPGlu

cpm

C x 10

3

Fig. 5

Paper chromatography of the c^ude extract with UDP-fjJ-

Cj

glucos^ in the absence of NAD
(-^ &’) , and in the presence
of NAD
(-0-0-) .
No glucose-l-phosphate ((-j-l-P) was
detected in the presence or absence of NAD .
UDPGluA = UDP glucuronic acid.
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(Figure 5).

Examination of the chromatograms with U.V. light

showed the presence of a bright fluorescent spot corresponding

with the NADH marker.

This spot was absent in the extracts

incubated in the absence of NAD+.
B.

Paper Chromatography of Acid Hydrolysates of the

Reaction Mixtures Without NAD+.

Chromatography of the hydro

lysates of the reaction mixture without NAD+ revealed two
peaks of radioactivity corresponding to the free sugars glucose

and galactose (Figure 6).

The ratio of radioactivity present

in galactose to that of glucose was 0.281 for the yeast sample

and 0.291 for the mycelial sample.

The ratio of UDP galactose

to UDP glucose at equilibrium for the enzyme from E. coli is

published to be 0.284
C.

(Wilson and Hogness 1964).

Electrophoresis of Whole Reaction Mixtures. Electro

phoresis of the reaction mixture with NAD+ gave two distinct
peaks corresponding with the UDP glucose marker and UDP glucu

ronic acid marker, respectively (Figure 7).

Elution from the

paper chromatogram of the area corresponding to UDP glucuronic

acid, and electrophoresis showed a single radioactive spot
which had the same mobility as authentic UDP glucuronic acid
(not shown).

These results demonstrate the presence of both a UDP glucose
epimerase reaction (to produce UDP galactose) which is not

+
+
dependent upon exogenous NAD , and an NAD dependent UDP glu
cose dehydrogenase, producing UDP glucuronic acid and NADH.

cpm
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Fig. 6

Paper chromatography of acid+hydrolysates of the
reaction mixture without NAD showing two peaks of
radioactivity corresponding to the free sugars glucose
(Glu) and galactose (Gal).
The total counts per min
in the sugars of the yeast sample were:
Gal = 2652
and Glu = 9411.
The total counts per min in the sugars
of the mycelial sample were:
Gal = 2104 and Glu = 7229

33

Strip No.

Fig. 7

Electrophoresis of the reaction mixture with NAD+ at pH 5.7,
2.0 KV, 60 min, using 0.05 M ammonium acetate. Electro
phoresis shows two peaks corresponding with the UDP glucose
marker and UDP glucuronic acid marker respectively.
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There was no detectable activity of UDPG pyrophosphatase

since no Glucose-l-P was detected in the presence or absence
of NAD+.

This implies that the substrate is not being rapidly

broken down by other enzymes.

NADH oxidase activity.

Extracts also showed very little

The presence of a large activity of

this enzyme would affect the measurement of the activity of

UDP glucose dehydrogenase.

(Other work in this laboratory

demonstrated that NADH oxidase activity is precipitated by

ammonium sulfate concentrations above 70%, but not by 65%

ammonium sulfate.)
Characterization of UDP Galactose:
Reaction. Basis of the Assay

UDP Glucose Epimerase

The assay of the reaction in the direction UDP galactose
UDP glucose was carried out by incubation of the crude extract
with UDP galactose, and stopping the reaction by heating.

The denatured protein was then centrifuged off and the amount
of UDP glucose produced was measured by adding beef liver UDP

glucose dehydrogenase and NAD+ to the supernatant and measuring
the change in absorbance at 340 nm over a 2-hr time period at

30°C.

A standard curve for UDP glucose concentration against

optical density change was constructed with the same activity
of beef liver UDP glucose dehydrogenase enzyme over the same

time period.
Standard Curve for UDP Glucose

A standard curve was constructed using the beef liver UDP

glucose dehydrogenase enzyme and assaying the change in absorbance
at 340 nm due to the production of NADH from the added NAD+.
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The assay mixture contained varying volumes of 1 mM
UDP glucose diluted to 0.65 ml with KPO^ buffer pH 8, 0.25 ml
40 mM NAD+ and 0.1 ml beef liver UDP glucose dehydrogenase

enzyme (0.02 units; 1 unit is defined as a rate of change
of 1 optical density unit at 340 nm per min at 30°C).

The

assay mixture was incubated at 30°C for 2 hrs, and the change
in absorbance at 340 nm was measured during this time.

A

typical standard curve is shown in Figure 8.
Time Course of Reaction with 250 >uM UDP Galactose

The reaction mixture contained 0.3 ml extract, 0.15 ml
5 mM UDP galactose, 2.55 ml KPO^ buffer pH 8, and the reaction
was stopped by heating (100°C, 5 min) at different times.

The denatured protein was centrifuged down (12,000xg, 5 min)
and the supernatant fraction was assayed for UDP glucose by

adding beef liver UDP glucose dehydrogenase as described above
The assay mixture for UDP glucose contained 0.5 ml of the
supernatant fraction, 0.25 ml 40 mM NAD+, 0.15 ml KPO^ buffer
pH 8, and 0.1 ml beef liver UDP glucose dehydrogenase enzyme

(0.02 units).
2 hrs.

The assay mixture was incubated at 30°C for

The optical density change at 340 nm from zero time

was recorded (Figure 9).

The epimerase reaction is thus freely reversible, as

would be expected by comparison with other epimerases from
E. coli (Wilson and Hogness 1964) and S. fragilis (Ray and
Bhaduri 1974). The radioactive experiments showed the reaction
in the direction UDP glucose-HJDP galactose; this experiment
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Absorbance at 340

0.8

Fig■ 8

Standard curve for UDPG was constructed as explained in
the text.
The absorbance change at 340 nm was due to
the action of beef liver UDPG dehydrogenase on the enzy
matically produced UDPG.
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Time (min)

Fig. 9

Time course of reaction of UDP
UDP Gal.
UDPG concentrations
standard curve for UDPG (Fig.
UDP Gal) is freely reversible
reached rapidly after 10 min.

Gal epimerase at 250 aiM
were determined from the
8) .
This reaction (UDPG-f-?
with equilibrium being
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showed the reaction in the reverse direction.

Equilibrium

was reached rapidly after 10 min.

Determination of Km for UDP Galactose Epimerase
The K value was determined for the reaction in the
m
direction UDP galactose-> UDP glucose.

This reaction is linear

up to 5 min and levels off reaching equilibrium after approx

imately 10 min, as shown by Figure 9.
Varying volumes of 5 mM UDP galactose were incubated with

0.1 ml extract and KPO^ buffer pH 8 in a total volume of 1 ml.

The reaction mixtures were incubated for 5 min at 30°C and
stopped by heating (100°C, 5 min).
spun down (12,000xg, 5 min)

The denatured protein was

and the supernatant fraction was

assayed for UDP glucose, by the standard procedure described
above.

The assay mixture contained 0.5 ml supernatant fraction,

0.25 ml 40 mM NAD+, 0.15 ml KPO^ buffer pH 8, and 0.1 ml beef
liver UDP glucose dehydrogenase enzyme (0.02 units).

The amount

of UDP glucose produced was estimated from a standard curve

for UDP glucose as before.

Figures 10 and 11 show the velo

city versus substrate plot, and the Lineweaver-Burk plot,
respectively.

The Lineweaver-Burk plot is not linear.

This

implies that the enzyme demonstrates some co-operativity.

Accurate measurements of

are therefore not possible.

Different enzyme preparations showed different degrees of sig
moidal character in the velocity vs. substrate plot (Figures
12 and 13).

UDPGlu

(pM)

produced/2 hr
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Fig. 10

Velocity (UDPGlu QuM) produced per 2 hr) versus
substrate (UDPGalQuM) plot for UDP galactose
epimerase.
Constructed as described in text.
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Legend to Fig. 11
------------------

Lineweaver-Burk plot for UDP galactose
epimerase.
1 = (UDPGlu (^lM) produced
per 2 hr) \V 1 = 1
(juM) 1 x 102.
The Lineweaver-BurSPp?ot is not linear,
implying that the enzyme demonstrates some
co-operativity. Accurate measurements of
K are therefore not possible.
Construction
o¥ the Lineweaver-Burk plot is described in
the text.
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UDPG

(juM)

produced/2 hr

1.0

Figs. 12 and 13

UDPGal (/uM)
These figures indicate that different enzyme
preparations of UDP galactose epimerase show
different degrees of sigmoidal character in the
velocity versus substrate plot.
Construction as
explained in text.
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Separation of UDP Glucose Dehydrogenase from UDP Galactose
Epimerase

Since equilibrium of the UDP galactose epimerase catalyzed
reaction is reached so rapidly, and the UDP glucose dehydro

genase catalyzed reaction exhibits a distinct lag period, it
is difficult to assay the enzymes in the same reaction mixture,
because the concentration of UDP glucose is reduced by epimerase

action.

In order to measure the kinetics of the two enzymes

properly, the activities must be separated.
carried out by ultrafiltration.

Separation was

This method was chosen because

UDP glucose dehydrogenase has been shown to have a molecular
weight in crude extracts greater than 500,000 daltons, while
UDP galactose epimerase is thought to have a molecular weight
less than 240,000 daltons (Wilson and Hogness 1964).

An amicon filtration system with a 300,000 molecular weight

cut-off was used in the separation procedure.

Fresh extracts

were prepared for separation, since the enzymes were shown to
be labile.

The separation mixture contained 5 ml extract

diluted to 50 ml with 50 mM KPO^ buffer in 5 mM mercapto
ethanol.

This mixture was filtered in an ice bath to a volume

of 15 ml, diluted to 30 ml with 50 mM KPO^ and 5 mM mercapto
ethanol, and filtered to 5 ml.

A pressure of 10 pounds per

square inch was used, and the filtration rate was approximately

2 ml/min.

Assay for the Enzymes After Separation
After the ultrafiltration procedures were carried out,

the amicon retained solution (5 ml) was assayed for the presence
of UDP glucose dehydrogenase, and UDP galactose epimerase
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using the standard assay procedures.

The fresh ammonium

sulfate extract was also assayed to ascertain the degree of

recovery.

The results showed approximately a 70% recovery

The amount of UDP

of the UDP glucose dehydrogenase activity.

galactose epimerase activity retained was approximately 16%
(Table 4).

These results indicate that the two activities can be

separated by a method which is rapid and efficient.

This

is desirable since the enzymes have been shown to be labile.
However, this method can be improved upon.

The first retained

filtration contained a volume of 15 ml and was diluted to 50 ml

Filtration to a volume of less than 5 ml in the first step
would have been more desirable since more of the epimerase

would have been filtered out.

In initial experiments epimerase

activity was measured by coupling to the endogenous UDP glucose

dehydrogenase (Figure 14).

The overall results demonstrate

a considerable reduction in the activity of epimerase.

Activation of UDP Glucose Dehydrogenase:
Dissociation?

Does This Involve

Preliminary work in this laboratory has shown that the
enzyme has a very high molecular weight (approximately 1x10^

daltons)

in 10 mM KPC>4 buffer pH 7 with 5 mM mercaptoethanol.

The enzyme has also been shown to be activated by UDP glucose
in a time dependent process, hence the lag.

This activation

could involve the disaggregation of the large molecular weight
units to smaller active units.

This hypothesis was tested by

gel filtration over sepharose 6B in the presence and absence
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TABLE 4

Separation of UDPG Dehydrogenase and UDPG Epimerase
by Amicon Ultrafiltration

Enzyme

30-60% Ammonium Sulfate
Fraction Activity

UDPG Dehydrogenase

100%

UDPG Epimerase

100%

Amicon Retained
Activity

66-80%
16%

Absorbance at 340 nm
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Fig. 14

Activity of the enzymes before and after Amicon Ultra
filtration.
Epimerase activity was measured by coupling
to the endogenous UDP glucose dehydrogenase.
— • — • —, UDP galactose epimerase before filtration;
________ , Amicon retained UDP glucose dehydrogenase
activity after filtration.
----- , UDP galactose epimerase
after filtration.
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of UDP glucose.

Fresh extracts (0.1 ml) were chromatographed

on a sepharose 6B column (15 cm x 1 cm), and 0.2 ml fractions
were collected and assayed for UDP glucose dehydrogenase

using the standard assay procedure for the enzyme.

The column

was first equilibrated with 20 mM KPO^ buffer pH 7 and 0.1 ml
of extract was applied.

The column which was eluted with 20 mM

KPO^ buffer pH 7 was then equilibrated with 1 mM UDP glucose
in 0.2 M KPC>4 buffer pH 8; 0.1 ml extract was applied and the

column (containing UDP glucose) was eluted with the equili

bration buffer.
The results show that the enzyme in the presence of UDP

glucose had an apparently lower molecular weight since most

of the activity was eluted in fractions 33-34 as opposed to
fractions 31-32 for the column without UDP glucose (Figure 15).

These results suggest that a disaggregation has occurred in
the presence of UDP glucose causing the enzyme to be eluted

later from the column, i.e., with an apparent lower molecular
weight.

It is not thought that pH alone causes these effects

since preincubation of the enzyme at pH 8 shows no change in

lag when the reaction is initiated by the concomitant addition
of UDP glucose and NAD+.

A longer column would have yielded

a much better resolution.

The Specific Activity of UDP Glucose Dehydrogenase in the
Yeast and Mycelial Forms of Mucor rouxii

Yeast and mycelial cultures were harvested after 18 hr
of growth and stored at -40°C.

The cells were broken and the

enzyme extracted as described in METHODS.

The enzyme assay
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Activity of UDP glucose dehydrogenase (arbitrary units)

80

Fig. 15

Gel filtration of the UDP glucose dehydrogenase extract
over sepharose 6B in the presence (—-0-0—•) and absence
( 9
) of UDP glucose.
The column dimensions were 15 cm
x 1 cm.
The fractioning range of the column was determined
by using the markers blue dextran (M.W. 4 x 10^) and cyto
chrome C (M.W. 1.3 x 104) . Blue dextran was eluted at
fraction 15, cytochromeC was eluted at fraction 36.
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was performed with 0.3 ml of extract (in a total volume of

1 ml), instead of 0.1 ml as described in the standard assay

procedure for UDP glucose dehydrogenase.

Table 5 shows a

comparison between the specific activities in the yeast and
mycelial forms of Mucor rouxii.

The results obtained show

a high degree of variability between cultures, especially in

the mycelial form of the fungus (as shown by the large standard

In these experiments it was assumed that the velocity

error).

of enzymic reaction was a linear function of enzyme concentra

tion.

Experiments were carried out to determine if this

relationship was in fact linear.

The results show that the

rate of enzymic reaction to volume of extract added is not

linear particularly above 50 yul of extract (Figure 16).

This

induces a lot of error into the specific activity measurements

since initial experiments were carried out with 0.3 ml (300 yul)
of extract, which is not on the linear part of the curve.

Thus

the rates observed were not a linear function of enzyme concen
tration.

It cannot be assumed that the degree of curvature is

always constant since the activity in each extract was different.
It would have been more desirable to measure the specific

activities by first determining the volume of extract needed

for the rate observed to be linear.

This would allow a much

better comparison of the specific activity measurements.

Future

experiments should take this problem into consideration.

Another

complication which may explain these results involves the pre

sence of the competing UDP galactose epimerase in the extracts.
If the levels of the UDP galactose epimerase differ in the diff

erent extracts this could result in different UDPG dehydrogenase

activity measurements.
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TABLE 5

Comparison of UDPGlucose Dehydrogenase Specific Activity
in 18 hr Yeast (Y) and Mycelial (M) Cultures

Protein (mg) a

Total Activity0

Specific Activity

Mi

1203.0

4.2

3.5

m2

217.0

5.2

24.0

M3

315.0

1.8

5.7

M4

133.0

1.3

9.5

m5

193.0

1.0

5.2

M6

247.0

8.6

35.0

Md

384.7*405 .4

Y1

323.0

4.8

14.9

Y2

128.0

2.1

16.6

Y3

25.6

0.4

15.4

Yd

158.9*151 .1

13.8*12.8

3.7*2.9

2.4*2.2

15.6*0.9

&

Milligrams of protein in the total volume of extract
t)

C

Activity expressed in um NADH + H
volume of extract

I

produced per min per total
4"

Specific activity equals nm NADH + H produced per mm per mg
protein in the total volume of extract
_
UM and Y denote the standard error for the mycelial and yeast
cultures respectively

Q

Velocity (ZSOD/min)
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Amount of UDPG dehydrogenase extract (/jI)

Fig. 16

Velocity of reaction versus UDPG dehydrogenase concen
tration.
The plot indicates that the rate of enzymatic
reaction to volume of extract added is not linear,
particularly above 50 yul of extract.

DISCUSSION AND CONCLUSIONS
1.

The activities of the enzymes UDP glucose dehydro

genase and UDP galactose epimerase have been detected in crude

extracts from both the mycelial and yeast forms of Mucor rouxii
The UDP glucose dehydrogenase has a considerable lag period,
and is activated by the substrate UDP glucose.

This activation

may be brought about by a disaggregation.

2.

Both UDP glucose dehydrogenase and UDP galactose

epimerase have been shown to be labile.

For accurate kinetic

measurements the dehydrogenase must be separated from the

epimerase.

Ultrafiltration affords a simple method of separa

tion which is rapid.

labile.

This is desirable since the enzymes are

Ultrafiltration is effective since the UDP glucose

dehydrogenase has such a high molecular weight (approximately
g
10 daltons) in the crude extracts.
However, this does not
indicate that the observed molecular weight is the same as in
the intact cells.

An aggregation of the enzyme could occur

upon extraction procedures.

This has not been investigated.

The beef liver UDP glucose dehydrogenase enzyme has a molecular

weight of 300,000 daltons (Gaines et al. 1972).
3.

The UDP galactose epimerase showed no requirement

for exogenous NAD+ (although in other epimerase, NAD+ is
thought to act as a cofactor of the enzyme, but is very
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tightly bound).

The enzyme demonstrates slight positive

cooperativity for UDP galactose.

The kinetics with UDP glu

cose should be investigated.

4.

The effects of the products UDP glucuronic acid and

NADH on the activity of UDP glucose dehydrogenase is currently

under investigation in this laboratory.

The levels of UDP

glucose in growing cells should also be investigated, since
different levels or availability of this substrate may influence
the rates of reaction.

5.

Initial experiments were carried out in order to

determine the specific activity during a 24-hr growth period
of the fungus.

However, a large amount of variability was

obtained in 18-hr

not completed.

mycelial cultures and the experiment was

Measurements of specific activity during the

growth cycle would be important to determine whether the UDPG
dehydrogenase enzyme activity differs during certain stages
of growth.

The data in Table 5 does not permit one to conclude

that the specific activity in the two forms is significantly

different due to the extreme variability in the values for

the mycelial form.

It could be that the yeast form has indeed

a higher level of the UDP glucose dehydrogenase than the
mycelial form.

This remains to be determined.

difference is real, this could reflect (a)

If the proposed

that the enzyme in

the yeast form is more active than that in the mycelial form;
or (b)

that the enzyme level is higher in the yeast form than

in the mycelial form, and this could thus represent differential
t
gene expression for the UDPG dehydrogenase gene (genes) in the
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two forms; or (c)

that the enzyme level is higher in the

yeast form than in the mycelial form due to greater proteo

lytic activity in the mycelial form.

In order to examine

these possibilities, it is imperative that the difference in

specific activity in the two forms be shown to be real.
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