ABSTRACT

CARBOHYDRATE METABOLISM
I. ACCESSING HETEROZYGOSITY FOR GALACTOSEMIA BY
ENZYMATIC MEANS
II, METABOLISM OF MANNOSE BY Hansenula holstii

by Roger Keith Bretthauer

Part 1

Galactosemia is a metabolic disorder characterized
by a deficiency of the enzyme galactose-l-phosphate uridyl
transferase. A quantitative assay for this enzyme in erythre—
cytes has been developed and applied to 14 families of known
galactosemic children and to a group of 106 normal individuals.
Three distinct groups of enzyme activities are apparent:
affected children having little or none; a group including
all parents of affected children having an intermediate
level; and normal controls having a full level. These
results confirm that this disorder is hereditary and imply
that it is transmitted as a simple, autosomal recessive
trait. Preliminary studies on comparison of the incidence
of galactosemic heterozygotes in a normal and mentally
retarded population have resulted in the detection of at
least two heterozygotes from the 138 normal individuals
examined.
Part II

The metabolism of mannose by Hansenula holstii

NRRL Y-2448 has been investigated in relation to the



ABSTRACT
(cont,)

extracellular phosphorylated mannan produced by this
organism, Mannose is phosphorylated and isomerized to
fructose-6-phosphate, as is glucose. The presence of
mutases was demonstrated by the conversion of glucose-1-
phosphate and mannose-l-phosphate to the corresponding
hexose-6-phosphates, Oxidation of glucose-6-phosphate
and 6-phosphogluconic acid occurred in the presence of
triphosphopyridine nucleotide. The presence of pyro-
phosphorylases capable of catalyzing the formation of
guanosine diphosphate mannose, guanosine diphosphate
glucose, and uridine diphosphate glucose from the respective
nucleoside triphosphates and hexose-l-phosphates was
established. No interconversion of guanosine diphosphate
hexoses or oxidation of uridine diphosphate glucose was
detected.

Acid soluble nucleotides, including guanosine diphos-
phate hexoses and uridine diphosphate hexoses, were isolated
and identified., The guanosine diphosphate hexoses contained
mannose and minor amounts of glucose and fructose,

The synthesis of phosphomannan by washed, resting
cells from glucose and inorganic phosphate and by whole

C14

cultures from -mannose is described. No incorporation

of radiocactivity from C'*-guanosine diphosphate mannose

C14

or -mannose-l-phosphate into phosphomannan was achieved.
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CARBOHYDRATE METABOLISM

I. ACCESSING HETEROZYGOSITY FOR GALACTOSEMIA

BY ENZYMATIC MEANS



INTRODUCTION

Recent advances in biochemical studies of hereditary
metabolic disorders have revealed in many cases that the
disorder is characterized by an enzymic deficiency. Hetero-
zygous carriers of these disorders have been detected by
various techniques, in some instances by direct measurement
of the deficient enzyme, Many of these disorders are thought
to be transmitted by autosomal recessive genes, as both
parents of an affected individual appear to be heterozygous
with respect to the trait.

One such metabolic disorder which has been shown to be
characterized by a single enzymic deficiency is galactosemia.
The lack of Gal-1-P uridyl transferase! results in an inabil-
ity to convert galactose, a normal constituent of milk, to
the common metabolite glucose, The affect is clearly illus-

trated by the in vitro accumulation of Gal-1-P in erythro-

cytes when incubated with galactose, If death does not
occur, the secondary abnormalities which result, if all
dietary galactose is not removed from the affected person,

are cataracts, mental retardation and enlargement of the liver.

1The following abbreviations are used: Gal-1-P,
galactose-l-phosphate; G-1-P, glucose-l-phosphate; ATP and
ADP, adenosine tri- and diphosphate; UTP and UDP, uridine
tri- and diphosphate; UDPG, uridine diphosphate glucose;
UDPGal, uridine diphosphate galactose; PP, inorganic pyro-
phosphate; DPN, oxidized diphosphopyridine nucleotide.



The discovery of the biochemical defect of galactosemia
presents an unique opportunity to study the enzymic expression
of a heterozygous state and to elucidate the mode of inheri-
tance of this disorder. Previous methods have not been
sufficiently sensitive to rigorously define this problem.

The purpose of this thesis is to present a method
which defines the heterozygote, and which, when applied
to family studies, has revealed an autosomal recessive mode

of inheritance. Preliminary studies on the incidence of

heterozygosity in a normal and mentally retarded population

a xre also presented.




LITERATURE

The first report of galactosemia was in 1908 by Von Reuss
(1). Since that time, many other cases with similar clinical
features have appeared in the literature, In general the
symptoms of the fully manifested disease are jaundice,
hepatomegaly, cirrhosis, cataracts, galactosuria, amino-
aciduria, and failure to grow, Normally these symptoms
occur soon after birth and if not detected, may result in
severe cataracts, mental retardation, and often death.
Early exclusion of all dietary galactose was found to re-
lieve this condition, and thus the eventual finding of
an enzymic deficiency in galactose metabolism as the bio-
chemical defect (2,3).
Schwarz et al. (4) noted an accumulation of Gal-1l-P
in erythrocytes of galactosemic persons when incubated in
the presence of galactose, The significance of this dis-
covery was realized when Kalckar and associates (5-7)
demonstrated a deficiency of Gal-1l-P uridyl transferase
(reaction 2 below) in both erythrocytes and liver of affected
individuals., Other enzymes involved in galactose metabolism
(reactions 1, 3, and 4 below) were present in normal amounts,
The discovery of such an enzymatic deficiency was
PO s sible only after much detailed experimentation with
Va x i ous biological sources revealed the following pathway

ox <galactose metabolism:




M

1) Galactose + arp -—Salactokimase ., ; p 4 app
Gal-1-P uridyl

2) Gal-1-P + uppG cransferase. g 3_p + yppGal

3) UDPGa1‘VPDPGal‘u-eplmerase > UDPG

UDPG pyrophosphorylase

> UDPG + PP

4) G-1-P + UTP g

5) Gal-1-P + UTP ‘pDPGal pyrophosphorylase_ UDPGal + PP

The irreversible phosphorylation of galactose resulting
in Gal-1-P is followed by its conversion to G-1-P (reaction
2) which involves UDPG, UDPGal is formed which supplies the
galactose essential for galactolipids, mucopolysaccharides
and other galactose containing compounds. In the absence
of this reversible reaction, Gal-1-P accumulates and thus
the utilization of galactose is affected, In reaction 3
UDPGal is converted to UDPG by the enzyme UDPGal-4-epimerase.
As this reaction is reversible, UDPGal can therefore be
formed from UDPG, which in turn can be synthesized from
G—-1-P via reaction 4, These reactions offer an explanation
of why the body can satisfy its needs for galactose even
Oon a galactose free diet., Reaction 5, catalyzed by UDPGal-
PY rophosphorylase, offers an additional alternative pathway
by> <which Gal-1-P can be incorporated into the nucleotide
UDPGal,
Whether Gal-1-P uridyl transferase is completely absent
in galactosemic persons is not clear. Simon and Topper (2)

fowang that erythrocytes of galactosemic persons oxidized




galactose at about 0.5% of normal. Eisenberg et al. (8)
administered Cl4—galactose and menthol to a galactosemic
adult and found about 3% of the radioactivity in the urine
in 24 hours as the glucuronide of menthol., Thus it appears
that the block at reaction 2 may not be complete, or that
galactose is being metabolized via alternate routes. One
such possible by-pass, UDPGal-pyrophosphorylase (reaction
5), has been demonstrated in mammalian tissues (9).

Earlier reports of this disorder mentioned that siblings
of both sexes were affected and that parents were pheno-
typically normal. Such reports suggest an autosomal, re-
cessive mode of inheritance, Holzel and Komrower (10),
employing an oral galactose loading test, demonstrated ab-
normal galactose tolerance in one parent in each of four
families, In one instance of consanquinity, both parents
exhibited abnormal tolerance. While suggesting a hereditary
etiology, the data did not prove a recessive mode of inheritance,
in which both parents should be heterozygous, In a more

extensive application of this method, Donnell et al. (11)
found that a group of mothers and fathers of affected children
could be distinguished from a group of normals on a statistical

basis, However, the overlap of individual values was so
COmnsiderable that the technique has to be regarded as un-
Sud table for defining the heterozygous condition. Similar
13 i tations apply to the UDPG consumption test, originally

de = 5 gned by Kalckar and coworkers (5-7) to detect the




homozygous condition., The kinetic limitations of this test
were pointed out by Anderson et al. (12), who were unable
to detect decreased activity of Gal-1-P uridyl transferase
in parents of affected children. Hsia et al. (13) have
employed this previous method in attempting to identify
heterozygotes, but examination of their data reveals ex-
tensive overlap between normals and assumed heterozygotes.
Concurrent with the studies to be reported in this
thesis, Kirkman and Bynum (14) developed a manometric assay
based on the oxidation of Gal-1-P by hemolyzates under
conditions of limiting transferase levels, Application
of this method to 18 parents of galactosemic children re-
sulted in approximately 64% of the activity as in normal
controls, However, significant overlapping of groups was
still apparent. Tﬁis technique is also quite complex and
costly, thus limitihg its practical usefulness,
In an attempt to preserve the relative simplicity
of the original UDPG consumption test as described by Kalckar
and coworkers (5-7), and unequivocally define the mode of
inheritance of this disorder, the assay was quantitated
by altering substrate concentrations, hemolyzate concen-
tration, and time of incubation, The description of this
AsS say and results of its application to 14 families each
Ilél‘I:ing at least one member affected by galactosemia are
PX e sented in this report,

The numerous case reports of galactosemic persons




have revealed that frequently mental development is impaired.
It was, therefore, of interest to apply the quantitative
transferase assay to a mentally retarded population and

see if a significant number of these individuals have ab-
normal galactose metabolism., Concurrent with these studies,
examination of a normal population as controls might reveal
the incidence of heterozygosity and homozygous recessives.
Preliminary results of these studies are also presented

in this report,




MATERIALS AND METHODS

UDPG and DPN were purchased from Sigma Chemical Company.
The a-D-Gal-1-P was synthesized according to the procedure
described by Hansen et al. (15). UDPG dehydrogenase was
isolated from calves liver and purified through Step 5
of the procedure of Strominger et al. (16). This prepara-
tion contained 37,500 units/ml, UDPGal-l4-epimerase was
purified from Saccharomyces fragilis and kindly furnished
by Dr, R, J, Forrest (unpublished procedure), This enzyme
was also purified by the method of Maxwell and Szulmajster
(17) and used successfully., Both preparations contained
about 50,000 units/ml., Spectrophotometric determinations
were carried out in a Beckman DU spectrophotometer with a

photomultiplier attachment and pinhole filter.



EXPERIMENTAL PROCEDURES AND RESULTS

Development of guantitative assay
Blood samples were drawn by venipuncture into balanced
oxalate tubes, They were iced and centrifuged in the cold
within 30 to 60 minutes, The erythrocytes were washed
three times with cold 0.9% NaCl, The last centrifugation
was done under standard conditions to provide uniform packing.
The erythrocytes were stored frozen until use. Prior to
measurement of the enzyme, a hemolyzate was prepared by
thawing the frozen erythrocytes and adding an equal volume
of cold distilled water.
The principle of the assay is similar to the most
recent enzymic assays published by Anderson et al. (12)
and Maxwell et al, (18) with the following major exceptions:
the present procedure employs a higher concentration of UDPG
and a higher ratio of Gal-1-P to UDPG, less hemolyzate,
and a shorter incubation period., A four-fold excess of
Gal-1-P over that of UDPG was necessary for optimum trans-
ferase activity. While using these assay conditions, namely
Oe 20 pmole UDPG and 0,80 umole Gal-1-P, the amount of hemoly-
Za te was varied in a 15 minute incubation period to determine
the optimum enzyme concentration., In similar experiments,
the suybstrate concentration and the incubation time were
VA x— i ed while the amount of hemolyzate was held constant

at O.20 ml (Fig, 1). Reasonably good linearity was achieved
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Figure 1, Gal=-1-P uridyl transferase activity as a
function of hemolyzate concentration, time

of incubation, and substrate concentration.

Unless otherwise indicated, the reaction mixture
contained 100,.,0 umoles of glycine, pH 8.7, 0.2 pmole
UDPG and 0,8 pumole Gal-1-P (always added in a 1l:4
ratio), and 0.2 ml hemolyzate in a total volume of
0.45 ml except for those incubations with varying
hemolyzate concentration where the final volume was
0.7 ml, Incubation time was 15 minutes at 37° C,
Remaining details of assay are described in the text.
A, variable hemolyzate concentration; B, variable time

of incubation; C, variable substrate concentration,
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until the UDPG became limiting at approximately 0,50 ml
hemolyzate (curve A) or at 20 minutes incubation time
(curve B). In the presence of excess substrate (more than
0.12 umole UDPG), incubation time and/or hemolyzate became
limiting (curve C). The difference in slopes of these
three curves resulted from using different blood samples
for each of the three experiments, For routine determinations
the following conditions were selected which afforded a
wide range of measurable values with the same assay conditions:
0.20 ml hemolyzate, 0,20 umole UDPG, 0,80 pumole Gal-1-P,
100,0 pumoles glycine, pH 8,7, in a total volume of 0,45 ml
incubated 10 minutes at 37° C, A control incubation lacking
the Gal-1-P was run with every sample under identical condi-
tions, All incubations were run in cellulose nitrate tubes.
The reagents were all added to the cellulose nitrate tubes
in an ice bucket, the hemolyzate being added last. At the
moment of placing the tubes in a 37° C water bath, timing
was started. At 10 minutes the tubes were placed in a boiling
water bath for one minute with shaking, cooled, and the pre-
cipitate centrifuged off. The clear supernatant was used
for the spectrophotometric UDPG determination,

The microcuvettes contained 0,10 pmole DPN, 45,0 pmoles
glycine, pH 8.7, and 0.01 ml of incubation supernatant in
a total volume of 0.48 ml. Having the control cuvette
(lacking incubation supernatant) set at zero absorption,

the absorbancy at 340 mp of the two test cuvettes was recorded.
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UDPG dehydrogenase (0.0l ml) was then added to the control
cell and reset to zero absorption before a similar addition
to each test cell, After the increase in optical density
had ceased, 0.01 ml UDPGal-4-epimerase was added to each
cell in the same manner as described for the dehydrogenase
and further reduction of DPN recorded., The difference

in optical density increases of the two test cells before
addition of the epimerase was calculated as pmoles UDPG
consumed in the transferase catalyzed reaction, The differ-
ence in increases of optical density of the two test cells
after addition of epimerase was calculated as pumoles UDPGal
formed, The UDPGal recovered was 85 to 105% of the UDPG
consumed,

In the application of the method, three families were
available for examination to determine if the modified
assay would clearly distinguish the heterozygotes from the
clinical patient and normal controls, The results of such
studies are presented in Table I, Enzyme levels are expressed
as pumoles UDPG consumed per hour of incubation per ml of
erythrocytes and per gram of hemoglobin (determined according
to Anderson et al., (12)).

Normal controls ranged from 4,8 to 8.1 umoles UDPG/hr/ml
erythrocytes, Of special significance is that in every
family, both parents exhibited a lower value of transferase,
ranging from 2.9 to 3,7 umoles UDPG/hr/ml erythrocytes.

As expected, no activity was exhibited by the galactosemics,
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Table I, Gal-1-P Uridyl Transferase Levels in Erythrocytes

pumole UDPG/hr

In?ividual
sex) per ml
erythrocytes per gm Hb
Family
1 Affected child 0 0
Mother 2.9 8.7
Father 2.5 10,3
Sibling (F) 2.0 9.0
Sibling (M) 7.0 21,2
Sibling (F) 6.0 -
2 Affected child 0 0
Mother 2.7 10.8
Father 3.6 10.7
2 Affected child 0 0
Mother 3.0 9.4
Father 2.6 10.7
Contxols
9 Child - male 7.6 23.0
10 Child - male 6.9 21.5
11 Adult - male 8.1 25.4
12 Adult - female 5.9 18,
25 Adult - male 6.0 17.7
51 Adult - female 6.0 18,3
52 Adult - female 5.0 14,9
53% Child - female 6.5 21.7
58 Child - male 5.0 15.8
60 Adult - male 4.8 14,7
61 Adult - female 5.0 14,7
Mean
Galactosemics 0 0
Carriers 3.33 06Ok
Normals 6.14 19.0
Range
Galactosemics 0 0
Carriers 2.9-3.7 8.7-10.8
Normals 4,8-8.1 14,7-25.4
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Other members of the family resulted in either normal or
intermediate levels of enzyme. This data clearly demon-
strates that the assay is quantitative and capable of de-
tecting the heterozygous condition with no overlap of values,
As both parents exhibited an intermediate level of transferase,
a recessive mode of inheritance is implicated.
Studies on families with galactosemic children

A more detailed genetic study of several more known
galactosemic families was undertaken to more clearly define
the expected range of transferase levels for galactosemics,
heterozygotes, and normals., Fourteen families, including
the three previous families, were available in which a known
case of galactosemia had occurred. Blood samples were
obtained from affected children, their siblings, their
mothers, and from all but three of the fathers. Also, blood
samples were obtained from a great number of other relatives.

Normal controls were chosgn from resident physicians,
nurses, and other adults and children in which no family
history of galactosemia was evident or in which no history
of mental retardation, liver dysfunction, or metabolic
disease was evident,

All of the previous samples were taken at the Childrens
Hospital of Los Angeles, packed in dry ice, and shipped
by air to East Lansing.

A total of 278 individuals were examined, Fig, 2

presents a scattergram of all the data obtained divided
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Figure 2. Scattergram of values for Gal-1-P uridyl
transferase activity from normals and

fourteen families with galactosemic children.

The lines in each column represent the mean value.
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into the various groups considered. The distribution into
normal and heterozygous categories is evident, including
the expected division among relatives and siblings of
affected children.

Table II summarizes the mean values for Gal-1-P uridyl
transferase from erythrocytes of 106 normal controls, sub-
divided by age and sex. The mean values of the groups and
their standard deviation approximate each other, The mean
value for normal controls has been taken as 5.9 + 1,0 pmole
UDPG consumed/ml erythrocytes/hr.

Data from members of affected families are presented
in Table III, Some transferase activity was found in erythro-
cytes from 3 of the 14 affected children. Two of these
had previously received blood transfusions.

Values of transferase in the erythrocytes of the parents
studied averaged 2.9 * 0,83, and all values were less than
3,9 Uumoles UDPG consumed/ml erythrocytes/hr. All controls
had values above 4,0, with one exception at 3.8. A value
of 4,0 was arbitrarily selected as the value which differ-
entiated heterozygotes from normals., Values of transferase
in erythrocytes from unaffected siblings of affected children
ranged from 1,1 to 7.0, Application of the arbitrary di-
viding value of 4.0 yielded two groups with values for
means and standard deviations of 3,0 * 0,87 and 6.0 * 0,78,
respectively. The similarity of these means and standard

deviations to those obtained with known heterozygotes
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Table II, Activity of Gal-1-P Uridyl Transferase in

Erythrocytes from Normal Controls

Gal-1-P Uridyl Transferase

(umole UDPG/ml

erythrocytes/hr)
vo. e Range  fndad
Adult males 28 5.9 4,0-8.3 1.06
Adult females 29 5.8 %,8-7.8 0.95
Child males 21 6.0 ho3-7.4 0.98
Child females 18 6.0 4,1-8.0 1.14
All adults 687 6.0 %.,8-8.3 0.99
All children 39 6.0 4,1-8,0 1.05
All males 49 5.9 4,0-8.3 1.02
All females 57 5.9 3,8-8.0 1.01
Total control group 106 5.9 3,8-8.3 1.01
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Table III, Activity of Gal-1-P Uridyl Transferase in

Erythrocytes from Affected Families

Gal-1-P Uridyl Transferase

Faggly In?;z;?ual (umole UDPG/ml
y erythrocytes/hr)
1 Affected child 0
Mother 3.7
Sibling (F) 4.9
Sibling (M) 3.4
2 Affected child 0
Father 2.4
Mother 2.8
Sibling (F) 2.9
Sibling (M) 6.9
Sibling (F) 5.9
3 Affected child 0
Father 3.5
Mother 3.7
y Affected child 0
Father 3.5
Mother 2.9
5 Affected child 0.6
Father 3.8
Mother 1.8
Sibling (F) 3.4
6 Affected child 0
Father 3.2
Mother 3,3
Sibling (M) 5.8
Sibling (F) 2.1
Sibling (F) 2.3
T Affected child 0
Father 3.0
Mother 0.9
Sibling (M) 1.1
8 Affected child 0.3
Mother 3.0
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Table III, (cont,)
. .. Gal-1-P Uridyl Transferase
Fagély In?;:;?ual (umole UDPG/ml
* erythrocytes/hr)
9 Mother 3.9
Sibling (M) 2.9
Sibling (M) 3.9
Sibling (M) 3.1
Sibling (M) 2.7
Sibling (F) 7.0
10 Affected child (M) 0
Affected child (F) 0
Father 3.3
Mother 2.9
11 Father 1.6
Mother 2.0
Sibling (M) 5.6
12 Affected child 0
Father 3.8
Mother 2.4
Sibling (M) 3.4
13 Affected child 0
Father 2.8
Mother 105
14 Affected child 0.64
Father 1.9
Mother 3.0
Summary
Mean Range S.D,
Affected children (13) 0.1
Fathers and mothers (25) 2.9 0.9-3.9 0.83
Fathers (11) 3.1 1.6-3.8 0.72
Mothers (14) 2.7 0.9-3.9 0.89
Siblings (17) b1 1.1-7.0 1.7
Assumed heterozygote (11) 2,0 1.1-3.9 0.87
Assumed normal (6) 6.0 4y, 9-7.0 0.78
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(2.9 * 0.83) and normal individuals (5.9 * 1,0) is apparent.
On a theoretical basis, two-thirds of the unaffected siblings
would be expected to be heterozygotes. In the division
into groups as made, 11 siblings fall into the category
of heterozygotes out of a total of 17,

The results from the 117 relatives studied are given
in Table IV, When the data are divided into the same two
groups, close correspondence with mean values for hetero-
zygotes and normals is again evident.
Studies on a normal and mentally retarded population

Samples of blood were obtained from inmates at the
State Prison of Southern Michigan for a control group of
physically and mentally normal individuals, As a random
population was desired, volunteer inmates were sampled with
no attempt at selection., Samples were drawn, washed, and
assayed for transferase activity under conditions identical
to those previously described.

A total of 132 individuals were studied, The transferase
activities of these subjects are presented in Fig, 3 as
a scattergram,

Pertinent data of these studies are presented in Table V,
As the previous studies revealed an arbitrary dividing line
of 4.0 pumoles UDPG consumed/ml erythrocytes/hr for the
normal and heterozygous groups, this group was therefore
divided into a subgroup of values 4,0 and above and a

subgroup of 3.9 and below, In addition the group was analyzed
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Table IV, Activity of Gal-1-P Uridyl Transferase in

Erythrocytes from Relatives of Affected Families

Gal-1-P Uridyl Transferase
(pmole UDPG/ml

erythrocytes/hr
o mean  tange  Soudere
Individuals assumed as heterozygotes*
Adult males 10 2.7 2.4-3.7 0.71
Adult females 19 2.9 1.8-3.9 0.66
Child males 6 2.8 1.6-3.8 0.81
Child females i 2.6 1.4-3.3 0.86
Total group 29 2.8 1.4-3,9 0.70
Individuals assumed as normals*
Adult males 12 5.6 4,1-7.8 1.14
Adult females 38 5.7 y,1-7.2 0.91
Child males 12 6.1 4,2-8,5 1.17
Child females 16 5.6 4. 3=-7.4 0.90
Total group 78 5.7 4,1-8.5 0.99

*
Arbitrary division at 4,0 on basis of results from
parents of known affected children,
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Figure 2. Scattergram of values for Gal-1-P uridyl
transferase activity from normal prison
population and parents of assumed
heterozygotes.
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Table V, Activity of Gal-1-P Uridyl Transferase in
Erythrocytes from Normal Controls
umoles UDPG/ml erythrocytes/hr
Group
No, Mean Range gtapdayd
eviation
4,0 and above 126 6.0 4, 0-7.9 0,60
3,9 and below 6 3.1 3.3=3.9 0.58
Complete 132 5.9 2.2=-7.9 0.60
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as a whole, The group above 4,0 has a mean value of 6.0,
which corresponds very well to the normal mean value found
previously of 5.9. Values below 3.9 have a mean of 3,1,
corresponding closely to 2.9 which was found for fathers
and mothers of galactosemic persons,

To ascertain that the values below 4,0 were real and
reproducible, the three lowest values were twice redetermined,
each time on a fresh sample of blood. Similar values were
obtained.

Parents of two of these suspected heterozygotes were
sampled, along with the wife and two children of one. The
data obtained are presented in Table VI, In Family 1,
the father exhibited a transferase value characteristic of
the heterozygous range, while the mother was normal. In
Family 2, both parents exhibited heterozygous levels of
transferase while the wife and children both showed normal
values, The heterozygous condition of the two inmates
are thus confirmed in that at least one of the parents
in each case carries the recessive trait,

Preliminary studies on a mentally retarded population
have revealed that the overall distribution of transferase
activities is lower, averaging around 5.0, Many values
below 4,0 were observed with apparently no sharp dividing
line, Whether this lower distribution is significant must
await further study with a larger population, Also, repeat

determinations of the low values and family studies are
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Table VI, Activity of Gal-1l-P Uridyl Transferase in
Erythrocytes from Suspected Heterozygous

Families

Family o umoles UDPG/ml
No, Individual erythrocytes/hr

1 Suspected heterozygote
Mother
Father

HFON~N~N~ ~OoN

2 Suspected heterozygote
Mother
Father
Wife
Daughter
Son

=W W
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required to ascertain whether or not these are truly
heterozygotes., It is possible that in such a population,
the normal range of transferase activities is signficantly
lowered so that the heterozygous range would have to be
reevaluated. Further studies on this problem are in

progress,



DISCUSSION

The present procedure for the assay of Gal-1l-P uridyl
transferase has proven practical and sufficiently sensitive
to permit identification of the heterozygote, Application
of the method in studies of families was successful in
making this identification before knowledge of the family
relationships. It is apparent from the results presented
that three different groups are defined, The first con-
sists of the homozygotes with essentially no transferase
activity, The second consists of the normal controls and
some family members with normal values for transferase
activity. A third group, heterozygotes, with intermediate
levels of transferase activity was derived entirely from
members of affected families,

No significant statistical difference exists between
the means of the various groups into which the 106 normal
controls were divided (t = ,99, p T .05). Therefore, the
overall mean value and standard deviation of 5,9 + 1.0
have been taken as the mean and standard deviation of all
normal individuals (Table II).

When fathers and mothers of affected children are
considered together as one group, the mean value for
transferase and the standard deviation are 2,9 * 0.83
(Table III), No statistically significant difference could

be shown to exist between fathers and mothers (t = 1,3,

30
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p < .10)

A highly significant difference was found when mean
values from fathers and mothers of known homozygotes are
compared with the mean of the entire group of 106 normal
controls (t = 13.9, p < 1079),

In Table III it is noted that transferase values of
some parents are below 2,0 (Families 5, 7, 11, 13, 14),

The possibility exists that these low values are in the upper
end of the range for homozygotes, in fact that the parents
are homozygotes with a very mild form of the disease,
However, every well-documented galactosemic studied has
essentially no transferase activity in erythrocytes.
Further, patients with a mild form of galactosemia should
show milk intolerance or an abnormal response to galactose
loading, and none of the parents in question showed any
such indications (11)., All of the parents in this study
were without clinical symptoms and physical characteristics
of galactosemia,

The most convincing evidence for the heterozygosity
of the parents lies in the findings on grandparents which
were available for study in Families 5, 6, 8, 11, 12, and
14, In Families 5, 6, 11, and 14, one parent of each
heterozygous parent of the affected child was found to have
an intermediate transferase level, In Families 8 and 12,
grandparents on both sides of the affected childs family

were not available, but those which were examined again






revealed one heterozygous grandparent. In Families 12
and 14 (Fig. 4), the heterozygous condition was found in
one great-grandparent, Consequently, the data on the grand-
parents indicate heterozygosity in the parents with low
values,

Only one normal case overlaps values assigned as
heterozygous (Table II) but some values in both normal
and heterozygous groups are close to the arbitrary dividing
line. Normal distribution curves constructed from the
data revealed a theoretical overlap of only 5% of the total
area of both curves combined. This is insignificant as
a population with an equal number of heterozygotes and
normal individuals is entirely hypothetical., In a random
population, the incidence of galactosemia must be so low
that the possibility of heterozygosity is minimal in an indi-
vidual whose erythrocytes yield a transferase value near
4,0, In families of children with galactosemia, it is
probable that an individual near the 4.0 region is hetero-
zygous, In both cases, family studies are required to
clarify the point,

The studies on prisoners, which were assumed to be
a normal population, have revealed that the heterozygote
appears with an incidence of at least 2 per 122 persons.
This is a minimum figure, as only 2 of the 4 persons reveal-
ing a low transferase level in Fig, 3 were further clarified

by showing at least one parent in each case to also have



\N
\N

Figure 4. Pedidgrees of Families 12 and 14 of children
with galactosemia.

‘, galactosemia; O, heterozygous range;

CD, normal range; (), not tested; d, deceased,






a transferase level characteristic of the heterozygous
range. Assuming two heterozygotes (aA) from a total of

132 individuals, the frequency (gq) of the recessive gene (a)
would be one in 132, Therefore, the frequency (g2) of

the homozygous recessive (aa) would be approximately one

in 17,400, For comparison, the homozygous recessive dis-
order phenylketonuria has been reported (19) to occur

with an incidence of one in 25,000 (U.S.A,),

Comparison of the incidence of the heterozygous state
of galactosemia in a mentally retarded population might
reveal a significant difference from normal. Indeed,
Lippman (19) has proposed that mental deficiency may be
correlated with heterozygosity for many different metabolic
errors occurring simultaneously. Preliminary studies have
revealed a large number of mentally retarded persons having
transferase levels in the heterozygous range (below 4,0).
However, these must be clarified by family studies and
evaluated with respect to the overall distribution obtained
from such a population.

As opposed to the possible complications of the
galactose tolerance test, the direct measurement of the
defective enzyme in erythrocytes is a practical approach
to detection of the heterozygote for galactosemia, A
simplified colorimetric method, based on the quantitative
procedure described in this thesis, has recently been

developed by Nordin et al. (20). Thionicotinamide
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diphosphopyridine nucleotide is used in place of DPN in

the UDPG dehydrogenase catalyzed oxidation of UDPG, and

as the reduced form of this DPN analog has an absorption
maximum at 400 mu, a standard visual spectrophotometer

will serve for the assay. This method has been demonstrated
to be as equally reliable in differentiating the hetero-
zygote as the method described in this thesis, both being
useful tools in confirming a previous diagnosis, in clinical

study, and in genetic counseling,



SUMMARY

A gquantitative assay for Gal-1-P uridyl transferase
in erythrocytes has been developed and applied to 14 families
in which a known case of galactosemia has occurred. The
method is sensitive enough to categorize the individuals
examined into three groups: the galactosemic children
having little or no enzyme (homozygous recessives); a
group, including all parents, having an intermediate level
of enzyme (heterozygotes); and a group with a full level
of enzyme, These results substantiate the conclusion
that galactosemia is a hereditary metabolic disorder and
imply that it is transmitted as a simple autosomal recessive
trait, Preliminary data on the incidence of heterozygosity

in a normal and mentally retarded population are presented.
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CARBOHYDRATE METABOLISM

II. METABOLISM OF MANNOSE BY

Hansenula holstii



INTRODUCTION

Recent investigations have revealed that sugar
nucleotides serve as glycosyl donors in the synthesis of
polysaccharides, Primer molecules are usually required
which serve as the glycosyl acceptors, resulting in the
release of nucleoside diphosphate, From thermodynamic
considerations, synthesis from sugar nucleotides is a
much more favorable route than the classical phosphorylase
type of reaction, suggesting the possibility that the
former reaction is the physiological synthetic route and
the latter the route for breakdown.

Demonstrated thus far has been the biological synthesis
of glycogen, starch, cellulose, and a B-1,3 —glucan from
UDPG' hyaluronic acid from UDPGA and UDPAG, Type III
pneumoccal polysaccharide from UDPGA and UDPG, and chitin

from UDPAG, Evidence for the participation of sugar

labbreviations used are: UMP, UDP, and UTP, uridine
mono-, di-, and triphosphate; AMP, ADP, and ATP, adenosine
mono-, di-, and triphosphate; GMP, GDP, and GTP, guanosine
mono-, di-, and triphosphate; DPN and DPNH, oxidized and
reduced diphosphopyridine nucleotide; TPN and TPNH, oxidized
and reduced triphosphopyridine nucleotide; UDPG, UDPGA,
UDPGalA, and UDPAG, uridine diphosphate glucose, glucuronic
acid, galacturonic acid, and N-acetylglucosamine; GDPM and
GDPG, guanosine diphosphate mannose and glucose; M-1-P,
mannose-l-phosphate; M-6-P, mannose-6-phosphate; G-1-P,
glucose-~-l-phosphate; G-6-P, glucose-6-phosphate;, G-1,6-diP,
glucose-1,6-diphosphate; 6-PGA, 6-phosphogluconic acid:
F-6-P, fructose-6-phosphate; Pi, inorganic phosphate;
PP, inorganic pyrophosphate; EDTA, ethylenediaminetetra-
acetic acid; Tris, tris(hydroxymethyl) aminomethane.
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nucleotides in polysaccharide synthesis received further
support upon demonstration of the presence of acid soluble
nucleotides containing the glycosyl monomer of the polysacchar-
ide and enzymes required for the synthesis of these sugar
nucleotides from free hexoses,

The monomeric units of an exocellular phosphorylated
mannan produced by various strains of Hansenula was shown
by D. R, Wilken (unpublished data) to result from incorporation
of glucose units intact. From known enzymic reactions,
incorporation of glucose into this polysaccharide might
occur by several pathways such as: 1) phosphorylation
of glucose and subsequent isomerization and mutation to
M-1-P which might serve as a glycosyl donor in a classical
phosphorylase type reaction; 2) pyrophosphorolysis of the
M-1-P with GTP to form GDPM which could serve as a glycosyl
donor; %) pyrophosphorolysis of G-1-P with GTP to form
GDPG followed by epimerization to GDPM (not a known enzymic
reaction), The present report is concerned with the bio-
synthesis of this phosphomannan, including identification
of nucleotides and enzymes which might be assumed to function
in the conversion of hexose to polymer, and attempts to

synthesize polymer directly from GDPM,



LITERATURE

Glycogen

The pioneering work in glycosyl transfer from sugar
nucleotides to polysaccharides, reported by Leloir and
Cardini (1) in 1957, was the discovery of the catalysis
by a rat liver enzyme preparation of glucose transfer from
UDPG to primer glycogen, More detailed studies of this
reaction carried out by Leloir et al. (2) with a rat muscle
enzyme revealed the requirement of G-6-P for maximal activity.
Among many other compounds tested, glucosamine-6-P, F-6-P,
and galactose-6-P were found to be active, The function
of the activator remains obscure, however, as radioactive
G-6-P was not incorporated into the synthesized glycogen
in the presence of unlabeled UDPG, Primer polysaccharide
was needed to attain maximal activity. Native glycogen
was a better primer than partially degraded products while
soluble starch was approximately 20% as active as glycogen.

The polysaccharide formed in this system was carefully
characterized, In addition to being stable in hot alkali
and insoluble in 50% ethanol as anticipated, the product was
degraded to its expected components., Glycogen formed from
C'%-UDPG yielded radiocactive maltose and a trace of
glucose upon hydrolysis with B-amylase, Hydrolysis
of this maltose with maltase produced only radioactive

glucose, Also, degradation of radioactive glycogen with

42
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phosphorylase followed by acid hydrolysis of the phosphate
ester formed resulted in only radioactive glucose,

Robbins et al. (3) found a similar enzyme in pigeon
breast muscle which was concentrated in microsomal particles,
Since this enzyme contained a high concentration of glycogen,
it was suggested that the enzyme is actually adsorbed to
the polysaccharide.

Leloir and Goldenberg (4) extended the studies with
the liver enzyme and found it also to be associated with
polysaccharide in the particulate fraction, Washing this
fraction with soluble starch resulted in a 300-fold puri-
fication of the enzyme, which still retained requirements
for G-6-P and primer, Reversal of the reaction was attempted
but not achieved. Similar glycogen-synthesizing enzymes
have been described from human skeletal and heart muscle
(5), and from brain tissue (6).

Some insight into the possibility of oligosaccharides
being an intermediate glycosyl acceptor of glucose from
the sugar nucleotide for glycogen synthesis was furnished
by Olavarria (7). Having detected radioactive oligosaccharides
when radioactive UDPG and the rat muscle enzyme were
incubated, the problem was further investigated with the
rat liver particulate enzyme, Incubation of radioactive
oligosaccharides and unlabeled UDPG with the enzyme did
not result in radioactive glycogen. Alternatively, incu-

bation of the enzyme with radioactive glycogen and unlabeled
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UDPG did result in the formation of radioactive oligo-
saccharides. Furthermore, in short time incubations with
labeled UDPG, glycogen formed had a higher specific activity
than did the oligosaccharides. The differences were still
greater if only the exterior chains of the glycogen were
measured for radioactivity. These data indicate that the
oligosaccharides are not intermediates in the synthesis
of glycogen, but rather are degradation products,
Starch

The biosynthesis of starch and oligosaccharides from
UDPG was reported by Leloir et al., (8). The active enzyme,
in association with starch granules, was isolated from the
embryos and cotyledons of Phaseolus vulgaris., All attempts
to separate the enzyme from the starch granules were negative.,
Starch biosynthesized from C'*-UDPG was separated into
its components, amylose and amylopectin., As both fractions

contained C1%

~glucose, there was no indication of one
fraction being a precursor of the other. That the label
was indeed incorporated into starch was shown by B-amylase
degradation to labeled maltose,

This enzyme preparation catalyzed the transfer of
glucose from UDPG to malto-oligosaccharides. This was
clearly demonstrated by the synthesis of higher oligo-
saccharides from UDPG and lower oligosaccharides. Maltose

but not glucose was active in this system., The oligo-

saccharides were not intermediates in the transfer
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of glucose from UDPG to starch as shown by the lack of
incorporation of label from labeled maltotriose into starch
when incubated with or without UDPG and the enzyme. Alterna-
tively, the oligosaccharides were not formed from starch
as there was no incorporation of label into oligosaccharides
when radioactive starch was incubated with the enzyme,
It appears then that the malto-oligosaccharides compete
with starch for accepting glucose from UDPG,

The addition of the glucosyl group to the nonreducing
end of the acceptor was demonstrated by the formation
of labeled gluconic acid and unlabeled glucose after bromine
oxidation and hydrolysis of maltotetraose enzymically
synthesized from unlabeled UDPG and maltotriose labeled
in the reducing end group. Similarly, borohydride re-
duction and hydrolysis of the same maltotetraose resulted
in the formation of labeled sorbitol and unlabeled glucose.
Alternatively, borohydride reduction of maltotetraose
synthesized from C'*-UDPG and unlabeled maltotriose re-
sulted in the formation of labeled glucose and unlabeled
sorbitol,
Cellulose

The biosynthesis of cellulose has been studied by
numerous investigators using different approaches to the
problem, Minor, Greathouse, and coworkers in a series
of papers (9-12) established that Acetobacter xylinum,

when grown on specifically labeled glucose, produced
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cellulose of which the monomer units retained in general
the position of the label,

Greathouse (13) and Colvin (1l4) reported the first
cell-free synthesis of cellulose, As with growing cells,
cell-freeextracts incorporated labeled glucose intact
into the cellulose but ATP was required to obtain good
yields,

The role of hexose-phosphates in cellulose synthesis
in A, xylinum was investigated by Schramm et al. (15).
Both extracts and cell suspensions were used to demonstrate
individual enzymes which catalyzed phosphorylation of
hexoses and their subsequent conversion to CO>, acetate,
ethanol, and cellulose, Distribution of label in glucose
units of cellulose produced from specifically labeled
substrates suggested that hexose-phosphates are involved
in the overall process of cellulose synthesis, probably
without cleavage of the hexose residue. However, resting
cells were not capable of metabolizing a- or B-G-1-P,
G-6-P, or UDPG, As cellulose is found extracellularly,
it was suggested that the role of the hexose-phosphates
is to furnish a diffusible intermediate which contains
the carbon skeleton but in which the phosphate group is
modified or replaced.

The transfer of glucose residues from UDPG to cellulose
in the presence of a particulate enzyme system from A,

Xylinum and soluble cellodextrins was demonstrated by
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Glaser (16). Although incorporation of label from UDPG

was low, partial acid hydrolysis of the synthesized poly-
saccharide revealed radioactive glucose, cellobiose,
cellotriose, cellotetraose, and larger oligosaccharides,
Further digestion of the partial acid digest with

Aspergillus niger cellulase produced only radioactive
glucose, Digestion with Myrothecium verrucaria cellulase
produced radioactive glucose and cellobiose, as this enzyme
splits cellobiose at a very slow rate. These characteristics
imply that the structure of the polysaccharide produced

is a B-1,4-1linked glucose polymer (cellulose). Primer
dependence was established by pretreatment of the particulate
enzyme with M, verrucaria cellulase. Without added primer,
this enzyme had essentially no activity., Cellodextrins

of higher molecular weight exhibited more activity as primer
than did those of low molecular weight., Net synthesis and
not simply exchange of glucose residues was demonstrated

by the lack of isotope dilution in the cellulose upon incu-
bation of enzyme labeled cellulose, and unlabeled UDPG,

Some doubt as to whether UDPG is the immediate pre-
cursor of cellulose has been cast by recent work of Colvin
(17). Ultra-filtered 80% ethanol extracts of active A,
Xylinum cells were found to contain a compound which was
rapidly converted to cellulose microfibrils when slowly
evaporated to dryness at 40° C, This conversion was

accelerated by a heat-labile, extracellular material in
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the medium of the active cells, presumably an enzyme.
When Cl®*-glucose was utilized by the active cells, no
labeled cellobiose, cellotriose, cellotetraose, or UDPG
could be recovered. Further investigations on the nature
of this compound revealed that after adsorption of the
ethanol extract on a trisilicate-celite column, the active
compound could be eluted off (18), The compound, having
chemical characteristics of a glyco-lipid, was radioactive
when extracted from cells grown on C'%*-glucose. The
radioactivity was transferred to cellulose microfibrils
when the compound was incubated with ultra-filtered medium.
As no lipid was found to accumulate in the medium, a cyclic
transport system was suggested whereby the lipid alternately
leaves and enters the cell wall, transporting an activated
glucose molecule to the extracellular acceptor,
jtin
Glaser and Brown (19) demonstrated the synthesis of

C'“4-UDPAG by a particulate fraction of Neurospora

chitin from
crassa. The product of the enzymic reaction was character-
ized by chitinase degradation of partial acid digests to
Cl%-N-acetylglucosamine, Carbon'“*-N'-N-diacetylchitobiose
was also identified in the partial acid digest. For maximal
activity, the particulate enzyme required soluble chito-
dextrins as primer and N-acetylglucosamine. Labeled soluble

primer was incorporated into insoluble chitin only in the

presence of UDPAG, Net synthesis of chitin was demonstrated
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by a lack of isotope dilution when C!'%-chitin was incubated
with unlabeled UDPAG and also by direct chemical measurement
of the hexosamine content., Reversibility of the reaction
was attained by incorporation of label into UDPAG upon

incubation of C'*

-chitin and UDP with the enzyme, A soluble
enzyme was obtained by butanol treatment which had an
absolute primer requirement, but was not activated by
N-acetylglucosamine,
Hyaluronic Acid

Investigations concerned with the biosynthesis of
hyaluronic acid prior to 1955 are thoroughly reviewed by
Dorfman (20). Briefly, it has been shown that in Group
A streptococci the glucosamine and glucuronic acid residues
of hyaluronic acid are derived from glucose without cleavage
of the glucose molecule., Cifonelli and Dorfman (21) in
further investigations on the biosynthesis of this polymer
examined the nucleotides present in streptococcus capable
of synthesizing hyaluronic acid. Boiling water extracts
of washed cells were chromatographed on Dowex-1 (Cl) columns,
Sugar nucleotides found were UDPG, UDPAG, and large amounts
of UDPGA, The authors suggested that these compounds may
be intermediates in hyaluronic acid synthesis.,

The first cell-free synthesis of hyaluronate chains
was reported in 1955 by Glaser and Brown (22). Cell-free
homogenates of Rous chicken sarcoma were capable of

catalyzing the incorporation of label from
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Cl%-N-acetylglucosamine-6-P and UTP or from C'*-UDPAG,
along with UDPGA into hyaluronic acid chains, However,
much of the label was lost on dialysis or reprecipitation
of the carrier hyaluronic acid, indicating that the actual
products formed were oligosaccharide chains,

Markowitz et al, (23) were able to confirm the work
of Glaser and Brown (22) and conclusively show the net
synthesis of hyaluronic acid from UDPGA and UDPAG, A
particulate fraction from Group A streptococcus catalyzed
the incorporation of radioactivity of N-acetylglucosamine
from tritiated UDPAG into the acetylglucosamine moiety of
hyaluronic acid in the presence of nonlabeled UDPGA, The
incorporation of the radioactivity of glucuronic acid from
UDPGA into the glucuronic acid moiety of hyaluronic acid
in the presence of nonlabeled UDPAG was also shown,

The labeled product was characterized first by adsorption
and elution from Dowex-1 (Cl) resin without change in
radioactivity and secondly, hydrolysis of the polymer
yielded labeled glucosamine only from polymer synthesized
from labeled UDPAG, and labeled glucuronic acid only from
polymer synthesized from labeled UDPGA, Finally, degradation
of the synthesized hyaluronate by Clostridium perfringens
hyaluronidase to the unsaturated disaccharide 3-0-(p-D-A,
4/ 5-glucoseenpyranosyluronic acid) 2-deoxy-2-acetamido-D-
glucose resulted in recovery of 80% of the label in this

disaccharide. This enzyme system had an absolute MgCl,
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requirement and was slightly activated by ATP and N-acetyl-
glucosamine-1-P, The presence of UDPAG-pyrophosphorylase
in the enzyme preparation was shown to be the reason for
the N-acetylglucosamine-1-P activation, as incorporation
of this phosphate ester proceeded only if UTP were present,
No absolute primer requirement was demonstrated, although
the washed particulate enzyme contained traces of nondialyzable
uronic acid.

Synthesis of hyaluronic acid from the respective sugar
nucleotides has more recently been reported by Schiller
et al. (24) with enzymes from rat fetus skin,

Type III Pneumococcal Polysaccharide

Bernheimer (25) in 1953 showed that resting suspensions
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