University of Nebraska - Lincoln

Digital Commons@University of Nebraska - Lincoln

Open-Access* Master's Theses from the University

of Nebraska.Lincoln Libraries at University of Nebraska-Lincoln

The Enzymatic Synthesis and Disproportionation
of Galactosyl Oligosaccharides

Carl L. Tipton
University of Nebraska-Lincoln

Follow this and additional works at: http://digitalcommons.unl.edu/opentheses
& Part of the Chemistry Commons

Tipton, Carl L., "The Enzymatic Synthesis and Disproportionation of Galactosyl Oligosaccharides" (1957). Open-Access* Master's
Theses from the University of Nebraska-Lincoln. 5.
http://digitalcommons.unl.edu/opentheses/55

This Thesis is brought to you for free and open access by the Libraries at University of Nebraska-Lincoln at Digital Commons@University of Nebraska -
Lincoln. It has been accepted for inclusion in Open-Access* Master's Theses from the University of Nebraska-Lincoln by an authorized administrator of

Digital Commons@ University of Nebraska - Lincoln.


http://digitalcommons.unl.edu?utm_source=digitalcommons.unl.edu%2Fopentheses%2F55&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/opentheses?utm_source=digitalcommons.unl.edu%2Fopentheses%2F55&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/opentheses?utm_source=digitalcommons.unl.edu%2Fopentheses%2F55&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/libraries?utm_source=digitalcommons.unl.edu%2Fopentheses%2F55&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/opentheses?utm_source=digitalcommons.unl.edu%2Fopentheses%2F55&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/131?utm_source=digitalcommons.unl.edu%2Fopentheses%2F55&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/opentheses/55?utm_source=digitalcommons.unl.edu%2Fopentheses%2F55&utm_medium=PDF&utm_campaign=PDFCoverPages

THE ENZYMATIC SYNTHESIS AND
DISPROPORTIONATION OF GALACTOSIL OLIGOSACCHAZRIDES

by
Carl L. Tipton

A THESIS
Presented to the Faculty of
The Graduate College in the University of Nebraska
In Partial Fulfillment of Requirements
For the Degree of Master of Sclence
Department of Chemistry

Under the Supervision of Dr, John H, Pazur

Lincoln, Nebraska

June, 1957



The author wishes to express his sincere appreciation to
Dr, John H, Pazur, who supervised this investigation, for his

helpful suggestions and encouragement,



TABLE OF CONTENTS

INTRODUCTION, v0sesoessccesescsscessssrassanssscssscassesscssssse 1
LITERATURE SURVEY.eeecevosscosasesscssascessososccnesscsssercnse &
METHODS AND MATERIALS..seeeeecsseasscessosessssccscssonscoscscne 7
EXPERIMENTAL. ¢ veceecoacescoscscessesssscsscrscsecansesosassnsoees 13

m(:SULTS AI\TD DI%USSIONQ.......'...I.....‘.....0..........0.0.... 19

SIMMRI.....00.ﬂ...........l...........'............O...‘..‘.... %

APPErme..........'........COO’.....0..............'......l“... 8

BIBLIOGMPHX‘C...‘....0.....0.................'............'.... 36



INTRODUCTION

Transglycosylation has been suggested as the mechanism of syne
thesis of ma;y naturally occurring oligosaccharides, polysaccharides,
plant glycosides, glycolipids and other carbohydrate compounds, En-
symes which catalyze specific reactions in these syntheses have, in
many cases, not been isolated, and steps in the reaction mechanisms
have not been elucidated, During the hydrolysis of lactose by enzymes
prepared from yeasts and other microorganisms, several new galactosyl
oligosaccharides are produced, apparently by a transglycosylation type
reaction,

Four of these new compounds have been isolated and preliminary
structure studies have been reported, Hycrolysis of the compounds and
their aldonic acids and identification of the hydrolytic products, paper
chromatographic mobilities of the oligosaccharides and analogy with the
structures of oligosaccharides synthesized by other transglycosylases
indicated the probable structures of the new compounds to be 6«0-p-De
galactopyranosyl-D-glucose, 6=-0-f-D-galactopyranosyl-D-galactose,
O-B-D-galactopyranoayl-(1-->6)-O-S-D-galactopyranosyl-(1-->L)-D-giucose
and O-p=D-galactopyranosyl-(le->6)«0=p=D=galactopyranosyle(1l-->6)~-D=
glucose,

A consideration of the structures of the oligosaccharides and
indepencdent evidence from isotope experiments point to transgalacto-
sylation as the mechanism of enzyme actlon,

It was the purpose of this research to obtain unequivocal evidence
for the suggested structures of the new oligosaccharides and to obtain
evidenca in support of the transgalactosylation mechanism of action of

the enzyme studied,



LITERATURE SURVEY

In 194/ Pigman (1) observed that emulsins from pancreas, certain

fungl (Aspergillus niger and A, oryzae) and bacteria (B, mesentericus),

when allowed to react with maltose, produced, in additlon to glucose, a
gmall amount of non-fermentable carbohydrate, Stark (2) had made a
similar observation using salivary and barley malt diastases, The nature
of these non-fermentable products was not ascertained, Later workers,
using enzyme preparations from A, niger and A, oryzae determined that the
non-fermentable products consisted of a series of glucosyl oligosacch-
arides (3,4,5,6,7), More recently it has been demonstrated that oligo-
saccharides are also produced during the hydrolysis, by appropriate en-
zymes, of sucrose, cellobloses, lactose (8), meliblose and other oligo-
saccharides (9).

Fischer (10 and Wallenfels (11) in 1951 proposed very similar
mechanisms to explain the formation of oligosaccharides during the hy-
drolysis of disaccharides, According to this mechanism, the enzyme re-
acts with the disaccharide to form a free monosaccharide and a glycosyle
ensyme complex, This complex may then react with same hydroxyl-bearing
compound to yleld the free enzyme and an oligosaccharide, glycoside or
monosaccharide, depending upon whether the hydroxyl group is on a sugar,
aleohol or water molecule, This tyre of mechanism has since been used to
explain many other carbohydrate transfer reactions (7,8,12,13), Since
the overall reaction catalyzed by such enzymes is the transfer of a
glycosyl group from the substrate to a cosubstrate or acceptor, which
may be water, an alcohol or & carbohydrate, these enzymes have been
called transglycosylases (14). It is implied in this mechaniem that hy-

drolysis and synthesis of new oligosaccharides are competitive reactions,



The relative amounts of hydrolytlie products and oligosaccharidés or gly-
cosldes formed depend uron the relative concentrations and the affinity
of the enzyme for the various acceptor molecules (8), Since enzymatic re-
actions are of necessity carried out in equeous solution, the concentra=-
tion of water is always much greater then that of the other acceptors,
However the cosubstrate specificity of different trensferases varies
greatly, Many of the oligosaccharide~hydrolyzing enzymes have sufficient
affinity for sugars as acceptors that new oligosaccharides ere produced
in appreciable amounts, affording convenient systems for the study of
transglycosylation,

The numerous and extensive studies of transglycosylations which
have been published since the phenamenon first gained attention have
been the subject of reviews (8,14,15) and periodic summaries (16), A
A brief review will be included here of the studies which have been made
concerning the transgalactosylation reactions observed during the enzymat-
1o hydrolysis of lactose,

Wallenfels (11), in 1951, published the first of a series of papers
on the enzymatic synthesis of oligosaccharides from lactose, He re-
ported that paper chromatograms of digests of lactose and an enzyme pre-
pared from Aspergillus species showed the presence of several new oligo=
saccharides in addition to lactoss, Subsequent work (17) showed that
two of them were disaccharides, One was composed only of galactose and
the other ylelded glucose and galactose on acid hydrolysis., 4 tri-
saccharide was isolated and shown to be composed of glucose and galactose,

A Xinetic study (18) in which enzymes from molds, Helix romatia,

Eacharichia coll and calf intestine were used, was interpreted in terms

of the following schemes



Glucose-0-galactose + enzyme,,H Z-2galactose,,enzyme + glucose (1)
Galactose,.enzyme + ROH ==> galactose-CR + enzyme,,lH, (2)
R = H, glucosyl, lactosyl, galactosyl, ete,

The enzyme reacts reversibly with lactose in tle first step to form glu=
cose &nd an enzyme-galactose complex, Thls complex then irreversibly
transfers the galactosyl group to an acceptor to form galactose or an
oligosaccharide, The trisaccharide is synthesized rapidly at first,
since the only acceptor present besides water is lactose, The concen-
tration of trisaccharide then diminishes while that of the disaccharides
increases, Then the concentration of all transfer products decreases,
as the enzyme action is allowed to proceed for prolonged periods,

Aronson (19), using enzymes from Sagcharomyces fragilis and

Escherichia coli reported the isolation of four new oligosaccharides from

digests with lactose, In addition to the three described by Vallenfels,
he reported a compound which ylelded, upon acid hydrolysis, glucose and
gala;ctose in a mole ration of 133, He suggested that it was a tetrae
saccharide produced by the addition of a galactosyl group to the tri-
saccharide, which was formed in the same way from lactose, Formation of
oligosaccharides wvas found to be greafor in concentrated lactose solutions,
Addition of excess glucose or galactose to the digest caused increased
synthesis of the two disaccharides, These results were explained as re-
sulting from the competition between sugar and water molecules for the
galactosyl-enzyme complex which was assumed to be an intermediate in the
reaction. Xylose and glycerol were also found to act as acceptors of
the galactosyl group, Monosaccharides or sugar phosphates did not react
with the enzyme,

Roberts and McFarren (20), also using an enzyme prepared from §.



fragllis, reported the detection on paper chromatograms of ten oligo-
saccharides produced from lactose, They were not characterized except
to mention that three of them had chromatographic mobilities between
those of lactose and galactose, while the other seven moved more slowly
than lactose on the paper. A later paper, by Roberts and Pettinati (21),
reported the observation of an additional oligosaccharide moving more
slowly than lactose, making a total of eleven trensfer products pro-
duced in this digest, They found that the optimum conditions for pro-
duction of the oligosaccherides was at a very high lactose concentra-
tion (354). Under optimum conditions, 44,6% of the lactose was con=-
verted to other oligosaccharides,

A lactase prepared from Penicillium chrysogemm (22) was also

found to act as a transgalactosylase, its pattern of action being very
similar to that of the other lactases which have been discussed,
Information on the structures of the oligosaccharides produced
from lactose was gained from studies (23) of the products of partial
acid hydrolysis of the compounds and their aldonic acids, From this
information and by analogy to the structures of glucosyl oligosacchar-
1des formed by trensglucosylation reactions (7) the structures given
in the introduction were suggested, This structural information and
isotope studies confirmed the transgalactoasylation mechanism of enzyme
action, Thus inclusion of glucose-CIA in the reaction mixture resulte-
ed in the synthesls of labelsd allolactose (6~0-p-D-galactopyranosyl-D-
glucose) and corresponding trisaccharide (0-B-D-galactopyranosyl-(l-«>6)«
0-p-D-galactopyranosyl=(le=>6)-D-glucose). Inclusion of galactose-014
resulted in the synthesis of radioactive galactobiose (6-0-p=D-galacto=

pyranosyl-D-galactose), These findings are consistent with the two-



steé mechanism previously proposed (18) for the enzymatic synthesis
of these compounds,

Attempts by Pazur (12) to separate the hydrolyzing and trans-
ferring activities of the enzyme preparation by chromatography on
silica columns and electrophoresis on paper strips were unsuccessful,
Wallenfels has shown (18) that partial purification of the enzyme from
Aspergillus alleaceus by a varlety of precipitation procedures failed
to produce any separation of the hydrolyzing and syntheslzing activi-
tles. Enzymes prepared from molde, bacteria, snails or calf intestine
all showed the same pattern of action, The effects of pH on the
hydrolysing and transferring activities of the mold enzyme were nearly
icdentical, These results have been interpreted to mean that one en-
gyme specles catalyzes both the hydrolytlic and transgalactosylation

reactions,



METHODS AND MATTRIALS

Paper Chromatography- The method used for qualitative paper chro-
natography of oligosaccharides was essentially that described by French,
Knapp and Paiur (24), The filter paper used was 8 in, by 8,5 in., rect-
angles of untreated Eaton and Dikeman 613, The substances being tested
vere applied at intervals of 1 in, along a line ruled 1 in, from one of
the shorter edges of the rectangle, The chramatograms were developed by
the rmltiple ascent technique using a solvent composed of l-butanol,
pyridine and water (61433 by voluﬁe). For the detection of reducing sugars,
the dried chroratograms were sprayed with an alkaline corper reagent (Re-
agent 60 of Shaffer and Somogyl (25) made up without potassium iodate
or potassium iodide), followed by a phosphomolybdic acid reagent (26),
Fructoss and fructose-contalning oligosaccharides were detected using a
spray reagent composed of 0.2 go of phloroglucinol dissolved in 100 ml,
of 0,1 N hydrochloric acid,

The procedure used for preparative peper chromatography was very
similar except that from 0,1 to 0,2 ml, of the mixture to be separated
was applied in a continuous streak along the ruled edge of the paper,
After development of the chromatogram, 2 vertical strips 1 cm, wide were
cut from each chramatogram 6 cm, from either side, These were sprayed
for reducing sugars and used as markers for sectioning the remainder of
the chromatograms, The sections of the chromatogrems containing a per-
ticular compound were combined and extracted with boiling water, The
extracts were concentrated to a small volume under reduced pressure,
When 1solating compounds by this method from complex mixtures it was
usually necessary to rechromatograph the concentrated extract to obtain

chromatographically pure materials,



Dotection and Determination of cl4-Labeled Materials- Radio-

autograms wers made for the cdetection end location of radiocactive
nmaterials on paper chromatograms, The chromatograms were placed in con-
tact with Xodak No-Screen X-ray film for reriods of time varying from

ono day to several weeks, depending upon the emount of radiocactive
material present, After dewelorment of the films, the intensities

of the spots wers used as an approximate measurs of the amount of radlo-
active material present, To gét a more procise measure of the radio-
activity of the materials on the peper, the radioautograms were used as
guides to locate the radloactive areas on the paper, The activities were
then measured using a Geiger-Muoller counting assembly,

The Enzyme- The enzyme was a partially purified lactase prepared
from Saccharomyges frapilis and kindly provided by Dr, W, !, Connors,
National Dairy Research Laboratories, Long Island, New York, It was
an amorphous yellow powder readily soluble in water, Enzyme solutions
were propared by dissolving a welghed smount of material either in water
or in an appropriate buffer, Enzyme activity measurements were made as
described below,

Measurement of the hydrolytiec and transferring activity of the
enzyme prepasration was accomplished by measuring the disappearance of
lactose-1-C14 and the appearance of glucose-l-cla. In the assay pro-
cedure 0,05 ml, of & 0,6 M solution of lactose-1-Cl4 (0,36 nC/ng.) were
treated with 0,05 ml, of a solution containing 1 mg, of the enzyme
preparation in 0,1 M phosphate buffer of pH 6,7, Ssmples of 5 nl, were
placed on chromatograms et the time of mixing and after incubation at

room temperature (23° C,) for 1 hour, Ths reducing compounds were
separated on the paper chromatograms and the radiocactivity of the



lactose and glucose were then measured directly on the paper, using a
G.M, counting assembly., The amount of lactose which disarpeared was a
measure of the sum of the hydrolytic and transferring activities,while
the amount of glucose produced was a measure of the hydrolytic activity,
Under the conditions of the assay procedure, of 0,3 millimoles of lac-
tose, 0,065 millimoles were hydrolyzed and 0,026 millimoles were con-
verted to new oligosaccharides by 1 mg, of the enzyme preparsztion in
the 1 hour period, This amount of activity is arbitrarily defined as
one unit,

For an approximate determination of the pH optimum of the enzyme,
digests were prepered containing 100 hg. of lactose and 10 units of the
enzyme dissolved in 1 ml, of 0,02 M phosphate buffer, at pH's of 5.0,
6.0, 7.0, 8,0 and 9,0, The enzyms was inactivated by heating at the
end of 4,5 hours, Visual inspsction of peper chromatograms of the di-
gests indicated that although the ensyme had appreciable hydrolytic and
transferring activity at each pH tested, maximm ectivitiss were found
at pH 6.0 and 7,0 Since it was found that the phosphate ions inter-
fered with paper chromatography of the sugars, many of the enzymatic
experiments were dons in unbuffered solutiond having pH's of about 6.8,

Since the oligosaccharides produced during the hydrolysis of lac-
tose are also subjeot to hydrolysis by the enzyme, their concentrations
wers expected to reach a maximm, then decreass to zero as ths reaction
progressed, To determine the time at which maximum synthesis had
ocourred, a digest was prepared containing 100 mg, of lactose and 10
units of enzyme dissolved in 1 ml, of 0,05 M phosphate buffer of pH 6.5,
Samples taken at intervals of 1 hour up to 6 hours were chramatographed,

Visual inspection of the sprayed chromatogrems indicated that maximm
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synthesis occurred in about five hours, although one compound reached

& paximum in about three hours,
Preparation of the 0liposaccharides- A typical digest for the

preparation of the oligosaccharides consisted of a solution of 10 ge

of lactose in 50 ml, of water to which was added 2000 units of enzyme
dissolved in 50 ml, of water, After standing at room temperature in a
closed flask for 4,5 hours, the enzyme was inactivated by heating at
100° C, for 5 minutes, The reducing compounds were then separated by
the paper chromatographic method described in an earlier paragraph, ?he
Yields of disaccharides were 0,2 g, of campound I; 0.7 g. of compound II;
and 0,5 g. of compound III,

Since sucross, which was present in the enzyme preparation, possesses
an Rf value similar to that of compound I, 1t is d1fficult to eliminate
by chromatograrhy, Hydrolysis of the solution in 0,1 N hydrochloric acid
for one hour at 80° C, converted the sucrose to glucogse and fructose
which were then separated from the oligosaccharides by paper chromatography,

In some instances, a preliminary fractionation of the oligosacchare
ides was achleved by adsorption and elution from charcoal (27), The
digest was concentrated by vacuum distillation and the carbohydrates
adsorbed on 100 g, of & 11l mixture of charcoal and celite (Celite No,
535, Johns-Manville, Few York; Darco G-60 ectivated carbon, Darco Core
poration, New York), The carbohydrates were then eluted by slurrying
the celite-charcoal with ethanol-water mixtures conteining increasing
amounts of ethanol, then filtering with suction, Five hundred ml,
filtrates containing 0, 2,5, 5.0, 7.5, 10, 12,5 end 15% ethanol were
collected, concentratad to about 10 ml, by vacuum distillation and exe

amined by paper chromatography. Fractions with O and 2,5% ethanol were



enriched in the monosaccharide components, fractions with 5,0, 7,5
and 107 ethanol were enriched with the disaccheride components and
fractions with 12,5 and 15% ethanol were enriched with the trisacchare
1des, Thess fractions were then chromatographed on paper for final
purification of the products,

On one occasion gradient elution chromatography from a charcoal-
celite column (23) was employed, A digest was made following the pro-
cedure of Roberts and Pettinati (21) in which the lactose concentration
was very high, Ten g, of lactose were dissolved in 22 ml, of 0,05 M
biphthalate buffer, pH 6.2, and 440 units of enzyme were added, After
incubation at 35° C, for five hours, the enzyme was 1nact1vatéd by heat,
A charcoal-celite column 24 cm, long and 34 mm, in diameter was prepared,
After washing the column with water, 5 ml, of the disest was added to
the top and the column eluted with water until the eluate no longer
gave a positive Benedict's test, Cthanol was then added grad;ally to
the solvent by allowing a mixture of ethanoi and water (114 by volume)
to flow through a tube into the bottom of a 4 1, vacuum filtering flask
f1lled with water, which was being stirred mechsanically, The solvent
overflowed through the sidearm of the flask onto the top of the column
and was forced through under 1 to 2 1lbs, of air pressure, Fractions of
30 to 40 ml, were collected, concentrated to 1 to 2 ml, by vacuum dis-
tillation and examined by paper chromatography, Chramatographically
pure allolactose was found in fractions 51 to 61, allolactose and lactose
in fractions 62 to 84 and compound I in fractions 92 to 94, Fractions
beyond 94 were not collected,

Lactose-CIL, glucose-l-c14 and gglgctose-l-ClL- Lactose labeled

in the glucose and galactose moleties was prepared in this laboratory (29)

11



from the milk of fomale guinea pigs which had been injected with
glucose-l-c14 or galactose—l-ClA. Lactose-l-ClL, glucose-l-ClA and
galactose-l-ClA were purchased from the National Bureau of Standards,

p=Nitrophenyl=f~D~galactopyranoside~ This material was prepasred

following the procedure described by Seidman and Link (30) for the
preparation of g~nitropheny1-B-D-galactopyraﬁoaide. The product after
being recrystallized three times from 95% ethanol was a white, crystale
1ine material melting at 140-141° C,

Methyl-o=D=galactopyrancside~ Crystalline methyl-a~D-galacto-

pyranoside was kindly provided by Dr, A, S. Perlin, Prairie Regional

Laboratory, National Research Couneil, Sasks toon, Saskatchewan, Cenada,
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EXPERIMINTAL

Preparation of the rhenvlosazones- To prepare the phenylosazones

of the disaccharides, 0,05 g. of oligosaccharide dissolved in 1 ml, of
water was mixed with 1 ml, of 5% acetic acid saturated with sodium acetate,
1 ml, of 50% sodium bisulfite, 0,4 g. of phenylhydrazine hydrochloride and
7 ml, of wster, After heating in a bolling water bath for 1 hour, the
mixtures wefe cooled until the phenylosazones precipitated, The osa~
Zones were then collected and dried on a filter and finally erystale
lized from a small amount of 95% ethanol, The melting points of the
erystalline phenylosazones obtained are recorded in Table 1 of the appen~
dix, The X-ray diffraction data for the phenylosazones {obtainsd at the
Instrumentation Laboratory of the University of Nebraska) are recorded |
in Table 2, The first mmber of each palr is the interplanar spacing

in Angstroms, using CuKa radiation; the second number 1s the relative
intensity of the line, estimated visually, on the basis of 100 for the

strongest line,

Optical Rotations- The optical rotations of the amorphous but

chromatographically pure disaccharides were measured in water solution
in two decimeter polarimeter tubes, volume 1,4 ml. The concentrations
in grams per 100 ml, of solution were: compound I, 0,9; compound II,
3.3; and compound III, 2,0, The spascific rotations are recorded in
Table 1,

Lead tetraancetate oxidetions of oligosaccherides~ Lead tetra-

acetate oxldations were carried out in a Warburg respirometer at 27° ¢,,

following the procedure of Perlin (31), Quadruplicate samples of from
0.27 to 0,56 mg, of the oligosaccharides dissolved in 0,2 ml, of 90%

acotic acid were placed in the side erms of the flasks, The vesssl



chambors contained 1 ml, of a solution containing 20 mg, of lead tetra-
acetate and 10 mg, of potassium acetate in 90% acetic acid, The side
arms of the 4 blank vessels contained 0,2 ml, of 90% acetic acid, After
equilidbration and mixing, the production of carbon dioxide was deter-
mined manometrically, At the end of 15 minutes and again after 50 mine
utes 2 samples and 2 blanks were withdrawn and the oxidation stopped
by pouring the reaction mixture into 5 ml, of a "stopping solution®
(10 g. of potasstum fodide and 50 g. of sodium acetate i{n 100 ml, of
vater), Each vessel was then rinsed three times with 1 mi. portions
of the stopping solution and the liberated fodine titrated with stand-
ard thiosulfste solution,

Disproportionation of II- To study the effect of the enzyme on

compound II, a digest was prepared by adding, to 2.5 mg, of II dissolved
in 0,03 m1, of water, 0,45 units of enzyme dissolvad in 0.03 ml, of
vater, Samples withdrawn before the ensyme was added and after 1/2, 1,2,
4 and 8 hours, and an enzyme blank, were chromatographed on paper, The
products of the reaction were located by spraying the developed chro-
matogrem with the copper sulfate reagent, followed by the phospho-
molybdie acid reagent described in the methods section, '

Reaction of II with glucose-1-614- A digest was prepared by adding
1 unit of enzyme dissolved in 0,05 ml, of O,1 M phosphate buffer, pd
6.5, to a solution containing 2.5 mg, of II and 2 mg, of glucose-l-cl4
(2,54 ucurie/mg,) in 0,05 ml, of water. Duplicate 5 ul, samples, taken
at the time the enzyme was added and after 2, 4, 8 and 2, hours, wers

applied to 2 chromatograms, After development of the chromatogrems the

radioactive materials were located by radioautography and the reducing

compounds by spraying the chramatograms with appropriate reagents,



Roaction of V with glucose-l-CIL- To 1,2 mg, of V and 2 mg, of

glucose-1-C14 (1,91 neurie/mg,) dissolved in 0,03 nl, of water were
aedded 0,9 units of enzyme dissolved in 0,03 ml, of water, .Samples
were taken before addition of the enzyme and after 1, 2 and 4 hours,
The samples were chromatographed by the usual procedure, The radio-
active materials were located by radioautography and reducing compounds
with spray reagents,

eaction of galectose and glucoae-l-ClA- Two digests containing

the enzyme and free monosaccharides were prepared, one in which the con-
centration of the monosaccharides was relatively low, the other having
a very high monosaccharide concentration, The first was prepared by
dissolving 1 mg, of galactoss and 2 mg. of glucoae-l-c14 (1,91 ncurie/
mg,) in 0,03 ml, of vater and adding 0,9 units of enzyme dissolved in
0,03 ml, of water, The sacond digest wae prepared by dissolving 12 mg,
of galactose, 2 mg, of glucose-l-ClL (1.91 pcurie/mz,) and 10 mg, of un=
labeléd glucose in 0,03 ml, of water and adding 0.9 units of enzyme in
0,03 ml, of water, Samples were taken at the time the enzyme was added
and after 1/2, 1, 2 and 4 hours, Reducing and radlcactive components in
the aliquots were identified by peper chramatogrephy end redioesutogrephy,
Disproportionation of III- To bring about the disproportionstion
of I1I, a digest was prepsred by mixing 1.5 mg. of III dissolved in
0,03 ml, of water with 1,5 units of enzyme in 0,03 ml, of water, Samples
vere taken and treated as described for the disproportionation of II,
Reaction of III with palactose-1-0'4- The resction of III end
galactose-l-c14 in the presence of the enzyme was studied by preparing
a digest containing 2,5 mg, of III and 2 mg, of galactose-l-ClL (2.24
peurie/mg,) dissolved in 0,05 ml, of water, to which was added 1 unit of

15
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enzyme dissolved in 0,05 ml, of 0,1 M phosphate buffer of pH 6.5. The
remdinder of the experiment was carried out as described for the dise
proportionation of II with glucose-l-GlA.

Dipest of methyl-a-D-galactopyranoside and the enzyme- To 1 mg.

of methyl~a-D-galactopyranoside was added 3 units of enzyme dissolved in
0.1 ml, of 0,05 M biphthalats buffer, pH 6,2, Samples were taken at the
time the enzyme was added and after 1, 2, 3 and 5,5 hours, The devele
opad chromestogram was sprayed for reducing sugars,

Enzymatic digest of lactose and glucogamine~ A solution containing

50 mgs of glucosamine hydrochloride dissolved ir 0,5 ml, of vater was
adjusted to pE 7 with sodium carbonate, Fifty mg., of lactose dissolved
in 0,5 ml, of water was added, followed by 20 units of enzyme dissolved
in 1 ml, of water, Samples taken at the time the enzyme was added and
after 1, 2, 4, 8 and 24 hours were acidified to pH 1-2 with 5 N hydro=-
chloric acid ahd chromatographed in a solvent composed of l-butanol,
acetic acid and water (431115 Ly volume), After development the chromatoe
grams were sprayed with ninhydrin to locate the amino compounds or with
copper sulfate reagent to locate the reducing compounds,

Enzymatic digest of lactogse and sucrose- Two units of enzyme

dissolved in 0,1 ml, of water were added to 40 mg, of lactose and 10 mg,
of sucrose dissolved in 0,2 ml, of water, Samples taken at the time the
enzyme was added end after 4 hours were chromatographed, The chromato-
grams were sprayed with phloroglucinol reagent (0.,1% molution of phloro=
glucinol in ,1 N hycrochloric acid) to locate the fructose~containing
oligosaccharides or with copper sulfate reagent to locate the reducing

compounds,

Enzymatic digest of lactoss and fructose- The effect of adding




fructose to lactose digesta was studied by dissolving 400 mg. of lac-
tose end 400 mg. of fructose in 2 ml, of water and adding 40 units of
enzyme dissolved in 2 ml, of 0,1 M phosphate buffer, pd 6,5, Samples
taken at the time the enzyme ﬁas added and after 1, 2, 3, i, 5 and 6
hours were chromatographed in the usual manner, The developed chromato-
grams were sprayed with phloroglucinol reagent for locating fructose
conteining oligosaccharides,

Enzymatic dipgest of lactose and planteose- Forty mg, of lactose, 15

ng. of planteose and 2 units of enzyme were dissolved in 0,3 ml, of

water, In a control dizest, 15 mg. of planteose and 2 units of enzyme
were dissolved in 0,3 ml, of water, OSamples were withdrawn at the time
of mixing and after 4 hours, The deweloped chromatograms were sprayed

with phloroglucinol reagent,
Enzymatic digest of lactose and raffinose~ A digest designed to

dotermine the effect of adding raffinose to a lactose digest was pre-
pared by dissolving 40 mg. of lactoss and 15 mz, of raffinose hydrate
in 0,2 nl, of water, then adding 2 units of enzyme dissolved in 0,1 ml,
of water. A control digest contained 15 mg, of raffinose snd 2 units
of eﬁzyme in 0,3 ml, of vater._ Samples wsre taken at the time of mix-
ing and after 5 hours, The daveloped chromatograms were sprayed with

phloroglueinol,
Enzymatic digests using p-nitrophenyl-g-D-galactopyranosids as

substrate- Digests propared to determine whether or not p-nitrophenyl-p-
D-galactopyranoside (NFG) 1s a substrete and whether or not maltose,
meliblose and cellobiose are cosubstrates for the enzyme were prepared
by dissolving, in 0,1 ml, of 0,05 M biphthalate buffer, pH 6,2, the

following materialss (1) 10 mg. o»f KTG and 2 units of enzyme, (2) 10 rg,

17
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of XPG, 20 mg, of maltose and 2 units of enzyme, (3) 10 mg, of NPG,

20 mg, of meliblose and 2 units of enzyge, (4) 10 mg, of KFG, 20 mg, of
cellobloge and 2 units of enzyme, (5) 20 mg. of maltose and 2 units of
enzyme, (6) 20 mz, of meliblose and 2 units of enzyme, (7) 20 mg, of
celloblose and 2 units of enzyms and (8) 10 mg. of NPG, Samples with-
drawn from each digest at the time the enzyme was edded end after 1, 2,
3 and 5.5 hours were chromatographed and the chromatograms sprayed for
reducing sugars., The unreacted NPG was located by viewing the dried

chromatogrems under an ultraviolet lamp,



RESULTS AND DISCUSSION
In figurs 1 of the Appendix is reproduced a photograph of a
chromatogram of a digest of lactose with the lactase prepared from

Saccharomyceg fragilis, Also on the chromatogram are each of the major

comronents of the digest in chromatographically pure form, In addition
to lactoss and the hydrolytic products, five new oligosaccharides may
be seen in the digest, These have been numbered in order of decreasing
paper chromatographic mobility, Compounds II, III, IV and V have pre-
viously been 1solated by Pazur (13, 23), The tentative structures
assigned to them were given in the introduction. Apparently II, III and
IV correspond to compounds studied by Wallenfels (11, 17, 18) and by
Aronson (19),

Cémpound I probably corresponds to one of the three new oligo-
saccharides detected chromatographically by FRoberts et al, (20, 21) which
have chromstographic mobilitles betwsen those of lactose and galactose,
Since comnound I has not been previously isolated in pure form structural
information on this compound has not been available, Unpublished work
in this laboratory has shown that I is a disaccharide composed of glue
cose and galactose, the glucose being the reducing molety, Its chro-
matographic mobility is typical of a 1,3 linked disaccharide (32),

0Of the various procedures available for determining the positions
of glycosidic bonds in oligosaccharides, lead tetraacetate oxldation as
described by Perlin (31,33) seemed to be the most edvantagecus, By
this procedure one can make an unequivocal distinction between various
possible linkages using samples of less than a mllligrem,

The action of lead tetraacetate upon carbohydrates resembles that
of periodic acid in that it oxidlzes glycols to dialdehydes, Howsver,

19



Ferlin has demonstrated that the oxidatlion of reducing sugars by lead
tetraacetate bogins with the a~hydroxyhemiacetal group and proceeds
stepwise down the carbon chain (34). Ordinary glycols are attecked at
a8 much lower rate, The initial product in the oxidation of a typical
disaccharide having a 1,4 linkage is a 3-0-glycosyl-4=-O-formyl rentose,
The pentose immediately cyclizes and is again oxidized to a 2-0-glyco-
8yl-3,4=31-0-formyl tetrose, The initial rapid oxidation stops here
and the slower oxidation of the glycol groups of the non-reducing
molety becomes apparent, Oxidation of the nonereducing nolety of the
disaccharide and, to a lesaser extent, of the ordinary glycols of the
reducing moiety, results in the production of formic aecid, which in turn
1s oxidized to carbon dioxide, The amount of lead tetrascetate consumed
by the oxidation of formic acid 1s estimated by measuring in a Warburg
respirameter the amount of carbon dioxide produceq.

From inspection of the structural formulas of 1,3-, 1,4~ and 1,6~
linked reducing disacchsrides it can be seen that the rapid initial '
oxidation of the reducing moleties of these compounds should consume 1,
2 and 3 moles of oxidant, respectively, It is necessary to subtract,
from the total amount of lead tetraacetate reduced by a disaccharide,
the smount consumed under the same conditions by a glycoside correspond-
ing to the non-reducing moiety of the disaccharide, The difference in
these two quantities is the smount of oxidant consumed by the reducing
molety of the disaccharide, from which the position of the glycosldic
linkage is deduced,

In Table 3 of the Appendix are recorded the data pertaining to
each oxidation which was performed, In Table 4 the values for duplicate

oxidations have been averaged and the amount of oxidant consumed by the

20



galactosyl group subtracted from the total amount consumed by each di-
saccharide, The rosults of the lead tetraacetate oxidations clearly in-
dicate that campound I has a 1,3 linkage, while compounds II and III have
1,6 1inkages, As would be expected lactose and meliblose, containing a
1,4 and a 1,6 linkage respectively, required 2 and 3 moles of the oxl-
dant,

The non=-reducing moieties of the now oligosaccharides are assumed
to be in the pyranose ring form because qualitstive observations of the
rates of acid hydrolysis of these compounds have not indicated that any
of them possess the high degree of lability toward acid hydrolysis that
i3 typical of furanosides,

The stareochemical configuration of the glycosidie linkage in II

“has been shown to be B, bocause the compound has been shown to be struct-
urally 1dentical in every other way to melidioss, which has an a-1,6
linkage, The physical properties of the two materials and their deriv-
atives aro sufficiently different to leave no doubt they are differanf
compounds, In view of the stereospecificity of the transferring enzymes
(8,16), the other mow compounds should also have p-linkages, Further
ovidence for this assigmment comes from the fact that the enzyme used
hydrolyses all of the new compounds, lactoss and.g-nitrophenyl-ﬁ-n-
galactopyrsnoside, but is inactive toward maethyl-a-D-gelactopyranoside,
melibiose, cellobiose and maltose,

On the basis of the evidence presented, the structures of compounds
I, II and IIT appear to be 3-0-f=D-galectopyrenosyl-D-glucose, 6-0-§-D-
gelactopyranosyl-D-glucose and 6-0-p-D-galactopyranosyl-D-galactose,
respectively, The specific rotations of the compounds end the melting

points of the crystalline osazones sre recorded in Table 1 of the Arpendix,
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The X-rsy diffraction data for the osazones are recorded in Teble 2,

Figure 2 shows & chromatogram of a digest of II with the enzyme,
The reference compounds (R) are glucose (GL), galactose (GAL), II or
allolactose (A) and the trisaccharide V (T). The sample taken at zero
time contalned only II, In succeeding samples, II gradually disappeeared,
while the concentrations of glucose and galactose increased, In the
1/2, 1 and 2 hour samples, a reducing compound having the chromatographie
mobility of V may be seen. Synthesis of this compound from II suprorts
the tentative structure which has been previously assigned to it, O=p-D-
galactopyranosyl-(1e==>6)+~0-p-D-galactopyranosyl=-{1le->6)-b-glucose (23),

The probable mechanism by which V is synthesized from II may be
represented by the following equations:

Gal(1-6)C1 + B 2222 Cal,E + Gl (1)

Gal,E + Gal(1-6)Gl 2222 Gal(1-6)Gal(1-6)Gl + E  (2)
Gal(1~-6)Gl represents II, E the enzyme, Gal,E a galactosyl-enzyme com-
plex, Gl free glucose and Gal(l-6)Gal(1-6)Gl compound V., In the first
step, a molecule of II reacts reversibly with the enzyme to yleld free
glucose and a galactosyl-enzyme complex, In the second step, the galacto-
syl enzyme complex reacts with another molecule of II to form a moleculs
of V and the free enzyme, The roveraibility of each step of this mechan-
1sm has been demonstrated by the use of radicactive isotopes.

To demonstrate tha reversibility of step (1), the following

reaction was employeds

II + glucose-l-ClL 222> 1164 + glucose (3)
A digest of II with glucose-loC14 end the enzyne was found to result in
the rapid incorporation of radioactive glucose into II, The activities

of the products of this reaction as measured on the paper chromatograms
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are shown in Table 5, Smaller emounts of radioactivity were found in
spots having reletive Rf values corresponding to I, lactose and V,

The reaction used to demonstrate the reversibility of step (2)

LCY-

V + glucose~1-C14 277> 11 + 11-¢14 » (4)
Figure 3 shows (on the left) a chromatogram of a digest of V with glue
cose-1-G14 and the enzyme and (on the right) & radioautogrem made from
the chromatogrem, Tha reference compounds vere glucose (GL), galactosse
(GAL), II or allolactose (A), III or galactoblose (G) end V (T). The
sample taken before the enzyme was added contalned only V and glucose-
1-01A. As the reactlion proceeded, galactose and II ocould easily be
deteocted and a small amount of III was formed, The radloautogram shows
that there wns & rapild incorporation of radioactive glucose into II by
the transfer of galactosyl groups to glucose-1-014 in the solution, A
quantitative measure of the extent t» which glucoso~1-014 was incor-
porated into II is given in Table 6, in which the relative activities
of the products of the reaction are recordad,

To determine whethor or not oligosaccharides could be eynthasized
by thn enzyme from free monosaccharlides, digests were made contalning
galactose, glucose-l-ClA and the enzyme, One digest contalned tre mono-
ssccharides at sbout the same concentrations as the oligosaccharides

used in other experiments, The other digest contained the monosacchar-

1des at very high concentrations (20% glucose and 20% galactose, w/v),
At the low monosaccharide concentration, radloautograms showed the
presence of & small emount of material corresponéing in chrometographie
mobility to II, The relative activities of the glucose-I-CIA and II

found on the chromatogrem are recorded in Table 7., The radiosutogran



of the digest containing monosaccharides at a high concentration did
not show the presence of any radiocactive olligosaccharides, It has been
demonstrated bafore that lactases are inhibited by galactose (13), The
relatively small amount of synthesis of 11-¢14 fram free monosaccharides
as compared to that from glucoae-l-ClL and V supports the vliew that the
synthesis of oligosaccharides in the system occurs by glycosidic ex-
chenge reactlons in which esmall changes in free ensrgy are involved
rather than by reversion type reactlons of monosaccharides.

Further evidence for the reversible transgalactosylation mechanism
of action of the enzyme was obtained from the disproportionation of III,
This disaccharide was also hydrolyzed by the enzyms with the simultaneous
formation of a trisaccharide, The trisaccharide, which was not isolated,
had a slightly lower paper chromatogrsphic mobility than V. To demon-
strate the reversible nature of the enzyme's action on III, a digest was
prepared containing III and galactoso-l-cu‘. The radioactive mono-
saccharide was quickly incorporated into the disaccharide, as may be
seen from the relative activities qf the compounés l1isted in Table &,

An effort was made to determine what steric requirements must be
satisfied in order that a compound may act as & cosubstrate or acceptor
for the enzyme, It has been demonstrated that the enzyme is capsble
of transferring gelactosyl groups to glucose, galactose and to oligo-
saccharides having p-galactosyl groups as the non-reducing end groups,

A number of other sugars were tested as acceptors by adding them to
digests of the enzyme with lactose or p-nitrophenyl-p-D-galactopyranoside,
When glucosamine, fructose or fructose-containing oligosaccharides vere
tested as cosubstrates, lactose could be used as the subsirate, beczuse

specific color tests are avallable which can distinguish tetween the



oligosacch- rides formed from lactose elone and those which might be
formed from the new cosubstrate, When other compounds were used as
cosubstrates, p-nitrophenyl-p-D-galactopyranoside was used as the sub=
strate because the resulting reaction mixture was more readily analyzed,

Glucosamine was tested as a cosubstrate because of its structursl
relationship to glucose and becasuse of the possible relstionship of the
product of the reaction to the glucosamine-containing oligosaccharides
which have been isolated from human milk (35), In addition, such a
reaction would provide a means of synthesizing reference oligosacchare
1des for use in studying the structures of such materials as immuno-
polysaccharides and bacterial cell walls, When glucosamine was added
to a digest of lactose and ths enzyme, a compound which reacted with
ninhydrin and had the chromatographic mobility of a disaccharide was
detected on paper chromatograms of the digest, In figure 4, a photo-
graph of a chromatogram of such a digest, it can be seen that the con~
centration of the compound passed through a maximum and the compound
was apparently hydrolyzed by the enzyme, In this figure, glucosemine
s lebeled GL-NH, and the new compound NC, In view of the mode of
action of the enzyme in its reactions with glucose and galactose as co-
substrates, the probable structure of this compound 1s 6-0-p-D-galacto-
ryranosyl-D=glucosamine,

When sucrose was used as a cosubstrate, two compounds reactive

with phloroglucinol and having lower chromatographic mobilities than

sucrose were detected, Addition of the enzyme to sucrose solutions in

the absence of lactose did not result in synthesis of new compounds,

Since new compounds were not produced from fructose and lactose, 1t is

likely that the transfers to the sucrose molecule occurred at the
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glucosyl motety, Structura] studies on the new compounds were not
undertaken,

The fructosyl oligosaccharides raffinose and planteose, which are
O-a-D-galactopyranosyle(1=->6)=a-D~glucopyranosyl=p=D=fructofuranoside
(9) and O-g-D-galactopyranosyle(le=>6)~p=D-fructofuranosyl~a-D=gluco=
pPyranoside (36) were tested as substrates and cosubstrates for the en-
gyme, Neither raffinose nor planteose functioned as substrates for the
enzyme, Since & new fructosyl oligosaccharide was synthesized from
Planteose and lactose, the planteose did function as an acceptor of
galactosyl units, Whether the transfer occurred to the glucose or gal=
actose moleties of the trisaccharide is not known et present, A amall
amount of a fructose-containing oligosaccharide was ay;thesized from
lactose and raffinose indicating that raffinocse was a very weak co-
substrate of the enzyme,

When p-nitrophenyl-p-D-galactopyranoside was treated with the
enzyme, 1t was hydrolyzed at a rate comparable to the rate at which lac-
tose is hydrolyzed, with the simultsneous formation of a reducing come
pound baving the sams chromatogrephic mobility as comround III, When
maltose, melibiose or celloblose were added to such digests, no new re-
dueing compounds could be detected, indicating transfer to these materials
d1d not occur, although the substrate was rapidly hydrolyzed, Maltose,
meliblose and celloblose were unaffected by the enzyme,

As a result of these experiments, it is apparent that the enzyme
does not tranafer galactosyl groups et random to any sugar in the solution,
The fact that the enzyme does exhiblt cosubstrate specificity indicates
that a rathar intimate assoclation of enzyme and cosubstrate rmst take

place before the transfer reaction can occur, This may be explained



1f one visualizes, as has been proposed, that the reaction of the enzyme
and substrate produces & galactosyl-enzype complex, with the reducing
moiety.of the substrate then diffusing away from the enzyme as a free
sugar molecule, Its place on the enzyre aﬁrface may then be occupied
by water, 1f hydrolysis is to occur, or if transfer is to occur, by a
Suger molecule having a configuration which allows it to fit onto the
active pite of the enzyme, Further work is necessary to establish the
preclise structural features necassary in a compound in order that the
compound may function as a cosubstrate in the transgalactosylation re-

action of the lactase from S, fragilis,
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SMMARY
Five of the galactosyl oligosacch:rides produced during the hy-

drolysis of lactose by an enzyme prepared from Saccharomyces fragilis

have been isolated in chromatographically pure form, Tha three having
the highast chromatographic mobilities ha&e been shown to be 3«0«f-D-
galactopyranosyl-D-glucose, 6=0-£-D-galactopyranosyl-D=-glucose and 6=0=
B-D-galactopyranosyl-Dngalactose. The positions of the glycosidic
linkages in these compounds were determined by use of the lead tetra-
acetate oxidation procedure, Those three disaccharides have been
characterized by measurement of their optical rotations and by prepara-
tion of the crystalline phenylosazones,
Evidence haa been obtained in support of the following trans-
galactosylation mechanism of synthesis of oligosaccharides from lactoses
Lactose + enzyme -2 galactosyleenzyme + glucose (1)
Galactosyl-enzyme + acceptor <--- oligosaccharide ¢ enzyme (2)
Both steps of this mechanism have been shown to be readily reversible,
The cosubstrate or acceptor specificity of the enzyme was investie
gated, Glucosamine, sucrose, planteose and raffinose, in addition to
the sugars normally found in digests of lactose and the enzyme, were
found to be cosubstrates, Fructose, maltose, cellobiose and melibiose

were not cosubstrates,



APPENDIX
TABLE 1
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PHYSICAL CONSTANTS OF DISACCHARIDES AND TFEIR FHENYLOSAZONES

SCEMPOUND SPECIFIC ROTATION

MELTING POINT OF PHENYLOSAZONE

Observed Literature Observed Litersture
I +28° eeeee 176-183°C S
I 4250 +25°(37)3430,7(33) 186-128°C 176°C(37);188-189°C(38)
111 +31°  +34° (39,40) 188-190°C 207°C(39); 189°C (40)
TABLE 2

X-RAY DIFFRACTION DATA FOR DISACCHARIDE PHENYLOSAZONES

Compound I: 8,83 = 503 8,10 = 40;

5,60 = 503 5,24 = 503 4,92 ~ 40
4e26 = L0; 4,09 = 40; 3,89 = 40;
3,23 = 603 3,07 -~ 10; 2,93 - 103
2.38 - 50

Compound IIs 12,60 « 303 10,26 = 203

6,31 = 403 5,56 - 403 5,30 = 40;
4,30 = 803 4,11 - 80; 3,79 =1003
3.15 =1005 2,96 - 30; 2,81 - 30;
2,25 « 10; 2,20 = 10; 2,15 = 10;
1.96 = 30; 1,85 - 50; 1,81 - 303
1,52 - 30,

Compound III: 10,89 - 50; 8,57 = 20;

5.63 = 303 4,69 -100; 4,35 = €03
3.32 =105 3,10« 5; 2,93~ 5,

6.60 - 20;

4.74 °100‘
3.72 - 80’
2,73 « 203

4,87 = 60’
3054 g 20’
2,62 = 703
2.12 - 10;
1,68 = 203

3098 - 80;

4L.45 = 703
3049 - 90;
2,52 = 103

9,20 = 203

4,61 = €03
3,32 = LO;
2,46 - 203
2,07 = 203
1,62 - 103

7.18 = 303

3058 - 60'
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TABLE 3
LEAD TETRAACETATE OXIDATIONS

Pb(0Ac) co Pb(0Ac)
Sample Time consumed, 2 Consumeé‘
Compound __ (ymoles) Min, total®™ Produced™  Corrected**™
o
Methyl-q-D- 1,44 15 1.6 0.6 1.0
galactopyranoside 50 2.2 0.6 1.6
p-nitrophenyl-p-D- 1.47 15 1.5 0.3 1,2
galactopyranosida 50 2.4 0,6 1.8
I 1,64 15 2.7 0.5 2.2
50 3.5 0.7 2.8
Lactose 1.1 15 3.6 0.5 3.1
50 3.9 0.5 34
Lactose 1,11 15 3.5 0.4 3.1
50 407 006 401
I 0,91 15 5.4 1.8 3.6
50 7.3 2,7 4.6
Iz 0,91 15 5.5 1.6 3.9
50 7.6 2,7 4.9
111 0.81 15 5.8 1.9 3.8
50 703 2‘5 4’8
II1 0.81 15 5.3 1,7 3.6
50 7.7 2,5 5.2
Melibiose 0.79 15 5.7 1.7 4,0
50 8,0 3.1 4.9

» Moles of Pb(OAc); reduced per mole of compound in the semple,
*»  Moles of carbon éioxide produced per mole of compound in the sample,

*»% Corrected for the smount of Pb(OAc)L reduced in the production of
carbon dioxide,
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TABLE 4
CONSUMPTION OF LEAD TETRAACETATE BY DISACCHARIDES

Total Moles of Lead Lead Tetraacetate Consumed
- Tetraacetate consumed by Redueing Moietles

Compound Per Mole of Compounds of Disaccharides™® Theoretical®?™™
15 Min, 50 Min, 15 Min, 50 Min,

I 2,2 2.8 1.1 1.1 1

Lactose 3.1 3.8 2,0 2,1 2

1I 3.8 4,8 o 2.7 31 3

III 3.7 5.0 2.6 3.3 3

Melibiose 4.0 4.9 2.9 3.2 3

] Corrected for carbon dioxide produced,

¥%  Determined by subtraction of values of 1,1 and 1,7 from the 15 min-
ute and 50 minute values, respectively, The 1,1 and 1,7 were the
moles of lead tetraacetate consumed per mole of methylea~D=-
galactopyranoside or p-rnitrophenyl-p-D-galactopyranoside.

*»x  Calculated for a 1,3-, 1,4~ and 1,6-linksge in the compounds,



TABLE 5

RELATIVE ACTIVITIES OF THE PRODUCTS OF T'E RUACTION OF II AND GLUCOSE-l-
Cl4 IN TIE PRGSENCE OF LACTASE FROM S, FRAGILIS

Compound Time (hours) from the addition of the enzyme
0 2 % g 2,

Glucose 24500 cpm 23100 epm 22700 epm 22300 cpm 21800 cpm

I 120 400 Lo 510 540

Lactose 170 350 390 470 520

I 170 1050 1350 1590 1940

v 60 g0 100 110 160
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TABLE 6

FELATIVE ACTIVITILS OF THZ PRODUCTS OF THE RZACTION OF V AND GLUCOSE-l-
Cl4 IN THE PRISINCE OF LACTASE FROM S, FRAGILIS

Compound Time (hours) from the addition of the enzyme
) 1 2 4
Glucose 49800 cpm 48600 cpm 48600 cpm 48900 epm

i 250 1400 1400 1100

33
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TABLE 7

RELATIVE ACTIVITIES OF THZ PRODUCTS OF THZ REACTION OF GALACTOSE AND
GLUCOSE-1-C44 IN THE FPRESENCE CF LACTASE FROM S. FRAGILIS

Compound Time (hours) from the addition of the enzyme
0 1 2 %
Glucose 49900 cpm 49800 opm 49800 cpm 49600 cpm

i1 100 200 200 400
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TABLE 8

RELATIVE ACTIVITIES OF THE PRODUCTS OF THE REACTION OF III AXD GALACTOSE-
1-C14 IN THZ PRESINCE OF LACTASE FROM S, FRAGILIS

Compound Time (hours) from the addition of the enzyme

Galactose 1,850 cpm 14720 cpn 14690 cpm 14660 cpm
284 150 280 310 340

r—
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