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ara arabinose

ATCC American Type Culture Collection

C.p.m. counts per minute

CsSDC culture supernatant, dialyzed and
concentrated

DEAE . diethylaminoethyl

d.p. degree of polymerization

F.t. Fourier transform
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glc glucose

GTF-1 glucosyltransferase which synthesizes
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GTF-S glucosyltransferase which synthesizes
water-soluble glucan

h hour (s)

im isomaltose

im, isomaltooligosaccharides of n glucose
units

1U International Units of enzyme activity

L liter(s)
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M molar (moles per liter)

mal, malt : maltose

man mannose
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MHz megahertz

min minute(s)

mL milliliter(s)

mM millimolar

mol mole(s)

N number of replicate samples
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nm nanometers
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pan panose
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Rglc distance migrated by compound + dis-
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Vo void volume

v/v volume/volume

w/v weight/volume

xyl xylose

ug microgram(s)

pL microliter(s)
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NOTES ON THE NOMENCLATURE OF SUGARS

For disaccharides, the following system is used:
a-0-b-D-substituent-D~-glycose
a: The numeral indicates the position of the oxygen through which the
substituent attaches to the glycose unit.
b: o or B indicates the type of linkage.
For example: 4-0-0-D-glucopyranosyl-D-glucose is the nomenclature for
maltose. |
For oligosaccharides larger than a disaccharide and containing more

than one type of sugar, the following system is used:

ab-O-c-D—substituent-remainder-of the oligosaccharide
a: The numeral indicates the position of the oxygen through which the
substituent is attached to the remainder of the oligosaccharide.
b: the superscript is an abbreviation of the sugar to which the substit-
uent is attached.
c: 0o or B indicates the type of linkage by which the substituent is at-
tached to the remainder of the molecule.
For example: 6G-0—a-D—galactopyranosylsucrose is the nomenclature for
raffinose.
For isomaltooligosaccharides possessing other types of linkages be-

sides a-(146) linkages, the following system is used:

ab-O—c—D-(substituent) isomaltooligosaccharide

a: The numeral indicates the position of the oxygen through which the
substituent attaches to the isomaltooligosaccharide.

b: The superscript is a numeral which identifies the glucose unit to which
the substituent is attached. The numbering starts with 1 at the
reducing end.

c: o or B indicates the type of linkage between the substituent and the
remainder of the molecule.

For example: 33—0-a—D-g1ucopyranosyl isomaltotriose is the nomencla-
ture for a tetrasaccharide consisting of a glucose unit linked to the C3-OH

of the glucose unit at the nonreducing end of isomaltotriose.
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GENERAL INTRODUCTION

Dextran is the name given to a class of a-D-glucans produced by exo-
cellular enzymes from a number of bacteria in the family Streptococcaceae.
More specifically, a dextran has been traditionally defined as a poly-
saccharide consisting of a linear chain of a-(l+6)-linked D-glucopyranosyl
units, with varying amounts of branches linked o-(1+2), a-(1+3), or a-(1-4)
to the main chains (1-3). The enzymes which synthesize them from sucrose
are known by the generic term "dextransucrase".

Dextrans produced by Streptococcus mutans contain only o-(1+6) and
0~(1+3) linkages (4), while many produced by Leuconostoc mesenteroides con-
tain a-(1+2) or a-(l+4) branch linkages as well (3). While it is the
presence of 0-(1+6) linkages that defines a dextran, it is the type, dis-
tribution, and relative amount of these secondary o-(1+2), a-(1+3), and
o-(1+4) branch linkages that differentiate one dextran from another. The
work described in this dissertation involves some studies aimed at trying
to better understand how some of these secondary linkages are formed.

Dextrans play a number of important roles in science, medicine, and
industry (5). The production of dextran and related glucans by certain
streptococci has been shown to be one of the key processes involved in the
formation of dental plaque and the decay of teeth (6,7).

Dextran production by Leuconostoc mesenteroides has been a major
problem for sugar manufacturers (5). Infection of sugar cane and beets
during harvesting and processing may lead to the formation of sticky,
gummy masses of dextran, which can foul processing equipment and prevent
crystallization of the sugar.

In addition, dextran produced by Leuconostoc mesenteroides NRRL strain
B-512F has been used as a blood plasma extender, and dextran sulfate is
often used as an artificial anticoagulant, acting much like heparin (5).

Dextrans have also been used in a number of research applications,
perhaps the best known of which is as Sephadex, a cross-linked dextran
from L. mesenteroides NRRL B-512F, which is used in molecular-exclusion
chromatography. DEAE-Dextran and other dextran derivatives are also used

for a variety of chromatographic and immobilization procedures in the



laboratory (5). Various other types of dextrans are sometimes utilized
in immunological research, where they are helpful in characterizing the
specificity of certain carbohydrate~binding proteins (8).

The present study is a continuation of ongoing research in our
laboratory which has been aimed at understanding the mechanism by which
dextrans and related polysaccharides are enzymatically synthesized.
Previous workers have shown that the glucansucrases produced by L. mesen-
teroides NRRL B-512F and S, mutans 6715 synthesize their respective
glucans by an insertion mechanism (9,10), in which D-~glucopyranosyl units
are added to the reducing ends of growing dextran chains (11). The branch
linkages of L. mesenteroides NRRL B-512F dextran were shown to be formed
by what are known as acceptor reactions (12). Acceptor reactions are en-
zymic reactions in which glucosyl units or glucanosyl chains are trans-
ferred to a hydroxyl group of an acceptor sugar (13,14). In the case of
L. mesenteroides NRRL B-512F dextransucrase, when dextran acts as an
acceptor, the glucosyl units or glucanosyl chains are transferred to 3-
hydroxyl groups on the glucose residues of the acceptor dextran, to form
an 0-(1+3) branch linkage (12). The insertion mechanism, thus, can ex-
plain the formation of the 0-(l+6) main chain and the few (5% of the total
linkages) 0~(1+3) branch linkages in B-512F dextran (9,12), but there are
a large number of other dextrans and related o-D-glucans which contain
far more non-o0~(1+6) linkages (15).

The goal of the research described herein has been to better under-
stand the formation of the secondary linkages in three o-D-glucans which,
in addition to o~(1+6) linkages, contain relatively large proportions of
0~(1+3) linkages. These glucans are produced by exocellular glucansucrases
from L. mesenteroides NRRL strains B-742 and B-1355, and S. mutans strain
6715,

Explanation of Dissertation Format
The experimental work described in this dissertation is presented in

five sections, each of which is an individual paper which has been pub-

lished in a scientific journal or has been submitted for publication. In



Sections I, II, III, and V, the work was performed entirely by myself,
under the guidance of my major professor, Dr. John F. Robyt. 1In Section
IV, the experiments on the streptococcal glucansucrase were performed by
me, while the experiments on the L. mesenteroides NRRL B-512F dextransuc—
rase were performed by Thomas Binder, a fellow graduate student also
working in Dr. Robyt's research group. All five manuscripts were prepared
by myself, with assistance from Dr. Robyt and other colleagues in editing

and making appropriate revisions when necessary.



LITERATURE REVIEW

Dextran has been known to man for many years, and it was recognized
as a polymer of glucose as early as 1876 (l6). Aside from some early
reports by microbiologists, however, there was only limited interest in
dextrans until 1945, when it was found that solutions of dextran could
be used as artificial blood plasma substitutes (17). 1In the early 1950s,
scientists at the Northern Regional Research Laboratory (NRRL) of the
U. S. Department of Agriculture began an intensive investigation into the
production and properties of dextran (18). These workers characterized
the dextrans produced by nearly a hundred different strains of bacteria
(15), most of which were Leuconostoe mesenteroides, and studied their
structures and factors which influenced their production, as well as some
of their physical properties (15,18-22). This work showed, among other
things, that there existed great structural diversity in the dextrans
produced by various strains (15) and that some strains produced more
than one type of dextran (20). After the dextran project at the NRRL was
terminated in 1958, other workers continued to make progress in determin-
ing the nature of the secondary linkages in dextrans by physical (23),
chemical (24-27), and enzymic (28-32) means.

Since 1976, a great deal of structural work has been done on dextrans
from L. mesenteroides and related strains by Seymour and his coworkers
(33-46), using chemical and spectroscopic methods. Besides firmly estab-
lishing 13¢-n.m.r. as a useful tool for determining the structure of
dextrans and related glucans, they also provided the first comprehensive
survey of various dextran structures since 1954 (15,39). According to
Seymour and Knapp (45), L. mesenteroides dextrans can be grouped into
three classes, based on structural features: Class 1 dextrans, which con-
tain a main chain of a-(1+6)-linked glucosylunits, with branching through
either position 2, 3, or 4; Class 2 dextrans, which contain 3-mono-0O-sub-
stituted glucosyl residues in nonconsecutive positions, as well as 6-
mono- and 3,6-di-O-substituted residues; and Class 3 dextrans, which con~
tain consecutive 3-mono-O-substituted glucosyl residues in addition to 6-

mono- and 3,6-di-O-substituted residues. Class 1 contains the majority of



polysaccharides which are ucually thought of as dextrans, while there are
only three known examples of Class 2 dextrans. These are the fraction §
glucans from L. mesenteroides strains B-1355, B-1498, and B-1501, which
consist of alternating sequences of 0-(1+3)- and a-(1+6)-linked glucosyl
units (40). The author agrees with the statement by Seymour et al. (42)
that these three glucans "are apparently not true dextrans...", since
they consist of alternating o-(l+3), a-(1+6) sequences, rather than an
0~(1+6) chain of glucosyl residues. For this reason, the term "alternan"
has been used to refer to these glucans of alternating structure (47).
Misaki et al. (48) have published the results of structural studies done
on alternan from L. mesenteroides NRRL B-1355, confirming its unique struc-
ture. They found that branching may occur at both positions 3 and 6 on
main-chain glucosyl residues, and that both types of linkages are fairly
evenly distributed throughout the molecule.

L. mesenteroides NRRL B-742 fraction S dextran, a Class 1 dextran,
also contains a high proportion of 0-(1+3) linkages, but unlike alternan,
they all occur as branch-point linkages (35,36). The structure of B-742
fraction S dextran has been postulated to be a "comb-like" polymer of
0~ (1+6)~linked glucosyl residues, each of which bears a single a-D-gluco-
syl branch residue on position 3 (36). As will be shown in Section III,
the degree of branching may be variable, depending on the conditions of
synthesis (49).

There is one report of two L. mesenteroides glucans which contain
consecutive 0~(1+3) linkages (45) and are thus Class 3 dextrans. These
are produced by NRRL strains B-523 and B-1149, and tend to be relatively
insoluble in water. Little is known about these unusual polysaccharides.

The extracellular glucans produced by S. mutans consist of only
o~-(1+6) and a-(1+3) linkages, and are generally of two distinct types:
water-soluble glucans, which belong to Class l; and water-insoluble
glucans, which belong to Class 3 (50-62). It has been noted that there
is a close relationship between the structures of the soluble a-D-glucans
produced by S. mutans and the dextrans produced by L. mesenteroides (3,
45), but there are a few differences which should be kept in mind. For

example, the glucansucrases produced by S. mutans are constitutive (6,7),



whereas L. mesenteroides glucansucrases are produced only when sucrose is
present in the growth medium (3,63). It has also been noted that L. mes-
enteroides dextrans tend to be higher in apparent molecular weight than
S. mutans soluble glucans (3,6,21,52,57), but there can be much variation
in the apparent size, depending on the conditions of synthesis and the
particular strain. Another difference is that all known S. mutans dex-
trans contain only 0-(1+3) and o~(1+6) linkages, while L. mesenteroides
dextrans may also contain either a-(1+2) or o-(l+4) branch linkages (45).
All things considered, however, these differences only serve to highlight
the many similarities between I. mesenteroides and S. mutans dextrans.

On the other hand, S. mutans is distinct in that it also produces mutan,
an insoluble a-(1+3) D-glucan. It is this glucan which many believe to be
the chief reason for the ability of S. mutans to form insoluble plaque on
teeth (7), although the actual reasons are probably more complex than
that (6).

Before the mechanism of an enzyme can be studied, it is usually
necessary to first isolate and purify that enzyme, and dextransucrase is
no exception. Most early studies on dextransucrase were done using crude
cell-free culture filtrates (1-3), usually from L. mesenteroides NRRL
B-512, One disadvantage of this was that such preparations invariably
contained large amounts of dextran, since the organism requires sucrose
for dextransucrase production (63). In the past ten years, a number of
authors have described purification schemes for dextransucrases from L.
mesenteroides strains NRRL B-1299 (64-67), IAM 1046 (68,69), and NRRL
B-512F (70,71). Kobayashi and Matsuda (64-67) discovered several isozymic
forms of B-1299 dextransucrase, and found that there existed complex
interactions among the different forms and their aggregates. Bewildered
by these complex interactions, other workers haﬁe attempted to first
understand simpler, single-enzyme systems. Dextransucrase from L. mesen-
teroides IAM 1046 has been purified by ion-exchange and gel-filtration
chromatography (68) and it was found that the purified enzyme required
calcium ions for full branching activity (69). Others haﬁe described

methods for the purification of I. mesenteroides B-512F dextransucrase



(70,71), and Robyt and Walsethl(70) showed that this enzyme requires cal-
cium ions for full catalytic activity.

The purification of streptococcal glucansucrases is simplified by the
fact that, since these enzymes are constitutive (6,7), no sucrose is re-
quired in the growth medium, and thus no glucans are present in the culture
filtrates. Numerous methods have been used to separate and purify the
exocellular glucansucrases from S. mutans. These have included various
combinations of hydroxyapatite chromatography (62,72-80), ion-exchange
chromatography (81-84), affinity chromatography (85-90), gel-filtration
chromatography (91-93), chromatofocusing (94), gel-electrophoresis (95),
fractional ethanol precipitation (96-98), and precipitation with
poly(ethylene glycol) (99). Since different workers have used different
strains grown under different conditions, it is difficult to compare the
results obtained by one group with those obtained by another. Montville
et al, '(6) have reviewed many of these methods. The purification proced-
ures are also complicated by the presence of many different forms of the
enzyme in a single preparation, which often tend to interact with one
another (96,97).

The purest preparation of the soluble-glucan-producing glucansucrase
(GTF-S) from S. mutans 6715 reported to date seems to be that described
by Shimamura et al. (84). Their procedure involved the following steps,
in order: ethanol precipitation, Bio-Gel A-15m chromatography, ion-ex-
change chromatography on aminoethyl Bio-Gel P-60, Bio-Gel A-5m chromato-
graphy, and affinity chromatography on immobilized concanavalin-A. Their
total purification factor was 10,000-fold, to give a 3.8% yield of enzyme
with a specific activity of 36 IU/mL. The enzyme was shown to be electro-
phoretically homogeneous, with a molecular weight of 149,000 * 5000. S.
mutans 6715 also produces a glucansucrase which synthesizes a water-insol-
uble glucan (mutan) consisting almost exclusively of a-(1+3) linkages.
This enzyme (GTF-I) has been purified to electrophoretic homogeneity, to
give a single protein with a molecular weight of 180,000 (79). The purifi-
cation procedure consisted of molecular-exclusion chromatography, followed

by chromatography on hydroxyapatite.



Early work on the mechanism of action of dextransucrase was carried
out using the enzyme produced by L. mesenteroides NRRL B-512F. In 1963,
Eisenberg and Hestrin (100) demonstrated that dextran synthesis occurred
by transfer of glucosyl units, rather than by glucosido-transfer, Later,
Genghof and Hehre (101) found that this enzyme, as well as a streptococcal
glucansucrase, could synthesize glucosidic linkages de novo from the sub-
strate analogue G-D-glucopyranosyl fluoride.

It was long assumed that dextran synthesis occurred by the transfer
of glucosyl units from sucrose to the C-6 hydroxyl group at the nonre-
ducing ends of growing dextran chains (102)., This view was challenged by
Ebert and Schenk (103,104), who proposed an alternate mechanism in which
0~-D-glucosyl units were inserted between the enzyme and the reducing end
of the growing dextran chain. Robyt et al. (9,10) have provided experi-
mental evidence for this type of mechanism using pulse-chase procedures.
In the mechanistic model proposed by Robyt et al., there exist two nucleo-
philic groups at the active site of the enzyme. These nucleophiles attack
C-1 of the glucosyl moieties of sucrose molecules, forming a covalent B-D-
glucopyranosyl-enzyme complex (l1). The C-6 oxygen of one glucosyl unit
then acts as a nucleophile, displacing the enzyme off of the other gluco-
syl unit, forming a B-isomaltosyl-enzyme intermediate. The second nucleo-
phile of the enzyme is then free to form another B-D-glucosyl intermediate
from sucrose, and the C-6 oxygen of this glucosyl unit is then able to
attack C-1 of the B-linked glucosyl moiety of the isomaltosyl unit, dis-
placing it from the nucleophile on the enzyme, forming a new a-(f+6)“w
linkage and giving a B-isomaltotriosyl-enzyme complex. The process can
then continue, to yield a covalent dextranosyl-enzyme complex. This @lon-
gation process is terminated when the dextranosyl chain is transferred to
an acceptor, such as fructose, dextran, or water. Figure 1 shows this
two-site insertion mechanism in schematic form.

When glucosyl units or dextranosyl chains are transferred to the
hydroxyl group of an acceptor molecule, this is known as an acceptor reac-
tion (l4). If the transfer is made to a 3-hydroxyl group on a dextran
chain, this leads to the formation of an a-(1+3) branch linkage (12,105)
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(Fig. 2). Robyt and Taniguchi (12) showed that this is how branches are
formed in L. mesenteroides B-512F dextran, but until recently (49,106),
it was not known if the same mechanism for branch formation occurred for
the more highly branched glucans. The insoluble-glucan-producing glucan-
sucrase from 5. muians can also transfer glucosyl units or glucanosyl
chains to acceptor dextran, to give a graft copolymer of a-(1+3) glucan
linked to C-3 of the acceptor dextran (10,59,79,83,107-109). Many inves-
tigators have observed this transfer of glucosyl units to acceptor dextran
(59,73,79,83,84,98,102,107-109), and it is often attributed to the dex~-
tran's acting as a "primer". Robyt and Corrigan (107) showed, however,
that the dextran was not acting as a necessary primer, but simply as an
acceptor. (For a discussion regarding the difference between primers and
acceptors, see Section V.) This was done by chemically modifying the non-
reducing ends of the dextran so as to make them unavailable for "priming"
reactions. They found that the glucansucrase from S. mutans OMZ 176 was
still activated by this modified dextran, indicating that the activation
could not be due to glucosyl transfer to non-reducing ends. It was con-
cluded that the increased activity was due to increased transfer of gluco-
syl units or glucanosyl chains to secondary hydroxyl groups along the
dextran chain, to form branch points or graft copolymers (107).

Dextran is not the only carbohydrate which can act as an acceptor for
glucansucrases. Many low-molecular-weight sugars can also act as accept-
ors, and the structures of the products have been investigated in great
detail (3,11,13,14,110-125). Robyt and Eklund (11) have reviewed the
acceptor products formed by L. mesenteroides B-512F dextransucrase, and
proposed a possible mechanism for their formation, which is consistent
with the two-site insertion mechanism (11,14)., Other than branching,
acceptor reactions may also serve to terminate glucan synthesis. It has
been shown that dextran chains formed from sucrose are often terminated
at the reducing end by a fructose residue (14,126). The fact that this
fructose is reducing in nature indicates that it is not in a sucrose-type
linkage. This suggests that fructose, released from sucrose during dex-

tran synthesis, can act as an acceptor to terminate chain elongation,
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resulting in a dextran chain with a leucrose (112) moiety at the reducing
end. Although it is known that different glucansucrases have different
specificities with regard to acceptor reactions with low-molecular-weight
acceptors (3,11,13,14,122,124,125,127), the relationship of this specific-
ity to the formation of specific dextran structures is not yet well-

understood.
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SECTION 1

ISOLATION AND PARTIAL CHARACTERIZATION OF AN EXTRACELLULAR
GLUCANSUCRASE FROM Leuconostoc mesenteroides NRRL B~1355
THAT SYNTHESIZES AN ALTERNATING_(1+6), (1+3) -0~D-GLUCAN

Gregory L. C6té and John F. Robyt
Department of Biochemistry and Biophysics
Iowa State University, Ames, Iowa 50011
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ABSTRACT

Leuconostoc mesenteroides NRRL B-1355 grows on sucrose to produce two
extracellular O~D-glucans. Although both are termed dextrans, they are
chemically and physically distinct, and can be separated by fractional
ethanol precipitation into fractions designated L and S. Fraction L is
similar to B-512F dextran, having 95% o~-(1+6) linkages and 5% oa-(1+3)
branch linkages, but Fraction S has an alternating sequence of o-(1+6) and
0~(1+3) linkages. Because of its structural differences from dextran, its
different physical characteristics, and its resistance to hydrolysis by
endodextranase, we have named glucan S, alternan, and the enzyme that syn-
thesizes it from sucrose, alternansucrase. Alternansucrase has been iso-
lated by two different methods. The first involves removal of the fraction
L glucan from the culture fluid via hydrolysis by an endodextranase, fol-
lowed by chromatography on Bio-Gel A-5m. The void-volume fraction synthe-
sizes only alternan, whereas the slower-migrating, second fraction synthe-
sizes mainly dextran, together with some alterman. The second method
utilized hydrophobic chromatography on O-(phenoxyacetyl)cellulose; a por-
tion of the alternansucrase did not bind, whereas the bound portion, re-
moved by eluting with detergent, contained both.alternansucrase and dex-
transucrase. The glucans were identified by physical appearance, the con-
centration of ethanol required for precipitétion, periodate-oxidation
behavior, and susceptibility to hydrolysis by endodextranase. Also
studied was the inhibition of the enzymes by 3-deoxy-3-fluoro-a-D-gluco-
pyranosyl fluoride, tris(hydroxymethyl)aminomethane, 2-aminoethanol, and
octyl B-D-glucopyranoside.
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INTRODUCTION

In 1954, Jeanes et al. (1) reported the production, separation, and
characterization of a number of extracellular q-D-glucans synthesized by
various bacteria grown in the presence of sucrose. These included two glu-
cans produced from sucrose by Leuconostoc mesenteroides NRRL B-1355. They
could be separated by fractional ethanol precipitation into an L-fraction,
which was precipitated at 37-387 ethanol, and an S-fraction, which precipi-
tated at 39-40% ethanol (2). These two glucans, commonly referred to as
dextrans, show markedly different chemical and physical characteristics
(1,2).

Much work has been done on the structures of these two glucans (1-14),
especially fraction S (14). Periodate oxidation (1,2), acetolysis (3,4),
and Smith degradation (3) have all shown that the S fraction contains a
high proportion of oa-(1+3)~linked residues. Partial hydrolyzates of the
S glucan have yielded two trisaccharides, 6%-a-D-glucosylnigerose (3), and
32-q-D-glucosylisomaltose (5). This work and the recent studies of Seymour
et al., using methylation (6,7) and '®C-n.m.r. (8-13), all suggest a struc-
ture of alternating sequences of a=~(1+6) and a~(1-+3)-linked D-glucose
residues. Thus, B-1355 fraction S glucan seems not to be a true dextran,
as the a-(1+3) linkages are part of the linear chains and there are not
any consecutive 0-(1+6) linkages as are present in dextran. Further, the
0—(1+3) linkages in B-512F dextran are exclusively found as branch points.
Others have also commented on the unique nature of the B-1355 S glucan
(11,13,14). Because of its unique structure and properties, we propose
the name "alternan" for this glucan.

The B-1355 fraction L glucan, on the other hand, seems to be a typical
dextran, having 95% of o-(l+6)~linked D-glucose residues, with the remain-
der being o~(1+3)-linked branch points (8).

Until now, it was not known whether a single enzyme synthesizes the
two extracellular B-1355 glucans, or if two distinct enzymes are respons-
ible. One difficulty in studying the enzyme(s) is that the culture medium
must contain sucrose in order to induce production of the enzyme(s). This

results in large amounts of polysaccharide being produced in conjunction
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with the enzyme(s) responsible for their syntheses. These apparently high-
molecular-weight complexes of enzyme and polysaccharide make it difficult
to separate the enzyme(s) by conventional means.

The nature of these complexes may, however, be used to separate the
enzyme(s) if one of the polysaccharides can be specifically degraded
while leaving the other intact. We have separated the two enzymes by
hydrolyzing the L-fraction dextran with an endodextranase, leaving the
alternan-alternansucrase intact as a high-molecular-weight complex. The
enzymes were then separated, by the difference in molecular size, on a
Bio-Gel A-5m column.

Another, entirely different method of separating alternansucrase from
dextransucrase involves hydrophobic chromatography with O-(phenoxyacetyl)-
cellulose. The mixture of enzymes is adsorbed onto a column, and a portion
that contains both glucans and only alternansucrase is not adsorbed. When
the column is eluted with detergent, dextransucrase and alternansucrase
are eluted relatively free of glucans.

We have studied the activity of the enzymes in the presence of vari-
ous compounds. Of these, the most interesting is 3-deoxy-3-fluoro-o-~D-
glucopyranosyl fluoride, which gives 1007% inhibition of alternansucrase at
concentrations as low as 5 mM. Also acting as inhibitors, although to a
much lesser degree, are tris(hydroxymethyl)aminomethane and 2-aminoethanol.
The nonionic detergents, Triton X-100 and Tween-80, had no noticeable
effect on these enzymes, but octyl B-D-glucopyranoside, also a nonionic

detergent, was inhibitory to a significant degree.
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MATERIALS AND METHODS

Growth Conditions

Leuconostoc mesenteroides B-1355 was grown in the medium described
by Hehre (15). Cultures were incubated on a rotary shaker for 12 h at 25°.
Successive transfers of 107 were made into larger Volumes until 1 L was
used to inoculate 10 L of medium in a fermentor at 25° with 150 r.p.m.
agitation and aeration of 0.5 L per min per 10 L of culture. Cells were

removed by continuous centrifugation in a Sharples centrifuge.

Preparation of Crude Enzyme Mixture

All preparation and purification steps were conducted at 4° unless
otherwise stated. After centrifugation, the clear amber supernatant
fluid was dialyzed and concentrated ten fold, as previously described (16)
for Leuconostoc mesenteroides B-512F. This preparation, referred to as
CSDC (culture supernatant, dialyzed, and concentrated), was stable when
frozen, but slowly lost activity when stored for several weeks at 4°. A
significant amount of material precipitated on pfolonged sténding at 4°,

possible because of aggregation of the enzymes and polysaccharide.

Enzyme Assays

Glucansucrase activity was measured by a radiochemical method (16,
17), in which a sample of the enzyme solution was incubated at room
temperature at pH 5.1-5.4 with 150 mM [U-1“C]sucrose (New England Nuclear).
Timed aliquots were absorbed onto l.5-cm squares of Whatman 3MM filter
paper. The paper squares were immediately dropped into methanol, washed
with methanol five times, dried, and counted by liquid scintillation to
determine the amount of 1*C incorporated into polysaccharide. An enzyme
unit is defined as the amount of enzyme that incorporates 1 umol of mono-
saccharide into polysaccharide in one min. Separate assays using [!%C]-

fructose~labeled sucrose showed no fructansucrase present in the CSDC.
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Carbohydrate and Protein Determination

Total carbohydrate was measured either manually, by the phenol-sul-
furic acid method (18), or by the orcinol-sulfuric acid method with a Tech-
nicon AutoAnalyzer (19,20). Protein determinations were attempted by the
Coomassie Blue method of Bradford (21), but the results are not reliable,
because of the relatively large proportions of polysaccharide present in
most of the preparations. As the high concentrations of polysaccharide
produce significant interference in any spectrophotometric determination

of protein, no values for protein concentration are given here.

Poly(ethylene glycol) Precipitations

Poly(ethylene glycol) (PEG), of various molecular weights was used
to precipitate proteins and protein-carbohydrate complexes (22-24) by
adding a volume of aqueous PEG of twice the desired final concentration
to an equal volume of protein-containing solution. After mixing thorough-
ly, the mixture was kept for 15-20 min at 4-8°. The mixture was then cen-
trifuged, the clear supernatant fluid poured off, and the precipitate re-
dissolved in the original volume of cold buffer.

pH-Activity Assays

The activity of alternansucrase was measured at various pH values by
precipitating all of the enzyme out of the A-5mV, concentrate (Fig. 2b)
by using a 6% concentration of PEG-6000, and then redissolving the pre-
cipitate in the original volume of the appropriate buffer. The following
buffers were used, with the final concentrations in the assay all at
20 mM: phosphate (pH 2.3-3.0 and pH 5.6-8.9), and pyridine acetate (pH
3.9-5.3 and pH 6.1).

Dextranase Digests

CSDC was treated with endo-dextranase as previously described (16),
with one of the following preparations: (1) Purified Dextranase S (Sigma
Chem. Co., St. Louis, MO); (2) Crude Dextranase S (Swiss Ferment, Basle,
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Switzerland); (3) Purified Dextranase S (Worthington Biochemical Corp.,
Freehold, NJ); and (4) An unidentified endo-dextranase, purchased from ICN
Nutritional Biochemicals, Cleveland, OH, which gave markedly different

products as compared with Dextranase S (see discussion).

Chromatography

Thin~layer chromatography was performed on 0.25-mm silica-gel plates
(Merck)., The oligosaccharides of the isomaltose series were separated by
two ascents in 3:1:1 (v/v) ethanol - nitroethane - water. Compounds were
detected by spraying the plates with sulfuric acid and charring for 10 min
at 120°. Standard isomalto-oligosaccharides were prepared by partial acid
hydrolysis of B~512F dextran with 0.07 M trifluoroacetic acid for 30 min
at 130° (16).

Molecular-exclusion gel chromatography employed a 2.5 cm x 75 cm
column of Bio-Gel A-5m (Bio-Rad) at 4°. The eluant was 20 mM pyridine-
acetate buffer at pH 5.1-5.4, containing 0,017 sodium azide and 1 mM cal~
cium chloride. Fractions of 3 mL were collected, and the void volume was
60 mL,

O-(Phenoxyacetyl)cellulose (PA-cellulose) was preparéd by the method
described by Butler (25), using phenoxyacetyl chloride to derivatize
either fibrous or microcrystalline cellulose. In order to obtain maximum
flow-rate and surface area, columns contained 1l:1 (w/w) microcrystalline
and fibrous PA-cellulose. Columns were eluted with 20 mM pH 5.1-5.4
pyridine-acetate buffer until nonbinding polysaccharide and protein was
eluted, at which point the eluent was changed to detergent in buffer in
order to remove bound protein. Tween 80 (0.5%) and Triton X-100 were used
initially, but were found difficult to remove by dialysis. Zwittergent
3-10, (N-decyl-N,N-dimethyl-3-ammonio-l-propanesulfonate) (1%, Calbiochem)
was subsequently used, as it is more readily removed by dialysis.

Column fractions were assayed‘by a modification of the usual tech-
nique (16), in which only a single time-point was checked for synthesis of
[I“C]glucan. Pooled fractions were concentrated as described previously

(16), with an Amicon ultrafiltration cell and a PM 10 membrane.
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Preparation of Polysaccharides =

Relatively pure polysaccharides were prepared by incubating a buffered
(pH 5.1-5.4) solution of 0.3 M sucrose with a solution of one or both of
the enzymes studied. After 1-5 days at room temperature, when the mixture
had become viscous and opalescent, it was diluted to give a polysaccharide
concentration of V27%. Absolute ethanol was then added at room tempera-
ture, slowly and with continuous stirring, until the desired concemntration
of ethanol had been reached (1,2). Typically, B-1355 fraction L glucan
precipitated at 37-38% ethanol, and fraction S glucan at 39-40% ethanol.

To purify the glucans further, they were redissolved in water, dia-
lyzed overnight against distilled water, and precipitated as before.
The precipitates were washed with ethanol, dried im vacuo for 24 h at 40°

and stored in vacuo over phosphorus pentaoxide at room temperature.

Periodate Oxidations

Polysaccharide structures were verified by periodate oxidation and
periodate consumption was monitored spectrophotometrically (26). Mixtures
contained the following final concentrations: polysaccharide, 1 mM as glu-
cose residues, 2.5 mM sodium metaperiodate, and 60 mM sodium acetate
buffer, pH 5.1.

Periodate absorbance was measured at 290 nm against a blank of water.
A reagent blank containing only sodium metaperiodate and buffer showed no
decrease in absorbance at 290 nm after being kept in the dark for 2 weeks
at 20°. A value of 0.22 mM~! cm™! was used for the absorptivity coeffi-
cient of periodate (26). -

Preparation of 3-Deoxy-3-fluoro-o~D-glucopyranosyl Fluoride

Oxidation of 1,2:5,6-di-0O-isopropylidene-a-D-glucofuranose (27) with
chromium trioxide - pyridine (28) gave 1,2:5,6-di-0-isopropylidene-a-D-ribo-
hexofuranos-3-ulose, which was reduced with sodium borohydride to 1,2:5,6-
di-O-isopropylidene-oa-D-allofuranose (29); The latter was mesylated with
methanesulfonyl chloride in pyridine to give 1,2:5,6-di~-0-isopropylidene-
3-0-(methanesulfonyl)-0~D-allofuranose. Heating this compound to 200° in
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acetamide with potassium fluoride gave as a major product 3-deoxy-3-fluoro-
1,2:5,6-di-0O-isopropylidene-o-D-glucofuranose (30), isolated by column
chromatography on silica gel with 9:1 (v/v) benzene-diethyl ether (30).

The O-isopropylidene groups were removed by using Amberlite IR-120 (H*)
ion-exchange resin (31,32). The free deoxyfluoro sugar was benzoylated
(33,34), fluorinated by using liquid HF (34,35), and deesterified with
sodium methoxide in dry methanol, to give 3-deoxy-3-fluoro-o.-D-glucopyran-
osyl fluoride, with the free deoxyfluoro sugar as a major contaminant (31-
35). The identities of all intermediates and products were verified by
chromatographic mobility, melting points, proton n.m.r. and '°F-n.m.r.

spectroscopy.
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RESULTS

The culture supernatant fluid showed an activity of 0.2 unit of enzyme
per mL. After dialysis and concentration, the CSDC contained 0.84 unit/mL.
There was a high amount of polysaccharide associated with these prepara-
tions, and the CSDC was found to contain 20 mg/mL of total carbohydrate,
as determined by the phenol-~sulfuric acid method.

Initial attempts at separating the enzymes present in the CSDC con-
sisted of fractional precipitation of the glucan-enzyme complexes with eth-
anol. This method, however, gave very low yields of activity (< 15%) and
did not separate the two activities from each other.

Further attempts consisted of fractional precipitation of the proteins
in the CSDC by using poly(ethylene glycol) of various molecular weights
(22,23). This technique has been used in the past to isolate two different
glucansucrases from other proteins in Streptococcus mutans (24), although
it did not separate them from each other. In the L. mesenteroides B-1355
system, no separation of the two activities present could be accomplished
by this procedure, although it was possible to precipitate out and sub-
sequently recover all of the activity of the CSDC by precipitation with
PEG. TFig. 1 shows the amount of enzyme activity recovered from the pre-
cipitate at various concentrations of PEG, using PEG of molecular weights
400, 600, and 6000. Although the two activities could not be separated
from each other in this manner, it was observed that some extraneous car-
bohydrate, and small amounts of protein as well, could be removed by this
procedure,

Alternansucrase was isolated from the mixture by a procedure which
makes use of the fact that both enzymes occur as large, high-molecular-
weight protein-polysaccharide complexes. It was found that dextranase S
and ICN dextranase both were capable of hydrolyzing B-1355 fraction L dex~
tran into small oligosaccharides and D-glucose, but they gave no signifi-
cant amount of similar products from alternan under the same conditionms,
although it has been reported (l4) that dextranase gave a trace of iso-
maltose from alternan. This difference apparently arises from the fact

that alternan has alternating sequences of o-(1+6) and a-(1+3)~linked
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Figure 1. Precipitation of glucansucrase activity from the dialyzed and

concentrated culture supernatant by three poly(ethylene gly-
col)s. The vertical axis is the percent of activity precip-
itated
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Qlubosyl residues and that the o-(1+3) linkages of alternan are part of

the linear chains, whereas dextrans, such as fraction L and B-512F glucans,
have consecutive a-(1+6)~linked glucose residues as part of their main
chains and their o~(1+3) linkages are exclusively branch linkages. It

was also found that an o-(1+3) glucanase (mutanase), obtained from Novo
Industries, hydrolyzed neither dextran nor alternan.

With this selectivity of dextranase action in mind, we incubated a
sample of the CSDC with ICN dextranase until no fraction L dextran re-
mained. Products of low molecular weight were removed by conducting the
digestion in a dialysis bag (l16), dialyzing the mixture against 20 mM
pH 5.1-5.4 pyridine acetate buffer., The digest was then applied to a
column of Bio-Gel A-5m and eluted with pH 5.1-5.4 buffer. The elution pro-
files for CSDC before and after action of dextranase (Figs. 2A and 2B)
show two activity peaks. The void volume in both cases contained tangible
amounts of polysaccharide. In order to determine the nature of the two
activities represented by the two peaks in Fig. 2B, the appropriate frac-~
tions were pooled and concentrated by ultrafiltration. These two pooled
sampies, referred to as A-5mV,C and A~5mIIC, were each incubated with 0.3 M
sucrose in pH 5.1-5.4 pyridine acetate buffer. When these mixtures had
become opalescent and somewhat viscous, the polysaccharides were precip-
itated with ethanol. Most of the glucan produced fromA-5mIIC precipitated
at an ethanol concentration of 387, although a small amount did not pre-
cipitate out until the concentration reached 40-41%. The polysaccharide
produced by the A-5mV C precipitated at an ethanol concentration of 40%.
These observations, together with the physical appearances of the two
polysaccharides (see Fig. 3), suggested that the void volume was producing
only dlternan, whereas fraction II was synthesizing mainly fraction L dex-
tran, as well as a small amount of alternan. To verify this, both of the
glucans, together with samples of alternan and dextran, were incubated
with dextranase S and ICN dextranase. After 48 h at 20°, t.l.c. (see Fig.
4) showed that theA-5mV, glucan was not significantly hydrolyzed by dex-
tranase, nor was the sample of alternan. The fraction L dextran was com-
pletely hydrolyzed by the dextranases, leaving only a Qery small trace of

material at the origin. However, theA-5mlII glucan, while giving a large



Figure 2.

Bio-Gel A-5m chromatography of B-1355 CSDC before and after dextranase treatment.

A: Elution of dialyzed and concentrated culture supernatant on Bio-Gel A-5m. The
vertical axis is the c.p.m. of [1“C]glucose incorporated into methanol-insoluble glucan,
which is directly proportional to the glucansucrase activity. Each fraction was 3.8 mL.

B: Elution of dextranase-treated, dialyzed and concentrated, culture supernatant

on Bio-Gel A-5m. Same conditions as in A
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Figure 3. Differences in physical appearance of alternan (fraction S
glucan) and dextran (fraction L glucan) after precipitation

with 40 and 387% ethanol, respectively
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B-1355 Glucans




Figure 4.

Thin-layer chromatography of endo-dextranase products from
various glucans. A, B, C, D, and E denote action of Sigma
dextranase on B-512F dextran, B-1355 L dextran, B-1355 S
glucan, A-5mV, glucan, and A-5m fr. II glucan; F, isomalto-
oligosaccharide standards; G, H, I, J, and K denote action
of ICN dextranase on B-512F dextran, B-1355 I. dextran,
B-1355 S glucan, A-5mV, glucan, and A-5m fr. II glucan
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amount of hydrolysis products identical to those from B-1355 L-dextran,
also showed a significant amount of material remaining at the origin, in-
dicating that some alternan is produced by A-5mIIC, in addition to the dex-
tran that is produced. The B-1355 fraction L dextran appears to give
products on dextranase hydrolysis identical to those produced from B-512F
dextran, indicating the close structural similarity between the two.

Periodate oxidations were also performed on the glucans produced by
the A-5mfractions. The results, shown in Table I, indicate that alternan
and the glucan produced by the A-5mV, both consumed the same amount of
periodate per glucose residue., Furthermore, this figure is exactly as
expected for a glucan of the alternmating structure described by others
(3-14). Likewise, the periodate consumption by fraction L dextran and
A-5mII glucan are also both, within experimental error, the same as expected
from the usual dextrans (10). This result indicates that, although a small
amount of alternan is produced by fraction II, most of the activity in
A-5mII is dextransucrase.

A totally different method of separating alternansucrase from dextran-
sucrase involves hydrophobic chromatography on O-(phenoxyacetyl)cellulose
(PA-cellulose) as described in the Methods section. When a sample of CSDC
was applied to a column of PA-cellulose and washed through with buffer,
the first several fractions contained considerable polysaccharide and
enzyme activity. If the column was then washed with buffered detergent,
such as Tween 80 or Triton X-100, a second peak of activity was eluted
(see Fig. 5). The first peak produced a glucan that precipitated at 40%
ethanol, This glucan was not hydrolyzed by dextranase, as shown by two
different methods. The first method was t.l.c. of the dextranase digest,
which showed no oligosaccharide products. The second, slightly more sens-
itive technique, consisted of using [}“C]sucrose to obtain a *C-labeled
sample of this first glucan. Following treatment of this sample with
dextranase, timed aliquots of the digest were spotted on paper, washed
with methanol five times, dried, and counted by liquid scintillation as
described in the assay method for glucansucrase. As Fig. 6 shows, there
was no decrease in the amount of '“C-labeled, methanol-insoluble glucan on

treatment by dextranase of both the A-5mV, glucan and the PA-cellulose un-



32

Table I. Periodate-oxidation data

Sample Moles I0,~ consumed Moles I0, consumed
per mole glucose per mole glucose
residues (theoret- residues (experiment-
ical from Seymour al) £ S.E.g%
et al. (8))

Alternan (glucan S)b 1.1 Jd 0.1

A-5mV, glucan® | 1.0 + 0.1

Dextran (glucan L)b 1.9 .7 0.2

A-5m fraction II glucan® 2.1 £ 0.2

aS.E.i = S.D.x/ﬂv, where S.D.x = standard deviation for x for
N runs.

bGlucans S and L from B-1355, isolated and purified by the methods
of Wilham et al. (2).
€Glucans synthesized by the void volume (V) fraction and a slower-

migrating fraction (Fr. II) from a column separation of dextranase-
treated CSDC on Bio-Gel A-5m.
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Figure 5. Elution of dialyzed and concentrated culture supernatant from
O~(phenoxyacetyl)cellulose. Vertical axis refers to c.p.m. of
D-[**C]glucose from [l“C]sucrose incorporated into methanol-
insoluble glucan and is directly proportional to the glucan-
sucrase activity. Eluent was 20 mM pH 5.3 pyridine-acetate
buffer until fraction 15 (arrow), when the eluent was changed
to 0.5% Triton X-100 in buffer. Column size was 1 x 6 cm,
sample size was 1.5 mL, and each fraction was 1 mL



Figure 6. Action of ICN dextranase on [!“C]glucans, with methanol-
insoluble [!“C]glucan remaining as a function of time.
A: Action of dextranase on the glucan produced by
CSDC-PAC I (—@-); action on the glucan produced by
A-5mV,C (——).
B: Hydrolysis of B-512F dextran by dextranase
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bound-enzyme glucan. This result indicates that the activity that is not
bound to the PA-cellulose is alternansucrase.

The enzyme activity that did bind to the PA-cellulose, on the other
hand, and which was removed by detergent, produced two polysaccharides from
sucrose. One of these preécipitatéd at 38% ethanol, whereas the other pre-
cipitated at 407 ethanol. There were labeled as fractions II-B and II-A,
respectively. Hydrolysis by dextranase, followed by t.l.c. of the prod-
ucts, showed that fraction II-A was not hydrolyzed by ICN dextranase.
Fraction II-B gave products identical to those produced by action of ICN
dextranase on a known sample of B-1355 fraction L dextran (see Fig. 7).
This indicates that both actiﬁities are bound to the PA-cellulose and are
removable by detergents. It should be noted that the unbound fraction
contained high amounts of polysaccharide, whereas there was only a trace
of carbohydrate in the bound fractions. An ionic detergent (Zwittergent
3-10) also removed the enzymes from PA-cellulose.

The pH optimum of alternansucrase was determined by assays as de-
scribed in the Methods section. Fig. 8 shows the pH optimum for alternan-
sucrase to be 5,5 * 0.5. Preliminary work has shown that the CSDC has a
pH-activity curve identical to that of alternansucrase alone (results not
shown). All preparative steps and enzyme assays were thus performed in
the pH range 5.1-5.5, using 20 mM pyridine acetate buffer.

The activity of the enzymes in the presence of certain compounds
(Table II) was also studied. Tris(hydroxymethyl)aminomethane (THAM) and
2-aminoethanol are both inhibitors of L. mesenteroides B-512F dextran-
sucrase (unpublished results). These two compounds were also foundcto be
inhibitors of the B~1355 enzymes (Table II). TFor this reason, they were
not used as buffers in the regions of higher pH when determining the pH
optimum for the enzymes. It was also shown that L-serine and L-threonine

do not inhibit these enzymes, even though these two amino acids both con-

| |+
tain the HO-CH-~C-NH3; moiety common to both THAM and 2-aminoethanol.

When selecting detergents to use with these enzymes, octyl B-D-gluco-

pyranoside was considered, but proved unsuitable, as it was found to be an



Figure 7.

Action of ICN dextranase on three glucans. Thin-layer
chromatogram of products; 2 ascents on silica-gel plates
in 3:1:1 (v/v/v) ethanol - nitroethane -water. L, action
of dextranase on B-1355 fraction L glucan. IIA, action of
dextranase on glucan that precipitates at 407 ethanol and
was produced by fraction II (Fig. 4) of chromatography of
CSDC on O-(phenoxyacetyl)cellulose. IIB, same as IIA,

but on glucan that precipitates at 38% ethanol
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Table II. Activity of glucansucrases in the presence

of various compounds?

Compound Concentration Activity remaining (%)
(M) |
in CSDC in A-5mV,C

3-Deoxy-3-fluoro-a~D-glucopyran-— 5 NDP 0
osyl fluoride 25 "~ 25 0
. 50 0 0
3-Deoxy-3-fluoro-D-glucose 70 100 100
3-0-Methyl-D-glucose 33 100 NDb
Potassium fluoride 100 100 - NDP
EDTA, disodium salt 15 100 NDP
THAM 50 40 70
2-Aminoethanol 50 90 80
L-Serine 50 100 100
L-Threonine 50 100 100
Octyl B-D-glucopyranoside 1€ 70 NDb
Zwittergent 3-10 1¢ 100 100
Triton X-100 1€ 100 100
Tween 80 1¢ 100 100
Sodium dodecyl sulfate 0.5 30 0

a
Sucrose concentration in each case was 0.1 M.
bND = not determined.

Cpercent (w/v).
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inhibitor of the enzyme mixture, as was sodium dodecyl sulfate. On the
other hand, Triton X-100, Tween 80, Zwittergent 3-10, and sodium tauro-
cholate all had no effect on the actiﬁity of the enzymes.

Perhaps the most interesting compound studied was the substrate ana-
logue, 3-deoxy-3-fluoro-a-D-glucopyranosyl fluoride. In previous work,
Genghof and Hehre (35) and Figures and Edwards (36) established that
dextransucrases from other organisms were able to synthesize dextran from
0~D-glucopyranosyl fluoride. For this reason, we considered that 3-deoxy-
3-fluoro-g~D-glucopyranosyl fluoride might act as a substrate analogue and
inhibit the production of alternan. To test this idea, assays were con-
ducted in which the concentration of sucrose was 0.1 M and the inhibitor
concentration ranged from 5 to 50 mM. The results (Table II) show that
this compound is a fairly potent inhibitor of altermansucrase, but is
less inhibitory to.the dextransucrase as it occurs in the CSDC. This in-
hibition was found to be at least partially reversible. A sample of CSDC
that had been inhibited by 3-deoxy-3-fluoro-a-D-glucopyranosyl fluoride
was dialyzed overnight against buffer, and was found to have regained
half of its original actiﬁity.

It should be noted that the sample of 3-deoxy-3-fluoro-a~D-gluco-
pyranosyl fluoride used in these assays contained significant amounts of
fluoride ion, as well as the free sugar 3-deoxy-3-fluoro-D-glucose.
Neither of these materials, howeﬁer, has any effect on the activity of the

enzymes (Table II).
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DISCUSSION

While relatively pure B-1355 fractions L and S glucans can be obtained
by fractional precipitation with ethanol (2), the enzymes that synthesize
them cannot be separated in this way. By ethanol fractionation, no more
than 12% of the activity could be recovered. This is most likely due to
denaturation of the enzymes at ethanol concentrations of 35 to 40%.

In contrast, poly(ethylene glycol) (PEG), of various molecular
weights, could precipitate out all of the enzyme actiﬁity, as shown in Fig.
1, but did not separate the two enzymes. The concentrations of PEG re-
quired for precipitation were inversely proportional to the molecular
weight of the PEG. It was also found that PEG precipitates dextran; the
amount needed for this depends on the amount of dextran present and the
molecular weight of the PEG (data not shown).

In studying the effects of various glucanases on these two polysac-~
charides, it was found that dextranase S was capable of completely hydro-
lyzing B-1355 fraction L glucan. The major products, shown in Fig. 4,
were glucose and isomaltose. Dextranase S produced no detectable low-
molecular-weight products from fraction S glucan (alternan).

Another o0~(1+6)-endodextranase, obtained from ICN Pharmaceuticals,
was also able to hydrolyze fraction L dextran, but gave different products.
In this instance, very small amounts of glucose and isomaltose were pro-
duced, and the major products were isomaltotriose and tetra-, penta-, and
hexa-saccharides containing a~(1+3) linkages that arise from hydrolysis
around o-(1+3) branch points. This dextranase also was unable to hydro-
lyze alternan (see Fig. 4). Mutanase (an 0~(1+3) endoglucanase from Novo
Industries) showed no hydrolytic action on either of the glucan fractionms.

The inability of any of these endoglucanases to hydrolyze alternan is
apparently due to its unique alternating o0-(1+6), oa-(1+3)-D-glucose
structure. This result shows that these dextranases require comsecutively
linked o-(1+6)-D-glucose residues as a substrate. Likewise, mutanase
seems to require consecutive o0~(1-3) linkages. .

Isolation of alternansucrase from CSDC was accomplished by using ICN

dextranase to hydrolyze the B-1355 fraction L dextran, thus removing this
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polysaccharide from the enzyme mixture. This left the alternan-alternan-
sucrase complex intact as a complex of very high molecular weight. This
mixture, when passed through a column of Bio-Gel A-5m, gave two activity
peaks, one at the void volume and another in a slower-moving fraction.
These are referred to as the A-5m void volume fractiom (A-5mVg) -and A=5m
fraction II (A-5mII). The methods used to characterize the activity in
each fraction are described in the Results section. The results in Figs.
4 and 6A show that the glucan produced from sucrose by the A-5mV, is not
hydrolyzed by any of the dextranases, indicating it to be alternan. This
conclusion is verified by the physical characteristics, namely precipita-
tion occurs at 407 ethanol to giﬁe a dense white precipitate (see Fig. 3)
that dissolves very readily in water. Periodate-oxidation data (Table I)
further demonstrate that this glucan is alternan. Calculating the the-
oretical amount of periodate that would be consumed by alternan, using

the methylation results of Seymour et al. (7), there should be 1.1 mol of
periodate consumed per mol of glucose residues. The results shown in
Table I, thus, stand as proof of the identity of the glucan produced by
the A->mV, enzyme. Likewise, the same types of evidence indicate that the
glucan produced by A-5mIY enzyme is a mixture of both glucans. As this
mixture gives approximately the same results upon periodate oxidation as
does fraction L dextran, it is assumed that the A-5mII produces alternan

in much lower amounts than dextran. The precipitation from fraction II

of only a small amount of glucan at 40~41% ethanol also indicates that the
predominant activity in this fraction is dextransucrase. This second A-5m
fraction lacks any significant amount of polysaccharide, and is very un-
stable, losing virtually all of its activity on being kept for more than a
few h, even at 4°, Apparently, the removal of polysaccharide destabilizes
these enzymes and causes loss of activity. Dextran has been shown to sta-
bilize dextransucrase from L. mesenteroides B-512F (16). It should be noted
that if the CSDC is not treated with dextranase, only a single peak emerges
from the Bio-Gel A-5m column (Fig. 2A). This implies that the second peak
in Fig. 2B represents material whose molecular size has been decreased by

removal of dextran. From this, it may be concluded that both enzymes exist
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in the CSDC as extremely large complexes. The CSDC enzymes have also been
shown to be excluded from Bio-Gel A-15m. Previous workers (9), using light
scattering, have estimated the average alternan molecule to have a molec~

ular weight of "4 x 107,

It is interesting to consider the presence of alternansucrase in the
A-5m fraction IT after treatment with dextranase. Apparently, enough
alternan is removed by dextranase action to allow some small amount of the
alternansucrase complex to be decreased in size to <5 x 10° daltons.
Misaki et al. (l4) report up to 7.3% hydrolysis of B-1355 S glucan by
Penicillium sp. dextranase. If this hydrolysis did result in a decrease
in size of some alternan molecules to a value less than 5 x 10° daltons,
this may account for the presence of a small amount of alternansucrase in
fraction II. This decrease in molecular size would not be noted by our
t.l.c. method, as any oligosaccharides larger than d.p. 20 would remain
at the origin.

Another method of isolating alternansucrase utilized hydrophobic
chromatography on O-(phenoxyacetyl)cellulose (25). This material has been
used to immobilize a number of proteins by non-covalently binding them.
The proteins may the removed by such non-ionic detergents as Tween 80 and
Triton X-100.

When a sample of CSDC is chromatographed on PA-cellulose, a peak of
activity that does not bind is eluted in the first few fractions (Fig. 5),
and contains a large amount of polysaccharide. If the column is then
eluted with detergent, a second peak emerges that contains appreciable
amounts of enzyme activity, but only a trace of carbohydrate.

The portion of the CSDC which does not bind to PA-cellulose is re-
ferred to as CSDC-PAC-fraction I, whereas the portion that binds and is re-
moved by detergent is referred to as CSDC-PAC-fraction 1I. CSDC-PAC-frac-
tion I was incubated with [15C]sucrose, and the resultant ['“Clglucan was
precipitated with 40% ethanol and redissolved in water. A digest of this
glucan with ICN dextranase showed no decrease in the amount of methanol-
insoluble ['“C]glucan after 172 h (Fig. 6A). A sample of [“C]A.—SmVo glu-
can also showed no decrease in methanol-insoluble glucan after dextranase

digestion for 172 h. A dextranase digest of [*“C]B-512F dextran, on the
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other hand, showed a significant decrease in the amount of methanol-insol-
uble glucan after only 24 h under the same conditions. These results in-
dicate that it is only alternansucrase which does not bind to PA-cellulose
under these conditions.

CSDC-PAC-fraction II, however, produced both types of glucans. This
was demonstrated by allowing the fraction II enzymes to synthesize glu-
can(s) from sucrose, and fractionating the products with ethanol. A
sample that precipitated at 407 ethanol was isolated and is referred to
as CSDC-PAC fraction II-A glucan. The second glucan precipitated at 38%
ethanol and is referred to as CSDC-PAC fraction II-B glucan. Glucan II-A
was readily soluble in water, whereas II-B dissolved only with some dif-
ficulty, further suggesting that II-A is alternan and II-B is dextran.
This was confirmed when it was shown that II-B, on hydrolysis by ICN dex-
tranase, gave the same products as B-1355 fraction L dextran, while CSDC-
PAC fraction II-A glucan was not hydrolyzed by ICN dextranase (Fig. 7).
The overall recovery of activity from the PAC is usually between 30 and
40%.

The pH-activity curve (Fig. 8) is discussed in the Results section.
The pH optimum for alternansucrase occurs between pH 5 and 6, which is
similar to that of B-512F dextransucrase (16).

0f special interest is the inhibition of one or both of the B-1355
enzymes by some of the compounds shown in Table II. Figures and Edwards
have previously described the effects of a number of sugars and sugar
derivatives on Streptococcus mutans FAl dextransucrase (36). Included
were some O-D-glucopyranosyl fluorides. As o-D-glucopyranosyl fluoride
has been shown to be a substrate for B-512F dextransucrase (35) and FAl
dextransucrase (36), it was our feeling that analogues of this compound
could act as inhibitors of the B-1355 enzymes. It has also been demon-
strated that o-D-xylopyranosyl fluoride inhibits dextransucrase from L.
mesenteroides B-512F (37). As Table II shows, 3-deoxy-3-fluoro-g~D-gluco-
pyranosyl fluoride proved to be a potent inhibitor of alternansucrase, but
was much less effective as an inhibitor of the CSDC, a mixture of both en-
zymes, This result is not entirely unexpected, as 0-3 in alternan is

directly involﬁed in eﬁery other glucosidic linkage in the main chain,
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whereas in B-1355 L-dextran, 0-3 of D-glucose is only involved in branch-~
ing. Interestingly, 3-deoxy-3-fluoro-0-D-glucopyranosyl fluoride does not
inhibit B-512F dextransucrase (unpublished results), possibly for this
same reason. Fluoride ions and 3-deoxy-3-fluoro-D-glucose were also
present as major contaminants, but wére found to have no effect on either
of the two B-1355 enzymes. 3-0O-Methyl-D-glucose also had no effect on the
activity of the CSDC.

Experiments showed that when a sample of CSDC, which had been 100%
inhibited by 3-deoxy-3-fluoro-a-D-glucopyranosyl fluoride, was dialyzed
overnight, approximately half of the lost activity was regained. This
suggests that at least part of the inhibition is reversible.

Sodium EDTA [(ethylenedinitrilo) tetraacetate] was also checked as a
possible inhibitor to determine whether divalent metal cations were re-
quired for activity, but the lack of inhibition shown in Table II should
not be taken to mean that these metal ions are not required. At the pH
studied, EDTA has a much lower affinity for divalent metal ions than it
does at higher pH values. It may be that, if divalent metal ions are
required, the enzyme may simply bind the metal more strongly than does
EDTA. Work by Robyt and Walseth (16) has shown that B-512F dextransucrase
does have a binding site for divalent metal cations.

Previous workers (38-40) have shown that certain glucanohydrolases
can be inhibited by 2-aminoethanol and tris(hydroxymethyl)aminomethane
(THAM). As these compounds, especially THAM, are often used as buffers in
many blochemical systems, we checked them as possible inhibitors of the
B-1355 enzymes. As Table II shows, THAM and 2-aminoethanol both inhibit
these glucansucrases, and though they are not particularly potent in-
hibitors, they should be avoided when working with these enzymes, and

possibly with other glucosyltransferases. The amino acids L-serine and L-
’ v +
threonine both contain the same structural moiety (HO-CH-C-NH3;) as is

found in THAM and 2-aminoethanol. However, they do not inhibit the two
enzymes studied here. One possible explanation for this may be that the

negatively charged carboxyl group of the amino acids is repelled from a
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negatively charged nucleophile at the active site of the enzyme.

When choosing detergents for use in removing activity from PA-cellul-
ose, it was discovered that octyl PB-D-glucopyranoside is an inhibitor of
the CSDC enzyme-mixture. As no other detergents studied were inhibitors
(Table II), it seems that this inhibition is specific and may arise from
the structural similarity of octyl B-D-glucopyranoside to sucrose and a-D-
glucopyranosyl fluoride.

In summary, we have described methods suitable for the separation
and at least partial purification of the extracellular glucansucrase re-
sponsible for the synthesis of the fraction S, 0=(1+6), a~(1+3) alternately
linked D-glucan, produced by Leuconostoc mesenteroides B~1355. We have
also described some characteristics of the enzyme, including the pH-activ-
ity relationship of alternansucrase, as well as inhibition by a number of
compounds.

Because B-1355 fraction S glucan does not have the characteristics
of a true dextran, that is, it consists of an alternating sequence of
0-(1+6) and a-(1+3) D-glucose residues, is not significantly hydrolyzed
by endodextranases, and has physical properties distinct from dextran, we
propose the name "alternan" for this type of polysaccharide and the name
"alternansucrase' for the enzyme that synthesizes it from sucrose. Simi-
lar alternating o-(1+6) and 0-(1+3)~glucans are also produced by enzymes

from Leuconostoec mesenteroides strains B-1498 and B-1501 (11).
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ABSTRACT

Extracellular glucansucrases from various bacterial sources, including
Leuconostoc mesenteroides, have been shown to catalyze the transfer of
glucosyl groups from sucrose to low-molecular-weight acceptor sugars, form-—
ing a series of oligosaccharides. An extracellular glucansucrase recently
isolated from Leuconostoc mesenteroides NRRL B~1355 synthesizes a poly-
saccharide consisting of alternating o~(1+6)- and 0-(1+3)-linked D-glucose
residues. We have found that this enzyme preparation is capable of forming
both a-~(1+6)- and 0-(1+3)-1linked acceptor-products in the presence of a
number of low-molecular-weight acceptor sugars. D-Glucose gaﬁe isomaltose
only, no nigerose being formed. Similarly, methyl a-D-glucoside, methyl
B~D-glucoside, maltose, and nigerose gave methyl a-isomaltoside, methyl
R-isomaltoside, panose, and 62-0-0-D-glucosylnigerose, respectiﬁely.
However, isomaltose gave both isomaltotriose and 32-0-a-D-glucosylisomalt-
ose. These initial acceptor-products may also act as acceptors, and the
structures of the products of higher d.p. show that a (1+3)-a-D-glucosidic
bond is formed only when the nonreducing glucose acceptor group is linked
through an &~(1+6) bond to another glucose residue. Experiments using
[l“C]sucrose and unlabeled acceptors showed that acceptor reactions occur
by transfer of a glucosyl group from sucrose to 0-3 or 0-6 of the glucosyl
group at the nonreducing end of the acceptor saccharide. If a "good"
acceptor is defined as one that gives rise to a greater amount of oligo-
saccharide and less polysaccharide, then the acceptors tested may be listed
as follows: maltose > nigerose > methyl o-D-glucoside > isomaltose > D-

glucose > methyl B-D-glucoside.
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INTRODUCTION

Koepsell et al. (1) showed that dextransucrase from Leuconostoc mes-
enteroides NRRL B-512, in the presence of low-molecular-weight sugars,
catalyzed the transfer of D-glucosyl groups from sucrose to these "accept-

orll

sugars, forming a series of oligosaccharide acceptor-products. The
acceptor reaction competes with the normal formation of high-molecular-
weight glucan, and different sugars compete to different degrees. Malt-~
ose and isomaltose served as the best acceptors, giving large proportions
of oligosaccharide products, and oniy a small fraction of the dextran was
formed as compared with the proportion formed when acceptors were absent.
Yamauchi and Ohwada (2) studied the formation of acceptor products from
all eleven glucobioses, and showed that, for D-glucose-containing mono-
and di-saccharides in general, B-512F dextransucrase effected acceptor
reactions by transferring a glucosyl group from sucrose to 0-6 of the
nonreducing end of the acceptor sugar. A notable exception to this gen~-
eral observation was the formation of 21-0-a-D-g1ucosy1cellobiose from
cellobiose.

Recently, we have described (3) the separation of two different,
extracellular glucansucrases produced by Leuconostoc mesenteroides NRRL
B-1355. One of these produces a glucan consisting of alternating o-(1+6)-
and a-(l+3)-linked D-glucose residues. This glucan has commonly been
referred to as B-1355 fraction S dextran, but from its unusual structure
and properties, we have proposed the name alterman for this glucan and
alternansucrase for the enzyme that synthesizes it from sucrose (3).

We have studied the structures of a number of oligosaccharide acceptor-
products formed by alternansucrase in the presence of sucrose and accep-
tors, and show that this enzyme forms, via acceptor reactions, both q-(1-6)
and o~(1+3) linkages to a variety of acceptor sugars. We have also deter-
mined the relative abilities of some of these acceptors to divert glucosyl
groups away from formation of alternan and into the formation of oligo-

saccharide acceptor-products.
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MATERIALS AND METHODS

Enzymes and Substrates

Dextransucrase from Leuconostoc mesenteroides B-512F was prepared as
described by Robyt and Walseth (4), and was used to prepare reference
oligosaccharides. Alternansucrase was prepared from the culture fluid of
Leuconostoec mesenteroides B-1355 and was separated from dextransucrase as
previously described (3). Exo-isomaltodextranase was prepared from Arth-
robacter globiformis T6 by the method of Sawai et al. (5).

1"C—Un:i.formly labeled sucrose was obtained from New England Nuclear,
Boston, MA. Reagent-grade maltose was purchased from EM Laboratories,
Elmsford, NY. Methyl a-D-glucoside was purchased from Eastman Kodak Co.,
Rochester, NY, and was recrystallized from ethanol before use. Methyl
B-D-glucoside was purchased from Sigma Chemical Co., St. Louis, MO. Pan-
ose was kindly provided by Dr. Dexter French. Isomaltose was isolated,
from a partial acid-hydrolyzate of commercial B-512F dextran, by column
chromatography on silica gel with 807 acetonitrile in water. Nigerose and
kojibiose were prepared by acetolysis of alternan and B-1299 dextran, re-
spectively, followed by deacetylation and subsequent purification by char-
coal-column chromatography (6). D-Allose was prepared by oxidation of
1,2:5,6-di~0O-isopropylidene-0-D-glucofuranose with chromium trioxide (7),
followed by sodium borohydride reduction and acid-catalyzed remoﬁal of
the acetal protective groups (8). 3-Deoxy-3-fluoro-D-glucose was prepared
as previously described (3). All other materials were commercially aﬁail—

able preparations.

Chromatography

Descending paper-chromatography was performed on Whatman 3MM paper
with either 10:4:3 (V/ﬁ/v) ethyl acetate - pyridine - water or 7:3 (ﬁ/v)
l1-propanol -water. Irrigation was carried out at 37° for 20-40 h, de-
pending on the compounds being separated. For preparative paper-chrom-
atography, the sample was streaked along the origin of a 23 x 56-cm sheet

of paper. After irrigation, guide strips (1 cm) were cut from each edge
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and developed by the alkaline silver nitrate dip-method (9); corresponding
bands were cut out and the compound was eluted with water. For radioac-
tive compoundsw autoradiographic detection was used. T.l.c. was performed
on either Whatman K5 0.25 mm silica gel plates, or on E. Merck plates

(0.25 mm) of 1:1 silica gel 60 - kieselguhr. Multiple ascents were made

in one of the following solvent-mixtures: 4, 4:1'(§/v) acetonitrile -~ water;
B, 9:1 (v/v) acetonitrile - water; C, 4:1:3:2'(§/§/v/§) acetonitrile - nitro-
ethane - ethanol — water; and D, 5:2:4:4'(§/§/v/§) l-propanol - nitromethane -
acetonitrile - water. Detection was by 20% sulfuric acid in methanol, 5%
qrthanilic acid in pyridine (10), or 0.2% l-(l-naphthyl)ethylenediamine di~
hydrochloride (Marshall's reagent) in 3% sulfuric acid in methanol (11),
with heating for 10-15 min at 100-110°.

Acceptor-reaction Conditions

Acceptor reactions were performed at room temperature, with final con-
centrations of 42 mM sucrose, 100 mM acceptor, and 0.13 IU/ml of alternan-
sucrase. The reactions were allowed to proceed until sucrose had disap-
peared (48 h), as judged by t.l.c. with two ascents of solvent A. When
acceptor products were to be isqlated, an equal volume of ethanol was added
to precipitate the polysaccharide. Enzymic reactions were conducted in
20 mM pyridinium acetate buffer (pH 5.3) containing 0.01% sodium azide and
2 mM calcium chloride. Control mixtures containing glucansucrase and ac-
ceptor sugars, but no sucrose, showed no reaction, indicating that accep-

tors do not serve as glycosyl donors.

Determination of Relative Strengths of Acceptors

The relative strengths of the acceptors were determined by treating
alternansucrase with 42 mM [U—15C]sucrose (460 c.p.m./ug) and 100 mM
acceptor as already described until all sucrose had been consumed. Ali-
quots (20 uL) of the reaction were spotted at the origin of a 23 x 56 cm
paper chromatogram, which was irrigated with 7:3 (v/v) l-propanol -water,
for 24 h at 37°. (Channels 3 cm wide were cut into l-cm segments from the

origin to the end of the paper, and each segment was counted for 15C radio-
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activity by liquid scintillation in toluene cocktails. This procedure is
similar to that described by Mayer et al. (12), but the use of 14%c-1abeled

sucrose permits application to any acceptor, not just radiocactive ones.

Structural Analysis of Oligosaccharide Acceptor-products

The structures of acceptor products isolated by paper chromatography
were determined by chemical and physical means. TFor some products, com-
parison by t.l.c. with known compounds was sufficient. When the degree
of polymerization (d.p.) of a sample was unknown, it was determined in one
of two ways: the reducing value of unlabeled coupounds was determined by
the Somogyi~Nelson method (13) and the amount of total carbohydrate was
determined by the phenol-sulfuric acid method (14); alternatiQely, the
specific activity of 14%c-1abeled compounds was determined and compared
with the specific activity of the [!"C]sucrose used in the acceptor reac-
tion.

The products from hydrolysis (15)'of-trisaccharides and larger oligo-
saccharides by isomaltodextranase (5) were examined by t.l.c. with three
ascents of solvent A. As the specificity of this exolytic enzyme (5,15-17)
has been well studied, we were able to use it in the determination of the
structures of a number of oligosaccharides.

When partial acid-~hydrolysis was used to study the composition of an
oligosaccharide, 0.2 mL of a solution of the sugar (“0.5-1.0 mg/mL) was
added to 0.8 mL of 0.4 M trifluoroacetic acid in a glass ampule. The
ampule was then flushed with nitrogen, sealed, and heated for 40 min at
90°. The cooled samples were evaporated to solids under diminished pres-
sure at 45°, and the residues redissolved in 0.2 mL of water. A 5-10 UL
sample of this hydrolyzate was chromatographed by t.l.c. with three ascents
in solvent 4.

13c-N.m.r. spectrometry was used to aid in the determination of the
structure of a tetrasaccharide acceptor-product from maltose (see Results).
The spectrum was recorded with 2 mL of a 0.15 M solution of the tetrasac-
charide inD,0 in a 10-mm tube, using a JEOL FX-90Q !3C-n.m.r. spectrometer
in the Fourier-transform, proton-decoupled mode at 22.5 MHz, with 1,4-diox-

ane as the internal reference standard.
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RESULTS

When dextransucrase from L. mesenteroides B-512F reacts with sucrose,
dextran is formed and D-fructose is released. Once its concentration be-
comes high enough, fructopyranose acts as an acceptor, and the disaccha-
ride leucrose [0-a-D-g1ucopyranosy1-(145)-D-fructopyranose] is formed (18).
We have also found leucrose to be formed when alternansucrase reacts with
sucrose. Leucrose was identified by its HEg1lc value in two different t.l.c.
systems (2 ascents with solvent 4 or 4 ascents with solvent B) and by its
color reaction when orthanilic acid (10) was used for t.l.c. detection.
D-Glucose, D-fructose, and sucrose all gave orange-brown spots with this
reagent, whereas leucrose gave a brownish to oliﬁe—brown spot.

When D-glucose was added as the acceptor with alternansucrase, the
only disaccharide product detected by t.l.c. (other than leucrose) was
isomaltose. No spots corresponding to nigerose, maltose, or kojibiose were
observed. A trace of leucrose was seen, as in all reactions where sucrose
was a substrate. Products of higher d.p. were also observed with D-gluc-
ose, and they corresponded to the same products as when isomaltose was the
added acceptor. These arise from the isomaltose, formed from D-glucose,
also acting as an acceptor.

The first alternansucrase acceptor-product from methyl o-D-glucoside
had the same chromatographic mobility as the first product formed by B-512F
dextransucrase, namely methyl g-isomaltoside (19). In paper chromatog-
raphy with 10:4:3 (v/v/v) ethyl acetate - pyridine - water, this product
had Rgic 0.62; in t.l.c., with four ascents in solvent B, its Rgj. value
was 0.88. Orthanilic acid did not react with this compound, indicating
that it was nonreducing. Prolonged treatment with isomaltodextranase gave
a small but significant amount of isomaltose. These results show that the
alternansucrase acceptor-product from methyl g-D-glucoside is methyl g-iso-
maltoside. Products of higher d.p. were also formed, but their structures
were not studied. It was found that metﬁyl B~-D-glucoside could also serQe
as an acceptor for both B-1355 alternansucrase and B-512F dextransucrase.

As with methyl a-D-glucoside, the disaccharide products from both enzymes
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had the same Rgj. (0.9) in t.l.c., and are presumed to be methyl R-isomal-
toside. Again products of higher d.p. were formed but were not studied;
presumably they have the same linkages as the producté from D-glucose and
isomaltose acceptors. ,

One of the best acceptors was maltose. Only one trisaccharide was
isolated from the acceptor reaction of alternansucrase with sucrose and
maltose (see Fig. l1). This trisaccharide had the same Eglc in t.l.c. as
panose (62—0-a-D-g1ucosylmaltose), which was produced by the acceptor
reaction of B-512F dextransucrase with sucrose and maltose (1,2). Iso-
maltodextranase acted on this compound to giﬁe D-glucose and isomaltose
(Fig. 2), confirming that this acceptor product was panose. No other
trisaccharides were found in the acceptor reaction with maltose. Two
tetrasaccharides were produced from maltose. The first of these (Fig. 1)
migrated between panose and 62—0—a-isomaltosy1ma1tose (20) in t.l.c., and
was found to be a reducing tetrasaccharide. . As it has been shown that
acceptor products of Higher d.p. arise from the lower-d.p. precursors
(12,20), this tetrasaccharide must contain panose as part of its struc-
ture. Isomaltodextranase conﬁerted this material into D-glucose and a
trisaccharide having an Rgf{. value similar to, but not identical to, that
of panose (Fig. 2). Partial acid-hydrolysis yielded D-glucose, plus a
spot corresponding to either nigerose or maltose, isomaltose, a trisac-
charide, and starting material. No kojibiose was found. Of particular
importance in the 13¢-n.m.r. spectrum of this tetrasaccharide (Table I) is
the peak at 80.8 p.p.m. Only four types of glucobiose linkages give a
peak in this region (21), namely: C-2 in a B-(1*2) linkage, C-3 in a
B-(1*3) linkage, C-4 in a B-(1*4) linkage, and C-3 in an 0-(1+3) linkage
(21). The possibility of B-linkages in this tetrasaccharide can be ruled
out, as isomaltodextranase would not act on such a compound, eﬁen if
alternansucrase were capable of forming B-linked products. This means
that the first tetrasaccharide acceptor-product from maltose contains a °
D-glucosyl group linked 0~(1+3) to panose, and must therefore haﬁe the
structure 0—a—D—glucopyranosy1-(1+3)-O-a-D-glucopyranosylF(146)—0—a-D—glu-

copyranosyl-(l+4)-D-glucopyranose.



Figure 1.

Thin-layer chromatogram of various acceptor-reaction mix-
tures, 50% ethanol-soluble fractions. Whatman K5 0,25-
mm silica gel, 2 ascents at 37° with solvent D, detection
by sulfuric acid.

(a) Isomaltooligosaccharide standards.

(b~d) B-512F dextransucrase acceptor-reactions in the
presence of sucrose:

(b) maltose acceptor-reaction: 1 = 62—0—a-isomaltosyl-
maltose; 2 = 62—0-a—isomaltotriosylmaltose.

(¢) nigerose acceptor-reaction: 1 = 62-0-g-D-glucosyl-
nigerose; 2 = 62-0-0-isomaltosylnigerose; 3 = 62-0-0-iso-
maltotriosylnigerose.

(d) isomaltose acceptor-reaction.

(e-g) B-1355 alternansucrase acceptor-reactions in the
presence of sucrose:

(e) maltose acceptor-reaction: 1 = panose; 2 = 62-0-g-
nigerosylmaltose; 3 = 62-0—a—isomaltosylma1tose; 4 = struc-
ture not determined.

(f) nigerose acceptor-products: 1 = 62-0-a-D-glucosyl-
nigerose; 2 = 62-0-o~nigerosylnigerose; 3 = 62-0-0-isomal-
tosylnigerose; 4 = structure not determined.

(g) isomaltose acceptor-products: 1 = 32-0-a-D-g1ucosyl—
isomaltose; 2 = structure not known; 3 = isomaltotriose; 4 =
structure not known.

(Abbreviations used: Glc = D=glucose, Fru = D-fructose;
Im = isomaltose, Im, = isomaltose oligosaccharide of d.p. =

n, Mal = maltose, Nig = nigerose, and Pan = panose.)
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Figure 2.

Isomaltodextranase degradation-products of alternansucrase~maltose acceptor-products.

Thin-layer chromatogram on Whatman K5 0.25-mm silica gel, 3 ascents in solvenf A at 25°;

detection by sulfuric acid.

(a)

Standards (top to bottom): fructose, glucose, sucrose, nigerose, isomaltose,

and panose,

(b)
(c)
(d)
(e)
()
(8)
(h)
(1)
&))
(k)

first maltose acceptor-~product, d.p. 3.

isomaltodextranase hydrolyzate of (b).

second maltose acceptor-product, d.p. 4.

isomaltodextranase hydrolyzate of (d).

standards (top to bottom): fructose, glucose, sucrose, nigerose, and isomaltose.
standards: maltose (faster) and kojibiose (slower).

third maltose acceptor product, d.p. 4.

isomaltodextranase hydrolyzate of (h).

fourth maltose acceptor-product(s).

isomaltodextranase hydrolyzate of (j).

(Abbreviations used: Suc = sucrose, Koj = kojibiose; see also Fig. 1.)
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Table I. 1H—Decoupled 13C-n.m.r. spectrum of the faster-migrating

tetrasaccharide alternansucrase-maltose acceptor-product

Chemical shift Intensity Carbon atom?

(p.p.m. relative to Me,Si)

100.6 1029 12
100.1 1498 1
98.9 1244 13
96.6 838 1B
92.7 384 la
80.8 1077 38
78.2 607b

78.0 888b

77.0 863b

75.4 883b

74.8 1017b

74.0 1761b

73.7 1737b

72.5 3864P

72.1 1842b

70.8 2150P

70.2 2637b

69.9 327b

67.4° 6969

66.6 854 62
61.5 906 1 .3 .4
61.1 1955 fot, 6%, 6

aAssigned on the basis of resonances observed for panose and
nigerose (22).
bNot assigned.

C1,4-—Dioxane internal standard.



Table II.

Alternansucrase acceptors and acceptor products

Acceptor

Acceptor products

d.p. 2 d.p. 3 d.p. 4
D-Fructose leucrose _— —_—
D-Glucose isomaltose (a) o-D-Gle-(1+3)-a-D- 2
Glc-(1+6)-D-Glc
(b) isomaltotriose
(c) minor component?@
Methyl o-D-glucoside methyl a-isomaltoside a a
Methyl B-D-glucoside methyl B-isdmaltoside a a
Maltose - panose (a) a-D-Glc-(1+3)-0~-D-Glc-

Nigerose

Isomaltose

a~-D-Glc-(1+6)-a-D-Glc—-
(1»3)-D-Glc

(a) a~D-Glc-(1-+3)-0-D-
Glc-(1+6)-D-Glc

(b) isomaltotriose

(¢) minor component?

(1+6)~a-D-Gle- (1+4)-D-Glc
(b) o-D-Glc-(1+6)-0~-D-Glc-
(1+6)-a-D-Glc-(1+4)-D-Glc

(a) 0~-D-Glc-(1+3)-0~D~Glc-
(1+6) ~0.~D~Glc~(1+3)-D-Glc
{b) o-D-Glc-(1+6)-0~-D-Glc-
(1+6)-0~D-Glc-(1+3)-D-Glc

a
Structure(s) not determined.
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The second, slower-migrating tetrasaccharide, had the same Eglc value
in t.l.c. as the tetrasaccharide (6Z-O-G—isomaltosylmaltose (20)) produced
by the B-512F acceptor-reaction with maltose (Fig. 1). Treatment with
isomaltodextranase . converted this alternansucrase product into maltose
and isomaltose (Fig. 2), indicating that alternansucrase also produces
62-0-a—isoma1tosylmaltose'from maltose in the presence of sucrose. The
fourth acceptor-product from maltose has not been structurally identified,
but isomaltodextranase hydrolyzed it to D-glucose and two oligosaccharides
having d.p. 3 or 4 (see Fig. 2), whose identities have not been estab-
lished. This pattern of products does not support any of the possible
structures consisting of linear, consecuti?e, D-glucose residues, and so
it may be a "branched" oligosaccharide acceptor-product.

Nigerose was approximately as good an acceptor as maltose, and the
pattern of products from the two appears similar (Fig. 1). Hydrolysis of
the first nigerose acceptor-product with isomaltodextranase gaﬁe D-glu--
oose and isomaltose (Fig. 3). Partial acid-hydrolysis gave isomaltose,
nigerose, and D-glucose, indicating that the nigerose acceptor-product
is 62-0-a-D-glucosylnigerose, which is the same trisaccharide as that
formed from nigerose by B-512F dextransucrase (2).

The second alternansucrase product from nigerose is a tetrasaccharide
having considerably greater mobility in t.l.c. (Fig. 1) than.the tetra-
saccharide produced by B~512F dextransucrase. This alternansucrase prod-
uct was hydrolyzed rather slowly by isomaltodextranase to give D-glucose
and a trisaccharide having the same Rgj. value as the first nigerose
acceptor product. This result indicates that the acceptor product must be
62-0-a-nigerosy1nigerose. The third nigerose acceptor-product from alter-
nansucrase had the same Rglc value as the second nigerose acceptor-product
from B-512F dextransucrase (Fig. 1), and, on treatment with isomaltodex-
tranase, gave nigerose and isomaltose (Fig. 3). Thus, the third acceptor-
product produced from nigerose by alternansucrase is the tetrasaccharide,
62-O-a-isomaltosylnigerose. Also produced in the altermansucrase reaction
with sucrose and nigerose was a saccharide of higher d.p. and unknown

structure. No nigerotriose was formed.



Figure 3. Hydrolysis products of alternansucrase-nigerose acceptor-products.. Thin-layer chromato-
gram on Merck 0.25-mm 50% silica gel 60 + 50% kieselguhr plate, 3 ascents in solvent 4
at 25°, detection by sulfuric acid.

(a) Standards (top to bottom): fructose, glucose, sucrose, nigerose, and isomaltose.
(b) first nigerose acceptor-product, d.p. 3.

(c) partial acid hydrolyzate of (b).

(d) isomaltodextranase hydrolyzate of (b).

(e) second nigerose acceptor-product, d.p. 4.

(f) isomaltodextranase hydrolyzate of (e).

(g) third nigerose acceptor-product, d.p. 4.

(h) isomaltodextranase hydrolyzate of (g).

(Abbreviations as in Figs. 1 and 2.)
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The acceptpr products arising from the'reaction.ofaltgrnansucrase with
isomaltose and sucrose were more difficult to analyze, partly because of
difficulties in separation. For example, the chromatogram in Fig. 1 shows
two compounds migrating between isomaltose and isomaltotriose (g, spots 1
and 2), but these could not be resolved by paper chromatography, the
method used to prepare the othervpure acceptor-products. The only iso-
maltose acceptor-product thus far isolated pure has been a trisaccharide
having the same Rglc value as isomaltotriose (Fig. 1). A sample of this
product, labeled with l4¢ by using [U-1"C]sucrose as the D-glucosyl donor,
was subjected to hydrolysis by isomaltodextranase. Fig. 4 shows that both
isomaltose and'D-glucose were produced by this enzymic hydrolysis, but
that only the isomaltose was l4c-labeled. It was concluded that this
acceptor product is isomaltotriose, which has arisen from transfer of a
D-glucosyl group from sucrose to 0-6 of the nonreducing end of isomaltose.
0f the other major acceptor-products from isomaltose, the one having the
highest mobility in t.l.c. has the same Rglc value as an authentic sample
of 32-0-a~D-glucosylisomaltose, a trisaccharide also produced by the
action of isomaltodextranase on alternan (16). T.l.c. with solQent D
shows this trisaccharide to have a slightly different Rgilc ﬁalue from 62~
0-0~-D-glucosylnigerose, the first nigerose acceptor-product. Thus, it
would be reasonable to assume that this product is 32-0-a-D-g1ucosy1iso—
maltose, and arises from the transfer of a D-glucosyl group from sucrose
to 0-3 of the nonreducing end of isomaltose, The identity of the minor
compound migrating just behind this product (Fig. 1) is not known, nor are
the identities of any of the compounds in Fig. 1 which arise from isomalt-
ose and have Rgj. values less than that of isomaltotriose.

A D-Allose, D-mannose, D-galactose, cellobiose, melibiose, raffinose,
3~-deoxy-3-fluoro-D-glucose, D-xylose, and L-sorbose were also found to be
acceptors, but the structures of the products were not determined. The
last two were only weak acceptors. D-Arabinose was not an acceptor.

The relative activities of five acceptors were determined by adding
acceptor to alternansucrase and [15C]sucrose, and measuring the amounts of

[1*Clalternan and ['%C]loligosaccharide acceptor-products formed. Table III



Figure 4. Isomaltotriose produced by alternansucrase acceptor-reaction
with isomaltose and [!“C]sucrose.

Left: thin-layer chromatogram, Whatman K5 0.25-mm silica
gel, 3 ascents in solvent A at 25°, detection by sulfuric
acid.

(a,a') isomaltodextranase hydrolyzate of [*“C]isomalto-
triose.

(b,b") '“C-labeled isomaltooligosaccharide standards.

(¢) unlabeled standards (top to bottom): fructose,
glucose, sucrose, nigerose, leucrose, isomaltose.

Right: autoradiogram of t.l.c. plate at left.

(Abbreviations used: Leu = leucrose, all others as in

Figs. 1 and 2.)
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Table III. Distribution and amounts of acceptor products

(4

Acceptor D-[1*C]Glucose incorporated (%) into products from [U-!“C]sucrose
Alternan? LeucroseP Oligosaccharide acceptor-products?
None 90 10 0
Methyl g-D-glucoside 75 6 19
Methyl q-~D-glucoside _ 45 6 49
D-Glucose 66 5 29 (227 isomaltose
. 7% d.p. 2 3
Isomaltose 52 7 41 (13% 32-0-q-D-glucosylisomaltose
127 isomaltotriose
14% d.p. 4
| 2% d.p. 2 4
Nigerose 15 5 80 (697% d.p. 3
112 d.p. 2 4
Maltose 11 5 84 68% panose
16% d.p. > 4
100
8For alternan and oligosaccharides, percent = CPMProduct (x )

— - 1
CPMtotal CPMFru 6CPMLeu

%CPMLeu (x 100)

— - 1
CPMtotal CPMFru éCPMLeu

b
For leucrose, percent =
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gives the percentages of D-[15C]g1ucose incorporated after [1"C]sucrose
had all reacted. The percent of D-[lgc]glucose from [U—15C]sucrose in-
corporated into each product was calculated as follows:

For products containing glucose only,
percent of D-glucose incorporated =

c.p.m. of product x. 100

total c.p.m. - c.p.m. in fructose - %(c.p.m. in leucrose)
For leucrose,
percent of D-glucose incorporated =

(c.p.m. . in leucrose) x 100.

total c.p.m. - c.p.m., in fructose - %(c.p.m. in leucrose)

The relative activities of these acceptors, in increasing order of
percent of the D—[I“C]glucose incorporated into oligosaccharide acceptor-
products, are methyl B-D-glucoside (19%) < D-glucose (297%) < isomaltose
(41%) < methyl a-D-glucoside (49%) < nigerose (80%) = maltose (84%).
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DISCUSSION

Alternansucrase is elaborated, together with dextransucrase, by Leu-
conostoc mesenteroides NRRL B-1355. We have recently separated alternan-
sucrase from dextransucrase, and showed that it synthesizes a glucan (al-
ternan (3)) having alternating u—(146) and a-(143) linkages. Alternan
differs significantly from other glucans that contain similarly high
amounts of 1,3-disubstituted o-D-glucopyranose residues in that very few,
if any, of these residues are adjacent or consecutiﬁely linked (22).
Furthermore, the majority of (1+3) linkages of alternan do not comprise
branch points as they do in many other glucans synthesized by glucansuc-
rases from sucrose.

Acceptor reactions occur with glucansucrases when monosaccharides,
disaccharides, or oligosaccharides are added to:the sucrosé digests. The
products are oligosaccharides containihg one, two, three or more D-gluco-
pyranosyl groups more than the acceptor. The structures of the products
resulting from the reaction of acceptors with sucrose and B-512F dextran-
sucrase have been previously determined (1,2,19). Robyt and Walseth (20)
studied the mechanism of formation of the acceptor products and showed
that a specific hydroxyl group on the acceptor acted as a nucleophile and
attacked C-1 of an enzyme~glucosyl complex to give an a-D-glucosidic bond
between glucose and the acceptor. Robyt and Taniguchi (23) showed that,
when the acceptor is dextran, a 3-OH group acts as a nucleophile and an
0~(1+3) branch-linkage is formed.

Sidebotham (24) has stated that the specificity of acceptor reactions
may account for the type and distribution of the linkages in the different
glucans. This is true for the type and distribution of branch linkages,
but not for the type and distribution of the linkages found in the main
chains. Robyt et al. (25) have shown that the mechanism of elongation of
the main chain of B-512F dextran is from the reducing end and that, even
though the same enzyme is involved, the formation of linkages by the
acceptor reaction (namely, branching) is not the same as elongation (20,
23).
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In the present study, we found, as with other glucansucrases (18,26),
that D-fructopyranose serves as an acceptor with alternansucrase and gives
the disaccharide leucrose. D-Fructopyranose acceptor-products of higher
d.p. were not detected, indicating that leucrose itself is a poor accep-
tor,

The fact that methyl B-D-glucoside acts as an acceptor for both al-
ternansucrase and dextransucrase is interesting. This, along with the
observation by Yamauchi and Ohwada (2) that B,B-tréhalose acts as an
acceptor for dextransucrase, refutes the statement by Sidebotham (24) that
"dextransucrases do not transfer o-D-glucopyranosyl groups to f-D-gluco-
pyranosyl residues". An o-D-glucopyranosyl-type configuration is not
required for a sugar residue to act as an acceptor.

The present work shows that the acceptor reactions of alternansucrase
thus far studied proceed by transfer of an a-D-glucopyranosyl group onto
the nonreducing end-group of the di-and tri-saccharide acceptors. Whether
or not the transfer to the nonreducing end occurs for higher oligosacchar-
ide acceptors remains to be seen. Walker (27) reported that the glucan-
sucrase of Streptococcus mutans transfers D-glucosyl groups onto 0-3 of
the D-glucose residue penultimate to the reducing end of isomaltooligo-
saccharide acceptors of d.p. 7 and higher.

A significant result of the present study is the observation that
0~-(1+3) linkages are formed in oligosaccharide acceptor-products when the
acceptor has the nonreducing D-glucose group linked by an a~(l+6) linkage
to another D-glucose residue. If the a-(1+6) linkage is not present at
the nonreducing end of the acceptor, the a-(1+3) linkage is not formed.
Thus, D-glucose gives isomaltose, and not nigerose, maltose gives only
panose but not 32—0-a-D-glucosy1maltose, and so forth; isomaltose, how-
ever, gives both isomaltotriose and 32-O—a—D-glucosylisomaltose. The
patterns may be clearly seen in Table II. 1In addition, once an o-(1+6)
linkage is present, two acceptor products are formed in approximately
equal amounts, resulting from the transfer of D-glucose to either 0-3 or
0-6 of the nonreducing D-glucosyl group of the acceptor. This result

suggests that acceptors having the nonreducing unit linked o-(1+6) are
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capable of binding in two equally favored ways.

It has been recognized that different acceptors give rise to differ-
ent amounts of products (1,2,12). A '"good" acceptor is one that will give
rise to a greater amount of oligosaccharide acceptor-product(s) and less
polysaccharide. For B-512F dextransucrase, Koepsell et al. (1) and Yama-
uchi and Ohwada (2) found isomaltose to be the best acceptor. Maltose
was found to be the second best (1,2) followed by methyl a-~-D-glucoside.
Leucrose was a very weak acceptor (1), and nigerose was moderate to weak
(2). Mayer et al. (12) reported that, for a glucansucrase from Strepto-
coceus sanguis ATCC 10558, maltose was a much better acceptor than iso-
maltose. Curiously, they also reported D-fructose to be a good acceptor,
but identified the product as sucrose, rather than leucrose or isomaltul-
ose. They did not identify the structures of most of their other accep-
tor-products except to show that the glucosyl group of sucrose was trans-
ferred onto the nonreducing end of the acceptor.

Our results with alternansucrase differ significantly from those
reported for B~512F dextransucrase in two ways. One difference is in the
structures of the products formed. The second is in the relafive
strengths of the acceptors with respect to their abilities to divert D-
glucosyl groups from glucan synthesis into synthesis of oligosaccharides.
Like the results of Mayer et al. (12) with S. sanguis glucansucrase, and
in contrast to the résults of Koepsell et al. (1) and Yamauchi and Ohwada
(2) with L. mesenteroides B-512F dextransucrase, we have found that malt-
ose serves as a better acceptor for alternansucrase than isomaltose.
Nigerose is also a much better acceptor than isomaltose (Table III).
These observations, together with the differences in the structures of
the various acceptor-products between dextransucrase and alternansucrase,
clearly indicate that acceptors do not react with all glucansucrases in
the same manner.

D-Glucose is intermediate in acceptor strength between methyl a-D-
glucoside and methyl P-D-glucoside. Considering that D-glucose in solu~-
tion exists as V377 in the a-pyranose form and 62% in the B-pyranose form,

and taking the percentage of acceptor products obtained for methyl o-D-
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glucoside (49%) and methyl B-D-glucoside (19%) from Table III, the weight-
ed average, (49%) (0.37) + (19%)(0.62) = 30%, is Qery close to the experi-
mentally determined value of 29% for D-glucose. These results suggest
that the acceptor reactivity of D-glucose may be a weighted average of

the reactivities of the two anomeric forms present; and that the anomeric
methyl groups of the D-glucosides haﬁe little effect on the reactivity of
these acceptors.

Another phenomenon which has been obserﬁed by others (12,28), and
which we have also obser&ed for alternansucrase, is that at higher accep-
tor-to~-sucrose ratios, most of the acceptor product results from addition
of a single D-glucosyl group to the acceptor, whereas at lower ratios of
acceptor to sucrose, relatively greater amounts of higher-d.p. acceptor-
products are formed. This obserﬁation may be of use for determining the
conditions to be used when acceptor reactions are used to prepare unusual
saccharides. One unusual saccharide that may be prepared by these reac-
tions is O0-a-D-glucopyranosyl-(1+3)-0-a-D-glucopyranosyl-(1-+6)-0-a~D-glu-
copyranosyl-(1+4) -D-glucopyranose (62-0-o-nigerosylmaltose), the faster-
migrating alternansucrase acceptor-product arising from panose (Table II).
This interesting tetrasaccharide, containing a sequence of three differ-
ent o-linkages (namely, 1+3, 1+6, and 1+4), has not previously been re-
ported.

In summary, we have described some of the acceptor reactions of
alternansucrase from Leuconostoc mesenteroides B-1355, and have shown that
both a-(1+6) and 0-(1*3) linkages are formed, although an o-(1+6) bond
must be present for an 0-(1+3) bond to be formed. We have also compared
some of the acceptor reactions of alternansucrase with those of other

bacterial glucansucrases.
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ABSTRACT

Leuconostoc mesenteroides NRRL B-742 produces two exocellular o-D-
glucans, namely, fraction L, which consists of an 0-D-(1+6) backbone with
0~D-(1+4) branch-points, and fraction S, which consists of an a—D-(146)
backbone with a-D-(1+3) branch-points. It was found that the percentage
of a-D-(1+3) branch-points in fraction S glucan is Qariable, depending on
the conditions under which it is synthesized from sucrose by the exocel- -
Iular glucansucrase, and that a—D—(143) branch formation by this glucan-
sucrase occurs by acceptor reactions in which o-D-glucosyl groups are
transferred from sucrose to OH-3 groups on 0-D-(1+6)-linked D-glucan
chains. Thus, any change in reaction conditions that affects the rate of
acceptor reactions relative to chain elongation also affects the degree
of branching in B-742 fraction S dextran. It was also found that this
glucansucrase is capable of modifying other dextrans, such as B-512F and
B~742 fraction L, by transferring D-glucosyl groups to OH-3 of D-glucosyl

residues in these dextrans as well.
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INTRODUCTION

In order to understand further the biosynthesis of secondary D-glu-
cosidic linkages in dextrans, we have undertaken the study of such D-
glucans that contain high relatiﬁe proportions of a~D-(1+3)-glucosidic
linkages, both at the branch points and in linear positions of the poly-
saccharide chains. We have previously described enzymes that are cap-
able of forming both types of 0-D-(1+3) linkage (1-3). 1In the present
work, we discuss the formation of a-D—(143) branch linkages by an exocel-
lular glucansucrase from Leuconostoc mesenteroides NRRL B-742. As in the
L. mesenteroides B-1355 system, this strain also produces two exocellular
0-D-glucans from sucrose, namely, fraction L, which is precipitated at
an ethanol concentration of 39%, and fraction S, precipitated at an
ethanol concentration (4) of 45%. This particular strain was first iso-
lated and described by Hucker and Pederson (5) in 1930. Subsequent
workers described the growth of the bacteria and the production of exo-
cellular D-glucan in detail (6-15), as well as some of the structural
characteristics of the two dextrans.

Seymour et al. (16-24) described their structural analyses of a
number of D-glucans, including those produced by L. mesenteroides B-742.
According to their data (see