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Abstract

Alternanase is an enzyme which endo-hydrolytically cleaves the a-(1 — 3), a-(1 — 6)-linked D-glucan, alternan. The
main products are isomaltose, a-D-Glcp-(1 — 3)-a-D-Glep-(1 — 6)-D-Glc and the cyclic tetrasaccharide cyclo { — 6)-o-
D-Glep-(1 - 3)-a-D-Glep-(1 - 6)-a-D-Glep-(1 - 3)-a-D-Glep-(1 — }. It is also capable of acting on oligosaccharide
substrates. The cyclic tetrasaccharide is slowly hydrolyzed to isomaltose. Panose and the trisaccharide a-D-Glcp-(1 —
6)-a-D-Glcp-(1 — 3)-D-Glc both undergo transglycosylation reactions to give rise to the cyclic tetrasaccharide plus
D-glucose, with panose being converted at a much faster rate. The tetrasaccharide a-D-Glep-(1 — 3)-a-D-Glep-(1 — 6)-
a-D-Glep-(1 —»4)-D-Glc is hydrolyzed to D-glucose plus the trisaccharide o-D-Glep-(1 — 3)-a-D-Glep-(1 — 6)-D-Gle.
Alternanase does not act on isomaltotriose, theanderose (6°-O-a-D-Glcp sucrose), or a-D-Glep-(1 — 6)-a-D-Glep-
(1 - 6)-0-D-Glcp-(1 —»4)-a-D-Glc. The enzyme releases 4-nitrophenol from 4-nitrophenyl o-isomaltoside, but not
from 4-nitrophenyl a-D-glucopyranoside, 4-nitrophenyl o-isomaltotrioside, or 4-nitrophenyl a-isomaltotetraoside.
© 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction cyclic tetrasaccharide cyclo{— 6)-a-D-Glcp-
(1 -3)-a-D-Glcp-(1 - 6)-a-D-Glep-(1 - 3)-a-
D-Glcp-(1 — }.2 Other higher products include
branched cyclic saccharides. The formation of
the unusual cyclic tetrasaccharide and the ab-
sence of nigerose and a-D-Glcp-(1 — 6)-0-D-
Glcp-(1 - 3)-D-Glc  from the products of
alternan hydrolysis suggested that the action
of alternanase on various oligosaccharides
may yield useful information regarding the
enzyme’s specificity and mode of action.

Alternanase is an endoglucanase that
cleaves the a-(1 — 3), a-(1 - 6)-linked bacterial
D-glucan known as alternan.! Its main prod-
ucts include isomaltose, the trisaccharide o-D-
Glcp-(1 - 3)-a-D-Glep-(1 — 6)-D-Glc and the
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2. Experimental

Enzymes.— Leuconostoc mesenteroides
NRRL B-512 dextransucrase was a powdered
preparation which had been stored at rt in a
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sealed bottle since 1952.° The activity was
within 10% of that stated on the original label,
despite storage for nearly 50 years. Endodex-
tranase from Penicillium sp. was a gift from
Novo Nordisk (Danbury, CT).

Alternanase from Bacillus sp. NRRL B-
21195 was purified to electrophoretic homo-
geneity by affinity chromatography and
isoelectrophoresis.* The preparation used in
reactions described herein contained 0.018
mg/mL of purified protein (0.47 U/mg) dis-
solved in 50 mM sodium 3-(N-morpholino)-2-
hydroxypropane sulfonate buffer, pH 7.0,
containing 50 mM KCIl, 1 mM CacCl,, and 1.5
mM NaN,.

Carbohydrates.—Maltose, nigerose, panose
and 4-nitrophenyl o-D-glucopyranoside were
purchased from Sigma-—Aldrich Chemical Co.
(St. Louis, MO). Pullulan was from Pfanstich
Chemical Co. (Waukegan, IL). All other com-
pounds were reagent grade. Alternan was pre-
pared as previously described.” Theanderose
(6°°-0-0-D-Glcp sucrose) was purchased
from Wako Fine Chemicals (Japan) and
purified by gel-filtration chromatography over
Bio-Gel P-2 (Bio-Rad, Richmond, CA). 6-O-
a-D-Glucopyranosyl a,a-trehalose and 6,6'-di-
O-a-D-glucopyranosyl  o,a-trehalose®  were
generously provided by Dr M. Kurimoto of
Hayashibara Biochemical Laboratories
(Okayama, Japan).

Isomaltose and isomaltotriose were isolated
from an endodextranase hydrolyzate of com-
mercial dextran.” The tetrasaccharide o-D-
Glep-(1-6)-a-D-Glep-(1 -6)-a-D-Glep-
(1 - 4)-D-Glc was prepared by the dextransu-
crase-catalyzed acceptor reaction with malt-
ose.®? The trisaccharide o-D-Glcp-(1— 6)-
a-D-Glcp-(1 — 3)-D-Gle was prepared in simi-
lar manner, using the B-512 dextransucrase
acceptor reaction with nigerose. Likewise,
methyl a-isomaltoside was synthesized by ac-
ceptor reaction with methyl a-D-glucopyran-
oside.'® The tetrasaccharide o-D-Glcp-(1—3)-
a-D-Glcp-(1 - 6)-a-D-Glep-(1 — 4)-D-Glc  was
prepared using the acceptor reaction of alter-
nansucrase with maltose.!" It was purified by
gel-filtration chromatography, followed by
preparative HPLC.? 4-Nitrophenyl o-isomal-
tooligosaccharides were synthesized enzymati-

cally from 4-nitrophenyl a-D-glucopyranoside
using L. mesenteroides NRRL B-512 dextran-
sucrase.'> 4-Nitrophenyl a-isomaltoside was
recrystallized from water to eliminate traces of
4-nitrophenol and 4-nitrophenyl «-nigeroside.
For preparative purposes, oligosaccharides
were separated by size-exclusion chromatogra-
phy over Bio-Gel P-2.

Chromatography.—Oligosaccharides  were
isolated from reaction mixtures by size-exclu-
sion chromatography over Bio-Gel P-2, using
either a 2.5 x 90 a 5 x 150-cm column eluted
with water at rt. Fractions were analyzed for
saccharide content by thin-layer chromatogra-
phy (TLC). Oligosaccharides were separated
on Whatman K35 silica gel plates that were
developed with two ascents in 1:4:3:2 ni-
troethane—MeCN-EtOH —water.? Com-
pounds were detected with N-(1-naphthyl)-
ethylenediamine dihydrochloride.* 4-Nitro-
phenyl a-isomaltooligosaccharides were sepa-
rated on silica gel plates with a single ascent in
17:3 MeCN-—water. Detection was by quench-
ing of the fluorescent indicator under UV light
or by the method of Bounias."?

3. Results

Action on o-D-Glcp-(1—- 6)-0-D-Glcp-(1—
3)-D-Glc and panose.— Alternanase acted on
the trisaccharide o-D-Glcp-(1 — 6)-a-D-Glcp-
(1 - 3)-D-Glc to yield D-glucose and the cyclic
tetrasaccharide cyclo{ — 6)-a-D-Glcp-(1 — 3)-
a-D-Glep-(1 - 6)-a-D-Glep-(1 - 3)-a-D-Glep-
(1 >}. The identity of the cyclic product was
confirmed by '*C NMR spectroscopy and by
methylation analysis.> Alternanase acted on
panose in a similar manner, giving rise to
D-glucose and cyclo { — 6)-a-D-Glcp-(1 — 3)-a-
D-Glcp-(1 - 6)-a-D-Glep-(1 - 3)-D-Glep-(1 -}
as the two major products. In Fig. 1, the
relative rates of alternanase action on these
two oligosaccharides are compared by thin-
layer chromatography. The conversion of
panose to cyclic tetramer plus glucose is
clearly faster than the conversion of a-D-Glcp-
(1 - 6)-a-D-Glcp-(1 - 3)-D-Glc to the same
products. Although glucose and cyclic tetra-
mer are the major products of both reactions,
other products are also formed. Early in the
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reaction, two slower-migrating products ap-
pear. The faster-migrating of these eventually
disappears, whereas the slower-migrating re-
mains at a relatively constant level. At later
stages of the reaction, isomaltose appears.
Action on o-D-Glcp-(1- 3)-0-D-Glep-(1—
6)-o-D-Glcp-(1 - 4)-D-Glc.—The tetrasac-
charide a-D-Glcp-(1 — 3)-a-D-Glep-(1 - 6)-a-
D-Glcp-(1 - 4)-D-Glc was rapidly hydrolyzed
by alternanase (Fig. 2). Initial products re-
vealed by TLC included D-glucose, the trisac-
charide ao-D-Glcp-(1 - 3)-a-D-Glcp-(1 - 6)-D-
Gle, and unknown oligosaccharides with R,
values in the range corresponding approxi-
mately with pentamers to heptamers. After
digestion had proceeded to completion, these
higher oligomers had vanished, leaving D-glu-
cose and the trimer o-D-Glcp-(1 - 3)-a-D-
Glcp-(1 — 6)-D-Glc as the major end-products.
Traces of other oligosaccharides in the range
of tetramers were also visible with TLC, but
their identities could not be established.
Action on cyclic tetrasaccharide.— As previ-
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ously reported,” prolonged incubation of alter-
nanase with cyclo{ — 6)-a-D-Glcp-(1 — 3)-a-D-
Glcp-(1 - 6)-a-D-Glep-(1 - 3)-a-D-Glep-(1 - §
eventually results in the formation of isomalt-
ose as well as traces of a slower-migrating
product (Fig. 3). Neither nigerose nor D-glu-
cose is formed. This reaction is extremely slow
compared to the formation of cyclic tetramer
from alternan or panose.

Action on 4-nitrophenyl o-isomaltooligosac-
charides.— Although little or no conversion of
4-nitrophenyl  o-isomaltoside  to  other
oligosaccharide products could be detected by
TLC, measurable amounts of 4-nitrophenol
were released by the action of alternanase.
Fig. 4 shows the increase in absorbance at 415
nm over time as a result of alternanase action
on 4-nitrophenyl a-isomaltoside. This reaction
appears to be specific for the isomaltoside, as
no 4-nitrophenol was released from 4-nitro-
phenyl a-D-glucopyranoside, 4-nitrophenyl o-
isomaltotrioside, or 4-nitrophenyl a-isomalto-
tetraoside.
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Fig. 1. Thin-layer chromatogram showing the action of alternanase on a-D-Glcp-(1 — 6)-a-D-Glcp-(1 — 3)-D-Glc (lanes B-H and
S) and panose (lanes K—Q and U) as a function of time. Reaction mixtures consisted of 0.1 mL of buffered alternanase solution
(0.018 mg protein per mL) and 0.1 mL of trisaccharide solution (75 mM) in the same buffer. At timed intervals, 1-uL samples
were applied and dried. The plate was developed and compounds were detected as described under Section 2. Lanes A, I, J, R,
and T contain a standard mixture of D-glucose, isomaltose, and cyclo { — 6)-a-D-Glcp-(1 — 3)-a-D-Glep-(1 — 6)-a-D-Glep-(1 — 3)-
a-D-Glcp-(1 - } (from top to bottom). Lanes B and K represent oligosaccharide samples without the enzyme. Samples of reaction
mixtures were spotted at 5 mm (C, L), 1 h (D, M), 2 h (E, N), 4 h (F, O), 6 h (G, P), 8 h (H, Q) and 5 days (S, U).
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Fig. 2. Thin-layer chromatogram showing the action of alter-
nanase on o-D-Glcp-(1 - 3)-a-D-Glep-(1 - 6)-a-D-Glep-(1 —
4)-D-Glc as a function of time. Reaction mixture consisted of
0.1 mL of buffered alternanase solution (0.018 mg protein per
mL) and 0.1 mL of tetrasaccharide solution (36 mg/mL) in
the same buffer. At timed intervals, 1-uL samples were ap-
plied and dried. Chromatographic conditions are described in
Section 2. Lane A: D-glucose, o-D-Glcp-(1 — 3)-a-D-Glep-
(1-6)-D-Glc and cyclic tetrasaccharide standards. Lane J:
cyclic tetrasaccharide; Lane M: D-glucose and a-D-Glep-(1 —
3)-a-D-Glcp-(1 - 6)-D-Gle standards. Lanes B and K: control
(buffer and substrate only, no enzyme). Remaining lanes
represent reaction aliquots taken at 5 min (C), 30 min (D), 1
h (E), 2 h (F), 4 h (G), 6 h (H), 8 h (I), and 24 h (L).

Activity on other saccharides.—When alter-
nanase was incubated with the following iso-
maltosyl-containing saccharides at the same
levels used for the conversion of panose and
alternan, no products were detected by TLC:
isomaltotriose, methyl a-isomaltoside, 6-O-a-
D-glucopyranosyl a,a-trehalose, 6,6'-di-O-o-D-
glucopyranosyl a,a-trehalose, theanderose
(o-D-Glcp-(1-6)-a-D-Glep-(1 - 2)-B-D-Fruf’),

and o-D-Glcp-(1 — 6)-a-D-Glep-(1 — 6)-a-D-
Glcp-(1 - 4)-D-Glc. After prolonged treat-
ment of  pullulan  with  alternanase
(approximately 2—3 weeks), traces of isomalt-
ose and cyclic tetramer were discernible.

4. Discussion

Upon hydrolysis of alternan by alternanase,
the main products are isomaltose, the trisac-
charide o-D-Glcp-(1 - 3)-a-D-Glcp-(1 — 6)-D-
Glc, and the cyclic tetrasaccharide cyclo-
{ —>6)-a-D-Glcp-(1 - 3)-a-D-Glep-(1 — 6)-a-
D-Glcp-(1 - 3)-a-D-Glep-(1 —» }. The absence
of D-glucose, nigerose and the trimer o-D-
Glcep-(1 - 6)-a-D-Glep-(1 - 3)-D-Glc  in  the
product mixture suggested that the enzyme
cleaves the a-(1 — 3) linkages between isomalt-
osyl units of alternan. This was also supported
by our observation that the cyclic tetra-
saccharide product was slowly cleaved to iso-
maltose.?

It was previously noted that the conversion
of alternan to oligosaccharides did not pro-
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Fig. 3. Thin-layer chromatogram showing action of alter-
nanase on o-D-Glcp-(1 - 6)-a-D-Glep-(1 — 6)-a-D-Glep-(1 -
4)-D-Gle, cyclo {—- 6)-0-D-Glep-(1 - 3)-a-D-Glcp-(1 — 6)-
a-D-Glep-(1 - 3)-a-D-Glep-(1 — }, isomaltotriose, and alter-
nan after 18 days. Lane A, a-D-Glcp-(1 — 6)-a-D-Glep-(1 —
6)-0-D-Glcp-(1 »4)-D-Glc  in  buffer only; lane B,
a-D-Glep-(1 - 6)-a-D-Glep-(1 — 6)-a-D-Glep-(1 - 4)-D-Gle
plus alternanase; lane C, cyclic tetrasaccharide only; lane D,
cyclic tetramer plus enzyme; lane E, isomaltotriose only; lane
F, isomaltotriose plus enzyme; lane 6, alternan only; lane H,
alternan plus enzyme. Reaction mixtures consisted of 0.1 mL
of alternanase solution (0.018 mg protein per mL) plus 0.1
mL of substrate solution (38 mg/mL). The plate was devel-
oped as in Fig. 1.
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Fig. 4. Hydrolysis of 4-nitrophenyl a-isomaltoside by alternanase as measured by spectrophotometric determination of 4-nitrophe-
nol at 415 nm. The reaction mixture consisted of 1.0 mL of 6.6 mM 4-nitrophenyl a-isomaltoside in pH 7 buffer plus 0.2 mL of
alternanase (0.018 mg protein per mL). Reaction was monitored at room temperature in a l-cm cuvette, against a blank
containing substrate in buffer without enzyme. Under identical conditions, 4-nitrophenyl o-D-glucopyranoside, 4-nitrophenyl
a-isomaltotrioside and 4-nitrophenyl a-isomaltotetraoside gave no significant increase in Ay s.

ceed to completion.! Subsequent work has
shown that the products, in particular isomalt-
ose and the cyclic tetrasaccharide, exhibit an
inhibitory effect on the hydrolysis of alternan
by alternanase,' indicating that the enzyme
can bind to relatively small substrates. Alter-
nanase also binds to isomaltosyl agarose,'*
lending support to the hypothesis that the
enzyme recognizes the isomaltosyl structure of
alternan. On the other hand, its inability to
hydrolyze dextran® indicates that the enzyme
cannot act on substrates containing three glu-
cosyl units that are linked through two con-
secutive a-(1 —6) linkages. Based on these
data, we decided it would be appropriate to
study the action of alternanase on a variety of
saccharides that contain the isomaltosyl func-
tional group.

Since the trisaccharide a-D-Glcp-(1 — 6)-a-
D-Glcp-(1 - 3)-D-Glc is an analogue of the
repeating unit of alternan, yet does not appear
in the product mixture, we suspected that it
would be cleaved by alternanase. However, we
expected the products to be D-glucose and
isomaltose. It was therefore surprising to dis-
cover that this trisaccharide was converted to
D-glucose and cyclo { — 6)-a-D-Glcp-(1 — 3)-a-
D-Glcp-(1 - 6)-a-D-Glep-(1 — 3)-a-D-Glep-

(1 -1}. Since the trisaccharide a-D-Glcp-(1 -
6)-o-D-Glcp-(1 — 3)-D-Glc is relatively scarce,
we also looked at its more readily available
analogue o-D-Glcp-(1 — 6)-a-D-Glcp-(1 — 4)-
D-Glc (panose). As Fig. 1 clearly illustrates,
panose yields the same major products, but at
a much faster rate. Equally interesting is the
appearance of two minor products in both
trisaccharide reaction mixtures, migrating
more slowly than the cyclic tetramer. The
faster-migrating of these two appears only
transiently, then disappears. The slower-mi-
grating product remains at a relatively con-
stant low level throughout the course of the
reaction. Neither of these two compounds has
been isolated.

The discovery that panose is hydrolyzed by
alternanase suggested that other isomaltosides
might also serve as substrates. In view of the
fact that dextran is not a substrate,” it was not
surprising to find that isomaltotriose was not
hydrolyzed (Fig. 3). The tetrasaccharide o-D-
Glep-(1-6)-a-D-Glcp-(1 -6)-a-D-Glep-
(1 >4)-D-Glc is also inert to alternanase ac-
tion (Fig. 3), supporting the idea that consecu-
tive a-(1 — 6)-linked sequences of D-glucose
cannot bind productively to the enzyme’s
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active site. However, the tetrasaccharide o-
D-Glep-(1 - 3)-a-D-Glep-(1-6)-a-D-Glep-
(1-4)-D-Glc was rapidly hydrolyzed by alter-
nanase (Fig. 2). Unlike panose, it did not give
rise to any significant amount of cyclic
product. Instead, it was hydrolyzed at the
(1 - 4)-a-D-glucosidic bond, to yield D-glucose
and the trisaccharide o-D-Glcp-(1 — 3)-a-D-
Glcp-(1 - 6)-D-Glc. This trisaccharide is the
same as that which arises from hydrolysis of
alternan,” and was identified based on its
chromatographic mobility and resistance to
further alternanase hydrolysis. Other, higher
DP oligosaccharides also appeared transiently
in this reaction mixture, but were not isolated
for structural identification. These are believed
to represent intermediate transglycosylation
products.

Of the other isomaltosyl-containing sub-
strates tested, only 4-nitrophenyl o-isomalt-
oside showed evidence of hydrolysis by alter-
nanase. The release of 4-nitrophenol pro-
ceeded in a nearly linear fashion over time
(Fig. 4), but despite this clear indication of
enzyme-catalyzed hydrolysis, no products
were discernible by TLC. This may be ex-
plained by the much higher sensitivity of the
spectrophotometric detection of 4-nitrophe-
nol, which is in the micromolar range of con-
centrations, compared to detection of sugars
on TLC, which is in the millimolar concentra-
tion range. Although this sensitivity suggests
that 4-nitrophenyl o-isomaltoside could be
useful as a sensitive substrate for the detection
and assay of alternanase, our preliminary re-
sults indicate certain problems with such an
assay. Firstly, the assay would not be selec-
tive, as other glycosidases may also hydrolyze
4-nitrophenyl a-isomaltoside.'>'®  Another,
more troublesome problem arises from the
fact that 4-nitrophenyl o-isomaltoside is
poorly soluble in water ( <30 mM), and our
initial experiments indicate a K,; value much
higher than the Kgp. Thus, saturation kinetics
are impossible to attain in strictly aqueous
systems. Nevertheless, it may still be a useful
chromogenic substrate for some purposes.

In light of the fact that 4-nitrophenyl a-iso-
maltoside is a poor substrate for alternanase,
it comes as no surprise that methyl a-isomalt-

oside yielded no detectable products. The
methyl glycosidic bond possesses less energy
than the aryl glycosidic bond, therefore, a
hydrolysis would be even less favorable. On
the other hand, since the glucopyranosyl—
fructofuranoside bond present in theanderose
is a rather high-energy bond, some other ex-
planation must account for the fact that the-
anderose is not a substrate for alternanase.
Apparently, the stereochemistry of the fructo-
furanoside moiety prevents this compound
from binding to the enzyme’s active site. Simi-
larly, the glucosyl trehaloses must also be
unable to bind productively, since neither of
these saccharides was hydrolyzed.

It is interesting to speculate on the much
greater reactivity of panose relative to o-D-
Glcp-(1 - 6)-a-D-Glep-(1 — 3)-D-Glc, espe-
cially since this enzyme has been described as
an endo-alternanase.” It is not too far-fetched
to imagine the existence of a D-glucan com-
posed of alternating o-(1 -»6) and ao-(1 —>4)
linkages that might be a better substrate than
alternan for this enzyme. On the more practi-
cal side, the reaction with panose provides a
means for producing the cyclic tetrasaccharide
cyclo{ — 6)-a-D-Glcp-(1 — 3)-a-D-Glep-(1 —6)-
-a-D-Glep-(1 - 3)-a-D-Glep-(1 - } from starch
or other substrates besides alternan, since
panose can be produced enzymatically from
maltose!” or pullulan,'® as well as by
alternansucrase!' or dextransucrase® acceptor
reactions. The stoichiometric release of glu-
cose from panose also provides a means for
the quantitative analysis of alternanase activ-
ity using a glucose oxidase-coupled assay.'

From these results, we conclude that alter-
nanase 1s a hydrolase—transglycosylase which
recognizes and binds to isomaltosyl units
which are not flanked by other a-(1 — 6) link-
ages. It is capable of hydrolyzing both a-(1 -
3) and a~(1 —4) linkages. Hydrolytic products
include D-glucose, isomaltose, and the trisac-
charide ao-D-Glcp-(1 - 3)-a-D-Glep-(1 — 6)-D-
Glc. Transglycosylation reactions can yield
the cyclic tetrasaccharide described by Coté
and Biely,” as well as transient oligosaccharide
structures of higher DP. Studies are currently
pending in which we plan to isolate these
higher DP oligosaccharides, as their structures
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may reveal something about the mode of ac-
tion of alternanase. The enzyme will also be
cloned in the near future, and sequence analy-
sis is expected to yield useful information
about its relationship to other glycosyl hydro-
lases. MacGregor et al.? have recently shown
how sequence analysis can be used to derive
information about enzyme specificity in cy-
clodextrin glucanotransferases and related
enzymes.
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