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ABSTRACT

Invertase—-catalysed alcoholysis of sucrose in water - primary
alcohol mixtures containing up to 70% organic solvent shows 5-40%
alkyl B-D-fructofuranoside formation. No formation of fructosides
was observed under anhydrous conditions. The kinetics of the
competing reactions of water and primary alcohol as fructosyl
acceptors with sucrose as fructosyl donor were studied in order to
establish the scope and limitations of the method. On a molar
basis, water was a relatively unreactive acceptor. 6-Kestose
formation due to sucrose itself as a fructosyl acceptor was
suppressed by the presence of aliphatic alcohols. The results have
been explained by assuming an nonspecific non-polar binding site
to be present in the enzyme cavity near the specific polar binding
site for the g-D-fructofuranosyl group of the substrate.

INTRODUCTION

The utilisation of protecting and activating groups allows the
selective formation of numerous types of glycosidic bonds. The
reaction of unprotected carbohydrates with alcohols, however, in

the presence of glycosyl transferases (EC 2.4) or glycoside
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SCHEME 1. Invertase-catalysed reactions in solutions of sucrose in

aqueous primary alcohol.
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sucrose, D-fructose, and D-glucose, small amounts of
oligosaccharides may be formed in addition.2 The trisaccharide 6-
kestose, which is formed by fructosyl transfer to H0—6f of
sucrose, is the main transfructosylation product in concentrated
solutions of sucrose.7 In the presence of water the fructosides
formed will be subject to hydrolysis. The invertase-catalysed
reactions of sucrose in mixtures of water and primary alcohol are
summarised in Scheme 1.

Optimisation of the preparation of fructosides from sucrose
requires knowledge of the effect of high concentrations of
alcohols on the selectivity of the reaction, i.e. the rates of
hydrolysis and alcoholysis. As an extension of our study7 on the
kinetics of invertase-catalysed reactions in concentrated
solutions of sucrose, we have investigated the scope and
limitations of the use of invertase for the preparation of alkyl
B-D-fructofuranosides in mixtures of water and organic solvents
(including reactive primary alcohols and non-reactive solvents).

Also some experiments have been performed in anhydrous solvents.

RESULTS AND DISCUSSION

Invertase Activity in Anhydrous Solvents

The activity of invertase in the absence of water was tested using
both 1lyophilised and phosphorous pentoxide-dried invertase at 25
and 45°C (ref. B8, cf. ref. 9-10). No conversion of sucrose was
detected in suspensions 1in anhydrous 1-butanocl, l-octanocl, or
mixtures thereof as the medium. The lack of conversion of sucrose
might partly be due to the low solubility of sucrose in these
alcohols (e.g. the solubility of sucrose in butanol at B0°C is
0.12 g/100 gll). Upon addition of 10 volumes of water the
formulations in l-octanol and l-butanol showed complete conversion
of sucrose. Thus, no complete irreversible inactivation of
invertase occurs in l-octanol or l-butanol. In anhydrous pyridine,

which 1is a much better solvent for sucrose, no sucrose conversion
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FIG. 1. Sucrose conversion by invertase after § min reaction (0.1
M sucrose, 100 nmg/lL invertase, pH 4.8, 25°). A. In mixtures of
water and methanol (x), ethanol (e), or allyl alcohol ([J). B. In
mixtures of water and tert-butanol (4), acetone (V), or 1,4-
dioxane (+).

was detected in the presence of 5% l-butanol. Upon addition of 10
volumes of water to the pyridine suspension sucrose was hydrolysed
at a very low rate. The basic pyridine will affect the state of
protonation of the active site of invertase, thus decreasing its
activity. A sharp decrease in invertase activity was also observed

upon addition of 10% pyridine to aqueous sucrose.

Invertase Activity in Water — Organic Solvent Mixtures

Since no formation of fructosides was observed under essentially
anhydrous conditions, we have studied the activity of invertase in
nixtures of water and organic solvents up to compositions allowing
complete dissolution of 0.1 M sucrose at 25°C. In the case of
reactive primary alcohols (Fig. 1A) the conversion rate decreases
/ith increasing concentration of alcohol, with a relative maximum
at high concentrations of ethanol or allyl alcohol. A related
behaviour was observed for the non-reactive cosolvents dioxane and
tert—-butanol (Fig. 1B). Thus, the maxima do not originate from

alcoholysis occurring at high concentration of primary alcchol and
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SCHEME 2. Model of the active site of invertase during hydrolysis
(HOX = water) or alcoholysis (HOX = primary alcohol) of sucrose.
The non-polar part of the aglycon site is shaded.

indicate the complex nature of the effect of organic solvents on
the activity of invertase. Up to 70% v/v organic solvent (50% for
methancl), invertase activity is still sufficient for preparative

purposes.

Active Site and Mode of Action of Invertase

Invertase is a glycoprotein with a polysaccharide content
exceeding 50%. The primary structures of the polysaccharide
branches12 and the protein backbone13 have been elucidated, but
the structure of the active site of invertase is not known. Some
important information has been obtained from hydrolysis studies
(cf. Scheme 2). No B-D-fructofuranoside 1is known that is not
hydrolysed by invertase. Upon minor modification of the 8-D-

fructofuranosyl moiety, however, hydrolysis has never been
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obser‘ved.m—l’7 Thus, invertase has a very specific fructosyl
binding site and a rather unspecific aglycon binding site. The
aglycon site seems to have a somewhat non—polar character, since
we observed that butyl p-D-fructofuranoside (Km= 9.4 mM) showed a
higher affinity for invertase than sucrose (Km= 38 mM).18 The non-
polar character of the aglycon site is in accordance with the weak
binding of raffinose (Km= 240 mM)19 and the very weak inhibition
by D-glucose (partial non-competitive inhibition, KI: 410 mM)lB.
The catalytic site of invertase is assumed to contain an
imidazolium and a carboxylate group.21 Upon protonation of the
glycosidic oxygen atom of sucrose by the imidazolium group,
cleavage of the bond between this atom and fructosyl C-2 occurs.
On the analogy of the mechanistically related enzyme
1evansucrase,20 an ester bond between C-2 and the carboxylate
group of the enzyme will be formed. Formation of a g-D-
fructofuranosyl ester is most probable because inversion at
fructosyl C-2 1is sterically unfavour‘able.23 a—D-Glucopyranose is
liberated from the active site and the cleavage of the ester bond
by water or a primary alcohol yields B—D—fructofuranosez4 or alkyl
g—D-fructofuranoside, respectively. All reactions thus are

supposed to proceed with retention of configuration (Scheme 2).

Invertase Selectivity in Water - Alcohol Mixtures

The aglycon site of invertase will show hydrophobic interactions
with aliphatic alcohols, without much specificity towards the
shape of the molecule. Sucrose, that has been shown to be a weak

substrate inhibitor,7’20

will probably bind in a rather
nonspecific manner at the aglycon site of invertase or the
invertase—fructosyl complex. Thus, hydrolysis was retarded,zo but
sucrolysis was retarded even more.7 Non—reactive binding of
sucrose close to the aglycon site (Scheme 3, I and 1I) at high
sucrose concentration can explain these results. According to the

substrate inhibition observed, the reaction I+II is slower than
IVvsV,
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The nature of these inhibition phenomena might be established
by studying the action of invertase in the presence of alcohols
that form more specific complexes at the aglycon site. Thus, the
relative importance of hydrolysis, alcoholysis, and sucrolysis has
been studied in 1 M aqueous tert-butanol and in 1.5 M aqueous
allyl alcohol (10% v/v in both cases) at variable concentration of
sucrose. Use has been made of initial rates in order to eliminate
any effect of product inhibition and hydrolysis of newly formed
fructosides. In Fig. 2 these rates are compared to the initial
rates in the absence of organic solvents.'7

tert-Butanol only decreases the rate of hydrolysis if
{Sucrose] < 0.4 M, which is due to a higher apparent Km of sucrose
in 10% tert-butanol (Km= ~270 mM) than in water (Km= 38 mM). This
means that tert-butanol behaves as a weak competitive inhibitor
(KI= ~170 mM) because of complexation at the non-polar part of the
aglycon site of invertase (Scheme 3, VII). Sucrose will form a
stronger complex (IV) because of its affinity to the fructosyl
site, but after liberation of glucose (IV»V) complexation of tert-
butanol at the aglycon site of the enzyme-fructosyl complex will
occur {(VaVIII) without much competition by sucrose. This
complexation hardly affects the reaction rate of the enzyme-
fructosyl complex with water, according to the similar shapes of
the curves of water and 10% tert-butanol at [Sucrose] > 0.4 M in
Fig. 2A. Thus, the rate of VIII»IX is comparable to the rate of
V3VI. According to the corresponding curves in Fig. 2B, however,
the reaction rate of the enzyme—substrate complex V with the large
sucrose molecule is reduced by a factor 3 in the presence of tert-
butanol. Formation of VIII inhibits the formation of II with
subsequent reaction to ITI. tert-Butanol seems to block the
catalytic site for the large sucrose molecule, whereas the
entrance of water to the catalytic site is not inhibited.

Allyl alcohol will bind at the aglycon site in a manner
comparable to tert-butanol in complex VII, but proves to be a more
efficient inhibitor. Binding of allyl alcohol to the enzyme-

fructosyl complex will result in allyl fructoside formation, but
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FIG. 2. Initial rates of hydrolysis and alcoholysis of sucrose (pH
4.8, 25°). A. Hydrolysis in water (o) and in 10% tert-butanol
(8); Hydrolysis ([}) and allylolysis (x) in 10% allyl alcohol. B.
Sucrolysis in water (o), 10% tert-butanol (4), and in 10% allyl
alcohol ().

additional inhibition may occur by reverse orientation of the
allyl alcohol molecule at the non-polar site (i.e. its hydroxyl
group pointing away from the fructosyl group).

The inhibiting effect of tert-butanol and allyl alcohol on the
sucrolysis as determined by these initial rate studies, is
reflected by the maximum amount of 6-kestose observed in the

course of the reaction (Fig. 3).
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SCHEME 3. Effect of sucrose (G-O-F), tert-butanol (-+OH), and
water (w) on the formation of fructose (F-OH) and 6-kestose (F-0O-
F-0-G) 1in the active site of invertase. The non-polar part of the
aglycon site is shaded.

A comparison of the effect of various alcohols on the
different reaction rates can be made after correction of the ratio
of the initial rate of alcoholysis (ra) to hydrolysis (rh) for the
molar ratio of water to alcohol ([W]/[ROH]). The molar selectivity

towards alcoholysis (S ) thus defined is a measure of the

ROH/W
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Smouw ~ T, ° TROH] b

reactivity of sucrose towards primary alcohols relative to
water, in the presence of invertase (equation 1).
Fig. 4 shows that S has not a fixed value for either

ROH/W
sucrose or allyl alcohol, but it is clear that these alcohols are

rom/w’ 1) Although
additional effects, like variation in water, sucrose, and alcochol

better fructosyl acceptors than water (S

activitie525 and differences in solvent composition in the
microdomain of invertase relative to the bulk solvent26~27 will be
of importance as well, the decrease in SROH/W observed upon
addition of sucrose, allyl alcohol, or tert-butancl is assumed to
be largely the result of interactions in the enzyme cavity
according to the picture given above.

With increasing concentration of aliphatic alcohol, saturation
of the aglycon site will occur, and the ratio of reaction rates of
alcoholysis and hydrolysis will show only a small increase. The
selectivity, which is calculated after correction of the
concentrations, will decrease. Thus, the selectivity of
ethanolysis SEtOH/W in 0.44 M sucrose in the presence of 10, 30,

50, and 70% aqueous ethanol was 7, 3, 2, and 0.5, respectively. As

8 r—

3 ef
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FIG. 3. Maximum concentration of 6-kestose relative to the
corresponding initial concentration of sucrose in the absence of
organic solvent (o), in 10% tert-butancl (A), and in 10% allyl
alcohol () (pH 4.8, 25°C).
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FIG. 4. Selectivity towards sucrolysis in the absence of organic
solvent (o), in 10% tert-butanol (A), and in 10% allyl alcohol
(0); selectivity towards allyleolysis in 10% allyl alcohol (x).

a consequence, the maximum amount of ethyl fructoside formed was
g, 9, 13, and 10%, respectively. Thus, the decreasing relative
molar selectivity towards alcoholysis opposes the more favourable
molar ratio of alcohol to water.

This result applies to all alcoholysis reactions studied by
us. Optimal formation of fructosides occurs therefore at
relatively low concentration of sucrose (Fig. 4) together with
intermediate concentrations of alcohol (40-75% v/v, Fig. 5). In
general, the maximal amount of alkyl f-D-fructofuranoside observed
decreases with increasing size of the fructosyl acceptor.

The present work and interpretation may be of relevance for

the enzymic preparation of a—ZB and B—zg_zggalactosides, argo and

B—Zg-glglucosides, a.—mannosides,28 and a—maltoside532 by
alcoholysis of glycosides, which have also been performed at a
remarkably low concentration of alcohol (~10-60% v/v). This low
alcohol content will probably have favoured the solubility of the
substrates and the stability of the enzymes applied. Initial

reaction rates of alcoholysis and hydrolysis, which might reveal
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FIG. 5. Course of the alkyl B-D-fructofuranoside concentration
{relative to the initial sucrose concentration) at the optimum
conditions observed for fructoside formation in the presence of
invertase at 25°C, pH 4.8: x, methyl fructoside (40% v/v MeOH, 150
g/L sucrose); e, ethyl fructoside (50% v/v EtOH, 150 g/L sucrose);
¥, propyl fructoside (55% v/v PrOH, 150 g/L sucrose); 4, butyl
fructoside (50% v/v BuOH, 100 g/L sucrose, heterogeneous); [J,
allyl fructoside (75% v/v Al110H, 100 g/L sucrose); o, B6-kestose
(500 g/L sucrose).

some general negative effect of high alcohol concentration on the
selectivity of glycosylases towards alcoholysis, were, however,
not reported.

The enzymic formation of alkyl fructofuranosides (this
work) appears to be less favourable than that of alkyl
alclopyranosides.28_31 This is due to both kinetic and
thermodynamic reasons. The steric hindrance for alcohols (relative
to water) to react with an enzyme-fructofuranosyl complex will be
much larger than with e.g. an enzyme-glucopyranosyl complex,
because of the bulky fructosyl 1—CH20H group. Therefore, secondary
and tertiary alcohols do not react with the fructosyl-invertase
complex, whereas their enzymic conversion to alkyl aldopyranosides

is well—known.zg_31 Furthermore, it must be noted that differences
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in hydrophobic nature and in bulkiness of the alcohols might
strongly influence their ability to bind at the aglycon site and,
consequently, their relative apparent reactivity. In addition,
fructofuranosides are 1in aqueous solution thermodynamically less
stable than glucopyranosides.33 Thus, 1in concentrated aqueous
solutions of D-glucose, enzymic formation of disaccharides by
reversion reactions occurs,34 but equilibration of concentrated
aqueous solutions of D-fructose (or invert sugar) in the presence

of invertase does not show any disaccharide formation.

EXPERIMENTAL

Reaction Procedure. Sample preparation was essentially the
same as reported before.7 A buffer solution (5 mL, 0.08 M sodium
acetate, pH 4.8) of invertase (Maxinvert powder, 240 U/mg,7 Gist—-
brocades, Delft) was added to a solution (35 mL) of sucrose in
aqueous alcohol at 25°, vyielding a reaction mixture of the
correct composition. Samples were added to aqueous silver nitrate.
Ethylene glycol or D-glucitol was added as internal standard for
HPLC and the solvent was evaporated as far as required. Hydrolysis
of butyl B-D-fructofuranoside was performed on a 4 ml scale
starting with 20, 50, and 100 mM aqueous solutions of this
compound. For initial rate determinations five samples at <10%
conversion were analysed.

HPLC Analysis. HPLC of alkyl fructosides was performed using a
Waters Ass. M45-pump, a cartridge packed with 3-aminopropyl-
triethoxysilane-modified silica contained in a Waters Ass. RCM 100
module, and a Waters Ass. R401 differential refractometer. The
flow of acetonitrile~water (85:15) was 1 mL/min at 25°C. Retention
times (min): Alkyl B-D~fructofuranosides: butyl 5.12, propyl 5.90,
ethyl 6.36, methyl 7.98; D—fructose 10.6, D-glucose 12.5, sucrose
22.1. More reproducible results were obtained using ion—moderated
partitioning chromatography. An Aminex HPX 87C column at 60°C was
eluted with water at 0.6 mL/min.7’35 The alkyl pB-D-
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fructofuranosides, however, were not base-line separated from
glucose or fructose. Allyl B-D-fructofuranoside had the sane
retention time as D-glucose and was therefore determined by a
molar balance: [AllFru] = [Suc] - [Fru] - 2[6-kestose]. HPLC peaks
of alkyl B-D-fructofuranosides were assigned upon comparing the
chromatograms of anomeric mixtures of alkyl D-fructosides
(prepared according to the Fischer—methodge) before and after
incubation with invertase in aqueous solution.

Butyl B-D-Fructofuranoside. A solution of sucrose (60 g) in
acetate buffer (200 mL, 0.02 M, pH 4.8) and l-butanol (200 ml) was
incubated with invertase (200 mg) at 25°C during 15 min. Sodium
carbonate was added up to pH 10 and the solvents were removed in
vacuo. The syrup thus obtained was extracted with boiling ethanol.
Ethanol was removed in vacuo and the extraction was repeated until
a syrup (6.6 g) was obtained which was enriched in butyl 8-D-
fructofuranoside. Chromatography over Silica Gel 60 (300 cm?3,
Merck) with ethyl acetate (150 mL), ethanol-ethyl acetate 1:9 (300
mL), and 1:4 {200 mL), and collection of the fractions between 400 -
and 640 mL, yielded 0.80 g butyl B-D-fructofuranoside as a syrup,
which was pure according to HPLC, and was completely hydrolysed to
fructose and butanol upon incubation with invertase.

Test of Invertase Activity wunder Anhydrous Conditions.
Anhydrous invertase was prepared by Ilyophilisation from 0.5 M
sodium citrate buffer (pH 4.7) or by drying to constant weight at
15 torr in the presence of an excess of either zeolite NaA or
phosphorous pentoxide. Microcrystalline sucrose (0.25 g, particle
size <100 pm, dried on phosﬁhorous pentoxide) was suspended in 1--
octanol, 1l-butanol, or pyridine (5 mlL, dried on zeolite NaA). 1-
Butanol (0.25 mL), containing anhydrous sodium acetate (0.1 M) and
acetic acid (0.1 M), was added. After addition of dried invertase
(0.1 g) the suspension was stirred vigorously for 24 h. TLC was
performed on silica gel 60 F254 (Merck) with chloroform—methanol-—
water (60:35:6) and detection with sodium metaperiodate—

tolidine.37 The limit of detection was <1% sucrose conversion.



11: 45 23 January 2011

Downl oaded At:

ENZYMIC FORMATION OF R-D-FRUCTOFURANOSIDES 237

REFERENCES AND FOOTNOTES

1. E. J. Hehre, G. Okada, and D. S. Genghof in; Carbohydrates in
Solution, R. F. Gould, Ed.; American Chemical Society:
Washington, 1973, p. 309.

J. S. D. Bacon, Biochem. J., 57, 320 (1954).
W. J. Whelan and D. M. Jones, Biochem. J., 54, xxxiv (1953).
H. J. Bremer and J. S. D. Bacon, Biochem. J., 66, 482 (1957).

N s W N

K. Ishizawa, Y. Iriki, and T. Miwa, Science Reports of the
Tokyo Kyoiku Daigaku, Section 8, 102 (1957).

b}
Jap. Soc. Starch Sci., 24, 45

B,
6. S. Hisajima and Y. Arai, J.
(1977).

7. A. J. J. Straathof, A. P. G. Kieboom, and H. van Bekkum,
Carbohydr. Res., 146, 154 (1986).

8. The water content of lyophilised invertase was 1.8% according
to Karl-Fischer titration. Upon drying in_ vacuo over
phosphorous pentoxide the water content of invertase decreased
to 1l.1%. The use of zeolite NaA as the drying agent yielded
the same result, and required a shorter drying time.

9. A. M. Klibanov, CHEMTECH, 16, 354 (1986).

10. M. Therisod and A. M. Klibanov, J. Am. Chem. Soc., 108, 5638
(1986).

11. C. J. Moye, Adv. Carbohydr. Chem., 27, 85 (1972).

12. J. C. Byrd, A. L. Tarentino, F. Maley, P. H. Atkinson, and R.
B. Trimble, J. Biol. Chem., 257, 14657 (1982).

13. R. Taussig and M. Carlson, DNucleic Acids Res., 11, 1943
(1983).

14. W. Z. Hassid, M. Doudoroff, H. A. Barker, .and W. H. Dore, J.
Am. Chem. Soc., 68, 1465 (1946).

15. R. D. Guthrie, I. D. Jenkins, P. J. Rodgers, W. F. Sum, J. J.
Waters, and R. Yamasaki, Carbohydr. Res., 75, Cl (1979).

16. P. J. Card and W. D. Hitz, J. Am. Chem. Soc., 106, 5348
(1984).

17. P. J. Card, W. D. Hitz, and K. G. Ripp, J. Am. Chem. Soc.,
108, 158 (19886).

18. The rate of hydrolysis of the enzyme-sucrose complex was 7.4
times larger than that of the enzyme-butyl fructoside complex.

19. R. Kuhn, Z. Physiol. Chem., 125, 28 (1923).
20. D. Combes and P. Monsan, Carbohydr. Res., 117, 215 (1983).

21. A. Waheed and S. Shall, Biochim. Biophys. Acta, 242, 172
(1971).




11: 45 23 January 2011

Downl oaded At:

238

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.
33.
34.

35.

36.

37.
38.

STRAATHOF ET AL.

R. Chambert and G. Gonzy-Treboul, Eur. J. Biochem., 71, 493
(1976).

Amongst 61 glycosyl transferases and glycoside hydrolases38
which have been supposed to act by covalent catalysis, a
definitive proof for double inversion of configuration has
only been obtained for sucrose phosphorylase. Possible double
inversion for invertase, i.e. an oa-D-fructofuranosyl-enzyme
intermediate, does not influence the further mechanistic
considerations.

R. Wajda and H. Friebolin, J. Carbohydr. Chem., 5, 241 (1986).

C. D. Ritchie, Physical Organic Chemistry: The Fundamental
Concepts; Marcel Dekker: New York, 1975.

T. Arakawa and S. N. Timasheff, Biochemistry, 21, 6536, 6545
(1982).

T. Arakawa and S. N. Timasheff, Arch. Biochem. Biophys., 224,
169 (1983).

K. G. I. Nilsson in; Biocatalysis in Organic Media; C. Laane,
J. Tramper, and M. D. Lilly, Eds.; Elsevier: Amsterdanm,
1987, p. 369.

Y. Ooi, T. Hashimoto, N. Mitsuo, and T. Satoh, Chem. Pharm.
Bull., 33, 1808 (1985).

K. Itano, K. Yamasaki, C. Kihara, and Q. Tanaka, Carbohydr.
Res., 87, 27 (1980).

N. Mitsuo, H. Takeichi, and T. Satoh, Chem. Pharm. Bull., 32,
1183 (1980).

S. Matsubara, J. Biochem. (Tokyo), 49, 226 (1961).
L. Szekeres and K. Tettamanti, Microchem. J., 17, 148 (1972).

G. M. A. van Beynum, J. A. Roels, and R. van Tilburg,
Biotechnol. Bioengin., 22, 643 (1980).

M. Makkee, A. P. G. Kieboom, and H. van Bekkum, Int. Sugar J.,
87, 55 (1985).

G. S. Bethell and R. J. Ferrier, Carbohydr. Res., 31, 69
(1973).

D. F. Mowery, Jr., Anal. Chem., 29 , 1560 (1957).

L. B. Spector, Covalent Catalysis by Enzymes; Springer Verlag:
New York, 1982, and references cited therein.




