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Abstract

In situ proton NMR is used to investigate sweet almoRcufus dulcis) glycosidase catalyzed hydrolysis and reverse hydrolysis. Time
courses of six disaccharide hydrolyses indicate that almond protein extract contains fairly high ampgiteotidase ang-galactosidase,
while a-glucosidase activity is negligibly low. For the first time the Michaelis Menten conskgtdnd maximal reaction rat&/{,) of a
biotransformation are determined by in situ proton NMR. The high stability index of the regression line in Lineweaver Burk plot shows the
general applicability of this analytical method in kinetic investigations. Glycosidase catalyzed reverse hydrolyses are performed using glucose
and galactose as donors as well as several acceptors with one, two, or several hydroxyl groups. Structures of the generated glycosides are
determined directly from the reaction mixture using sel-TOCSY and NOESY measurements. The initial reaction rates and final product yields
of the reverse hydrolyses are determined by in situ proton NMR. Thermodynamic equilibria of all investigated reverse hydrolyses cause final
yields below 7% of predominantly formed primary glycosides.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ferent acceptorg8-10]. Therefore, kinetically controlled
transglycosylations using activated glycosides as substrates
Glycosidases (EC 3.2.1.1-151) are widely distributed in are generally applied to give better yie[@s11]. These acti-
microorganisms, plants, and animfls-3]. They selectively vated glycosides, however, must be prepared as they have to
hydrolyze glycosidic bonds and possess decisive roles incarry an aglycon moiety with good leaving group properties
many crucial biological pathways like catabolism and cel- [8,9,11]
lular signaling[1-4]. As a result these enzymes are widely = The reverse hydrolysis is, however, the preferable reac-
used in various contexts, like determination of fruit ripeness tion to investigate regio- and stereoselectivity as well as ki-
degree and analysis of polysaccharides from various sourcesetic properties of unaffected glycosidase catalysis. Natural
[1,5,6] Furthermore selective inhibition of defined glycosi- free carbohydrates and alcohols can be used as donors and
dases for therapeutic targets is actually in the focus of in- acceptors, respectively, and the reactions are not influenced
vestigationd7]. by unnatural byproducts. The products are often difficult to
As hydrolyses are balanced reactions, glycosidases alscanalyze by classical methods, as metabolic rates are fairly
catalyze accordingly the reverse hydrolyses and thus, arelow due to unpropitious thermodynamic equilibrium posi-
used in synthetic chemistry to generate di- and oligosac- tions. In situ proton NMR, however, is a valuable technique
charides as well as glycosides with an aglycon moiety to analyze biotransformations even with small conversion
[3,8,9]. However, thermodynamically controlled glycosi- rates[12—14] This modern analytical method was used to
dase catalyzed reverse hydrolyses lead to small yieldsprovide information about the time course and kinetics of
and are reported to show low selectivity between dif- various reactions and can easily be adopted on carbohydrate
biotransformations as shown in some examflEs-17]
mspondmg author. Tels43-1-4277-52131; Beypnd t.h.e opline analysis NOESY and sel-TOCSY aIIovy
fax: +43-1-4277-9521. the identification and structural assignment of products di-
E-mail address: lothar.brecker@univie.ac.at (L. Brecker). rectly from the reaction mixture after the thermodynamic
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equilibrium is reached18]. Furthermore glycoside hydrol-  2.3. Nuclear magnetic resonance spectroscopy
yses can also be investigated in detail by in situ proton
NMR as shown earlier by Wajda et §1.9]. The proton NMR spectra were recorded on a DRX-400
In this study we apply in situ proton NMR to investi- WB AVANCE and on a DRX-600 AVANCE spectrometer
gate B-glucosidase (EC 3.2.1.21) aiidgalactosidase (EC  (Bruker, Rheinstetten, Germany), equipped witlz-aand
3.2.1.23) activities from sweet almon&r(nus dulcis var. an triple resonanceyz-gradient inverse probe, respectively.
dulcis) protein extract. These two major sweet almond gly- Proton irradiation and measurement frequencies were 400.13
cosidases are easy to obtain by standard isolation processeand 600.13 MHz, respectively, and the sample temperature
and quite stable over longer time perios20,21] The was 298 K. All spectra were processed with the XWINNMR
catalytic activities occur in a four to one ratio and can be 3.1 software. 1D proton, sel-TOCS¥4], and sel-NOESY
adopted directly from protein extract without any further pu- [25] spectra were recorded with an acquisition of 16,384
rification of the enzymef0]. Hence they have been inten- data points, a relaxation delay of 1.0s, and between 16
sively investigated earlier by other analytical methods and and 128 scans. For selective excitation in sel-TOCSY and
were used in different contex|8,4,21-23] sel-NOESY Gaussian pulses with a duration of 80 ms were
We now report the determination &€, and Vmax of used. After zero filling to 32,768 data points the free in-
B-glucosidase catalyzed cellobiose hydrolysis by in situ pro- duction decays were directly Fourier transformed to spectra
ton NMR. Further on we describe the NMR based online with ranges between 1800 and 6000 Hz. For 2D NOESY
analysis of glycoside formation during reverse hydrolyses. spectra 1024 data points in thedimension and 256 to 384
Thereby we applied sel-TOCSY to confirm that the gener- experiments in;-dimension were recorded. After appropri-
ated products were glycosides. NOESY spectra were used tate sinusoidal multiplication a Fourier transformation led to
determine the nature of the glycosidic linkage in reverse hy- spectra with ranges between 200 and 4800 Hz. Mixing times
drolysis experiments with acceptors, which possessed moreof sel-TOCSY varied between 20 and 100 ms and the mix-
than one potential acceptor site. ing time in sel-NOESY and 2D NOESY spectra was 800 ms.
All spectra were recorded ind® and referenced on external
acetone { 'H: 2.225 ppm). The overwhelming water signal

2. Experimental was suppressed by presaturat[@].
2.1. Chemicals 2.4. NMR spectroscopic assays of hydrolysis and reverse
hydrolysis

All chemicals were purchased from Sigma—Aldrich
Chemical Co., St Louis, USA and Acros Organics, Beel, All biotransformations were performed directly in the
Belgium in the highest available purity and used without NMR sample tube (0.65-0.70ml) at 298K using acetate

further purification. buffer in D,O (20 mM, pD 5.0), which contained 1.0 mM
4-hydroxybenzoic acid ethyl ester to inhibit microbial

2.2. Isolation of glycosidases from sweet almonds growth. Reactions which took less than 24h were per-

(Prunus dulcis) formed in the magnet and between 16 and 64 proton spectra

were directly taken from the sample. When the reaction

Commercial almond meal gained from Italian and Span- time exceeded 24 h, the biotransformation was performed
ish almonds was obtained from a local Viennese supermar-in a temperature-controlled water bath whereby six to ten
ket. The almond meal (200 g dry weight) was successively proton spectra were recorded during the reaction time.
washed with 600 ml acetone and 200 ml cyclohexane to Glycosidase catalyzed hydrolyses of sucrose, maltose,
remove hydrophobic components. Insoluble material was methyla-p-glucopyranosid, lactose, cellobiose, and gentio-
filtered off and dried under vacuum at 40 to give 1259 biose were analyzed online from 200 mM solutions that con-
(62%) dry weight. Dry almond meal (10g) was extracted tained 7Qul almond meal extract in a total volume of 7@0
with 100 ml sodium acetate buffer (20 mM, pH 5.0) and fil- To determine the enzyme stability first fresh enzyme extract
tered off. Proteins were separated by ammonium sulfate pre-was added to the reaction mixtures after some days and fur-
cipitation (70% saturation) and centrifugation. The precipi- ther transformation was checked. Additionaly, ¢0Golu-
tate was suspended in 10 ml sodium acetate buffer (20 mM,tions containing 40 mM cellobiose and pDalmond meal
pH 5.0) and intensively dialyzed five times against 2.01 of extract were allowed to react and stored for 20, 116, and
the same buffer. A small amount of residual precipitate in 215 h at 300 K. Afterwards cellobiose was added to get again
the dialyzed suspension was separated by centrifugation anda concentration of 40 mM. Then kinetics of the cellobiose
the supernatant was lyophilized to obtain 90 mg of dialyzed hydrolyses were measured.
proteins. The dry proteins were dissolved in 6.5 miCD The Michaelis Menten constari() and maximal reac-
and stored at-20°C for several weeks without any sig- tion rate {max) Of cellobiose hydrolysis were determined
nificant loss of-glucosidase ang-galactosidase activity by 15 experiments with varying substrate concentrations
[20]. (4.6—184 mM) and a constant amount ofili(rotein extract
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in a total volume of 65@.1. All 15 reactions were monitored
online with sixteen proton NMR measurements during time
periods of 80-150 min. Between 5 and 10 proton NMR mea-

sucrose

methyl a-D-glucopyranosid

s
E
S <
surements of each biotransformation were recorded during § -% 196 Ao~ maliose
the steady state phase. S& 194
B-Glycosidase catalyzed reverse hydrolyses were per- m§ 192
formed using glucose and galactose as donors in 100 mM g 190+ . . ; ; :
concentration and glycol, glycerol, 1-propanol, 2-propanol, 0 200 400 600 800 1000
glucose, galactose, mannose, and meshplglucopyrano- (A) time [min]
side as acceptors in 750 mM concentration. Volumes of 12.5 200

and 50ul almond meal extract were added to the reactions
with the donors glucose and galactose, respectively. The
total volume of each reaction was 7@D The product for-
mations were monitored by in situ proton NMR over about
200h and after the reaction was completed sel-TOCSY

lactose

150 +

glycoside
concentration [mM]

as well as 2D NOESY and confirming sel-NOESY were 100 gentiobiose
recorded to identify the products.
50 1 cellobiose
3. Results and discussion
0 T T T T T
3.1. Hydrolytic activities of almond meal protein extracts 0 200 400 600 800 1000
(B) time [min]

We obtained protein extract from sweet almonds accord-
ing to Singh et al.[20] and applied in situ proton NMR F‘ig. 1. Time courses of sweet alm‘ond meal protein extract catalyzed glycp-
to investigate its3-glucosidase an@-galactosidase activ- side hy_drolyse; S_hown are the time courses of t_he substrate consum_ptlon
o determined by in situ proton NMR. All transformations are performed with
ities towards natural substrates. As a result hydrolyses of 1 49 mgmi? protein extract. (A) Thex-glucosidase catalyzed hydroly-
cellobiose, gentiobiose, and lactose were monitored overses of sucrose (cross), maltose (triangle), and methylglucopyranosid
17 h. Additionally the not yet examined-glucosidase ac- (circle) show low initial reaction rates of 7.2, 0.4, and @M min—1,
tivity was monitored using sucrose, maltose, and methyl respectively. (B) Theﬁ-glucosidase catalyzed hydroly_sis of cellobiose

. . (square) and gentiobiose (star) as well as hgalactosidase catalyzed

a-D—qucppyranosme as SUb.StrateS' Integrals over ?‘nomenchydrolysis of lactose (rhomb) show initial reaction rates of 850, 540, and
proton signals of the glycosides and monosaccharides pro-gg,,mmin-1, respectively.
vide the hydrolysis time courses. Cellobiose, gentiobiose,
and lactose were efficiently hydrolyzed, whereas reaction
rates ofa-glucosidase catalyzed hydrolyses were very low B-galactoside hydrolyses and reverse hydrolyses. Further-
(Fig. 1. No further significant biotransformation of the re- more, it has been shown that-glucosides are not hy-
actants and the products was observed in the experiments. drolyzed in appreciable amounts and hence are applicable

We checked the hydrolytic activity of the investigated as acceptors in reverse hydrolysis.
glycosidases in reaction mixtures stored for 20, 116, and
215h at 300K to demonstrate that the enzymes still work 3.2. In situ proton NMR monitored kinetics of cellobiose
with an appropriate reaction rate after 200 h. Therefore, ad- hydrolysis
ditional cellobiose was added and its subsequent hydroly-
sis was monitored. The reaction rates were 101, 97, and Cellobiose is a natural substrate of sweet almond
94uM min~—1, respectively. The loss g8-glucosidase ac-  B-glucosidase and hence rapidly hydrolyz&ig( 1B) [4].
tivity is negligible, since the transformation rates only de- The reaction scheme of this biotransformation is shown in
creased to an amount of 93% during 215h. Scheme 1However, the Michaelis Menten constamd.{)

The pronounced and persisterg-glucosidase and  of this reaction has been reported only once and was given
B-galactosidase activities confirm that the enzyme ex- as 117 mM[4]. The fairly highKy, value and the difficul-
tracts are suitable for the examination @fglucoside and  ties in monitoring cellobiose and glucose concentrations

OH OH OH OH
o
HO [E.C.3.2.1.21]
HO 0 ° + HO0 —————>HO R + Ho/&w
on HO on’ ® Pa— HO OH HO OH
OH OH OH

Scheme 1B-Glucosidase catalyzed cellobiose hydrolysis.
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by UV-spectroscopy might account for the paucitykgf
determinations on this systef27].

In situ proton NMR makes online observation of time
courses especially from higher concentrated solutions pos-
sible. Hence, we used this analytical technique to investi-
gateK, andVmax of sweet almon@-glucosidase catalyzed
cellobiose hydrolysis. This investigation is the first reported
determination of a Michaelis Menten constaii,) using in
situ proton NMR. To accomplish the analysis we monitored
the almondp-glucosidase catalyzed cellobiose hydrolysis
using 15 different initial substrate concentrations varying be-
tween 4.6 and 184 mM. In all these reactions 1.06 nigiml

protein extract was applied. Between five and ten proton (A)

NMR measurements were recorded during the steady state
phase of the reactions. Integrals over substrate and prod-
uct anomeric signals in these spectra made the assignmer
of initial reaction rates possible as shown kig. 2A for
three examples. The determined reaction rates are used ti
ascertain the kinetic profile by the method of Lineweaver
and Burk, whereby small portions of reverse hydrolysis are
neglected. This analysis gav€m 106 mM andVmax

= 12.75uM s~ for the B-glucosidase catalyzed cellobiose
hydrolysis Fig. 2B).

The Ky, value of 106 mM determined by in situ proton
NMR is in fairly good agreement with thi€,, value, which
was earlier reported by Woodward and Wisenjdh The
method they used fd,, determination was not clearly de-
scribed. The stability index of the regression lind-ig. 2B
is R?2 = 0.9968 pointing out the accuracy of the results
gained from in situ proton NMR. Hence, this technique ap-
pears to be suitable for the determinatiorkaf andVyay of
enzyme catalyzed reactions, in particular for reactions with
fairly high Ky, values.

3.3. Reverse hydrolysis

Apart from the kinetic investigations of the cellobiose
hydrolysis we performed sweet almofdglucosidase and
B-galactosidase catalyzed reverse hydrolyses. For this pur-
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Fig. 2. Determination of kinetic constants of the cellobiose hydrolysis
using 1.06 mgmi! almond protein extract. (A) Time courses of three
online monitored cellobiose hydrolyses with cellobiose starting concen-
tration cp = 111 mM (rhomb),co = 37 mM (square), andp = 4.6 mM
(triangle). Shown are the increasing glucose concentrations. The steady
state phases are indicated with persistent regression lines. (B) Graphical
determination of reciprocaky, and Vimnax by the method of Lineweaver
and Burk. The regression line shows a stability indexrR8f= 0.9968.

This small variance indicates the accuracy of in situ proton NMR in
determining kinetic data of an enzyme catalyzed reaction.

Even such relative high substrate concentrations allowed

pose donors and acceptors were used in 100 and 750 mMproton NMR spectra with adequate spectral resolution. The

concentration, respectively. Protein extract was added to a
final concentration of 26ag ml~1 and 1.06 mg mt? for the
B-glucosidase ang-galactosidase catalyzed reactions, re-
spectively. A general reaction schemepa§lucosidase and
B-galactosidase catalyzed reverse hydrolyses is shown in
Scheme 2

R

HO

> R [E0321

OH H R*

Glc: R:OH & RzH & [E.C.3.2.1.21]
Gal: R"H & R%OH & [E.C.3.2.1.23]

anomeric proton signals of glycosides formed appeared in a
distinct spectral region and were not overlapped by signals
of reactants or products. Hence selective excitation of these
anomeric protons was possible. This, in turn, made it possi-
ble to obtain sel-TOCSY and sel-NOESY as well as expedi-
ent 2D NOESY spectra directly from the reaction mixtures.

OH
6}

R2
2123
HO + HO
RB
H R*

o}
OH

R® & R*: see residues in table 1

Scheme 2B-Glucosidase an@-galactosidase catalyzed reverse hydrolysis.
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(B)

(C1)
2 3 | 7 k@)
4.38
— l ! | /H1’(2a)
| ™ ! TR | >JN R S S . W s >
' 4374 W v &R
(C3) Ha'l! pom | _
4“ < 3.0 ppm
I o
ca ! H5’: : Fig. 4. NOEs to determine the position of the glycosidic linkage iR]{2
(C4) l [ and [2-2,3-dihydroxy-1-propylB-p-glucopyranosides2é and b). The
) ’ spectra were recorded directly from the reaction mixture. (A) Structures of
I o the two diastereomeric glycosideza(andb). (B) Proton NMR spectrum
: } | : with enlarged anomeric proton signals of both glycosides’ (2d) and
(C5) , , [ : | H1’' (2b)). All more intense signals belong to the substrates glucose and
) Hea' Hob glycerol. (C) Sel-NOESY with irradiation of H1(2a) and H1 (2b) at
. . ; . . " i ; 4.38ppm and a mixing time of 800 ms. Both anomeric protons show
46 44 42 40 38 36 34 32 ppm NOEs to H3, H5, Hla, and H1b in the respective diastereomer. Signals

caused by spin diffusion from Hlo their neighbored H2are indicated
Fig. 3. Sel-TOCSY measurements of the glucose unit in 2-hydroxyethyl with a cross {) and residual signals of substrates are marked with
B-p-glucopyranoside 1) taken directly from the reaction mixture. (A) an asterisk (*). (D) 2D NOESY of the reaction mixture recorded with
Structure of the productl]. All protons in the glucose unit are indicated. ~ 800ms mixing time shows NOEs from Hio Hla and Hib in both
(B) Proton NMR spectrum of the reaction mixture in thermodynamic diastereomers. Dashed and dotted lines indicate the assignment of the
equilibrium. The B-anomeric proton signal of the glycosidéd; (H1'; signals to glycoside2g) and @b), respectively.
4.42 ppm) is enlarged. All more intense signals belong to the substrates
glucose and glycol. (C1-C5) Sel-TOCSY measurements with irradiation
of the B-anomeric protonk; H1'; 4.42 ppm). Mixing times are 20, 40,  and [23-2,3-dihydroxy-1-propyl3-p-glucopyranosides2a
60, 80, and 100ms, respectively. Proton signals of the glucose unit are andb) are shown irFig. 4 The spectra obtained from the
indicated _along with their appearance ir_] the spectra. A residue of the large 2D NOESY experiments are more convincing, since they
glycerol signal at 3.60 ppm is present in all sel-TOCSY measurements. do not include disturbing residual signals from the starting
material, which are present in the sel-NOESY. These gly-
These spectra led to the identification of the glycosides pro- cosides were generated in equal amounts from glucose as
duced, although their concentrations were much lower thandonor and glycerol as acceptor. It is remarkable that neither
the concentrations of the substrates. In detail sel-TOCSY of the two diastereomers was preferentially formed and that
measurements with different mixing timg4] enabled the no detectable amounts of a secondary glycoside was gener-
determination of all proton shifts in the non reducing sac- ated. The structures of all glycosides formed in the reverse
charidesFig. 3 shows, as an example, the identification of hydrolyses are given ifable 1 Characteristic proton NMR
glucose in 2-hydroxyethy#-p-glucopyranosidel() directly shifts of these compounds are listedTiable 2
from the reaction mixture. Anomeric proton signals of the generated glycosides were
Furthermore, the anomeric proton of the non-reducing further on used for in situ proton NMR analysis of reverse
saccharide is spatially close to some protons of the agly- hydrolysis time courses. In this way, reaction rates were
con moiety. Hence, between these protons there is a nu-determined from the increase of the glycoside concentration
clear Overhauser effect (NOE), which can be measured byover a time period of about 200 h. In the majority of cases
2D NOESY and confirmed by sel-NOEJ¥5]. This NOE the initial reaction rates lay between 0.1 and dMmin—1.
can be used to determine the regio- and stereoselectivitySole exceptions were the formation of gentiobiosa #nd
of glycoside formation and consequently makes determi- b) and B-p-Glcp-(1 — 6)-a-p-Glcp-OMe (7), which pos-
nation of the glycosidic structure possible. As an example sessed initial reaction rates of 16.6 and B\min—1, re-
sel-NOESY and 2D NOESY of the two diastereomerig]f2 spectively. The final product yields were identified directly
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Table 1
Structures of the8-glucosides angs-galactosides that were generated in the investigated reverse hydtolyses
Acceptor (750 mM) Formeg-glucoside [Donor: glucose (100 mM)] Formégdgalactoside [Donor: galactose (100 mM)]
OH
o}
Glycol OH o @ Ho O\/\OH 8
OH
OH
OH  Ho o OH  HO
o] ¢}
Glycerol HOHO o OH (2a and b) HO&/OJWOH (9a and b)
OH OH
OH HO OH
1-Propanol HO Q 3 Q 10
P HO o ®) HO o (10)
OH OH
OH
Ho ~-OH
HO 0 0
2-Propanol HO o @) HO o (11)
OH OH
OH HO OH
(o] (0]
HO
Mannose HO o] (5a and b) HO o (12a and b)
OH HO OH HO
HO R HO 2
HO OH HO OH
OH

I—E&/O
Glucose OH &M (6a and b) _
O
HO
HO OH

OH
HO OH
(0]
HO (0]
Galactose - oH H% (13a andb)
HO OH
OH
OH HO OH
o) (0]
HOHo o HO o
-D- - i OH OH
Methyl-a-p-gluco-pyranosid Ho e} (7 HO (o) (14)
HO HO
HO HO
o N

a Glycosides are nominated in Table 2.

from the reaction mixture after about 8 days of incubation 3.4. Sdlectivity of glycoside formation

time when no further change in the glycoside concentra-

tion was observed. These yields are equilibrium vyields, All detected products of the investigated reverse hy-
because during 200h the glycosidases did not loose androlyses areB-glycosides confirming thap-glucosidase
appreciable amount of their activity, as shown before. The and-galactosidase effectively catalyze reverse hydrolysis.
observed reaction rates and product yields are also given inlf the acceptor contains primary and secondary hydroxyl
Table 2 groups, the glycosidic bond is predominately formed with



Table 2

Initial reaction rates and conversions of the reverse hydrolyses as well as indicative proton NMR shifts of the formed glycosides

Glycoside Initial reaction Conversiof Proton NMR shifts (ppm)
=Y o

raté (WM min™) ) HY H2 H3 H4 HY H6d  H6hW  Ha® Hb® Position  Referencés
2-Hydroxyethyl 3-p-glucopyranoside 1) 1.7 6.4 442 324 343 325 339 384 3.64 3.92 370 (H1la,b)
[2R]-2,3-dihydroxy-1-propylB-p-glucopyranosides2g) 1.0 2.2 438 322 340 329 337 382 3.64 3.88 370 (H1la,bj28]
[29-2,3-Dihydroxy-1-propylg-p-glucopyranosides2p) 1.0 2.2 439 322 340 329 337 382 3.64 395 361 (H1a,b)28]
1-Propyl3-p-glucopyranoside3) 0.4 2.6 438 319 341 330 337 384 3.65 356 356 (H1la,bj29]
2-Propyl$-p-glucopyranoside4) 0.1 2.4 445 314 340 329 337 383 364 402 (H2) [29]
B-p-Glep-(1 — 6)-a-p-Manp (5a) }0.1¢{ 0.9 440 315 338 329 337 382 3.62 3.79 ©nd (H6ab) [30]
B-p-Glcp-(1 — 6)-B-p-Manp (5b) 0.6 441 322 340 329 337 377 362 404 398 (H6ab)f30]
B-p-Glep-(1 — 6)-a-p-Glep (6a) }16.6{ 1.0 440 321 339 329 336 381 3.62 408 374 (H6a,b)19]
B-p-Glep-(1 — 6)-B-p-Glcp (6b) 15 439 314 338 329 336 379 3.62 4.03 377 (H6a,b)19]
B-p-Glep-(1 — 6)-a-p-Glep-O-Me (7) 5.5 15 441 320 342 333 338 383 3.64 4.02 3.81 (H6a,b)31]
2-Hydroxyethylg-p-galactopyranosidesy 0.7 3.7 436 342 353 382 364 3.70 3.70 3.90 3.68 (Hlab)
[2R]-2,3-Dihydroxy-1-propylg-p-glucopyranosides9g) 0.3 0.3 432 340 353 382 fd nd nd® 3.82 354 (Hilab)
[29-2,3-Dihydroxy-1-propylB-p-glucopyranosidesdp) 0.3 0.3 434 340 353 382 %d nd nd® 3.95 3.69 (Hlab)
1-Propyl{3-p-galactopyranosidel() 0.3 3.2 430 342 352 381 363 3.68 3.68 3.78 3.78 (H1a,b)
2-Propyl-p-galactopyranosidel() 0.6 1.8 435 335 352 380 362 3.70 3.70 4.00 (H2) [32]
B-p-Galp-(1 — 6)-a-p-Manp (12a) 101 <0.2 433 340 353 381 Ad nd® nce 383 nd  (Héab)
B-p-Galp-(1 — 6)-3-p-Manp (12b) <0.2 434 340 353 381 Ad nd® nd® 3.99 395 (H6ab)
B-p-Galp-(1 — 6)-a-p-Galp (13a) 101 309 { 435 343 355 382 364 370 363 378 376 (H6a,b)33]
B-p-Galp-(1 — 6)-B-p-Galp (13b) 435 339 353 382 364 370 3.63 3.78 3.76  (H6a,b)[33]
B-p-Galp-(1 — 6)-a-D-Glcp-O-Me (14) 0.2 0.8 433 345 355 3.82 363 3.69 367 408 379 (H6ah)

a |nitial reaction rates for the formation of the respective glycoside usingug68l~1 and 1.06 mgmt! protein extract fo3-glucosidase an@-galactosidase catalyzed reactions, respectively.
b Conversions refer to the initial donor concentration.

¢ Proton(s) geminal to glycosidic linkage.
d Reference of comparable NMR shifts.
€ Not determined due to low signal to noise ratio.
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the primary hydroxyl group, resulting in a primary glyco- variety of enzyme catalyzed reactions, using these methods.

side. In particular when a monosaccharide acts as acceptorThey thus extend the scope of in situ proton NMR as an

its primary hydroxyl group in position 6 is the favored point analytical tool in biocatalytic studies.

of attack and a (- 6) linked disaccharide is generated.

A primary hydroxyl group in the acceptor is, however, not

a prerequisite for sweet almonghglucosidase catalyzed Acknowledgements

reverse hydrolysis, as 2-propanol was also a successful ac-

ceptor for the formation of 2-propys-p-glucopyranoside We thank W. Schmid (University Vienna) for providing
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An example is the difference in the yield of the two gluco-
bioses gentiobiosesé andb) and cellobiose, when glucose

is used as donor and as acceptor. These two disaccharide
are hydrolyzed by sweet almorgtglucosidase with high
reaction rates, confirming that both sugars are natural sub- [1]
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