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Abstract

Possible evidence is presented for Maillard glycation of enzymes during oligosaccharide synthesis by reverse hydrolysis. In 70% (w/v)
mannose solutions, 1&-mannosidase fromenicillium citrinumlost 40% andx-mannosidase from almonds lost 60% activity at6®ver
2 weeks. Oligosaccharide yields were 15 and 45% respectively. Higher molecular weight glycation adducts were formed in a time-dependent
manner as seen by MALDI-TOF. Inhibitors of the Maillard reaction were able to partially alleviate these effects resulting in reduced loss of
enzyme activity and oligosaccharide yield increases of 27-53% relative to the control.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction der the conditions of the reaction could be Maillard glycation
of the enzyme. The Maillard reaction has been postulated
Enzymatic synthesis reactions are an attractive meansas a limiting factor in oligosaccharide synthesis reactions
of producing biologically active oligosaccharides due to [6-9] but little evidence for this has been reported to date.
their simplicity and regioselectivitfl]. Of the available In this study, we were able to show that Maillard induced
approaches to the enzymatic synthesis of oligosaccharidesinactivation of glycosidase enzymes occurs during oligosac-
the use of glycosidases in reverse has several advantagesharide synthesis by reverse hydrolysis. We investigated the
Glycosidases are readily available from a range of plant anduse of a few known inhibitorflL0] of the Maillard reaction
microbial sources, reverse hydrolysis or condensation reac-to increase the yields of oligosaccharides in condensation
tions are simple to perforif2] and if the correct enzyme is  synthesis reactions catalysed hyl,2-mannosidase from
chosen they can have absolute selectiy&y The biggest Penicillium citrinumanda-mannosidase from almonds.
disadvantage is that the product yields tend to be rather
low. Overall process yields, however, can be increased by
recycling the unused substrate, which is not destroyed in
the reaction. Despite this, it would be desirable to maximize
the reaction yields. Examination of the literature in this area

reveals a range of product yields for such reactions, from  agpergillus oryzae strain  PM-1 overproducing the
14.[4] to 70%(5]. This wide variation in the yields sug- 1 7 -mannosidase oP. citrinum was kindly provided by
gests a possible role of enzyme inactivation in addition t0 pr, Takashi Yoshida of Hirosaki University, Japan. It was

thermodynamic limitation of the reaction, as reaction condi- maintained on agar slopes containing 2% malt extract, 0.2%
tions used are generally similar (50-80% total sugar (W/w), pactopeptone and 2% glucose &G4

50-60°C). A likely mechanism of enzyme inactivation un-

2. Materials and methods

2.1. Fungal strain

2.2. Enzymes
* Corresponding author. Tel+44 118 378 6726; . . .
fax: +44 118 931 0080. For A. oryzaerecombinanta-mannosidase production,
E-mail addressr.a.rastall@reading.ac.uk (R.A. Rastall). spores of PM-1 were inoculated into 11 of DPY medium
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[11] at 1 x 10°/ml and incubated at 3@ on an orbital A. oryzaerecombinantt-mannosidase activity was deter-
shaker at 150rpm for 3 days. The mycelia were sepa- Mined using baker's yeast mannan as substrate and mea-
rated from the medium by filtration through Miracloth (CN  suring the liberated mannose by Nelson Somogyi method
Biosciences, Nottingham, UK). The filtrate was passed [12]. One enzyme unit was defined as the amount of en-
through a 0.2um filter and then concentrated by ultrafil- Zyme required to liberate imol of mannose from mannan
tration through a 10,000 nominal molecular weight cut-off Per minute at 30C and pH 5.0.

(NMWCO) ultrafiltration membrane (Millipore, Watford, Almond a-mannosidase was assayed by incubating suit-
UK) using a Gyrosep” 300 ml stirred cell from Intersep ~ ably diluted enzyme in 0.1 M sodium acetate buffer, pH
(Wokingham, UK). The pH of the enzyme preparation 4.5 with 5.5mM p-nitrophenyl a-p-mannopyranoside at
was adjusted to 5.0 by diafiltration with 0.1M sodium 30°C for 10 min and determining th@nitrophenol released
acetate buffer of the same pH. Further concentration of by absorbance measurement at 420 nm, after terminating
enzyme was achieved using Vi\/aspin Centrifuga| concen- the reaction by addition of 0.1 M sodium carbonate. The
trators (Vivascience, Epsom, UK) with 10,000 NMWCO unit of activity was the amount of enzyme required to
and this was used as the enzyme preparation for synthesidiberate Iumol of p-nitrophenol per min under the assay

reactions. conditions.
Almond a-mannosidase was obtained from Sigma  Protein concentration was determined using the bicin-
(Dorset, UK) and used as such. choninic acid (BCA) assajl3]. Residual enzyme activity

was calculated as % specific activity (U/mg) with respect
to the enzyme specific activity at the start of the synthesis

2.3. Reagents -
reaction.

All reagents and inhibitors of Maillard reaction were
purchased from Sigma (Dorset, UK) unless otherwise 2.6. SDS-PAGE
specified. Maillard inhibitors used in the study were 2-
aminoguanidine hydrochloride (2-AG), sodium metabisul-  The relative molecular mass of the purified enzyme was
fite (MBS), o-phenylene diamine dihydrochloride (OPD) determined by analysis in 10% SDS-PAGE gels against
and semicarbazide hydrochloride (SMC). wide-range SigmaMarker (Sigma, Poole, UK). The bands
were visualized by Coomassie blue stain or by silver stain-

2.4. Equilibrium synthesis reactions ing [14].

Synthesis reactions were set up at 70% (w/w) mannose in2.7- Purification of oligosaccharide products
0.1 M sodium acetate buffer at pH 5.0 for bd®@hcitrinum
a-mannosidase and almoadmannosidase, with and with- Products of synthesis reactions were purified by
out inhibitors of Maillard at a concentration of 10 mM. En-  9elfiltration on a BioGel P-2 (Bio-Rad, Waford, UK) col-
zyme was added at 0.5 and 2 U/ml of the reaction mixture Umn (960 mmx 60 mm), eluted with deionised water at a
and incubated at 5% for 2 weeks. In the case of the puri- flow rate of 2ml/min. Carbohydrates were detected using
fied P. citrinumenzyme this corresponded to 6:610°5M a Gilson 132 refractive index detector (Anachem, Luton,
enzyme in the reaction mixture. The reactions were sam- UK). Fractions containing mannobiose were pooled and
pled for analysis every alternate day until maximum product lyophilized.
yields were attained. Two samples were taken at each time
point, one of which was boiled to inactivate the enzyme and 2.8. Oligosaccharide degradation
used for HPLC analysis and the other frozen immediately
without boiling for use in enzyme activity assays and elec- A 14% (w/v) solution of purified mannobiose synthesised

trophoresis. usingP. citrinuma-1,2-mannosidase was prepared in 0.1 M
sodium acetate buffer at pH 5.0 and analysed by HPLC
2.5. Enzyme assays following incubation at 55C for 7 days.

The enzymes were recovered from the synthesis mix- 2.9. Analysis of products by HPLC
tures using Vivaspin centrifugal concentrators (Vivascience,
Epsom, UK) with 10,000 NMWCO. The samples from HPLC was performed using a Merck Hitachi La Chrom
the reaction mixtures were diluted to 20ml with 0.1 M system (VWR International, Poole, UK) with a L-7490
sodium acetate buffer, pH 5.0 and then concentrated downrefractive index detector. Synthesis products were anal-
to 1ml. Two more washes were repeated with the sameysed on a 250mmx 4.6 mm Apex carbohydrate |6
buffer and the enzyme from each reaction sample was thuscolumn (Jones Chromatography, Mid-Glamorgan, UK)
obtained in concentrated form, free from other reaction in 75% (v/v) acetonitrile in water, eluted at 0.8ml/
components. min.
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2.10. Matrix-assisted laser desorption/ionization MW (Da)
time-of-flight (MALDI-TOF) - | 205,000
. |/ 116,000

The laser desorption/ionization experiments were - 31‘ ggg

performed on a BIFLEX Il time-of-flight instrument - ——  66.000

: . . - | — s
EEeruker _F_ranzen Analytik, Bremen, Germany) _operate_d in — — 4; ggg
positive mode. Samples were analysed in the linear —

mode, and typically 100 laser shots were summed into a —-——— 36 000

single mass spectrum. External calibration was performed, N 29, 000

using BSA as the standard. A saturated solution of sinapinic — T 24,000

acid in acetonitrile:water (1:2) with 0.1% TFA was used as

the matrix. The sample and the matrix solution (@l®ach) A i & b

were spotted onto the target and dried at room temperature.
Fig. 1. SDS-PAGE gel of recombinant1,2-mannosidase frorR. cit-
rinum expressed i\. oryzae Lane A, B, C: concentrated enzyme prepa-
. . ration; lane D: molecular weight marker (wide-range SigmaMarker). The
3. Results and discussion molecular weight of each band of the protein marker is shown on the
right.
3.1. Enzyme purity

ucts of these synthesis reactions have been described else-
The almond enzyme from Sigma was used without fur- where[15]. P. citrinuma-1,2-mannosidase producesl —
ther purification. TheP. citrinum enzyme was purified by 2-linked products, whereas the almond enzyme produces a
ultrafiltration from cultures of recombinart. oryzae This mixture ofa-1—6, a-1—3 anda-1— 2-linked products. In
process resulted in a predominant band on SDS-PAGEorder to correlate the product yields and the enzyme activ-
(Fig. D with low quantities of contaminating proteins. ity over the course of synthesis, the residual activityPof
The molecular weight of the enzyme was determined citrinum a-mannosidase and almondmannosidase during
as 53,000Da by SDS-PAGE. This corresponded well the course of their respective synthesis reactions was deter-
with the value of 53,661 Da determined by MALDI-TOF  mined and is shown ifig. 3. P. citinumenzyme lost about
(See below). 40% and the almond enzyme 60% activity over the course
of the reaction. Neither enzyme underwent complete inac-
3.2. Enzyme activity over the course of reverse hydrolysis tivation. The rate of inactivation was higher in the first 6
reaction days of reaction and stabilized as the reaction approached
apparent equilibrium.
The time course of oligosaccharide synthesis using both  The effect of incubation dP. citrinumenzyme in the syn-
enzymes is presented ffig. 2 The optimisation and prod-  thetic mixtures on its molecular structure was investigated by

50 -
45 -
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25 -

Yield (% w/w)
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10 4
5_

Time (Days)

Fig. 2. Time course of oligosaccharide synthesis witl,2-mannosidase fror. citrinum () and a-mannosidase from almondl). Synthesis reactions
were set up at 70% (w/w) mannose in 0.1 M sodium acetate buffer at pHP5dtrinum a-1,2-mannosidase or almordmannosidase was added at
0.5 or 2U/ml of the reaction mixture respectively and incubated aiCsfr 2 weeks. The reactions were sampled for analysis by HPLC on alternate
days until maximum yields were attained.
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Fig. 3. Residual activity oP. citrinum a-1,2-mannosidase®) and almondx-mannosidasel) over the course of oligosaccharide synthesis by reverse
hydrolysis. Synthesis reactions were set up at 70% (w/w) mannose in 0.1 M sodium acetate buffer atpHiBiGum «-1,2-mannosidase or almond
a-mannosidase was added at 0.5 or 2U/ml of the reaction mixture respectively and incubateé@ 562 weeks. Samples were taken every 2 days
and the residual enzyme activity determined after removal of carbohydrates.

MALDI-TOF (Fig. 4. MALDI-TOF mass spectra suggesta beana-mannosidase-catalysed reverse hydrolysis reactions.
heterogeneous distribution of glycation products based on aThese observations suggest that Maillard reaction could
significant mass increase and peak broadening. occur in reverse hydrolysis reactions. It is thus likely that
Maillard reactions have been suspected by several authorghe enzyme in the reaction would undergo glycation and
of causing yield losses in enzymatic transglycosylation re- consequently, possible inactivation.
actions[6—9]. Most of this interest has come from the use of  Study of enzyme activity and molecular structure for the
extremophile enzymes in galacto-oligosaccharide synthesis.two enzymes used in this study provides suggestive evidence
Such enzymes are extremely thermostable and this facilitatesor glycation. Consideration of the mass change seen sug-
their use at high temperatures. The elevated temperatures irgests that cross-linked dimers or oligomers were not formed.
turn allow higher concentrations of lactose to be used in the The extent of glycation may be regulated by several factors
reactions, increasing oligosaccharide yie[@s Although including the reaction pH, temperature, sugar type, stabil-
reverse hydrolysis reactions generally do not require suchity, concentration, the amount of sugar in the open chain
high temperatures, they do require extremely high monosac-form and the proteifl8—20] Recently[21], by employing
charide concentrations and this is likely to promote the lysine-free peptides containing arginine or vice-versa, it has
Maillard reaction between the reducing monosaccharidesbeen shown that to form a cross-link, a free amino group
and the arginine and lysine residues in the protein. is needed, either from a lysine residue or the N-terminus.
There are few reports on changes in enzyme activity The low water activity of the reaction might also influence
and stability in reverse hydrolys|§,16] correlating it with Maillard reaction because of diffusional limitatiofi22].
product yields. Enzyme activity for the most part is not MALDI-TOF MS has been used as both a qualitative and
considered a significant factor in these reactions as it is quantitative tool for analysing glycated proteins. The in-
usually added in excess and is expected to be protecteccrease in molecular weight and peak broadening observed
against thermal denaturation by the high substrate concenfor the P. citrinum mannosidase are consistent with obser-
trations. Since thermal denaturation is likely to be low, vations for glycated proteins both in model systems such
we suspected whether Maillard glycation could be a con- as BSA and glucose, as well as in clinical samples such as
tributing factor to the enzyme inactivation observed in this from diabetic subjectf23,24]
study. Varying degrees of browning have been observed in  Maillard glycation is known to cause enzyme inactiva-
synthesis reactions using different enzymes and sugars intion due to structural and conformational chan{fgs-27]
our laboratory. Increased browning was observed in reac- Gradual inactivation of human erythrocyte biphosphoglyc-
tions carried out in phosphate buffer at pH 6.0 compared erate mutase was observed during in vitro glycation with
to acetate buffer at pH 5.0. Phosphate is known to increasereducing sugars glucose and fructose. This inactivation was
protein glycation[17]. Presence of cations also increased due to modification of several lysine residues, particularly
browning as observed with 2h-containing buffer of Jack  Lys-158 which is probably in the catalytic region of the
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0 3.3. Effect of Maillard inhibitors
The effects of four known inhibitors of the Maillard re-
260 action were determined fd®. citrinum o-1,2-mannosidase
(Fig. 5). The yield of the oligosaccharide in the absence of
the inhibitors was 15%. Addition of the inhibitors resulted in
2101 \ yield increases of 27-53% relative to the control. Amongst

53621.3
—— 586555.3

the inhibitors used in the studg;phenylene diamine dihy-
160 \\‘MJ drochloride (OPD) showed highest improvement in prod-

, “’\\w% uct yields of 53% relative to the control and therefore was

' : chosen for further study. The effect of OPD on the synthe-

(2)20000 30000 40000 50000 60000  miz sis of oligosaccharides blp. citrinum «-1,2-mannosidase
and almonda-mannosidase is shown iRig. 6. Presence
of inhibitor increased both rate of reaction and final prod-
uct yield in case oP. citrinumenzyme. When the almond
a-mannosidase was used, addition of OPD resulted in a
faster rate of reaction although the final yields for the two
reactions in the presence and absence of OPD appear to be
converging. Incubation in the presence of Maillard inhibitors
had no effect on product composition as determined by High
Performance Anion Exchange Chromatography (data not
shown).

The enzyme activity over the course of the reaction
(Fig. 7) was also investigated in the presence of OPD.
In the presence of inhibitor, the rate of inactivation was
slower; theP. citrinumenzyme lost little activity up to day
4 of reaction. Almond enzyme lost activity from the onset
of the reaction even in presence of the inhibitor. However,
the extent of inactivation in the presence of inhibitor was
120 lower. The formation of the glycated species was delayed
when P. citrinum reactions were carried out after incorpo-
rating OPD Fig. 8). The total increase in molecular weight

230

— 55283.7
9B1.4

160 1

1301

(b) 30000 40000 50000 60000  m/z

140

——— 55859 1
—— 59777 2

100 WMW. | as detected by MALDI-TOF was 7037 Da, correspond-
JWW ing to the condensation of 44 mannose units. In reactions
1 WWW' containing OPD, the increase in molecular weight was
1 6367 Da.
(c) 20000 30000 40000 50000 60000  miz OPD, 2-AG and its analogue SMC act by trapping the

icarbonyl-intermediat h lyoxal, methylgly-
Fig. 4. MALDI mass spectra dP. citrinum a-1,2-mannosidase recovered dicarbo yl-inte edia eELO] such as glyoxal, methyigly

from synthesis reactions at time points (a) 0 days (b) 2 days and (c) 6 oxal and deoxyglycosong@S] formed during the e_arly
days. stages of Maillard reaction. MBS acts by sulfating or

blocking the reactive hydroxyl groups of Maillard reaction

intermediates. The inhibitors thus prevent the formation of
enzyme[26]. Inactivation of the enzyme by glycation also advanced-glycation end products (AGEs). These inhibitors
depends on the type of sugar in the reac{®®,26] Only have been reported in literature for their inhibitory potential
partial inactivation of human erythrocyte biphosphoglycer- for AGEs implicated in diseases such as diabetes and cataract
ate mutase was observed with glucose whereas fructose led10,29]. The dicarbonyls can be formed via various routes,
to complete inactivation. A similar trend was observed dur- either from the Amadori product, or by the degradation of the
ing inactivation of sorbitol dehydrogenase, where Lys-210, sugar[30,31] The oligosaccharides formed are themselves
Lys-319 and Lys-369 have been suggested as possible glycaeapable of undergoing hydrothermolysis and isomerizations
tion sites responsible for inactivation. An interesting result under aqueous conditions via a “peeling off’ mechanism,
was obtained by Seidler and Seifi&gf] wherein the activity to form degradation products capable of serving as start-
of aspartate aminotransferase increased on brief exposure ting materials in further Maillard reaction pathwaf@?2].
glycating agents, presumably due to a change in conforma-Low pH and sodium salts can also increase oligosaccharide
tion leading to increased domain mobility. Prolonged incu- degradatiorj33]. Reaction of free glycosidic OH group can
bation with the glycating agents, however, led to decreasedinitialize breakdown of the sugar molecule by uncatalysed
catalytic activity. thermal degradation. This was observed when a solution of
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Fig. 5. Yields of Mam-1-2Man in the presence of various inhibitors of the Maillard reaction. Synthesis reactions were set up at 70% (w/w) mannose
in 0.1 M sodium acetate buffer at pH 5.B. citrinum «-1,2-mannosidase was added at 0.5 U/ml of the reaction mixture and incubated Gtf&52

weeks. Maillard inhibitors were incorporated at 10 mM. The reactions were sampled for analysis by HPLC on alternate days until maximum yields were
attained. Results presented are the m&a8.D. of three different determinations.

disaccharide synthesised using fhecitrinumenzyme was Maximum oligosaccharide synthesis occurred within the
incubated at the reaction temperature of65for a week first 2-4 days of the reactiorrigs. 3 and § before the en-
and this could not be inhibited by the presence of OPD zyme has undergone appreciable inactivation. In reactions
(data not shown). The partial degradation of oligosaccharide with inhibitor, higher yields could be accumulated because
observed could further limit final product yields. Since the of reduced enzyme inactivation. In case of almond enzyme,
inhibitors used in the study function by a common mecha- synthesis proceeds almost linearly, doubling at every time
nism, they might not be able to prevent Maillard reaction oc- point until reaching a maximum value. Higher rates of prod-
curring by other routes, which might account for incomplete uct formation were obtained in presence of the inhibitor, but
inhibition. final yields were not appreciably increased.

Yield (%, w/w)

0 T T T T T ]
0 2 4 6 8 10 12

Time (days)

Fig. 6. Effect of OPD on synthesis of oligosaccharides. Effect of OPD on synthesis of oligosaccharides with @mandosidase in the presend®)(

and absencell) of OPD, and withP. citrinum«a-1,2-mannosidase in the presende) (and absence®) of OPD. Synthesis reactions were set up at 70%
(w/w) mannose in 0.1 M sodium acetate buffer at pH 5.0. AlImanchannosidase oP. citrinum a-1,2-mannosidase was added at 0.5 or 2 U/ml of the
reaction mixture respectively and incubated at65for 2 weeks. The reactions were sampled for analysis by HPLC on alternate days until maximum
yields were attained.
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Fig. 7. Residual activity during the enzyme reactions. Residual activity of almemannosidase in the presend®)(and absencell]) of 10 mM OPD,
and with P. citrinum «-1,2-mannosidase in the presendk)(and absence®) of 10 mM OPD. Synthesis reactions were set up at 70% (w/w) mannose

in 0.1 M sodium acetate buffer at pH 5.0. Aimondmannosidase oP. citrinum «-1,2-mannosidase was added at 0.5 or 2 U/ml of the reaction mixture

respectively and incubated at 85 for 2 weeks. Samples were taken every two days and the residual enzyme activity determined after removal of
carbohydrates.
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Fig. 8. Increase in molecular weight (Da) Bf citrinum «-1,2-mannosidase as a function of incubation time (days) of enzyme from reactions carried out
in the presencek) and absence®) of OPD.

4. Conclusions Control of Maillard reaction during oligosaccharide syn-
thesis has been investigated. Bruins et[€]. attempted
The study provides suggestive evidence for the role of enzyme immobilization as a means of reducing Maillard
Maillard glycation and enzyme inactivation as a limiting fac- reaction effects during oligosaccharide synthesis using hy-
tor in attainment of equilibrium in oligosaccharide synthesis perthermophilicB-glycosidase fromPyrococcus furiosus
by reverse hydrolysis using mannosidases. Final yields of however, immobilization was unsuccessful in controlling
oligosaccharides could be increased to some extent by theMaillard reactivity. Adaptation of process conditions, chem-
incorporation of Maillard reaction inhibitors into the reac- ical modification or biochemical engineering of the enzyme
tion medium. One inhibitor, OPD, was chosen for further were suggested as possible solutions. The process condi-
study as it proved to be most effective in the initial screen. tions in this study have been adapted for controlling Mail-
OPD protected both enzymes from inactivation during the lard by incorporating inhibitors of the Maillard reaction in
synthesis reactions. the synthesis mixtures.
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The structure of th®. citrinumenzyme has been solved
[34] and it contains 16 arginine and 28 lysine resid3&$. A

high number of these residues can be expected to increase th

propensity of the enzyme for glycation. Two of the arginine
residues (Arg 126 and Arg 407) are in the active site of the

enzyme and many of the lysine residues are conserved be-

tween theP. citrinum human and yeast-1,2-mannosidases,
suggesting that they have an important function in the fold-
ing of the protein. Arg 407 is in a sequence region with

several basic amino acids, and this might render it a pos-

sible site of glycation. Intense browning was not observed

V. Maitin, R.A. Rastall/ Journal of Molecular Catalysis B: Enzymatic 30 (2004) 195-202

[5] E. Johansson, L. Hedbys, K. Mosbach, P-O. Larsson, A. Gunnarsson,
S. Svensson, Enzyme Microbial. Technol. 11 (1989) 347.

6] T. Hansson, P. Adlercreutz, Food Biotechnol. 15 (2001) 79.

7] T. Hansson, T. Kaper, J. van der Oost, W.M. de Vos, P. Adlercreutz,
Biotechnol. Bioeng. 73 (2001) 203.

[8] M.E. Bruins, E.W. Van Hellemond, A.E.M. Janssen, R.M. Boom,
Biotechnol. Bioeng. 81 (2003) 546.

[9] M.E. Bruins, A.J.H. Thewessen, A.E.M. Janssen, R.M. Boom, J.
Mol. Catal. B: Enzymatic 21 (2003) 31.

[10] T.D. Lehman, B.J. Ortwerth, Biochim. Biophys. Acta 1535 (2001)
110.

[11] T. Yoshida, T. Nakajima, E. Ichishima, Biosci. Biotechnol. Biochem.
62 (1998) 309.

during oligosaccharide these synthesis reactions as would12] M. Somogyi, J. Biol. Chem. 195 (1952) 19.

be expected with lysine, further suggesting that arginine
might be the amino-acid undergoing glycation as it be-
longs to the low-browning producing group of amino-acids
[36].

A disadvantage of some inhibitors used in the study (OPD,
2-AG and SMC) is that they are toxic compounds that might
limit their use in food applications. Use of food-grade in-
hibitors such as MBS or deglycating enzymes (Amadori-
ases)37,38] could be explored in such cases.

In conclusion, Maillard glycation of 1,2-mannosidase
from P. citrinum and a-mannosidase from almond appears
to be a factor influencing product yields of oligosaccharides

[13] P.K. Smith, R.l. Krohn, G.T. Hermanson, A.K. Mallia, M.D. Gartner,
E.K. Provenzano, E.K. Fujimoto, N.M. Goeke, B.J. Olson, D.C.
Klenk, Anal. Biochem. 150 (1985) 76.

[14] B. D. Hames (Ed.), Gel Electrophoresis of Proteins. A Practical
Approach third ed., IRL Press, Oxford, 1998.

[15] V. Maitin, V. Athanasopoulos, R.A. Rastall, Appl. Microbiol. Biotech-
nol. 63 (2004) 666.

[16] E. Johansson, L. Hedbys, P-O. Larsson, K. Mosbach, A. Gunnarsson,
S. Svensson, Biotechnol. Lett. 8 (1986) 421.

[17] N.G. Watkins, C.l. Neglia-Fischer, D.G. Dyer, S.R. Thorpe, J.W.
Baynes, J. Biol. Chem. 262 (1987) 7207.

[18] H.S. Burton, D.J. McWeeny, Nature 197 (1963) 266.

[19] L.J. Davis, G. Hakim, C.A. Rossi, Biochem. Biophys. Res. Commun.
160 (1989) 362.

[20] V.A. Yaylayan, N.G. Forage, Food Chem. 44 (1992) 201.

synthesised using these enzymes. Use of Maillard inhibitors [21] A.G. Miller, S.J. Meade, J.A. Gerrard, Bioorg. Med. Chem. 11 (2003)

might provide a convenient way of improving the typically
low oligosaccharide yields obtained in reverse hydrolysis

and enable the enzymes to achieve their synthetic potential
The degrees of yield improvement seen in this study were

low, but could conceivably be improved by optimisation of
the Maillard inhibition strategy used.

Acknowledgements

We would like to thank Dr. Takashi Yoshida of Hirosaki
University, Japan for his generous gift of tAeoryzaestrain
PM-1 and Prof. Jenny Ames for helpful discussions. We
would also like to thank Mariluz Sanz for organizing the
MALDI-TOF analysis at the CSIC, Madrid. Vatsala Maitin

843.
[22] S.M. Lievonen, T.J. Laaksonen, Y.H. Roos, J. Agricult. Food Chem.
46 (1998) 2778.

T23] A. Lapolla, D. Fedele, Rapid Commun. Mass. Spectrom. 8 (1994)

645.

[24] P. Traldi, A. Lapolla, R. Seraglia, S. Catinella, M. Dalpaos, R.
Aronica, D. Fedele, Microchem. J. 54 (1996) 218.

[25] A. Hoshi, M. Takahashi, J. Fujii, T. Myint, H. Kaneto, K. Suzuki, Y.
Yamasaki, T. Kamada, N. Taniguchi, Biochem. J. 318 (1996) 119.

[26] T. Fujita, K. Suzuki, T. Tada, Y. Yoshihara, R. Hamaoka, K. Uchida,
Y. Matuo, T. Sasaki, T. Hanafusa, N. Taniguchi, J. Biochem. 124
(1998) 1237.

[27] N.W. Seidler, I. Seibel, Biochem. Biophys. Res. Commun. 277 (2000)
47.

[28] P.J. Thornalley, A. Langborg, H.S. Minhas, Biochem. J. 344 (1999)
109.

[29] D.L. Price, P.M. Rhett, S.R. Thorpe, J.W. Baynes, J. Biol. Chem.
276 (2001) 48967.

thanks the Felix scholarship and Overseas Research Studerig0] H. Weenen, Food Chem. 62 (1998) 393.

award scheme for financial support and Dhiraj A. Vattem
for editing the manuscript.

References

[1] K.G.I. Nilsson, Trends Biotechnol. 6 (1988) 256.

[2] D.H.G. Crout, G. Vic, Curr. Opin. Chem. Biol. 2 (1998) 98.

[3] S. Suwasono, R.A. Rastall, Biotechnol. Lett. 18 (1996) 851.

[4] R.A. Rastall, S.F. Pikett, M.W. Adlard, C. Bucke, Biotechnol. Lett.
14 (1992) 373.

[31] J.L. Wautier, P.J. Guillausseau, Diabetes Metab. 27 (2001) 535.

[32] L.W. Kroh, A. Schulz, Nahrung/Food 45 (2001) 160.

[33] C.L'. Homme, M. Arbelot, A. Puigsever, A. Biagini, J. Agricult.
Food Chem. 51 (2003) 224.

[34] Y.D. Lobsanov, F. Vallee, A. Imberty, T. Yoshida, P. Yip, A. Her-
scovics, P.L. Howell, J. Biol. Chem. 277 (2002) 5620.

[35] T. Yoshida, E. Ichishima, Biochim. Biophys. Acta 1263 (1995) 159.

[36] E.H. Ajandouz, A. Puigserver, J. Agricult. Food Chem. 47 (1999)
1786.

[37] T. Horiuchi, T. Kurokawa, Agricult. Biol. Chem. 55 (1991) 333.

[38] C. Gerhardinger, M.S. Marion, A. Rovner, M. Glomb, V.M. Monnier,
J. Biol. Chem. 270 (1995) 218.



	Enzyme glycation influences product yields during oligosaccharide synthesis by reverse hydrolysis
	Introduction
	Materials and methods
	Fungal strain
	Enzymes
	Reagents
	Equilibrium synthesis reactions
	Enzyme assays
	SDS-PAGE
	Purification of oligosaccharide products
	Oligosaccharide degradation
	Analysis of products by HPLC
	Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)

	Results and discussion
	Enzyme purity
	Enzyme activity over the course of reverse hydrolysis reaction
	Effect of Maillard inhibitors

	Conclusions
	Acknowledgements
	References


