Available online at www.sciencedirect.com
scnsuce(cbnlnecra G

R -; ABTS 857
ELSEVIER Journal of Molecular Catalysis B: Enzymatic 29 (2004) 259-264

JOURNAL OF
MOLECULAR
CATALYSIS
B: ENZYMATIC

HVINO3 10K

www.elsevier.com/locate/molcatb

Enzymatic synthesis df-acetylglucosaminobioses by reverse hydrolysis:
characterisation and application of the library of fungal
B-N-acetylhexosaminidases

Jana Rauvolfovd Lenka Weignerovd Marek Kuzm@, Véra Rikrylova?,
Martina Mackové&, Andrea PiSvejcovg Viadimir Kfen®*

@ Laboratory of Biotransformation, Institute of Microbiology, Academy of Sciences of the Czech Repudlefioska 1083,
CZ-142 20 Prague 4, Czech Republic
b Laboratory of Molecular Structure Characterisation, Institute of Microbiology, Academy of Sciences of the Czech Republic,
Viderioska 1083, CZ-142 20 Prague 4, Czech Republic
¢ Department of Biochemistry and Microbiology, Institute of Chemical Technology, Technicka 5, CZ 166 28 Prague 6, Czech Republic

Received 9 January 2004; received in revised form 4 February 2004; accepted 5 February 2004

Abstract

The regioselectivity of 20 extracellulg@-N-acetylhexosaminidases of fungal origin was screened in the reverse hydrolysis with 2-
acetamido-2-deoxy-glucopyranose. Most of the enzymes used yielded 2-acetamido-2-geoxgiticopyranosyl-(1— 4)-2-acetamido-
2-deoxyp-glucopyranosed) and 2-acetamido-2-deoxyn-glucopyranosyl-(1— 6)-2-acetamido-2-deoxy-glucopyranosed). So far un-
known product of enzymatic condensation, 2-acetamido-2-dgexaglucopyranosyl-(1— 3)-2-acetamido-2-deoxy-glucopyranose?)
was synthesised using tigeN-acetylhexosaminidases froRenicillium funiculosunCCF 1994 P. funiculosumCCF 2325 andAspergillus
tamarii CCF 1665. Addition of salts (NSO, or MgSQ, (0.1-1.0 M)) to the reaction increased the yields and also enhancgdNhe
acetylhexosaminidase regioselectivity.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Thus, the decisive parameter of glycosidase regioselectivity
is its sourcgd18-21] Therefore, detailed knowledge of re-
Glycosidases, cheap, robust and relatively well-available gioselectivity and other parameters (yields, etc.) of a large
enzymes, are often used for glycoside synthesis. They arenumber of enzymes is of utmost importance for the choice
characteristic by strict stereoselectivity but often poor regios- of effective synthetic tools in carbohydrate chemistry.
electivity that is a serious drawback hampering their practi- The possibility of replacement of rather expensive
cal application. Regioselectivity can be achieved either by a p-nitrophenyl glycosides (e.gpNP-8-GIcNAc) by cheaper
rational choice of enzymes, e.g. from enzyme libraries com- substrates such as 2-acetamido-2-deosglucopyranose
posed of fully characterised enzymgs-9] or by various brings numerous advantages, namely lower price and less
tricks, including the use of selectively protected acceptors complex reaction mixtures free fromp-nitrophenol and
[10,11] or modification of the reaction conditiorf$2—17] pNP{3-GIcNAc autocondensation productp-tfitrophenyl
oligoglycosides). Reverse hydrolysis catalysed ®yN-
e acetylhexosaminidase (EC 3.2.1.52) was first demonstrated
_” Presented_ at the Sixth International Symposium on Biocatalysis and by our grou22]. Here, we demonstrate the enzymatic syn-
Biotransformations, Olomouc, Czech Republic, 28 June-3 July. thesis of all possible regioisomersif\'-diacetylchitobiose
* Corresponding author. Tek+420-2-9644-2510; . R .
fax: +420-2-9644-2509. and the synthetic characterisation of a large library of
E-mail addresskren@biomed.cas.cz (V.T&n). extracellular fungaB-N-acetylhexosaminidases.
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2. Experimental ternary gradient pump, an SP 8880 autosampler and a
Spectra Focus scanning UV-Vis detector. The analyses
2.1. Materials were performed on a Lichrospher 100-5 NHolumn

(250 mmx 4 mm, Watrex, Czech Republic); mobile phase

2-Acetamido-2-deoxy-glucopyranose angtnitrophenyl acetonitrile—water 79:21, flow rate 0.6 ml/min at 22
2-acetamido-2-deoxg@-p-glucopyranoside were purchased UV detection at 200 nm; retention timeg:p-GlcpNAc-
from Senn Corp., Switzerland, Toyopearl HW-40F (100 Da— (1 — 3)-p-GlcpNAc (2, 19.26 min), 3-p-GlcpNAc-(1 —
10kDa) was obtained from Tosoh Corp., Japan. 4)-p-GlcpNAc (3, 16.40 min), B-p-GlcpNAc-(1 — 6)-p-

All B-N-acetylhexosaminidases used in this work origi- GlcpNAc (4, 19.76 min) and for GIcNAcX, 9.56 min). Com-
nated from the Library of glycosidases of the Laboratory of pounds2, 3 and4 were obtained after Zemplén deacetyla-
Biotransformation, Institute of Microbiology, Academy of  tjon of the respective acetat®s, 3a and4a (Scheme ) For
Sciences of the Czech Republic in Prague, and were prepareghe identification of these isomers, the authentic standards

by cultivation of the respective fungi as described previously 2 [26], 3 [27] and4 [22] were used (co-chromatography).
[23-25] Briefly, respective microoganisms were grown in

shaken liquid cultures in the media with chitin hydrolysates 2.3. TLC
as inductors (2 g/l), typically for 10 days at 28. The en-
zymes were partially purified from the culture supernatantby TLC was carried out on silica gel plates (Kiesel-
fractional precipitation with (NSO, (80% saturation). gel 60 Rs4, Merck) with mobile phase A (propan-2-
B-N-Acetylglucosaminidase activity was assayed using ol/water/ammonia= 7/2/1, viviv), twice developed. Com-
p-nitrophenyl 2-acetamido-2-deox3rp-glucopyranoside.  pounds were visualised by charring with 5% %0, in
One unit of-N-acetylhexosaminidase activity was defined ethanol. The condensation produ2tgR; = 0.58),3 (R =
as the amount releasinguinol of p-nitrophenol per minute  0.67), 4 (R; = 0.54) were compared (co-chromatography)
at pH 5.0 and 33C[24]. The producing strains are deposited with authentic standarda [26], 3 [27], 4 [22] and starting
with the Czech Collection of Fungi (CCF) at the Department GIcNAc (1, R = 0.79).
of Botany, Charles University in Prague, Czech Republic.
2.4. NMR and mass spectroscopy
2.2. Analytical HPLC
NMR spectra of 2a were measured on a Varian

Analytical HPLC was carried out on a modular sys- “N'TYInova400 spectrometer (399.88 and 100.55MHz,

tem (Spectra Physics, USA) consisting of an SP 8800 respectively) in CDQ at 303 K. Residual signal of CDgI

OH
HO 0
HO OH
AcNH
1
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pH 5.0, 8 days, 37 °C
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was used as an internal standatd & 7.265,5¢c = 77.00).
IH NMR, COSY, TOCSY, and HMQC spectra were mea-

sured using standard manufacturers’ software (Varian Inc.,
Palo Alto, USA). Selective 1D-TOCSY was measured with Source of enzyme

sequence published by Uhrand Barlow[28]. Protons

were assigned by COSY and TOCSY and the assignment
was transferred to carbons by HMQC. Chemical shifts are acremonium persicinureCF 1850 — _

given iné-scale (ppm), and coupling constants in Hz. Digi-

tal resolution allowed us to report chemical shifts of protons A-
to three and coupling constants to one decimal place. Car-"*
bon chemical shifts were read out from HMQC (protonated ,

carbons) and are reported to one decimal place.
2.5. Condensation reactions on an analytical scale

To test the synthetic ability @8-N-acetylhexosaminidases
for B-p-GlcpNAc-(1 — 3)-p-GlcpNAc (2) formation by re-

verse hydrolysis, condensation reactions with 2-acetamido-P. funiculosumCCF 2325
2-deoxyp-glucopyranose were screened. Screening sys-P chrysogenunCCF 1269

tem composed of 2-acetamido-2-demaglucopyranose
(GlcNAc, 1, 2-16mg, 0.2-1.6M) in citrate—phosphate
buffer (0.1M, 45ul; pH 5.0) using respectiveB-N-

acetylhexosaminidase (2-4U) incubated for 8 days at Trichoderma harzianun€CCF 2687 <1.5

37°C. Reactions were monitored by TLC, the formation of
B-p-GlcpNAc-(1 — 3)-p-GlcpNAc (2) (depending on the
enzyme source) was observed only at a subst@tedn-
centration of 0.6—1.2M. Optimum GIcNAc concentration

(1.0 M) was employed for preparative procedures. Respec-
tive blank reactions void of enzyme were run to exclude the

possibility of a non-enzymatic GIcNAc condensation—no
spontaneous autocondensation was observed.

2.6. Condensation reactions on a preparative scale

Analogously to Section 2.5 2-acetamido-2-deoxy-
glucopyranosel, 1.0 M) was treated with a series of 20

fungal B-N-acetylhexosaminidases (4—10 U) from the gen-

era of Acremonium Aspergillus Penicillium, Talaromyces
and Trichoderma(Table 1. All reactions were carried out
using the same procedures as describe8dation 2.7

2.7. 2-Acetamido-2-deox§n-glucopyranosyl-{ —
3)-2-acetamido-2-deoxy-glucopyranose
[B-D-GlcpNAc-(L — 3)-p-GlcpNAc, 2],
2-acetamido-2-deoxg-p-glucopyranosyl-{ — 4)-2-
acetamido-2-deoxy-glucopyranose

[ B-p-GlcpNAc-(L — 4)-p-GlcpNAc, 3] and
2-acetamido-2-deoxg-np-glucopyranosyl-{ — 6)-2-
acetamido-2-deoxp-glucopyranose

[ B-D-GlcpNAc-( — 6)-p-GlcpNAC, 4]

Substrate 1, 114mg, 0.516 mmol) was dissolved in
citrate—phosphate buffer (0.1 M, 500 pH 5.0) and the
B-N-acetylhexosaminidase frorPenicillium funiculosum
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Table 1
Regioselectivity of fungalg-N-acetylhexosaminidases-production ef
acetylglucosaminobioses

Condensation prodéicts
(isolated yields %)

BL—-3) B(1l—4) B(1— 6)

7.4

Aspergillus flavipe<CCF 2026 - - 3.2
flavofurcatisCCF 3061 - 8.4 -

A. flavusCCF 1129 - - 4.0

A. fumigatusCCF 1059 - 3.2 5.1
niveusCCF 3057 - - -

A. oryzaeCCF 147 - - 2.3

A. oryzaeCCF 1066 - - 2.1

A. sojaeCCF 3060 - 2.2 1.2

A. tamarii CCF 1665 1.6 - 5.2

A. terreusCCF 2539 - - 2.2
Penicillium brasilianumCCF 2155 - - -

P. funiculosum CCF 1994° 338 1.7 10.0

2.0 15 7.3

<15 1.6 3.1

P. multicolor CCF 2244 - - <15

P. oxalicumCCF 2315 - - 2.4

P. pittii CCF 2277 - 2.0 2.8
Talaromyces flavu€CF 2686 - - -

3.3 4.6

2 Yields (%) of condensation reactions with GIcNAd),( the
respective B-N-acetylhexosaminidase (8U), GIcNAc (1.0M), 0.1M
citrate—phosphate buffer (pH 5.0), 8 days,°87—the yields of the re-
spective peracetate®n, 3a, 4a after reaction mixture peracetylation and
separation.

b The maximum yield of produc-p-GlcpNAc-(1 — 3)-p-GlcpNAc

by TLC, was incubated for 8 days at 3Z. Then the en-
zyme was deactivated by heating (10 min, 10). The
mixture was centrifuged and the supernatant was loaded
on a Toyopearl HW-40F column (900 msn 26 mm, flow
rate 17 ml/h) and eluted with water. Fractions (ca. 2.5ml)
containing disaccharides were collected and lyophilised.
This fraction (21.5mg) was peracetylated 6Py, 30h,
24°C) and separated by silica gel flash chromatography
(CHCI3:MeOH = 97:3) vyielding 2a (6.6 mg, 3.8%),3a
(3.0mg, 1.7%) andda (17.5mg, 10%) $cheme L The

1 — 3 linkage of peracetatea was inferred from chemical
shifts of H-3 showing that this position is not acetylated and
downfield resonating C-3 (with respect to parent GIcNAc),
experiencing a glycosylation shift. NMR and MS data were
identical with the data published previousg [27] and4a
[22].

2.7.1. 2a («: 8 = 64:36)

2a a-anomer *H NMR (399.88 MHz, CDG}, 303K)
1.937, 2.008, 2.018, 2.050, 2.065, 2.071, 2.079, 2.200 (24H,
s, Ac), 3.165 (1H, ddd/ = 7.2, 7.9, 10.4 Hz, H-3, 3.774
(1H, ddd,/ = 2.5, 4.1, 10.0 Hz, H-5, 3.953 (1H, dd,J =
9.1,10.5Hz, H-3), 3.996 (1H, ddd, = 2.4, 4.3, 10.2 Hz, H-

CCF 1994 (3U) was added. After 2 days another 5U of 5), 4.053 (1H, ddJ = 2.5, 12.4 Hz, H-6a), 4.077 (1H, dd,
the enzyme were added. The reaction mixture, monitored J = 2.4, 12.4Hz, H-6a), 4.247 (1H, dd, = 4.3, 12.4 Hz,
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H-6b), 4.445 (1H, ddJ = 4.1, 12.4 Hz, H-6b), 4.480 (1H,
ddd,J = 3.7, 9.2, 10.5Hz, H-2), 5.003 (1H, dd, = 9.2,
10.0Hz, H-4), 5.026 (1H, dd,J = 9.1, 10.2Hz, H-4),
5.201 (1H, d,J = 7.9 Hz, H-Y), 5.586 (1H, d,J = 9.2 Hz,
2-NH), 5.649 (1H, ddJ = 9.2, 10.4 Hz, H-3), 5.792 (1H,
d,J = 7.2Hz, 2-NH), 6.108 (1H, dJ = 3.7 Hz, H-1);13C
NMR (100.55 MHz, CDG4, 303K) 51.4 (C-2), 56.7 (C},
61.6 (C-6), 61.8 (C9, 67.8, 68.7 (C-4, C-3, 69.6 (C-5),
70.7 (C-3), 71.4 (C-8), 75.5 (C-3), 91.0 (C-1), 98.7 (C1

2a p-anomer *H NMR (399.88 MHz, CDG4, 303K)
1.946, 2.012, 2.018, 2.029, 2.061, 2.086, 2.116 (24H, s,
Ac), 3.394 (1H, dddJ = 7.6, 8.1, 10.5Hz, H-3, 3.710
(1H, ddd, J = 2.6, 4.5, 9.9Hz, H-9, 3.839 (1H, ddd,
J =23, 4.9, 9.8Hz, H-5), 3.840 (1H, ddd, = 8.3, 8.4,
9.7Hz, H-2), 4.118 (1H, ddJ = 2.6, 12.5Hz, H-6a),
4,127 (1H, dd,J = 2.3, 12.4Hz, H-6a), 4.237 (1H, dd,
J = 8.8, 9.7Hz, H-3), 4.284 (1H, ddJ = 4.9, 12.4Hz,
H-6b), 4.334 (1H, ddJ = 4.5, 12.5Hz, H-6b), 5.001 (1H,
dd, J = 8.8, 9.8 Hz, H-4), 5.008 (1H, dd] = 9.2, 9.9Hz,
H-4), 5.091 (1H, d,J = 8.1Hz, H-1), 5.470 (1H, dd,
J =9.2,10.5Hz, H-3, 5.792 (1H, d.J = 7.6 Hz, 2-NH),
5.835 (1H, dJ = 8.4 Hz, 2-NH), 5.958 (1H, dJ = 8.3 Hz,
H-1); 13C NMR (100.55 MHz, CDG, 303K) 55.3 (C-2),
55.9 (C-2), 61.7 (C-6, C-6, 67.8, 68.7 (C-4, C3, 71.5
(C-3), 71.7 (C-B), 72.4 (C-5), 76.8 (C-3), 91.8 (C-1), 98.7
(C-l/); MALDI-TOF MS: nm/z [M + Na]+ CogH40N2017
calculated 676.23; measured 699.40.

3. Results and discussion

B-N-Acetylhexosaminidases cleave (and also transgly-
cosylate) bothp-GlcNAc and B-GalNAc moieties[23].
However, reports on the reverse hydrolysis with this type
of enzymes are rather scarfd,22] especially because of
low yields (<1%) and due to a strong feedback inhibition
of B-N-acetylhexosaminidase by 2-acetamido-2-depxy-
glucopyranosel|) (the B-N-acetylhexosaminidase fros.
oryzae K; = 1.6 mM).

Twenty extracellula-N-acetylhexosaminidases of fun-
gal origin were prepared24,25] and screened for the
regioselectivity by the reverse hydrolysis with 2-acetamido-
2-deoxyp-glucopyranosel, maximum solubility ca 1.7 M)
[22] as a substrate. Almost all enzymes exhibited a rather
high selectivity forp(1 — 6) bond formation Table 1
Scheme ) at a GIcNAc concentration of 0.3-1.4 M.

The threeB-N-acetylhexosaminidases frodspergillus
tamarii CCF 1665 P. funiculosunmCCF 2325 andP. funicu-
losumCCF 1994 produced relatively a high proportion of a
rare chitobiose isomes-p-GlcpNAc-(1 — 3)-p-GlcpNAc
(2, yields approx. 5%). To our knowledge, the formation of
B(1 — 3) linkage byp-N-acetylhexosaminidases has not
been described yet. Recently, the compoRtads been pre-
pared by chemical syntheq26].

The B-N-acetylhexosaminidase froR funiculosunCCF
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Fig. 1. Time profile of the formation of chitobiose isomers in the re-
action catalysed by th@-N-acetylhexosaminidase from. funiculosum
CCF 1994, A) B-p-GlcpNAc-(1 — 3)-p-GlcpNAc (2), () B-p-Glcp
NAc-(1 — 4)-p-GlcpNAc (3), (@) B-p-GlcpNAc-(1 — 6)-p-GlcpNAC
4.

2 was further examined regarding the following criteria: the
influence of reaction time and GIcNAc concentration on the
respective isomer2( 3, 4) production.

In the course of the first 3 days of the reaction (from the to-
tal reaction time 8 days-maximum yield of ison®r exclu-
sively B-p-GlcpNAc-(1 — 6)-p-GlcpNAc (4) was formed.
During the next 5 days another isom@rs-GlcpNAc-(1 —
4)-p-GlcpNAc (3) and B-p-GlcpNAc-(1 — 3)-p-GlcpNAc
(2) (from the fourth day foi3 and the fifth day fo2) were
produced Fig. 1).

Fig. 2 shows the effect of substrat#&)(concentration on
the preference of the isomer formation. Doubling GIcNAc
concentration (0.6-1.0 M), the formation @fwas tripled
(1.3-4.0%). A further increase of the substrate concentration
caused the decrease of the product formation, probably due
to the enzyme inhibition by substrate.

We have previously observed that the addition of some
inorganic salts or organic solvents could stimulate the

12

10 A

Yields of Condensation [%)]

A

0 T T ‘
0.5 1 1.5
GIcNAc Concentration [M]

Fig. 2. Influence of GIcNAc concentration on the isomer yields in re-

action catalysed by th@-N-acetylhexosaminidase from. funiculosum

CCF 1994, A) B-p-GIcpNAc-(1 — 3)-p-GlcpNAc (2), () B-p-Glcp
NAc-(1 — 4)-0-GlcpNAc (3), (@) B-p-GlcpNAc-(1 — 6)-D-GlcpNAC

1994 as the enzyme with the most pronounced formation of (4).
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Table 2
Influence of salts addition on the isomer production in reaction catalysed
using thep-N-acetylhexosaminidase frof funiculosumCCF 1994

Salt added Salt concentration (M) Isolated yiélg%b)
B1—3P BlL—6)F
None (control) - 3.8 10.0
(NH4)2S0y4 0.1 4.3 11.2
(NHy4)2SOy 0.5 - 12.5
(NH4)2S0y4 1.0 - 14.0
MgSOy 0.1 - 10.5
MgSOy 0.5 - 11.7
MgSOy 1.0 - 13.2

a Conversion of GIcNAc 1, 1.0M) into N-acetylglucosaminobioses
(two isomers—2, 4), the respective salt ((NHSO4, MgSQy) concentra-
tion, the B-N-acetylhexosaminidase (8 U), 0.1 M citrate—phosphate buffer
(pH 5.0), 37C, 8 days. The yields of the respective peracetdteand
4a after reaction mixture peracetylation and separation.

b B-p-GlcpNAc-(1 — 3)-D-GlcpNAc (2a).

¢ B-p-GlcpNAc-(1 — 6)-D-GIcpNAC (4a).

B-N-acetylhexosaminidase activity and shift the equilibrium
in favour of product formatiorf20,22,23] Therefore, the
influence of inorganic salts (NHLSOy and MgSQ) on
the product formation was studied as wdlable 9.

The above inorganic salts stimulated strongly @& —

6) isomer production. The isom& was formed only at
low (NH4)2SO4 concentration (0.1-0.2 M). The formation
of product3 was totally suppressed by the inorganic salt
addition.

Although product®, 3 and4 were enzymatically synthe-
sised in a single step and the starting material GIcNBc (
can easily be recovered from the reaction mixture after gel
filtration, the separation of respective isomers was not triv-
ial. The course of the GIcNAc condensation could not be
monitored by HPLC due to the similar retention time values
of isomers (19.26 min fo2 and 19.76 min fod). Therefore,
the formation of3(1 — 3), B(1 — 4), B(1 — 6) linkages
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(1 — 6)-p-GlcpNAc (4) were synthesised by condensation
of 2-acetamido-2-deoxy-glucopyranosel) using respec-
tive B-N-acetylhexosaminidases.

It was also demonstrated that addition of salts ¢SOy
or MgSQ,, could affect theB-N-acetylhexosaminidase re-
gioselectivity and enhanced or modulated the yields of the
respective isomers.
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