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A cellulose-chitin hybrid polysaccharide having alternatinglyl—4)-linked p-glucose (Glc) andN-acetylo-
glucosamine (GIcNAc) was synthesized via two modes of enzymatic polymerization. First, a sugar oxazoline
monomer of GIg(1—4)GIcNAc (1) was designed as a transition-state analogue substrate (TSAS) monomer for
chitinase catalysis. Monomérwas recognized by chitinase froBacillus sp., giving rise to a cellulosechitin

hybrid polysaccharide2] via ring-opening polyaddition with perfect regioselectivity and stereochemistry. Molecular
weight M) of 2 reached 4030, which corresponds to 22 saccharide units. Second, a sugar fluoride monomer of
GIcNAcS(1—4)Glc (3) was synthesized for the catalysis of cellulase frorichodermaviride. The enzyme
catalyzed polycondensation &fproviding a cellulose chitin hybrid polysaccharidelf in regio- and stereoselective
mannerM;, of 4 reached 2840, which corresponds to 16 saccharide units. X-ray diffraction measurements revealed
that these hybrid polysaccharides did not form any characteristic crystalline structures. Furthermore, these unnatural
hybrids of2 and4 were successfully digested by lysozyme from human neutrophils.

Introduction (1—4) glycosidic bond formation via transferring a GIcNAc unit
) ] ) from UDP-GIcNAc as substrate to a growing chain end. In
Cellulose is one of the most abundant organic materials on conrast to cellulose, chitin and its derivatives in themselves
the Earth and is produced by plants, algae, bacterial speciesge piglogically active, and they are utilized as immuno-adjuvant
and tunicates.lt is biologically synthesized by the catalysis of substance® inhibitor of metastases of tumor celswound-

ceIIIquse Sé?thasg (EC.Id. 2.?15}1'12), iequlentially UtrDagséelrring healing material$? additives for cosmetic®,and drug carriers
D-glucose (GIc) using uridine-gliphospho-glucose (UDP-GIc) The structural difference between chitin and cellulose is the

as substrate to a growing chain end in3él—4) fashion? . . . .

Human beings have utilized cellulose for housing, clothing, and ?12 suht?tgtltuenlt of Ia pyrgnos;]d?j unit: an acetarr;;]do grlclJulp on

also industrial products such as papers and fibers, because it i§ eI ¢ Ilm _In_]r? ecutﬁ agz a )tl rogy group on ?d cefulose

a renewable material that can be easily obtained and fabri¢ated. molecule. Tnus, the acetamido groups provide various
bioactivities for chitin. However, the acetamido groups partici-

It is chemically functionalized to cellulose derivatives such as . - . .
pate in the formation of inter- and intramolecular hydrogen

nitrocellulose as a component of coatings and fifres)lulose . ) . . s
acetate as materials for hollow fibers and filtersethyl and bO”d'”9 with the'CG hydroxy group$jeading to a stiff chitin
crystal insoluble in almost all solvents. From these two natural

carboxymethyl cellulose as additives for cosmetics and féods, - e
and hydroxyethy! cellulose as thickener and colloid for various PPlysaccharides, a blend polymer was prepared by spinning an
aqueous alkaline solution of their sodium xantha#éhe blend

substance$.Because of the excellent characteristics of the ; i )
biological inactivity, biocompatibility, and chirality, cellulose ~ Showed good mechanical properties as materials for wound
healind® and improving the quality of soil and watét.

is applied for medical and pharmaceutical purpdsesd
separation of enantiome?s. Enzymatic polymerization catalyzed by glycoside hydrolases

Chitin is the most abundant in the animal world. Itis a linear has been demonstrated as an effective method for synthesis of
polysaccharide dfl-acetylp-glucosamine (GIcNAc) connecting  natural and unnatural oligo- and polysaccharfdér example,
through ap(1—4) glycosidic linkage. Chitin is found as a  synthetic cellulose was produced frgfrcellobiosyl fluoride
structural biopolymer in animals such as insects and inverte- by cellulase?? synthetic chitin from am,N'-diacetylchitobiose
bratesl® which is biologically produced by the action of chitin  oxazoline derivative by chitinasé,and synthetic hyaluronan,

synthase (EC 2.4.1.16).The enzyme catalyzes sequenfial chondroitin, and their derivatives from oxazoline derivatives of
hyalobiuronate and chondrosine by hyaluronicfsEurther-
* TellFAX: +81-75-724-7688. E-mail: kobayash@kit.ac.jp. more, a cellulosexylan hybrid polysaccharide consisting of

T Kyoto University. i )i -
+Tohoku Universiy. alternating(1—4)-linked Glc andp-xylose was successfully

s Present address: R&D Center for Bio-based Materials, Kyoto Institute SYnthesized fronﬁ'D').(ylosyl'(laAf)'ﬁ'D'g|Ucosyl ﬂuor_ide by
of Technology, Kyoto 606-8585, Japan. xylanase?® Thus, this methodology enables a single-step
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Figure 1. Chemical structures of (a) a cellulose—chitin hybrid polysaccharide, (b) cellulose, and (c) chitin.

Scheme 1. Enzymatic Polymerizations to a Cellulose—Chitin
Hybrid Polysaccharide
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production of natural and unnatural polysaccharides with well-
defined structure via regioselective and stereocontrolled po-
lymerization of designed carbohydrate monomers.

The present paper reports the first synthesis of a celltlose
chitin hybrid polysaccharide via two modes of enzymatic
polymerization, i.e., chitinase-catalyzed ring-opening polyad-
dition of a sugar oxazoline monomel) @nd cellulase-catalyzed
polycondensation of a sugar fluoride monon@®r(Scheme 1).

were used as cellooligosaccharide standards for SEC measurements.
Pullulan standards (lot no. 80301) were purchased from Showa Denko
K.K.

Measurements NMR spectra were recorded on a Bruker DPX-400
spectrometer with tetramethylsilane or acetone as a reference ik CDCI
or in DO, respectively. All assignments were based on correlation
spectroscopy (COSY) experiments. High-resolution fast atom bombard-
ment (HRFAB) mass spectra were obtained on a JEOL HX-110
spectrometer using 2,4-dinitrobenzyl alcohol or dithiothreitol/thioglyc-
erol (1:1, v/v) as a matrix. Optical rotations were measured with a Jasco
P-1010 polarimeter. Melting points were determined with a Yamato
MP-21. High-performance liquid chromatography (HPLC) measure-
ments were carried out by using a Tosoh LC-8020 system with Chemco
Chemcobond ODS-W column (46 250 mm) eluting with a water
acetonitrile mixture (98:2, v/v; flow rate, 1.0 mL/min; 3TC for
monomerl or 50°C for monomer). An aliquot of the reaction mixture
(5 uL) was sampled at the respective period and injected to the column
to monitor reaction progress. Molecular weight valués,)(of the
product given after the reactions were determined by size exclusion
chromatography (SEC) measurements using a Tosoh GPC-8020 system
with Tosoha-M column (7.8x 300 mm) eluting with 0.6 M LiCl in
an NMP-DMAc mixture (2:1, vlv; flow rate, 0.6 mL/min; 40C)

These polysaccharides have a disaccharide repeating unitjiprated with pullulan standard®1{ = 5900, 11 800, and 22 800),

composed off(1—4)-linked Glc and GIcNAc, which are a

chitooligosaccharidesM,, = 424, 628, 831, 1034, and 1237), and

constituent of cellulose and chitin, respectively. Therefore, these cejiooligosaccharidesv, = 342, 504, 667, 829, and 991). Yields of
unnatural polysaccharides are a hybrid polysaccharide of awater-soluble part were determined by using a Tosoh LC-8020 system

cellulose and chitin at a molecular level and are expected to
exhibit biological functions resulting from both natures (Figure
1).

Experimental Section

Materials. Dichloromethane and 1,2-dichloroethane were purified
by distillation from BOs and stored over activated molecular sieves
(4 A) prior to use. Molecular sieves AW-300 (MSAW300) purchased
from Aldrich (lot no. 04024Cl) were ground and activated by heat-
ing over 100°C under reduced pressure. Other chemicals were
used without further purification. Cellulase frofrichodermaviride
“ONOZUKA R-10" was purchased from Yakult Honsha Co., Ltd. (lot
no. 201093). Chitinase frorBacillus sp. was purchased from Wako
Pure Chemicals Inc. (lot no. LDH7046). Lysozyme from human
neutrophils was purchased from Sigma-Aldrich Co. (lot no. 123K0837).
All enzymes were used without further purification. Biacetylchi-
tobiose, triN-acetylchitotriose, tetr&d-acetylchitotetraose, penbé-
acetylchitopentaose, and heXaacetylchitohexaose were purchased

from Seikagaku Corp. (lot nos. 9612020, 9809100, 9812110, 9906280,

with Shodex Sugar KS-802 column (80300 mm) eluting with water
(flow rate, 0.5 mL/min; 80°C), and this system was also used for
purification of a water-soluble part and for monitoring the reaction of
enzymatic digestibility. Matrix-assisted laser desorption ionization time-
of-flight mass spectroscopy (MALDI-TOF/MS) analysis was performed
on JEOL JMS-ELITE spectrometer using 2,5-dihydroxybenzoic acid
as a matrix containing 0.1% trifluoroacetic acid under positive ion mode.
Cross-polarization magic angle spinning (CP/MASE NMR was
recorded with a Bruker MSL-400 spectrometer. X-ray diffraction (XRD)
measurements were carried out on Rigaku Miniflex with Cu radiation
at 30 kV/15 mA. All diffractograms were scanned in & gange of
7.5-32.5 at a rate of $ min~t.
2-Methyl-4,5-dihydro-[4-O-(2,3,4,6-tetraO-acetyl-p-glucopyra-
nosyl)-3,6-di-O-acetyl-1,2-dideoxye-D-glucopyranoso][2,1€]-1,3-0x-
azole (7). To a solution of compound?®® (1.0 g, 1.48 mmol) in
anhydrous 1,2-dichloroethane (14 mL) was added trimethylsilyl triflate
(TMSOTf; 0.31 mL, 0.38 g, 1.70 mmol) at 63C under argon
atmosphere. The reaction mixture was kept stirring for 13 h followed
by addition of triethylamine (0.70 mL) at@ under argon atmosphere.
The mixture was concentrated under reduced pressure, and the residue

and 9812110, respectively) and were used as chitooligosaccharidewas purified by silica gel column chromatography-hexane/ethyl
standards for SEC measurements. Cellobiose was purchased from ICNacetate, 1:1, v/v, containing 0.3% (v/v) triethylamine) to affér@®.83

Biochemicals, Inc. (lot no. 9643F), and cellotriose, cellotetraose,

g, 1.34 mmol, 92%) as a colorless syruB; 0.50 (CHClmethanol,

cellopentaose, and cellohexaose were purchased from Seikagaku Cor®:1, v/v); [on]f)4 +5.8° (¢ 1.0, CHC}); *H NMR (CDCly): 6 5.92 (1H,

(lot nos. 400400, 400402, 400404, and 400406, respectively). Thesed, Ji, = 7.52 Hz, H-1), 5.66 (1H, dJ,3 = 2.48 Hz, H-3), 5.19

Ccbv
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(IH, t,J» 3 = J3 4 = 9.52 Hz, H-3), 5.10 (1H, tJ3 4+ = Js 5 = 10.04
Hz, H-4), 5.00 (1H, ddJv» = 8.04 Hz,J, 3 = 9.56 Hz, H-2), 4.72
(1H, d,\]]_'z =8.04 HZ, H-l), 4.29 (1H, dd,]s'ysa =452 HZ,JGaysu .
12.04 Hz, H-69, 4.20 (1H, dd,Js6a = 2.00 Hz,Jsaer = 12.04 Hz,
H-6a), 4.14 (1H, ddJs ey = 2.52 Hz,Jsa 6y = 12.52 Hz, H-61), 4.13
(1H, m, H-2), 4.04 (1H, ddJs 6o = 5.48 Hz,Jsa 6= 12.04 Hz, H-6b),
3.78 (1H, dddJs ey = 2.48 Hz,J564 = 4.52 Hz,Js 5 = 9.52 Hz,
H-5), 3.64 (1H, d,Jss = 9.52 Hz, H-4), 3.48 (1H, dddls e, = 2.00
Hz, Js6a = 5.52 Hz, 45 = 9.52 Hz H-5), 2.11, 2.10, 2.10, 2.08,
2.04, 2.02 (18H, s, COMs), 1.99 (3H, s, Gz of oxazoline).
HRMS (FAB) m/z. calcd for GeH3gNO16 [M + H]* 618.2034, found
618.2035.
2-Methyl-4,5-dihydro-[4-O-(f-p-glucopyranosyl)-1,2-dideoxye.-
p-glucopyranoso][2,1d]-1,3-oxazole (1).To a solution of compound
7 (0.10 g, 0.15 mmol) in anhydrous methanol (8.0 mL) was added
sodium methoxide (28% methanol solution, 1.4 mg, 0.0075 mmol) in

Kobayashi et al.

iced water, saturated aqueous NaHC&nd brine. The organic layer
was dried over MgS@ filtered through Celite, and concentrated under
reduced pressure. The residue was dissolved in pyridine (20 mL),
followed by addition of tetrabutylammonium bromide (0.57 g, 1.77
mmol) and ethanol (0.54 mL, 9.23 mmol). The reaction mixture was
kept stirring at 50C for 3 h under argon atmosphere and then extracted
with CHCl; and washed with 4% aqueous KH§®aturated aqueous
NaHCG;, and brine. The organic layer was dried over MgSitered
through Celite, and concentrated under reduced pressure. The residue
was purified by silica gel column chromatographyhexane/ethyl
acetate, 3:2, v/v) to afford pud (1.27 g, 1.69 mmol, 64%) as a white
amorphous powder 0.23 (-hexane/ethyl acetate, 1:1, vi¥l] NMR
(CDCl): 6 7.85-7.74 (m, 4H, aromatic), 5.72 (dd, 1Hz » = 9.52

Hz, J» 3 = 10.54 Hz, H-3), 5.60-5.59 (2H, m, H-1, H-3), 5.55 (1H,

d, Jrz = 8.52 Hz, H-1) 5.22 (1H, t,J3.4 = Jys = 10.24 Hz, H-4),

4.36 (1H, ddJr > = 8.52 Hz,J> 3 = 10.52 Hz, H-2), 4.33 (1H, dd,

anhydrous methanol (1.0 mL) dropwise. The reaction mixture was kept Js.6a = 3.52 Hz, Joa oy = 12.04 Hz, H-69, 4.28 (1H, dd, )3 =

stirring at 0°C for 4 h under dry atmosphere. Then, the mixture was
concentrated to dryness under reduced pressure to df(@d55 g,
0.15 mmol, purity 99%) as a white amorphous powdei?} —55.3
(c 0.1, HO); IH NMR (D,0): 6 6.04 (1H, d,J;» = 7.04 Hz, H-1),
4.44 (1H, d,Jy > = 8.04 Hz, H-1), 4.24 (1H, ddJ, 5= 3.00 Hz,Js 4
= 2.00 Hz, H-3), 4.14 (1H, m, H-2), 3.87 (1H, dd . = 2.00 Hz,
\]Ga,eb: 12.56 HZ, H-GH), 3.77 (lH, dds'vea =2.00 HZ,JGa,Gb =12.04
Hz, H-6d), 3.69 (1H, dd,Jse» = 5.52 Hz,Jsa o= 12.04 Hz, H-6b),
3.67 (1H, ddJs4= 1.52 Hz,J45 = 9.04 Hz, H-4), 3.62 (1H, ddls ey
= 6.52 Hz,Jsq.60 = 12.52 Hz, H-61), 3.44-3.09 (4H, m, H-3 H-5,
H-5, H-4), 3.23 (1H, ddJir» = 8.04 Hz,J» 3 = 9.04 Hz, H-2), 2.01
(3H, s, CH of oxazoline). HRMS (FAB)Wz calcd for G4H24NO1o
[M + H]* 366.1400, found 366.1392.
2,3,6-Tri-O-acetyl-4-O-(3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-
p-D-glucopyranosyl)-d-glucopyranosyl Acetate (12)To a mixture of
compoundsl®7 (4.58 g, 7.90 mmol) and1?® (2.50 g, 7.52 mmol)
with activated MSAW300 (5.0 g) was added anhydrous dichlo-
romethane (80 mL) under argon atmosphere. After cooling26 °C,
boron trifluoride diethyl ether complex (BfOEL) (0.18 mL, 1.44
mmol) in anhydrous dichloromethane (1.0 mL) was added dropwise
to the mixture. The reaction mixture was kept stirring-&0 °C for 6
h under argon atmosphere followed by addition of triethylamine (1.0
mL). After stirring for 1 h under argon atmosphere, the mixture was
filtered through diatomaceous earth (Celite; no. 545), extracted with
chloroform, and washed with saturated aqueous Naif&@ brine.
The organic layer was dried over Mgg@nd then filtered through

3.00 Hz,J;, = 5.00 Hz, H-2), 4.18 (1H, ddls 65 = 2.52 Hz,Jsa 60 =

12.52 Hz, H-6b), 3.94 (1H, dddJs ey = 2.52 Hz,J564 = 3.52 Hz,

Jys = 10.52 Hz, H-5), 3.90 (1H, d,Jsaeb= 11.52 Hz, H-6a), 3.72

3.67 (2H, m, H-4, H-5), 3.64 (1H, ddJsep = 4.00 Hz, Jsaer =

12.04 Hz, H-6b), 3.52 (2H, g] = 7.02 Hz, O®,CHj3), 2.12, 2.10,

2.02, 1.93, 1.85 (15H, s, CAg), 1.64 (3H, s, €3 of ortho ester),

1.16 (3H, t,J = 7.03 Hz, OCHCH3). HRMS (FAB) calcd for

HRMS (FAB) mV/z: calcd for G4H4iNO1g [M + H]+ 752.2402, found

752.2404.
4-O-(2-Acetamido-3,4,6-tri-O-acetyl-2-deoxyp-p-glucopyranosyl)-

3,6-di-O-acetyl-[1,2-0-(1-ethoxyethylidene)]e-D-glucopyranose (14).

To a solution of compoundi3 (1.06 g, 1.41 mmol) in ethanol (15 mL)

was added hydrazine monohydrate (1.85 mL, 38.1 mmol). The reaction

mixture was kept stirring at 82C under dry atmosphere for 48 h and

then concentrated under reduced pressure. The residue was dissolved

in dry pyridine (20 mL), and then, acetic anhydride (10 mL) was added

at room temperature under dry atmosphere. The reaction mixture was

kept stirring at room temperature under dry atmosphere overnight,

followed by addition of methanol to quench excess reagents. The

mixture was concentrated under reduced pressure and coevaporated with

toluene (20 mL) three times. The residue was diluted with GH@t

washed with 4% aqueous KHgGsaturated NaHC§) and brine. The

organic layer was dried over MgSQQfiltered through Celite, and

concentrated under reduced pressure. The residue was purified by silica

gel column chromatography-{hexane/ethyl acetate, 1:2, 1:4, 0:1, v/v,

stepwise) to afford pur&4 (0.77 g, 1.17 mmol, 83%) as a white solid:

Celite and concentrated to dryness. The residue was purified by silicaR 0.28 (ethyl acetatefH NMR (CDCk): 6 5.89 (1H, d,Jonw =

gel column chromatography (toluene/ethyl acetate, 3:1, v/v) to afford
pure12(3.19 g, 4.17 mmol, 58%) as a white soli& 0.63 (CHC}/
diethyl ether/methanol, 10:10:1, v/v/%t NMR for $-anomer com-
pound (CDCY): 6 7.87—7.75 (4H, m, aromatic), 5.74 (1H, dds » =
9.52 Hz,J, 3 = 10.52 Hz, H-3), 5.59 (1H, d,J;>, = 8.52 Hz, H-1),
5.42 (1H, d,Jv > = 8.52 Hz, H-1), 5.24 (1H, t,J,3= Js4 = 9.28 Hz,
H-3), 5.14 (1H, tJ3.4 = Jxs = 9.78 Hz, H-4), 5.00 (1H, ddJ.> =
8.04 Hz,J, 3= 9.52 Hz, H-2), 4.45 (1H, ddls 64 = 4.52 HZ,Jsa,60 =
12.04 Hz, H-69, 4.31-4.23 (2H, m, H-2, H-6a), 4.15-4.08 (1H, dd,
JS’,GU = 2.00 HZ:\]GH,GU = 12.04 HZ, H-GQ, 3.94 (lH, t,J3,4: J4ys =
9.28 Hz, H-4), 3.86 (1H, dddls ey = 2.00 Hz,J5 64 = 4.52 Hz,Js 5
= 10.04 Hz, H-5), 3.67-3.61 (2H, m, H-5, H-6b), 2.13, 2.06, 2.05,
2.04, 2.02, 2.01, 2.00 (21H, s, CEE). HRMS (FAB)m/z calcd for
CasHzNO1g [M + Na]* 788.2014, found 788.2005.
3,6-Di-O-acetyl-4-O-(3,4,6-tri-O-acetyl-2-deoxy-2-phthalimidog-
D-glucopyranosyl)-[1,20-(1-ethoxyethylidene)]e-D-glucopyra-
nose (13).To a solution of compound?2 (2.02 g, 2.64 mmol) in

8.52 Hz, NH'), 5.66 (1H, d,Ji» = 5.00 Hz, H-1), 5.57 (1H, dJz4 =
2.00 Hz, H-3), 5.21 (1H, t)r 3 = Js.» = 9.80 Hz, H-3), 5.10 (1H, t,
Jsa4 = g5 = 9.52 Hz, H-4), 4.70 (1H, d Jy » = 8.56 Hz, H-1), 4.42
(1H, dd,Js 6a= 4.04 Hz,Jsa 6= 12.04 Hz, H-6a), 4.31 (1H, m, H-2),
4.26 (1H, ddJsaen = 4.52 Hz,J5 64 = 12.56 Hz, H-69, 4.14 (1H,
dd, Js 6o = 2.00 Hz,Jsa6o = 12.04 Hz, H-6b), 4.11 (1H, ddls ey =
2.48 HZ,Jeaveu = 12.04 HZ, H-6@, 3.95 (1H, dt,-]l"z' = JZ‘,NH’ =9.04
Hz, J»5 = 10.04 Hz, H-2), 3.80 (1H, dddJse = 2.00 Hz,Js6a =
4.00 Hz,J45 = 10.04 Hz, H-5), 3.75 (1H,dddls ¢y = 2.48 Hz,J5 64
= 4.00 Hz,Jy 5 = 10.00 Hz, H-5), 3.55 (2H, qJ = 7.04 Hz, OCH,-
CHs), 3.50 (1H, d,Js5 = 9.52 Hz, H-4), 2.14, 2.09, 2.08, 2.03, 2.01,
1.95 (18H, s, COE3), 1.72 (3H, s, €3 of ortho ester), 1.18 (3H, {]
= 7.04 Hz, OCHCHj3). HRMS (FAB) m/z: calcd for GgHaiNO17 [M
+ H]* 664.2453, found 664.2463.
4-0O-(2-Acetamido-3,4,6-tri-O-acetyl-2-deoxyp-p-glucopyranosyl)-
2,3,6-tri-O-acetyl-p-glucopyranosyl Fluoride (15).To a solution
of compoundl4 (0.57 g, 0.86 mmol) in dichloromethane (5 mL) was

anhydrous dichloromethane (10 mL) was dropwise added 25 wt % HBr/ added 25 wt % HBr/AcOH (5.0 mL, 20.9 mmol) at°C under dry

AcOH (10.0 mL, 41.9 mmol) at OC under dry atmosphere. The
reaction mixture was kept stirring in the dark at room temperature for
6 h. Then, the mixture was extracted with CH@hd washed with

atmosphere. The reaction mixture was kept stirring in the dark at room
temperature under dry atmosphere for 3 h. The mixture was extracted
with CHCl; and washed with iced water, saturated aqueous Najﬂ&%v
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and brine. The organic layer was dried over MgSfdtered through mM, pH 5.0, 5:1, v/v, 0.40 mL). In parallel, monom&i(5.78 mg, 15
Celite, and concentrated under reduced pressure. A solution of themmol) dissolved in a mixture of acetonitritecetate buffer (50 mM,
residue dissolved in acetonitrile (25 mL) was added to silver fluoride pH 5.0, 5:1, v/v, 0.30 mL), was prepared as reference. Both reaction
(0.68 g, 6.23 mmol), and the reaction mixture was vigorously stirred mixtures were kept standing at 3G, and the concentration change of
under argon atmosphere for 18 h in the dark. The mixture was filtered 3 was monitored by HPLC with a Chemco Chemcobond ODS-W
through Celite, extracted with CH{land washed successively with  column eluting with distilled wateracetonitrile mixture. After 8 h,
water, aqueous saturated NaH{@nd brine. The organic layer was  the mixture was heated at 9€ for 10 min in order to inactivate the
dried over MgSQ, filtered through Celite, and evaporated to dryness. enzyme. The white precipitate df formed during the reaction was
The residue was purified by silica gel column chromatography separated as a water-insoluble part by centrifugation, washed three times

(n-hexane/ethyl acetate, 1:3 then 1:5, v/v) to afford plieg0.44 g, by distilled water (20QuL), and dried under reduced pressure (12.0
0.69 mmol, 80%) as a white solid¥ 0.60 (chloroform/methanol, 1:1, mg, 52%). The water-soluble part was subjected to SEC with Shodex
viv); [on]?)7 +3.8¢ (c 0.1, CHCf); mp 117119 °C; 'H NMR Sugar KS-802, and fractions containigvere collected and combined.
(CDCly): 6 5.82 (1H, d,dnwz = 8.52 Hz, NH'), 5.36 (1H,ddJ;>. = The combined fraction was lyophilized to give lower molecular weight
7.00 Hz,J; r = 52.70 Hz, H-1), 5.26 (1H, t)» 3 = J3+ = 10.56 Hz, of 4 (5.78 mg, 25%).

H-3),5.18 (1H, t,J;3= J34= 7.52 Hz, H-3), 5.04 (1H, t)s 2 = Ja 5 Enzymatic Digestibility of a Cellulose—Chitin Hybrid Polysac-

= 10.04 Hz, H-4), 5.00 (1H, m, H-2), 4.69 (H, dJr» = 8.00 Hz, charide Using Lysozyme from Human Neutrophils. A typical
H-1), 4.42 (1H, ddJsea = 2.00 Hz,Jeaer = 12.04 Hz, H-6a), 4.36  procedure for enzymatic digestion is given as follows: A water-soluble
(1H, dd,Jea 65 = 4.04 Hz,J5 64 = 12.04 Hz, H-69, 4.27 (1H, ddJs b part of 2 containing more than octasaccharide was separated by SEC
= 4.00 Hz,Jsae0 = 12.04 Hz, H-6b), 4.02 (1H, ddls ey = 2.00 Hz, with Shodex Sugar KS-802. The collected fractions were combined

Joaey = 12.04 Hz, H-6b), 3.91 (1H, t,Js4 = Js5 = 9.02 Hz, H-4), and lyophilized. To a solution of lower-molecular-weight polysaccha-
3.85 (1H, m, H-5), 3.78 (1H, dily > = Jynw = 8.52 Hz,J2 3 = 10.56 rides of2 containing more than octasaccharide (1.0 mg) in a phosphate
Hz, H-2), 3.66 (1H, dddJs ey = 2.04 Hz,J5.6a = 4.04 Hz,Jy 5 = buffer (100 mM, pH 7.5, 8QuL) was added lysozyme from human
10.04 Hz, H-H), 2.15, 2.09, 2.08, 2.05, 2.01, 2.00, 1.94 (21H, s, neutrophils (0.05 mg) dissolved in a phosphate buffer (100 mM, pH
COCH3). HRMS (FAB) calcd for GsHasOsNF [M + H]* 638.2096, 7.5, 20uL), and the mixture was kept standing at&7. Concentration
found 638.2096. changes o and its hydrolysis products were monitored by HPLC
4-O-(2-Acetamido-2-deoxyp-b-glucopyranosyl)#i-p-glucopyra- with Shodex Sugar KS-802. Chitohexaose and cellohexaose were used
nosyl Fluoride (3).To a solution of compound5 (40 mg, 0.063 mmol) for positive and negative control experiments, respectively (data not
in anhydrous methanol (1.0 mL) was dropwise added sodium methoxide shown). After the reaction was completed, the produced oligosaccha-
(28% methanol solution, 3.6 mg, 0.019 mmol) in anhydrous methanol rides were analyzed by MALDI-TOF/MS.
(0.1 mL) under dry atmosphere. The reaction mixture was kept stirring
at 0 °C for 50 min under dry atmosphere and then neutralized by

addition of ion-exchange resin (Amberlite MB-3). After filtration Results and Discussion

through cotton, the mixture was concentrated to dryness under reduced ) ) . )
pressure to afford purg (24 mg, 0.063 mmol, purity 96%) as a white Monomer Design.To synthesize a celluloseshitin hybrid
solid; H NMR (D;0): 6 5.23 (1H, ddJy» = 7.00 Hz,Ji ¢ 53.18 Hz, polysaccharide via enzymatic polymerization, there are two

H-1), 4.55 (1H, dJr> = 8.56 Hz, H-1), 3.91 (d, 1H,Jsaeo= 12.52 possibilities for monomer design (Figure 2). The target polysac-
Hz, H-6a), 3.83 (d, 1HJsxes = 11.52 Hz, H-6, 3.73 (m, 2H, H-3, charide has two kinds of glycosidic linkages, i.e5-4)-3-N-

H-2'), 3.68 (m, 2H, H-2 H-5), 3.64 (m, 4H, H-3 H-4', H-6b, H-6b), acetylp-glucosaminide linkage and-(34)-3-p-glucoside link-

3.54 (dd, 1HJ3 4 = 7.04 Hz,J45 = 8.52 Hz, H-4), 3.48 (m, 2H, H-2, age. Chitinase fronBacillus sp. (EC 3.2.1.14) is capable of

H-5), 2.04 (s, 1H, CO8j3). HRMS (FAB)m/z: calcd for G4HzsNOsoF producing polysaccharid® via ring-opening polyaddition

[M + H]* 386.1462, found 386.1459. through the formation of the {24)-3-N-acetylp-glucosaminide
A Typical Polymerization Procedure for 1 Using Chitinase from linkage’® with using Glg(1—4)GIcNAc oxazoline {) as

Bacillus sp. Monomerl (15 mg, 40 mmol) was dissolved in carbonate monomer. On the other hand, cellulase frérichodermaviride
buffer (10 mM, pH 10.5, 15@L), and the mixture was equally divided ~ (EC 3.2.1.4) responsible for<{4)-5-p-glucosidic bond forma-
into two sample tubes. To a solution in one sample tube was added 10tion?? is capable of providing polysaccharidevia polycon-
mM carbonate buffer (26L) without enzyme, and to a solutioninthe  densation of GIcNAB(1—4)Glc8-fluoride (3). These two
other sample tube was added 10 mM carbonate buffep{35with enzymes are easy to obtain; therefore, we used monoiners
chitinase fromBacillus sp. (0.75 mg). The reaction mixtures in these and 3 for the production of polymer® and 4 via enzymatic
two sample tubes were incubated at"& The concentration change  polymerization. The differences between polysacchadssd
of 1 was monitored by means of HPLC with a Chemco Chemcobond 4 are their polymer chain end® has GlcNAc and Glc units at
ODS-W column eluting with distilled wateracetonitrile mixture. After reducing and nonreducing terminals, respectively, whedeas
the reaction was completed, the mixture was heated &C9tbr 10 has Glc and GIcNAc units, respectively.
min so as to inactivate the enzyme. A water-insoluble pa wfas . .
Synthesis of Monomer 1.Monomer 1 was synthesized

separated by centrifugation, washed with distilled water (200three . . T .
times, and dried under reduced pressure (2.5 mg, 33%). A Water-solubleStartlng from cellobioseg) via nine step reactions (Scheme 2).

part of 2 was subjected to SEC with Shodex Sugar KS-802 to remove A Glcﬂ_(l_i‘l)G_ICNAC dlsaqcharlde derivativéXwas prepared
inorganic salts and the disaccharide component. Fractions containing¥i@ @zidonitration as previously reportédCompound6é was

product2 were collected and combined, followed by lyophilization to converted to the oxazoline derivativé) (by treatment with
give the lower-molecular-weight polysaccharide ®f(more than trimethylsily! triflate (TMSOTT). Finally, allO-acetyl groups

tetrasaccharides; 3.0 mg, 40%). of 7 were removed by sodium methoxide in methanol to afford
A Typical Polymerization Procedure for 3 with Using Cellulase monomerll. )

from Trichodermaviride. Monomer3 (23.1 mg, 60 mmol) dissolved Synthesis of Monomer 3.Monomer 3 was synthesized

in a mixture of acetonitrile acetate buffer (50 mM, pH 5.0, 5:1, v/v,  starting fromp-glucosamine hydrochloride8f and p-glucose

0.80 mL) was added to a solution of cellulase frérichodermaviride (9) according to the reactions outlined in Scheme 3. Compound

(EC 3.2.1.4; 1.16 mg) in a mixture of acetonitrilacetate buffer (50 8 was converted to a glycosyl donor having NrphthaloyICDV
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A Cellulose-Chitin Hybrid Polysaccharide

Figure 2. Possible monomer designs for the synthesis of a cellulose—chitin hybrid polysaccharide.

Scheme 2

Ac AcO
OH OH

H3C’4 OAc
la

OH HO. AcO
HO o 0 <P 250
HO d “ho
HO
(6]
1 N§(
CH3 Hs

(a) TMSOT{/1,2-dichloroethane, 75%; (b) CH;ONa/CH3OH, purity 99%.

group (L0) via four step reaction&. A glycosyl acceptor (1)
was synthesized from compoudvia four step reactions as
previously reported® Compoundsl0 and11 were coupled by
glycosylation using boron trifluoride diethyl ether complex §BF
OEt) as a promoter to afford a disaccharide derivatii/d {n

a 68% yield. After conversion of compouri® to the corre-
sponding ortho ester derivativé3), theN-phthaloyl group was
removed with hydrazine monohydrate in hot ethanol, followed
by acetylation by acetic anhydride in pyridine to afford
compound14. The ortho ester was directly converted the
correspondingo-bromide by treatment with 25% hydrogen

bromide-acetic acid solution, and then fluorinated by silver
fluoride in acetonitrile to give compouri. Finally, all O-acetyl
groups ofl5were deprotected by sodium methoxide in methanol
to afford monomen.

Enzymatic Polymerization of Monomer 1 Catalyzed by
Chitinase from Bacillus sp. With the enzyme catalysis, two
kinds of reactions are possible, i.e., enzymatic polymerization
of 1 to provide corresponding polym@rand hydrolysis ofl
enzymatically and nonenzymatically to afford hydrolysate
via the oxazoline ring-opening (Figure 3). Mononiebearing
an oxazoline structure is an activated, high-energy form of
GIcNAc; therefore, it hydrolyzes gradually in aqueous media
without enzyme.

Figure 4 shows the reaction time coursed ofith chitinase
from Bacillus sp. and without enzyme. With the enzyme
catalysis, monomet disappeared completely within 3 h, and a
white precipitate was formed during the reaction. Without
enzyme,1 was gradually decomposed, and it remained at 95%
after 3 h without formation of a white precipitate. These results
indicate that monomek was definitely recognized and catalyzed
by chitinase fromBacillus sp., leading to the oxazoline ring-
opening reaction.

After termination of the reaction by heating at 9D, a white
precipitate was separated by centrifugation. The supernatant was
subjected to MALDI-TOF/MS measurement (Figure 5). On the

Scheme 3
HO AcO
HO o} 4steps  AcO 0
HO —>  AcO O—_-CCl;
NH3CIOH NPhth \ﬂ;
10 oc;Hch3
cO OAc, 0Ac
4 steps 0 \ AcO o) A AcO Q ACO
0 cO AcO —b a0
OH OAc OAc NPhth AcO NPhth AcO
1
OCH CH
= AcO OAc HO o OH
_c . AcO 0 AcO AcO Q  Aco F_e HO% Ho F
ACO AcO o) HO NH (¢]
NH AcO Hae—( T AcO HaC~ HO
o 15 o 3

(a) BF3°OFEty, MSAWSOO/CHZCIZ,

68%; (b) (i) HBr/AcOH, CH,Cly; (ii) EtOH, (n-Bu)sNBr/pyridine, 70%; (c) (i) H.NNH,—H,O/EtOH; (ii) Ac,O/pyridine,
83%; (d) (i) HBr/AcOH, CHCly; (ii) AgF/CH3CN, 80% (2 steps); (e) CHsONa/CH3OH, purity 96%.

Ccbv
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Figure 3. Two kinds of reactions are possible during enzymatic reaction of monomer 1.
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Figure 4. Reaction time courses of 1 with chitinase (®) and without
enzyme (O). Reaction conditions: in a carbonate buffer (10 mM, pH ' '5'0' rTTTTTT '4'0' T '3'0' rTTTTTT '2'0
10.5); amount of enzyme, 5 wt % for 1; reaction temperature, 30 °C; ’ ' (Ppm) ’ )
initial concentration of 1, 200 mM.
CH,
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n=6 n=7
2231.31 2596.83
[M+Na]* | M+Na]*

i i
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(mlz)
Figure 5. MALDI-TOF mass spectrum of 2 (a water-soluble part). 180 160 140 120 100 80 60 = 40 20
(ppm)
N Figure 6. (a) 'H and (b) *3C NMR spectra of 2. Single and double
spectrum, significant peaks were observed at ew@ryof 365, asterisks indicate the nonreducing and reducing ends of 2.

which corresponds to the molecular masd ahe same as that

of the repeating disaccharide unit 2f Therefore, the water-

soluble part consisted of lower-molecular-weight polysaccha- field (at higherd values ofé 102 andé 103) than that from

rides of2. any other saccharide ring carbon. Therefore, these results
The water-soluble part o2 was further purified by size  indicate that lower-molecular-weight polysaccharidef afere

exclusion chromatography (SEC) to remove the hydrolysate  connected through {24)-glycoside. Thus, the water-soluble part

and subjected t8H and3C NMR measurements (Figure 6). of 2 was composed of alternating(1—4)-linked Glc and

On theH NMR spectrum, two significant signals derived from GIcNAc.

the anomeric protons of internal GIcNAc and Glc units were A white precipitate was then analyzed by cross-polarization/

observed ad 4.56 andd 4.51, respectively. Coupling constants magic angle spinning (CP/MASC NMR measurement (Figure

of the respective signals were 8.0 and 7.3 Hz, indicating that 7a). Assignment of the signals was performed by comparing

the lower-molecular-weight polysaccharidesvere connected  with those of synthetic chitin (Figure 7b) and synthetic cellulose

through3-glycosidic linkages. Furthermore, on th&¢ NMR (Figure 7c)? Two significant signals derived from the aceta-

spectrum, two signals &t 80 andd 79 were assigned to the  mido group of the GIcNAc unit were found at20 (methyl)

C4 peaks of GIcNAc and Glc units, respectively. It is generally and 6 175 (carbonyl) in Figure 7a as well as in Figure 7b.

accepted that the signal derived from the C1 carbon atom Furthermore, the C2 carbon of GIcNAc was observed &6

connecting to the glycosidic oxygen is found in lower magnetic in Figure 7a,b. Signals derived from the Glc unit in Figuregsv
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Figure 8. X-ray diffractograms of (a) 2, (b) synthetic chitin, and (c)
. . . d synthetic cellulose.
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Table 1. Enzymatic Polymerization of 1 under Various Conditions
polymerization? product
() OH 1 23 insoluble soluble
HO-2 ’ conen of polymer2  polymer 2
o} o 5 chitinase temp 1 time? yield¢ yielde
Hé) 5 entry pH wt%forl °C  mM h "% M MJ %
n

i
o
o

5.0 30 200 0.4 5 3880 4230 14

7.0 5.0 30 200 0.8 12 3880 4300 48
3 8.0 5.0 30 200 1 12 3900 4330 47
4 9.0 5.0 30 200 2 20 3780 4420 40
5 10.0 5.0 30 200 2 28 3790 4480 48
6 105 5.0 30 200 3 34 3750 4170 45
7
8
9

synthetic cellulose

11.0 5.0 30 200 10 46 4030 4660 33

. ‘ ‘ . ‘ 115 50 30 200 78 0 4
11.0 1.0 30 200 53 20 3990 4410 47

200 150 100 50 0 10 11.0 3.0 30 200 21 42 3800 4130 35
(ppm) 11 11.0 7.0 30 200 10 34 3860 4230 40

Figure 7. CP/MAS 13C NMR spectra of (a) 2, (b) synthetic chitin, 12 11.0 10 30 200 4 14 39204310 50
and (c) synthetic cellulose. 13 110 50 5 200 24 28 32203480 51

14 110 50 10 200 11 34 33903800 41
o _ 15 11.0 50 20 200 11 38 35103940 37
were also detected at similarvalues from synthetic cellulose 16 11.0 50 40 200 25 30 3620 4000 41

depicted in Figure 7c. Note that signals from the C4 and C4 ig ﬁ-g 2-8 gg 1(5)8 ig sg gsgg 252328 4513
carbons Were_observed at _ar_ouhﬂl, showmg that the product 19 110 50 30 300 3 46 3740 4260 32
has a (+4)-linked glycosidic bond exclusiveRy. Thus, the

precipitate of the water-insoluble part is a cellulesaitin 2|n a phosphate buffer (10 mM; entries 1—4) or in a carbonate buffer
hybrid polysaccharide o (10 mM; entries 5—19). ? Indicating the time for disappearance of 1.

) : ) ¢ Isolated yields. @ Determined by SEC using pullulan, cellooligosaccharide,
X-ray diffraction (XRD) measurement o2 provided an and chitooligosaccharide standards. ¢ Determined by HPLC (more than

interesting result (Figure 8a), i.e., no significant peaks were tg(;rasaccharides, RI detector, calibrated by cello- and chito-oligosaccha-
observed on the spectrum2fXRD spectrum of synthetic chitin fides).
(Figure 8b) shows significant, sharp peaks ét=2 9.3, 19.2,
23.4, and 26.1, which forms antiparalletchitin-type molecular is an orthorhombic cell unit having dimensioas= 0.474 nm,
organizatior?>30 Furthermore, synthetic cellulose normally b = 1.886 nm, andc (chain axis)= 1.032 nm° whereas
assembles in antiparallel molecular chain packing (cellulose cellulose Il is monoclinic cell unit having dimensioas= 0.801
I1),223which provides an XRD spectrum exhibiting sharp peaks nm,b = 0.904 nmg (chain axisj= 1.036 nm, angy = 117°.3!
at29 =12.2,19.9, and 22.0 (Figure 8c). Therefore, these results Therefore, the present cellulesehitin hybrid polysaccharide
clearly indicate that no crystals were formed from polysaccha- is unlikely to form either a crystalline structure or a higher-
ride 2 produced via enzymatic polymerization bf ordered assembly.

Both a-chitin and cellulose Il have antiparallel molecular Enzymatic Polymerization of 1 under Various Reaction
chain organizations. However, the crystal structure-ahitin Conditions. Table 1 shows the results of chitinase-catalyzigv
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Figure 9. Two kinds of reactions conceivable for the enzymatic reaction of monomer 3.

(@)
"
Jrz=80Hz

/\1 Ji2=81Hz HO-5. 2 LOH CHs
Jr2=8.0Hz HO A7 P]'O‘ d"
"o
HC o n

Concentration of 3/ mM

0 2 4 6 8 10

Time/h

Figure 10. Reaction time courses of 3 with cellulase (H) and without
enzyme (O). Reaction conditions: in acetonitrile—acetate buffer (50
mM, pH 5.0) mixture; amount of enzyme, 5 wt % for 3; reaction
temperature, 30 °C; initial concentration of 3, 25 mM.
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Figure 11. MALDI-TOF/MS spectrum of 4 (a water-soluble part). W

polymerization ofl under various conditions. Yield arM, of 180 160 140 120 100 80 60 40 20
a water-insoluble part d became higher with increase of pH (ppm)
value (entries £7) and reached the maxima of 46% aviglof Figure 12. (a) 'H and (b) 1*C NMR spectra of oligomers of 4. Single

4030 within 10 h at pH 11.0 (entry 7). Note that mononmier  and double asterisks indicate the nonreducing and reducing ends of
disappeared rapidly at pH 6.0 within 0.4 h to provide a water- 4: respectively.

insoluble part of2 in a very low yield (5%; entry 1).

Furthermore, a water-soluble part®fvas obtained in a small  discussed in the following. The amount of chitinase affected
amount (14%), indicating that almost all &fwas hydrolyzed the yield of2 (entries 7, 9-12); 5 wt % chitinase for monomer
to compound15. This is due to the unstable nature of the 1 was most effective to produce (entry 7). Yield of2 was
oxazoline under acidic conditions, leading to nonenzymatic reduced to 14% by using 10 wt % chitinase (entry 12). In
hydrolysis in aqueous media prior to enzymatic reaction. At contrast to variation of the yield, polym&rwas obtained with
pH 11.5, the polymerization did not occur at all (entry 8). A M, ranging narrowly from 3800 (mainly decasaccharide; entry
water-insoluble part o contains the polymer with higher 10) to 4030 (mainly dodecasaccharide; entry 7). Reaction
molecular weights NI,), whereas a water-soluble part is a temperature exerted influence on the polymer yield ldpcthe
mixture of its oligomers lower than dodecasaccharide detectedhigher reaction temperature gave higher yield dg of 2

by HPLC. For example, it contained tetra- (7%), hexa- (8%), (entries 7, 13-15). In entry 16, however, yield anidl, of 2

and octa- to dodecasaccharide (18%) in the case of entry 7.decreased to 30% and 3620 at 40. In contrast to almost
Therefore, yield andM, of a water-insoluble part o2 are constantVl, ranging from 3630 (mainly decasaccharide; er&resv
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Table 2. Enzymatic Polymerization of 3 under Various Conditions?

polymerization? product
insoluble soluble
concn polymer 4 polymer 4
cellulase temp of 3 time? yield® yielde

entry pH wt%for3 °C mM h % M M, %¢e

20 3.0 5.0 30 25 7 40 2580 2750 39
21 4.0 5.0 30 25 7 44 2600 2800 35
22 45 5.0 30 25 9 52 2620 2800 32
23 50 5.0 30 25 9 55 2820 3070 28
24 55 5.0 30 25 10 51 2760 3030 30
25 6.0 5.0 30 25 12 49 2680 2930 31
26 7.0 5.0 30 25 24 48 2640 2940 34
27 8.0 5.0 30 25 30 0 19
28 5.0 1.0 30 25 120 0 2
29 5.0 3.0 30 25 24 32 2390 2560 24
30 50 7.0 30 25 4 58 2300 2620 23
31 50 10 30 25 2 30 2200 2510 36
32 50 5.0 20 25 15 31 2350 2620 46
33 5.0 5.0 40 25 7 28 2130 2460 33
34 5.0 5.0 30 10 24 13 2820 3070 23
35 5.0 5.0 30 50 8 63 2840 3220 25
36 5.0 5.0 30 100 6 26 2320 2650 a7

a|n CHzCN—acetate buffer (50 mM) mixture (5:1, v/v; entries 20—26,
28—36) or in CHz3CN—phosphate buffer (50 mM) mixture (5:1, v/v; entry
27). bIndicating the time for disappearance of 3. ¢ Isolated yields. ¢ De-
termined by SEC calibrated with pullulan standards, cellooligosaccharides,
and chitooligosaccharides. ¢ Determined by HPLC (more than tetrasac-
charides, RI detector, calibrated with cellooligosaccharides and chitooli-
gosaccharides).

17) to 4030 (entry 7), the initial concentration bdrastically
affected the polymer yield; polyme2 was produced in a

Hydrolysis of chitin
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g ’m
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NS ) H
H ?:LP !
1/ HaC Hac
&rc O y-05¢
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%(\ w ’&\L
, CH3 \
<._¢ H’O‘C’
0.-.- -0 0.. 0

H"--O

-'“'WO

Figure 13. Posulated reaction mechanism of chitinase from Bacillus sp. for (a) hydrolysis of chitin and for (b) polymerization of monomer 1.

Kobayashi et al.

6% yield during the reaction starting from 50 mMXbfwhereas
the yield increased to 46% starting from 200 or 300 mM of
1

Enzymatic Polycondensation of Monomer 3 Catalyzed by
Cellulase from Trichoderma »iride. Monomer 3 is a high-
energy substrate monomer activated at the anomeric carbon by
a fluorine atom, which acts as a good leaving group, leading to
a corresponding oxocarbenium intermeditdwo kinds of
reactions are possible during enzymatic reaction, i.e., enzymatic
polycondensation of3 to polymer 4 and enzymatic and
nonenzymatic hydrolysis @ to 16 (Figure 9).

Figure 10 illustrates the time dependence of monomer
concentration with cellulase fronTrichoderma viride and
without enzyme. With the enzyme catalysis, the consumption
rate of3 was significantly accelerated, and it disappeared within
9 h with formation of a white precipitate of. In contrast,
monomer3 was gradually decomposed nonenzymatically with-
out formation of any precipitates, and it remained at 73% at 9
h. After completion of the enzymatic reaction, a white precipitate
was separated by centrifugation, and the supernatant was
analyzed by MALDI-TOF/MS measurement (Figure 11). The
spectrum shows the peaks ratz of 1502.4, 1866.5, 2232.2,
and 2597.5, which appeared at evary of 365, corresponding
to the molecular mass of the repeating disaccharide urit of

Polymenzatlon of monomer 1
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Hydrolysis of cellulose
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Polymerization of monomer 3
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Figure 14. Posulated reaction mechanisms of cellulase for (a) hydrolysis of cellulose and (b) polymerization of monomer 3.

Therefore, the water-soluble part is the lower-molecular-weight
polysaccharides of.

The water-soluble part @&f was subjected to SEC to separate
the fractions including those of higher molecular weight than
hexasaccharide. Frothl NMR spectrum of the separated lower-
molecular-weight polysaccharidgFigure 12a), two significant
signals derived from the anomeric protons of internal GIcCNAc
and Glc were observed at4.60 and) 4.56, respectively. Their
coupling constants were 8.0 and 8.1 Hz, respectively,
that these saccharide units are connected througfi-titgco-
sidic linkage. Furthermore, two characteristic signals araund
80 on thel3C NMR spectrum (Figure 12b) were assigned to
those from the C4 of internal GIcNAc and Glc units. These
results indicate the formation of a«{#)-glycoside linkage by
cellulase-catalyzed reaction. Thus, cellulase fitichoderma
viride catalyzed the regioselective and stereo-controlled poly-
condensation 08, providing cellulose-chitin hybrid polysac-
charide4 with the alternating structure gf(1—4)-linked Glc
and GIcNAc.

Enzymatic Polymerization of 3 under Various Reaction
Conditions. The reaction parameters of pH, amount of enzyme,
reaction temperature, and initial concentratior3 @fere varied
in order to optimize the polymerization (Table 2). Similarly
to polymerization ofl to polymer2, a water-insoluble part of
4 contains the polymer with higher-molecular-weight segments
(Mp), whereas the water-soluble part is a mixture of its oligo-

mers smaller than dodecasaccharide detected by HPLC. For
example, it contained tetra- (5%), hexa- (5%), and octa- to
dodecasaccharide (18%) in the case of entry 23. Therefore, yield
andM, of a water-insoluble part of are discussed here. With
increase of pH value (entries 2@7), yield andM, of 4
gradually increased to 55% and 2820 (mainly octasaccharide;
entry 23), respectively, then decreased to 48% and 2640 (mainly
hexa- and octasaccharides; entry 26), respectively. At pH 8.0,

indicating the polymerization no longer proceeded, only affording a small

amount of water-soluble part @ in a 19% yield (entry 27).
The optimal pH of cellulase fronTrichoderma viride for
hydrolysis of cellulose was reported to be ZGimilarly, the
enzyme catalyzed the polymerization ®Mmost effectively at
around pH 5. The amount of cellulase drastically influenced
the polymer yield (entries 23, 281); 7.0 wt % cellulase
produced in a higher yield of 58% (entry 30), whereas 1.0 wt
% enzyme did not providé (entry 28).M, of 4 was not varied

so much from 2820 (entry 23) to 2200 (mainly hexasaccharide;
entry 31). Polymerization o8 proceeded at a temperature
ranging from 20 to 40C (entries 23, 32, and 33). The initial
concentration of3 exerted a critical influence on the polymer
yield (entries 23, 3436); polymerization of3 in 50 mM
produced polyme# in the highest yield of 63% (entry 35),
whereas those in 10 mM (entry 34) and in 100 mM (entry 36)
gave4 in lower yields of 13% and 26%, respectively. Notabé/DV
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@) () of cellulose, which is generally accepted, proceeds as follows
100 (Figure 14): After recognition of a cellulose molecule by the
enzyme, the glycosidic oxygen is immediately protonated by
80 one carboxyl group (catalytic proton donor; stage a). Then,
another carboxylate (catalytic nucleophile) attacks nucleophili-
g 00 0 o o o cally to the anomeric carbon from the-side to form a
O O glycoside-enzyme intermediate (or transition state)esulting
40 0 U = in the glycosidic bond cleavage (stage b). A water molecule
20 o attacks the anomeric carbon in the intermediate frongthigle
'. (stage b) to terminate the hydrolysis, leading to formation of
0 . 90 o the hydrolysate withB-configuration (stage c).

0 24 48 72 96 120 144 168 In the polymerization, monomes placed at the donor site
Time /h of the enzyme through recognition by cellulase is nucleophili-
cally attacked by the carboxylate (catalytic nucleophile) from

(b) (%)

100 the o-side (stage 'y resulting in formation of a glycosyl
80 enzyme intermediate (or transition state) (stagé'bas well
A A A as in leaving the fluorine atom as hydrogen fluoride. Note that
60 the structure of the intermediate in stagasvery similar to
that in stage b. The 4-OH group of GIcNAc in the growing
40 chain end or in another monomer molecule placed at the
20 S O <& acceptor site attacks the anomeric carbon of the intermediate
nucleophilically from thef-side (stage B, leading to the
0 ﬁ | 9 formation of a8(1—4)-glycosidic linkage (stag€)c Repetition
T?n‘:e/h 36 48 of this regio- and stereoselective glycosylation process is a
|

polycondensation, giving rise to a celluleseghitin hybrid

Figure 15. Lysozyme-catalyzed hydrolysis of (a) 2 and (b) 4 (starting polysaccharide

substrates 2 or 4; ®, more than octasaccharides; products: x, hepta-;

O, hexa-; A, penta-; 0, tetra-; <, trisaccharide). Reaction conditions: To our surprise, both types of enzyme recognize the respective
in a phosphate buffer (100 mM, pH 7.5); amount of enzyme, 11 450 monomer despite their high substrate-specific character. Recent
units; reaction temperature, 37 °C; initial concentrations of 2 and 4, investigations revealed that chitinase frd@acillus sp. has a

10 mg/mL.

(—2)(—1)(+1)(+2)(+3)(+4)-type subsite structure in the active
site, and the shape of catalytic domain looks like a éfefthe
catalytic domain of chitinase frorBacillus sp. is well super-
imposed on that of chitinase fro®erratia marcescensgrom

the three-dimensional structural analysis of chitinase from
Serratia marcescen# is indicated that the C2 of the substrate
at the—2 and+1 subsites face the outside of the ciéfiudging
from these situations, the C2 at the nonreducing end of the
monomer does not seem to play an important role for the

M of 4in entry 35 was 2840, which was the highest throughout
all reactions in Table 2.

Reaction Mechanisms of Chitinase and Cellulas€hitinase
from Bacillus sp. belonging to the glycoside hydrolase family
18 primarily catalyzes hydrolysis of the-{#4)-3-N-acetylglu-
cosaminide linkage in chiti®®3*The hydrolysis mechanism is
postulated as follows: After recognition of a chitin molecule
at the active site of the enzyme, the glycosidic oxygen was - X i
immediately protonated (Figure 13, stage a). Then, the carbonylMonomer recognition and the following glycosylation. On the
oxygen atom at the C-2 acetamido group placed at the donorother hand, XRD analysis on the catalytic domain of the

site of the enzyme nucleophilically attacks the neighboring c1 C€llulase not 8fromTrichoderma viride but from Bacillus
carbon to form an oxazolinium ion intermediate, leading to the 29aradherang® Thermoascus aurantiacgandAcidothermus

glycosidic bond cleavage (stage a to b). A water molecule cellulolyticug® has recently been reported. The C2 substitutions

attacks the anomeric carbon of the oxazolinium fromytside of substrates located at2 and+1 subsites seem not to be
(stage b) to terminate the hydrolysis, resulting in the formation Important for the cellulase catalysis.
of the hydrolyate having-configuration (stage c). Another surprising aspect is the behavior of monomers when
In the polymerization, monomet, which already has an  changing the pH of the polymerization medium. Polymerization
oxazoline moiety, is recognized and protonated at the donor Of both monomers took place to produce the polymer in the
site of the enzyme to form the corresponding oxazolinium ion Very wide range of pH values: monomegibetween 6 and 11
(stage B). The anomeric carbon of the oxazolinium is attacked and monomee between 3 and 6. These in vitro behaviors are
from the 5-side by the C4 hydroxy group of Glc in another quite different from those of the in vivo reactions of chitinase
monomer or in the growing chain end placed at the acceptor and cellulase catalysis, which is normally very sensitive toward
site, resulting in the formation of A(1—4)-glycosidic linkage ~ the pH change.
(stage 9. Repetition of this glycosylation is a ring-opening Emzymatic Digestion of Hybrid Polymers 2 and 4.The
polyaddition, providing a cellulosechitin hybrid polysaccha- cellulose-chitin hybrid polysaccharide is a novel unnatural
ride. Note that the oxazolinium structure of stagestvery close polymer. However, its components of Glc and GIcNAc are
to that of stage b. Therefore, we named such an oxazoline-typenatural substances widely found in nature. Therefore, it is very
monomer a transition-state analogue substrate (TSAS) mono-important and worthwhile to examine the biodegradability of

mer23 the hybrid, in particular, the in vivo digestibility in mammalian
Cellulase fronmTrichodermaviride belonging to the glycoside  systems for the development of advanced biomaterial architec-
hydrolase family 5 normally catalyzes cleavage of the-4)- ture. In the following sections are examined the enzymatic

B-glucoside linkage in cellulos#:3>The hydrolysis mechanism  digestions of polymer& and4 by using lysozyme from huma&DV
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Polymer 2
OH HO OH HO OH HO OH HO o
HO o) Q |HO o) Q | HO o) O  Ho 0
L g Ho +O o Ho -0 o Ho 0] o HO OH
HO NH | HO NH | HO NH HO NH
HaC—( HsC—( HsC—( HsC—(
o} o) o} o}
Polymer 4

HO OH HO OH HO OH HO OH
o Q |HO 0 Q | HO 0 O | HO o} Q Ho OH
HO L d Ho - d Ho L d HO (o) o)
NH | HO NH | HO NH | HO NH HO
HBC_\E HBC—\(() H3C~\g H3C—\g
\ \ Y

Figure 16. Possible bonds in polymers 2 and 4 cleaved by hydrolysis of lysozyme from human neutrophils. Arrows show the (1—4)-glycosidic
bond in these polymers susceptible to the enzymatic hydrolysis. Each polymer is illustrated from the reducing end and is aligned with the same
saccharide units.

neutrophils as model experiments of in vivo digestibility. and3 were polymerized under total control of regioselectivity
Lysozyme (EC 3.2.1.17) is one of the glycoside hydrolases and stereochemistry, giving rise to corresponding celluose
responsible for the cleavage of tfiél—4)-glycosidic linkage chitin hybrid polysaccharide® and 4 in good yields. These
between GIcNAc and GIcNAc and between GIcNAc and polysaccharides, having1—4)-linked alternating aligned Glc
N-acetylmuramic acid (MurNAc)! The enzyme exists in and GIcNAc, are difficult to construct by a conventional
cytoplasmic granules of the polymorphonuclear neutrophils chemical method or by a modification of cellulose and/or chitin.
(PMN) and is released through the mucosal secrefins. The M, values of the resulting productsand4 reached 4030
Polymers2 and 4 containing segments larger than octasac- &"d 2840, which correspond to 22 and-I% saccharide units,
charide were separated from the respective water-soluble parlr ?SPeCt'Ve'Y- The present cellulesehitin hybrid polysacchande.
by using SEC. TheMl, values of purified2 and 4 were both did not exhibit a crystalline structure. They were hydrolyzed in

1620 as determined by GPC measurements, which correspond¥itro by the lysozyme catalysis. TM.” values of the res_ulting_ .
to 8—10 saccharide units. First, control experiments were carried products are rather low compared with naturally occurring chitin

out using chitohexaose and cellohexaose by lysozyme catal sisand cellulose; however, these cellule#itin hybrid polysac-
9 . oy lysozy YSStharides may be expected as possible candidates for biomedical
As expected, chitohexaose was effectively hydrolyzed to

. . . materials.
produce mono-, di-, and trisaccharides, whereas cellohexaose

was not metabolized at all (data not shown). Acknowledgment. This study was partially supported by
Figure 15 shows the time dependence of concentrations ofthe 21st COE program for a United Approach to New Materials
the purified2 and4 by the lysozyme-catalyzed hydrolysis. It is Science in Kyoto University and by t_he Sasakgwa Scientific
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Hexa- (©) and tetrasaccharide&l) from 2 were selectively Supporting Information Available. 13C and %F NMR
produced; the hexasaccharide was produced as the majospectra data of new compounds 3, 7, and 12—15. This
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enzyme (Figure 15b). Hydrolysis products obtained were mainly pubs.acs.org.
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