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Abstract: A novel -N-acetylglucosaminidase (GIcNAcase) inhibitor named TMG-chitotriomycin (1) was
isolated from the culture filtrate of Streptomyces anulatus NBRC13369. The strain produced 1 only when
colloidal chitin was used as the sole carbon source in the production medium. The structure of 1 was
determined by spectral and constitutive sugar analyses of the corresponding alditol derivatives to be an
equilibrated mixture of a-b-N,N,N-triMeGIcNH,-(1,4)-3-b-GlcNAc-(1,4)-3-p-GlcNAc-(1,4)-p-GlcNAc and its
C-2 epimer of the reducing end residue. TMG-chitotriomycin (1) showed potent and selective inhibition of
insect and fungal GIcNAcases with no inhibition of mammalian and plant GIcNAcases. In contrast, the
known GlcNAcase inhibitor nagstatin potently inhibited all GIcNAcases. It should be emphasized that
synthesized p-N,N,N-triMeGIcNH,, which is the component sugar of 1, showed no inhibition of the insect
Spodoptera litura GIcNAcase. These results suggest that the (GIcNAc); unit positioned at the reducing
end of 1 is essential for its enzyme inhibitory activity. The unigue inhibitory spectrum of 1 will be useful to
study chitinolytic systems and to develop selective fungicides or pesticides.

Introduction chitinolytic enzyme systems has resulted in the discovery of
the chitinase inhibitors allosamidifig argifin 8° and argadif?

The inhibitory spectra of these inhibitors are very broed,,
showing inhibition of family 18 chitinases from mammals,
insects, plants, and fungfiAnalogous to the chitinase inhibitors,
the GlcNAcase inhibitors nagstatfn'® and NAG-thiazoliné®

Chitin, a linear polysaccharide composedbef,4 linkedp-N-
acetylglucosamine (GIcNAc), is widely distributed in nature as
a constituent of the insect exoskeleton and fungal cell #wall.
The metabolic turnover of chitin is known to be essential for

the normal growth of these organisms. A chitinolytic enzyme .
g g y y have also not been developed as commercial drugs. The

system consisting of chitinase afieN-acetylglucosaminidase "~ . . - e
(GIcNAcase) is required for the complete degradation of chitin !lmltat|ons are the complexity of their structures, their stability

into corresponding monosaccharides in this pathtvayhere- n pgture, some physicochemical properties, and their broad
fore, inhibitors of these enzymes are expected to be potentialInhlbltory spectra.

pesticides or fungicides. However, chitinolytic enzymes are The reason for the wide distribution 9f the.ch|t|.nolyt|c
widely distributed in nature, including mammals, plants, insects, enzymes is still unknown. Nevertheless, their physiological roles

and microorganisms, and hence specific inhibitors of chitinolytic WO(;”]? be'd|ﬁe0rlent n chhgm-conttqm.lng organisms suchhas 'nSIECttS
enzymes from particular organisms, such as insects and fungi,21¢ 'ung!, and non-chitin-containing organisms, such as plants

are desirable. (6) Sakuda, S.; Isogai, A.; Matsumoto, S.; Suzuki,JAAntibiot. 1987, 40,
. ; TP 296-300.
Chltlngse hydrolyzes Fhe polysacchqude ghltln into its cOr- ) Nishimoto, Y.: Sakuda, S.; Takayama, S.; Yamaday YAntibiot. 1991
responding oligosaccharides. The resulting oligomers are further ® 14, 71’5‘:—232h Al v O &0, Antibiot. 2000 53, 609614
. . . rai, N.; Shiomi, K.; Iwai, Y.; Omura, SJ. Antibiot. , .
decomposed by another chitinolytic enzyme, GlcNAcase, into (9) Omura, S.; Arai, N.; Yamaguchi, Y.; Masuma, R.; Iwai, Y.; Namikoshi,

monosaccharide GIcNAcs. The focus of many researchers on M.; Turberg, A.; Kolbl, H.; Shiomi, K.J. Antibiot.200Q 53, 603-608.
10) Arai, N.; Shiomi, K.; Yamaguchi, Y.; Masuma, R.; lwai, Y.; Turberg, A;
Kolbl, H.; Omura, S.Chem. Pharm. BuIIZOOQ 48, 1442-1446.

T The Graduate School of Natural Science and Technology. (11) Andersen 0. A.; Dixon, M. J.; Eggleston, I. M.; van Aalten, D. IN&t.
* Suntory Institute for Bioorganic Research. Prod. Rep 2005 22, 563-579.
(1) Tharanathan, R. N.; Kittur, F. &rit. Rev. Food Sci. Nutr2003 43, 61— (12) Aoyagi, T.; Suda, H.; Uotani, K.; Kojima, F.; Aoyama, T.; Horiguchi, K.;
87. Hamada, M.; Takeuchi, T. Antibiot.1992 45, 1404-1408.
(2) Van de Velde, K.; Kiekens. RCarbohydr. Polym2004 58, 409-416. (13) Aoyama, T.; Naganawa, H.; Suda, H.; Uotani, K.; Aoyagi, T.; Takeuchi,
(3) Merzendorfer, H.; Zimoch, LJ. Exp. Biol.2003 206, 4393-4412. T. J. Antibiot. 1992 45, 1557-1558.
(4) Rast,D.M,; Baumgartner, D.; Mayer, C.; Hollenstein, GP@ytochemistry (14) Tatsuta, K.; Miura, S.; Ohta, S.; Guniji, Bl. Antibiot.1995 48, 286-288.
2003 64, 339-366. (15) Tatsuta, K.; Ikeda, Y.; Miura, S. Antibiot.1996 49, 836-838.
(5) Horsch, M.; Mayer, C.; Sennhauser, U.; Rast, D. Rharmacol. Ther. (16) Knapp, S.; Vocadlo, D.; Gao, Z.; Kirk, B.; Lou, J.; Withers, S.JGAm.
1997 76, 187-218. Chem. Soc1996 118 6804-6805.
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and mammals. We hypothesized that the chitinolytic enzymes described in our previous papérs® Nagstatin was a kind gift from

of chitin-containing organisms are different from those of non-

the Microbial Chemistry Research Foundation (Japan). All other

chitin-containing organisms. If this conjecture is true, a specific chemicals were commercially available.

inhibitor of chitinolytic enzymes in insects and/or fungi should

be present in nature. Such inhibitors, needless to say, would b

ideal for the lead compounds of pesticides or antimicrobial

reagents and, of course, molecular probes for biochemical

e

Assay Methods of Enzyme Inhibitory Activity. Inhibition of
GIcNAcases was determined by a manner similar to that of our previous
work!® in which the p-nitrophenylIN-acetylp-glucosaminide gNP-
GIcNAc) was used as a substrate, and the following reaction buffers
were used as accompanying instructions: (1) human placenta: 100 mM

studies. The above considerations prompted us to screen thgirate buffer (pH 4.3) containing 100 mM NaCl and 0.01% (w/v)

specific inhibitors of insect and/or fungal chitinases and
GlcNAcases.

bovine serum albumin, (2) jack bean aAdoryzae 100 mM citrate
buffer (pH 5.0) containing 100 mM NaCl and 0.01% (w/v) bovine

In a previous paper, we reported the discovery of the novel serum albumin, and (3. oxalicum 100 mM citrate buffer (pH 4.5).

insect chitinase inhibitor FPS-1 in the culture filtrate of a fungal
strainSphaeropsisp. TNPT116-C27 FPS-1 showed potent and
selective inhibition of insecpodoptera liturechitinase but no
inhibition of the chitinase of actinomyce&reptomyces griseus

Therefore, our hypothesis was partially satisfied in the case of
one chitinolytic enzyme chitinase. The next target was the

The 1G values were calculated by plotting the inhibitor concentration

vs the rate of hydrolysis. The inhibition constark$)(and the type of

inhibition were determined from LineweaveBurk and Dixon plots.

In these assays, a blank and several concentrations of inhibitors in

duplicate were used. The inhibitions by TMG-chitotriomycit) of

chitinases were determined as reported in our previous paper.
Production of TMG-chitotriomycin (1). A stock culture ofS.

GlcNAcase positioned downstream of the chitinase in the chitin anyjats NBRC 13369 grown on Bennett's medium was inoculated

degradation pathway.

into 10 mL of colloidal chitin-Bennett's mediuthand incubated on a

Screening microbial producers of such GIcNAcase inhibitors reciprocal shaker (280 strokes/min) at"B8for 2 days. The seed culture
has resulted in the discovery of four actinomycete strains was transferredota 1 L Sakaguchi flask containing 300 mL of the

Streptomyces griseoloalbu€M4480,S. clauiferJCM5059,S.
anulatus NBRC13369, andS. griseussubsp.rhodochrous

NBRC13849. The culture filtrates of these four strains showed

potent inhibition against GIcNAcases of insects, with little or
no inhibition of the enzymes of mammals, fungi, and pldfits.

same medium and cultured on a reciprocal shaker (280 strokes/min) at
28 °C for 14 days.

Isolation of TMG-chitotriomycin (1). The culture broth (5.5 L)
was centrifuged at 6000 g, and the supernatant was adsorbed onto an
active carbon column (6.% 33 cm) and washed with 1.1 L of B,
followed by elution with 2.5 L of 30% acetone containing 0.01% HCI.

The data should reveal distinct characteristics of the GIcNAcaseSthe active fractions were combined and evaporated under reduced
of insects and other organisms including mammals, fungi, and pressure to remove acetone; then, the remaining agueous solution was

plants.
Here we report that one active straii, anulatusNBRC
13369, produces an inhibitor that is quite unique in biological,

subjected to an Amberlite CG-50 {Horm) column (6.5x 31 cm).
After washing wih 2 L of H;O, the active substance was eluted with
0.1 M NaCl. The active fraction was desalted by active carbon column

structural, and physicochemical aspects. The isolated activechromatography in a manner similar to that described above and

compoundL, named TMG-chitotriomycin, showed selective and
potent inhibition of insect and fungal GlcNAcases with no
inhibition of the enzymes of mammals and plants.

Experimental Section

General Procedures.The NMR spectra ol, 2-deoxy-2-(trimethy-
lammonio)b-glucopyranose, were obtained with a Varian Inova 600
spectrometer in CEDD or D,O solution. The spectra & and3 were

lyophilized. The powder obtained was dissolved in small amounts of
MeOH and subjected to Sephadex LH-20 column (%.060 cm)
chromatography with the same solvent. The active fraction was
evaporated under reduced pressure, dissolved in small amourd® of H
subjected to HPLC using two successive Asahipak ES502C columns
(7.6 x 100 mm), and developed with 7.5 mM ammonium carbonate at
the flow rate of 0.8 mL/min to yield 46.6 mg df

Identification of Reducing End Residue of TMG-chitotriomycin
(1). Pyridylamination ofl was done by the method of Kondo et'al.

measured with Bruker dmx 750 and Bruker dmx 500 spectrometers in Analytical procedures including the acid hydrolysis of the derivatives
D0 solution using TSP as the external standard. Optical rotation was and HPLC using a Cosmosil 5C18-AR column (6625 cm) or an
measured on a JASCO P-2200 polarimeter. ESIMS experiments wereAsahipak NH2P-50 column (0.4& 25 cm) were carried out as

done on a Micromass Q-Tof or a Bruker Daltonics APEX-Qe. The
FABMS experiment was carried out using a JEOL JMS-HX/HX110
or a JMS-SX102A. Asahipak NH2P-50 (0.4625 cm) and ES502C
(0.76 x 10 cm) columns were purchased from Showa Denko Co. A
Cosmosil 5C18-AR column (0.8 25 cm) was purchased from Nacalai
Tesque Inc. and a Hypercarb column (0.4610 cm) from Chemco

publishec?®

Preparation of Alditols 2 and 3. Five milligrams ofl was reduced
by 150uL of 10 mg/mL NaBH, for 2 h atroom temperature. The
reduced compounds were applied to column chromatographies with
active carbon (6.6« 35 mm), Asahipak ES502C (76 100 mm), and
Hypercarb (4.6x 100 mm) columns to give two alditol&, (820 ug)

Co. Amberlite CG-50 and Sephadex LH-20 resins were from Organo and3 (2.8 mg).

Co. and GE Healthcare Bio-Sciences AB, respectivBiN-Acetyl-

Carbohydrate Component Analysis of +-3. The carbohydrate

glucosaminidases from bovine kidney, human placenta, jack bean, andcompositions ofl—3 were analyzed by GLC as trimethylsilyl deriva-

Aspergillus oryzaewere obtained from Sigma-Aldrich Cq3-N-
Acetylglucosaminidase fromenicillium oxalicumwere obtained from
Seikagaku Kogyo Co. Chitinases froltreptomyces griseuand
Bacillus sp. were purchased from Sigma-Aldrich and Wako Pure

tives after methanolysis (1.5 M methanolic HCI) by the method of Mega
and lkenag# using myo-inositol as an internal standard. For GLC
analysis, a Hitachi G-3000 gas chromatograph with a DB-WAX
capillary column (30 mx 0.25 mm J & W Scientific) was used.

Chemical Co., respectively. These enzymes were used for enzyme Acid Hydrolysis of TMG-chitotriomycin (1) and Determination

inhibition studies without further purification. Chitinase ay¥eN-
acetylglucosaminidase frongpodoptera liturawere prepared as

(17) Nitoda, T.; Usuki, H.; Kanzaki, HZ. Naturforsch.2003 58¢, 891—894.
(18) Usuki, H.; Nitoda, T.; Okuda, T.; Kanzaki, H. Pestic. Sci2006 31,
41—-46.

of Absolute Configuration of Nonreducing Sugar Residue 2-Deoxy-

(19) Kondo, A.; Suzuki, J.; Kuraya, N.; Hase, S.; Kato, |.; IkenakaAgric.
Biol. Chem.199Q 54, 2169-2170.

(20) Kimura, Y.; Ohno, A.; Takagi, SBiosci. Biotechnol. Biochen1997, 61,
1866-1871.

(21) Mega, T.; Ikenaka, TAnal. Biochem1982 119 17—24.
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Figure 1. ™H NMR spectra of TMG-chitotriomycini) in (A) CDsOD and (B) RO.

2-(trimethylammonio)glucopyranose (4) Thirteen milligrams ofl. was
hydrolyzed with 2M TFA (2.4 mL) at 121C for 6 h in asealed tube.

13C, HSQC, HMBC, TOCSY, and ROESY) in GDD at
30°C for 2 days. ThéH NMR spectrum ofl (Figure 1A) was

The solution was lyophilized, and the material was dissolved in small tynjcal for reducing oligosaccharides.

amounts of HO and then subjected to the column chromatography with

Asahipak ES502C and developed with MeOH/25 mM HNB, (1:
10, v/v) at the flow rate of 0.8 mL/min to give 1.24 mg 4fthe non-

reducing sugar residue 2-deoxy-2-(trimethylammonio)glucopyranose.

Specific rotation of the isolated was compared to the authentic

Four anomeric protons)(5.38, sugar Ap 5.13, sugar Dy
4.55, sugar Bp 4.58, sugar C) suggested the presence of four
corresponding sugar units. The resonancé &t13 (sugar D)
was weaker than those of other anomeric protons, indicating

compound, which was synthesized according to the procedure bythat the sugar D residue was positioned at the reducing end.

Falkowski et aP?
Results

Fermentation and Isolation of 1. S. anulatusstrain

The resonances &t 2.06 (3H, s),0 2.04 (3H, s), and 2.01
(3H, s) corresponding to the methyl protond\b&cetyl groups
suggested threld-acetylhexose residues. It was noteworthy that
the multiplicity of the resonance &t 5.13, corresponding to

NBRC13369 was cultured in a modified Bennett's medium the anomeric proton of the reducing end residue, was an unusual
containing colloidal chitin as the sole carbon source. The culture doublet. In addition, ESIMS (Micromass Q-Tof) bfafter the

filtrate showed potent inhibition against the ins&t litura
GlcNAcase with no inhibition of bovine kidney GIcNAcase

above NMR experiments showed anfNdeak atnv/z 832 as
the strongest intensity, with/z 831 as the much less intense

(data not shown), indicating the presence of a unique and peak (Figure 2B). Therefore, partial deuterium exchang# of
selective GIcNAcase inhibitor. Interestingly, the productivity at the C-2 position of the reducing sugar residue was suggested.

of the active compound was dependent on the initial amounts

IH NMR analyses ol in D,O provided more clear evidence

of colloidal chitin in the production media (Figure S1), and the for the deuterium exchange as shown in Figure 1B. The
absence of colloidal chitin in the medium prevented production anomeric proton of sugar ¥ 5.16) clearly showed an unusual
of the active compound (data not shown). These results suggestloublet and five singlet resonances betwégr2.02 and 2.05,
the essential effect of the chitin in the production of the active which were identical to the methyl protons léfacetyl groups.

compound.

Activity-guided purification, described in the Experimental
Section, resulted in the isolation df Purified 1 was subjected
to the further experiments.

Elucidation of Structure of 1. HRESIMS (Bruker Daltonics
APEX-Qe) of 1 showed the M peak atm/z 831.37183, in
agreement with the formulas@Hs¢O20N4™ (calcd 831.37172).
Forty milligrams of1 was subjected to NMR experiment$i(

(22) Falkowski, L.; Beszczynski, M.; Jarzebski, A.; StefanskeRP@&. J. Chem.
1983 57, 1353-1355.

4148 J. AM. CHEM. SOC. = VOL. 130, NO. 12, 2008

These observations also supported the deuterium exchange of
1 at the C-2 position of the reducing sugar residue. In addition,
the resonance & 3.30 (9H, s) was characteristic of the methyl
group of a quaternary ammoniuth2* suggesting the presence

of an N(CH)s; group. Further analyses of the spectra were
impossible because the signals derived from the equilibrium of
the reducing end residue sugar D were so overlapped.

(23) Zhou, C. C.; Huang, X.; Ford, L. K.; Hollis, L. S. Antibiot. 2005 58,
539-544.

(24) Wang, W.; Buchholz, A.; Ivanova, I. I.; Weitkamp, Ghem. Commun.
2003 20, 2600-2604.
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Figure 2. ESIMS spectra ol and3. (A) 1 before NMR experiments. (B)
1 after NMR experiments in CEDD at 30°C for 2 days. (C)3 prepared
from 1 after NMR experiments in CEDD at 30°C for 2 days.

NaBH;, reduction of the deuterium-exchangke¢b mg) gave
us two alditol derivatives? (820 ug) and3 (2.8 mg). NMR
analyses 08, measured in BD, revealed three anomeric protons

at oy 5.42 (sugar A, oy 4.62 (sugar @, anddy 4.60 (sugar
B'), as shown in Figure S2. A glucopyranose form of sugar A '
was easily deduced by a series of NMR specira 3C, HSQC, 55 5.0 45 4.0 35 ppm
TOCSY, and NOESY). The resonances)at3.33 (9H, s) and Figure 3. H NMR spectra of4 and synthesizeﬂl,N,N—triMe—_D—GIcNHz.
8¢ 56.59, which are characteristic of the methyl group of a (&) Compound4 prepared from the isolatefl (B) Synthesized\,N.N-
. triMe-p-GIcNH..
quaternary ammoniui$;>*revealed the presence of a N(gk
group. The connection of the N(G}4 to the C-2 position of [0]o%2 +75.7€ 0.14, MeOH)]. From these observatiodsyas
sugar A was confirmed by the HMBC correlation between identified to be arN,NN-triMe-p-GIcNH,
methyl protonsdy 3.33, 9H, s) and the C-2 carbod(81.12). Sugars Band C were identified as GIcNAc by a series of
From these spectral data, sugamas deduced to be a 2-deoXy- R data. The connection between these sugar units was
2-(tr|methy!ammonlo)glucopyrgnosel,(\l,N-trlMeGIcNHz). confirmed by the HMBC correlation between the anomeric
To obtain further information and clarify the absolute arhon of sugar B(dc 104.18) and the H-4 of sugar @
configuration of the.residue, 1.3.0 mg of deuterium?exchanged 3.67), and the stereochemistry was defineg ay its coupling
1 was hydrolyzed with TFA to isolate 1.24 mg 4fwhich was constant § = 8.5). The HMBC correlations between the
compared to the synthesizetN,N-triMe-p-GlcNH,. Physico- anomeric positiondy 5.42,0¢ 98.56) of sugar Aand the C-4
chemical properties of were a good agreement with those of - osition ¢y 3.92,0¢ 79.69) of sugar Bindicated the connection
authentic one as described follow and listed in Table S1. The ¢ sugar A to sugar B. The stereochemistry at the glycosidic
'H NMR spectrum ot measured in BO was identical to that  position was defined as by its coupling constant)(= 3.7).
of the syn'theS|ze<N,N,N-'trlll\/I?-D-GIcNHz (Flgure 3). Sugar D was easily deduced to meN-acetylglucosaminitol
Interestingly, the multiplicity of anomeric protond(5.69) (GIcNAc-ol) by component analysis and the NMR spectra. The
of N,N,N-triMe-b-GIcNH, was an unusual doublet. Furthermore, HMBC correlation between H-4(; 3.80) of sugar Dand C-1
the resonance of a methine proton at the C-2 posithars(52) (0c 103.87) of sugar Cconfirmed the connection to sugat C
was weaker than that of the other methine proton, indicating a by 5-1,4 linkage.
partial deuterium exchange at the position. The ESIMS (Micromass Q-Tof) 08 showed that the M
FABMS (JEOL JMS-SX102A) of4 and the synthesized peak atm/z834 had the strongest intensity, with a much weaker
N,N,N-triMe-D-GIcNH, after the above NMR experiments peak ai/z833 (Figure 2C). The HRFABMS (JMS-HX/HX110)
showed an M peak atm/z 222 as the strongest intensity, with  of 3 showed the M peak atm/z 834.3962, in agreement with
m/z 223 as the less intense peak (Figure S3). Their high- the molecular formula &HeoD1020N4™ (calcd 834.3942). It is
resolution spectra were in agreement with the molecular noteworthy that the intensity of the methine proton at H}2 (
formulas GH200sN and GH;14DOsN, respectively (Table S1). 4.26) of sugar Dwas much weaker than those of other protons
Furthermore, the specific rotation of isolatédvas in a good (Figure S2). The observation could be explained as the
agreement with that of the synthesized compouid [[] %2 deuterium exchange at H-2 of the reducing end GIcNAQ.of
+80.1¢ 0.11, MeOH), synthesized\,N,N-triMe-b-GICNH,: This consideration was also supported by the MS data as

J. AM. CHEM. SOC. = VOL. 130, NO. 12, 2008 4149
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OH
Sugar D o CH,
OH o
0, H,C- N oHNH
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CH, CH, 0 o
8 CH, CH
Sugar B Sugar C 3

Figure 4. Structure of TMG-chitotriomycinX).

Table 1. Inhibitory Activity of TMG-chitotriomycin (1) and Nagstatin against GIcNAcases

enzymes 1¢ nagstatin

origins family? K b (mM) 1C5o (NM) K (nM) 1Cs0 (NM) K (nM)
Spodoptera litura unknown 0.367 526 290 5.85 1.10
Aspergillus oryzae unknown 0.512 1460 977 10.6 9.69
Penicillium oxalicum unknown 0.306 439 55.7 60.6 8.11
human placenta 20 0.733 >70100 n.e® 1.83 0.925
bovine kidney 20 0.513 >70100 n.e¢ 1.71 1.64
jack bean 20 0.718 >70100 n.e® 1.87 1.41

aThe GIcNAcases from bovine kidney, human placenta, and jack bean were classified into family 20 as judged by the publ&hétTdetaylycoside
hydrolase families of the other GIcNAcases have not yet been determlifedpNP-GIcNAc. ¢ As a hydrogen carbonate s&t<30% inhibition at 70.1
uM of 1. ¢Could not be evaluated.

described above. From all the above-mentioned data, thecases from a wide variety of organisms. As shown in Table 1
structure of3 was determined to be (2-deoxy-2-(trimethylam- and Figure S101 showed potent inhibition of the GIcNAcases

monio)-o-D-glucopyranosyl)-(1,4)-(2-acetamido-2-deg®yp- of an insect §. litura) and fungi @. oryzae P. oxalicun) in a
glucopyranosyl)-(1,4)-(2-acetamido-2-degsap-glucopyranosyl)- competitive manner but no inhibition against the enzymes from
(1,4)-2-acetamido-2-deoxy-glucitol. mammals (human placenta, bovine kidney) and a plant (jack

The HRESIMS (Bruker Daltonics APEX-Qe) @& showed bean). In contrast, the known GlcNAcase inhibitor nagstatth
the M+ peak atm/z 834.39389, in agreement with the molecular Showed inhibition of all the GIcNAcases in a competitive
formula GHeaD10,0N4+ (calcd 834.39364). Component analy-  Manner withK; values in nM ranges. In additiof,showed no
sis of 2 showed the presence of GIcNAC residues anl- inhibition against the family 18 chitinases frdn litura (insect),
acetylmannosaminitol (ManNAc-ol). THel NMR spectrum of S. griseugactinomycete), an8acillussp. (bacterium). There-
the compound was quite a similar to that®dfFigure S2). The  fore, we concluded that TMG-chitotriomycin is a GlcNAcase

clear differences between the spectra2ofind 3 were the inhibitor specific for GIcNAcases of insect and fungal origin.
resonances of H-1a, H-1b, H-2, and H-5 of sugat®cNACc- It should be emphasized that such a selective inhibitor is hitherto
ol and ManNAc-ol), as shown in Table S2. The intensity of the Unknown. . .

methine proton at H-20( 4.18) of sugar Dwas much weaker The synthesize®\,N,N-triMe-p-GIcNH, was also tested for
than those of other protons by analogy with the casg &fom the GlcNAcase of insec$. litura The compound showed no

NMR spectra (Figure S2, Table S2), the structure2ofan inhibition against the enzyme<B0% inhibition at 2.6 mM in
reasonably be expected to be the epimes af the C-2 position  the standard assay condition).
of sugar D.

From the elucidated structures of the corresponding alditols,
1 was revealed to be the equilibrated mixture of (2-deoxy-2-  This paper clearly shows the unique inhibitory spectrum of
(trimethylammonio)e--glucopyranosyl)-(1,4)-(2-acetamido-2-  the novel GlcNAcase inhibitor TMG-chitotriomycin. It showed

Discussion

deoxy-p-glucopyranosyl)-(1,4)-(2-acetamido-2-degfyp- specific inhibition against insect and fungal GlcNAcases,
glucopyranosyl)-(1,4)-2-acetamido-2-deoxyo- whereas the known inhibitor nagstdfin'®> showed a broad
glucopyranose and its C-2 epimer of the reducing end residueinhibitory spectrum against GlcNAcases from a wide variety
(Figure 4). On the basis of the structural informatidnwas of organisms such as insects, mammals, and plants (Table 1).
named TMG (trimethylglucosaminium)chitotriomycin. Insects and fungi, the producers of the TMG-chitotriomycin-

sensitive GIcNAcases, are considered to produce chitinolytic
enzymes for the metabolic turnover of chitin in ecdysis or
normal growth of mycelium, respectively! In contrast,

Methanolysis of intacfl with methanolic HCI (92°C, 2 h)
followed by GC of the trimethylsilyl derivatives of the
monosaccharides confirmed the presenae-GlcNAc residues.

In addition, HPLC of the acid hydrolysate of pyridylaminated 25)

(PA-) 1 showed the presence of PA-GIcNAc as the major

hydrolysate with minor PA-sugars, suggesting that the equilib- E g
)
)

Horsch, M.; Hoesch, L.; Vasella, A.; Rast, D. Mur. J. Biochem1991,
197, 815-818.

Panday, N.; Vasella, Adelv. Chim. Acta200Q 83, 1205-1208.

Kato, M.; Uno, T.; Hiratake, J.; Sakata, Bioorg. Med. Chem2005 13,

rium of the reducing end sugar would be strongly shifted toward 1563-1571. _
GIcNAcC f (28) Stubbs, K. A.; Zhang, N.; Vocadlo, D. @rg. Biomol. Chem200§ 4,
a GICNAC torm. 839-845.

g i i (29) Kaplan, J. B.; Ragunath, C.; Velliyagounder, K.; Fine, D. H.; Ramasubbu,
Enzyme Inhibitory Activity. The effects of intacll and a N.. Kaplan, J. B.. Ragunath, C.. Vellyagounder. K: Fine, D. H..

known GIcNAcase inhibitor nagstatin were tested on GICNA- Ramasubbu, NAntimicrob. Agents Chemothe2004 48, 2633-2636.
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mammals and plants, the producers of the TMG-chitotriomycin-

of TMG-chitotriomycin remains to be clarified, but the charged

insensitive GIcNAcases, were reported to produce the enzymesnitrogen atom of thé&,N,N-triMe-p-GIcNH, residue is just such
for several physiological roles such as self-defense againsta cationic atom, and therefore should interact with the catalytic

pathogen®-31and involvement in some human disea%eEhe
unique selectivity of TMG-chitotriomycin would be helpful for
the biochemical study of the chitinolytic enzyme system.

The chitinolytic enzyme system consisting of chitinase and

—1 subsite of the enzymes. An interesting observation was that
the unusual suga¥,N,N-triMe-b-GIcNH, was inactive against
insectS. litura GIcNAcase, suggesting the essential effect of
the (GIcNAc}) unit in the binding of TMG-chitotriomycin to

GIcNAcase is necessary for the complete degradation of chitin the enzymes. Work on the synthesis of analogues composed of

into GIcNAcs. Each enzyme is classified into two distinct
groups, family 18 or 19 chitinases and family 3 or 20
GlIcNAcases, based on their amino acid sequeRéééhttp://

afmb.cnrs-mrs.frICAZY/). These enzymes are widely distributed

different degrees of the reducing end GIcNAc unit attached to

an N,N,N-triMe-p-GIcNH, residue and evaluation of their

enzyme inhibitory activities and selectivities is now in progress.
The N,N,N-triMe-p-GIcNH; residue positioned at the non-

in natural organisms including mammals, plants, insects, andreducing end is a characteristic of TMG-chitotriomycin. The
microorganisms, and the majority of chitinases were classified unusual sugar residue is hitherto unknown in nature. The

into family 18. In contrast, distribution of family 19 chitinases
is reported to be limited to organisms such as pRrisand
actinomycete$637 By analogy with chitinases, the majority of
the GIcNAcases were classified into family 20. Interestingly,

structurally analogous compoundsmethyl+-glucosamine and
N,N-dimethyl+-glucosamine have already been reported as the
component sugar of the major antibiotics streptomycin or
bluensomycin, which are produced by an actinomy&itep-

family 18 chitinases and family 20 GlcNAcases possess the sametomycessp?? It should be emphasized, however, that their

catalytic mechanism called substrate-assisted catdfy%is°
The glycoside hydrolase families of the TMG-chitotriomycin-

configurations are, notp, forms, suggesting that the biosyn-
thesis of theN,N,N-triMe-p-GIcNH; residue of TMG-chitot-

sensitive GIcNAcases used in the study are still unknown, and riomycin would be independent of those of known compounds

therefore it will be interesting to attempt the classification of
the GIcNAcases by whether their sensitivities to TMG-chitot-
riomycin are in agreement with the classification of glycoside
hydrolase families or not. In addition, our group has demon-

such as streptomycin and bluensomycin.

A unique aspect of the physicochemical properties of TMG-
chitotriomycin was the epimerization at the C-2 position of the
reducing end GIcNAc. In general, the isomerization of GIcNAc

strated that the chitinase inhibitor FPS-1 inhibited the chitinase to ManNAc is known to occur in alkaline pH conditions. An

from the chitin-containing organis®. liturabut not the enzyme
from the non-chitin-containing organisng. griseus’ Both
enzymes were potently inhibited by the family 18 chitinase-
selective inhibitor allosamidi#’ Of particular interest is the
finding that the inhibitory spectrum of the chitinase inhibitor
FPS-1is in good agreement with that of the GIcNAcase inhibitor
TMG-chitotriomycin. The selective inhibitions of FPS-1 and
TMG-chitotriomycin against the chitinolytic enzymes of chitin-

aldehyde form of the reducing sugar residue andribepro-
tonation are required for the epimerization. Blayer et al. reported
that the epimerization of the monosaccharide GIcNAc was not
detectable afte8 h below pH 9 at 25°C.43 However, the
reducing end GIcNAc of TMG-chitotriomycin was slowly
isomerized to ManNAc under the GDD solution state. The
reason for this interesting characteristic remains to be clarified,
but the charged nitrogen atom of &hN,N-triMe-b-GIcNH,

containing organisms strongly support the hypothesis describedresidue at the nonreducing end is possibly involved in the

in the Introduction that the chitinolytic enzymes of chitin-
containing organisms are different from those of non-chitin-
containing organisms.

The known GIcNAcase inhibitors, including NAG-thiazo-
line,'6 PUGNAC2® and nagstatid?~1° possess nitrogen atoms.
In the case of the best characterized inhibitor NAG-thiazoline,
the nitrogen atom of the thiazoline ring was positively charged
to interact with the catalytic aspartate residue-atsubsite of
family 20 enzyme4! The mechanism of the selective inhibition

(30) Kasprzewska, ACell Mol. Biol. Lett.2003 8, 809-824.

(31) Tjoelker, L. W.; Gosting, L.; Frey, S.; Hunter, C. L.; Trong, H. L.; Steiner,
B.; Brammer, H.; Gray, P. WJ. Biol. Chem200Q 275 514-520.

(32) Maier. T.; Strater, N.; Schuette, C.; Klingenstein, R.; Sandhoff, K.; Saenger,
W. J. Mol. Biol. 2003 328 669-681.

(33) Henrissat, BBiochem. J1991, 280, 309-316.

(34) Henrissat, B.; Bairoch, ABiochem. J1993 293 781-788.

(35) lIseli, B.; Armand, S.; Boller, T.; Neuhaus, J. M.; Henrissat-BBS Lett.
1996 382 186-188.

(36) Akagi, K.; Watanabe, J.; Hara, M.; Kezuka, Y.; Chikaishi, E.; Yamaguchi,
T.; Akutsu, H.; Nonaka, T.; Watanabe, T.; Ikegami,JT Biochem2006
139 483-493.

(37) Kawase, T.; Saito, A.; Sato, T.; Kanai, R.; Fujii, T.; Nikaidou, N.; Miyashita,
K.; Watanabe, TAppl. Erviron. Microbiol. 2004 70, 1135-44.

(38) Mark, B. L.; Vocadlo, D. J.; Knapp, S.; Triggs-Raine, B. L.; Withers, S.
G.; James, M. NJ. Biol. Chem2001, 276, 10330-10337.

(39) van Aalten, D. M.; Komander, D.; Synstad, B.; Gaseidnes, S.; Peter, M.
G.; Eijsink, V. G.Proc. Natl. Acad. Sci. U.S./2001, 98, 8979-8984.

(40) Papanikolau, Y.; Prag, G.; Tavlas, G.; Vorgias, C. E.; Amos, B.; Oppenheim,
A. B.; Petratos, KBiochemistry2001, 40, 11338-11343.

(41) Mark, B. L; Mahuran, D. J.; Cherney, M. M.; Zhao D.; Knapp, S.; James.
M. N. G. J. Mol. Biol. 2003 327, 1093-11009.

epimerization because, of course, the isomerization has not been
reported in oligomers of-1,4-linked GIcNAc.

Interestingly N,N,N-triMe-p-GIcNH, was slowly isomerized
to N,N,N-triMe-p-ManNH, in the D,O solution (Figure 3, Figure
S3). The incorporation of the unusual sugar residue into the
non-reducing end of thg-1,4 linked (GIcNAc} unit resulted
in the isomerization of the reducing em@tGIcNAcC to p-
ManNAc with no effect on the nonreducing ehgN,N-triMe-
D-GIcNH, (Figures 1, 2). This observation strongly supports
our idea that the cationic nitrogen atom NfN,N-triMe-D-
GIcNH; residue contributes directly to the epimerization of
TMG-chitotriomycin.

In conclusion, we discovered TMG-chitotriomycin as a novel
GlIcNAcase inhibitor from the culture filtrate of actinomycete
Streptomyces anulatU$BRC13369 strain. The inhibitor will
give new insights for the development of selective antimicrobial
and insecticidal reagents and studies of the molecular mecha-
nisms of chitin-degrading systems in a wide variety of organ-
isms.
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