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ABSTRACT. Lipochitin oligosaccharides are organogenesis-inducing signal molecules produced by rhizobia
to establish the formation of nitrogen-fixing root nodules in leguminous plants. Chitin oligosaccharide
biosynthesis by th&lesorhizobium lothodulation protein NodC was studied in vitro using membrane
fractions of anEscherichia colistrain expressing the clondd. loti nodC gene. The results indicate that
prenylpyrophosphate-linked intermediates are not involved in the chitin oligosaccharide synthesis pathway.
We observed that, in addition té-acetylglucosamine (GIcNAc) from UDP-GIcNAc, NodC also directly
incorporates free GIcNAc into chitin oligosaccharides. Further analysis showed that free GIcNAc is used
as a primer that is elongated at the nonreducing terminus. The synthetic glypesitiephenyl3-N-
acetylglucosaminide (pNPGIcNACc) has a free hydroxyl group at C4 but not at C1 and could also be used
as an acceptor by NodC, confirming that chain elongation by NodC takes place at the nonreducing-
terminal residue. The use of artificial glycosyl acceptors such as pNPGIcNAc has not previously been
described for a processive glycosyltransferase. Using this method, we show that also the DG42-directed
chitin oligosaccharide synthase activity, present in extracts of zebrafish embryos, is able to initiate chitin
oligosaccharide synthesis on pNPGIcNAc. Consequently, chain elongation in chitin oligosaccharide
synthesis byM. loti NodC and zebrafish DG42 occurs by the transfer of GIcNAc residues from UDP-
GIcNAc to O4 of the nonreducing-terminal residue, in contrast to earlier models on the mechanism of
processives-glycosyltransferase reactions.

Rhizobia are soil bacteria from several genera of the f1—4 linked GIcNAc residues, has also been reporied). (
Rhizobiaceag(1—3) and have the ability to establish a The synthesis of chitin has been the subject of intense
symbiotic relationship with leguminous plants. This sym- research over the past few decades [reviewed in references
biosis results in the formation of a new organ, the root nodule (13, 14]. As a result, the enzymatic properties of chitin
(4), in which rhizobia are able to fix atmospheric nitrogen synthase have been thoroughly characterized. However, the
into biologically utilizable ammonia. Essential for the direction in which chitin chains are elongated is still
nodulation process is the synthesis and secretion of rhizobialunknown. An amino acid sequence similarity between NodC
lipo-chitin oligosaccharides, also known as Nod factors, and theXenopus leais DG42 protein has also been reported
which induce cell division and differentiation in the plant (12). The DG42 gene is only expressed during early
root (5, 6). Nod factors consist of a linear oligomer/gf—4 embryonic development iKenopusand zebrafish15, 16.
linked N-acetylp-glucosamine (GIcNA¢)residues, which  The nature of the enzymatic activity of DG42 is controver-
is N-acylated on the nonreducing-terminal residue. Most Nod sial. Based on amino acid sequence homology, DG42 is most
factors contain a chitintetraose or -pentaose backbone, butclosely related to enzymes involved in the synthesis of
Nod factors with a di-, tri-, or hexasaccharide backbone have hyaluronic acid (also known as hyaluronan), the polymer of
also been detected<{9). [—GIcNAc f1—4 GIcA p1—3] disaccharide repeating units

Heterologous expression of the rhizobial nodulation gene (17). There are reports describing that heterologous expres-
nodC in Escherichia colileads to the synthesis of chitin ~ sion of DG42 in yeast or mammalian cells leads to increased
oligosaccharides, indicating that NodC is a chitin oligosac- hyaluronic acid-synthase activitg§, 19. However, DG42
charide synthasel0, 11). NodC having sequence homology protein synthesized in vitro clearly has chitin oligosaccharide

with chitin synthase, which produces a linear polymer of synthase activity20). This chitin oligosaccharide synthase
activity has also been shown in embryos and correlates with

expression of th&®G42 gene (6, 2J).
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the O4 position of the nonreducing-terminal residue and with 0.2 mL of methanol. After the eluent was concentrated

provide the first experimental data showing the direction of using evaporation under vacuum, analysis was performed
chain elongation of processivé-glycosyltransferases. In  on NH,-TLC plates as described above.

contrast, elongation of hyaluronic acid chains has been Extracts from zebrafish embryos were incubated with

reported to proceed in the opposite direction. Our data pNPGIcNAc for 45 min at room temperature in the presence

therefore support the proposed chitin oligosaccharide syn-

thase activity of DG42.

MATERIALS AND METHODS

NodC and DG42 Enzyme PreparatioAs a source of
NodC protein, theE. coli strain BL21(DE3) carrying a
plasmid with theM. loti nodCgene was use®p). Induction
of nodCexpression, disruption of bacteria by sonication, and

the subsequent isolation of the membrane fraction were

performed as describe@2). Enzyme preparations retained
full activity for at least 2 months. Zebrafisibénio rerio)

were maintained under standard conditions, embryos were

obtained by natural spawning at 2&€, and the resulting

fertilized embryos were dechorionated and lysed as describe

by Westerfield et al.Z3) and Bakkers et al.2(1).
Thin-Layer Chromatography (TLCELhitin oligosaccha-

of 0.3 mM UDP-GIcNAc, 12 mM MgGJ, and 3QuM Lognac
(2-acetamido-2-deoxyg-glucohydroximo-1,5-lactone, a com-
petitive inhibitor of N-acetylf$-p-glucosaminidases) (Car-
boGen, Zuich). Reactions were stopped by the addition of
150 uL of water and boiling for 2 min. The tubes were
centrifuged and the precipitates washed twice with ZD0

of water. The resulting supernatants were combined. After
in vitro incubation of zebrafish extracts in the presence of
pNPGIcNAc, the products were first purified by chroma-
tography on Sep-Pak C18 cartridges (Waters, Milford, MA)
as described by Palcic et aR5), and subsequently radio-
labeled by the fucosyltransferase NodZ as descril2djl (
This analysis (Figure 5A, lane 3) showed that chromatog-

C{aphy of the reaction products on Sep-Pak cartridges, in

contrast to the C18 cartridges used in the NodC assay (Figure
4B), completely removed all chitin oligosaccharides that were
not linked to pNP. For HPLC analysis, ol samples were

rides were analyzed either on silica 60 thin-layer chroma- |naded onto a CarboPac-PA1L preparative column using a DX-
tography plates (Merck, Darmstadt, Germany), using 1-butanol/ 300 pionex system (Dionex Corp., Sunnyvale, CA). Isocratic

ethanol/water (5:3:2, v/v/v) as the mobile phase, or on-NH
TLC plates, using acetonitrile/water (60:40, v/w}yNitro-
phenyl-linked chitin oligosaccharides were separated ogr NH
TLC plates, using acetonitrile/water (70:30, v/v) as the

elution using 150 mM NaOH with a flow rate of 3 mL/min
according to the suppliers methods was performed. Radio-
activity was measured using a Radiomatic 500TR flow
scintillation analyzer using Ultima-Flo AP scintillation fluid

mobile phase. Radioactive compounds were visualized usingpackard Instrument Co., CT) at 3 mL/min. Peak analysis

a Phosphor imaging system in combination with the Im-
ageQuant software (Molecular Dynamics, Sunnyvale, CA).

Standard Chitin Oligosaccharide Synthase (NodC) Assay.

was performed using radiometric FLO-ONE software version
3.01 (Packard Instrument Co.).
Analysis of Lipid-Linked Sacchariddsormation of lipid-

Reaction mixtures for quantitative standard assays containedinked saccharides was investigated using the method

10 mM MgCk, 50 mM Tris-HCI (pH 7.5), 25«M UDP-
N-acetylp-[U-14C]glucosamine (UDP-GIcNAc, final specific
activity 10 mCi/mmol, obtained from Amersham Interna-

described by Reuber and Walk&6f, with some modifica-
tions. After incubation of 10@&L of permeabilized cells in
the reaction buffer described for NodC assays containing 0.2

tional, UK), and approximately 50 ng of membrane protein/ ;Ci of UDP-[U-1“C]GIcNAc (251 mCi/mmol, Amersham)

uL, in a final volume of 25«L. When higher UDP-GIcNAc

for 1 h at room temperature, cells were collected by

concentrations were used, unlabeled UDP-GIcNAc (Sigma) centrifugation and extracted with chloroform/methanol/water
was added to the desired concentration. Incubations were(10:20:0.3, v/v/v). One-tenth of the resulting extract was

performed at 20°C for 15 min. Unincorporated UDP-
GlcNAc was removed using a 1Qd. Dowex 1 x 8-400
anion exchange column (Sigma) as describ2g).(The
resulting material was dissolved in 0 of water of which

1 uL was examined on silica 60 TLC plates as described
above. The UDP-GIcNAc analogues nikkomycin Z and
polyoxin D were purchased from Calbiochem (La Jolla, CA).

examined on silica 60 TLC plates as described above. The

remaining material was used to quantify the incorporation

of radioactivity using liquid scintillation counting. Inhibition

of lipid-linked saccharide formation was investigated by

adding tunicamycin (Calbiochem, 2&/mL), amphomycin

(200 ug/mL), or bacitracin (Calbiochem, 4 mg/mL).
Oligosaccharide Reduction and Hydrolysg&odium boro-

Chitin oligosaccharide standards were purchased from Seika+ydride reductions were essentially carried out as described

gaku Kogyo (Tokyo).
Detection of Chitin Oligosaccharide Synthase Aityi
Using pNPGIcNAc as Accept@NPGIcNAc p-nitrophenyl-

by Leloir et al. @7), with some modifications. A NaBH
solution (50 mg/mL) in 0.2% NaOH was freshly prepared,
and added to a solution of chitin oligosaccharides to a final

B-N-acetylglucosaminide, Sigma) was used to assay NodCconcentration of 10 mg/mL, followed by incubation at room

activity in the presence of 5M UDP-[U-14C]GIcNAc (final
specific activity 25 mCi/mmol), in NodC reaction buffer.
After incubation at 20°C for 1 h, one-tenth of the sample
was directly analyzed on NHFTLC plates. Chitinase treat-
ments were performed in 10 mM Tris-HCI buffer (pH 6.8)
for 3 h at 37°C with 1 ug of chitinase-6324). To isolate

temperature for 24 h. A volume of 10Q. of Amberlite IR-

120 (H") ion-exchange resin (Sigma) was added, and gently
mixed for 5 min. The treatment with ion-exchange resin was
repeated. The supernatant was then dried under vacuum. To
completely remove any remaining boric acid, three sequential
evaporations with 1 mL of anhydrous methanol were

the pNP-linked reaction products, reaction mixtures were performed. The residual material was redissolved in water.

loaded m a 1 mL octadecyl (C18) column (J. T. Baker,
Phillipsburg, NJ). Columns were washed with 3 mL of water,
followed by elution of pNP-linked chitin oligosaccharides

Oligosaccharides were hydrolyzed 2 M HCI at 100°C
for 4 h. A volume of 1uL was then analyzed using NH
TLC as described above.
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intermediate is completely blocked by the presence of 10

ug/mL tunicamycin. None of these inhibitors, however,
1 - affected the formation of chitin oligosaccharides by NodC
in a standard assay (data not shown). These results indicate

a that prenyl phosphate carriers are not required for the
Il . "" - = " synthesis of chitin oligosaccharides b loti NodC.
Inhibition of Chitin Oligosaccharide Synthesis by Substrate
AnaloguesNikomycin Z and polyoxin D are UDP-GIcNAc
- . -' . a8 ™ analogues that, at micromolar concentrations, strongly inhibit
the in vitro synthesis of chitin polymers by chitin synthase
[reviewed in reference3Q)). The presence of 1M

V= .‘ - .‘ . = - nikkomycin Z clearly inhibits chitin oligosaccharide forma-
tion (Figure 1). At increasing nikkomycin Z concentrations,
v _. .. - . a decrease in oligosaccharide chain length was observed. In

contrast, polyoxin D concentrations up to 0.5 mM did not
affect chitin oligosaccharide synthesis at all (data not shown).
Processie Nature of Chain Elongation in Chitin Oli-
gosaccharide Synthesithcubation of NodC preparations
1 2 3 45 6 7 8 9 with UDP-[**C]GIcNAc results in the formation of chitin-
Ficure 1. Effect of nikkomycin Z on chitin oligosaccharide  pjose, chitintriose, chitintetraose, and chitinpentaose (Figure

synthesis by NodC in vitro. Reactions were performed with@2 PP " ; ; ;
of membrane proteinl and 10uM UDP-[U-4C]GIcNAG, followed 1), indicating that chitin oligosaccharide synthesis occurs by

by extraction, and analysis of chitin oligosaccharides on silica 60 the sequential addition of monosaccharides to a growing
TLC plates as described under Materials and Methods. Membraneschain. We investigated whether free chitin oligosaccharides
were isolated from aR. coli strain expressinyl. loti NodC. Results are intermediates in chitin oligosaccharide synthesis by
were visualized by using a Phosphorlmager system in combination adding chitin oligosaccharides ranging in length from chit-

‘gggt?gﬁ; rgfgleg\:fgtlfgfﬁgag"eg ci‘;?fhnaﬂggqse_ﬁ? 'g:]'ggtf g;]ed inbiose to chitinpentaose to NodC reaction mixtures, followed

2 show reaction products of NodC (lane 1) and control membranes PY ana'YSis of radiolabeled chitin 0|i90§5}CCharideS using
(lane 2), in the absence of nikkomycin Z. All other lanes show TLC. This analysis showed that the addition of an excess

reaction products of NodC in the presence of the following amount of any of these chitin oligosaccharides (25 mM) to

nikkomycin Z concentrations: lane 3, Qi84; 4, 1uM; 5, 10uM; a reaction mixture containing 1eM UDP-GIcNAc had no

\?\;itzh%%’ll(ﬂlggyéﬁfl\ﬁg@ﬂ’ 9, 10uM nikkomycin Z together effect on the chitin oligosaccharide synthase activity of NodC
(data not shown). Moreover, no change in the distribution

RESULTS of radioactivity in chitin oligosaccharides of different chain

lengths was observed. We therefore conclude that NodC does
Initiation of Chitin Oligosaccharide Synthesis by NodC not use free chitin oligosaccharides as acceptors.

Incubation of membranes isolated from &n coli strain Direction of Chain Elongation in Chitin Oligosaccharide
expressing theM. loti nodC gene, with UDP-D-[U%C]- Synthesis by NodGSince GIcNAc stimulates the synthesis
GIcNAc, results in the formation of chitin oligosaccharides of chitin oligosaccharides by Nod@Z2), we investigated the
with a degree of polymerization ranging from 2 to 5 [Figure possibility that GIcNAc may act as the primer in this reaction.
1 and @2)]. To investigate whether chitin oligosaccharide When NodC preparations were incubated with!{C}-
synthesis is initiated on a lipid carrier, we determined the GIcNAc and unlabeled UDP-GIcNAc, incorporation of
incorporation of radiolabeled GIcNAc from UDPAC]- radioactivity into chitin oligosaccharides was observed
GIcNAc into the glycolipid fraction. Neither liquid scintil-  (Figure 2A, lane 1). Incorporation offC]GIcNAc into chitin
lation counting nor TLC analysis of the glycolipid fractions oligosaccharides was not observed when UDP-GIcNAc was
in these experiments showed the synthesis of NodC- omitted from the reaction mixture (Figure 2A, lane 2).
dependent lipid-linked saccharides (data not shown). Tuni- Moreover, synthesis of UDP-GIcNAc from GIcNAc could
camycin, amphomycin, and bacitracin inhibit the formation not be detected when control membranes were incubated with
of prenyl pyrophosphate-linked saccharides in bacteria. [**C]GIcNAc (data not shown). We therefore conclude that
Bacitracin (156-300ug/mL) inhibits the dephosphorylation  GIcNAc is directly incorporated into chitin oligosaccharides,
of undecaprenyl pyrophosphate by forming a complex with and that this does not occur via conversion into UDP-
this lipid (28, 29. This dephosphorylation step is required GIcNAc. To determine the position of the incorporated
to regenerate undecaprenyl phosphate, the lipid carrier inGIcNAc in the oligosaccharidest*C]GIcNAc-labeled chit-
peptidoglycan biosynthesis. The formation of MurNAc- inpentaose was purified from a TLC plate. The resulting
pentapeptide-pyrophosphoryl-undecaprenyl, another step inpreparation was subjected to reduction with sodium boro-
bacterial cell wall biosynthesis, has been shown to be hydride. After complete removal of sodium borohydride, the
sensitive to amphomycin (1Q&/mL) (30). Tunicamycin is oligosaccharide was fully hydrolyzed. This procedure results
a compound that is well-known for its inhibition of the in the formation of glucosaminitol (GlcNol) from the reduced
transfer of GIcNAc from UDP-GIcNAc to undecaprenyl terminal residue of the original oligosaccharide, and glu-
pyrophosphate in eukaryotic cells. Barr et 8ll)(have shown cosamine (GIcN) from the nonreducing-terminal and back-
that GIcNAc-pyrophosphoryl-undecaprenol is also an inter- bone residues. When purifie'C]GIcNAc-labeled chitin-
mediate in the biosynthesis of the enterobacterial common pentaose was treated this Wi, label was only incorporated
antigen in E. coli, and the in vitro synthesis of this into GlcNol (Figure 2B). This shows that th&C]GIcNAc



4048 Biochemistry, Vol. 38, No. 13, 1999 Kamst et al.

A B explained by a mechanism in which GIcNAc is used as

primer for the synthesis of chitin oligosaccharides (Figure
6). Consequently, chitin oligosaccharide synthesis by NodC
proceeds by addition of GIcNAc residues to O4 of the
nonreducing-terminal residue.

Elongation of p-Nitrophenyl-GIcNAc by NodC:Nitro-
phenylf-N-acetylglucosaminide (pNPGIcNAC) consists of
a p-nitrophenyl group linked to C1 of GIcNAc in the
B-anomeric configuration. pPNPGIcNAc was added to NodC
reaction mixtures at various concentrations. In addition to
free chitin oligosaccharides, four relatively hydrophobic
compounds were produced as might be expected for pNP-
linked structures (Figure 4A). All these compounds are
chitinase-degradable, confirming that they contain chitin
oligosaccharides. The pNP-linked chitin oligosaccharides
could readily be purified from the reaction mixture using an

1 2 3 1 2 3 4 octadecyl (C18) cartridge. TLC analysis of the resulting
FIGURE2: Incorporation of free GIcNAc into chitin oligosaccharides  Preparation (Figure 4B) indicates that in addition to pNP-
by NodC. (A) TLC analysis of GIcNAc incorporation into chitin  linked chitin oligosaccharides up to pNP-chitinpentaose,
oligosaccharides by NodC. Reactions were performed witlg/2  pNP-chitinhexaose is also formed. The synthesis of pNP-
pL membrane protein, 1 mM GICNAC, and 1 mM UDP-GICNAC, Jinked chitin oligosaccharides increased as the pNPGICNAc

as indicated below. Reaction products were extracted and analyze . . d 1 mM (Ei aA |
on silica 60 TLC plates. Lanes show reaction products formed in concentration was increased up to 1 mM (Figure 4A, lanes

the presence of: 1, [¥C]GIcNAc and UDP-GIcNAC; 2, [14C]- 1-5). Concomitantly, the synthesis of free chitin oligosac-
GlcNAc alone; 3, GlcNAc and UDP-[WC]GIcNAc. Roman charides decreased. At pNPGIcNAc concentrations higher
numerals indicate the position of GIcNAc (I) and chitin oligosac- than 1 mM. both the synthesis of pNP-linked chitin oli-

i -1 - iti . ! . . .
charides (I-1V). (B) [1- “C]GIcNAc-labeled chitinpentaose was gosaccharides and the formation of free chitin oligosaccha-

isolated from a TLC plate (panel A, lane 1), reduced with NgBH 4 .

and subsequently hydrolyzed, yielding monosaccharides and a'ldes decreased (Figure 4A, lanesS), but the length of
monosaccharide alditol. Reaction products were analyzed ga NH the oligosaccharides that are formed remains unaltered. These
TLC. Lanes represent: 1, f#C]GIcN; 2, [1+44C]GIcNol, prepared data again show that chitin oligosaccharide chain elongation

by NaBH;, reduction of [1}“C]GIcN; 3, reduced and hydrolyz Toven i i
[1y-1“C]G|I-ENAc-IabeIed (:[hitinp])entaése; 4, reduced andygy?jz)lglzjed by NOd-C takes- place at the nonreducing-terminal residue of
chitinbiose, synthesized from UDP-[YC]GIcNAc in the absence a growing .chaln. . . . .
of free GIcNAc. This last sample was prepared to verify that the ~ Synthesis of pNP-Linked Chitin Oligosaccharides by
reducing agent was completely removed before the reducedZebrafish Embryos.Extracts of late gastrula zebrafish
oligosaccharides were hydrolyzed. The two spots in lane 4 have aembryos have been reported to synthesize chitin oligosac-
comparable intensity, judging from the ImageQuant software. This 1,5rides using UDP-GIcNAC as precursd6( 2. To
confirms that after hydrolysis of the disaccharide, no further . - . . . 7 .
reduction of the resulting monosaccharides occurred. mvestlggte whether the dlrec_t|0n pf chain elongation in this
system is the same as that identified for NodC, extracts of
is exclusively incorporated into chitin oligosaccharides as late gastrula (10 h) zebrafish embryos were incubated with
the reducing-termingﬂ residue. UDP-GIcNAc and pNPG'CNAC. Reaction products were
By comparing the radioactivity incorporated into chitin- purified using a reversed-phase (Sep-Pak) cartridge and were
tetraose and -pentaose in identical incubation mixtures in Subsequently radiolabeled with GD[fucose, using the
which either free GIcNAc or UDP-GIcNAc was radiolabeled, fucosyltransferase NodZ3g). This indirect method for the
we determined the percentage of these oligosaccharides thaietection of chitin oligosaccharides is more sensitive than
were synthesized using free GIcNAc as the acceptor (Figuredirect labeling with UDP{'C]GIcNAc (21). TLC analysis

3A) using the formula: of the fucosylated products (Figure 5A) clearly shows the
presence of a compound that migrates as a fucosylated pNP-
% = 100 x n x [G/(G + UDPG)] chitintetraose standard. Chitinase degradation of this reaction

product results in the formation of a degradation product that

in which % = the percentage of oligosaccharide molecules migrates as a fucosylated pNP-chitinbiose. Together, these
that is synthesized using GIcNAc as acceptor= the data show that the chitin oligosaccharide synthase in extracts
number of GIcNAc residues per oligosaccharide molecule, of the zebrafish embryos can use pNPGIcNAc as acceptor
G = the amount of incorporated free GIcNAc, and UDPG to synthesize pNP-chitintetraose. Addition of an antiserum
= the amount of incorporated GIcNAc from UDP-GIcNAc. that specifically inhibits the chitin oligosaccharide synthase
The latter two parameters were calculated by dividing the activity of the DG42 proteinX6) reduced the formation of
quantified spots by the specific activity of the radiolabeled pNP-linked chitin oligosaccharides to less than 5% of the
sugar used in the enzyme reaction. control level observed when a control serum was added

At a GIcNAc concentration of 25 mM, all chitintetraose (Figure 5B). We therefore conclude that synthesis of pNP-
and -pentaose molecules are synthesized using GIcNAc adinked chitin oligosaccharides in this system is due to the
acceptor. The presence of GIcNAc at these concentrationsaction of DG42. This confirms the conclusions of two
stimulates chitin oligosaccharide synthesis approximately previous reports on the role of DG42 in chitin oligosaccharide
2-fold (Figure 3B), and no changes in oligosaccharide chain synthesisZ0, 2. Increasing the pNPGIcNAc concentration
length are observed (Figure 3C). These results can only beabove 0.25 mM led to a decrease in pNP-linked chitin



Direction of Chitin Oligosaccharide Elongation Biochemistry, Vol. 38, No. 13, 19991049
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Fraction of chitin oligosaccharides Chitin pentaose synthesis (%) Distribution of chitin oligosaccharide
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Ficure 3: Analysis of chitin oligosaccharides produced at various GIcNAc concentrations. All reactions were performed in a standard
reaction mixture containing 1M UDP-GIcNAc. chitin oligosaccharides were analyzed on silica 60 TLC plates. Results were visualized
and quantified by using a Phosphorimager system in combination with the ImageQuant software. (A) The fraction of chitintéteamse (
pentaose (- - -) molecules synthesized using free GIcNAc as acceptor was determined by comparing the radioactivity incorporated into
chitintetraose and pentaose by NodC in parallel incubation mixtures in which either free GIcNAc or UDP-GIcNAc was radiolabeled. For
example, when 100% of chitinpentaose is synthesized using GIcNAc as acceptor, the ratio between GIcNAc residues from the GIcNAc
acceptor and those originating from UDP-GIcNAc is 0.25 (1:4); when 50% of the pentaose molecules is synthesized this way, the ratio is
0.11 (1:9). (B) and (C) are derived from the results of the same incubations. (B) shows the effect of addition of free GIcNAc on the amount
of chitin pentaose by NodC, whereas the relative amount of each oligosaccharide produced in these reaction mixtures is shown in (C). The
relative amount of each oligosaccharide was determined after correction of spot intensities for differences in chain length. Roman numerals
indicate the oligosaccharide chain length. Error bars represent the deviation between two independent experiments.
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Ficure 4. TLC analysis of pNP-linked chitin oligosaccharides synthesized by NodC. (A) Reaction products of NodC synthesized in the
presence of 5@M UDP-[U-1“C]GIcNAc and various pNPGIcNAc concentrations were analyzed ogNtC plates as described under
Materials and Methods. Samples were loaded onto the TLC plate dire€}lyo( after incubation with chitinaseH). Incubations were
performed with the following pNPGIcNAc concentrations: 1, control reaction without pNPGIcNAc; 2, 0.1 mM; 3, 0.25 mM; 4, 0.5 mM;

5, 1 mM; 6, 2 mM; 7, 4 mM. Roman numerals indicate the position of GIcNAc (I) and chitin oligosaccharigd¥)(I(B) Purification

of pNP-linked chitin oligosaccharides on a reversed-phase (C18) cartridge. Lane 1 shows chitin oligosaccharides synthesized by NodC in
a control reaction lacking pNPGIcNAc. A sample of the pNP-linked chitin oligosaccharides synthesized in the presence of 1 mM pNPGIcNAc
and eluted from the reverse-phase (C18) cartridge is shown in lane 2. Roman numerals indicate the length of chitin oligosaccharides, linked
to pNP.

oligosaccharide formation, but just as we observed with (16, 20, 21, 34, 3 defining the biosynthesis pathway of
NodC, this had no effect on the length of the oligosaccharides chitin oligosaccharides is becoming increasingly important.
that were produced (Figure 5A). We can therefore conclude Here, we present the results of an in vitro study in which
that DG42 can use pNPGIcNACc as a primer for the synthesiswe have studied both the mechanism of initiation and the
of pNP-linked chitin oligosaccharides in the same way that direction of chain elongation in chitin oligosaccharide
NodC does. biosynthesis by NodC.

Bacterial polysaccharide synthesis often involves lipid-
DISCUSSION linked intermediates3g). However, NodC-dependent lipid-

In view of recent reports suggesting that chitin oligosac- linked saccharides were not detected using an extraction
charides or chitin oligosaccharide derivatives may play a procedure that has been used to show the existence of lipid
general role in developmental processes in plants and animalsntermediates in the synthesis of bacterial cellulo3@),(
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1 2 3 4 5 FiGUrRe 6: Mechanisms of chain elongation in polysaccharide and
oligosaccharide biosynthesis. (A) The two possible mechanisms of
B chain elongation described in the literature. Several examples of
1000 control serum 1000 anti-DG42 each mechanism have appear@®, 46) In a mechanism of
e—Fuc [«—Fuc elongation from the nonreducing terminus, monosaccharides from
PNPW‘F{i an activated donor are added to the nonreducing-terminal residue
800 800 of a growing chain. In the other mechanism, a preexisting activated
chain is transferred to an activated monosaccharide. The net result
is elongation of the growing chain from the reducing terminus. (B)
600 6001 shows how the two elongation mechanisms can lead to the
incorporation of free GIcNAc or pNPGIcNAc as the reducing-
4001 4004 terminal residue of chitin oligosaccharides. In the case of elongation
of the nonreducing terminus (left panel), GIcNAc/pNPGIcNAc acts
as initial acceptor or primer. When elongation takes place at the
200+ 2004 PNP‘V'F{i reducing end, however (right panel), GIcNAc/pNPGIcNAc can only
W.N M ’\‘MM H be the last residue added to the growing chain. The resulting
oA oligosaccharide no longer carries UDP as the activating group on
—— — its reducing terminus. Since this reducing-terminal activator is
0 2 e 0 2 4 et essential for further elongation in this mechanism, incorporation
of GIcNAc/pNPGIcNAc leads to premature chain termination and
Ficure 5: Chromatographic analysis of pNP-linked chitin synthe- thus to an increase in the formation of short oligosaccharides.
sized by zebrafish embryo extracts. (A) pNP-linked chitin oligosac-
charides were purified from reaction mixtures using a reversed- . i i ;
phase (Sep-Pak) cartridge, radiolabeled withjfucose (Fuc) by add_ltlon of GICNAC re5|d.ues .to the nonreducing-terminal
the activity of the fucosyltransferase NodZ, and analyzed og-NH 'esidue of a growing chain. First, we show that fré€[-
TLC plates. Lanes 1 and 5 show fucosylated pNP-linked chitin GICNAC is directly incorporated into chitin oligosaccharides
oligosaccharides and fucosylated chitin oligosaccharide standardshy NodC without being first converted into UDP-GIcNAc
respectively. The other lanes show the reaction products of zebrafish(Figure 2A). Chemical analysis of chitinpentaose into which

embryo extracts, after purification on Sep-Pak (C18) cartridges and :
subsequent fucosylation by NodZ. Lanes: 2, reaction product in free [“CJGIcNAc had been incorporated by NodC showed

the presence of 0.25 mM pNPGIcNAc: 3, a sample of the product that the GICNAc was exclusively incorporated as the reduc-
obtained by chitinase treatment of the reaction product shown in ing-terminal residue. If elongation of chitin oligosaccharides
lane 2; 4, reaction product in the presence of 1 mM pNPGIcNAc. takes place at the reducing terminus, such a direct incorpora-
Roman numerals irzgi)cztﬁot\;‘/‘; length of the chitin oligosaceharides tion of free GlcNAc leads to premature chain termination,
in . oo - : ; : :
products formed by zebrafish embryo extracts ig the presence of aresultlng in an increase in the formation of ollgos_a_ccharldes
control serum, or an anti-DG42 serum, which specifically inhibits that are shorter than the natural end-product chitinpentaose
the enzymatic activity of the DG42 protef6, 21) The peaks at  (Figure 6). Instead we have observed that GIcNAc stimulates
3.6 and 4.4 min represent fucosylated pNP-chitintetraose (pNPIV- chitin oligosaccharide synthase activity and does not affect
Fuc) and free fucose (Fuc), respectively. This was determined by gjigosaccharide chain length, even when GIcNAc incorpora-
using fucosylated pNP-chitintetraose standard and free fucose 3Sion into chitintetraose and entaose molecules is 100%
reference compounds. pen JV70.
NodC can therefore only have incorporated GIcNAc into

exopolysaccharides26), and crustacean chitin3g). In chitin oligosaccharides by using it as a primer, elongating it
addition, known inhibitors of prenyl pyrophosphate-linked by glycosyl transfer to O4. The second observation defining
saccharide formation do not affect the chitin oligosaccharide the direction of chain elongation is that NodC is capable of
synthase activity of NodC. We therefore conclude that such using the synthetic glycoside-nitrophenyl-N-acetylglu-
lipid-linked intermediates are not involved in the synthesis cosaminide (pNPGIcNAc) as an acceptor, producing pNP-
of chitin oligosaccharides biyl. loti NodC. This conclusion  linked chitin oligosaccharides. Since pNPGIcNAc has a free
is consistent with the results that were recently obtained with hydroxyl group at C4 but not at C1, chain elongation must
Azorhizobium caulinodandodC (11). have taken place at the nonreducing-terminal residue.

In this paper we report two observations that show that We have observed that chitin oligosaccharides ranging
chitin oligosaccharide synthesis by NodC proceeds by the from chitinbiose to chitintetraose are incapable of acting as

radioactivity in cpm
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efficient primers. These results indicate that chitin oligosac- embryos. It seems unlikely that DG42 can catalyze both these
charide synthesis by NodC occurs by a processive mecha+eactions. Our data therefore support the notion that DG42
nism: in such a mechanism, successive addition of saccha-encodes a chitin oligosaccharide synthase, rather than a
ride units to a growing chain only proceeds while the enzyme hyaluronic acid synthase. The use of pNP-linked saccharides
remains continuously in close contact with the oligosaccha- as acceptors provides a novel approach to investigate the
ride; dissociated oligosaccharides are not further elongated.direction of chain elongation in polysaccharide synthesis and
Stimulation of the enzymatic activity of NodC by free the substrate specificity of polysaccharide synthases which
GIcNAc was only observed at GIcNAc concentrations at may help to further address the apparent discrepancy

which all chitin oligosaccharides produced were synthesized regarding the biochemical function of DG42.

using the added GIcNAc as a primer. This correlation

suggests that the use of GIcNAc as primer is involved in ACKNOWLEDGMENT

the stimulation mechanism. Free GIcNAc is also known to

incorporated directly into chitin3®, 40 in a manner similar
to that which we report here for NodC. Our present results

) L . iy We acknowledge Dr. I. Dawid (National Institutes of
stimulate the in vitro synthesis of chitin polymers by fungal .51th Bethesda MD) for the DG42 antiserum and Dr. G.

chitin synthases. In some cases, GIcNAc appears to beTe Kronnie (Wageningen Agricultural University, Wagenin-

gen, The Netherlands) for help with zebrafish embryos.

raise the possibility that GICNAc can also be used as a primerREFERENCES
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