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Nod factors (NFs) are rhizobial lipo-chitooligosaccharide
signals that trigger root nodule development in legumes.
Modifications of NF structures influence their biological
activity and affect their degradation by plant chitinases.
Nodulation of certain pea cultivars by Rhizobium legumi-
nosarum bv. viciae requires modification of NFs at the re-
ducing end by either an O-acetyl or a fucosyl group. Fuco-
sylated NFs were produced by an in vitro reaction with
NodZ fucosyltransferase and purified. Their biological ac-
tivity on pea was tested by measuring their capacity to
stimulate the activity of a hydrolasethat cleaves NFs. Non-
modified and fucosylated NFs displayed this activity at
nano- to picomolar concentrations, while a sulfated NF
from Sinorhizobium meliloti was inactive. In an additional
series of experiments, the stability of non-modified and
fucosylated NFs in the presence of purified tobacco
chitinases was compared. The presence of the fucosyl
group affected the degradation rates and the accessibility
of specific cleavage sites on the chitooligosaccharide back-
bone. These results suggest that the fucosyl group in NFs
also weakensthe interaction of NFswith certain chitinases
or chitinase-related proteinsin pearoots.

The symbiotic interaction between rhizobia and legumes re-
sulting in the formation of nitrogen-fixing root nodules is a
host-specific process. Host specificity is largely determined
by the structure of bacterial signal molecules called Nod fac-
tors (NFs). All NFs are lipo-chitooligosaccharides, i.e., oli-
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gomers of N-acetylglucosamine, N-linked with a fatty acid at

the nonreducing end (Dénarié et al. 1996; Spaink 1996;
Schultze and Kondorosi 1998). Nodulation of certain pea cul-
tivars (e.g., Afghan peas) is influenced by structural modifi-
cations of the NFs produced B}izobium leguminosarum bv.
viciae (NodRlIv factors) and by a single genetic losys2* of

the host plant genome (Lie 1984). For the establishment of
efficient symbiosis between peas harbosyg2” and specific

R. leguminosarum bv. viciae strains, such as strain TOM, pro-
duction of NodRlIv factors carrying ad-acetyl group at the
reducing end is required (Firmin et al. 1993). Interestingly,
fucosylation at the same position of the reducing end of
NodRIv factors can functionally replace O-acetylation for
nodulation of peas harborirgym2® (Ovtsyna et al. 1998). It
has been proposed trgm2* encodes an NF receptor (Geurts
et al. 1997). Modifications at the reducing end, however,
could also play a role in preventing the NFs from binding to
plant proteins that are not specific NF receptors, e.g.,
chitinases or chitooligosaccharide receptors.

Plant chitinases have been described as having a function in
defense reactions against pathogens. They hydr@yzet
linkages of chitin (homopolymer oRN-acetylglucosamine),
which is a major structural component of higher fungi and ar-
thropods. Chitinases have been classified according to their
primary structure (Neuhaus et al. 1996) as belonging to differ-
ent glycosyl hydrolase families (Henrissat 1991). Chitinase
genes have been shown to be expressed in response to patho-
gen infection, elicitor treatment, or plant hormones (Collinge
et al. 1993). Moreover, chitinases often show a developmen-
tally regulated, tissue-specific induction, e.g., during embryo-
genesis (De Jong et al. 1992) or nodule development
(Staehelin et al. 1992; Vasse et al. 1993; Parniske et al. 1994;
Goormachtig et al. 1998; Xie et al. 1999), suggesting a func-
tion of chitinases in these processes.

More direct evidence for the involvement of chitinases in
nodulation was provided by the finding that rhizobial NFs are
substrates for plant chitinases (Staehelin et al. 1994a, 1994b;
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Goormachtig et al. 1998; Minic et a. 1998; Schultze et al.
1998). It has been found that specific chitinase isoforms ex-
hibit distinct substrate specificity and cleavage site preference
toward NFs. For example, the sulfate group at the reducing
end protects tetrameric NFs from Sinorhizobium meliloti
(NodSm factors) against hydrolysis by various chitinases
(Staehelin et a. 1994b; Schultze et al. 1998). Degradation
products, such as lipo-disaccharides and lipo-trisaccharides,
exhibited strongly reduced biological activity on host plants,
indicating that chitinases are able to inactivate NFs (Heidstra
et d. 1994; Staehelin et al. 1994b). Moreover, expression of a
chitinase gene from the bacterium Serratia marcescens in S-
norhizobium strains impeded nodulation (Krishnan et al.
1999).

In the S meliloti-Medicago spp. symbiosis, NFs were able
to enhance the activity of a novel “lipo-disaccharide forming”
NF hydrolase. This enzyme does not exhibit activity toward
the polymer chitin. The enzyme activity in thtedicago spp.
rhizosphere is specifically stimulated by sulfated NodSm fac-
tors at nanomolar concentrations, indicating that active NFs
induce their rapid degradation after perception by the host
plant (Staehelin et al. 1995, 1997).

In our work presented here, fucosylated derivatives of
NodRIv factors were prepared by an in vitro reaction with

NodZ fucosyltransferase, then the capacity of these molecules

to elicit an increased activity of a NF hydrolase in pea roots
was investigated. The enzyme activity was stimulated by non-
modified and fucosylated NodRIv factors to a similar extent,
while sulfated NodSm factors were inactive. In a series of in
vitro experiments, fucosylated and non-modified NFs showed
differences in their resistance against hydrolysis by purified
tobacco chitinases.

RESULTS AND DISCUSSION

In vitro fucosylation of NodRlv factors.

In the peaR. leguminosarum bv. viciae symbiosis, cultivars
harboringsym2* are nodulated only by rhizobial strains pro-
ducing NFs with a structural modification at the reducing end,
namely arO-acetyl or fucosyl group (Firmin et al. 1993; Ovt-
syna et al. 1998). Purification of NFs carrying @racetyl
group at the reducing end was inefficient due to the low levels
of these molecules in rhizobial cultures. The putative acetyl-
transferase, NodX, could not be purified (A. O. Ovtsyna and
H. P. Spainkunpublished results). To obtain purified NodRIv
factors modified at the reducing end, the NodZ protein, a fuco-
syltransferase fronBradyrhizobium japonicum (Quinto et al.
1997), was used for in vitro fucosylation of NodRlIv factors.

Non-fucosylated NodRIv factors were isolated from the
culture media of the NF-overproducing straith legumi-
nosarum bv. viciae RBL 5799. Two major peaks with a strong
absorbance at 304 nm were detected by high-performance lig
uid chromatography (HPLC) analysis (Fig. 1A). They repre-

incorporation of“C fucose analyzed on thin-layer chromatog-
raphy (TLC) plates. Two radioactive spots corresponding to
NodRIVv-IV(Cy4, Ac, Fuc) and NodRIv-V(gG.a4, Ac, Fuc)
were detected (not shown).

Approximately 100 pg of NodRlv factors and an excess of
nonradioactive GDB-L-fucose were used in a large-scale
reaction for preparative purification by reverse-phase HPLC.
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v

Absorbance at 304 nm

10 15
Time, min

20

Fig. 1. Purification of Rhizobium leguminosarum bv. viciae (Rlv) Nod
factors (NFs) and their fucosylated derivatives. High-performance liquid
chromatography (HPLC) analysis was performed with 36% acetonitrile

sent tetra- and pentasaccharides, O-acetylated and N-acylategnder isocratic conditions. Absorbance was monitored at 304 nm. A,

with a polyunsaturated.g, fatty acid at the nonreducing end,
as described previously, i.e., NodRIv-IV§G Ac) and
NodRIv-V(Cyg4, Ac) (Spaink et al. 1991). Fractions contain-

NFs produced by strain RBL 5799. V: NodRIv-V(Cig4, Ac); IV:
NodRIV-1V(Cyg4, Ac). B, Solid line: purified NodRIV-V(Cyg4, AC).
Dashed line: NodRIv-V(Cig4, Ac) after incubation with the NodZ fuco-
syltransferase. A new peak with earlier elution time (VFuc) corre-

ing these NFs were separately collected and used for the irsponded to the fucosylated derivative NodRIV-V(Cyg4, Ac, Fuc). C,

vitro fucosylation reaction catalyzed by the NodZ protein
from B. japonicum. To test the efficiency of the reaction, ra-
dioactively labeled GDPB-L-[1-*C] fucose was used and the
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Solid line: purified NodRIv-IV(Cig4, Ac). Dashed line: NodRIv-
IV (Cyg.4, Ac) after incubation with the NodZ protein. Fucosylation was
amost complete. A new peak with earlier elution time (IVFuc) corre-
sponded to the fucosylated derivative NodRIv-1V(Cyg.4, Ac, Fuc).



As shown in Figure 1B, a new peak corresponding to the fu-
cosylated NodRIv-V (Cyg.4, Ac, Fuc) appeared upon incubation A
with NodZ protein and GDP-B-L-fucose. The non-fucosylated
substrate peak NodRIv-V(Ciga, AC) decreased. Fucosylated 0.5}
tetrameric NodRIv-1V(Cyg4, Ac, Fuc) was aso formed from
the non-fucosylated NodRIv-1V(Cyg4, Ac) substrate (Fig. 1C). 1]
Fractions containing the fucosylated NF derivatives were col- N
lected and, if required, purified by a second HPLC run under
the same conditions.

NodRIv factors and their fucosylated derivatives
induce a NF hydrolase activity in pearoots.

In the S meliloti-Medicago spp. interaction, NFs induce
their own degradation by increasing the activity of an NF-
cleaving plant enzyme. This hydrolytic activity, measured by
the release of lipo-disaccharides from NodSm factors, depend:
on the concentration of NFs that the young seedlings (to be
assayed) are preincubated with. The assay has been used
determine the biological activity of a variety of substituted
NodSm factors oMedicago sativa (Staehelin et al. 1995). In
this work, we examined a similar NF-cleaving hydrolase in m
pea roots. The biological activity of NodRIv factors and their —_—
fucosylated derivatives was measured in pea lines harboring
differentsym2 alleles.

To induce NF hydrolase activity, roots of pea seedlings 0,0}
were pretreated with Jensen medium containing NFs for 20 h. T T
Control plants were incubated in Jensen medium without NFs. 5 . 10 . 15
After this preincubation, the seedlings were assayed for their Time, min
capacity to hydrolyze NodSm-V(g;, S) at a concentration of
5 uM. This pentameric NF fror@ meliloti was found to be a C
convenient substrate for the NF hydrolase assay of pea. The
substrate and acylated cleavage products could be easily re
covered from the incubation medium and subsequently ana-
lyzed by HPLC as described previously (Staehelin et al.
1994b). Pea roots exhibited a constitutive hydrolytic activity
releasing from NodSm-V(,, S) two acylated cleavage
products, i.e., the lipo-trisaccharide NodSm-I{$ and the
more slowly migrating lipo-disaccharide NodSm-H{g).
When pea plants were pretreated with NodRIv factors, the
lipo-disaccharide forming activity strongly increased, while %
the lipo-trisaccharide forming activity remained at low levels 0 w m @
(Fig. 2B). A similar induction was previously reported for a s ' "6
lipo-disaccharide forming hydrolytic activity ofl. sativa cont 10 cont 10
roots, which was specifically stimulated by sulfated NodSm Pretreatment (M)
factors (Staehelin et al. 1995). A pretreatment of pea plants_. ) )
with NodSm-V(Gg., S), i.e., the NF substrate for the enzyme E&;&ﬂygrﬁﬁnzsm?m%gﬁ&gn?N%'dg:f?ag?;OS; ig”%e;

assay did_ not, hO_WGVGV: result i_n a stimulation of t_he lipo- \were mock treated or preincubated with Nod factors (NFs) for 20 h at
disaccharide forming hydrolase in both tested pea lines har-18°C and than transferred for the assay into a solution containing 5 uM
boring differentsym?2 alleles (Fig. 2C). Therefore, NodSm- NodSm-V(Gg,, S). After incubation for 4 h, NFs and their acylated

; leavage products were analyzed by high-performance liquid chroma-
V(Css2: S) could be used on pea plants as an inert SUbStra't§ography HPLC).A, HPLC profile of acylated cleavage products of
for the NF hydrolase assay.

- - NodSm-V(Gg.,, S) formed by mock-treated control plarits. Lipo-tri-
Figure 3 shows the activity of the NF hydrolase of pea saccharide NodSm-lli(G,); II: Lipo-disaccharide NodSm-lI(.,).
seedlings cv. Rondo, which were pretreated with NodRIv Both compounds were separated into their anonierslPLC profile of
factors or their fucosylated derivatives at different concentra- ggzd’\l‘izdsmr ggz‘{ggewﬁgomztzl \?ffaﬁfggma?i@éﬁcgtﬁg n@éﬂ\%a
tions. After p_re_treat_ment, plants were assayed for their I\”:Theam(?untpof lipo-trisaccharide (111) remained low, while the peak cor-
hydrolase activity with NodSm-V(f,, S) as the substrate. A reqionding the lipo-disaccharide (I1) increased. C, Activity of the
mock-treated control plant preincubated without NFs released,NodSm-11(C,s.,)-producing pea hydrolase after pretreatment with 106 M
per hour, about 45 pmol NodSm-lG) from NodSm- NodSm-V(Cy S). In both pea lines (cv. Rondo and sym2*-carrying
V(Cys2 S). This constitutive activity is indicated in Figure 3 line A 5.6.9), the hydrolytic activities of plants pretreated with 10° M

- . - - NodSm-V(Cyg.5 S) (columns marked with 1076) were similar to those of
as a horizontal line. A pretreatment with tetrameric NodRIv- - " 02 trol olants (columns marked with cont). Data are means

IV(C g4, Ac) at a concentration of 10M resulted in a seven- + SE for three plants analyzed independently.

0.0r

Absorbance at 220 nm, 107

-

300

1

pmol NodSm-ll h™ plant

200+

100+ Rondo A5.6.9.
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fold increase of NF hydrolase activity. After pretreatment with
lower concentrations, a weaker stimulation was observed. At
107 M, the activity reached the value obtained for mock-
treated control plants (Fig. 3A). Aninducing effect on the pea
NF hydrolase was a so observed when the fucosylated deriva-
tive was tested. Pretreatment of roots with 102! M NodRlv-
1V(Cyg.4, Ac, Fuc) still resulted in a twofold stimulation of the
enzyme (Fig. 3B). This NF was also tested at |ower concen-
trations and athreshold of about 10 M was determined (data
not shown). Pentameric NodRIv-V(Cig.4, Ac) (Fig. 3C) and its
fucosylated derivative (Fig. 3D) showed a similar inducing
activity. They were less active than the tetrameric molecules,
however, in stimulating the lipo-disaccharide forming enzyme.
Similar stimulatory effects were obtained when non-modified
and fucosylated NodRIv factors were tested on the sym2” car-
rying line A 5.6.9. instead of cv. Rondo (data not shown).
These results indicate that, independently of the sym2 allele,
stimulation of the NF hydrolase is an early feedback response
to NodRlv factors and their fucosylated derivatives.

In an additional experiment, we examined the capacity of
cv. Rondo and the sym2” harboring line A 5.6.9. to induce the

A B

F"_g 300L7 NodRIv-IV(Ac) | 1 NodRIv-IV(Ac, Fuc)
zZ |
c%200- ? o /
T
g 9%,
E WU /

0 A / A / / Z A

o ; }

FE - NodRIv-V(Ac)| NodRIv-V(Ac, Fuc)

=

=é 200} T L

7 L1

< 100} i / 7

g. / // ,/T LA 4/ //, / %
0 AV AV

10° 10° 10™ 10" 10° 10° 10™ 10"
Pretreatment (M) Pretreatment (M)

Fig. 3. Activity of the lipo-disaccharide forming pea hydrolase after

NF hydrolase after pretreatment with rhizobial cultures. Two
R. leguminosarum bv. viciae strains differing in their ability to
nodulate sym2* harboring peas were tested. Strain CIAM 1026
poorly nodulates line A 5.6.9., unlike the compatible strain
TOM, which produces NFs carrying a reducing end modifica-
tion (Firmin et a. 1993). As shown in Figure 4, pretreatment
with strain CIAM 1026 clearly enhanced the lipo-disaccharide
forming NF hydrolase activity in both pea lines. Strain TOM,
however, showed no stimulatory effects in this experiment. A
weak induction was found, though, when other pea cultivars
were tested (data not shown). It is known that strain TOM
produces very low amounts of NFs compared with the levels
produced by strain CIAM 1026 (Ovtsyna et a. 1999). Thus,
the amount of NFs secreted by strain TOM might not have
been sufficient to induce the NF hydrolase in the experiment
shown in Figure 4. These findings are consistent with the
breakdown of non-modified NodRIv factors in planta, which
were hydrolyzed by pearoots independently of the presence of
the sym2” allele (Geurts et al. 1997).

These results show that pea plants respond to NodRlv fac-
tors and their fucosylated derivatives with the stimulation of
an NF cleaving enzyme activity. This response is independent
of the sym2* alele. The function of the NF-inducible pea hy-
drolase and its substrate specificity toward non-modified and
fucosylated NodRIv factors remains to be determined. We
suggest that this enzyme plays a role in a genera breakdown
of NFs after their perception by the host plant. A reduction of
NF levels might be an important step in NF signaing, to avoid
putative inhibitory effects induced by continuous stimulation
of active NFs (Staehelin et a. 1995).

Fucosylation increasestheresistance of NodRIv factors
toward hydrolysis by tobacco chitinases.

Previous work demonstrated that modifications in NFs af-
fect their stability against chitinase degradation, thereby influ-
encing the actual level of active NFsin the rhizosphere and in
in vitro experiments. Generally, leguminous and non-legum-

" 200} RondoT Al A5.6.9. B
quzoo- % - |

Sl - 7

é 100r T / .

2 V7! e

TOM 1026 contr TOM 1026  contr
Pretreatment Pretreatment

pretreatment of cv. Rondo with NodRIv factors at different concentra- Fig. 4. Stimulation of the lipo-disaccharide forming pea hydrolase after
tions. Horizontal line indicates activity of lipo-disaccharide formation pretreatment withRhizobium leguminosarum bv. viciae strains. Plants
from NodSm-V(Cyg., S) by a mock-treated control plant (formation of were preincubated in a solution containing strain TOM or strain CIAM
47 + 8 pmol NodSm-II(G.») per hour). Data are means + SE for three 1026 (initial Aggp = 0.05) for 20 h at 18°C and tested for their lipo-di-
plants analyzed independentdy, Pretreatment with tetrameric NodRIv-  saccharide formation from NodSm-VG, S). As a control, the hydro-
IV(C1g4, Ac). B, Pretreatment with fucosylated NodRIv-IV{, Ac, lytic activity of seedlings incubated without bacteria was determined
Fuc). C, Pretreatment with pentameric NodRIv-\{(G Ac). D, Pre- (columns marked with contr). Data are means + SE for three plants ana-

treatment with fucosylated NodRIv-V(£,, Ac, Fuc). lyzed independentlyA, Cv. RondoB, sym2”-carrying line A5.6.9.
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inous enzymes belonging to the same chitinase class showed a
similar substrate specificity and cleavage site preference toward
NodSm factors (Staghelin et a. 1994b; Minic et al. 1998;
Schultze et al. 1998). Various class |11 chitinases (belonging to
glycosyl hydrolase family 18) cleaved sulfated and non-sulfated
NodSm factors at a similar rate of hydrolysis. The sulfate group
a the reducing end, however, strongly protected NFs against
hydrolysis by class | chitinases (belonging to glycosyl hydrolase
family 19) (Staehdlin et a. 1994b; Schultze et al. 1998). To
analyze whether the fucosyl group at the reducing end of
NodRIv factors affects hydrolysis by plant chitinases in a
similar way, we examined a class | chitinase and a class 111
chitinase for their substrate specificity and cleavage site pref-
erence toward purified NodRIv-1V (Cyg.4, AC), NOdRIV-V (Cyg4,
Ac) and their fucosylated derivatives. After incubation, the
substrate and the acylated cleavage products were extracted
with n-butanol and analyzed by reverse-phase HPLC.

Incubation of pentameric NodRIv-V(Cyg4, AC) with a class
I chitinase (Chi32 from Nicotiana tabacum) gave rise to two
acylated products, the lipo-tetrasaccharide NodRIV-1V(Cyg4,
Ac) and the lipo-trisaccharide NodRIv-I11(Cyg.4, AC) separated
into its anomers (Fig. 5A). Purified NodRIv-1V(Cyg4, AC) Was
not degraded, even after prolonged incubation with the class |
chitinase (not shown). The presence of a fucosyl group
strongly affected hydrolysis of pentameric substrates. The
class | chitinase slowly released the lipo-trisaccharide from
NodRIv-V(Cyg4, Ac, Fuc), while the lipo-tetrasaccharide was
not formed (Fig. 5B). This result indicates that the fucosyl
group makes the neighboring glycosidic bond inaccessible for
the class | enzyme. Purified tetrameric NodRIv-1V(Cig.4, Ac,
Fuc) was resistant against hydrolysis (not shown).

Figure 5C shows the schematic structure of the tested NFs
and their cleavage sites accessible for the class | chitinase.
The hydrolytic rate for each glycosidic bond in each NF sub-
strate was determined. This value was expressed as a percent-
age of the rate of hydrolysis of the least stable substrate, i.e.,
the activity to hydrolyze NodRIv-V(Cyg4, AC) was defined as
100%. The class | chitinase released lipo-tetrasaccharides and
lipo-trisaccharides from NodRIv-V(Cys4, Ac) at the ratio
87:13. A time course experiment indicated that this ratio re-
mained constant. The fucosylated derivative NodRIv-V (Cyg.4,
Ac, Fuc) was cleaved to the lipo-trisaccharide at a fourfold
lower rate, compared with the hydrolytic rate of non-fuco-
sylated NodRIv-V(Cig4, AC). A protecting effect by the fuco-
syl group was also found when class | chitinases from other
plant species were tested for their substrate specificity toward
pentameric NodRIv factors. Moreover, similar results were
obtained for a class Il chitinase, which belongs, like class |
chitinase, to glycosyl hydrolase family 19 (data not shown).
These results are reminiscent of the data obtained earlier for
the degradation of the structurally different NFs of S. meliloti
(Staehelin et al. 1994b; Schultze et al. 1998). It was demon-
strated that the sulfate group at the reducing end of NFs in-
creases their stability against hydrolysis by chitinases of fam-
ily 19 and influences the accessibility of cleavage sites. These
chitinases were able to cleave the termina reducing end
monomer from desulfated NodSm-1V(Cy,) and NodSm-
V(Cyg) factors, but not from the sulfated NodSm-1V(Cyg.o, S)
and NodSm-V (Cy.5, S) molecules.

The differences in stability between fucosylated and non-
fucosylated NodRIv factors were studied further by incubating

the class | chitinase with an equimolar mixture of NodRIv-
V(Cyg4, Ac) and NodRIV-V(Cyg4, Ac, Fuc) (Fig. 6A and D).
After 15 min of incubation, non-fucosylated NodRIv-V (Cig.4,
Ac) was entirely hydrolyzed to lipo-tetramers and lipo-
trimers, whereas the peak size of the fucosylated NodRIv-
V(Cyg4, Ac, Fuc) was barely affected (Fig. 6B). Prolonged
incubation resulted in a very slow decrease of this peak and
even after an overnight incubation degradation of NodRIv-
V(Cig4, Ac, Fuc) to the lipo-trimer was incomplete (Fig. 6C).
Hence, the effect of the fucosyl group on NF stability was
much more pronounced in this experiment with two sub-
strates, compared with the fourfold difference of the hydro-
Iytic rate obtained for fucosylated and non-fucosylated sub-
strates alone (Fig. 5). Since NodRIv-V(Cyg4, Ac) was rapidly
hydrolyzed by the class | enzyme (Fig. 6B), we suggest that
the presence of the non-degradable NodRIv-1V(Cyg4, AC) in-
hibits hydrolysis of NodRIv-V (Cyg4, Ac, Fuc).

c A | lvFuc B

s| Vv

a

®

8 \Y

g

o]

mo
10 20 30 10 20 30

Time, min
C

NodRIv-V NodRIv-V
(C1s:4, Ac) (C1s:4, Ac, Fuc)

Ac Ac Fuc

C18:4 * * C18:4 f

13% 87% 25%

Fig. 5. Hydrolysis of NodRlv factors by tobacco class | chitinase. High-
performance liquid chromatography (HPLC) profiles of pentameric Nod
factors (NFs) and their acylated cleavage products after incubation with
0.1 ug mt* class | chitinase (Chi32) for 1 h (A and B). V: NodRIv-
V(Cyg4 Ac); VFuc: NodRIV-V(Cyg4 Ac, Fuc); IV: NodRIV-IV(Cig.4
Ac); HI1: NodRIV-111(Cyg.4. AC). A, NodRIV-V(Cyg.4 AcC) as substrate;
NodRIv-1V(Cyg.4, Ac) and NodRIv-111(Cyg.4 Ac) as cleavage products.
B, NodRIV-V(Cyg.4 Ac, Fuc) as substrate; NodRIv-111(Cig4 AC) as
cleavage product. C, Cleavage site preference of class | chitinase.
Cleavage sites accessible for the enzyme are indicated by arrows in the
schematic structure of the NodRIv factors and their fucosylated deriva-
tives. Values below arrows indicate relative rates of hydrolysis. Ac and
Fuc indicate acetylation and fucosylation, respectively.
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A class Ill chitinase (lys28a from Nicotiana tabacum)
showed a different substrate specificity toward NodRlv fac-
tors. Incubation of tetrameric NodRIv-1V(Cig4, AC) with this
enzyme resulted in the rapid formation of the lipo-trisaccharide
NodRIv-111(Cig4, Ac) (Fig. 7A and C). Lipo-disaccharides
were not released, since the O-acetyl group at the nonreducing
end protected the second glycosidic bond from hydrolysis by
class Il chitinases, as shown previoudly for sulfated NodSm
factors (Schultze et a. 1998). The fucosylated derivative
NodRIv-1V(Cyg4, Ac, Fuc) incubated with the class 111 chitinase
remained entirely resistant against hydrolysis, even after pro-
longed incubation time (up to 24 h) (Fig. 7B). Thus, the fucosy!
group at the reducing end prevented the class Il chitinase
from cleaving off aterminal sugar residue at the reducing end,
providing complete stability of the tetrameric molecules.

Similarly to the class | chitinase, the class Il enzyme hy-
drolyzed the pentameric NodRIv-V(Cyg.4, AC) to the tetrasac-
charidic NodRIv-IV(Cg4, Ac) and to the lipo-trisaccharide
NodRIv-111(Cyg4, Ac), while only the lipo-trisaccharide was
released from the fucosylated derivative NodRIv-V(Cig.4, AC,
Fuc) (Fig. 7C, chromatograms not shown). Hence, the pres-
ence of afucosyl group at the reducing end also stabilized the
adjacent glycosidic bond in pentameric NFs. As shown in
Figure 7C, the activity of the class Il chitinase to release the
lipo-trisaccharide from NodRIv-1V(Cyg.4, Ac) was defined as

100%. A slightly reduced hydrolytic rate was found for the
lipo-trisaccharide formation from the fucosylated pentamer
NodRIv-V(Cig4, Ac, Fuc). Hydrolysis of non-fucosylated
NodRIv-V(Cig4, AcC) resulted in the formation of the lipo-
tetrasaccharide (25%) and the lipo-trisaccharide (36%). Since
the class Ill chitinase was able to degrade the lipo-tetra-
saccharide further, the data for hydrolysis of NodRIv-V(Cyg.4,
Ac) shown in Figure 7C reflect a given time point and varied
depending on the time of incubation.

These results taken together show that the fucosylation of
NodRIv factors conferred protection against hydrolysis by
certain plant chitinases in vitro. Chitinases can thus be consid-
ered proteins that have the capacity to discriminate between
non-modified NFs and their derivatives carrying a reducing
end substitution. Similar properties have been postulated for
the protein encoded by sym2*. Further work will be required
to investigate the presence and function of chitinases and re-
lated proteins in the roots of pea plants carrying or lacking the
sym2* dlele.

MATERIALS AND METHODS

Plant material and bacterial strains.
Pea seeds of two near-isogenic lines Rondo-sym2° (the cul-
tivar Rondo) and the backcross line Rondo-sym2”* (line A

V. A B C
£ VFuc v
s | VFuc
[+r]
‘:: 1}
@ -
8
é l VFuc
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(C18:4, AcC) (C18:4, Ac, Fuc)
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Fig. 6. Substrate preference of tobacco class | chitinase toward an equimolar mixture of NodRIv-V(Cyg.4, Ac) and NodRIv-V(Cyg.4, Ac, Fuc). A, B, and
C, High-performance liquid chromatography (HPLC) chromatograms: Incubation of NFs was performed with 071 qigcliass | chitinase (Chi32).
Aliquots of reaction mixture were taken after different time points and analyzed by HPLC. Substrates, V: NodRIv-V(Cyg.4, Ac); VFuc: NodRIV-V(Cyg.4,
Ac, Fuc). Cleavage products, 1V: NodRIV-1V(Cyg.4, Ac); I11: NodRIV-111(Cyg.4 Ac). Shift in elution time of all peaks is due to an increased acetonitrile
concentration used for this HPLC analysis (39%, vs 36% in previous experiments). A, Substrates without chitinase. B, Incubation with chitinase for 15
min. C, Incubation with chitinase for 16 h. D, Schematic structure of the two NodRIv factors used as substrates. Arrows indicate cleavage sites accessi-
blefor class| chitinase. Ac and Fuc indicate acetylation and fucosylation, respectively.
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5.6.9.) were kindly provided by O. A. Kulikova (Wageningen
Agricultural University, Wageningen, The Netherlands) and V.
E. Tsyganov (All-Russia Research Institute for Agricultural
Microbiology, St. Petersburg, Russid). Introgression line A
5.6.9. resulted from crossing of pea line L2150 (cv. Afghani-
stan) with the European cultivar Rondo-sym2° and three sub-

. A B
c
S IVFuc
®
9 -
c —_—
g
9 v
,
10 20 30 10 20 30
Time, min
NodRlv-IV NodRIiv-IV
(C1s:4, Ac) (C18:4, Ac, Fuc)
Ac Ac Fuc

o000 ood

C13;4 ? C18:4
100%
NodRIv-V NodRIv-V
(C13;4, AC) (C18:4, AC, FUC) )

Ac Ac Fuc
o000 OO0
C18:4 * * C18:4 *

25% 36% 85%

Fig. 7. Hydrolysis of NodRIv factors by tobacco class Il chitinase.
High-performance liquid chromatography (HPLC) profiles of tetrameric
Nod factors (NFs) and their acylated cleavage products after incubation
with 0.033 pg mi* of class 11 chitinase (lys28a) (A and B). IV: NodRIv-
IV(Cyg.4, Ac); IVFuc: NodRIV-1V(Cyg.4 Ac, Fuc); I11: NodRIV-111(Cyg.4
Ac). A, Incubation with chitinase for 5 h; NodRIv-1V(Cyg.4, AC) as sub-
strate; NodRIv-111(Cyg.4 Ac) as cleavage product. B, Incubation with
chitinase for 24 h; NodRIv-1V(Cyg.4 Ac, Fuc) is not hydrolyzed. C, Cleav-
age site preference of class |11 chitinase. Cleavage sites accessible for the
enzyme are indicated by arrows in the schematic structure of the NodRIv
factors and their fucosylated derivatives. Values below arrows indicate
relative rates of hydrolysis obtained from incubation with chitinase for 1
h. Ac and Fuc indicate acetylation and fucosylation, respectively.

sequent backcrosses to Rondo-sym2° (Kozik et al. 1995). Line
A 5.6.9. contains an introgressed region around the sym2*
gene from cv. Afghanistan at the genetic background of cv.
Rondo. Pea seeds were surface sterilized with concentrated
sulfuric acid for 5 to 10 min, washed severa times with sterile
water, and placed for germination on 0.8% water agar plates at
18°C in the dark.

The Rhizobium leguminosarum bv. viciae strain TOM
(Winarno and Lie 1979) and the European strain CIAM 1026
(Chetkova and Tikhonovich 1986) were tested for their capac-
ity to enhance the activity of the pea NF hydrolase.

Purification and fucosylation
of R. leguminosarum bv. viciae Nod factors.

NodRlv factors (Spaink et al. 1991) were purified from the
overproducingR. leguminosarum bv. viciae strain RBL 5799
grown at 28°C on a shaker in 3 liters ofrBedium (van Brus-
sel et al. 1977) in the presence of 3 uM naringenin. NFs were
extracted withn-butanol, concentrated under reduced pres-
sure, and further pre-purified with a Silica gel 60 column
(Machery-Nagel, Duren, Germany). NFs were fractionated on
a reverse-phase HPLC column (Waters, Milford, MA; Nova
Pak Gg, 3.9 x 150 mm, particle size 4 um) under isocratic
conditions, with 36% (vol/vol) acetonitrile/water as the mo-
bile phase. The pentameric NodRIv-\{{G; Ac) and the more
slowly migrating tetrameric NodRIv-IV(g4, Ac) were de-
tected by their absorption at 304 nm.

Fucosylated NF derivatives were obtained by in vitro fuco-
sylation of NodRIv factors with fucosyltransferase (NodzZ
protein) from Bradyrhizobium japonicum and GDPB-L-
fucose (Sigma, St. Louis, MO) as a substrate (Quinto et al.
1997). A typical reaction mixture contained NodZ protein (1:50
dilution of the crude extract), 100 to 200 pg of purified NodRIv-
IV(Cig4, Ac) or NodRIV-V(Ggs, Ac), 10 mM MgC} 2 mM
ATP, 20 mM sodium phosphate buffer (pH 7.0) and 0.45 mM
GDP{3-L-fucose. After incubation at 28°C for 24 h, the NF
substrate and the fucosylated derivative were fractionated on
reverse-phase HPLC with 36% acetonitrile/water (vol/vol) as
the mobile phase. Fractions containing fucosylated derivatives
were collected, dried under reduced pressure, and re-dissolved
in 100% DMSO (dimethyl sulfoxide) for further use.

For a control experiment, the in vitn@action was per-
formed with GDPB-L-[1-4C] fucose (292 mCi/mmol; Amer-
sham Pharmacia Biotech, Uppsala, Sweden) angigl®f
NodRIV-IV(Cyg4, Ac) or NodRIV-V(Gga, Ac), respectively.
After n-butanol extraction and concentration, NFs were chro-
matographed on reverse-phasg-&ated TLC plates (Sigma)
in 50% (vol/vol) acetonitrile/water. Plates were developed
with the Phosphorimager system and Image Quant software
(Molecular Dynamics, Sunnyville, CA).

Pretreatment of pea seedlings with rhizobia and NFs.

Three or four days after sterilization, roots of germinated
pea seedlings were either pretreated with a rhizobial culture
(Asgo = 0.05) or with Jensen medium (van Brussel et al. 1982)
containing purified NFs. The NodRIv factors and their fuco-
sylated derivatives were tested at different concentrations.
NodSm-V(Gg,, S) from Snorhizobium meliloti (Schultze et
al. 1992) was used at a concentration of® 1. Control
plants were mock treated with Jensen medium without NFs.
Plants were incubated at 18°C for 20 h in the dark.
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