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ABSTRACT. Mesorhizobium lothas been described as a microsymbiont of plants of the destus Lipo-

chitin oligosaccharides (LCOs), or Nod factors, produced by several represerihtioéi strains all

have similar structures. Using fast-atom-bombardment tandem mass spectrometry and NMR spectroscopy,
we have now examined the LCOs from the type strain NZP2213 and observed a much greater variety of
structures than has been described for the straind.dbti studied previously. Interestingly, we have
identified as the major LCO a structure that bears a fucose residy8-linked to the GIcNAc residue
proximal to the nonreducing terminal GIcNAc residue. This is the first time, to our knowledge, that
substitution on an internal GIcNAc residue of the LCO backbone has been observed. This novel LCO
structure suggests the presence of a novel fucosyltransferase activity in strain NZP2213. Since the presence
of this extra structure does not have the effect of broadening the host range, we suggest that the modification
of the LCOs with a fucose residue linked to a nonterminal GIcNAc residue might provide protection
against degradation by a particular host plant enzyme (e.g., a chitinase) or alternatively represents adaptation
to a particular host-specific receptor. The action of th€l—3) fucosyltransferase seems to reduce
significantly the activity of NodS, the methyltransferase involved in the addition df-tmeethyl substituent

to the nonreducing terminal GIcNAc residue. An additional novel LCO structure has been identified
having only a GIcNAg backbone. This is to our knowledge the first description of such a minimal LCO
structure.

The symbiosis between rhizobial bacteria and leguminous chain, the number of GIcNAc residues, and the presence or
plants, resulting in the formation of nitrogen-fixing root absence of extra substituents, together determine the host
nodules, is a species-specific process that is mediated byspecificity of the bacterium. Species-specific substituents
signal molecules from both the plant and the bacterium. have, to date, only been identified attached to the reducing
Flavonoids secreted by the host plant induce the transcriptionand the nonreducing terminal residues of the LCO, but not
of nodulation genes in the bacterium. Many of these gene to internal backbone residues)(
products are involved in the biosynthesis of lipo-chitin Mesorhizobium loti{formerly calledRhizobium lofi has
oligosaccharides (LCO$)or Nod factors, that are secreted been described as a microsymbiont of plants of the genus
by the bacterium. Lotus(2). Lotusplants are nodulated k. loti, but not by

LCOs consist of an oligosaccharide backbone of three to most other rhizobial bacteria, suggesting #atoti produces
six 3-1,4-linkedN-acetylp-glucosamine (GIcNAc) residues.  specific LCO signals. The structural identification of LCOs
A fatty acid group is attached to the nitrogen of the from several representatid. loti strains has been carried
nonreducing terminal residue. The nature of the fatty acyl out (3). The LCOs produced by the different strains all have
similar structures, consisting of GIcNAc pentasaccharides
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(GIcNAGs) of which the nonreducing residue is N-methylated 30 uL of water-saturatedh-butanol. TLC analyses were
and N-acylated witltis-vaccenic acid (1) or stearic acid carried out using normal-phase Silica 60 plates (Aldrich)
(Cis:0) and, in most cases, also carbamoylated. The major developed with butanol/ethanol/water (5:3:2, v/iv) and reversed-
class ofM. loti LCOs is substituted on C-6 of the reducing phase Gg-coated silica plates (Merck) developed with
terminal residue with a ©-acetylfucose residue. This acetonitrile:water (1:1, v/v). Five microliters of each extract
fucose residue which was shown to be a major host-specificwas used for each TLC analysis. Radioactivity was detected
determinant for nodulation is transferred to the chitin using a phosphorimaging system (Molecular Dynamics Co.)
backbone by the fucosyltransferase Nod ( that uses ImageQuant software.

Further to our studies of LCOs froM. loti and to com- Composition Analysis, Linkage Analysis, and Chemical
plete the overview oM. loti structures, we have examined Modifications. Composition analysis (methanolysis followed
the LCOs from wild-type strain NZP2213, which has been by re-N-acetylation and trimethylsilylation) yielding trimeth-
described as a type strain by Scott et 8). (Surprisingly,  YIsilyl (TMS) methyl glycosides and linkage analysis (per-
the LCOs from this strain are quite different from those from methylation, hydrolysis, reduction, a@tacetylation) yield-
all otherM. loti strains studied. We have identified as the ing partially methylated alditol acetates (PMAAs) were
major LCO a structure that bears an additional fucose residuecarried out as describe8)( Mild base de-esterification of
attached to a nonterminal GIcNAc residue. This is the first approximately one-third of HPLC fractions 1, 3, and 9 (3
time, to our knowledge, that substitution of an internal L) was carried out in 25@L of methanol and 25@.L of
GIcNAc residue has been demonstrated in an LCO. This ammonium hydroxide solution (25% Nh water) overnight
novel LCO structure suggests the presence of a novel fuco-at ambient temperature followed by drying.
syltransferase activity in strain NZP2213. In addition, afur- Mass Spectrometric AnalysisPositive ion mode fast-
ther novel LCO structure has been identified having only a atom-bombardment mass spectrometry (FAB-MS) was car-
GIcNAc; backbone. To date only backbones composed of ried out using the first two sectors of a JEOL JMS-SX/SX
three to six GIcNAc residues have been descriligdhaking 102A tandem mass spectrometer operating at 10 kV (mass
the novel GIcNAg LCO the smallest LCO structure de- rangem/z 200—-2000) accelerating voltage. The FAB gun

scribed. was operated at 6 kV accelerating voltage with an emission
current of 10 mA using xenon as the bombarding gas.
EXPERIMENTAL PROCEDURES Spectra were scanned at a speed of 30 s for the full mass

, " ) . range specified by the accelerating voltage used and were
Bacteria, Growth Conditions, and LCO Isolatiot$train recorded and processed on a Hewlett-Packard HP 9000 data
M. Iot|_ NzZP2213 was obtained from the_DSIR culture system. Tandem mass spectra were obtained following
collection (Palmerston North, NZ). To achieve LCO pro- ¢jision-induced dissociation (CID) in the third field free
duction after induction with naringenin the plasmid pMP2112 yagion using the same instrument under similar conditions
containing theR. leguminosarunbiovartrifolii nodD gene  jth air as collision gas at a pressure sufficient to reduce

was introduced into the wild-type strain NZP2213\floti  the parent ion to half of its original intensity. The probe
3). _The construction of plasr_n_|d pPMP2112 was desc_rlbed was loaded with uL of sample solution into a matrix of
previously ), and it was mobilized fronk. colito M. lofi thioglycerol (2-3 uL). A matrix of thioglycerol saturated
using pRK2013 as a helper plasmi).( with sodium iodide was used for generating fMNa]* ions.
Bacteria for large-scale isolation were grown at’28in HPLC fractions were redissolved in 3800uL of dimethyl

1L of B~ medium {) containing spectinomycin (4Qag/L) sulfoxide prior to MS analysis.

and phosphate buffer (1 mM, pH 7.4). LCOs were produced  Gas chromatographymass spectrometry (GC/MS) was
overnight after addition of naringenin (1 mg/L) as inducer performed using a Fisons MD 800 mass spectrometer fitted
to the culture. LCOs were extracted from the culture with with an Interscience 8000 gas chromatograph using a DB-
n-butanol (300 mL/L) and dried. The samples were redis- 5MS column (0.25 mmx 30 m, J&W Scientific) and an
solved in acetonitrile/water (3:2, v/v) overnight, purified over on-column injector, with helium as the carrier gas. PMAAs
an octadodecyl silica column (Baker, 1 mg of sorbent), and were separated using the following temperature program: 50
subsequently submitted to HPLC on a Pep-S colunmgn(®  °C for 2 min, a gradient of 40C/min to 130°C, 130°C for

5 x 250 mm, Pharmacia). Elution was performed with a 2 min, a gradient of 4C/min to 230°C, and finally 230°C
stepwise gradient of mixtures of acetonitrile and water for 2 min. Mass spectra were obtained under conditions of
(highest grade, Baker) (30% acetonitrile for 30 min, 40% electron impact in the positive ion mode and were recorded
for 20 min, 42% for 20 min, 50% for 20 min, 60% for 10 by linear scanning of the mass rangéz 55—400 at an
min, and 80% for 15 min) at a flow of 1 mL/min and jonization potential of 70 eV. TMS methyl glycosides were
monitored with an RSD 2140 photodiode array detector separated using the following temperature program?G0
(Pharmacia). The HPLC fractions were collected and dried. for 2 min, a gradient of 30C/min to 170°C, 170°C for 2
This procedure was repeated ugsi@ L of B~ medium to  min, a gradient of £C/min to 240°C, and finally 240°C
obtain enough material for a detailed NMR analysis. for 10 min.

TLC Analysis. LCOs were radiolabeled by growing 3 mL NMR Analysis. Spectra were recorded in 5 mm tubes at
of bacterial cultures (OB = 0.1) overnight at 15C in the 750.04 MHz for'H and at 188.6 MHz fot3C at 310 K using
presence of 0.4Ci [1-“C]p-glucosamine (specific activity — a solution of 208-250ug of LCOs (isolated as HPLC frac-
50 mCi/mmol, Amersham) together with naringeninud/ tions 7 and 8 from tl 3 L culture) in a mixture of aceto-
mL). After addition of 2 mL of water-saturategtbutanol nitrile-ds and D,O (5:7, v/v) using a Varian UNITY INOVA
and boiling for 10 min, LCOs were isolated from the cultures 750 spectrometer. The chemical shifts are given relative to
by extraction. The extracts were dried and redissolved in acetonitrile (1.95 ppm) fotH and (1.3 ppm) fo*3C. The
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A B While the normal-phase chromatogram (Figure 1A) of LCOs
from strain E1R bears one major spot (lane 1), that for the
' LCOs from strain NZP2213 contains two spots (lane 2). The
‘ ‘ '. first has arR value comparable although not identical with
the spot observed for strain ELR. The second intense spot
t migrates more slowly than the first, and we thus conclude
that it corresponds to a more hydrophilic LCO component.
A similar phenomenon is observed for the reversed-phase
chromatogram (Figure 1B), which bears one major spot (lane
3) for LCOs from strain E1R, while that for LCOs from strain
NZP2213 contains two (lane 4). The second spot for the
LCOs from NZP2213 migrates faster than the broad spot
1 2 3 4 [ocrxt)he rI]_CO:s from E;Fij inc:ﬁ_atir;}g th&rlmt it c?rresglazolrllz\():is _tro
) i . _ s that are more hydrophilic than those from . To
'(ZlfnU:SE 11 agé_cg)p{;cr)]félelizogzrgfgolggﬁlee;d;gr%s ‘go('m' rl]c())tr'n%i)hasedetermine the structures of the_ LCO_s corresponding to these
and (B) reversed-phase. new TLC spots, large-scale isolation of the LCOs from
NzP2213 was carried out, followed by HPLC separation and
amount of sample used for NMR analysis was estimated analysis using MS and NMR.
using HPLC with UV detection at 206 nm and comparing  HPLC Separation and Mass Spectrometric Analy3iso
the peak area obtained with that obtained from a known separate cultures (1 and 3 L)Mf loti NZP2213 were grown
amount of standard, analyzed under similar conditions. ~ in the presence of naringenin in order to obtain enough
The double-quantum-filtered phase-sensitive correlated Material for a detailed NMR analysis. The LCOs from both
spectroscopy (COSY) experiment was performed using the cuIFures were ext_racted Wmhrbut_anol, and after prepun_fl-
Varian standard program TNDQCOSS, (9), with 0.340 s cation on Qg_ solid-phase cartridges the.y were partially
acquisition time and 4K data points. Data in the F1 dimen- Separated using HPLC. The HPLC profile obtained from
sion were zero filled to give a matrix of 4K 2K points, the gxtract of tb 3 L culture (Figure 2) ha; a series of pee}ks
and all data points were resolution enhanced in both dimen-€luting between 40 and 50% acetonitrile in water. Nine
sions by a shifted sine-bell function. Nuclear Overhauser HPLC fractions (Figure 2) were collected and analyzed using
enhancement spectroscopy (NOESY) experiments were perP0Sitive ion mode FAB-MS (Table 1). The fractions are
formed using the Varian standard program TNNOES®)( m|xtgres since only a crud_e fractlonatlc_)n of LCOs was
with a mixing time of 200 ms. Total correlation spectroscopy obtained using HPLC. Identical LCO profiles were detected
(TOCSY) experiments were performed using the Varian from the two cultures. .
standard program TNTOCSYL{, 12, with a spin-lock time Interestingly, them/z values for the major [M+ HJ”
of 120 ms. Heteronuclear single quantum coherence specPSeudomolecular ions (Table 1) corresponding to LCOs
troscopy (HSQC) experiments were performed using the Produced by NZP2213 are not the same as those for the
pulse field gradient standard Varian program GHSQ8),( LCOs produced by all other strains bf. loti analyzed, but
with a gradient strength of 4, 4, and 2 G/cm, respectively, instéad correspond to analogues consisting of two, three, four,
and gradient time of 2.0, 2.0 and 0.5 ms, respectively, Of five GICNAc residues bearing a carbamoyl group (Cb)
Spectra were assigned using the computer program PRONTCRNd anO-acetylfucose residue but, in addition, bearing an
(14), which allows a simultaneous display of different 2D €xtra deoxyhexose residue and, in general, lacking the methyl
spectra and individual labeling of the cross-peaks. group. Surprisingly, while a large variety of novel LCO
A GESA/Monte Carlo simulation of a hexasaccharide structu_res IS produped t?Y the type strain, strugture; corre-
having a structure similar to that of the LCO in fractions 7 sponding to those |dgnt|f|ed from all othé4. loti strains
and 8, but havingN-acetyl groups on all glucosamine are present only as minor components or are totally absent.
residues, was carried out using the approach publishedIn add't'(.)n fo the major Species bearings€and Ggofatty
recently for fucosylated trisaccharideks). acyl chains, components bearings& Ciso OH-Cia1 (hy-
droxyl fatty acid), Go.1, Czo.0, and Gy fatty acyl substituents
RESULTS were also identified. It has been described that adduct ions
form between compounds containing unsaturated fatty acid
TLC Analysis of Lipo-Chitin OligosaccharidesThe groups and the thioglycerol matrix used for the FAB-MS
structure of the LCOs from the differemd. loti strains analysis 17). This phenomenon was used to confirm the
studied to date 3) all appear to be very similar. The assignment of species having unsaturated fatty acyl chains.
complete structures of the LCOs from E1R.pMP2112 have The pseudomolecular ions for the major LCO components
been describeB] and are used for comparison purposes in in the most intense HPLC peaks (fractions-& were
this study. In an initial screen, the behavior of the LCOs submitted to tandem mass spectrometric analysis in order to
produced byM. loti strain EIR.pMP2112 were compared determine the arrangement of substituents and to identify
with the behavior of those from strain NZP2213.pMP2112 the site of attachment of the nonacetylated deoxyhexose
on both normal- and reversed-phase TLC plates. LCOs wereresidue. The CID mass spectrum (Figure 3) of the pseudo-
radiolabeled by growing the bacteria in the presence of molecular ion for one of the major LCOs from. loti
[1-14C]p-glucosamine after induction with naringenin. The NZzZP2213 (fraction 7) atn/z 1635 contains a series of
TLC profiles (Figure 1) show a clear difference in the oxonium or B-ions 18) at m/z 1226, 1023, 820, and 471
migration behavior of the LCOs produced by the two strains. which arise from cleavage of each successive glycosidic
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Ficure 2: HPLC profile ofn-butanol extract ©3 L culture fromM. loti NZP2213 (absorbance at 206 nm). Fractions collected are indicated.

Table 1: Summary of LCO StructufeBom M. loti NZP2213

HPLC
[M + fraction additional

LCO structuré H]* no.(3L) analyses
V(C20:1,Cb,Ac,AcFuc,Fuc) 1703 9 -Ac
V(C22.1,Cb,AcFuc,Fuc) 1689 9 MS/MS
V(C20:0,Cb,AcFuc,Fuc) 1663 9 MS/MS
V(C20:1,Ch,AcFuc,Fuc) 1661 8,9 MS/MS,NMR, -Ac
V(Cis0Me,Cb,AcFuc,Fuc) 1649 9 MS/MS, -Ac
V(OH—C;4.4,Ch,AcFuc,Fuc) 1649 3 MS/MS, -Ac
V(C1s:0,Ch,AcFuc,Fuc) 1635 7,8 MS/MS,NMR
V(C1s:1Cb,AcFuc,Fuc) 1633 5,6 MS/MS
V(Cy6:1,Me,Cb,AcFuc,Fuc) 1619 MS/MS, -Ac
V(C16:0,Cb,AcFuc,Fuc) 1607 3,4 MS/MS, -Ac
V(C16:1,Cb,AcFuc,Fuc) 1605 1,2 -Ac
V(C1s:0.Cb,Fuc,Fuc) 1593 6 MS/MS
V(C1s:1,Ch,Fuc,Fuc) 1591 4,5 MS/MS
V(C16:0,Cb,Fuc,Fuc) 1565 3,4 MS/MS, -Ac
V(Cis.6Me,Ch,AcFuc) 1503 9 MS/MS, -Ac
V(Cis:1,Me,Ch,AcFuc) 1501 6
V(C1s:1,Cb,AcFuc) 1487 57 MS/MS
V(C20:1,Me,Ch,Fuc) 1487 9 MS/MS, -Ac
V(C201,ACFUC) 1472 9 -Ac
V(C16:1,Cb,AcFuc) 1459 +3  MS/MS, -Ac
V(C1s1,AcFuC) 1444 5
V(Ci6:0Me,Fuc) 1390 7,8
V(C16:1,Me,Fuc) 1388 5
IV(C1s.0,Me,Cb,AcFuc) 1300 9 -Ac
|V(Czo;o,Cb,FUC) 1272 9
|V(C20;1,Cb,FUC) 1270 8, 9 -Ac
IV(C1s.0Me,Cb,Fuc) 1258 9 -Ac
|V(C13;o,Cb,FUC) 1244 8,9 -Ac
IV(C151,Chb,Fuc) 1242 6 MS/MS
11(C 18:6,Cb,Fuc) 1041 9 MS/MS, -Ac
11(C15:1,Ch) 690 9 -Ac

2 Major components are given in boliNomenclature (substituents
listed clockwise starting from fatty acid)§). ¢ Mild base deesterification.

residue, an acetyldeoxyhexose on the reducing terminal
residue, and a deoxyhexose residue on the internal GIcNAc
residue proximal to the nonreducing terminal GIcNAc residue
(see Figure 3). In addition, ions arising by loss of a
deoxyhexose residue (146 mass units) byleavage are
observed from all oxonium ions except for from theiBn
atm/z 471, consistent with this assignment (Figure 3). Itis
curious to note that, while the deoxyhexose residue is readily
cleaved under CID conditions, fragment ions arising by
similar cleavage of the acetyldeoxyhexose residue are absent.

To exclude the formal possibility that some of the fragment
ions in the above spectrum could arise as the result of internal
residue loss 19, 20, deoxyhexose migration2{), or
isomerization of long-lived ions prior to fragmentatidz),
the [M + NaJ" pseudomolecular ion of one of the major
components atv/z 1655 was subjected to CID-MS, since it
has been postulated that rearrangement processes such as
internal residue loss do not occur from [M Na]" parent
ions? The fragment ions present in the CID mass spectrum
(not shown) arise unambiguously from the structure pro-
posed, in which the nonacetylated deoxyhexosyl substituent
is attached to the GIcNAc residue proximal to the nonre-
ducing terminus.

CID experiments carried out on other [M H]* pseudo-
molecular ions at/z 1689 (fraction 9), 1663 (fraction 9),
1661 (fractions 8 and 9), 1649 (fractions 3 and 9), 1633
(fractions 5 and 6), 1619 (fraction 3), 1607 (fractions 3 and
4), 1593 (fraction 6), 1591 (fractions 4 and 5), and 1565
(fractions 3 and 4), all corresponding to species containing
two deoxyhexose residues (see Table 1), were carried out
and yielded similar results, demonstrating that the major LCO
components fromM. loti NZP2213 all bear an extra
nonacetylated deoxyhexose residue on the GIcNAc residue

bond, as shown in the fragmentation scheme. These frag-y4yimal to the nonreducing terminal GIcNAc residue.

ments indicate that the LCO is composed of a linear
backbone of five GIcNAc residues bearing a carbamoyl group
and a Gg, fatty acyl group on the nonreducing terminal

2L. P. Brdl, V. Kovéacik, J. Haverkamp, W. Heerma, and J. E.
Thomas-Oates, Unpublished observations.
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Ficure 3: CID tandem mass spectrum obtained from one of the major LCO componentsoGK;AcFuc,Fuc) on collision aivz 1635
from HPLC fraction 7 ofM. loti NZP2213.

Additional [M + H]* pseudomolecular ions were detected esterification, the pseudomolecular ion is shifted by 84 mass
(fractions 6, 8, and 9) atvz 1300, 1272, 1270, 1258, 1244, units to m/z 1619, consistent with the removal of two
and 1242 consistent with LCOs consisting of GlcNAand O-acetyl groups and thus confirming the proposed structure
GIcNAc; backbones bearing a deoxyhexose or an acetylde-in which oneO-acetyl group is attached to a deoxyhexose
oxyhexose residue (Table 1). Prior to this study, only LCOs residue while the othe®-acetyl group is attached to the
containing a GIcNAg backbone have been observed from GIcNAc backbone. This is the first demonstration of an
M. loti. To determine the position of the deoxyhexose O-acetyl group attached to the GIcNAc backbone in LCOs
residue on the GIcNAc backbone, CID experiments were from M. loti.
performed on the [M+ H]* and on the [M+ NaJ* ions. Composition and Linkage Analysi€omposition analysis
The CID mass spectra (not shown) revealed a series of(data not shown) was performed on the HPLC fractions
fragment ions that allowed the site of attachment of the derived from tle 1 L of culture that contains LCOs bearing
deoxyhexose residue to be determined unambiguously as thewo deoxyhexose residues to determine the identity of the
reducing GIcNAc residue. deoxyhexose residues. GC/MS analysis of the resulting TMS

Surprisingly, in HPLC fractin 9 a novel LCO was  methyl glycosides, together with those from authentic fucose
identified having a GIcNAg backbone, which is, to our and rhamnose standards, demonstrated that the only deoxy-
knowledge, the smallest LCO structure described. The ion hexose residue in the LCO-containing fractions frivinloti
at m/z 690 corresponding to this novel LCO I{£;,Cb) is NZP2213 is fucose.
intense enough to also be accompanied by its structurally To determine the linkage of the fucose residues to the
diagnostic B-ion atm/z 469. This small LCO structure is  GIcNAc backbone, linkage analysis (data not shown) was
unlikely to result from chemical or enzymatic fragmentation carried out on those HPLC fractions derived from the 1 L
on storage of the HPLC fractions, since its late HPLC elution of culture that contains LCOs bearing two fucose residues.
position (in fraction 9) is consistent with the existence of GC/MS analysis of the PMAAs indicated the presence of
such a hydrophobic species in the original LCO extract.  derivatives corresponding to terminal HexNAc, 4-substituted

Because some HPLC fractions represent a very complexHexNAc, 3,4-substituted HexNAc, 4,6-substituted HexNAc,
mixture of components that are not always present in quan-and terminal deoxyhexose. These results show that one
tities sufficient to allow CID experiments to be carried fucose residue is linked-13 and the other-1-6 to the -4
out, additional structural information from LCOs in fractions linked chitin backbone. By analogy with the LCO structures
1, 3, and 9 was obtained using mild base de-esterification identified from otheiM. loti strains, we suggest that theD4-
(see Table 1), which selectively remov@sacetyl groups. acetylfucose residue is linked-$ to the reducing terminal
The mass spectrometric shifts were used to determine theGIcNAc residue and that, therefore, the nonacetylated fucose
number ofO-acetyl groups present in the different LCOs residue is linked +3 to the GIcNAc residue proximal to
and to confirm the proposed structures. The results allow the nonreducing terminal GlcNAc residue.
us to establish the number &-acetyl groups in a minor NMR Analysis. HPLC fractions 7 and 8 (Figure 2)
LCO whose pseudomolecular ion is observed in the masscontaining the major LCOs bearing two fucose residues and
spectrum of HPLC fraction 9 atVz 1703 and which had  differing only in their fatty acyl substituents (see Table 1)
been proposed to represent a species corresponding tavere pooled and further subjected to NMR analyses in order
V(C20:1,Ch,Ac,AcDeoxyHex,DeoxyHex). In the mass spec- to confirm the linkages and sites of attachment of the fucose
trum (not shown) of the HPLC fraction after mild base de- residues and to determine the anomericity of the linkages,
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Table 2: *H NMR Chemical Shifts (ppm), Coupling Constants (Hz), @@ NMR Chemical Shifts (ppm) for LCOs in Fractions 7 and 8 from
M. loti NZP2213

H-1 H-2 H-3 H-4 H-6 H-6'
(912 (J29) (Js9 (Ja.9) H-5 (Js.0) (Js6)
residue C-1 C-2 NAC C-3 C-4 C-5 C-6 (Js.6)
B-GIcNAC—(1— 4) (A) 4508 3.753 4.63 3.27 3.38 3.500 3.831
(8) (10) (10) 9) 75.7 (6) (3)
1015 53.6 75.7 69.2 61.6 12)
a-Fuc-(t-3) (B) 4.98 3.588 3.79 3.663 4.58 1.15
@) (10) 69.6 72.1 66.6 (6.5)
98.9 68.0 15.3
—3,4)8-GIcNAc—(1—4) (C) 4.44 3.825 1.93 372 3.81 3.37 3.636 3.76
@) (10) 21.9 75.2 73.6 75.7 (6) (4)
101.6 55.6 60.0 12)
—4)--GIcNAc—(1—4) (D) 4.43 3.644 1.92 3.56 3.45 3.41 3.501 3.70
®) (10) 21.9 72.4 79.7 74.8 ©) )
101.6 54.9 60.3 12)
—4)-5-GlcNAc—(1—4) (E) 4.506 3.65 1.9 3.57 3.482 3.42 3.52 3712
®) (10) 21.9 72.4 79.8 74.8 ©6) 3)
1015 55.9 60.3 12)
a-Fuc-(1-6) (F9) 476 3.67 3.753 3.659 3.99 1.11
@) (10) 69.7 72.1 66.7 (6.5)
99.7 68.5 15.1
a-Fuc-(1-6) (F9) 477 3.96 1.10
—4,6)-a-GIcNAC (G) 5.03 3.78 1.99 3.708 3.62 3.86 358 3.707
90.8 54.0 219 69.5 (10) 69.3 ) @)
79.9 67.1 12)
—4,6)8-GIcNAC (G) 453 3.568 197 353 3.591 3.488
95.5 55.3 21.9 79.9 73.8
fatty acid (N-2) C20:1 0.82 1.24 1.28 1.97 5.33
C18:.0 0.82 1.24 1.20 2.09
12.6 29.4 29.4 35.9

aRecorded in acetonitrilds/D,0 (5:7,v/v) at 37°C; reference acetonitrifH, 1.95 ppm3C, 1.3 ppm.” May be reversed Linked to3-GIcNAc
(G). 9Linked to a-GIcNAc (G).

as well as the linkage positions of the acetyl and carbamoyl fucose residue in DMS@; are as follows: 4.75 ppm (H-

groups. 1), 3.58 ppm (H-2), 3.78 ppm (H-3), 5.03 ppm (H-4), 4.04
The !H NMR data (750 MHz) obtained at 310 K from a PPM (H-5), 0.95 ppm (H-6), and 2.06 ppnD-acetyl),
solution of fractions 7 and 8 in acetonitritg/D,0 (5:7,v/v) respectively. These data clearly indicate that the 4-position

(3) are presented in Table 2 and the spectrum is shown iniS substituted with an electronegative substituent.
Figure 4. The assignments for the anomeric protons (Figure Analysis of the NMR data allows us to propose the LCO
4) are based on phase-sensitive double-quantum-filteredstructure given in Figure 5 for the components in fractions
COSY, TOCSY, and HSQC experiments, together with 7 and 8. Signals for the now unsubstituted fucésare
NOESY experiments. Thé&values (hertzt 0.5) (Table 2) doubled due to the anomeric mixture present in this solvent
are only given for the anomeric and neighboring protons to of the mutarotating reducing GIcNA®; the shifts are con-
verify the assignments of the anomeric configurations of the sistent with those of a 6-linked fucose residue. The down-
individual monosaccharide residuds<G, see Figure 5 for  field shift of H-3 (4.63 ppm) of the nonreducing GIcNA&c
labeling of residues). ThBC NMR data (188.6 MHz) are  is consistent with carbamoyl substitution &-3. The
also given in Table 2 and are based on 2D HSQC spectrachemical shifts for GICNA® andE are consistent with shifts
and therefore only include signals for protonated carbon for 4-linked GIcNAc oligomersZ3). Finally, the chemical
atoms. Spatial contacts determined using 2D NOESY exper-shift for the second fucosB (H-1 at 4.98 ppm) clearly
iments are presented in Table 3 and confirm the structural indicates that it is attached to a secondary alcohol group on
identities using intra-residue NOE contacts together with the GIcNAc C. A strong NOE contact is observed between the
spectral assignments. The specific interactions classified asH-1 of fucoseB and H-3 of GICNAcC. Furthermore, H-5
strong, medium, or weak (Table 3) are based on a qualitativeof fucoseB is shifted significantly downfield (at 4.58 ppm
evaluation of the intensities of the individual cross-peaks. as compared to 3.99 ppm in fucoBgas a consequence of
The results of a molecular dynamics simulation are shown its three-dimensional structure24). The difference in
in Figure 6 with labeling of the short distances (average val- chemical shifts for GIcNAcC compared with those for
ues from the Monte Carlo simulation) between protons basedGIcNAc D andE is consistent with these observations.
on the experimentally detected NOE contacts (Table 3). The NOESY data (Table 2) are consistent with the
The spectral data were recorded in acetonitl®,0 (5: structure proposed (Figure 5); intra-residue NOE contacts
7, viv). However, attempts were first made to obtain the (Table 3) are particularly useful in this context. In addition,
spectra in DMSGQd; solution, but the lines were too broad a complete set of inter-residue NOE contacts between protons
to allow assignment of signals. These experiments, however,attached to the C atoms involved in the glycosidic linkages,
indicated that the 6-linked fuco$ehad lost 70% of it$D-4 for example, that between H-1 of GIcNA& and H-4 of
acetyl group. The chemical shifts for theQtacetylated GIcNAc C is observed (Table 3), indicative of a4 linkage
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Ficure 4: H NMR spectrum of pooled HPLC fractions 7 and 8 of LCOs frMnloti NZP2213. See Figure 5 for labeling of residues
OH HO °R3H0
OH OH
F
HiC E_s0 H,C
OH OH (o]
NAC NAc
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Ficure 5: Structure of LCOs in the pooled HPLC fractions 7 and 8vbfloti NZP2213. Monosaccharide residues are labéleds as
used in Tables 2 and 3 and throughout the text.pfRedominantly C20:1 and C18:0, with other minor fatty acidg;darbamoyl NHCO-;
Rs, acetyl or H.
Table 3: NOE Contacts Observed in NOESY Spectrum Obtained from LCOs in Fractions 7 and 8l.flothNZP2213
residue from proton intra-residual inter-residual
B-GIcNAc-(1—4) (A) A-1 A-2(m) A-3(s) A-5(s) C-4(s) C-6(m) C-6'(w)
a-Fuc-(+-3) (B) B-1 B-2(s) C-3(s) C-2(w)
B-5 A-2(w)
B-6 A-2(w)
—3,4)-GIcNAc-(1—4) (C) C-1 C-2(m) C-3(s) C-5(s) D-4(s) D-6(m) D-6'(w)
—4)-4-GlcNAc-(1—4) (D) D-1 D-2(m) D-3(s) D-5(s) E-4(s)
—4)-3-GlcNAc-(1—4) (E) E-1 E-2(m) E-3(s) E-5(s) G-4(s)
a-Fuc-(+-6) (F) F-1 F-2(s)
—4,6)-a-GlcNAc (G) G-1(m) G-2(m)
—4,6)3-GIcNAc (G) G-1(m) G-2(m) G-3(s) G-5(s)
a(s) strong; (m) medium; (w) weak; based on a qualitative evaluation of the intensity of the NOE cross-peaks.

from GIcNAcA to C. Furthermore, characteristic long-range

Finally, a molecular mechanics calculation of an analogue
NOE contacts between H-5 and H-6 protons in fucBse

of fractions 7 and 8 (lacking th@-acetyl andO-carbamoyl
and H-2 in GIcNACA, as recently published for 2-substituted groups and in which the N atoms are all substituted with an

fucose trisaccharided¥), are observed, together with NOE acetyl group instead of one bearing a fatty acid group)
contacts between H-1 and H-6 protons of neighboring revealed results that are fully consistent with these experi-
GIcNACc residues.

mental observations. Results from this model are consistent
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Ficure 6: Conformation of the LCO oligosaccharide backbone based on Monte Carlo simulation indicating selected, observed interresidue
NOE contacts. Average values for the short distances between protons are given.

with results published for a synthetic tetrasaccharide of gene products, e.g., NodX in strain TOM &hizobium

repeating GIcNAc residued) with a fatty acidN-sub-
stituent on the nonreducing terminal residue.

DISCUSSION

Surprisingly,M. loti NZP2213 produces a broad profile
of LCOs that is quite different from those described for the
M. loti LCOs analyzed to date. The major LCO components
consist of a GIcNAg backbone bearing a carbamoyl group
and a Ge:1, Ci6:0 Cigi1, Cisio OH—Cis:a, Coo:1, Coo:0 OF Coz1
N-linked fatty acyl chain on the nonreducing terminal
GlcNAc residue, bearing a @-acetylfucosex-1,6-linked to
the reducing terminal GIcNAc residue, and, strikingly,
bearing a fucosea-1,3-linked to the GIcNAc residue

proximal to the nonreducing terminal residue (see Table 1).

To our knowledge, this is the first time that substitution

leguminosarunbiovar viciae O-acetylates GICNACLCOs
but not GIcNAg LCOs @5).

An additional novel LCO structure having only a GIcNAc
backbone has been identified. To date, such a small LCO
structure has not been described, with only backbones
composed of three to six GIcNAc residues having been
observedl). Itistempting to speculate that such a molecule
represents the minimal LCO structure, although it is much
more likely, bearing no reducing terminal substituents, to
arise as an incomplete biosynthesis product.

Interestingly, theN-methyl substituent, present in the LCOs
from all otherM. loti strains studied, is not present in the
major LCOs from strain NZP2213, although the minor LCO
components that do not bear the extra nonacetylated fucose
are methylated in NZP2213. This indicates that the activity

of the chitin backbone on a nonterminal residue has beenOf NodS, the methyltransferase involved in the addition of

observed. Interestingly, these novel LCOs bearing-dn3-
linked fucose on the GIcNAc residue proximal to the

the N-methyl substituent to the nonreducing terminal GIcNAc
residue, although clearly present in NZP2213, might be

nonreducing terminal residue are the major LCO componentssignificantly reduced by the action of the(1—3) fucosyl-

produced by the bacterium. LCOs possessing only te 4-
acetylfucosyl substituent on the reducing terminal GIcNAc
residue corresponding to those identified from all othter

transferase.

Clearly, NZP2213 produces a greater variety of different
LCO structures than thkl. loti strains analyzed to date. It

loti strains are observed only as minor components or arehas been proposed that the great variety of LCOs produced

absent altogether.
The intense new spots observed in the TLC profiles of

by Rhizobiunsp. NGR234 explains its broad host rangé,(
27). It has been shown that NZP2037, another type strain

LCOs from NZP2213 correspond to radiolabeled LCOs that of M. loti, has a broader host range than nidstoti strains

are more hydrophilic than thd. loti LCOs described to date,

(28) and that its LCOs bear an additional carbamoyl group

and we thus assign these spots as corresponding to the LCOE3). This suggests that the second carbamoyl group might
bearing the second fucosyl substituent. The other spots forbe involved in broadening of the host range. NZP2213,

NZP2213 having comparable although not identigalalues

however, forms, together with most othkt. loti strains,

with the spots for E1R probably correspond to the less effective, nitrogen-fixing nodules (NGéix*) on a limited

hydrophilic LCOs that are substituted by only one fucose
residue and are largely different from tié. loti LCOs
identified to date.

In addition to a GIcNAg backbone, LCO components are
identified as having a GIcNA®r GIcNAg; backbone, which
to date have not been observed frbnloti. The only fucose

legume host range9—31), suggesting that the novel LCOs
found in NZP2213 do not contribute to host range broaden-
ing. We thus suggest that the modification of the LCOs with
a fucose residue linked to a nonterminal GIcNAc residue
might provide protection against degradation by a particular
host plant enzyme (e.g., a chitinase), or an adaptation to a

residue present in the shorter LCOs was shown to be attachedparticular host-specific receptor.

to the reducing terminal GIcNAc residue, suggesting that the

novel fucosyltransferase may only recognize the GIcNAc
backbone for addition of a second fucosyl substituent.
Similarly specific activity has been observed for othed

Furthermore, Mergaert et aB%) have suggested that LCO
glycosylations are important for modulating biological activ-
ity. Azorhizobium caulinodanstrain ORS571 produces, as
doesM. loti strain NZP2213, a heterogeneous mixture of
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LCOs that are N-methylated and, in genef@carbamoy-
lated on the nonreducing GIcNAc residue. Its LCOs are
variably glycosylated on the reducing terminal GIcNAc

residue with an arabinose residue (O-3), a fucose residue

(O-6), or both. Glycosylated LCOs are more active than
unglycosylated LCOs in root hair formation assays on
Sesbania rostrata.Lorquin et al. 83) have suggested that
both arabinosylation and fucosylation of LCOs, specifically
detected in several unrelat&gsbanissymbionts are struc-
tural requirements for the nodulation of these tropical

legumes, underlining the close relationship between LCO

structure and host specificity.

To our knowledgeq-(1—3) fucosyltransferase activity has
not been identified in Rhizobia to date. In both plant and
animal glycoprotein glycansg-(1—3) fucosyltransferase

activities have been described that result in the addition of

o-(1—3) fucose to a GIcNAc residue. Many antigenic

carbohydrates on the surfaces of cells contain fucose residues

o-1,3- ora-1,4-linked to subterminal and/or internal GIcNAc
residues. The-(1—3) fucosyltransferase activity identified
in Rhizobiumseems thus to have a similar activity to that of
eukaryotica-(1—3) fucosyltransferases.

Recently, NodZ, thex-(1—6) fucosyltransferase present
in M. loti involved in the addition of the fucosyl substituent
to C-6 of the reducing terminal GIcNAc residue, has been
purified and characterize®4). This enzyme seems to be

comparable to eukaryotic enzymes that fucosylate the chi-

tobiosyl core of biantennary N-linked glycans in glycopro-
teins. Itis striking that, despite the similarities in activities
of the eukaryotic and bacteriat(1—6) fucosyltransferases,

that there is almost no amino acid sequence homology
between the two enzymes. It would thus be very interesting

to compare the amino acid sequences of our nBhetobium
a-(1—3) fucosyltransferase with those of the known mam-
malian a-(1—3) fucosyltransferases8%, 39. Isolation of

enzymatic activity in order to identify and sequence the gene

responsible for thex-(1—3) fucosyltransferase activity is
therefore a subject of ongoing research.
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