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Abstract

Rhamnogalacturonan Il (RG-l) is a structurally complex pectic mega-oligosaccharide that is released enzymat-
ically from the primary cell wall of higher plants. It contains roughly 30 monosaccharide units (\s\WDa)

including very unusual residues such as Kdo, Dha, aceric acid and apiose. Previous studies have demonstrated
that these monomers are arranged into four structurally well-defined oligosaccharide side chains (A-D), linked to

a homogalacturonan mainchain, but the specific attachment sites of these branches on the pectic backbone have
not yet been elucidated. In the present work, fairly complete assignments of the 756HINIR spectra and

partial assignments of theéC NMR spectra of the sodium-borohydride-reduced RG-Il monomer were obtained

for a 5 mM sample isolated from red wine. On the whole, these data corroborate the primary structures of the
sidechains previously established by methylation analysis, partial hydrolysis and FAB-MS spectrometry but some
heterogeneity has been demonstrated (partial substitution at B5, B6, and A5). The preferred orientations of the
majority of the sidechain glycosidic linkages in the RG-lIl monomer have been determined from the sequential
nOe data and the solution structure is generally in good agreement with the stable conformers previously obtained
by molecular modeling (MM3) of the disaccharide and sidechain oligosaccharide building blocks. All of a two-
residue, a three-residue, and a four-residue segment of the backbone have been tentatively identified from long
range interactions between sidechain protons as well as in the mainchain. Taking into account the length of the 9-
mer galacturonan mainchain described in prior work, these building blocks constitute almost the complete structure
of RG-1l (Scheme 2).

Abbreviations RG-II, rhamnogalacturonan Il; mRG-Il-ol, saponified and borohydride-reduced rhamnogalacturo-
nan Il.

Introduction monosaccharide units (M ~5 kDa) representing 12
different glycosyl configurations, including very un-
Rhamnogalacturonan Il (RG-Il) is a structurally com- usual ones such as those of Kdo, Dha, aceric acid
plex pectic mega-oligosaccharide that is released from and apiose (Scheme 1). Several of the sugar residues
the primary cell wall of growing plants by treatment are present in both anomerie¢ &ndg) and ring (fu-
with endo«-1,4-polygalacturonase. Previous studies ranose and pyranose) forms while certain units carry
(Darvill et al., 1978; O’'Neill et al., 1996) based 2-O-methyl, acetyl or methylester substituents. The
on methylation analysis, partial hydrolysis and FAB- monomers are arranged into four structurally well-
MS spectrometry have shown that RG-Il contains 29 defined oligosaccharide side chains (A-D) that are
either 2- (A and B) or 3-linked (C and D) to a pectic
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residues. At present, the specific attachment sites of persion of glycans is extremely limited and, in the
these branches on the pectic backbone have not beertase of plant biopolymers, this handicap is amplified
elucidated. by natural structural heterogeneity or polydispersity

The biological roles of RG-Il have yet to be deter- (Aspinall, 1982). Indeed, the biosynthesis of plant
mined. Control of plant supply of boron, which is an polysaccharides is often controlled by many differ-
essential microelement for growth, has been evoked asent genes (certainly a large number in the case of
RG-lIl is the only boron-containing polysaccharide that RG-II) with the possibility that many of the steps
has been isolated from a biological source (Kobayashi will be interrupted (incomplete) depending on various
et al., 1996; Matoh et al., 1993; Ishii and Matsunga, external factors (climate, soil conditions, etc). How-
1996). Borate ester cross-linked RG-1I dimer forma- ever, as investigations of RG-1l from a wide range of
tion has been suggested to involve C-2 and C-3 of one species have demonstrated a well-conserved primary
of the 3-linked apiosyl residues of each monomer and structure (O’'Neill et al., 1990), sample heterogeneity
the covalent cross-linking of primary cell wall RG- was expected to be fairly limited. The goals of the
Il, RG-I and homogalacturonan may lead to a pectic present work were as follows: (i) to assign as much
matrix which participates in the regulation of the rate of the 750 MHz proton spectrum as possible, (ii) to
of cell growth and eventually the flux of cell-wall evaluate the orientations of the glycosidic linkages of
components through the wall (O'Neill et al., 1996). both the side- and mainchain residues, (iii) to confirm
More recently, it has been shown that boron, calcium the primary structure determined with other physico-
and RG-Il influence the porosity of the cell wall (Ti- chemical methods, (iv) to establish the branchpoints of
tel et al.,, 1998). The chelating properties of RG-Il the sidechains where possible, and (v) to obtain long
have been considered for reducing the levels of toxic range interchain nOe data for validating 3D models in
cations in soil and water (Salt et al., 1995; Drake future molecular modeling studies.
and Rayson, 1996; Jackson et al., 1990) and should
current efforts reveal selective binding to particular
cations, such as heavy metals and lanthanides, certainMaterials and methods
industrial applications may become feasible.

A molecular modeling study of the four side-chain  Nomenclature
oligomers of RG-Il was conducted recently (Mazeau
and Perez, 1998). The conformational behavior of The usual nomenclature for the RG-II sidechain
the 18 different disaccharide segments contained in residues has been adopted (i.e, A1, A2....A5 with num-
the RG-Il monomer was evaluated using the flexi- bering increasing from the branchpoint apiosyl residue
ble residue procedure of the MM3 (Allinger et al., o the terminak-D-GalpA) (Albersheim et al., 1994).
1990) molecular mechanics procedure. For each di- In cases where two sets of resonances are observed

saccharide, the adiabatic energy surface, along with for a given residue (e.g., B5) due to heterogeneity
the locations of the local energy minimum were es- in the substitution pattern, the set of resonances with
tablished. These results were included in the databaseth® anomeric proton at lowest field is referred to as
of the molecular builder POLYS (Engelsen et al., A and the one with the anomeric proton at high-
1996), which was implemented to generate all sta- €st field is designated as B (i.e., BSA and B5B for
ble conformers of the four RG-Il sidechains. This the B5 residue which is either 2-substituted or 2,3-
investigation showed that the A-chain was much more disubstituted). The galacturonan mainchain residues
rigid than the B-branch but the apiosy$-diol moiety are referred to as M(galactonic acid) to M (terminal
was well-exposed in both cases. At present, the pri- GalpA) while MA-Mp designates the corresponding
mary structure of RG-Il is required in order to pursue branchpoint sugars and;M My, Mzi, and M re-
these endeavors with the ultimate goal of constructing fer to unassigned GpA units. It must be underlined
favorable 3D models. that the absolute configurations indicated throughout
In this study, the structural analysis of RG-Il from this manuscript are those reported in previous work
red wine was undertaken Byd and13C NMR spec- (Darvill et al., 1978; O’'Neill et al., 1996, and refer-
troscopy. Determination of the 3D structure of RG-1I ences therein). Finally, the methylene protons with the
represents a real challenge in NMR analysis, compa- low- and high-field chemical shifts are referred to as a
rable to that of elucidating the structure of a 15 kDa and b, respectively.
protein or a 30-mer nucleic acid. The spectral dis-



255

a-D-GalpA-(1—4)-0-D-GalpA-(1->4)-{-0-D-GalpA-(1—>4)- } ,-0-D-GalpA, 5<n<7

3 3 2 2
T t t T
2 2 1 1
3-D-Dhap D1 Kdo C1 B-D-Apif B1 B-D-Apif Al
5 5 3’ 3’
T T T T
1 1 1 1
B-L-Araf D2 o-L-Rhap C2 3-L-Rhap B2 o-D-GalpA(1—2)-B-L-Rhap(3«1)-B-D-GalpA
3 A2 4 A2 A2”
D C 0 T
1 1
B-L-AcefA B3  2-O-Me-0-D-Xylp(1-»3)-0-L-Fucp A3
2 A3 4
T T
1 1
2-O-Me-L-Fucp(1—>2)-a-D-Galp B4 B-D-GlecpA A4
B4’ 4 2
T 0
1 1
50% a-L-Rhap(1—>3)-a-L-Arap BS a-D-Galp AS
B’ 2 3
? 0
1 1
o-L-Rhap B6 ?
2
T A
1
B-L-Araf B7 50%
B
Scheme 1Schematic drawing of RG-II.
Sample preparation lowed by final dissolution in 0.7 ml of gD (99.96%)

o N and the resulting 5 mM solution was sealed in a 5-mm
Some heterogeneity, in the positions of acetyl and NMR tube under argon. This material will be subse-
methylester Substltuents, has been reported for RG-II quenﬂy referred to as mRG-II-ol in order to designate

from red wine (Pellerin et al., 1996). In order to opti-  the monomeric form of RG-II possessing a galactonic
mize the homogeneity of the sample used for the NMR  a¢id residue at W

studies, native RG-II, isolated as described previously

(Pellerin et al., 1996), was saponified (by treatment NMR spectroscopy

with 50 mM NaOH at #C during 2 h followed by

neutralization and dialysis) and reduced with sodium 750 MHz *H NMR spectra were acquired on a Var-
borohydride (in 1 M NHOH) and then purified by  ian INOVA-750 spectrometer (triple-resonance H/C/N
size exclusion chromatography on a ACA 202 (IBF; gradient probe). BothH and1H/13C correlation ex-
1-15 kDa, 400 mmx 16 mm, 13 ml 1) (Boulard periments were run at 500 MHz (F1 125 MHz) on a
et al., 1997). These steps, which remove the acetyl Varian UNITYPLUS-500 machine (double-resonance
and methylester substituents, also reduce the anomericdH/C gradient probe). Analyses were conducted at
center of the first galacturonosyl residue of the main 40°C, as at this temperature the residuglCHsig-
chain (Mp) to afford 3-linked galactonic acid (see Ta- nal overlapped with the fewest resonances and the
ble 2 for the numbering of galactonic acid). 20 mg of linewidths had narrowed somewhat. The only excep-
pure RG-Il monomer (according to analytical HPLC) tion concerned a DQCOSY experiment which was
was lyophilized three times from 4@ (99.8%) fol- carried out at 20C to verify the number and intensity
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of cross peaks located under the water signal in the Results and discussion
former (40°C) homonuclear spectra. Solvent suppres-

sion in the homonuclear spectrum was achieved by Strategy

presaturation during the recycle delay (0.9 s). Quadra-
ture detection in the non-acquisition dimensions was
achieved by the hypercomplex method (States et al.,
1982) for both homonuclear and HMQC experiments.
The gHMBC spectrum was acquired in the magnitude
mode (p-type selection).

750 MHz homonuclear 2D spectra were recorded
with the following acquisition times (ms, F2) or sweep
widths (Hz, F1) and numbers of complex points: DQF-
COSY (Piantini et al., 1983; Rance et al., 1983), F1
4291.8 Hz and 400, and F2 469 ms and 4032 (128
transients); clean-TOCSY (Griesinger et al., 1988), F

Proton and carbon chemical shift assignments of
MRG-11-OH relied on the following strategy: (i) ini-
tially, the usual criteria for identification of the spin
systems of the various types of sugars were adopted
(vicinal coupling constant patterns (Koerner et al.,
1987), carbon and proton chemical shifts, and glyco-
sylation shifts), (ii) then sequential assignment of the
monomers through interglycosidic nOes was achieved
in keeping with the primary structure of the A-D
sidechains in Scheme 1, (iii) possible branchpoints for
the unassigned sidechain sugars were evaluated, and

4291.8 Hz and 400 pts, and B69 ms and 4032 pts (iv) finally, _several blocks of thg mainchain_ galactur-
(64 transients); NOESY (Jeener et al., 1979; Macura o_nc_)syl re3|dl_Jes (M) were assigned from mtgrglyco—
and Ernst, 1980), £4291.8 Hz and 400 pts, anc F sidic interactions (n.Oes anq Iong-rang; couplllr;g) and
469 ms and 4032 pts (64 transients). The mixing times Iong-r.ange Woes with th? sidechains. Fheand™C
for the TOCSY (MLEV17) and NOESY spectra were phem|cal shift and coupling data} have been collected
70 and 200 ms, respectively. NOESY experiments n Tab_les 1 (A-D) and 2 (M) while the nOe data are
were also run under similar conditions at 500 MHz 9V€NN Table 3.
with mixing times of 100, 200 and 350 ms. The
homonuclear 2D data were processed with the pro-
gram NMRPipe (Delaglio et al., 1995). Phase-shifted The overall features of the quantitative 1D proton
squared sinebell apodization functions were applied in spectrum (Figure 1) corroborated the primary structure
both dimensions and the first points were scaled. Data of RG-II established through methylation analysis,
were zero-filled to 4096 and 2048 points in F2 and partial hydrolysis and FAB-MS spectra of the result-
F1 respectively. A polynomial baseline correction was ing oligomers (Darvill et al., 1978; O'Neill et al.,
applied in F2 after Fourier transformation. 1996): a group of methyl resonances corresponding
Heteronuclear HMQC (Bax, 1983; Summers et al., to the 5- and 6_deoxysugars (,Cfée Rha) and Fup)
1986) and gHMBC (Darmstadt version) experiments petween 1.05 and 1.43 ppm, broad methylene peaks
were performed at 500 MHz (125 MHz in F1) with petween 1.75 and 2.16 ppm for B3and H3q of
standard pulse sequences of the Varian library un- Kdo and Dha, a well-resolved doublet of doublets
der the fOIIowing conditions: HMQC, 16250 Hz at 3.122 ppm, an extended over|apping region be-
and 160 pts, and400 ms and 1984 pts (128 tran-  tween 3.25 and 5.35 ppm containing most of the sugar
sients); gHMBC, 25000 Hz and 230 pts, andF  resonances including an intense methoxyl methyl sin-
400 ms and 2560 pts (560 transients). The heteronu-g|et between 3.38 and 3.39 ppm, a sharp doublet at
clear 2D data were processed with VNMR, version 5 54 ppm, and finally broad multiplets near 5.60 ppm.
5.3 (Varian Associates). Zero-filling to 4096 points, Initially, the various spin systems were extracted
a phase-shifted squared sinebell apodization function from the 750 MHz TOCSY spectrum which con-
and Fourier transformation were applied in F2 while tained fairly complete sets of signals for the protons
the data size in F1 was extended by linear prediction of the individual sugars and generally similar cross-
(1024 points). peak structure was observed for all residues with the
same sugar configuration (i.e., B7 and B2 -Araf
residues). Then, the ring positions of the individual
spins of a given system were determined from the DQ-
COSY spectrum as the 3.5-4.2 ppm region (Figure 2)
was amenable to analysis due to the enhanced resolu-
tion at 750 MHz. Finally, the vicinal coupling constant
patterns of the various residues were established from

General features of the NMR spectra
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Figure 1. Quantitative 500 MHz 1D spectrum of a 5 mM solution

of mRG-II-ol in D,O at 40°C. Signals and regions of interest have
been labeled.

the fine structure of the crosspeaks in this latter 2D
spectrum (digital resolution ef1 Hz in F2) according

to the following classification: very largel( >10 Hz),
large (, 6-10 Hz), mediumrf, 3-6 Hz), small §,
1-3 Hz), and very small§ <1 Hz).

As regards thé3C data, the HMQC spectrum was
much more poorly resolved and individual crosspeaks
could only be distinguished in the anomeric, the low-
field proton (F28y > 4.15 ppm), the low-field carbon
(F13¢ > 76.5 ppm) and the high-field carbon (Bg-
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whereas it was much more difficult to distinguish the
various sugars within a given group.

The primary structure in Scheme 1 contains two
residues with thglucoconfiguration, 20-Me-a-Xylp
(A3’) andB-GlcpA (A4). The well-resolved signal at
3.122 ppm was readily assigned to H-2(A&s a com-
plete set of proton chemical shifts was extracted from
the DQCOSY spectrum and the terminal 'Agugar
was the only RG-Il pentose with thgguco configura-
tion. A strong intraresidue nOe between H-1(&nd
the methoxyl methyl resonating at 3.39 ppm as well
as a heteronuclear long range coupling between these
methoxyl methyl protons and C-2(A3(80.5 ppm)
corroborated this assignment. The DQCOSY spec-
trum also contained two sets of H-1/H-2 crosspeaks
with the appropriate fine structure and chemical shifts
(4.64/3.57 and 4.46/3.555 ppm) i1GIcpA (Skelton
et al., 1991). Analysis of the corresponding spin sys-
tems revealed almost identical chemical shifts for the
H-2—H-3—-H-4-H-5 fragments in the DQCOSY spec-
trum (Figure 2). It was not possible to distinguish these
residues in the HMQC spectrum as two sets of H-1/C-
1 crosspeaks were observed for each of the anomeric
protons §n-1 4.63 — 3¢c-1 101.3 or 98.1 ppmpy-1
4.46— 8¢c-1 104.7 or 101.2 ppm).

The majority of sidechain (A2A2”, A3, A5, B4,
B4/, B5, B7, and D2) and all of the mainchain residues
in RG-1l have been shown to have tgalactoor the
relatedarabinoconfiguration. Complete sets of proton

< 67 ppm) regions. Continuous bands of crosspeaks chemical shifts were obtained for three pentofurano-

were detected at 68 (F2 — 3.46-3.80 ppm), 69 (F2 —
3.63-3.95 ppm), 70 (F2 — 3.32-4.05 ppm), 72 (F2 -
3.31-3.76 ppm) 74.4 (F2 — 3.50-3.70 ppm), and 75.6
(F2 — 3.50-3.80 ppm) ppm in F1 and therefore the

corresponding carbon chemical shift assignments for
resonances in these overlapping regions are not infor-

mative. Finally, heteronuclear correlations were not

sides which were assigned to termirfal-Araf as
these data were analogous to those reported for the
corresponding methyl glycoside (Serianni and Barker,
1979).

Furthermore, the characteristip-L-Araf C-1
(~103 ppm), C-3€79 ppm), and C-4+81 ppm) res-
onated in isolated regions of the HMQC spectrum in

detected for_the spins which gave rise to the weaker agreement with literature data for l\ﬂeD_Araf (Bock
crosspeaks in the homonuclear 2D spectra due to theand Pedersen, 1983). The remaining two sets of pento-

lower signal-to-noise of the HMQC experiment.

Classification of the monomer spin systems

Previous studies have shown that RG-Il contains
sugars with thegluco (GlcpA and Xylp), arabino
(Araf and Arg), galacto (Galp, Fum, and GapA),
andmanno(Rhgp) configurations along with unusual
3-deoxy hexopyranosides (Diand Kd@) and 3-
disubstituted furanosides (Ai#e and Apif) residues.
Identification of the various spin systems belonging
to each of these six groups was fairly straightforward

side signals stemming from pyranosybbinosugars
were attributed t@-L-Arap units. The chemical shift
patterns of these latter sugars were similar to those of
a 3-linkeda-Arap dimer (Joao et al., 1988) but the
3 J1.» vicinal coupling constants (m) were smaller than
the 8-Hz one reported for Me-D-Arap (Bock and
Thogersen, 1982). However, analogdus > values
(4-6 Hz) have been reported for tha -Rhag (1—2)-
a-L-Arap(1l— disaccharide fragments of saponins and
related model compounds (Castro et al., 1997).

The signals of the H-1-H-2—H-3—-H-4 fragments
for the residues in thgalactogroup were identified
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Figure 2. Fingerprint region of the 750 MHz DQCOSY spectrum of mRG-II-ol ip@at 40°C containing the crosspeaks between the high
field methine (and methylene) protons. Many of the crosspeaks for the assigned protons have been labeled.

through the distinctive fine structure in the homonu-
clear correlation spectra (m or g 8y » depending
on the anomeric configuration, g fév 3 and s for
3J3.4). The H-1-H-2—H-3-H-4 connectivity was ob-
tained from the TOCSY spectrum but the very small
scalar coupling between H-4 and H-5 prevented fur-
ther polarization transfer to H-5 and the exocyclic
groups. Assembly of the H-1-H-2-H-3-H-4 seg-
ments with either H-5-H-6/§«-D-Galp), H-5-CHs
(a-L-Fu) or H-5—-COOH (-GalpA) fragments rep-
resented the major difficulty in the chemical shift
assignments of this group. The only notable difference
in proton chemical shifts for the fucosyl (or galacto-
syl) and galacturonosyl H-1-H-2—-H-3-H4 segments

(Backman et al., 1990; Baumann et al., 1991) and
galacturonosyl (or galactosyl — 70—72 ppm) (Hricovini
et al., 1991; Cros et al., 1992) residues are also fairly
different.

Amongst the 6-deoxymethyl signals, three reso-
nances could be assigned to eitherzcHi#5 fucosyl
or CHz—H-4 AcdA fragments due to the limited polar-
ization transfer from the methyl group in the TOCSY
spectrum (cf.,.a or B-Rhg) (Figure 3A). The CH-
H-4 AceA system was readily identified on chemical
shift criteria (Spellman et al., 1983) and the £H-
5 fragment of the 3,4-disubstituted fucosyl unit was
characterized by numerous crosspeaks in the NOESY
spectrum (Figure 3B). As regards Bdong range

concerns H-4 which resonates between 3.8-4.0 ppmheteronuclear coupling between the 6-deoxymethyl

(Bock and Thogersen, 1982; Backman et al., 1990;
York et al., 1990; Baumann et al., 1991) for the for-

protons at 1.12 ppm and C-5(8466.4 ppm) corrobo-
rated the assignment of the g@HH-5 fragment. Many

mer sugars and between 4.1-4.5 ppm (Nakahara andof the H-1-H-2—H-3-H-4 fragments of thgalacto

Ogawa, 1987; Hricovini et al., 1991, Cros et al., 1992)

for the latter residues. In carbon spectra, the C-5 chem-

ical shift ranges of unsubstituted fucosyl (66—68 ppm)

sugars displayed analogous NMR data to those of
the related fucosyl sugar in theD-Glcp(1—4)-a-
L-Fup-O-Me disaccharide (Backman et al., 1990)
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Figure 3. (continued).

Three sets of proton signals were assigned-to
Galp sugars and in agreement with data reported for A
(Melton et al., 1986) and B (Whitcombe et al., 1995)
sidechain oligomers, the resonances of the galactosyl
anomeric protons were located at lowest field. The
sharp doublet at 5.54 ppm, which was attributed to
H-1(A5) displayed similar intensity to that of the H-
2(A3) signal in Figure 1. It should be kept in mind

4.80, 3.78, 3.81, and 4.01 ppm) precluding assign- that two sets of resonances were observed for the
ment of A3 on the basis of proton chemical shifts A4 residue, and indeed inspection of the TOCSY
alone. The starting point for the identification of the Crosspeaks for A5 indicated one set of Signa|s for

B4’ H-1-H-2—H-3-H-4 segment was long range cou-
pling between the »-Me protons (3.38 ppm) and
C-2(B4) (8c-2 77.4 ppm). From the latte¥c-» value,

a fairly limited H-2 chemical shift range was de-
duced from the related HMQC crosspeaks (77.4 ppm
in F1). Moreover, inspection of the chemical shift
data reported for diversely methylated fucosyl residues
(Toman et al., 1986) showed that the protans
to the methoxyl moiety resonate at high field (be-
tween 3.40 and 3.60 ppm). This in turn narrowed the
range of suitablegalacto H-1/H-2 crosspeaks down
to three sets, all of which exhibited H-1-H-2—H-
3—-H-4 chemical shifts compatible with a terminal
2-O-Me-a-L-Fug structure (4.65/3.57/3.885/3.852,
4.645/3.57/3.87/3.86, and 4.62/3.57/3.86/3.923 ppm).

H-1, H-2, and H-4 (5.54/3.726/3.77 ppm) and two
different ones for H-3 (3.87 and 4.005 ppm). Com-
parison of the C-3 and C-5 chemical shifts extracted
from the HMBC spectrum through intracyclic long
range heteronuclear coupling with the anomeric pro-
tons (terminal A5—C-3, 68.3 ppm; C-5, 69.6 ppm;
3-substituted A5—C-3, 74.2 ppm) suggested partial 3-
substitution for A5 (downfieldi-glycosylation shifts
for C-3). The H-1(B4) resonances included two broad
multiplets indicating that there was also some hetero-
geneity in the substitution pattern of the B-chain (5.61
and 5.59 ppm, integrating for 0.5 H each). Close in-
spection of the H-2(B4)/H-3(B4) crosspeaks in both
the DQCOSY and TOCSY revealed multiple H-3(B4)
frequencies but further coupling to H-4(B4) was not
detected. Intracyclic long range heteronuclear cou-
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pling with the anomeric protons (2,4-disubstituted B4:
C-3, 67.8 ppm; C-5, 66.4 ppm) and the C-1 chemical
shift (~95 ppm) confirmed the substitution pattern in
Scheme 1 for B4 (upfiel@-glycosylation shifts for
C-1, C-3 and C-5) and it was possible to assign H-
5(B4) (6 4.11 ppm) from the isolated H-5(B4)/C-5(B4)
crosspeaks in the HMQC spectrum.

The remaining sets of signals with thegalacto
fine structure £12 residues) were assigned to galac-
turonosy! residues, Table 2. As observed for the

at high field §n-4 < 3.4 ppm) and the 2- and 3-linked
terminal residues show significant upfield shifts for
both H-1 0.15 to—0.30 ppm) and H-2-{0.05 to
—0.35 ppm) signals when compared to those of the
2-linked 2-substituted rhamnose units. Consequently,
the rhamnosyl sugars with the H-1 resonating at 5.12
(H-2, 4.00 ppm) and 4.99 (H-2, 3.88 ppm; as well as
numerous weaker H-1/H-2 signals such as 5.035/3.93,
5.02/3.91, 5.02/3.90, 4.975/3.865, and 4.955/3.86)
have been assigned to 2-substituted and terminal

sidechain residues, a few of these spin systems pre-Rhgp, respectively (B6). The remaining rhamnosyl

sented dual sets of signals with only a small shift in
one or more proton frequencies. From the C-4 chemi-
cal shifts in the HMQC spectrum+(71 ppm), it could

be inferred that two of these sugars were not sub-

sugar with intense signal$y-1 and 8y-2 5.15 and
3.995 ppm respectively) was assigned to C2 as will
be discussed later.

Two strong sets of CH3-H-5-H-43 signals of

stituted at the 4-position and they were assigned to residues with themannoconfiguration with the H-

the terminak-GalpA residues in the mainchain G
dn-1 5.012 with a weaker satellite signal at 4.94 ppm)
and in the A sidechain (A28y-1 4.865 ppm). Most
of the protons of thex-GalpA residues in the main-
chain exhibited a fairly wide range\¢n-x ~0.8 ppm)

of chemical shifts. However, all the H-3 resonated
in a fairly narrow spectral band (3.77-3.99 ppm)
with the exception of two residuesH-3 3.39 and
3.40 ppm) which have been tentatively assigned
to 3,4-disubstituted sugars;>3,4)-a-D-GalpA-(1—
(Mc and Mp) (Figure 2). A residue with NMR data
analogous to those of terminpiD-GalpA (Rinaudo
and Ravanat, 1980) was also identified (A23y-1

4 proton resonating at lower field>3.5 ppm were
assigned t@-Rha. Inspection of the proton chem-
ical shifts of 4-substituted (De Bruyn et al., 1975)
and 3,4-disubstituted (Peters and Weimar, 1994)
L-rhamnose shows that the presence of substituents
at C-3 and C-4 leads to significant downfield shifts
of the surrounding protons as compared to those of
monomerig3-L-rhamnose (De Bruyn et al., 1975) (4-
substituted3-Rhep: for H-3—H-4—-H5,+0.24,+0.28,
and+-0.10 ppm; 3,4-disubstitutgdRhap: for H-2—H-
3-H-4-H-5,+0.35, +0.33, 4+0.57 and+0.18 ppm).

It should also be noted that the 6-deoxymethyl dou-
blets of the aforementioned-rhamnosides related

4.425 ppm) and this spin system was characterized byto a Shigella flexneri @antigen (Bock et al., 1982)

strong second order effectA§q-2 H-3 ~15 Hz).

In the case of the sugars with tihheannoconfig-
uration, two groups of TOCSY crosspeaks could be
distinguished on the basis of the H-4 chemical shift
(Figure 3A). At least 10 complete sets of chemical
shifts were detected for residues with the H-4 proton
resonating at high field3G-4 < 3.4 ppm) whereas
three partial sets of chemical shifts were observed
for residues with the H-4 proton resonating at lower
field ®n-4 > 3.5 ppm). Only the more intense sets
of signals have been indicated in the rows of Ta-

are all found between 1.13 and 1.20 ppm while
those of the 4-substitutegtL-rhamnose (De Bruyn
et al., 1975), 3,4-disubstitutefl-L-rhamnose (Pe-
ters and Weimar, 1994), and a persubstitugeid
rhamnoside (De Marco et al.,, 1992) all resonate
between 1.35-1.42 ppm. This tendency is also ob-
served for thea- and B-Rhag residues of mRG-II-

ol whose 6-deoxymethyl doublets resonate at higher
(1.12-1.22 ppm) and lower field (1.28-1.30 ppm), re-
spectively (Figure 3A). Extensive through-space inter-
actions were observed for the 6-deoxymethyl groups

ble 1 (data for the weaker sets of signals have been of these spin systems while very few nOes were de-

given as a footnote). The proton chemical shifts of

tected for the 6-deoxymethyl moieties of theRhgp

rhamnosyl sugars are very sensitive to the substitution sugars (Figure 3B). The H-1 chemical shifts of the

pattern and, in a study of the solution conformations
of oligosaccharides related to$higella flexneri ©
antigen (Bock et al., 1982)H and'3C chemical shifts

of terminal, 2- (2- and 3-linked) and 3-substituted
(3-linked) a-rhamnosides were measured under sim-
ilar conditions (DO, 37°C) to those of the present

Rhap residues were obtained from weak intraresidue
nOes with 6-deoxymethyl moieties{-1 4.85 and
4.82 ppm). H-1/H-2 crosspeaks are not detected for
these anomeric protons in the DQCOSY experiment
(such correlations were detected fy-1 4.82 ppm
only in the TOCSY spectrum), indicating very small

study. The H-4 protons of all these glycans resonate scalar coupling, but strong H-1/H-2 interactions are
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Table 1. 750 MHz1H? and 125 MHZ!3C NMR data of the sidechain residues of mRG-I1-ol ip@

(5 mM) at 313 K

Residue C1 c2 C3 C4 C5 C6
H1 H2 H3 H4 H5 H6

Al 110.12 754 78.4 74.1 69.75 nap

— 3)BDApIf(1 — 5.00 3.77 nap 4.11,3.69 4.38,3.63

2 nc

A2 nd 81.2 78.2 81.6 68.0 17.6

— 4.85 4.025 3.69 3.99 3.685 1.285

2,349BLRhgp(1 —

3/

A2 99 68.1 69.2 70.8 71.2 na

aDGapA(1—2 4.865 3.59 3.82 4.146 4.485

A2" 104.84 68.1 70.0 67.7 72.6 na

BDGalpA(1—3 4.425 3.53 3.55 3.81 4.485

A3 99.72 68.5 74.2 78.6 67.6 15.9

— 3, 4aLFup(l — 4.865 4.03 na 4.01 3.96 1.43

4

A3 97.55 80.76  74.01 71.8 61.2 nap

2-0- 5.23 3.122 3.638 3.32 3.525,

MeaDXylp(1—3 3.665

A4A 101.3 77.10 734 71.8 75.6 na

— 2)BDGIcpA(L —  4.64 3.576  3.67 3.495 3.58

4 na

A4B 4.46 3.555  3.67 3.49 3.58

ABA 97.5 69.9 69.2 69.6 70.5 62.5

aDGap(1—2 5.54 3.726  3.87 3.765 3.41,3.74

A5B 4.005

Bl 109.8 75.0 74.2 69.75 nap

— 3)BDApiIf(1 5.10 3.77 nap 4.06,3.68 4.31,

— 2 nc 3.634

B2 99.7 71.0 77.20 171

— 3)BLRhap(1 — 4.82 411 4.015 3.765 3.72 1.30

3/

B3 108.8 82.87 78.94 13.8 nap

—28LAcefA(1— 4.87 4.495 4.605 1.05

3 nc 4.62

B4A 95.19 77.25 67.6 66.6 na

—2,4aDGalp(1— 5.612 3.36 3.98 3.73,3.74 411

2 95.02 68.5

B4B 5.584 3.355  3.98,4.055, 3.705-

B4C 4.085 3.73

B4A’ 99.5 81.0 68.2 71.0 66.53 15.8

2-O-MeaLFump(1 4665 ~3.57 3.885 3.852 ~4.275 1.12

-2 15.8

B4B' 4645 ~3.57 3.87 3.862 ~4.275 1.11




262

Table 1 (continued)

Residue c1 c2 c3 c4 C5 C6

H1 H2 H3 H4 H5 H6
B5A 103.2 810 743 715  70.2 nap
—2)aLArap(1—4 4888 3943 3.575 4025 3.41,3.74
B5B 1032 810 771 702 70.2
—2,3)LArap(1—4 4865 3.948 352 4022 3.41,3.74
B5'b 101.2 702  69.7 72.0 16.65
aLRhap(1—>3 4975 3.865 3.62 3.353 3.68 1.18

4.95 3.86
B6AP 101.3 813  69.7 16.65
—2)aLRhap(1— 5.12 4.00 3.735 3.328 3.805 1.177
2,3+ —>2)alLRhap(1—2
B6BP 99.4 701 69.7 72.0 16.65
aLRhap(1—>2,3 4.99 3.885 3.735 3.328 3.805 1.174
+
aLRhap(1—>2
B7 101.2 785 77.9 814 607 nap
BLAraf(1—2 4985  4.03, 4.098,411 379  3.69,

4.035 3.59;
3.663,3.598
C1A 35.2 na na
—5)aKdop(2—3 nap nap 1.744, 4.02
2.025;
C1B 1.82,2.02  4.02
co2b 101.24 71.50 16.65
aLRhap(1—>5 5.15 3.998 3.775 329  3.69 1.133
D1 35.5 712 78
—5)pDDhgp(2— 3 nap nap 1.744, and 4.085 4.035, na
2.155 4.105

D2A 103.24 758 78.6 810 612 nap
BLAraf(1—-5 4918  4.032 4.062 3.735 3.53,3.67
D2B 103.16

4865 4.012 4.07 3.743 3.54,3.66

8Key: s — singlet, d — doublet; t — triplet; w — weak; br — broad; na not assigned; nc — not correlated;
nd — not detected; nap not applicable; or — overlapping region. Fine structure3(itl,H2,
3JH2,H3,3JH3,H4, 3JH4,H5, 3JH5,H6a,3JH5,H6b, 2/ H6a,H6b Where a denotes the low-field
proton of the methylene group) in the DQCOSY (TOCSY for very small coupling) spectrum (very
large — vl> 10 Hz, large — | 6-10 Hz, medium — m 3-6 Hz, small — s 1-3 Hz, and very small
— vs <1 Hz): BAcefA nc,nap,nap,|nApifA nc,nap,nap’JH4a,H4b vi,AJH2,H3a vs, 4JH2,H3b
vs,3JH3a,H3b vi; BAraf m,1,1,s,0r;cArap m,l,I,nd,s,vI;pDhap 3JH3a,H3b vI3JH3b,H4 |;:aGalp
m,l,m,nd;aGalpA m,|,m,nd;BGalpA I,I,m,nd; BGlcpA m,I,m,nd;aKdop 3JH3a,H3b vI3JH3b,H4

I; aRha vs,s,|1,I;BRha nc and vs (A2 and B2, respectively),s,|,iXylp m,l,I,I,s. Supplementary
unassigned well-defined spin systems include: 1/ 4.815 s, 3.425 1, 3.67 1, 3.34 1, 4.40; 4.84 vs, 3.91
(3.925w) s, 3.4651,4.065 s, 2.

BIn the case of the B5B6, and C2, it should be noted that weaker signals for numerous other spin
systems with the coupling graphs and chemical shifts-diamnosyl residues were also detected
(5.115, 3.935, 3.69&3.665, 3.235, 3.83, 1.12; 4.92, 4.025&4.055&4.068, 3.795, 3.37, 3.72, 1.174;
4.80,4.11&4.135, 3.52&3.23, 3.71&3.83, 1.219 - 0.5L£H 3.895, 3.695, 3.318, 3.565, 1.256 w).
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observed in the NOESY spectrum (4.025 #&y-1 in the TOCSY spectrum to protons resonating close to
4.85 and 4.105 ppm faty-1 4.82 ppm, respectively)  3.77 ppm. Strong nOes were observed between all four
(Figure 4). exocyclic protons and these same spins which were

RG-Il contains two unusual furanosyl residues, identified as H-2 of the apiosyl sugars.
aceric acid and apiose, which are characterized by van-  Partial spin systems for the 3-deoxy KulgH-
ishingly small®J; » coupling constants and low field 3ax—H-3eq—H4) andp-Dhap (H-3x—H-3eq—H-4-H-5)
C-1 chemical shifts{£110 ppm). As Ac#A is sub- could be obtained from the TOCSY experiments as
stituted at the 2-position, its anomeric carbon would the H-3;/H-3eq methylene protons resonate in an
be expected to resonate at slightly higher field due to isolated region of the proton spectrum (Figure 1).
thep-glycosylation shift £1.5 ppm). Accordingly,the  The H-3/H-3eq signals presented chemical shift
three sets of signals associated with anomeric carbonand coupling constant data analogous to those re-
signals at 108.8, 109.8 and 110.12 ppm were assignedported for thea-Kdop (1.75 and 2.03 ppm, C1A;
to B3 (-1 4.865 ppm) and Al or B1 (the latter two 1.82 and 2.02 ppm, C1B) angiDhgp (1.744 and
signals,5p-1 5.00 and 5.10 ppm, respectively). In an 2.155 ppm, D1) monosaccharides in fi& pyranose
HMQC experiment conducted on a more concentrated form (Hofinger et al., 1993). Due to very small cou-
sample of reduced RG-II (which displayed much less pling between H-5 and H-6 of the 3-deoxy sugars, it
favorable spectral dispersion in the proton dimension), was not possible to unambiguously identify the signals
crosspeaks were observed between a carbon resonatef the Kdg exocylic group (H-5-H-6—H-7—C$DOH
ing at 88 ppm and a proton with a chemical shift fragments). However a partial spin system with similar
near 4.50 ppm. Aceric acid is the only residue which chemical shifts (4.205, 4.115 and 3.645 ppm) to those
would be expected to exhibit such low field methine reported for the H-7—H-8a,H-8b protons of the pen-
carbon signals (considering tlig-2 and3c-2 of the dant group ofy-Kdop-(2— or —4,5)-a- Kdop-(2—
monomer, 4.13 and 83.5 ppm, respectively (Spellman (Fukuoka et al., 1997) was detected (Figure 2).
et al., 1983), carbon glycosylation shifts of 2-5 ppm Finally, the sodium borohydride reduction of RG-
would lead todc-2 values in the 85-88 ppm range). Il was expected to transform the reducing galacturono-
A strong nOe was detected for H-1(B3) and a pro- syl residue into galactonic acid. In aqueous solution,
ton resonating at 4.49 ppm, Figure 4, and this latter unsubstituted galactonic acid exists as a mixture of
interaction was ascribed to H-2(B3). As previously linear (free acid, minor product) and cyclic (aldono-
stated, the CktH-4 fragment of AcéA was readily 1,4-lactone, major product) forms (Angelotti et al.,
identified due to its unusual H-4 (4.595 ppm) and C-4 1987) and it was not clear which form of galactonic
(78.94 ppm) chemical shifts when compared to those acid would predominate in the case of mRG-Il-ol
of the other 6-deoxysugars. (i.e. Mz). A partial spin system with the characteris-

The apiose residues contain two isolated methylenetics (4.72}, 4.4654, 4.40<) of the aldono-1,4-lactone
groups, an endocyclic GHmoiety (H-4a and H- H-2—-H-3—-H-4 fragment (this segment corresponds to
4b) and an exocyclic one (H# and H-30). Four H-5-H-4—H-3 of thex-GalpA sugar prior to reduction)
such methylene pairs were detected in the DQ- was identified but these signals were very weak and
COSY (Figure 2) and NOESY (Figure 4) spectra the resonances for the corresponding carbons were not
(4.38/3.63, 4.31/3.634, 4.115/3.69, 4.06/3.645 ppm). detected in the HMQC experiment. Through space in-
The methylene carbons corresponding to the pairs teractions were observed between H-3 and a second
with the least shielded protons exhibited chemical group of signals with the characteristics of the H-
shifts around 70 ppm and therefore they were as- 5-H6a,H-6b fragment (Figure 4), allowing complete
signed to the exocyclic apiose methylene groups as theassignment of the aldono-1,4-lactone spin system. It
C-3 and C-4 chemical shifts of terminal apiose are was not possible to identify the signals of the free acid.
64.1 and 74.3 ppm, respectively (Mbairaroua et al., This concludes the classification of the signals of
1994), and a 5-7 ppm glycosylation shift would be the monomer residues according to chemical shift data
expected for C-3 Long range heteronuclear coupling and scalar coupling patterns. Two sets of sharp res-
between the apiosyl anomeric proton that resonated atonances with unusual coupling patterns (footnote to
5.00 ppm and carbons with chemical shifts of 74.1 Table 1) and a group of extremely broad resonances
(3Jh-1.c-4) and 78.4 $Jy-1.c-3) ppm was interpreted  have been detected which do not appear to correspond
in terms of intramolecular coupling. Both of the low- to the sugars of the RG-Il 29-mer in Scheme 1. Oth-
field exocyclic protons displayed long-range coupling erwise, the NMR data of the vast majority of the
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Table 2. 750 MHz1H? and 125 MHZ3C NMR data of the mainchain residues of
mMRG-ll-ol in D>0 (5 mM) at 313 K

Residue C1 c2 C3 C4 C5
H1 H2 H3 H4 H5
M 1b
— 4)Galactonic acid na nd nd nd na
Aldono-1,4-lactone 4.72 4.465 4.40 3.905
Free acid na na na na
Ma 99.72 77.0 78.6 na
—2,HaDGapA(l—4 5.235 3.91 3.63 4.01 4.26
Mg 99.5 75.0 68.2 75.8 71.3
—2,H0DGalpA(1—4 5.351 3.948 3.65 4.162 4.61
99.33 75.0 68.2 75.8
5.335 3.952 3.65 4.164 4.625
Mc orMp 99.3 68.0 71.6 77.0 nd
—3,4pDGalpA(1—4 4.79 3.555 3.40 451 5.31
Mc orMp 99.2 68.0 71.8 78.8 nd
—3,9HaDGapA(1—-4 4.62 3.64 3.39 4.485 5.31
M+ 98.4 68.1 68.0 71.2 71.2
aDGapA(1—4 5.012 3.608 3.822 4,155 4.55
4.94w 3.608
MT.o 99.1 80.76 74.01 72.0 nd
—4)DGalpA(1l—4 4.58 3.685 3.875 3.902 4.70
4.57w 3.665 3.87 3.91 4.74
97.5 69.9 69.2 69.6 70.5
4.54 3.726 3.852 3.965 4.42
Mx_1 98.3 68.2 68.9 77.62 71.0
—4)aDGapA(1—4 5.04 3.72 3.865 4.325 4.24
M x 98.8 68.1 68.0 nd nd
—4)DGalpA(l—4 4.968 br 3.66 3.88
My 99.0 68.0 70.2 77.4
—4)aDGapA (14 491w 3.81 3.99 4.30 4.50
97.5 68.0 71.2
4.89 3.80 3.99 4.298 4.53
Mz1 99.72 68.1 74.4 78.6 nd
—4)aDGapA(1—~4 4.62 3.57 3.86 3.923
Mzo 4.61w 3.495 3.765 4.74 nd

—4)oDGapA(1—4 4.615w 3.47 3.775

8Key as in Table 1.

PThe numbering of galactonic acid begins with the carboxyl carbon so that the
H-2—-H-3-H-4-H-5-H6a,H6b fragment corresponds to H-5-H-4-H-3-H-2-H1-
Canomeric Of the a-GalpA sugar prior to reduction. The chemical shifts for the
reduced center are as follows: C6 59.1 ppm, H6a 3.875 ppm, and H6b 3.81 ppm.
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Table 3. Comparison of the glycosidic linkage orientations of mRG-II-ol defined from the 750 MHz
NOESY spectrum (mixing time of 200 ms) compared with those of the minima of the MM3 adiabatic
energy maps

Residue H1 Other Reporter Glycosidic
nOes reporter group nOes linkage
groups orientation
rank and
(@,9)
values in
the MM3
force field
Al H2(M-5) br S, H3a H3b(AL) S, H2(A1) 5(60,120)
—3BDApIf(1—2 H5(MT) W, S, H2(Mr-1) S
H1(A2)w,3.955s H1(M-1) w;
S
A2 H2(A2) S, H5(A2) Ch H5(A2) S, H5(A3) S, 2 (300,170)
—2,34BLRhgp(1— M, CH3(A2) w H1(A3) S, H1(A2) w,
3 H1(Mp) W
A2 H2(A2) or, H2(A2) 2(100,300)
aDGapA(1—2 M, H1(A1) w,
H2(A2) S
A2 3.965S 3(60,120)
p3DGaA(1—3
A3 or - H2(A3) S, Ch H1(A4) S, H3(A4) S,  2(280,60)
—34daLFugp(l—4  CHz(A2)M, H5(A4) S, H5(A3) S,
CH3(A3) w H4(A3) S, H3a(A1)
A3 H2(A3) S, H2(A3) OMe H1 (A3) S, H2(A3) S  3(280,140)
2-O-MexDXylp(1 M,OMe(A3) S
—3
A4A H4(A3) S, H3(A4) 1(280,120)
—2)BDGIcA(1—4 S, H5(A4) S,
CH3(A3) S, H1(A5)
w
A4B H3(A4) S, H5(A4) 2(60,120)
S; H1(A5) w 3(280,320)
A5 H2(A5) S, H1(A4A) 1(80,120)
aDGalp(1—2 S, 2(100,160)
H1 (A4B) S
B1 3.58 M, 4.075 M H3a(B1) H3b(B1) S, H2(B1) 5(160, 120)
—3'BDApIf(1—2 S, H2(Mg) S
B2 H2(B2) S, CH(B2) CHs H5(B2) M, H4(B2) M,  2(300, 170)
—3(BLRhap(1—-3 M H1(B2) S, H1(B3) M,
H1(Mg-1) S, H1(Mg)
W
B3 H2(B3) S, H3(B2) CH H4(B3) 2(80, 160)
—2)BLAceAf(1>3  or 4(300,100)
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Table 3 (continued)

Residue H1 Other Reporter Glycosidic
nOes reporter  group nOes linkage
groups orientation
rank and
(.9)
values in
the MM3
force field
B4A+B H2(B4) S, 1(80,220)
—2,90DGap(1—-2 OMe(B4) S; (@0, 1600r
H2(B4) w, 180, 280
B4 H5(B4), 3.41 br, OMe H1(B4) S, H3(B¥w, 2(260,280)
2-O-MexLFuep(1 3.955 CHy(B4') S, H1(B4
-2 br
B5A
—2,3)LArap(l1-4 H2(B5A) M, 1(280,260)
B5B H4(B4B) M
—2)aLArap(1—4 H3(B4A) M,
H4(B4A) H2(B5) S,
H3(B5)
BY
aLRhap(1—3 H2(B5)S not
simulated
B6A
—2)aLRhgp(1— H2(B6) S; H2(B7) ChH H1(B4A+B) 4(60, 120)
23 w
+
—2)aLRhgp(1—2
B6B
aLRhep(1—2,3 H2(B6) S
+
aLRhap(1—-2
B7 H2(B7) S, H2(B6) S 1(80,240)
BLAraf(1—2
C1A H3a H1(C2A) nnd
—5)aKdo(2—3
CiB H3a H2(C2B)
C2A H2(C2A) M, 4(280,60)
aLRhap(1—5 H1(Mp+1) M,
H4(Mp£1) S
D1
—5)8DDha(2~3 H3a H4(D1) S; 4.71,4.485 nnd
H4 H3a(D1) M, H3b(D1)
M, CH3(B2) M,
H1(D2B) S
D2A H2(D2A) S, H5(D1) 1(80,80)
BLAraf(1—5 S

Key: nnd (no nOe data), S (strong), M (medium), w (weak) nOes when compared to the corresponding
H1/H2 (strong) intraresidue interactions and otherwise as in Tables 1 and 2. Linkage orientations
(®,¥) correspond to the best fit to the minimum energy structures of the MM3 potential energy
surfaces (Mazeau and Perez, 1998).
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Figure 4 Anomeric region of the 750 MHz NOESY spectrum of mRG-ll-ol in@ at 40°C containing the crosspeaks with methine and
methylene protons. Many of the more intense nOes between assigned protons have been labeled.

spin systems observed in the 2D correlation spectrasignals were detected for Kdoand several of the
(>90%) have been accounted for in Tables 1 and 2. sets of resonances of the galacturonan backbone ap-
It is to be noted that many more spin systems have peared in pairs with only a slight shift in the anomeric
been detected than would be expected on the basis ofproton frequency, undoubtedly translating either the
the structure in Scheme 1. As regards the A sidechain, heterogeneity in the sidechains or variability in the
partial substitution at C-3(A5) would appear highly backbone (Ilength or branching). Unfortunately, four of
likely considering the dual shifts detected for H-3(A5), the key residues (aceric acid, apiose, and one dfthe
C-3(A5), and H-1(A4). Similarly, some heterogeneity rhamnose units) did not exhibit H-1/H-2 crosspeaks in
must exist in the substitution pattern of the B sidechain the 2D correlation spectra and these H-2 assignments
as at least two or more sets of proton chemical shifts therefore rely on correctinterpretation of the nOe data.
were observed for B4, B5, and B6. Indeed, it has The H-5-H-6a,H-6b fragments of the galactosyl sug-
been shown by FAB-MS analyses that RG-Il from red ars have also eluded assignment but it could be seen
wine is partially branched at the 2-position of B6 by from the HMQC experiment that the chemical shift
B-L-Araf (B7) (Pellerin et al., 1996) while B5 is par- range of the methylene protons was fairly restricted
tially substituted at the 3-position hyL-Rhag (BY) (3.40-3.75 ppm). Finally, several correlations for sev-
(Shin et al., 1997). Finally, two sets of HpdH-3eq
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erala-GalpA H-5 signals were missing in the HMQC  to carbohydrate structure even in the case of molecules

spectrum. as complex as the RG-Il mega-oligosaccharide.
As regards the B-chain, assignment of B7
Sequential resonance assignments was based on interglycosidic long range heteronu-

clear scalar coupling between H-1(B7) and C-2(B6)
The nOes of the anomeric protons have been collectedand an interresidue nOe between H-1(B6) and
in Table 3 along with those of various reporter groups H-2(B7) while interresidue contacts (H-1(B5B)/H-
(i.e, the deoxymethyl groups and the branchpoint pro- 3(84A)&H4(B4A)) corroborated the B5-B4 connec-
tons with signals in non-overlapping regions). These tivity. Both the fucosyl (B4 and the galactosyl (B4)
interactions have been classified as strong, mediumanomeric protons exhibited nOes with the’840-
or weak according to their relative intensity with re- e pendant group in agreement with 2-substitution
spect to the strongest intraresidue nOe (Figure 4). of B4 by B4. A long range nOe between GHB2)
This internal ruler was generally the H-1/H-2 nOe and H-1(B3) corroborated the assignments of the B2
(a-anomers) which corresponds to an interproton dis- and B3 sugars. Finally, a weak nOe between Hg)XM
tance of~2.5 A (the H-1/H-3 nOe corresponds to  and CH(B2) was in agreement with the assignment
a similar distance in the case of Aand A4). As  of the a-GalpA branchpoint residue. However, se-
regards the A-chain, strong sequential nOes were de-quential interactions were not detected for either the
tected for the A5-A4A-A3-A2 segment (H-1(A5)/H-  B6-B5 or the B4-B3 linkages and due to strong over-
2(Ad4), H-1(A4A)/H-4(A3), H-5(A3)/CH(A2), H- lapping in the 4.0—4.1 ppm region it was not possible
1(A3)/CHz(A2)) which corroborated the chemical to unambiguously identify a nOe between H-1 (B3)
shift assignments and confirmed the primary structure and H-3(B2). Clearly, the sequence of the B-chain
indicated in Scheme 1. Contacts were not observedas not as well defined by interglycosidic nOes as
between the A3 and A4B protons so that HEIcpA the A-chain. Examination of certain low-energy con-
residue may be located elsewhere. Assignment of the formers of the MM3 energy maps for the disaccharides
Al apiosyl signals was based on long range interac- which constitute the B-chain (in particular, the B6-
tions between Ck(A3) and H-3a(Al) and between  B5 B4-B3, and B3-B2 maps) reveals that none of the
H-1 (A1) and two protons belonging to two differ- interglycosidic distances are shorter than 3.5-4.0 A.
entterminab-GalpA residues (H-1(A1)/H-5(M) and  Thus, some of the preferred conformers would be
H-1(A1)/H-1(A2)) whereas that of M was based  expected to exhibit very weak (or undetectable) in-
on two interglycosidic nOes (H-2(A1)/H-2(M and  terglycosidic nOes. The added branching (particularly
CH3(A2)/H-1(Ma)). Inspection of the structure in  when it concerns 2-substitution or 2,3-disubstitution)
Scheme 1 shows that the only unsubstitute@aipA must generate considerable steric hindrance as it is
units were A2 and the terminal sugar of the main-  accompanied by a significant change in the conforma-
Chain, Mr. Therefore, these latter nOes indicated that tional preferences of the nearby g|ycosidic |inkages
the A-chain was linked to the second last residue of (Chemica| shifts and Coup"ng Constants)_ As a result
the galacturonan mainchain @M= Mt-1). Further-  the RG-Il B-chain contains at least four major com-
more, the strong nOes between H-1(Al) and the H-2 ponents (B7-B6-(BY-B5-B4-B3-B2-B1, B7-B6-B5-
of another monosubstitutedGalpA sugar indicated  B4-B3-B2-B1, B6-(B%)-B5-B4-B3-B2-B1 and B6-
that the Mr-» residue was not a branchpoint. TheM  B5-B4-B3-B2-B1) and the concomitant decrease in
— Ma — Mr-2 ... fragment has been described re- the concentration of each species has undoubtedly
cently in a study of the location of borate esters in hampered detection of weaker nOes.
the RG-Il-borate complex (Ishii et al., 1998). The Interresidue nOes were observed between H-
rank of the MM3 minima (the first being the global 3eq(Cl) and H-1(C2A) (or H-2(C2B)) and H-5(D1)
minimum) along with the correspondin, W values  and H-1(D2A). However, interactions between the
(Mazeau and Perez, 1998) which best reproduced thepranchpoint residues C1 or D1 and the galacturonan
nOes for each disaccharide segment have also beerhackbone were not detected, undoubtedly due to the
given in Table 3. The interglycosidic interactions of presence of quaternary carbons at these linkages. As
the A-chain are all Compatible with one or more of for the |0nger chains, MM3 minimas were Compati_
the low-energy minima of the MM3 isoenergy con- pje with the experimental nOe data for the C1-C2 and
tour maps, suggesting that the so-caliedependent  the D1-D2 connectivity. Finally, only one of the link-
residue approximatioits a very reasonable approach ages of the galacturonan mainchain exhibited a strong
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¢) - Mx—Myy

-- Mp — Mg — My — Mg+ -

Galacturonan Backbone

Scheme 2 TopSchematic drawing of (a) the 3-residue block, (b) the 4-residue block, and (c) the 2-residue block of RG-Il containing the
branchpoints and/or the galacturonan backbone characterized by Bbt®m Cartoons of the two possible arrangements of the RG-II

building blocks characterized by NMR.

H-1/H-4 interresidue nOe (M, 3n-1 4.97 ppm with
Mx-1, 84-4 4.32 ppm) suggesting that the two-fold
helical arrangement which engenders she2.@ A)

Long range nOes

Several strong long range nOes were detected be-

H-1/H-4 distances (Cros et al., 1992) does not repre- tween protons belonging to sidechain residues and
sent the majority of the conformations adopted by the those of the galacturonan backbone. Contacts between

RG-II backbone residues.

H-1(C2) and both H-1 and H-4 of arGalpA residue,

Several other low energy conformers which do not My (8+-1 4.89 anddy-4 4.30 ppm, respectively) re-

display any short €3 A) interresidue contacts can

vealed that the C-chain was folded back onto the

be adopted by homogalacturonan chains (Cros et al.,Mainchain. The anomeric proton ofyMwas also in

1992).

the vicinity of the CH(B2) moiety and this latter 6-

deoxymethyl group also exhibited a moderately strong
nOe with H-4(D1). This succession of long range
contacts pointed to either of the following 4-residue
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blocks, ..Mc—My —Mg —Mp ... or ... Mo — Mg — tant loss in both the resolution and intensity of the
My —Mc.... crosspeaks. The use 8IC labeling to overcome the
Furthermore, the M-1 residue of the galacturo- sensitivity problem in the heteronuclear experiments
nan backbone displayed strong interactions with the is not feasible due to the large number of genes in-
protons of the fragment that has been tentatively iden- volved in the biosynthesis of RG-II. It is possible that
tified as the Kdo pendant group which would allow future NMR studies of RG-II oligomers will reveal in-
extension of the 4-residue segment to a 6-unit one. versions in some of the assignments (particularly in
However, convincing evidence for the assignment of the case of thgalactosugars) as analysis of such a
the C1 H-7-H-8a,H-8b fragment is lacking. large system is handicapped by overlapping sets of
In summary, the 750 MHz NOESY data have signals even at 750 MHz. Moreover, secure assign-
revealed the primary structure of three different seg- ments of smaller systems may eventually allow a more
ments of the RG-Il backbone: the terminal endr(M  complete interpretation of the present data.
— Ma - Mt-2 ...), a 4-residue block (... M— My — Even if it was not possible to unambiguously es-
Mg — Mp ... or ... Mo — Mg — My — Mc...) and a tablish a unique primary structure for RG-Il, this
2-unit fragment (... M — Mx-1 ...) (Scheme 2, top).  investigation has dramatically reduced the number of
It has not been possible to unambiguously establish structures that will have to be considered in future
the primary sequence for the reduced end (galac- modeling studies. A comprehensive molecular mod-
tonic acid terminal) conceivably because of chemical eling study will be required to generate low energy
exchange between the free acid and the aldono-1,4-RG-Il conformers for both types of the primary struc-
lactone forms. In keeping with the 9-residue backbone tures in Scheme 2 and to determine which of these
which has been characterized by mass spectrometrysequences is the more energetically favored (i.e, ob-
(O’Neill et al., 1996), the primary structure of RG- tain all the desired contacts with interproton distances
Il should therefore be reasonably close to one of the of ~3 A without creating any serious steric con-
cartoons depicted in Scheme 2 (bottom). It is to be flicts). Then, it should be possible to distinguish these
noted that the majority of the resonance frequencies two solutions through back-calculation of theoretical
of the sidechain and mainchain protons participating NOESY volumes. Optimization of 3D models under
in the key long range interactions were unique (H- nOe constraints is underway in our laboratory and this
1(A1), CHz(B2), and H-1(C2)). In the two cases of in turn should help complete the NMR assignments
overlapping signals (H1(M) overlaps with H-1(B5A) as it should be possible to more fully interpret the
and H-4(D1) resonates near the same frequency asnOe data. Construction of 3D models that have been
H-3(D2B)) the nOe data was easily interpreted in validated by NMR data should reveal the nature of
terms of the primary structure established previously the apiosyl/borate ester complex and ultimately lead to
(O'Neill et al., 1995). models of the cross-linked dimer. Furthermore, RG-II
contains many potential chelating sites and theoretical
studies of its interactions with various cations may ul-
Conclusions timately inspire the synthesis of possible mimics with
selective binding sites.
The vast majority of the resonances in the 750 MHz
proton spectrum corresponding to the 29-mer has been
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