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Abstract

In this study, we describe the first optimized molecular models of the mega-oligosaccharide rhamnogalaturonan I, that is found
in the primary cell walls of all higher plants. The 750 MHz "H NMR data previously reported and new heteronuclear correlation
spectra (sensitivity-enhanced HSQC and HSQC-TOCSY) were first reassigned in light of the modifications in the primary
structure. In turn, the experimental NMR data revealed the presence of an additional sugar, a-Araf (E-chain), and also the
disaccharidic repeating unit of RG-I, another component of the pectic matrix. Due to a fuller picture of the primary structure of
RG-II, a much more complete assignment of the NOE data has been achieved. A systematic computational study based on these
NOE:s lead us to a realistic three-dimensional description of the RG-II, in excellent agreement with the molecular dimensions

obtained from various experimental methods. © 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Rhamnogalacturonan II (RG-II), a 30-mer mega-
oligosaccharide that is present in the primary cell walls
of all higher plants, has been the target of numerous
structural studies over the past two decades.! It is by
far the most complex polysaccharide in the plant king-
dom with more than 18 different types of glycosidic
linkages indicating that its biosynthesis necessarily re-
quires a very impressive number of genes. One of its
biological roles is thought to be control of cell supply
of boron? as it forms a dimer cross-linked by a borate
diester in the presence of this essential microelement.?
Recently, physiological effects of boron-deficiency have
been correlated to RG-II/borate diester formation in
pumpkin tissue.*

* Corresponding author. Fax: + 33-4-76037629
E-mail address: serge.perez@cermav.cnrs.fr (S. Pérez).

Current knowledge of the primary structure of RG-II
is largely based on two approaches: (1) glycosyl linkage
composition (determined by methylation analysis); and
(2) identification of various oligosaccharide fragments
with mass spectrometry (obtained by mild acid and/or
enzymatic hydrolysis of RG-II followed by chromato-
graphic purification). RG-II is best described as a ho-
mogalacturonan backbone of roughly seven to nine
residues bearing four oligosaccharide sidechains, A-D,
Scheme 1.° Some of the backbone galacturonic acid
residues are methyl-esterified and the B-chain aceric
acid (B3) and 2-O-Me-Fucp residues (B4') are acety-
lated.%” Recently, Vidal and co-workers® have pub-
lished a convincing NMR investigation of an
oligosaccharide fragment of RG-II from red wine that
contains a hexasaccharide mainchain bearing the B and
D sidechains. Most of the proton assignments were
reported in this study and it has been demonstrated
that the original configurations established for the
anomeric centers of two residues in the B-chain, B3 and
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B4, were incorrect. Moreover, they showed that the B-
and D-sidechains were located at the fifth (Mp = My)
and sixth (Mp = M) a-GalpA residue from the reduc-
ing end, respectively. The Kdo-containing disaccharide
C-sidechain was detected in non-stoichiometric
amounts in this oligosaccharide fragment and, conse-
quently, it was removed to increase homogeneity and
facilitate analysis with the result that the exact branch
point of the C-chain is still unknown. Finally, some
heterogeneity has been reported for RG-II from various
sources including: further substitution by rhamnosyl
(3-linked to B5)*!° and arabinosyl sugars (3-linked to
the galacturonan backbone'!) and incomplete substitu-
tion by several of the terminal sugars (A5, BS', and B7).

The first molecular mechanics study'® of the four
oligosaccharide sidechains of RG-II explored the stable
orientations of all of the glycosidic linkages of the
sidechain sugars as well as the puckering preferences of
the apiosyl and aceric acid five-membered rings. The
preferred conformers were partially validated by the
sequential nuclear Overhauser effects (NOEs) described
in the first NMR investigation'® of the intact saponified
and borohydride-reduced RG-II monomer, mRG-II-ol.
This latter study placed the A-sidechain at the penulti-

mate o-GalpA residue from the non-reducing end and
revealed some long-range contacts. However, spectral
assignments relied heavily on the available primary
structure which has been modified since.® These events
prompted us to undertake a molecular modeling inves-
tigation of the complete RG-II mega-oligosaccharide.
Concomitantly, better quality proton-carbon chemical
shift correlation data would be acquired to allow more
secure assignment of many of the spin systems.

Our goal was to produce the first conformational
models of RG-II monomer consistent with the 750
MHz NOESY data previously reported.'> The long-
range interactions and the exact position of the A-, B-,
and D-sidechains were only expected to be compatible
with a small number of low-energy model structures.
Using an iterative combined NMR and molecular mod-
eling approach, it might be possible to identify some of
the additional sugars demonstrated in the previous
NMR study and to obtain a much more complete
assignment of the NOE crosspeaks. The stable con-
formers of the RG-II monomer would subsequently
constitute the starting point for an investigation of the
biologically-relevant borate diester RG-II dimer.
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Scheme 1. Current primary structure of RG-II. The fragments enclosed in brackets may not exist.
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Fig. 1. Anomeric region of the sensitivity-enhanced HSQC spectrum. Crosspeaks have been labeled as in Scheme 1 with the
exception of the heavily overlapping a-D-Galp A signals which have been surrounded with a gray rectangle.

2. Results and discussion

The first step in this investigation was to reexamine the
'H and '*C data in light of the new primary structure of
mRG-II-ol and the recently acquired sensitivity-en-
hanced HSQC (Fig. 1) and HSQC-TOCSY spectra. The
reassigned NMR chemical shifts of the intact borohy-
dride-reduced RG-II monomer are given in Tables 1
and 2 while the NOE data for the sidechain sugars have
been reinterpreted in Table 3. Carbon signals that
appear in strongly overlapping regions have been indi-
cated as integer numbers while one decimal has been
given for all the chemical shift values of isolated carbon
resonances. As discussed below, taking into account the
inversion of the anomeric centers of the B3 and B4 has
resulted in a much more complete set of interresidue
NOE:s but it also revealed several incorrect assignments
of the galacto (and related arabino and fuco spin sys-
tems) in our previous study. It should be noted that in
spite of the much improved heteronuclear correlation
data, some assignments are still solely based on litera-
ture data and/or ambiguous correlations in the 2D
spectra and they have been given in italics.

2.1. A-chain

In our original NMR study of m-RGII-ol, unusual
correlations between low and high field protons (4.38/
3.63 and 4.31/3.635 ppm; J ~ 10 Hz) in the DQCOSY
spectrum were assigned to the H-3'a(Al)/H-3'b(Al)
methylene protons. However, crosspeaks in the HSQC-
TOCSY spectrum revealed that the low and high field
signals belonged to methine and methylene groups,
respectively. These H-5(AS5)/C-6(AS5) (F2/F1) correla-
tions allowed unambiguous assignment of these signals
to the H-5-H-6a,b fragment of the A5 residue. The
surprisingly large value of “J, indicates that the exo-
cyclic group adopts a unique orientation, presumably
the GT one.'* This new assignment was corroborated
by weak (strong) H-4/H-5 crosspeaks in the 750 MHz
TOCSY (NOESY) spectrum. The NOESY spectrum
also displayed strong crosspeaks between H-5(A5) and
H-2 of both A4 and a galacto or fuco sugar (for both
the major and minor species). Inspection of the opti-
mized molecular models of RG-II presented below indi-
cated that H-2(A3) was the only suitable proton
(H-5(A5)/H-2(A3) distance ~ 2.5 A). Thus, assignment
of the former H-5(A5)/H-2(A3) crosspeaks led to the
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Table 1
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750 MHz 'H # and 125 MHz *C NMR data of the sidechain residues of RG-II in D,O (5 mM) at 313 K

Residue C-1 C-2 C-3 C-4 C-5 (C-3) C-6
H-1 H-2 H-3 H-4 H-5 (H-3) H-6
Al 109.8 79 78.4 74.3* 71 nap
— 3)-B-D-Apif-(1 -2 5.09 4.075 nap 4.06, 3.68 3.945-3.97,
nc 3.41-3.45
A2 100 77.2 and/or 81.4 76.2 76.0 ° 68.2° 17.6
br
2,3,4)-B-L-Rhap-(1 -3’ 4.65-4.67 4.26 3.99 3.69 3.685 1.285
na 75.7 75.5 3.72 1.30
4.02 3.765
A2 99 71.8 68 71.0 72.7 na
a-D-GalpA-(1 -2 4.865 3.59 3.82 4.146 4.485
A2 105.0 77.3 73.5 na na na
B-D-GalpA-(1 -3 4.47 ~3.55 3.50
A3A 99.7 68 74.5 na 159
— 3,4)-a-L-Fucp-(1 -4 5.23 391 3.63 4.01 1.43
A3B 99.5 68 74.5 75.6 67.4 na
5.35 3.95 3.65 4.162 3.96
A3 97.55 80.76 ° 71.8° 70.3° 61.2° nap
2-0-Me-o-D-Xylp-(1 -3 5.23 3.122 3.638 3.32 3.525, 3.665
AdA 101.3 77.1° 77.3° 71.8 74.3° na
— 2)-B-D-Glcp A-(1 -4 4.64 3.576 3.67 3.495 3.58
A4B 101.0 74.2
4.46 3.555 3.67 3.49 3.58
AS5A 97.5 68.4° na 68.7 69.8 60.7°
a-D-Galp-(1 -2 5.54 3.726 4.005 3.765 4.38° 3.63
A5B 3.87 3.765 431° 3.634
B1 110.2 na nap 74.6 * 71 nap
— 3)-B-D-Apif-(1 -2 5.00 4.11, 3.69* 3.96, 3.41
B2 100.4 66-67° 75.5 70.4 72 17.1
— 3)-B-L-Rhap-(1 - 3 4.80 4.11 ~3.83 3.52 3.83 1.219
4.135
99.8
4.795 4.11 3.53 3.65 1.285
4.13
4.14
B3A-D 94.8 85.8 82.87 78.94 13.8 nap
—2)-B-L-AcefA-(1 -3 5.32 4.55, 4.54 4.58 1.05
95.2 85.8 79.2
5.30 4.505, 4.49 4.605
96.0 86.4 79.4
5.29 4.62
96.6
5.29 4.44
96.6 86.8
5.23 4.325, 4.305,
87.4
4.26, 4.245
B4A 100.8-100.6 76.5 73.5 77.0 na 61.6
—2,4)-B-D-Galp-(1 -2 4.665 3.57 3.885 3.852 347,
3.775
B4B 4.645 3.57 3.87 nd 3.493,
3.765
4.62 3.57 3.86 3.925
B4C 101.8 77 73.5 78.0
4.58 3.685 3.875 3.902
B4D 4.57 3.665 3.87 391
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Table 1 (Continued)

Residue C-1 C-2 C-3 C-4 C-5 (C-3) C-6

H-1 H-2 H-3 H-4 H-5 (H-3) H-6
B4E 102.0 77 78.0

4.54 3.726 3.852 3.965
B4A’ 95.19 77.25 ~68 na 66.53 15.8
2-0-Me-o-L-Fucp-(1 -2 5.612 3.36 3.98 ~4.275 1.12
B4B’ 95.02 ~4.275 15.8

5.584 3.355 3.98, 4.055, 4.085 1.11
BSA ¢ 104 ¢ 66.4 nap
—2)-0-L-Arap-(1 -4 4.62 3.49, 3.47 3.51, 3.83
B5'¢ 100.0 70.2 69.7 72.0 16.65
a-L-Rhap-(1 -3 4.975 3.865 3.62 3.353 3.68 1.18
or B64 4.95 3.86
a-L-Rhap-(1 -2
B6 ¢ 98.5 78.0 69 70.2 70 16.65
—2)a-L-Rhap-(1 -2 5.04 3.935 3.735 3.328 3.805 1.174
B7 101.2 78.5 72.5° 81.4 60.7 nap
B-L-Araf-(1 -2 4.985 4.03, 4.035 4.098, 4.11 3.79 3.69, 3.59;

3.663, 3.598
Cl1A 35.2 67.2 73.3 na
—5)-a-Kdo-(2—-3 nap nap 1.82, 2.02 4.01
C1B 1.744, 2.025 4.03 4.006
C2A 98.4 70 16.65
a-L-Rhap-(1 -5 5.12 4.002 3.735 3.328 3.73 1.177
C2B 5.135
D1 35.5 64.5 78.7 75.7
— 5)-B-D-Dhap-(2 -3 nap nap 1.744, and 2.155 4.085 4.105, 4.035 4.82 (D1B)
~4.05 4.87 (D1A)

D2A 103.24 78.7 71.5 81.0 61.2 nap
B-L-Araf-(1 -5 4918 4.032 4.062 3.735 3.53, 3.67
D2B 103.16

4.865 4.012 4.07 3.743 3.54, 3.66
E1A 108.7 81.0 77.2 81.3 62.35
a-Araf-(1 —» 4.888 3.943 3.575 4.025 3.41, 3.74
E1B 109.0 81.0 77.2 81.3

4.865 3.948 3.52 4.022

2 Key: s, singlet; d, doublet; t, triplet; w, weak; br, broad, n, narrow; na, not assigned; nc, not correlated; nap, not applicable;
nd, not detected. Fine structure (i.e. *Jy 110 Joms Jusna Jaams Jisies JH-sier Jicame, Where ‘@’ denotes the
low-field proton of the methylene group) in the DQCOSY (TOCSY for very small coupling) spectrum (very large, vl>10 Hz;
large, 1 6-10 Hz, medium, m 3-6 Hz; small, s 1-3 Hz; and very small, vs <1 Hz): a-AcefA m,nap,nap,l; a-ApifA vs,nap,nap,
*Jaasras Vb *Jazanss VI B-Araf mLLs,or; o-Arap LLs,nds,vl; B-Dhap 2JH»3ax,H»3eq vl, 3JH»3ax,H»4eq L; 3JH-3eq,H-4 m; B-Galp
LLm,nd; aGalpA m,I,m,nd; B-GalpA 11, m,nd; B-GlepA LLLL 0-Kdop *Jiysux 13eq VI Virsaxsia 15 *iseq g M5 0-Rhap vs,s,LLL
B-Rhap s,s,1,L1; o-Xylp m,1,L1 and s,vl. Supplementary unassigned well-defined spin systems include: (1) 4.815 s, 3.4251, 3.67 1, 3.34
1, 4.40; 4.84 vs, 3.91 (3.925 w) s, 3.465 1, 4.065 s.

® HSQC-TOCSY spectrum.

¢ The following multiple partial spin systems with weak anomeric carbon signals resonating in the 104-105 ppm range likely also
correspond to the B5 — 2)-a-L-Arap-(1 —»4 sugar: 4.51, 3.40, 3.555; 4.485, 3.39, 3.64. The following partial coupling graph
(H-1/C-1, H-2/C-2, H-3/C-3, H-4/C-4) of an a-Arap or a B-galacto sugar (4.425/104.84, 3.53/71.5, 3.535/72.5, 3.81/68) that
exhibits a strong NOE with the proton resonating at 3.965 ppm is also detected and has been tentatively assigned to terminal BS
linked to B4E.

91In the case of the BS', B6, and C2, it should be noted that weaker signals for numerous other spin systems with the coupling
graphs and chemical shifts of a-rhamnosyl residues were also detected: 4.99/99.4, 3.885/70.1, 3.735/69.7, 3.328/72.0, 3.805,
1.174/16.65; 5.115, 3.935, 3.69 and 3.665, 3.235, 3.83, 1.12; 4.92, 4.025 and 4.055 and 4.068, 3.795, 3.37, 3.72, 1.174; 2, 3.895, 3.695,
3.318, 3.565, 1.256 w. Several other very weak signals were detected in the anomeric region of the HSQC spectrum: 4.81/102.2,
4.74/102.8, 4.71/100.2 and 100.8, 4.48/96.2 (strong NOEs with the unusual methylene group resonating at 59.15/3.875, 3.81). The
signals of the ‘RG-I like’ — 4)-a-D-GalpA-(1 - 2)-a-L-Rhap-(1 — fragment are as follows: a-D-GalpA (major component) 4.89
(97.5), 3.79, 3.99, 4.298 (77.2), 4.525 (71.2); (minor component) 4.91 (97.5), 3.80, 3.99, 4.30 (76.2), 4.50 (71.2); a-L-Rhap-5.15/
98.4,3.998/70, 3.775, 3.29, 3.69, 1.13/16.65.
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Table 2
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750 MHz 'H and 125 MHz '*C NMR data of the mainchain residues of mRG-II-ol in D,O (5 mM) at 313 K

Residue C-1 C-2 C-3 C-4 C-5 Interresidue NOEs
H-1 H-2 H-3 H-4 H-5
M, nd nd nd na
—4)-Galactonic acid 4.72 4.465 4.402
Aldono-1,4-lactone 180 71.0 78.1 70.1
Free acid 4.205 4.115 3.645 3.74°
M, 98.3 68.2 68.9 77.62 71.0 H-1(M,)/H-2 and H-3(M,)
5.04 3.72 3.865 4.325 4.25
na 3.73 3.87 4.34 4.26 H-5(M,)/H-4" and H-5(M,)
M; 98.8 na na 77.7 71.3 H-1(M;)/H-4(M,)
4.968 br 3.66 3.88 4.325 4.62 H-5(M;)/H-2(M,)
M, 4, My (Ms), My, (M), 5.0-5.045¢ na 3.94-3.98 72.3 H-1(M,)/4.34 ¢
Mg
3.82 3.96 4.18 4.68na H-1(M,/H-1(B2) w
H-1(M,)/H-3'(Bl) w
75 68.4 78.0 71.4 H-1(M,)/H-1(B2) w
H-1(M;)/H-3'(Bl) w
5.04 na 4.115 4.43 4.76 H-1(M,)/H-4(M,)
5.015 4.13 4.135-4.18 ¢
99.9 74.8 75.9 71.1 H-1(M)/H-4(M5)
5.00-5.05¢ ~3.72 ~3.87 4.43 4.60 4.43°¢
94 77.0
~5.10 3.685, 3.73 3.905 4.495, 4.505
M,, 99.6 73.5 78.8 H-1/4.505
—2,4)-0-D-GalpA-(1 -4 5.26° 3.955 3.585na 4.485 H-1/H-1(A2) w
H-1/H-3'(A1)
H-3/H-4 intra
M,, 100.7 73.5 na na H-1/4.43 ¢
—2,4)-0-D-GalpA-(1 -4 5.20¢ 3.945 3.59 4.51
M, 98.4 68 68 71.2 71.2 H-1/4.485
a-D-GalpA-(1 -4 5.012 3.608 3.822 4.155 4.55 H-1/4.51
4.94w 3.608 H-5/3.945

Key as in Table 1.

2 Correlates with 3.42 (dd, 1) and 3.34 (dd, 1) in the TOCSY spectrum.
> 8 63.1 PpmM; Gyygap 3-55 ppm.

¢ According to Vidal and co-workers, 2000 the fragment containing the first six galacturonic acid residues from the reducing end

also includes the a-L-Rhap-(1 - 5)-0-Kdo-(2 - 3) C-chain.

4 Multiple broad very weak crosspeaks in the 2D homonuclear spectra.
¢ Overlapping region H-1(M,,)/H-4(M,, _|)—0y.4omn.1) 443, 4.34, and 4.12-4.18 ppm.

fMajor component.

& Two sets of H-1/H-2 crosspeaks at 5.20 ppm. The partial spin systems of other a-D-GalpA fragments are as follows: 5.15
(99.2), 3.775, overlapping at 4 ppm, 4.30; H-4—4.495 (overlapping), H-5—5.13 (70.2).

reassignment of the H-1-H-2-H-3-H-4 coupling
graph of the A3 residue.

The RG-II mega-oligosaccharide contains at least
four different rhamnose sugars (A2, B2, B6 and C2) but
due to sample heterogeneity an even larger number of
these units had been detected in the NMR spectra.
Correct assignment of the key A2 and B2 sugars was
mandatory for conformational analysis as the exocyclic
6-deoxymethyl groups exhibit numerous long-range
contacts with neighboring residues. From both HMBC
(1.285/75.6 ppm) and HSQC-TOCSY experiments
long range 6-CH,/C-4 correlations (1.285/75.6 and

1.30/75.6 ppm) were detected for the A2 B-Rhap
residue. The low-field glycosylation shifts of the C-4
signals confirmed the assignments of the A2A (major
species) methyl group and indicated that the signal at
1.30 ppm belonged to the 6-CHj; of the minor compo-
nent (A2B). However, two H-5 signals were observed
for the methyl signal at 1.285 ppm in the DQCOSY
spectrum. Perusal of the rapidly increasing body of
chemical shift data for diversely-substituted rhamnose
residues’ 2! has revealed characteristic chemical shift
ranges for the H-4 signal of 2- or 3- (3.24-3.53 ppm—
mono- and 2,3-disubstituted rhamnosides) as opposed
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Table 3 List of assigned NOES obtained from the 750 MHz NOESY-spectrum (mixing time of 200 ms) at 313 K

Residue H-1 NOEs Other Reporter Group NOEs
Reporter
Groups
Al H-2(Al) S, H-3(M,) br S, H4a(Al) w H-3a H-3'b(Al) S, H-1(A2) br S
— 3")-B-D-Apif-(1 -2 H-3'b H-1(A2) br S, H-1(M,) vw
A2A+B H-2(A2) M (br), H-3'a(A1)S, H-3'b(A1) CH;(A2A) H-5(A2A) S, H-5(A3) S, 4.87 M, H-2(A2)
—2,3,4)-B-L-Rhap-(1 -3 S, H-1(M,) w vw, 4.85 w, H-1(A3) vw
CH;(A2B) H-5(A2B) S, H-5(A3) S, 3.895 S, 4.89 M,
H-6(D1B) w, H-1(A3) vw
A2 H-2(A2') M, H-4(A2) M H-5(A2) H-4(A2) S, H-3(A2) S, H-4(A2) M
a-D-GalpA-(1 -2
A2 H-3(A2") S, H-3(A2A and B) S
B-D-GalpA-(1 -3
A3A H-2(A3A) S, H-4(A2A) S, H-5(A5B) M CH, H-1(A4A) S, H-3(A4A) M, H-5(A4A) M,
—3,4)-0-L-Fucp-(1 -4 CH;(A2A) w, CH;(A3) vw H-5(A3A) S, H-4(A3A) S, 4.87 w,
H-5(A5A) vw
A3B H-2(A3B) S, H-4(A2B) S, CH5(A2B) M,
H-5(A5B) M
A3 H-3(A3A+B) S, H-2(A3') S, OMe H-1(A3) S, H-2(A3) S
2-O-Me-a-D-Xylp-(1 -3 H-4(A3A+B) w, OMe(A3) S
AdA H-4(A3B) S, H-3(A4A) S, H-5(A4A) S,
—2)-B-D-Glep A-(1 -4 CH;(A3) S, H-1(A5) vw
A4B H-4(A3B) S, H-3(A4B) S, H-5(A4B) S;
H-1(A5) vw, H-1(A3") vw
A5 H-2(AS5) S, H-2(A4A+B) S, H-5A+B  H-3(A5A+B) M, H-4(AS5) S, H-6(AS) S,
a-D-Galp-(1 -2 H-3(A4A+B) w H-1(AS5) w, H-2(A3A+B) S,
H-1(A3A+B) w, H-2(A4A+B) M
H-5A CH;(A3) w
B1 H-2(B1) S, 3.68-3.73 and 3.82 S H-3'a(B1) H-3'b(Bl) S
— 3")-B-D-Apif-(1 -2 = H-2(Mp) S 4.55 w, 4.865 w H-3'b(Bl) H-3'a(Bl) S, H-1(B2) S, H-1(My) vw
B2A-D H-2(B2A-D) S, H-3'b(B1) S, H-3'a(B1) CH, H-5(B2) M, H-4(B2) w
—3)-B-L-Rhap-(1 -3’ w, H-1Mp) vw
B3A-E H-2(B3) S, H-2(B2) S CH,; H-4(B3)
— 2)-a-L-AcefA-(1 -3
B4A-E H-3(B4) S, ~3.65 = H-5(B4) S, H-2(B3)
—2.4)-B-D-Galp-(1 -2 M, H-5(B4) S
B4’ H-2(B4) S, H-2(B4A-D) M, Me-6 of CH, H-5(B4) S; H-1(B4) S, 3.72, 3.53
2-0O-Me-a-L-Fucp-(1 -2 a-L-Rhap M OMe H-1(B4)
BSA nnd
—2)-a-L-Arap-(1 -4
B6 H-2(B6) S; H-2(B7) w
a-1-Rhap-(1 -2+ - 2)-a-
L-Rhap-(1 -2 o
B7 H-2(B7) S, H-2(B6) at 3.935 ppm w
p-L-Araf-(1 -2
Cl1A nap H-3eq H-1(C2A) w
— 5)-0-Kdo-(2—-3
CI1B H-3eq H-1(C2B) M
C2A H-2(C2A) M
a-L-Rhap-(1 -5
C2B H-2(C2B) M, H-3ax S, H-3eq w
D1 nap H-3ax H-4(D1) S; 4.71, 4.485
— 5)-B-D-Dha-2—-3 H-4 H-3ax(D1) M, H-3eq(D1) M
H-5(B) H-6(D1B) S, CH;(A2B) M, H-1(D2) S
H-6(B) H-5(B) S, CH5(A2B) M
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Table 3 (Continued)

Residue H-1 NOEs Other Reporter Group NOEs
Reporter
Groups

D2 H-2(D2) S, H-5(D1) S

B-L-Araf-(1 -5

E1A H-2(E1A) S, 3.69

a-Araf-(1 -

E1B H-2(E1A) S, 3.72

Key: nnd (no NOE data), S (strong), M medium, w (weak) NOEs when compared to the corresponding H-1/H-2 (strong)

intraresidue interactions and otherwise as in Tables 1 and 2.

to that of 4-substituted (3.63-3.94 ppm—mono-, di-
and trisubstituted rhamnosides) f-Rhap residues. This
made it possible to distinguish the overlapping coupling
graph of the 3-substituted B2 residue from that of the
2,3,4-trisubstituted A2A sugar and the assignments of
the signals of the H-2—-H-3-H-4—H-5 fragments of A2
were then completed from the correlation data in the
TOCSY spectrum. A2A and A2B exhibit very similar
chemical shift data and fortunately the 6-deoxymethyl
signal of A2B was an isolated resonance and thus the
corresponding long-range interactions in Table 3 were
not ambiguous.

Unassigned crosspeaks between protons resonating
at 3.40 and 3.96 ppm in the DQCOSY spectrum were
assigned to the H-3' methylene protons of both the
apiose sugars (Al and Bl) on the basis of the strong
interresidue H-1(A2)/H-3'(A1) and H-1(B2)/H-3'(B1)
through-space interactions and suitable HSQC
crosspeaks. Only one of the anomeric protons (dyy
5.002 ppm) of the apiose residues displayed interglyco-
sidic NOEs with the H-2 of a mainchain o-GalpA
residue and it had previously been assigned to H-1(A1).
However, the other one (dy; 5.09 ppm) exhibited
strong NOEs with the H-3 of a mainchain o-GalpA
residue (Jy1; 5.26 ppm) as predicted by the theoretical
models for H-1(A1l) when the weak H-1(M,)/CH;(A2)
and H-1(M,)/H-1(A2) contacts were used in the con-
formational search (vide infra). Accordingly, this as-
signment has been reversed and the low-field apiosyl
anomeric signal has been assigned to H-1(Al).

Several questions concerning the A-chain subsist such
as what type of interaction constrains the A5 exocyclic
group to adopt a unique orientation about the C-5-C-6
bond and what distinguishes the major component
from the minor one. Two sets of broad signals are
observed for the H-1(A2")/H-3(A2) interglycosidic
crosspeaks of the A2” residues in the NOESY spectrum.
In contrast, only one set of sharp signals has been
assigned to the other A-chain branching units, A2" and
A3'. Finally, it should be noted that only one of the two

A4 residues exhibits strong interglycosidic contacts with
the CH;5(A3) moiety in agreement with the optimized
molecular models from the two lowest energy regions of
the A4 — A3 disaccharide map that display short and
borderline (~ 5 A) A4/CH,(A3) distances, respectively.

2.2. B-chain

In the course of the re-examination of the NMR data
for the B-rhamnose sugars, two coupling graphs were
established for B2 stemming from 6-CH,; signals at
1.215 and 1.285 ppm, which included the expected H-1
(4.79-4.80 ppm), H-2 (4.11-4.14 ppm) and H4 (<
3.53 ppm) chemical shifts. Assignment of the H-1 and
H-2 signals of the B3 a-AcefA sugar was straightfor-
ward due to the characteristic C-2(B3) chemical shifts
(> 85 ppm) that were unambiguously detected in the
sensitivity-enhanced HSQC spectrum in spite of sample
heterogeneity (five H-1/H-2 pairs were observed for B3
in the DQCOSY spectrum). The NOESY spectrum
displayed strong H-1(B3)/H-2(B2) crosspeaks corrobo-
rating the assignments. These data are very similar to
those reported for the related dodecasaccharide that
contains the B1-B2-B3-B4 fragment of the B-chain.®

Five distinct H-1-H-2-H-3-H-4 coupling graphs
with the anomeric protons resonating in the 4.5-4.7
ppm region have been reassigned to the B4 B-Galp
residue (initially reported as the a-anomer). Here also, a
complete set of H-1(B4)/H-2(B3) NOESY crosspeaks
was observed. Due to heavy overlapping it was not
possible to unambiguously determine the H-5(B4) and
H-6(B4) chemical shifts and the only group of unas-
signed methylene signals with typical carbon chemical
shifts (C-6 resonating at 61.8 ppm) has been tentatively
attributed to B4.

The two coupling graphs, previously assigned to the
B5 a-Arap sugar, displayed multiple overlapping reso-
nances in the DQCOSY spectrum masking the fine
structure of the crosspeaks. Due to the much-improved
signal-to-noise ratio in the sensitivity-enhanced HSQC
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spectrum, complete carbon chemical shifts were ob-
tained and the data indicated the presence of an a-Araf
sugar (hereafter referred to as the E sidechain). Several
H-1/H-2 DQCOSY crosspeaks with the correct fine
structure (3, , =7 Hz <?*J,) and chemical shift range
for H-1(B5) (Jyy., 4.7 ppm)** were detected. Moreover,
certain HSQC crosspeaks (H-1/C-1, 4.62/104 ppm; H-
6a,b/C-6, 3.51 and 3.83/66.4 ppm, two well-resolved
doublets, ?Jyy.6., — 12.7 Hz) corroborate the presence
of the a-Arap B5 sugar® but the signal-to-noise ratio is
too low for further analysis.

The numerous spin systems that were detected for the
o-Rhap sugars further demonstrate that the primary
structure in Scheme 1 is still incomplete. The anomeric
region in the HSQC spectrum can be divided into four
distinct zones of a-Rhap crosspeaks (R1, B6, C2, and
R2). The low-field shift of the signals of the R2
anomeric carbons suggests that the corresponding
rhamnose units are terminal sugars. A sequential NOE
(H-1(B7)/H-2(B6) 4.99/3.935 ppm) allowed the unam-
biguous assignment one of the expected B7-B6 frag-
ments while the other cross-peaks in the B6 and R2
region undoubtedly stem from incomplete substitution
by B7 and additional substitution at the 3-position of
B5 (i.e. B5'). Heavy overlapping of the B6 (B5') and B7
anomeric protons obscures the sequential NOEs pre-
cluding further analysis.

2.3. C-chain

The signals of the H-3a,e(C1) Kdo spins are very broad
and prior to the molecular mechanics simulation an
explanation for this observation such as chemical ex-
change or restricted mobility was lacking. The 'H and
3C chemical shifts of the C-chain disaccharide were
reported by Ishii and Kaneko’ and by analogy with
their data (4.04/73.8 ppm) strong crosspeaks in the
HSQC spectrum (4.005/73.3 ppm) were assigned to
H-5(C1)/C-5(C1). The 3-deoxymethylene protons ex-
hibit H-3a,e(C1)/H-1(C2) crosspeaks with the cluster of
anomeric proton o-Rhap signals resonating near 5.135
ppm (midway between the R1 and C2 regions).

The R1 crosspeaks had been previously identified as
those of the C2 sugar because the corresponding
anomeric proton presented a very strong interaction
with both an a-Galp A H-1 (4.89 and 4.91 ppm for the
major and minor species, referred to as My in Ref. 13)
and a proton resonating at 4.30 ppm (which was as-
sumed to be the H-4' across the glycosidic linkage of
the former a-GalpA). A sequential HMBC correlation
(5.15/77.0 ppm) indicates that R1 is linked to the
4-position of an a-GalpA residue rather than the 5-po-
sition of Kdo (d-_5 73.5 ppm). Moreover, strong H-1(o-
GalpA)/H-2(R1) NOEs are also observed
corroborating the close proximity of this a-GalpA to
the R1 a-rhamnose sugar. However, attempts to model

the folding of the C-chain rhamnose onto the galactur-
onan backbone did not result in low-energy conformers
(vide infra). The folding found in the previous paper'?
arises from an erroneous linkage in this chain. All the
R1/a-Galp A contacts are reminiscent of the RG-I re-
peating unit, —4)-a-D-GalpA-(1 - 2)-a-L-Rhap-(1 -,
and the 'H and "*C chemical shift data (see footnote to
Table 1) for these two sugars are identical to those
reported for RG-I from soybean.?* Similar intensities
are observed for the NMR signals of this ‘RG-I like’
fragment when compared to those of the other residues
suggesting that the former fragment is also a compo-
nent of the primary structure of RG-II.

The only HSQC-TOCSY long-range correlation con-
cerning the a-rhamnose sugars were crosspeaks at 5.12/
70.3 ppm (H-1/C-2) which identified this sugar as a
terminal o-Rhap residue (C2). This sugar displayed the
anomeric carbon resonance at lowest field (C-1 at 101.5
ppm) in keeping with the absence of a B-effect due to
substitution at C-2. Close inspection of the NOESY
spectrum showed that indeed a very weak H-
3ax,eq(Cl1)/5.12 ppm correlation (much weaker than
the aforementioned H-3ax,eq(C1)/5.135 ppm one) cor-
roborated this assignment. Only very small variations
are observed when one compares the chemical shifts of
the mRG-II-ol C-chain (Ady <0.04 ppm; Ad-<0.3
ppm with the exception of C-3, Ad-5 + 1.5 ppm) with
those of the corresponding disaccharide reported by
Ishii and Kaneko.’

2.4. D-chain

The characteristic H-6/C-6 chemical shifts unambigu-
ously assigned in comparison with Vidal and co-
workers® allowed identification of the key H-5(D1B)
signal through the H-6/H-5 crosspeaks in the 750 MHz
TOCSY spectrum. Interglycosidic H-5(D1B)/H-1(D2B)
NOESY crosspeaks were observed whereas the
through-space contacts for H-5(D1A) were overlapping
with those of the anomeric protons of A2" and one of
the E-chain o-Araf sugars. Analysis of the 6-de-
oxymethyl region of the NOESY spectrum reveals dis-
tinct long-range contact between CH;(A2) and H-6(D1)
(1.285/4.865 and 1.30/4.82 ppm for the A and B com-
ponents, respectively). On the whole the chemical shift
variations for the D-chain residues between mRG-11-ol
and the related oligosaccharide obtained by cleavage of
RG-IT are very small (Ady; < 0.04 ppm with the excep-
tion of H-4, Aoy, — 0.1 ppm; Ad- < 0.3 ppm with the
exception of C-1(D2), Ad-, — 1.7 ppm).

2.5. E-chain
The only difference between the intraresidue spectral

data of the A and B components of this residue is the
H-3(E1) chemical shift (3.52 and 3.57 ppm). Strong
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interresidue NOEs of the anomeric protons with spins
resonating at 3.69 (major component) and 3.72 (minor
component) ppm, reminiscent of dy, of a-D-GalpA,
are detected but heavy overlapping in the 4.85-4.92
ppm region makes assignments hazardous.

2.6. Homogalacturonan mainchain

Due to severe overlapping in the regions containing
both the H-1 and C-1 signals of the a-GalpA units,
many of the assignments in Table 2 can only be consid-
ered as tentative (given in italics). The carbon and
proton chemical shifts for the open chain galactonic
acid residue (major form of borohydride-reduced RG-
II) M,, have been totally elucidated and numerous
contacts between H-1(M,) (or H-5(M,)) and the galac-
tonic acid protons are detected in the NOESY spec-
trum. Clear H-1(M;)/H-4(M,) interresidue contacts are
also observed but the following sequential NOE, H-
1(M,)/H-4(M,;), could not be assigned. The proton and
carbon chemical shifts of the M;—M,—M, fragment of
m-RG-II-ol are almost identical (Ady < 0.04 ppm) to
those reported by Vidal and co-workers® for the M;—
M,-M, fragment of the dodecasaccharide containing
the B and D sidechains (this oligomer is composed of a
hexasaccharide galacturonan backbone). Prior to the
NMR investigation, the C-chain had been selectively
removed from this latter oligosaccharide by hydrolysis.
Substitution by Kdo is generally accompanied by a
substantial shift of the signal of the methine proton « to
the branchpoint carbon.?>?¢ Consequently, the strong
analogy between the proton chemical shifts of the M;—
M,—M, moiety in the dodecasaccharide (lacking Kdo)
and in m-RG-II-ol (containing Kdo) suggests that the
C-sidechain is not linked to this fragment. As it has
been shown that the four A—D sidechains are all at-
tached to different a-GalpA residues,?’ it appears
likely that the C-sidechain is linked to M,.

The remaining anomeric protons of the galacturonan
backbone sugars gave rise to weak broad crosspeaks in
the 2D spectra. Sequential NOEs between the anomeric
protons of Al and B1 and spins belonging to M, and
M, were expected to allow identification of these spin
systems whereas the glycosidic linkages at M and My,
involved quaternary carbons at C1 and D1 precluding
efficient NOE pathways. Appropriate sequential
NOESY crosspeaks were indeed detected for the apio-
syl sugars (F1/F2 singlet/doublet—5.09/3.58 and 5.00/
3.72-3.68 ppm) but their interpretation was not
straightforward. The low-field NOESY crosspeaks
(5.09/3.58 ppm) did not involve the H-2 signal of an
a-Galp A unit and the high-field ones (5.00/3.72) corre-
sponded to the H-2 resonances of several o-GalpA
residues (>4 spin systems). Closer inspection of the
NOESY spectrum revealed unexpected long-range in-
teractions between mainchain anomeric protons and

the spins located at the second glycosidic linkage of
both the A- and B-sidechains (i.e. ., 5.26 ppm with
H-1(A2) and H-3'b(Al); ., 5.015 and 5.035 ppm with
H-1(B2) and H-3'b(Bl)). Assignment of such weak
long-range NOEs could only be made on the basis of
predicted Overhauser effects for the theoretical models
(H-1(M,)/H-1(A2) and H-1(M,)/H-3'(Al); H-1(Mp)/
H-1(B2) and H-1(M()/H-3'(B1)). However, the opti-
mized models revealed the experimentally-observed
dichotomy in the apiosyl/mainchain orientations of the
A and B sidechains with the closest contacts between
H-3(M,) and H-1(Al) and between H-2(My) and H-
1(B1), respectively. This pattern would appear to con-
stitute the signature of the RG-II A- and B-sidechain
conformations. At present, H-1(M,,)/H-4(M,,_,) inter-
residue contacts have been demonstrated for most of
the a-Galp A linkages. However, most of the mainchain
sugars also exist as both major and minor components
(with different sequential NOEs) and many of the H-1
and H-4 signals for the a-Galp A units are overlapping.
As a result, assignment of the backbone residues has
still not been feasible on the basis of NMR data alone.

Three major obstacles will need to be overcome to
complete the NMR analysis of m-RG-II-ol. In the first
place, assignment of the A2" and My residues relies on
the correct interpretation of the sequential NOEs at
4.485/3.685 and 5.01/4.485 ppm (4.935/4.51 ppm, minor
component), respectively (H-5(A2')/H-4(A2) and H-
1(My)/H-4(M,) in Tables 2 and 3. Unfortunately, an
alternate explanation for these NOEs is equally proba-
ble on the basis of the chemical shift data and it
corresponds to reversal of these assignments (namely
H-5(My)/H-2(M1.;) and H-1(A2)/H-2(A2)). The sec-
ond difficulty resides in the location of the E-chain. The
results of linkage composition analysis (i.e. identifica-
tion of a 2,3,4-trisubstituted a-GalpA) suggest that E1
is located at the 3-position of M, or M. Both H-1(B1)
and H-1(EIA and B) exhibit strong sequential NOEs
with protons resonating at the same frequencies (3.68—
3.72 ppm—undoubtedly H-2(Mjy)) pointing to the lat-
ter solution but the high-field shift of the H-3(M,)
signal (15 3.58 ppm) argues for 3-substitution of
M, .%?* Certain unassigned NOEs support alternate so-
lutions (i.e. crosspeaks at 4.55/3.94 ppm can be inter-
preted as an H-5(My)/H-2(Mg) contact suggesting that
My = M,). Finally, the NMR evidence for the posi-
tion of the ‘RG-I like’ fragment, with respect to the
primary structure in Scheme 1, points to several possi-
bilities (extension of the mainchain at the terminal end,
extension of either the A- or E-sidechains at the 3-posi-
tions of A5 or El, respectively). Although the theoreti-
cal models have been an enormous help in interpreting
the NOE data of mRG-II-ol, only a more complete
picture of its primary structure (through structural
analysis of oligomeric fragments from the terminal end)
will afford the answers to these remaining questions.
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2.7. Molecular modeling

The conformational study was based on the determina-
tion of the preferred orientations of each glycosidic
bond as well as the flexibility of the furanose rings in
the apiose, aceric acid and arabinose residues. All the
low energy conformations of each of the constituting
disaccharide segments of RG-II had been established in
previous work!'? except for the disaccharides whose
configuration had been demonstrated to be incorrect
(a-L-AcefA-(1 - 3)-B-L-Rhap (B3 — B2) and B-D-Galp-
(1 -2)-a-L-AcefA (B4 — B3))® and the disaccharides o-
L-Rhap-(1 - 3)-a-L-Arap (B5'—>B5) and o-L-Araf-
(1-3)-0-D-GalpA (E1 —>Mjg), not considered previ-
ously. Accordingly, the corresponding relaxed maps
have been calculated for these segments. The combina-
tion of the various minima obtained for all of these
fragments generates several millions of possible con-
formers. Fortunately, the experimental data greatly re-
duced the number of conformers that had to be
considered. Thus, once the NMR spectra of RG-II were
reassigned, a list of NOEs was collected including the
interactions of the anomeric protons along with those

11

Fig. 2. Fragments studied by Systematic Search. Arrows indicate the inter-residue NOEs.

111

of various reporter groups such as methyl and methyl-
ene groups. These data were used to filter the local
conformers or building blocks that were used to estab-
lish the three-dimensional structure of RG-II.

The are several approaches that can be used to
perform conformational search; among them, Monte
Carlo, molecular dynamics, or simulated annealing are
widely employed. Initially, this latter method was tested
on RG-II, but the high degree of ramification of this
molecule makes very difficult the exploration of differ-
ent minima. The method finally applied was the Sys-
tematic Search, integrated in the program SYBYL?® as it
is a fast and flexible method that allows enumeration of
all of the different torsional conformers which are
consistent with some set of distances. In this approach,
all the torsion angles (& and ¥) at each linkage were
systematically modified, but no minimization was per-
formed. The ranges of values adopted by these torsion
angles were governed by the energy maps previously
computed. From the generated ensemble of conformers,
only those that fulfilled the set of observed interproton
distances were selected and their energies were calcu-
lated (essentially taking into account the steric interac-
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tions) using the internal Tripos force field.?* Finally, the
low-energy conformations were grouped into families
according to their glycosidic torsion angles.

Because of the large amount of possible conformers
obtained if the whole molecule is submitted to a Sys-
tematic Search, RG-II was split into fragments, which
were studied separately: fragments I-III (presented in
Fig. 2) include A-, D-, and B-chains, and the last one
corresponds to the C-chain.

Table 4

2.8. Fragment I

The first fragment studied corresponds to the A-chain.
Due to the large number of interresidue NOEs detected
for this fragment (Tables 3 and 4) the conformation
adopted by the A-chain seems to be very well defined.
Moreover, most of the NOEs implying consecutive
residues are compatible with, at least, one of the min-
ima found in the corresponding energy maps.

Experimental NOEs vs. calculated distances taken from the five lowest in energy conformers for families I1la and IIIb. Energies

are also indicated

Ila IIb
1 2 3 5 1 2 3 4 5
H-1(A1)/H-3(M,) S 3.5 3.5 3.5 3.5 3.5 34 3.5 3.5 3.5 3.5
H-3'B(A1)/H-1(M,,) VW 3.7 3.7 3.6 3.7 3.7 3.7 3.8 3.8 3.7 3.7
H-3'A(A1)/H-1(A2) S 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6
H-3B(A1)/H-1(A2) S 3.3 3.3 3.3 3.3 3.3 33 3.3 3.3 33 3.3
H-1(A2)/H-1(M ) W 6.4 6.5 6.4 6.4 6.5 6.5 6.6 6.6 6.5 6.6
H-3(A2)/H-1(A2") S 23 2.3 24 24 24 2.3 23 2.3 2.3 23
H-4(A2)/H-1(A3) S 2.8 2.8 28 2.8 2.8 2.9 3.0 2.8 2.8 2.8
Me(A2)/H-1(M,,) VW 5.8 5.9 5.7 5.7 5.9 6.0 6.1 6.0 5.8 6.0
Me(A2)/H-1(A3) VW 5.0 5.1 5.0 5.0 5.0 5.1 5.1 5.0 5.0 5.1
Me(A2)/H-5(A3) S 2.7 2.7 27 2.7 2.7 2.7 2.7 2.7 2.7 2.7
Me(A2)/H-6(D1) W 6.2 6.1 6.1 6.1 6.0 6.1 6.0 6.0 6.0 6.0
H-3(A3)/H-1(A3)) S 25 2.5 2.5 2.5 2.5 25 2.5 2.5 2.5 2.5
H-4(A3)/H-1(A3) W 2.4 24 2.4 2.4 2.4 2.4 2.4 24 2.4 2.4
H-4(A3)/H-1(A4) S 34 3.3 34 3.3 3.3 33 34 34 34 33
Me(A3)/H-1(Ad) S 3.9 3.9 3.9 3.8 3.9 3.9 3.8 3.9 3.9 3.9
Me(A3)/H-3(A4) M 5.1 5.2 5.2 52 5.2 5.2 5.1 5.2 5.1 52
Me(A3)/H-5(A4) M 3.5 3.6 3.5 3.5 3.6 3.6 3.5 3.5 3.5 3.5
H-1(A3)/H-5(A5) W-M 2.8 2.9 28 2.8 2.8 2.9 3.0 2.8 2.8 2.8
H-2(A3)/H-5(A5) S 25 25 25 25 2.5 25 25 2.5 25 25
Me(A3)/H-5(A5) w 43 42 42 42 42 42 43 43 43 42
H-1(A3')/H-1(Ad) VW 5.5 5.4 5.5 54 5.4 5.4 5.5 5.5 5.5 5.4
H-1(A4)/H-1(AS5) VW 3.6 3.6 3.6 3.6 3.6 3.6 3.5 3.6 3.6 3.6
H-2(A4)/H-1(A5) S 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6
H-2(A4)/H-5(A5) M 44 43 43 43 43 43 44 43 43 43
H-3(A4)/H-1(AS5) w 23 2.3 23 2.4 2.4 23 23 24 2.4 2.4
H-1(B1)/H-2(M,) S 34 3.5 3.5 3.5 3.5 34 23 34 34 34
H-3'b(B1)/H-1(My) VW 3.3 32 3.3 32 3.0 3.3 3.8 3.3 34 3.3
H-3'a(B1)/H-1(B2) W 3.0 3.0 3.0 2.9 3.0 3.1 2.6 3.1 3.1 3.1
H-3'b(B1)/H-1(B2) S 25 2.5 2.5 2.6 2.5 2.5 2.5 2.5 26 2.5
H-1(B2)/H-1(M) w 47 45 47 4.6 43 3.8 5.8 42 43 4.1
H-2(B2)/H-1(B3) S 2.6 2.4 2.6 2.6 2.5 2.6 2.8 2.8 2.7 2.8
H-2(B3)/H-1(B4) M 2.9 3.5 2.8 2.7 34 3.5 2.7 2.9 2.9 2.7
H-2(B4)/H-1(B4) M 3.0 24 3.0 2.8 2.4 2.4 3.1 3.0 3.0 2.7
H-1(B6)/H-2(B7) w 4.6 4.6 4.7 4.6 44 4.6 4.6 4.6 4.6 45
H-2(B6)/H-1(B7) w 24 3.3 25 3.3 3.0 3.2 32 2.5 25 2.5
H-3ax(C1)/H-1(C2) S 2.4 25 2.4 2.4 24 25 24 2.5 25 24
H-3eq(C1)/H-1(C2) W-M 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7
H-5(D1)/H-1(D2) S 2.5 2.5 25 25 2.7 25 2.5 24 24 24
Energy (kcal) 1129 1136 1146 1168 1189 1079 1092 113.6 1155 1163

When the distance implied a methyl group, the distance was pondered among the three protons: {r=3>~1/3,
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The A-chain was, in turn, split into two fragments: a
first fragment (Ia) containing the residues My, M,
(both a-D-GalpA), Al (B-D-Apif'), A2 (B-L-Rhap), and
A2 (a-D-GalpA), and a second fragment (Ib) contain-
ing the residues A3 (a-L-Fucp), A3 (2-O-Me-a-D-
Xylp), A4 (B-D-GlcpA), and AS (a-D-Galp). A2”
(B-D-GalpA) was further added to complete the chain,
as initially no long range NOEs were found for this
residue. Furthermore, according to the °J, , (1-2 Hz) of
apiose, the furanose ring presents a conformation in the
northern region of the pseudorotation wheel (37T5).

There are two long-range NOEs that could define the
global orientation of the Ia fragment: NOEs between
the anomeric proton of M, and both H-1 and the
methyl group of A2. Actually, Table 3 includes five
interresidue NOEs between the monosaccharides com-
posing fragment Ia, but some of them correspond to
short distances (e.g. H-3'a(A1)/H-1(A2)) for all of the
low energy regions, and others (e.g. H-1(A1)/H-3(M,))
had not been initially assigned: these latter NOEs
served as a test for the resulting structures.

A conformational search was done by modifying the
torsion angles for Al1(®, ¥, w) and A2(®, ¥), while
applying the aforementioned distances as the criterion
of selection. A large number of conformations was
obtained, which were grouped into families including
low energy families having A1(®, ¥) values close to
(300, 160) and Al(w) either 60 or —60°. The
A2(®, ¥)parameters were close to (80, 180) for
Al(w) = 60°, and (150, 180) in the second case, that is,
there is some adjusting but essentially the same area is
explored. The relative orientation of A1 and M, implies
a close approach of protons H-1(Al) and H-3(M,). A
broad intense signal in the NOESY spectrum for the
apiosyl anomeric proton resonating at 5.09 ppm with a
spin resonating at 3.58 ppm could be assigned to H-
1(A1)/H-3(M,), allowing the identification of H-1(Al).
The orientation of A2" was set to that of the global
minimum in the energy map, as the assignment of this
unit still can only be considered as tentative.

In the case of the Ib fragment, the NOE data allowed
us to determine which of the minima found in the
disaccharide energy maps were compatible with the
conformation in solution (Fig. 3A). Thus, NOEs be-
tween the methyl group of A3 and H-1, H-3, and H-5
of A4 indicated that this group was located over the
pyranose ring of this latter. This orientation is compat-
ible with the global minimum (@, ¥) = (280, 120) found
for the A4 — A3 segment. In the same way, the intense
NOE between H-1(A3’) and H-3(A3) indicated an ori-
entation near that of the global minimum (80, 100),
although the weak H-1(A3')/H-4(A3) contact suggested
values of ® and ¥ corresponding to a shoulder in the
lowest energy domain (140, 160). This latter minimum
gives distances of about 5.0-5.5 A between H-1(A3)
and H-1(A4) (long-range) which could explain the very

weak NOE observed for this pair of protons. In the
case of A5, on one hand the strong H-1(AS5)/H-2(A4)
NOE and the weak H-1(A5)/H-1(A4) and H-1(A5)/H-
3(A4) interactions are compatible with both the two
lowest energy minima of the A5— A4 segment ((80,
120) and (100, 160), respectively). However, long-range
NOEs between H-5(A5) and several protons of A3
(especially the intense NOE with H-2(A3)), indicate the
presence of another conformer having (&, ¥) values of
(60, 270) close to the third minimum for this residue
(100, 300) in solution. This folding of AS towards A3
also implies a modification of the A4(320, 180) orienta-
tion. These new values are located in low energy re-
gions of the &, ¥-map, although not at the global
minimum, as in the previous case. No explanation has
been found for this preference, since apparently other
more stable orientations are accessible. Nevertheless,
there is some indication that A5 could be substituted at
C-3, and the presence of an additional unit might shed
some light on this subject. To reduce the number of
possible conformations for the complete molecule, only
this latter conformer was included in the calculations,
since it is quite well defined by these interresidue NOEs.
Nevertheless, an equilibrium between the three minima
may well exist.

2.9. Linking fragments Ia and Ib

The intense NOE between the methyl group of A2 and
H-5(A3), as well as the strong H-1(A3)/H-4(A2) NOE
is compatible with an orientation corresponding to the
global minimum found in the related disaccharide (280,
280), for which the calculated distance is 2.7 A in both
cases. Once the conformation of the A-chain was estab-
lished, the A2” residue was added. Initially, the NOEs
found for this residue were considered to be ambiguous
and could not be used to define the orientation of this
residue. Thus, the torsion angles of A2” were tested for
each of the minima found for the disaccharide A2" —
A2. Values of (&, ¥) near to the minima (280, 60) and
(60, 120) were the most favorable energetically and this
former conformation is compatible with the strong
H-1(A2")/H-3(A2) NOE (calculated distance 2.4 A)
that has been assigned since.

The preferred conformation of the A-chain, obtained
when A3 and AS are not close, is very similar to the one
obtained in the previous study of Mazeau and Pérez,'”
with the exception of the Al and A2 residues as the
interactions with the main chain were not considered
then. However, the folding of A5 towards A3 is difficult
to explain with the present primary structure.

2.10. Fragment I1

A second group of long-range NOEs suggests the rela-
tive orientation of the A- and D-chains, Fig. 2. Thus,
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weak CH;(A2)/H-6(D1) NOEs can be explained if this
latter residue exposes the bottom side of its pyranose
ring towards the methyl group. To determine whether
this orientation is compatible with the rest of the
molecule, fragments containing D1 (B-D-Dhap), D2 (B-
L-Araf’), Al, A2, and the GalpA residues belonging to
the main chain were built. As it is not known whether
there is a mainchain residue separating the branchpoint
sugars, M, and Mp, the two cases where were consid-
ered (Scheme 1) and zero or one GalpA unit between
the branching points of these chains was added.

Distance criterions were used to select conformations
so that the methyl group of A2 was close to both
H-6(D1) and H-1(M,) and this latter proton was not
more than 5 A away from H-1(A2). The torsion angles
of Al (@, ¥, and w) and A2 (@, ¥), together with those
of the GalpA units of the main chain and D1 (@, ¥)
were used in the search.

In both cases (with or without additional GalpA),
structures in agreement with the above requirements
were found. D1 presented an orientation near to the
second and third minima in energy ((60, 240) and (80,
280)). The resulting structures adopt conformations
close to that found for the fragment Ia as regards the
torsion angles of A2 (60, 120) and A1 (330, 150, 60)
associated with M, (60, 120), Mg (90, 90) and D1 (80,
280) orientations that correspond to the minima found
in the corresponding disaccharide energy maps. Never-
theless, when the structure was minimized, the distance
between the methyl group and D1 became slightly
longer than in the initial geometry (about 6 A, see
Table 4). Finally, the strong H-1(D2)/H-5(D1) NOE is
compatible with the global minimum found in the
energy map for the D2 — D1 segment (80, 240). The
residue D2 was then added in this orientation without
further search.

2.11. Fragment III

The third fragment studied by Systematic Search corre-
sponds to the B-chain, Fig. 2. In order to avoid confor-
mations that would be sterically unfavorable in the
complete molecule, the C- (M-=M,) and D-chains
(Mp = M) were added to a hexasaccharide (M, up to
M,) mainchain with the orientation obtained for the
corresponding fragments. A fragment containing DI,
D2, Bl (B-p-Apif), B2 (B-L-Rhap), C1 (a-Kdop), C2
(a-L-Rhap), and six GalpA units (Mp—-Mp—M—
M;-M,-M,) was built and submitted to a conforma-
tional search.

The A- and B-chains possess the same disaccharide
connection to the main chain: B-L-Rhap-(1 - 3)-B-D-
Apif-(1 - 2). It is not surprising to notice that these two
identical fragments share some common NOEs: interac-
tions between linked fragments (H-3'b(Apif)/H-
1(GalpA)) and (H-3'a,b(Apif')/H-1(Rhap)), as well as

some long range NOEs (H-1(GalpA/H-1(Rhap)). How-
ever, one cannot expect these two fragments to have the
same folding, because some of the other observed
NOE:s are specific for each fragment: the orientation of
the glycosidic linkage of apiosyl residue with respect to
the Galp A of the main chain involves the proximity of
H-1(Al) and H-3(M,) for the A-chain, and H-1(Bl)
and H-2(Mj) for the B-chain. Furthermore, the orienta-
tion of B-Rhap with respect to B-Apif is defined by the
proximity of the methylenic protons (H-3'a and H-3'b)
and the anomeric proton of Rhap, but the pattern of
intensities is different in both cases. Finally, the distant
NOE between Me(A2) and H-1(M,) is not echoed in
fragment III. Thus, although an orientation related to
that obtained for A-chain is expected for the B-chain
significant differences are also anticipated.

Although there is only one assigned long-range NOE
detected for fragment III, (H-1(B2)/(H-1)My), a set of
interresidue NOE data allowed us to better define the
orientation of Mj with respect to B2: a weak H-
3'b(B1)/H-1(My) NOE, the strong H-1(B1)/H-2(Mp)
interaction, and the relative intensities of the H-1(B2)/
H-3'a(B1) and H-1(B2)/H-3'b(B1) crosspeaks (weak
and strong, respectively). Unfortunately, the protons of
the hydroxymethyl group of Bl (B-D-Apif’) have not
been stereospecifically assigned, and the two possible
combinations had to be considered.

Only the torsion angles of B1, B2, M,,, Mg and M
were considered in the search, since the conformations
of C- and D-chains were taken from the results of the
studies of other fragments. In the first place, H-3'a(B1)
was considered as pro-S and H-3'b(B1) as pro-R (distri-
bution IIIa). Only 28 conformations were obtained that
were compatible with the mentioned distances owing to
the great number of residues close to units B1 and B2.
When these structures are grouped into families, a main
global family is obtained, that encompasses 86% of all
the conformations. The torsion angles for B1 (300, 210,
30) are near to those found for Al (300, 160, 60),
although for B2 these angles do not correspond to the
global minimum (Fig. 3B), as in the case of A2, but to
a shoulder close to (180, 180).

When H-3'a(Bl) is considered as pro-R and H-
3'b(B1) as pro-S (distribution IIIb) 43 possible confor-
mations were obtained and grouped into three main
families. Values for the glycosidic linkage of B1 at (300,
210) and (240, 120) were found, with the B1(w) orienta-
tion close to 180°. However, the B2 glycosidic torsion
angles adopted values close to the global minimum in
the first two families (30, 180) and (60, 150) and close
to a shoulder at (120, 90) for the third one.

For the rest of the B-chain, the interresidue NOEs
imply consecutive residues, most of them corresponding
to the protons at the linkage point. The NOE data do
not allow discrimination of the low energy regions, and
a great number of possibilities had to be taken into
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Fig. 4. Frontal (left) and side (right) views of the superposition of the five lowest in energy conformations obtained from (1) a
distribution Illa (H-3'b(B1) pro-R) and (2) a distribution I1Ib (H-3'b(B1) pro-S). Arrows indicate the linkage points of boron in

dimer RG-II.

account. Strictly-speaking, two possible low energy
conformations (°T, and 2T;) adopted by the furanose
ring of B3 (a-L-AcefA) would have to be considered as
the 3J,, (approx 5 Hz) does not allow discrimination
between the two conformational families of the five-
membered ring. However, in order to simplify the
study, a 2T, conformation was assumed. Thus, the rest

of the B chain (units B3—-B7) was added to ecach
fragment coming from the above families and the re-
sulting chain was studied by a conformational search.
A large number of possible conformations was ob-
tained: in the case of the Illa distribution and the first
family of the IIIb distribution, about 35,000 conforma-
tions were found that were grouped into more than 40
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families after having applied an energy window of 50
kcal/mol. The first eight families were retained in both
cases, involving more than 96% of all the selected
conformations. For the other two families of the IIIb
distribution, the number of possible conformations was
lower (roughly 10,000 and 20,000, respectively), and
only the most populated families were selected. Thus,
the study of the III fragment resulted in 20 possible
conformations for the B chain.

2.12. C-chain

The branching position of the C-chain onto the main
chain remains uncertain, although from the study of the
dodecasaccharide related to RG-II® it can be deduced
that is located near the reducing end of the molecule.
As discussed above, the NMR data points to M, as the
linkage position of the C-chain and the corresponding
primary structure (see Scheme 1) was chosen for the
conformational study.

From the NOEs between H-1(C2) (a-L-Rhap) and
H-3ax(Cl1) (¢-Kdop) the conformation adopted by the
C2 - C1 segment is expected to be near to the global
minimum (300, 280) found for the corresponding disac-
charide. As regards C1, there were no assigned NOEs
to indicate its orientation. All the low energy minima
are compatible with the C2-C1-M_. fragment, including
the global minimum (60, 200). As stated previously
(NMR discussion), although a strong NOE had been
found between the H-1 signal of a Rhap previously
assigned to H-1(C2) and protons of the main chain, we
have not found any energetically favorable structure
that could explain this effect. The position of C2 is
always far from the main chain, and it only bends
towards the galacturonic acid chain when C1 adopts
orientations corresponding to minima of higher energy.
Moreover, M can adopt the same orientation as the
other 4-linked a-D-GalpA residues and the unusual
NOE pattern (i.e. absence of the H-1(M,)/H-4(M,, _,
contact) reported previously could not be explained on
the basis of the model structures.

2.13. The complete molecule

Once the fragments were studied separately, they were
assembled to build the complete molecule with a little
adjusting to relax steric interactions between fragments.
Then, the E-chain was linked to fragment II (with the
M, - Mg — M,, distribution in Scheme 1). The orienta-
tion of this new fragment (240, 210) was obtained from
a systematic search of the a-L-Araf-(1 - 3)-a-D-Galp A
fragment that explored the lowest energy conformation
compatible with the rest of the molecule. In the same
way, B- and C-chains were added. When the selected
conformations for fragment III were incorporated to
give the complete molecule, 20 conformers were ob-

tained and subsequently submitted to exhaustive mini-
mization in Sybyl. The most favorable ones are
represented in Fig. 4, and their geometries indicated in
Fig. 3 and Table 4. In this table, the distances calcu-
lated in the minimized structures are checked against
the NOEs found in NOESY spectrum. The minimiza-
tion modified the structures slightly, since there are
some deviations from the initial distances. Nevertheless,
the resulting distances can explain most of the assigned
NOEs, at least qualitatively (in some cases the pre-
dicted intensities are different from the experimental
ones). Fig. 4 presents the superposition of the five
conformations of lowest energy obtained from distribu-
tions IIla and IIIb. In both cases, quite flat structures
are obtained, with a length of about 37 A for the main
chain (horizontal diameter) and roughly the same
length between the ends of the side chains A and B
(vertical diameter). The general shape is a disk, with a
thickness of about 17 A, which is in agreement with the
results obtained by AFM (V. Morris, personal commu-
nication) and light-scattering (G. Bradbrook, personal
communication). The translational self-diffusion coeffi-
cient of mRG-II-ol (D, = 0.97 +0.08 m?/s at 298 K in
D,0), has been established with the pulsed-field gradi-
ent spin-echo technique.*® When this parameter is inter-
preted according to hydrodynamic theory for a simple
model (a spherical object) its molecular volume corre-
sponds to a radius of roughly 20 A. The conformations
arising from the IIIb distribution are more packed than
their counterparts in the IIla distribution, where the
chain B is very extended far from the main chain. As
regard as the main chain, it presents a very extended
orientation, adopting a shape close to that of a helix
(between two and threefold).

Ishii and Kaneko’ determined the location of the 1:2
borate-diol ester cross-link in the dimer to be the
apiofuranosyl residue of the A-chain. Thus, it is reason-
able to think that the OH-2 and OH-3 hydroxyls in this
residue must be free from steric interactions, so that the
second monomer can easily approach the first one to
form the dimer. This condition is fulfilled in both cases
as the hydroxyls (Fig. 4) are well exposed and the side
chains are directed towards the opposite side of the
molecule. Regarding the energies (Table 4), the values
obtained for the Illa distribution are lower than those
of the I1Ib distribution, although the difference is small
considering the size of the molecule.

3. Experimental

3.1. Sample preparation

As described previously,™'® native RG-1I was sa-
ponified, reduced with sodium borohydride, and then
purified by size exclusion chromatography on a ACA
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202 (IBF; 1-15 kDa, 400 x 16 mm?, 13 mL/h).*! These
steps, which remove the acetyl and methylester sub-
stituents, also reduce the anomeric center of the first
galacturonic acid residue of the main chain (M,) to
afford 3-linked galactonic acid. Twenty milligrams of
pure RG-II monomer (according to analytical HPLC)
were lyophilized three times from D,O (99.8%) followed
by final dissolution in 0.7 mL of D,0O (99.96%) and the
resulting 5 mM solution was sealed in a 5-mm NMR
tube under argon.

3.2. NMR spectroscopy

The homonuclear data have been described previously!?
and were processed with the program NMRPipe.*
Sensitivity-enhanced HSQC* 3% and HSQC-TOCSY?*
experiments were recorded at 500 MHz using standard
pulse sequences from the Bruker library. Quadrature
detection in the non-acquisition dimension was
achieved with Echo-Antiecho-TPPI gradient selection.
For the 800 MHz gradient-enhanced and TROSY?"-®
HSQC spectra, quadrature detection in the non-acquisi-
tion dimension was achieved with Echo-Antiecho-
States gradient selection. All experiments were carried
out at 40 °C. The 2D spectra were recorded with the
following acquisition times (F2) or sweep widths (F1)
and actual total number of data points: sensitivity-en-
hanced HSQC, F, 15,094.3 Hz and 512, and F,, 682 ms
and 4096 (256 transients); HSQC-TOCSY, F, 13,834.4
Hz and 1024, and F,, 341 ms and 2048 (120 transients);
gHSQC, F, 24,140 Hz and 800, and F,, 512 ms and
8192 (40 transients), TROSY, F, 24,140 Hz and 800,
and F,, 512 ms and 8192 (40 transients). The mixing
time for the HSQC-TOCSY (MLEV17) spectra was 65
ms. Phase-shifted squared sinebell apodization func-
tions were applied to the 2D data in both dimensions
and the first points were scaled. Data were zero-filled to
4096 (8192 for the 800 MHz spectra) and 2048 points in
F2 and F1, respectively. A polynomial baseline correc-
tion was applied in F2 after Fourier transformation.
The heteronuclear 500 and 800 MHz 2D data were
processed with XWINNMR and NMRPipe, respec-
tively.

3.3. Molecular modeling

The starting geometry and conformation of each of the
monomeric units composing RG-II was taken from the
MONOBANK database or from the previous confor-
mational study.'? In the case of aceric acid (a-L-AcefA)
the conformation of the furanose ring was obtained by
complete optimization with MM3(92)*%° of the two
minima found for the B-anomer after inversion of the
configuration at the anomeric center.

3.4. Relaxed maps

The global shape of a disaccharide is mainly governed
by the rotations about the glycosidic linkage.*! The
relative orientations of saccharide units are expressed in
terms of the glycosidic linkage torsion angles @ and ¥
which have the definition @ = 0-5-C-1-O1-C’-x and
¥ =C-1-0-1-C'-x-C'-(x — 1) for a 1 —x linkage. An
additional rotatable bond (w = C-4-C-3-C-3'-0-3', in
apiofuranoses) occurs in particular in the 1 — 3" glyco-
sidic linkage. Each linkage is denoted according to the
corresponding non-reducing residue: e.g. A2(®) means
the torsion angle @ for the disaccharidic fragment
A2— Al. The conformational space of each of the
three new disaccharide segments of RG-II was explored
in a systematic fashion by stepping the glycosidic @ and
¥ torsion angles in 10° increments over the whole
angular range. At each conformational microstate a
geometry optimization through MM3 was performed
by allowing coordinates of each atom to vary except
those defining the @ and ¥ torsion angles. Relaxed
maps were thus obtained, indicating roughly the ge-
ometry of the different minima for the new three seg-
ments.

3.5. Oligomeric fragments

Starting geometries of the oligomers and the complete
molecule were constructed with the POLYS program.*

3.6. Systematic search

Systematic searches were performed with the SYBYL
program.?® Since this method does not apply any kind
of energy minimization to the resulting conformers,
strong steric interactions can arise that cause the con-
formation to become extremely unfavorable. In an at-
tempt to reduce this kind of interaction, hydroxylic
protons were removed, as their orientation could be
easily modified in a further geometry optimization. In a
first step, the torsion angles to be modified were
defined. The range of values to be considered was taken
from the energy maps and the step set to 30°, starting
from the initial geometry. All of the conformations in
which the distance between atoms was less than the
sum of their van der Waals radii should in principle be
rejected, although a softening multiplicator factor of
0.8-0.7 was applied to the van der Waals radii so that
more conformations met this criterion. Finally, the
distance constraints were defined. In most cases, this
distance was selected so that only those conformers that
provide a distance in the range of 0-5 A were taken
into account, without considering the intensity of the
corresponding NOE. If the NOE included a methyl
group, the distance implied the carbon atom and the
range was increased to 0—6 A.
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3.7. Force fields

Geometry optimization of low molecular weight
oligosaccharides and monosaccharides was performed
using the molecular mechanics program MM3.3%4° This
force field contains a correction for the anomeric effect
and has been shown to be especially well adapted for
the study of carbohydrates. The block-diagonal mini-
mization method, with the default energy convergence
criterion of 0.00003-n kcal/mol per five iterations (n
being the number of atoms), was used for grid point
optimizations. To mimic a hydrated environment of the
molecules, the dielectric constant of water (¢= 80.0)
was used in all the calculations. Geometry optimization
of high molecular weight fragments and the complete
molecule was performed using the Tripos force field*
included in the SYBYL program.”® This force field has
shown suitable for the study of carbohydrates. The
charges were generated according to the algorithm of
Gasteiger—Marsili,** and a dielectric constant of 80.0
was used to emulate the shielding of the solvent. Fifteen
thousand iterations of Powell’s algorithm* were ap-
plied, followed by 1000 iterations of BFGS,*~*® with
appropriate torsional constraints applied to the fura-
nose rings of apiose and aceric acid in order to preserve
their geometries. All calculations were carried out on a
network of Silicon Graphics Indigo workstations.

4. Conclusions

The first study of the three-dimensional structure of
monomer RG-II has been presented in this report. It
began with the reassignment of the NMR spectra,
owing to the modification of the primary structure
indicated by Vidal and co-workers.® New 3C NMR
data have been presented that allowed us to assign most
of the signals corresponding to the primary structure in
Scheme 1. Unfortunately, several assignments are am-
biguous and several of the spin systems, that have been
clearly identified, have never been demonstrated in
studies of RG-II. This study has revealed the presence
of a RG-I backbone repeating unit in mRG-II-ol from
red wine. The determination of the glycosylation site of
this fragment would shed light on the relative locations
of the RG-I and RG-II components in the pectic net-
work.

In spite of this, a large body of NMR spectral data
has been collected, especially concerning the assigned
NOEs, and it has been applied to the study of the
preferred conformation of RG-II in solution. The con-
formational analysis of RG-II started with the publica-
tion of Mazeau and Pérez'? in which adiabatic energy
surfaces, along with the locations of the local energy
minima for all disaccharide components of RG-II were

established. These data, along with the NOEs, were
combined to determine possible time-averaged confor-
mations of monomer RG-II in solution.

Two families of conformers, stemming from the two
possible diastereospecific assignments of H-3'b(BI),
have been obtained. Both of them are in agreement
with other experimental data like the general shape of
the molecule and the accessibility of apiose in A-chain.
When calculated distances are compared with the
NOEs (Table 4) good agreement is obtained, at least
qualitatively in most cases; the intensity of the expected
NOEs deviates from the experimental ones only for a
very few interactions. Considering on one hand that the
NOE:s correspond to a time-averaged or virtual struc-
ture, and, on the other hand, that the isolated-spin
approximation has been applied to systems with nearby
protons, we consider the agreement to be very good.

This study has been an iterative process between the
computational study and the NMR assignments. Thus,
initial conformations for RG-II or its fragments have
led to the revision of known signals and the assignment
of new ones that, in turn, result in a new set of NOEs
constraints or the modification of the previous ones.
The resulting structures give slightly longer distances
after minimization than expected in the case of most
long-range NOEs. Nevertheless, the optimized con-
formers can be considered as good starting geometries
for further studies of the molecular dynamics of
the RG-II monomer and the conformational analysis of
the RG-II dimer, which are being carried out in our

group.
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