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ABSTRACT

The solution conformaticn of the tri- and tetrasaccharide obtained by enzymatic
degradation of glucan has been analysed using molecular mechanics and dynamics
calculations and nuclear magnetic resonance data. The overall shape of both compounds is
fairly similar and may be described by an equilibrium formed by conformers included in
the low energy regions for both glycosidic linkages. The interglycosidic torsion angles
for these conformers are ®p=15+45° and Wy= -20+30° for both B(1->4) linkages and

Dp=40+15° and W= -20+35° for the corresponding R(1->3)-linked moiety.

INTRODUCTION

The depolymerization of poly-RB-glucans is catalysed by a number of enzymes,
R-D-glucanases, which differ in their substrate specificity and cleavage pattern. Barley
R-glucan is known to be a linear polysaccharide of 8-(1->4) and R-(1->3) linkages in
a 2.5 to 1 ratio.} Hydrolysis with endo-1,3-1,4-R-glucan 4-glucanohydrolase
(E.C.3.2.1.73) yields 3-B-O-cellobiosyl-D-glucopyranose (1) and 3-R-O-
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cellotriosyl-D-glucopyranose (2) as final products,12 defining the cleavage specificity
as B-(1->4) glycosidic linkages on 3-O-substituted glucopyranose units. This enzyme
is of current interest because of its application in carbohydrate technology,2 and
fundamental research mainly directed to microbial isozymes. The structures of the tri-
and tetrasaccharides 1 and 2 produced by treatment of barley RB-glucan with
recombinant endo-1,3-1,4-R-glucan 4-glucanohydrolase from Bacillus licheniformis
have been confirmed in our group by assignment of their NMR data.3 The enzymic
hydrolysis has been determined to proceed with retention of configuration at the
anomeric centers as shown by TH NMR monitoring of the reaction.3 The recently solved
three-dimensional structure of a hybrid R-glucanase by X-ray crystallography4 will
provide valuable information on the active site geometry. The protein structure has been
determined at 2.0 A resolution for the free enzyme, and at 2.8 A for a covalent protein-
inhibitor complex with 3,4-epoxybutyl-B-D-cellobioside. Although this molecule is an
active-site directed inhibitor,> its structure only resembles partially the natural
substrate, since its aglycon moiety interacting with catalytic residues is an extended
hydrocarbon chain. In order to further study the enzyme-substrate interactions by
molecular modeliing techniques, we here analyse the solution conformation of both 1 and
2, using molecular mechanics and dynamics calculations, and NMR (NOE) data. Similar
but different oligosaccharide structures have been reported to be isolated by degradation
of barley R-glucan with an Aspergillus niger R-glucanase.® In that work, one
trisaccharide and two tetrasaccharides were obtained along with a hexasaccharide.
However, the trisaccharide was found to have the opposite aiternation of B-(1->4) and
R-(1->3) linkages: R-Glep-(1->3)-B-Glcp-(1->4)-Glcp-, while the
tetrasaccharides had also different primary sequences and were identified as R-Glcp-
{(1->4)-R-Glcp-(1->3)-Glcp-B-(1->4)-Glcp, and R-Glcp-(1->3)-6B-Glcp-(1-
>4)-Glcp-B-(1->4)-Glcp.

Ol HO
OH
O, %H o O Ho o]
Hgo&!‘ o
OH H OH  HO
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TABLE 1

Estimated Populations (%) for the low energy conformers of 1 and 2, estimated from
the AMBER@ and CVFFP steric energy values.(® = 0 -120°, ¥ =¥ y-120°).

R(1->4) Conformer @ yWwy(°)¢€

{A)55/5 (B)30/-50 (C)-30/-30 (D)175/0 (E)55/180

POP. oy'v33 38 34 26 2 <1
POP. &/ 43 34 22 2 <1
POP. o33P 40 33 25 2 <1
POP. &%y 48 31 20 1 <1
R(1->3) Conformer @ /¥y(°)¢

(A")55/715 (B")35/-55 (C")-30/-30 (D")70/60 (E') 170/5

POP. @y/¥,2 55 39 4 2 <1
POP. @1/, P 63 32 4 1 <1

a. AMBER energy values. b. CVFF energy values. c. Glycosidic angles are given using
hydrogens as reference. The torsion angle values for the different local minima A-E
when using either the AMBER or the CVFF force fields did not differ more than 10° from
these figures. The populations are calculated from the energy values for the
corresponding local minima and not for the conformers having the exact @/¥ value.

RESULTS AND DISCUSSION

Table | shows the values of the estimated populations of the low energy
conformers of 1 and 2 obtained by CVFF optimisation of the possible geometries
previously reported for the component disaccharides. The use of the AMBER program
produced fairly similar results. Due to the presence of a number of electronegative
atoms, these energies should be taken as approximate since they are variable at least 0.5
Kcal/mol. There are broad low energy regions in both cases, along with small islands
populated by conformers with a rather different ¢, % angle.”,8 The previously reported
X-ray structures for different p(1->4) and B(1->3) equatorial linked dissacharides
are included in this low energy region.9 According to the calculations, the low energy
region for the p(1->4) linkage is described by ®y=15+45°, Yy=-20+30° and ry-
1'-H-4=2.4+0.3A appears to be populatedin more than 90% extent while the two
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minor islands described by conformers D and E are populated less than 5% at 40 °C, as
estimated in different conformational studies of 8(1->4) equatorial-linked
disaccharides.”:8,10 Nevertheless, the possibility of their existence in solution can not
be discarded a priori since the conformation of some interglycosidic acetals synthesized
from lactose and cellobiose 1 is that of conformer D, while the recent X-ray analysis of
the bound conformation of a biantennary octasaccharide to Lathyrus Ochrus Isolectin |
has shown the existence of a Man B(1->4) GIcNAc linkage in conformation E, and a Gal
B(1->4)GlcNac moiety located in island D.12 On the other hand, the low energy region
for the B(1->3) glycosidic linkage is described by &y=45+25°, ¥;=5+55°. The X-ray
structures of different laminaribiose derivatives included in this fow energy region
mainiy differ in the value of ¥ angle.9 The conformational stability of the different
conformers was studied by using MD simulations with the Discover-CVFF and the
Discover-AMBER programmes. Although these are general MD programmes not
specifically parametrized for carbohydrates, | 3 and therefore do not include any extra
potential to account for the endo- or exo-anomeric effects,14 its use in the
conformational study of different oligosaccharides has produced satisfactory results. 15
All the different conformations were used as input geometries for independent 1 ns
simulations at 313 °K. The trajectories of some of them are displayed in Figure 1a. In
all cases, no chair to chair or chair to boat interconversions were observed. The average
&y and ¥y angles were calculated to be 15%30° and -30+£20° for the R(1->4)
linkages, and 40+10° and -15+20° for the R(1->3), depending on the starting
conformer. It can be observed that the trajectories remained most of the time (>90%) in
the broad regions. In fact, only when the calculation started from E-type minima for the
R(1->4) linkage, the trajectories spent a fraction of time within these islands (ca.
200 ps), although the trajectory went again to the main low energy region. Also when
the starting geometry was that of conformer D, the simulation resulted in a transition to
region A-C within a few picoseconds. In addition, the low-energy region, around
conformers A and B, satisfies the geometric requirements for the occurrence of the exo-
anomeric effect. Therefore, with regard to the R(1->4) linkages, these results seem to
indicate that minima D and E are not stable enough in comparison to conformers A-C'1 6
when external factors such as stabilization by hydrogen or covalent bonds or non polar
contacts are not involved. 12 In the case of the R(1->3) linkage, the trajectory spent
most of the time in the region of conformer A', which according to both CVFF and AMBER
programs seems to be more stable than minimum B', although this is predicted to be
slightly predominant by MM3 calculations.8 Moreover, the region around conformer A'
would also be additionally stabilised by the exo-anomeric effect.
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Figure 1a. 2D and 1D plots of the of the MD trajectories, and history of the relevant
interatomic distances (A), calculated by the CVFF programme for 2 at 313 °K . (A)
Trajectory plot for ®3/'¥3 torsion angles (°). (B) Trajectory plot for ®¥ 2 angles (°).
(C) Trajectory plot for ®;¥1 angles (°). (D) History of ryym_y.4» distance (A). (E)
History of ryym_py.4' distance (A). (F) History of ryy..h.4 distance (A). (G) History of
w3 angle("). (H) History of W1 angle(®). (I} History of ®3 angle(®).(J) History of &}

angle(®).
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Figure 1b. 1D trajectory plots of the of the MD trajectories of the lateral chains of the
glucopyranose residues of 2. Transitions between the gg (180°) and the gt (-60°)
rotamers can be observed for all the residues. The occupance of the tg region (60°) is
almost negligible.

The two other local minima (C', D') present in the fow energy region, and those located
in istands do not appear to be stable. in all cases, several transitions between the favored
orientations of the C-5-C-6 chains (gg and gt) were observed, as depicted in Figure 1b.
NMR spectroscopy may be used to distinguish the presence of either
conformer. 17,18 All the low energy region for the B(1->4) linkage is described by
short distances between H-4' and H-1", while H-3'is close to H-1" in conformer E,
H-4 'close to H-2" in conformer D, and there is an unique contact between H-1" and H-
6'proR or H-6'pros for the gg or gt rotamers of conformer A, respectively. In the case
of the B(1->3) linkage, the low energy region is described by A' and B' conformers with
short distances between H-3 and H-1', H-3 is also close to H-1" in conformer C', and
H-2 close to H-1' in conformer D'. In addition, conformers A and B of the R(1->4)
linkage can be stabilized by intramolecular hydrogen bond between HO-3 and O-5' since
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TABLE li

Relevant interatomic distances for the low energy conformers of 1 and 2.
Distance(A) Conformer(® 1/¥y)

R(1->4) Conformer & y¥y(°)

(A)55/5 (B)30/-50 (C)-30/-30 (D)175/0 (E)55/180

H-1"-H-4' 2.33 2.34 2.23 >3.5 >3.5
H-1"-H-3' >3.5 >3.5 >3.5 >3.5 1.79
H-1"-H-5' >3.5 >3.5 >3.5 >3.5 2.23
H-1"-H-6'R 2.494 >3.5 >3.5 >3.5 >3.5
H-1"-H-6'g 2.62b >3.5 >3.5 >3.5 >3.5
H-1"-O-3' >3.5 2.48 2.47 >3.5 >3.5
H-1"-0-6' 2.52 >3.5 >3.5 >3.5 >3.5
H-2"-H-4' >3.5 >3.5 >3.5 1.94 >3.5
0-2"-0-3' >3.5 >3.5 >3.5 2.93 >3.5
0-5"-0-3' 3.02 2.63 3.06 >3.5 >3.5
O-2"-H-6'R 2.964 >3.5 3.12 >3.5 >3.5
0-2"-H-6'g 2.99b >3.5 3.06 >3.5 >3.5
R(1->3) Conformer ¢ y/¥y(°)

(A')55/15 (B)35/-50 (C")-30/-30 (D")70/60

H-1'-H-4 2.49 2.24 2.23 3.18
H-1'-H-3 >3.5 >3.5 >3.5 >3.5
H-1'-H-2 >3.5 >3.5 >3.5 2.71
H-1'-0-4 >3.5 2.58 2.37 >3.5
H-1'-0-2 2.72 >3.5 >3.5 2.08
0O-5'-0-4 3.32 2.16 >3.5 >3.5

a. gg conformer for the lateral chain. b. gt conformer. ® = dy-120°, ¥ = ¥y-120°

TABLE Ill
TH NMR chemical shifts (8 , ppm) for 1 and 2 in D20 solution at 40 °C,

Unit H-1 H-2 H-3 H-4 H-5 H-6A H-6B

Trisaccharide 1

R-D-Glcp C 450 331 3,50 341 349 391 3.73

4-O-8-D-Glcp B 4.75 340 3.67 3.66 3.63 3.98 3.81

3-0-R-D-Glcp Ag 5.23 372 390 352 3.87 3.89 3.76
AR 466 343 3.75 3.52 3,50 391 3.73

Tetrasaccharide 2

R-D-Glcp D 451 3.32 3.52 343 351 393 3.75

4-0-R-D-Glcp 454 340 3.70 3.70 3.67 4.02 3.86

C . . . .
4-0-R-D-Glcp B 476 3.41 3.69 3.69 3.65 4.01 3.85
3-0-R-D-Glep Aa 524 374 392 354 3.89 3.88 3.78

AR 467 346 3.76 3.53 352 392 3.75
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Figure 2. ROESY (A, above) and TOCSY (B, below) cross peaks for the anomeric
protons of 2. Relevant connectivities are indicated.

both oxygen atoms are less than 3.0 A apart. The same situation is held between HO-4
and O-5' of conformer B' for the R(1->3) linkage. These structural characteristics
are shown in Table ll. The observation of one or two interresidue NOEs and some specific
shieldings or deshieldings can impose constraints in the energy map to assess the
existence of a given conformation. The previous step for the analysis of the NOE data was

the assignment of the different resonances through a combination of 2D-NMR techniques,
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TABLE IV
13C NMR chemical shifts (5 , ppm) for 1 and 2 in D20 solution at 40 °C.

Unit c1l1 ¢C2 GC3 Cc4 C5 C-6

Trisaccharide 1

R-D-Glcp C 1034 74.1 76.5 704 769 61.6
4-O-R-D-Glcp B 103.5 74.2 75.1 79.6 75.7 62.0
3-O-R-D-Glcp Ag 929 719 833 69.0 722 61.6
AR 96.6 74.7 85.6 69.1 76.5 61.7
Tetrasaccharide 2
R-D-Glcp D 103.3 740 76.3 70.2 76.7 614
4-0O-R-D-Glcp C 103.1 73.6 75.5 79.2 76.2 607
4-0-R-D-Glcp B 103.4 74.3 75.5 79.2 76.2 607
3-O-R-D-Glcp Ag 92.7 717 830 688 719 61.3
AR 96.4 748 853 688 76.7 614
TABLE V

TH NMR vicinal couplings (J, Hz) for the lateral chains of the residues of 1 and 2 in
D,0 at 40 °C, and estimated populations of the rotamers gg and gt,.

3o Unit

2-Ay 2-Ag 2B 2-C 2D 1-Ay 1-Ag 1-B 1C

J5.68 23 26 25 24 24 25 26 25 2.6
Js5,6R 52 51 51 51 51 50 50 51 5.2
9%gg 60 60 60 60 60 60 60 60 60
%gt 40 40 40 40 40 40 40 40 40

namely, DQF-COSY, TOCSY, ROESY (Fig 2), HMQC, and HMBC. The first-order chemical
shifts and relevant coupling constants for 1 and 2 are shown in Tables HI-V.
Hydroxymethyl conformation. Glucose HGme, Hspms were assigned as
previously reported for similar derivatives.] 9 The distribution of rotamers was
calculated from the first order J couplings which could be measured in the 1D spectra of
1 and 2 and from the cross peaks patterns of the DQF-COSY experiment, following well
established methodology20 by using the Karplus-AItonaZ'I equation (Table V). The
observed couplings for the lateral chain of the different glucose residues can be
explained for ca. 60:40 (+5) distributions of gg and gt rotamers, which agree with the
MD results. The distribution of rotamers indicates that, as previously described,22 the
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tg rotamers of glucopyranoses in water solution do not contribute to the conformational
equilibrium. Although these rotamers could be stabilized by an intramolecular hydrogen
bond between O-4 and 0-6, as observed in MD simulations in vacuo,23 recent quantum
chemical calculations of glucose in aqueous solution24 have shown that the
hydroxymethyl equilibrium is controlled by solute-solvent hydrogen bonding
interactions and that unfavourable solvation of the tg conformer relative to both the gg
and gt rotamers causes its destabilization.

Analysis of NOE data. An important handicap for the NOE-basedZ3
conformational analysis of the B&(1->4) linkages of oligosaccharides is the problem of
severe overlap among H-3, H-4, and in some cases H-3', nuclei with potential or
expected NOEs to H-1'. In the case of the compounds presented in this study, H-4 does
overlap with H-3 for both R(1->4) linkages. 2D-ROESY experiments could not alleviate
the overlapping problem (Table VI). The problem may be resolved through the use of
2D-HSMQC-ROESY experiments,26a which allow detection of NOEs using the carbon
frequencies to remove the proton frequency degeneracy. However, due to their
correlation times, the smaller NOEs for trisaccharides and tetrasaccharides prompted us
to use rotating-frame NOEs to examine the possibility of H-1'-H-4 or H-1'-H-3
dipolar relaxation, but using the non-overlapping C-3 and C-4 13C NMR frequencies to
label the cross-peak. An example of the experiment for compound 1 is given in Figure 3.
The presence of cross-peaks H-1'"/C-4', H-1"/C-6', H-1'""/C-5", and H-1""/C-3"" can
be noted, as well as the intraresidue connectivities H-1'/C-3', H-1'/C-5', H-1/C-3,
and H-1/C-5 for the other glucose rings. Therefore, it can be concluded that no
important cross-relaxation between H-1'" and H-3' does exist for both B(1->4)
linkages. Besides, the existence of NOE between H-1"" and H-4' and not between H-2"and
H-4' implies that both B(1->4) linkages spend most of their time in the region defined
by local minima A, B, C, and C'. However, the differentiation among these geometries is
rather difficult since their expected interresidue contacts are very similar.
Nevertheless, the presence of NOE between H-1' and the H-6s protons indicate that the
region defined by minimum A for the B(1->4) linkage is populated to some extent.
However, the fast equilibrium between the gg and gt rotamers with a different
correlation time to that of the overall motion implies that the exact value of this NOE is
rather difficult to simulate quantitatively.25 An estimation of interresidue distances
may be obtained by use of the isolated spin pair approximation (ISPA),25 using the
volumes of the cross peaks between proton pairs in ROESY spectra acquired with a
relatively short mixing time (Table Vi). No iong-range NOEs between non-neighbor
glucose moieties were detected in the different experiments performed. The ISPA

approximation leads to H-1'"'-H-4''(H-1""-H-4") and H-1'-H-3 distances in the range
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Figure 3. HSMQC-ROESY spectrum of compound 2 in D20 at 37 °C. Relevant cross-
peaks are indicated (A) H-1C/C-3C + C5C, (B) H-1C/C-4B, (C) H-1B/C-3A, (D) H-
1B/C-3B + C5B. (E) H-1C/C-6B. No connectivity between H-1C and H-3B or H-5B is

detected.

TABLE VI

Experimental 2D-ROESY cross peaks (mix=350 ms) for 1 and 2 at 40 °C in D20.

Cross peak intensity (%)

Proton Pair Compound Proton Pair Compound

1 2 1 2
H-1"-H-4" 5 6 H-1'-H-3g 5 5
H-1""-H-3"™ 72 94 H-1'-H-3' 9C 9c
H-1'"-H-5" 74 9a H-1'-H-5' 9¢ 9¢
H-1""-H-6''R ca.l ca. 1 H-1'-H-3¢ 5 5
H-1'"-H-6"g ca.l ca. 1l H-1-H-3g 3 4
H-1"-H-4' 5 6 H-1-H-5g 4 5
H-1"-H-3" 7b 9b  H-1-H-24 3 4
H-1"-H-6'Rs  cal cal  H-1"-H-35" 7b 9b

a.b.c. Overlapping signals. The addition of both cross-peaks is given.



09: 33 23 January 2011

Downl oaded At:

810 BERNABE, JIMENEZ-BARBERO, AND PLANAS

TABLE VII
Experimental and calculated steady-state NOEs in D20 upon saturation of H-1'

Observed NOE for signal(%)
Compound Conformation¢

1 2 A B C D E A B C D

H-1'"-H-4" 3 4 3.2 3.7 40

H-1""-H-3" 42  gb 24 28 27 26 25

H-1"-H-5"" 42  gb 23 28 27 27 26

H-1"-H-6"R - - 0.5

H-1"-H-6"g - - 0.5

H-1"-H-4' 3 4 3.2 3.7 40

H-1"-H-3" 42  gb 24 28 27 26 25

H-1"-H-5" 42 b 23 28 27 27 26

H-1"-H-6'g - - 0.5

H-1"-H-6'g - - 0.5

H-1'-H-3g 3 4 2.4 3.3 35 0.7
H-1'-H-3' 3 4 2.7 27 27 26
H-1'-H-5' 2 3 25 26 2.4 2.4
H-1"-H-34 3 4 2.5 3.3 36 0.8
H-1-H-3g 2 3 27 2.7 27 26
H-1-H-5g 2 4 2.2 26 23 23
H-1-H-24 2 4 2.9 29 29 29

a.b. Overlapping signals at 40 °C- c. Fult matrix relaxation method, -rC=O.3*10'9 s.

of 2.3-2.4 A for both B(1->4)linkages and 2.2-2.3 A for the corresponding R(1->3)
one, respectively, as expected for the low energy area. With these data, no
discrimination among the different conformers is possible, since the distances for the
indivual minima included in the main region do not differ substantially from each other.

The corresponding average distance for the R(1->4)linkages of 2 from the MD
simulations is <r>= 2.40 A, while the corresponding <r6>1/6 distance was 2.28 A
which agree with the experimental results. Nevertheless, oscillations between 2.1 and
3.0 A could be observed. Fairly similar results (<r>=2.32 A, <r6>1/6 = 2.20 A ) were
obtained for the R(1->3) linkage. The ISPA approximation produces average H-1'"-H6's
distances in between 3.0 and 3.4 A, which also are compatible with the low energy
region of the cellobiose-type linkage and, as stated above, the presence of this NOE
indicate that local minimum A is contributing to the equilibrium. The results of the
evaluation of the experimental data via a complete relaxation matrix approach25,27,28

using either a single conformation or an aver39929 according to the Boltzmann
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distribution function30 are collected in Table VI. The comparison among the observed
and calculated interresidue cross peaks H-1'-H-4 and H-1'-H-6p0S,R for the
different individual minima (Table VII) showed that a satisfactory match could be
obtained by considering the presence of the different conformers A, B, C, and C' of the
R(1->4) linkage in the conformational equilibrium in water, since none of the
individual geometries could fit quantitatively all the NOE values simultaneously.
Nevertheless, it should be pointed out that it is difficult to establish unequivocally the
presence of conformers B and C, although the MD simulations sample those regions
significantly. On the other hand, the presence of conformers D or E in an appreciable
extent {>5%) can be discarded indeed since they would produce H-1'-H-4 intensities
noticeably smaller than those measured along with observable NOE values for the H-1'-
H-3 and/or H-2'-H-4 contacts that were never detected either in steady state or
HSMQC-ROESY or regular ROESY measurements. These results indicate that the extent of
flexibility around the B(1-4) linkage in these compounds in water seems to be rather
limited, and can be satisfactorily described by considering contributions of conformers
defined by ®=15%45° and ¥=-20+£30° On the other hand, there is not possible
discrimination between conformers A' or B' of the laminaribiose-type of linkage since
both of them satisfy the observed NOEs within experimental error. Since both
conformers have also been previously found in computational studies8 and in the X-ray
analysis of different laminaribiose analogues,9 and also both are sampled during our MD
simulations, it seems reasonable to assume the existence of flexibility for this glycosidic
linkage and the participation of both local minima in the conformational averaging.
Nevertheless, only ca. 5-10% of every potential energy surface seems to be populated
in water solution as described for different R(1->3) and 8(1->4) linked
oligosaccharides.”+8 The MD simulations produced average O-5"-O-3' and O-5'-0-4
distances of 3.05£0.20 A indicating the possible presence of intramolecular hydrogen
bond. However, it has to be noted that this hydrogen bond does not seem to be essential to
define the shape of these molecules. In fact, previous data for the LeX-type
oligosaccharides31 have shown that their conformations are very similar to those
reported in this paper. In fact, although the existence of the 0-5"-0-3 hydrogen bond in
methyl f-D-cellobioside has been recently demonstrated in DMSO-dg, there are
contradictory results in water since for methyl p-D-cellobioside it has been proposed to
dissapear in water solution, at least for most of the time. 16 On the other hand, it has
been postulated to exist in 6'-O-sialyl lactose.32 Therefore, the global shape of both
compounds 1 and 2 is fairly linear with alternation of the o and p-faces of the
glucopyranose rings, although the R(1->3) linkage could provide a higher source of
ﬂexibility.3c Stereo views of different possible three dimensional structures of the

tetrasaccharide are shown in Fig. 4.
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Figure 4. Stereo views of some of the low-energy conformers of compound 2.
Different combinations of local minima A and B for the B(1->4) glycosidic linkage and of
A’ and B' for the corresponding R(1->3) one are shown. In all cases the structure of the
tetrasaccharide is fairly linear.

EXPERIMENTAL

Materials. Compounds 1 and 2 were prepared by enzymatic degradation of
glucan as previously described.3

Nuclear Magnetic Resonance. All the experiments were performed at 30 and
40 °C on a Varian Unity 500 spectrometer. The concentration of the samples was about
20 mM in D20 solution. The samples were exchanged with D20 and degassed under argon.
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The steady state NOE experiments were performed through the interleaved differential
technique using a saturation delay of 7 s. Between 512 and 1024 free induction decays
were accumulated for each irradiation site. 2D-ROESY experiments33 were carried out
using mixing times of 300, 400, and 500 ms and were integrated using standard VARIAN
software after applying a third order polynomial baseline correction in both dimensions.
The pure absorption HSMQC-ROESY experiments26 were collected in the 1H-detection
mode using the pulse sequence 90(1H)-A-90(1H,13C) -11/2 - 180(1H) - ty/2
-90(H, 13C)-a-SpinLock-Acq( 1H) where A is 1/2JcH and the Spin Lock time was set
to 300 ms. The phase cycling was based on the combination of the original HSMQC26 and
ROESY33 pulse sequences. A data matrix of 128 * 2K points was used to resolve a
spectral width of 8000 Hz and 2000 Hz in F1 and F2, respectively. The carrier was set
100 Hz downfield from the most deshielded proton resonance. 256 scans were used per
increment with a relaxation delay of 1 s and a A delay corresponding to a J value of 150
Hz. A BIRD-pulse was use to minimize the proton signals bonded to 12¢, 13C-decoupling
was not used during acquisition. Prior to Fourier transformation, squared cosine bell
functions were applied in both dimensions and zero filling was used to expand the data to
2K * 4K.

Molecular mechanics and dynamics calculations. All the previously
described low energy conformers of cellobiose?+8 and laminaribiose8 were used to build
different conformers of the R-tetrasaccharide 2, as its methyl glycoside, and submitted
to further minimization using the CVFF34 and AMBER3S force fields. Due to the similar
NMR parameters found for trisaccharide 1 (see below), it was assumed that this
compound adopts a similar solution conformation. Glycosidic torsion angles at the (1-
>4) linkages are defined as &#y3 H-1'"-C-1'"'-0-1'"-C-4", ¥y3 C-1'""-0-1""-C-4''-
H-4", and &gy H-1'"-C-1""-0-1"'-C-4', ¥gy C-1"-0-1"-C-4'-H-4', (using proton
as reference), or as ¢3 0-5'"'-C-1'"-0-1'"-C-4", ¥3 C-1'""-0-1"'-C-4"-C-5", and
@ 0-5"-C-1"-0-1"-C-4', w2 C-1"-0-1"-C-4'-C-5', (using a heavy atom as
reference). On the other hand, that at the 8(1->3) is defined as g1 H-1'-C-1'-0-1"-
C-3 and ¥y; C-1'-0-1'-C-3-H-3 or as ®; 0-5'-C-1'-0-1'-C-3 and ¥; C-1'-0-1'-
C-3-C-4. For all torsion angles, ® = ®y-120°, ¥ = ¥-120°. A dielectric constant of
78 D was used for the CVFF calculations, while a distance dependent dielectric constant
was employed for the AMBER minimizations, The torsion angle values for the different
local minima A-E when using either the AMBER or the CVFF force fields did not differ
more than 10°. Their corresponding populations were calculated from the energy steric
values for the corresponding local minima, neglecting entropic effects. Several

minimized geometries were then taken as starting structures for Molecular Dynamics
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calculations (MD) in vacuo by using the same force fields as integrated in the Discover
2.8 program.3© The MD simulations were performed at 313 °K with a time step of 1 fs.
The total simulation time was 500 ps or 1 ns. Trajectory frames were saved every 0.5
or 1 ps. The trajectories were then examined with the Analysis module of INSIGHT 11,37
The steady state 1D-NOE were calculated according to the complete relaxation matrix
method38 by using the NOEMOL program39 for the proton coordinates of the different
conformers and for their Boltzmann distribution, calculated from the AMBER relative
energies at 40 °C. Isotropic motion and no external relaxation was assumed in the
calculation process. Since NOEs are extremely dependent on the correlation time,
different 1¢c values were used in order to get the best match between the experimental
and the calculated NOE for H-1'-H-3' and H-1'-H-5' proton pairs. A satisfactory match
was found by using 1¢=0.3 ns. 2D-ROESY experiments were used to estimate interproton
distances according to the isolated spin pair approximation.25 Different mixing times

were used in order to test the occurrence of spurious Hartmann-Hahn effects.
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