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Abstract 

The preferred conformations of sucrose, 2-O-acetylsucrose and 2-O-lauroylsucrose have 
been explored with the MM3 force field. The main effect of 2-O-substitution has been shown 
to be a slight decrease in accessible 45, qS-space. The CICADA program, a heuristic searching 
algorithm, was used to investigate the favored conformers of 2-O-lauroylsucrose. The global 
minimum (45, q t =  73 o, _81  o) has been located in the A-well which contains the crystal 
structure of sucrose in the corresponding energy map. As this potential energy well is 2.9 
kcal /mol  below the other low-energy regions it represents the only conformational family 
which is expected to contribute significantly to the time-averaged properties. The other major 
conformational change with respect to sucrose concerns the CHz- l f  primary hydroxyl group 
which preferentially adopts the TG orientation instead of an equal distribution of rotamers in 
the case for sucrose. Restriction of the internal rotation of the CH2-1f exocyclic results in 
distinct coupling constants between the HO- l f  proton and the H-IRf and H-1Sf spins and 
well-separated multiplets for the latter methylene protons. From the 13C relaxation data, it 
appears that the reorientation of the sucrosyl moiety is slightly anisotropic. A motional model 
similar to the one recently proposed for sucrose (internal motion of considerable amplitude, 
S~,,,~ ~ 0.7, occurring on the same timescale as overall tumbling) reproduced all the relaxation 
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data. Finally, molecular modeling has shown that the favored position of the sidechain is an 
axial orientation with respect to the pyranose ring. © 1998 Elsevier Science Ltd 

Keywords: 2-O-Lauroylsucrose; Molecular mechanics; Conformational search; NMR; Glycolipid; Molecular 
relaxation 

1. Introduction 

Amongst  the numerous surfactants available, syn- 
thetic glycolipids are of the utmost importance for 
biological studies, e.g., extraction, purification and 
crystallization of membrane proteins [1]. 2-0-  
Lauroylsucrose (1) was initially synthesized for that 
purpose through a one-step procedure from unpro- 
tected sucrose [2]. Acylation of the 2-hydroxyl of 
sucrose makes the glycosidic bond much more resis- 
tant to enzymatic hydrolysis by invertase and the 
o~-glucosidase from baker's yeast than that of the 
commercially available regioisomer 6-O-acylsucrose 
[3,4]. Owing to its extraction efficacy and its compat- 
ibility with protein structure and activity, 2-0- 
lauroylsucrose proved useful for the extraction of 
reticulum sarcoplasmic Ca+2-ATPase, whereas its 
10,11-dibromoundecanoyl analogue appeared an ap- 
propriate tool for investigating the topology of mem- 
brane proteins either in a biological membrane or in 
solubilized complexes [5]. In addition, the position of 
the alkyl chain gives this surfactant a particular um- 
brella shape. The effect of 2-O-lauroylsucrose on the 
physical properties of charged lamellar phases was 
therefore investigated in order to determine the role 
of glycoconjugates in biological membranes [6]. 

2-O-Lauroylsucrose has proven extremely diffi- 
cult, if not impossible to organize in the form of 
single crystals. The molecule is a typical amphiphilic 
glycolipid with a hydrophilic sucrosyl moiety to which 
a hydrophobic acyl chain is attached. Usually such 
molecules tend to crystallize in a bilayer type of 
arrangement but apparently this molecule has great 
difficulty in occupying all the empty space in the 
crystal lattice with its acyl chain in the usual all-trans 
conformation. Simultaneous molecular modeling of 
2-O-acetylsucrose (2) and 2-O-lauroylsucrose(1) was 
undertaken to determine the influence of the func- 
tional group and the aliphatic sidechain, respectively, 
on the conformation of the sucrosyl moiety. In paral- 
lel, an NMR study of 2-O-lauroylsaccharose was 
initiated to obtain experimental validation of the the- 
oretical structures. 

Obvious questions to be answered were the follow- 
ing: (a) What is the effect of the change from the 
O-2g hydroxyl oxygen in sucrose to acetal oxygen in 

2-O-lauroylsucrose upon the preferred conformations 
about the glycosidic linkage and the hydrogen-bond- 
ing pattern? (b) What is the favored solution confor- 
mation of the acyl chain? (c) How does the presence 
of the lauroyl side chain influence the sucrosyl con- 
formation? (d) What is the most likely aggregate or 
packing phenomena of the favored solution struc- 
tures? and (e) How do the theoretical conformational 
search ensembles (using the new motional model 
from the sucros e MD-study) compare to experimental 
time-averaged data such as homo- and hetero-nuclear 
NMR relaxation parameters? 

2. Methods 

Nomenclature.--A schematic representation of 2- 
O-lauroylsucrose (2-O-lauroyl-/3-D-fructofuranosyl-(2 
---> 1)-C~-D-glucopyranoside) along with numbering 
and labeling of the heavy atoms is shown in Fig. 1. In 
this study we consider eight main conformational 
degrees of freedom. The conformation about the gly- 
cosidic linkage bonds are described by the following 
torsion angles: 

q~ = O - 5 g - C - l g - O - l g - C - 2 f  

= C - l g - O - l g - C - 2 f - O - 5 f .  

The orientations of the three hydroxymethyl groups 
are described by the torsional angles: 

o98 = O-5g-C-5g-C-6g-O-6g  

Xf = O - 5 f - C - 2 f - C - l f - O - l f  

wf = O-5f-C-5f-C-6f-O-6f .  

The orientation of the fatty acid group linked to O-2g 
is defined by the three torsional angles: 

Yl = C- ig -C-2g -O-2g -C-21g  

"Y2 = C-2g-O-2g-C-21 g-C-22g 

Y3 = O-2g-C-21g-C-22g-C-23g 

The sign of the torsion angles is defined in agreement 
with the IUPAC-IUB Commission of Biochemical 
Nomenclature [7]. The orientation of all dihedrals is 
according to the definition given in Fig. 2. 

NMR spectroscopy.--400.13 MHz 1H and 100.6 
MHz 13C NMR spectra of a 64-mM sample of 2-0-  
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Fig. 1. Schematic representation of 2-O-lauroylsucrose (1) 
inclusive numbering and labeling of the heavy atoms. 

lauroylsucrose in ME2SO-d~ were recorded on a 
Bruker DRX 400 operating in the Fourier transform 
mode at 294 K. Chemical shifts were assigned from 
2D correlation spectra (COSY and HETCOR) and the 
vicinal proton coupling constants were extracted from 
a spectrum with a digital resolution of 0.5 Hz/p t .  
Vicinal heteronuclear coupling constants were ob- 
tained from selective INEPT2D spectra [8]. NOESY 
w)lumes and heteronuclear T 1 data were measured as 
previously described [9]. Heteronuclear NOE factors 
(r/) were obtained by comparing fully-decoupled and 
inverse-gated carbon spectra. 
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Fig. 2. Letter code for torsional angles. 

Computational methods. - -The confl)rmational be- 
havior of 2-O-lauroylsucrose was investigated using 
the MM3 force field (version 92) [10,11]. In addition 
to the classical terms the force field includes anisot- 
ropy of hydrogens, corrections for stereoelectronic 
effects, cross term effects like torsion-stretch, tor- 
sion-bend and bend-bend interactions. Buckingham 
type potential for non-bonded interactions and ex- 
plicit terms for hydro,,en bondin- No cut-off of 
nonbonded interactions was used and the dielectric 
constant was set to 4.0 [12]. 

Molecular mechanics ,~Hd search.--The potential 
energy surface of sucrose and 2-O-acetylsucrose was 
computed from 54 individual relaxed potential energy 
maps in vacuum. The starting conformation of the 
pyranosyl group was ~C~ and the corresponding start- 
ing conformer lbr the furanosyl moiety was taken as 
the crystallographic 4T~ conformation. For all 27 
possible combinations of orientations ( g / G / T )  of 
~o~, co r and Xt a clockwise (c) and reverse clockwise 
(r) orientation of the secondary hydroxyl groups on 
the glucopyranosyl ring were considered, so as to 
best form a partial crown of intramolecular hydrogen 
bonds. Each of these conformations was fully opti- 
mized and used as a starting point for calculating a 
relaxed map. The relaxed rnaps were computed using 
rigid rotation followed by harmonic constraint mini- 
mization in 10 ° increments for @ and 1/, spanning ~l~ 
in the range between 0 ° and 180 ° and the whole 
angular range of ~ .  Convergence w, as accepted when 
the iterative decrease in energy .XE was less than 
N" 0.00008 kcal /mol  (where N was the number of 
atoms in the molecule). This approach resuhed in 
36,935 possible conformations from which a general 
adiabatic q3 ~ map was constructed by using the 
lowest energy values Ik)r the 54 relaxed maps. 

Molecular mechanics CICADA search.--The CI- 
CADA program provides a conformational search 
shell fl~r the underlying molecular mechanics pro- 
gram and it performs exploration of the potential 
energy surface, PES, of the molecule in dihedral 
space. The algorithm [13] has previously, been applied 
to carbohydrates [14,15]. After completion. CICADA 
provides information about all confl)rmations and 
transition states found in the search in standard coor- 
dinate files and in special geometry files containing 
energy and values of selected dihedral angles. For 
further advanced analysis CICADA provides a graph 
containing the accumulated infl)rmation on intercon- 
version pathways and transition states amongst the 
conformations. 

The CICADA process is controlled by several 
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parameters of which the most important are the se- 
lected set of driven dihedrals, the identity criterion 
Dmi n, the dihedral step increment A@, and the stop 
criterion Econf. The identity criterion used to deter- 
mine if two conformations are identical was set to 
30 ° . The dihedral step increment was set to 20 ° with 
the result that we are not likely to observe much finer 
details in resulting transition states. This is not a 
regular grid increment as all local minima are fully 
relaxed. The stop criterion which was set to 10 
kca l /mol  is based on relative energy of conforma- 
tions; if no more conformations are found in an 
energy window defined with respect to the global 
minimum then the algorithm will stop the search. 
Furthermore the efficiency of the CICADA process 
can be enhanced by enabling and disabling the indi- 
vidual dihedrals which are to be driven. In the initial 
search only the most important dihedrals (4~, qt, (JOg, 
~of, Xf, Y~, Y2 and Y3) were driven to avoid unneces- 
sary time spent on rotating small side groups in 
regions of PES of insignificant importance. Then all 
hydroxyl groups were included in the search and 
finally all torsional angles of the acyl chain were 
driven. 

Data simulation.--All  simulated data were calcu- 
lated using a Boltzmann distribution of complete 
molecular statics ensembles. 

Coupling constants.--Coupling constants, 3JH. H, 
for vicinal hydrogen atoms of a H - C - C - H  segment 
were calculated using a Karplus type equation [16] 
with the Haasnoot-Altona parameterization [17]. It 
accounts for the J dependence on the dihedral angle 
of the H - C - C - H  fragment, on the electronegativity 
of the participating atoms and on the orientation of 
the c~ and /3 substituents. The heteronuclear coupling 
constant 3JH, c across the glycosidic linkage was cal- 
culated by using the equation for the heteronuclear 
C - O - C - H  segment proposed by Tvaroska et al. 
[18]. 

Rotamer distributions about primary hydroxyl 
groups were calculated numerically from the limiting 
values given by the Haasnoot-Altona equation 
[ 17,19]. All rotamer distributions were calculated us- 
ing this set of equations. The results include negative 
populations arising from inaccuracies in the empirical 
Haasnoot-Altona description since only idealized 
staggered conformations are considered. 

NMR relaxation data . - -The  relaxation data simu- 
lations take into account the geometric and dynamic 
aspects of conformational fluctuations through popu- 
lation-averaged distance matrices and a motional 
model, respectively. Homonuclear NMR relaxation 

data were simulated with inhouse software [20] based 
on the model-free spectral densities [21]. In this 
approach, NOESY volumes were obtained by back- 
calculation of the relaxation matrix which was estab- 
lished from the CICADA ensemble distance matrices 
( <  r - 6 >  and < r -3 >) .  In one case, the distance 
matrix for a single structure was used to compute the 
NOESY volumes. Motional parameters ( 2 Sang , the spa- 
tial restriction of internal motion which is equal to 1 
for a rigid molecule and to 0 for a totally flexible 
molecule; r e, correlation time of the internal motion; 
%, correlation time of molecular reorientation or 
overall tumbling) were obtained by simultaneously 
fitting both the homo- and heteronuclear relaxation 
data. 

3. Results and discussion 

Adiabatic map . - -The  potential energy surface 
(PES) of sucrose in the MM3 force field is shown in 
Fig. 3a. The map has the characteristic shape of a 
small belt spanning almost the whole q~-space, 
roughly in the region q5 = 60 ° to 120°; it corresponds 
closely to previous published maps of sucrose in the 
MM3 force field [22,23]. 

The steric effects of a 2-O-substitution are illus- 
trated in Fig. 3b, with the PES for 2-O-acetylsucrose. 
The main effect of the 2-O-acetyl substitution is a 
slightly more restricted PES. The lowest energy mini- 
mum occurs at qb, q t =  70 o, _ 80 ° which is shifted 
by - 3 7  ° and - 3 5  ° from the crystalline sucrose 
conformation. Within 8 kca l /mol  the occupied area 
in (45,gt)-space of the 2-O-acetylsucrose adiabatic 
map is 21% and the calculated 3D volume is 138 × 
103 deg 2 kcal /mol.  In comparison, occupied area in 
(qb, q~)-space of the sucrose adiabatic map is 23% 
and the calculated 3D volume is 151 × 103 deg 2 
kcal /mol .  

CICADA search.--Fig. 4a shows all 1293 (all- 
trans) conformations of 2-O-lauroylsucrose found by 
the CICADA search, superimposed on the adiabatic 
map of 2-O-acetylsucrose. The conformations cluster 
in four main areas: in the center of the A-well, along 
a line in the center of the B-well, in the center of the 
C-well and in the upper part (AX) of the A-well 
where the crystal conformation of sucrose is found. 
The fact that the AX area is not a local minimum on 
the 2-O-acetylsucrose adiabatic map does not exclude 
that individual maps have local minima in this area. 
The corresponding plot of the 2-O-lauroylsucrose 
transition states in Fig. 4b reveals interesting features. 
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Fig. 3. (a) Adiabatic map of sucrose (S.B. Engelsen, Unpublished data). (b) Adiabatic map of 2-O-acetylsucrose (2) in the 
MM3 force field with indications of the positions of crystallographic conformations of sucrose ( * )  including the crystal 
structure of sucrose [24], the crystal structure of raffinose and the crystal structure of a hydrated sucrose found in a lentil 
lectin [27]. Isoenergy contours are drawn in 1 kcal/mol intervals up to 8 kcal/mol from the global minimum. 

As to be expected most transition states are located in 
saddle point regions but also a large number of 
transition states are found in the center of  the A- and 

B-wells  corresponding to local (non qb, ~-space)  con- 
formational interconversion pathways. The total ab- 
sence of  transition states in the C-well  indicates a flat 
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Fig. 4. (a) CICADA conformations and (b) transition states superimposed on the 2-O-acetylsucrose adiabatic map. 
Isoenergy contours are drawn in I kcal/mol intervals up to 8 kcal/mol. 
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Table 1 
List of conformations 
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of 2-O-lauroylsucrose found by the CICADA search 

Well/rating a qbi ~i Sucb Lauroyl c Acyl chain AE d p~ 

A 1 * 73 - 82 GTG GTT ggTTGTTTT - 1.4022 
A l 73 - 81 GTG GTc TTTTTTTTT 0.0000 7.1485 
A2 73 - 81 GTG GTg TTTTTTTTT 0.1018 6.0055 
A3 74 - 80 GTG GTc TTTTTTTTT 0.3424 3.9785 
A4 76 - 80 GTG GTg TTTTTTTTT 0.4326 3.4094 
A5 71 - 81 GGG GTG TTTTTTTTT 0.8913 1.5551 
A6 72 - 81 GGG GTg TTTTTTTTT 0.9206 1.4790 
A7 72 - 80 GGG GTG TTTTTTTTT 1.1120 1.0659 
A8 72 - 8 1  GGG GTG TTTTTTTTT 1.1416 1.0132 
A9 73 - 8 1  GGG GTG TTTTTTTTT 1.1429 1.01 l0 
AXI55 109 - 5 6  GTG GTg TTTTTTTTT 2.3613 0.1257 
B280 84 - 158 GTG GTg TTTTTTTTT 2.8752 0.0521 
C621 93 59 GTG GTc TTTTTTTTT 3.8065 0.0106 

Conformations contributing more than 1% to the total population are listed in descending order together with the two local 
minima from the B- and C-wells. Populations are based on all-trans conformers, but for comparison the AI * conformation 
is included which was the lowest energy conformer found when the acyl chain was also driven. 
aThroughout the paper conformers will be referred to using the uppercase letter indicating the local well and the global 
energy rating in the all-trans CICADA search (the asterisk indicates the total search which encompass also cis-conformers 
of the acyl chain). 
bprimary hydroxyl group dihedrals of the sucrose moiety: Wg, Xf and ogf. Letter code is written according to Fig. 2. 
"The conformation of the lauroyl moiety: y~, "Y2 and Y3. Letter code is written according to Fig. 2. 
dRelative energy in kcal /mol  calculated with respect to the global minimum. 
ePopulation of conformer in per cent (298 K). 

local m in imum region governed by steric restrictions 
in qO, ~ - s p a c e  with a very low conformat ional  diver- 
sity. 

In Table  1 some of  the most  populated conforma-  
tions of  2-O-lauroylsucrose  with the acyl chain in the 
all-trans conformat ion  are listed. The global A-well  
m in imum is 2.9 k c a l / m o l  below the local B-well  
m in imum and 3.8 k c a l / m o l  below the local C-well  

min imum.  Taking into account  the lower  conforma-  
tional diversity of  these wells, it is clear that B- and 
C-well  conformat ions  will not contribute significantly 

to any calculated observables  (at 300 K) or to any 
properties which reflect the Bol tzmann distribution. 

The local m in imum of  the AX part of  the A-well  is 

slightly lower in energy than the corresponding B-well  
m in imum and considering the higher conformational  

diversity of  this region, AX-conformat ions  are likely 
to contribute significantly to calculated properties. 
The lauroyl moiety  was also driven in the final part 
of  the conformational  search and the global min imum 
was 1.4 k c a l / m o l  lower in energy than the global 

min imum of the all-trans search. This energy differ- 
ence stems f rom an optimization of  the non-bonded 
interactions between the sucrosyl and lauroyl moi- 
eties in the vacuum simulations. 

Intramolecular hydrogen bonds . - -The  crystal 
structure of  sucrose possesses two strong intramolec- 
ular hydrogen bonds: H O - 2 g . . - O - l f  and O- 

Table 2 
Intramolecular oxygen-oxygen distances and radius of gyration of selected conformers of 2-O-lauroylsucrose 

Well/rating O-2g . .  • O - I f  O - 2 g  . . .  O - 3 f  O - 5 g  . - .  O - 6 f  O - 6 g  . . .  O-6f Rg 

Sucrose 2.78 4.84 2.85 4.01 3.17 
Lectin/sucrose 4.9 4.5 4.5 5.5 3.2 
A 1 * 4.083 3.963 4.749 3.005 4.299 
A 1 4,067 4.037 4.703 2.977 5.597 
A2 4.033 3.986 4.680 2.949 5.906 
AX 155 3.307 4.571 4.673 4.485 5.768 
B280 5,042 3.525 6.294 6.731 5.767 
C621 5.319 5.436 6.024 8.227 5.635 
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5g . . .  HO-6f [24]. Recent X-ray, NMR and model- 
ing studies strongly indicate that both of these hydro- 
gen bonds are broken (very lowly-populated) in di- 
lute aqueous solution [9,23]. Instead two relatively 
highly-populated bridging water situations, O- 
2g • • • Ow - • • O- l f  and O-2g • • - Ow • • • O-3f, have 
been proposed from modeling studies [9,25,26] and 
the latter one is observed in a hydrated crystal struc- 
ture embedded in a lentil lectin crystal [27]. In this 
perspective 2-O-lauroylsucrose is a quite interesting 
structure as the O-2g atom is changed from a hy- 
droxyl oxygen (in sucrose) with both accepting and 
donating capabilities to an accepting only acyl oxy- 
gen. Furthermore the hydrogen bonding capabilities 
of the O-2g acyl oxygen is expected to be less 
competitive and less exposed due to the neighboring 
carbonyl group. It is therefore to be expected that the 
influence of the O-2g atom which is a key atom in 
determining the sucrosyl conformation of sucrose 
(and raffinose) will be less important in the case of 
2-O-acyl derivatives. Table 2 lists the distances for 
all possible intraring hydrogen bonds of the most 
important conformers of 2-O-lauroylsucrose. In con- 
trast to similar in vacuo studies on sucrose [9,23] 
none of the minimum energy conformers possess 
intraring hydrogen bonds, except for A1 and A2 (and 
AI*)  which both have a stabilizing hydrogen bond 
between the two C-6 primary hydroxyl groups. How- 
e~er, such intramolecular hydrogen bonds between 
two flexible side groups are not likely to be able to 
compete on a statistical basis with water interactions. 
From the relatively short distance, it might appear 
that a weak electrostatic interaction exists in one 
conformer (AX155) between the O-2g and O- l f  
groups but, in fact, the HO- l f  points in another 
direction. Although the carbonyl oxygen is expected 
to be an important factor in intermolecular interac- 
tions no conformer has been found in which this 
group forms intramolecular hydrogen bonds, primar- 
ily due to its strong tendency to align parallel with 
the C-2g-H-2g bond. This is indicated in Fig. 5g 
where the cis conformations of Y2 are not found 
within a 10 kcal /mol  window. 

The g/ycosidic linkage.--The fact that the 2-0  
substitution diminishes the hydrogen bonding capa- 
bilities of the sucrosyl moiety is expected to have 
some influence on the conformations about the glyco- 
sidic linkage. In the case of sucrose, the 3JH. c param- 
eters are only calculated correctly if explicit water 
molecules are included in the simulations [9]. This is 
because this conformational equilibrium is dominated 
by sucrose conformations with a stabilizing water 

molecule bridging O-2g and either O- l f  or O-3f. In 
these vacuum calculations, we did not find any signif- 
icant influence of the 2-O-acylation upon the confor- 
mational equilibrium; this is revealed by the simula- 
tions as the conformational preference ( g / G / T )  of q~ 
at 300 K remains unchanged (99:0: 1) when compared 
to sucrose (see also Fig. 5b). These results are 
corroborated experimentally by identical values of 
3JH-Ig,C 2f for 1 and sucrose (Table 3). 

The ring conformations.--The theoretical glucosyl 
vicinal ring couplings are in a good agreement with 
the experimental ones which is consistent with the 
preservation of the 4Cj chair conformation of the 
glucose residue throughout the simulation. However, 
the small shifts in experimental vicinal ring couplings 
from sucrose to 2-O-lauroylsucrose are not reflected 
in the modeling. Also the more flexible furanosyl 
ring remained in its northern conformation through- 
out the CICADA search which is weakly supported 
by the NMR data. 

Primary hydroxyl rotamer populations.--The to- 
tamer distribution around the w~ primary hydroxyl 
group (Fig. 5c) calculated from the CICADA ensem- 
ble results in a g / G / T  ratio of 10:88:2 (300 K) 
which is similar to the ratio calculated for sucrose: 
7:91:2. However, both ratios favor the G rotamer 
with respect to the g rotamer more than is to be 
expected from the NMR coupling constant data which 
indicates an approximate 50:50:0 ratio [19]. Also the 
wf rotamer distribution of 3:96:1 (Fig. 5d) is calcu- 
lated to be similar to that of sucrose (5:92:3) indicat- 
ing that the 2-O-substitution has no conformational 
effects on the relatively remote C-6g and C-6f hy- 
droxyl groups. 

As would be expected, the conformational prefer- 
ence of the C- l f  primary hydroxyl group, which is in 
close proximity to the 2-O-acyl group, is different 
from that of sucrose. While the C-I f  rotamer distribu- 
tion in sucrose is found to have a relatively equal 
distribution, the corresponding distribution in 2-0- 
lauroylsucrose (Fig. 5e) is calculated to be more in 
favor of the T conformation: 12: ! 2:76. 

A~3'l chain orientation.--The orientation of the 
all-trans acyl chain with respect to the sucrosyl moi- 
ety is assessed by the three torsional angles ",/~, "/z 
and Y3 (Fig. 5f-h). Due to a beneficial local interac- 
tion between the C-2g-H-2g bond and the carbonyl 
C = O  bond, the Yl and especially Y2 rotamers are 
kept relatively fixed in their G and T conformations, 
respectively. Y3 displays an interesting feature: the 
global all-trans minimum is found to have Y3 in the 
cis conformation with an angle of 13 °. The effect of 
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Fig. 5. One-dimensional plots of important dihedral angles versus energy of conformations ( 0 )  of 2-O-lauroylsucrose found 
by the CICADA search: (a) q), (b) ~ ,  (c) to~, (d) Xf, (e) o0f, (f) Yl, (g) ~2 and (h) Y3- 

the cis orientation of T3 is a relatively axial orienta- 
tion of the acyl chain with respect to the pyranose 
ring in contrast to the staggered g, G and T conform- 
ers which promote more elongated equatorial type 

orientations of the acyl chain. The less elongated 
form of the cis structure is also reflected by the 
radius of gyration (Table 2) which is 5.6 ,~ in com- 
parison to 5.9 A for the g structure. The stabilization 
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Table 3 
Observed and calculated 3j coupling constants (Hz) for 2-O-lauroylsucrose compared with those of sucrose 

139 

2-O-Lauroylsucrose Sucrose 
3j Experimental Calcd a Calcd b ExperimentaP Calcd ~ 

~e-Glcp 
H-lg, H-2g 3.8 3.7 3.6 3.8 3.7 
H-2g, H-3g 10.3 9.5 9.6 10.0 9.6 
H-3g, H-4g 9.6 9.3 9.3 9.1 9.3 
H-4g, H-5g 9.4 9.8 9.8 9.8 9.8 
H-5g, H-6sg 1.9 1.0 1.4 2.0 2.6 
tt-5g, H-6rg 5.6 10.5 9.9 5.0 9.6 
g / G / T  10:88:2 3:96:1 7:91:2 

f i-Fruf 
H-3f, H-4f 8.5 8.8 8.8 8.8 8.8 
H-4f, H-5f - 9.0 9.1 8.3 9.0 
H-5f, H-6sf - 10.7 10.4 7.1 10.2 
tt-5f, H-6rf - 1.0 1.1 3.7 1.4 
g / G / T  3:96:1 1:99:0 5:92:3 

a'(1 -~ 2) 
H-lg, C-2f 3.8 2.6 2.8 3.80 2.7 

'Calculated from the complete theoretical ensemble. 
t Calculated from the theoretical ensemble with the acyl chain in its all-trans configuration. 
'From ref. [9]. 

Experimental value obtained in the course of the present study. 
'Calculated from the theoretical ensemble from ref. [23]. 

Table 4 
100.6 MHz ~3C NMR data of a 64 mM solution of the 2-O-lauroylsucrose in Me2SO-d 6 (6Me 39.5 ppm) 

Carbon 6 (ppm) T l (s) (average deviation) Heteronuclear Overhauser effect ~ (average deviation) 

o~-Glcp 
C- I g 88.73 0.22 (0.00) 0.81 (0.03) 
C-2g 73.10 0.22 (0.00) 0.825 (0.015) 
C-3g 69.82 0.23 (0.00) 0.875 (0.005) 
C-4g 70.01 0.235 (0.005) 0.875 (0.005) 
C-5g 72.62 0.23 (0.00) 0.88 (0.00) 
C-6g 60.28 0.14 (0.00) 1.00 (0.00) 

/3-Fruf 
C- l f  61.02 0.135 (0.005) 1.01 (0.05) 
C-2f 104.29" na na 
C-3f 75.20 0.23 (0.005) 0.75 (0.04) 
C-4f 73.75 0.23 (0.00) 0.77 (0.02) 
C-5f 82.74 0.23 (0.00) 0.84 (0.003) 
C-6f 62.36 0.165 (0.005) 0.91 (0.03) 

La u roy I side c tl a in 
C-2 l" 172.97 na na 
C-22" 33.60 0.26 (0.00) 1.13 (0.04) 
C-23" 31.37 na na 
C-24"-C-29" 29 (br m) na na 
C-210" 24.28 0.36 (0.00) 1.14 (0.04) 
C-211" 22.17 na na 
C-212" 14.03 na na 

na = Not applicable or not accessible. 
a~JH I,( -2' 3.8 Hz. 
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Table 5 
400.13 MHz n H NMR data ~ of a 64 mM solution of the 
2-O-lauroylsucrose in Me2SO-d 6 (6Me 2.72 ppm) 

Proton 6 (ppm)Multiplicity3j~, ~+ 1 or 2Jxs..~R 

ot -Glcp 
H-lg 5.515 d 3.8 
H-2g 4.585 dd 10.3 
H-3g 3.869 ~ t 9.6 
H-4g 3.44 ~ t 9.4 
H-5g 3.91 m 
H-6Sg 3.81 b dd - 11.3, 1.9 
H-6Rg 3.72 b dd - 11.3, 5.6 
HO-3g c 5.258 d 5.4 
HO-4g~ 5.213 d 5.9 
HO-6g ~ 4.572 t 5.4 

-Fruf 
H-ISf 3.500 AB -11.3 
H-1Rf 3.328 AB - 11.3 
H-3f 4.190 d 8.5 
H-4f 3.96 ~ t 
H-5f 3.77 m 
CH2-6f 3.77 m 
HO-lff 5.076 dd 7.3 (H-ISf) 

4.9 (H-1Rf) 
HO-3f ~ 4.925 d 7.3 
HO-4f c 5.394 d 5.9 
HO-6U 4.718 ~ t 5.4 

Lauroyl sidechain 
CH2-22" 2.512 ABXX' 
CH~-23" 1.738 In 
CH 2-24" -CH 2-211" 1.459 m 
CH 3-212" 1.070 ~ t ~ 6 . 8  

~'Multiplicity of the aliphatic protons corresponds to an 
exchange-broadened spectrum acquired a week after sam- 
ple preparation. 
Key: d, doublet; t, triplet; m, multiplet. 
b UAB, 3.768 ppm. 
~Measured immediately upon preparation of the sealed 
NMR tube. 

of the cis conformation of Y3 is provided by weak 
favorable interactions between the C-23 methylene 
hydrogens and the O-2g ester oxygen (approximate 

o 

distance of 2.6 A). The global minimum is only about 
0.1 kcal /mol  below the global minimum having the 
Y3 in its g conformation (Table 1). 

NMR Spectroscopy.--Chemical shift assignments" 
and coupling constant data. The carbon and proton 
chemical shifts of 2-O-lauroylsucrose, in MezSO-d6, 

were assigned from 2D correlation spectra (COSY 
and HETCOR) and these data have been collected in 
Tables 4 and 5, respectively. Comparison of these 
data with those described for sucrose in MezSO-d 6 
[28] showed that the expected downfield shifts of the 
C-2 and H-2 resonances upon substitution by an acyl 
group [29] were observed for 2-O-lauroylsucrose 
along with upfield shifts ( ~  2-3 ppm) of the /3- 
carbons. Secondary isotope multiplets [30,31] due to 
/3 (0.09-0.12 ppm) and y ( <  0.07 ppm) upfield 
deuterium isotope effects were detected in the carbon 
spectra of 2-O-lauroylsucrose in mixtures of MezSO- 
d 6 and deuterium oxide confirming the chemical shift 
assignments. A major difference was observed in the 
fine structure of the H-lfa and H-lfb signals which 
are best described as a tightly-coupled ~ A 2 pattern 
in the case of sucrose and a weakly-coupled AB 
system (A v =  69 Hz) for 2-O-lauroylsucrose (where 
H-lfa and H-lfb correspond to the methylene protons 
whose signals resonate at low and high field, respec- 
tively). 

Vicinal coupling constants were detected for the 
hydroxyl resonances of 2-O-lauroylsucrose in 
freshly-dissolved samples in Me2SO-d 6 and these 
parameters are given in Table 5. The hydroxyl proton 
regions in the 400.13 MHz spectra of both 2-0- 
lauroylsucrose (below) and sucrose (above) are shown 
in Fig. 6. In order to dissolve the sucrose sample a 
drop of deuterium oxide was added and the multiplet 
pattern shows the same deuterium isotope effects as 
reported earlier [32]. The two hydroxyl coupling con- 
stants of the HO-If  group of 2-O-lauroylsucrose (7.3 
and 4.9 Hz for 3j and 3j respec- 

H O , H -  l fa  H O , H -  l f b ,  

tively) are distinctly different whereas a unique cou- 
pling constant (triplet, 5.4 Hz) was detected for the 
HO-lf  moiety in the case of sucrose. Both the 
3JH-H,OH coupling constants and the fairly well-re- 
solved AB system of the CH2-1f methylene protons 
suggest that the time-averaged orientation of the H -  
O - C - l f - H - I R f  and H - O - C - l f - H - I S f  dihedrals of 
2-O-lauroylsucrose are very different and would tend 
to indicate that rotation of the HOCH2-1f hydroxy- 
methyl group of 2-O-lauroylsucrose is much more 
spatially-restricted than in the case of sucrose. The 
asymmetrical triplet observed for HO-6f (4.67 ppm) 

Fig. 6. (a) 400.13 MHz JH spectrum of 2-O-lauroyl sucrose in Me2SO-d6. (b) 'H COSY spectrum. (c) The region 
containing the hydroxyl resonances in the 400.13 MHz NMR spectra of solutions (~ 50 raM) of 2-O-lauroylsucrose (below) 
and sucrose (above; a drop of deuterium oxide was added) in Me2SO-d 6. The multiplets of the HO-lf hydroxyl resonances 
have been labeled and deuterium isotope effects in the sucrose spectrum have been marked with an asterisk (*). 
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reflects second order effects due to the tightly-cou- 
pled ABCX system (H-6fa, H-6fb, H-5f and HO-6f). 
The sample used for the NMR study contained small 
( <  10%) amounts of related compounds which were 
the result of scrambling of the ester group with 
respect to various hydroxyl moieties (Fig. 6). 

Acyl migrations under acid- and base-catalyzed 
conditions are frequently observed in partially acy- 
lated carbohydrates and have been a subject of nu- 
merous reports [33,34]. We have effectively shown 
that isomerization of 2-O-lauroylsucrose occurred in- 
tramolecularly to provide the 3-0- and then the 6-0- 
lauroyl regioisomers [35]. Nevertheless, strongly ba- 
sic conditions, i.e., a nucleophilic base in Me2NCHO 
or an aqueous solution of triethylamine were required 
[2]. Under  the conditions used here, 2 -0 -  
lauroylsucrose was stable over a period of several 
weeks in MezSO-d  6 whereas some acyl migration 
( <  10%) was observed over the same period in deu- 
terium oxide. 

The hydroxyl signals broadened rapidly and no 
splitting was detected in the spectra used to measure 
the coupling constants of the methine and methylene 
protons. All of the 3j values of the glucosyl ring H,H 
protons could be determined and these data, which 
are almost identical to those reported for sucrose, 
indicate the classical 4C~ chair form of the pyranose 
ring. The experimental values of 5.6 and 2 Hz for the 
3JH-  5g,H- 6gR and 3J H_ 5g,H 6gS coupling constants of 
2-O-lauroylsucrose are also analogous to those of 
sucrose (4.5 and 2 Hz, ref. [28]). In a conformational 
study of hydroxymethyl groups in carbohydrates 
based on NMR data, Bock and Duus [19] have inter- 
preted similar results obtained for various glucose 
derivatives in terms of an ~ 1:1 mixture of g and G 
rotamers. 

The spectral dispersion of the fructosyl protons 
was unfavorable and only the 3J H_ 3f.H-4f value could 
be precisely measured. According to the crosspeak 
pattern of the NOESY spectrum, the fine structure of 
the H-4f multiplet was close to being a triplet. The 
H-5f, H-6Rf and H-6Sf spins all resonated near 3.7 
ppm forming a tightly-coupled system that was not 
amenable to analysis. The partial coupling data of the 
five-membered ring pointed to the 4T 3 puckering 
family located in the northern half of the pseudorota- 
tion wheel. The 3.8-Hz value of the 3JH_lg.C_2f 
coupling constant of 2-O-lauroylsucrose was identical 
to the one reported for sucrose in Me2SO-d 6 (this 
work) indicating a similar time-averaged orientation 
about the glycosidic linkage. 

Carbon relaxation data.--In dilute solution, local 
fluctuating magnetic fields arise due to the random 
motion of neighbouring magnetic dipoles within the 
same molecule. These local fields can induce transi- 
tions in nuclear spin state thus modulating the return 
to equilibrium (or spin relaxation) in NMR experi- 
ments. In the case of small carbohydrates, both pro- 
ton and carbon spin relaxation are dominated by this 
dipole-dipole mechanism. Molecular motion with a 
rate at the reciprocal of the NMR transition frequency 
(nanosecond timescale) will be the most efficient at 
bringing about relaxation and both overall tumbling 
(rotational diffusion) and internal motions of small 
carbohydrates fall within this category. Simulation of 
relaxation data therefore requires a description of 
molecular dynamics which must be accounted for 
with appropriate spectral densities. A motional model 
is most often obtained from heteronuclear relaxation 
data where the relaxation parameters can be ex- 
pressed in terms of interactions with directly-attached 
protons. For instance, the carbon-proton distance can 
be assimilated to a fixed distance (1.11 A) and the 
relaxation parameters can be fitted to various mo- 
tional models in order to determine the nature of 
overall tumbling and the extent of internal dynamics. 
Accordingly, the average values of the experimental 
carbon longitudinal relaxation times, Tj, and NOE 
factors, 77, (average deviations are given in brackets) 
were established and these data are collected in Table 
4. 

Molecular rotational diffusion.--In an investiga- 
tion of sucrose in MezSO-d  6 [37], two groups of 
spins were distinguished on the basis of small differ- 
ences in carbon T l values (5%) and slightly 
anisotropic reorientation was postulated. It was ar- 
gued that the orientation of C - H  vectors associated 
with the longer T~s (2g, 3g, 4g, and 5g) was perpen- 
dicular to the long axis whereas the orientation of 
C - H  vectors associated with the shorter Tls (lg, 3f, 
4f, and 5f) was almost parallel to this same axis. The 
presence of the 2-O-lauroyl sidechain would be ex- 
pected to lead to even greater anisotropy in molecular 
reorientation. Indeed, hydrocarbon chains attached to 
fluorene have been shown to induce anisotropic reori- 
entation which resulted in very large variations in the 
T I values (0.47-1.00 s) of the aromatic carbons 
depending on the orientation of the corresponding 
C - H  vectors of the anchor [36]. 

This tendency was not evident in the case of 
2-O-lauroylsucrose as the T~ values of the methine 
carbons were almost identical (0.23 _+ 0.005 s) and 
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would be compatible with isotropic overall tumbling 
[38]. In contrast, inspection of the r/ parameter of the 
2-O-lauroylsucrose methine carbons reveals a consid- 
erable spread in values (0.75 to 0.88). In the case of 
isotropic tumbling, it has been shown [39] that inter- 
nal motion of sufficient amplitude (order parameter 
< 0.8) can strongly modulate (100%) ~ values when 
this motion is relatively slow (correlation time > 0.05 
ns). However, this implies notable differences in 
either the amplitude or in the timescales of the inter- 
nal motion at the various methine carbons which 
seemed unlikely. In order to understand the influence 
of anisotropic tumbling on the carbon relaxation pa- 
rameters of 2-O-lauroylsucrose, these data were simu- 
lated for axially-symmetric anisotropic tumbling 
[40,41] in the presence of internal motion [21]. 

The motional and geometric parameters for axi- 
ally-symmetric anisotropic tumbling [21,40,41] in- 
clude correlation times for rotation about the long 
( r / / )  and short (r  ±) molecular axes and for internal 
motion (ri), the amplitude of internal motion (S~.~) 
and the angle (0)  between the C - H  vector and the 
long axis. Variations in the T I and r/ values as a 
function of 0 have been plotted in Fig. 7a and b, 
respectively, for the preferred motional model (vide 
inffa). Almost no change ( <  0.01 s) in the T I value 
is observed when the orientation of the C - H  vector is 
varied over the whole angular range. However, the "r/ 
value increases from 0.75 ( 0 =  0, 180) to 0.90 ( 0 =  
90, 270). Inspection of a favored conformer of (1), 
the AX155 structure, shows that the C-2g, C-3g, 
C-4g, and C-5g methine carbons of the glucosyl 
residue are aligned perpendicular to the plane of the 
six-membered ring while C-lg, C-3f, C-4f, and C-5f 
are orientated nearly parallel to this plane. Thus the 
methine carbon relaxation data of 2-O-lauroylsucrose 
could be satisfactorily simulated by slightly 
anisotropic tumbling (anisotropic ratio of 1.6-1.7). 

Internal m o t i o n . - -  As  has been reported for su- 
crose [9], a continuum of motional models reproduces 
the carbon relaxation of 2-O-lauroylsucrose (S,~,g 0.9 
-~ 0.7 with simultaneous variations in the correlation 
times, r • 0.65 ~ 0.80, r / /  0.38 ~ 0.50 and r i 0.01 

0.1 ns). In the former study [9], calculations of the 
amplitude of internal motion from a nanosecond-MD 
simulation in explicit water indicated that S~,g values 
of 0.7 were the most appropriate and therefore the 
corresponding anisotropic motional model was 
adopted in the case of 2-O-lauroylsucrose (S 2 = 0.7; ang 

r , r / l ,  and r i values of 0.80, 0.50, and 0.1 ns 
respectively). It has been shown that when the 
anisotropic ratio (r  ± / r / / )  is small ( <  2), it does not 
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Fig. 7. (a)Theoretical plots of 100.6 MHz carbon longitudi- 
nal relaxation rates (T 1 l, s- ~ ) as a function of the angle, 0 
(in degrees), between the C-H vector and the principal 
molecular axis established for anisotropic axially symmet- 
ric overall tumbling using the model-free spectral densities 
and the following motional model: (S~n,. =0.7: r j ,  r::, 
and r i values of 0.80, 0.50, and 0.1 ns~respectively). 
Theoretical plots of 100.6 MHz carbon nuclear Overhauser 
effects (r/, s- 1 ) as a function of the angle, 0 (in degrees), 
between the C-H vector and the principal molecular axis 
established for anisotropic axially symmetric overall using 
the model-free spectral densities and the motional model in 
(a). 

significantly influence homonuclear relaxation data 
[42] so that the proton relaxation data were simulated 
with spectral densities appropriate for isotropic tum- 
bling and motional parameters closely-related to those 
described above (S~,g = 0.7; L and r i values of 0.7 
and 0.1 ns, respectively). 

The relative flexibility of the various methylene 
protons could be estimated by comparison of the 
corresponding NT~ values which are expected to be 
close to the average T 1 value of the methine protons 
in the absence of internal motion and much higher in 
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the case of rapid dynamics. Based on this criterion, it 
could be inferred that the motion of the pendant 
groups increases in the following order, C- l f  < C-6g 
< C-6f < C-22 < C-23 to C-212. 

Proton relaxation data.--  The phase-sensitive 
NOESY spectrum of 2-O-lauroylsucrose acquired 
with a 1-s mixing time contained weak positive 
crosspeaks between sugar protons indicating that 2- 
O-lauroylsucrose was in the negative NOE regime. 
At 400.13 MHz, this implies that the r c value must 
be greater than 0.44 ns (zero-crossing at which the 
NOEs become gradually smaller). Broad crosspeaks 
were observed between the residual water protons 
and the methylene and methine protons. The latter 
peaks are the result of indirect transfer pathways 
(CH--~ OH ~ H20)  as no crosspeaks are detected 
between hydroxyl protons and the other sugar pro- 
tons. The corresponding normalized NOESY diago- 
nal and crosspeak volumes are collected in Table 6. 

Table 6 
Experimental a and theoretical 400.13 MHz normalized 
NOESY volumes of a 64 mM solution of the 2-O-lauroyl- 
sucrose in Me2SO-d 6 acquired with a 1-s mixing time 

H-lg H-2g H-4g H-lfb H-3f H-4f Other 

H-lg 0.30P0.017 ~ 0.005 ~ 
0.221 0.017 0.008 
0.274 0.016 0.013 

H-2g 0.362a0.019 ~ 

H-4g 

0.410 0.013 
0.420 0.014 

0.260 ~ 

0.258 
0.229 

H-lfb 

H-3f 

0.052 ~ 

0.036 
0.037 

H-4f 

0.007" 
(H20) 
0.007 
0.008 
0.020 a 
(H-3 + H-5) 
0.007 
0.007 
O.OO& 
(H20) 
0.028 
0.029 
0.016" 
(H-l'a) 
0.010 
0.011 

0.310a0.009a0.015 a 
(H20) 

0.270 0.004 0.028 
0.276 0.004 0.035 

0.241 a 
0.262 
0.254 

The first set of simulated NOESY volumes corresponds to 
the all-trans CICADA ensemble-averaged distance matri- 
ces while the second set was calculated for the CICADA 
structure AXI55. The motional models were as follows: r c 
values of 0.75ns, S 2 = 0 . 7 0 a n d r  e=0.1 ns. ang 

The NOESY volumes calculated for both the all- 
trans CICADA ensemble-averaged distance matrices 
( <  r -3 > and < r -6 > )  and the AX155 single struc- 
ture have also been given in Table 6. The signal-to- 
noise ratios of the experimental crosspeak volumes 
are low due to the unfavorable tumbling time but, on 
the whole, the agreements between the theoretical 
and experimental data sets are very reasonable. A 
poor fit between the experimental and theoretical 
aH_lg,H_lg diagonal volume for the CICADA ensem- 
ble-averaged distance matrices is obtained due to 
less-than-optimum H- 1 g / H -  1 fb and H- 1 g / O H  inter- 
nuclear distances. Cross-relaxation between the me- 
thine and a-hydroxyl protons is very efficient (the 
time-averaged internuclear distances between these 
spins and the OH protons are generally < 2.5 A) and 
an improved estimation of the time-averaged orienta- 
tion of the hydroxyl groups would undoubtedly be 
obtained through simulations with explicit solvent. 
The theoretical NOESY volumes were also calculated 
for an NMR-derived single structure (AX155) which 
reproduces both the 3J H_ I g,C-2f and homonuclear 
coupling constants. A much improved fit for the 
au_lg,r~_lg diagonal volume is observed but overall the 
experimental data and the theoretical NOESY vol- 
umes are similar. 

From both the vicinal coupling constants between 
HO-l f  and H-lfa  (7.3 Hz) and HO-l f  and H-lfb (4.9 
Hz) and the stronger intensity of the H - l g / H - l f b  
crosspeak when compared to the H - l g / H - l f a  one, 
the stereospecific assignment of H- 1 fb to H- 1Rf could 
be inferred. 

In conclusion, the conformational preferences of 
2-O-lauroyl sucrose established with the CICADA 
algorithm have been corroborated by NMR spec- 
troscopy. Conformational space is more restricted 
than in the case of sucrose and the time-averaged 
properties are dominated by a single family of struc- 
tures. The major conformational change induced by 
the side chain is the TG orientation of the CH2-1f 
primary hydroxyl group which has been demon- 
strated on the basis of both experimental and theoreti- 
cal data. Conformational searching has revealed that 
the potential energies of structures with cis and trans 
sidechain orientations are very similar which may 
explain why it has proven so difficult to organize 
2-O-lauroyl sucrose in the form of single crystals. In 
the present study, it has not been possible to charac- 
terize the dynamics of the lauroyl sidechain through 
NMR relaxation data as the samples were not stable 
over a long enough period to collect multifield data. 
From both the ~H and ~3C relaxation data, it appears 
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that the tumbling of  2-O-lauroylsucrose is only 
slightly anisotropic. A motional model similar to the 
one recently proposed for sucrose (internal motion of  
considerable amplitude S~2,~ ~ 0.7) reproduced all the 
relaxation data. 
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