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Abstract 

NOEs between chemically equivalent protons in trehalose-containing molecules have been 
• • 1 3  . . . . . .  measured by using selecuve C NMR editing experiments. In addmon, average lnterglyco- 

sidic long range couplings H1-C1-O1-CI '  have been also measured for this compounds 
using a selective inverse detection quantitative method. © 1997 Elsevier Science Ltd. 
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I. Introduction 

Molecular recognition processes are the key step 
of many biological events. In the past years, organic 
chemistry and, particularly carbohydrate chemistry, 
has provided a number and variety of hosts with 
different structural topologies and binding abilities 
[1]. 

Symmetric hosts have been shown to improve the 
design of both the macrocyclic cavity and size [2]. In 
addition, the study of the complex geometries is also 
easier [2]. In this context, we have shown that tre- 
halose ( a ,  a-glucopyranosyl glucopyranose)-contain- 
ing macrocycles and glycophanes are adequate hosts 
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for a variety of cations, ammonium salts and organic 
ligands [3-5]. Trehalose-containing molecules are 
also widely present in biologically relevant glycocon- 
jugates and play significant roles in a variety of cell 
recognition events [6]. However, the C z symmetry of 
trehalose poses a problem for the characterization of 
the solution conformation of these molecules, since 
few distance constraints are available to be measured 
by regular NOE (ROE) experiments [7]. This fact, 
which is fairly common in carbohydrate molecules 
[8], is even more pronounced in trehalose-containing 
molecules, since the two (in principle) closest protons 
on both sides of the glycosidic linkage (H-1 and H-I') 
are symmetry related and therefore no direct NOE 
can be detected under regular conditions. In principle, 
only one interresidue, H1/H5'  [9], NOE can be 
measured via ordinary 1D or 2D methods• Following 

reserved. 
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the size of this interresidue NOE, the major NMR-de- 
rived solution conformation of trehalose [9] has been 
shown to be in agreement with those deduced by 
other means, including that observed in the solid state 
and that calculated by molecular mechanics for tre- 
halose and different derivatives thereof [10]. How- 
ever, in O-substituted trehaloses and in several tre- 
halose-containing macrocycles we have postulated 
the occurrence of major conformational changes 
around the glycosidic linkages [3-5] depending on 
the position and nature of the substituent and on the 
size of the polyethylene chain. The conformational 
changes are in agreement with the existence of a 
secondary local minimum deduced from semiempiri- 
cal calculations by Tvaroska for the corresponding 
tetrahydropyranyl analogue of trehalose [11]. 

We here report on the application of selective, 
DANTE-Z based [12], 13C NMR editing experiments 
[13] which allow the measurement of NOEs between 
chemically equivalent protons in trehalose-containing 
molecules. In particular, the edition of a given ~H-~3C 
pair followed by a ROESY module is shown to 
provide an adequate means to measure NOEs be- 
tween 1H-13C/1H-lZc proton pairs. This selective 
experiment is a fairly simple and good alternative to 
the use of regular 2D-HMQC-ROESY [14] or 
HSQC-NOESY [15] experiments, which have been 
previously used for other regular organic molecules. 
Usually, for small and medium size organic molecules 
such as trehalose, only one or two NOEs between 
symmetric protons may be detected and therefore, the 
selective method proposed herein satisfactorily com- 
petes with the time consuming 2D-sequences. In fact, 
just one resonance needs to be selected by the 
DANTE-Z-based editing module. Moreover, and in 
order to provide additional constraints to define the 
conformation of trehalose containing molecules, aver- 
age interglycosidic long range couplings H 1 - C 1 -  
O1-CI '  have been also measured using a recently 
published inverse detection quantitative method [16]. 

2. Experimental 

NMR spectra were obtained at 300 MHz on a 
Bruker AMX spectrometer and at 500 MHz on a 
Varian Unity spectrometer at 303 K using 5-10 
mmolar solutions of the different compounds in D20 
solutions. Measurements of NOEs between symmet- 
ric protons were performed using the inverse-detec- 
tion pulse sequence depicted below: 

tH: 90 - 1/4,/- 180 - 1/4,/- SPIN L O C K -  1/4,/- 180 - 1/43- R O E S Y  M O D U L E -  A C Q  

~'c: 18o DARrE-z ,80 (A) 

The lengths of the DANTE-Z inversion pulses 
were between 20 and 40 ms. The DANTE-Z module 
[12] consisted of a train of 1-2 /xs pulses separated 
by 200-500/xs  delays. During the DANTE-Z inver- 
sion, the proton magnetization was spin-locked, fol- 
lowing the protocol proposed by Nuzzillard and 
Bernassau [13]. The ROESY module consisted of a 
long constant phase pulse of 300, 350, and/or  400 
ms. No decoupling was used during acquisition. Sev- 
eral independent measurements were performed and 
averaged. One bond coupling constants were set to 
174 Hz to calculate the corresponding delays. Esti- 
mated errors in NOEs are smaller than 20% of their 
absolute value. 

Measurements of vicinal long range heteronuclear 
coupling constants were performed using the 
inverse-detection pulse sequence depicted in B, as 
proposed by Lindon and coworkers [16]. 

~H: 90 -1/4, /-  180 - 1/4./- Tr im - 90 - D3 - D A N T E  - D3 - 90 - 1/4,/- 180 - 1/4,/- 90 - A C Q  

]3C: 180 90 180 90 180 ( B )  

The desired long range coupling constants evolve 
during D3 periods, and can be easily measured using 
a reference spectrum. In particular the intensity ratios 
of the spectrum in which a given proton has been 
selectively inverted and the reference one inverted 
off-resonance amounts to I/1 ° = cos ~ J(2* D3 + 
sel.P180), where D3 is the evolution period, and 
sel. P180 the length of the selective inversion pulse. 

Total evolution times (2 * D3 + sel. P180) were be- 
tween 30 and 90 ms, while the lengths of the DANTE 
inversion pulses were between 12 and 24 ms. The 
DANTE module consisted of a train of 1-2 /xs 
pulses separated by 50-100 ms delays. No decou- 
piing was used during acquisition. Several indepen- 
dent measurements were performed at both magnetic 
fields and averaged. One bond coupling constants 
were set to 174 Hz to calculate the corresponding 
delays. The estimated accuracy of the couplings is 
0.3 Hz. 

Molecular mechanics calculations were performed 
by using the MM3* program as integrated in 
MACROMODEL 4.5 [17] on a Silicon Graphics Indy 
workstation. A bulk dielectric constant of 80 was 
used. Exhaustive minimization using conjugate gradi- 
ent iterations of different starting structures generated 
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by the Monte Carlo search facility implemented in 
the MACROMODEL package was performed in or- 
der to look for the global minima structures. Glyco- 
sidic torsion angles are defined as ~ H - 1 - C - 1 - O - 1 -  
C-I' and qb' H-I ' -C-I ' -O-1-C-1 .  

3. Results and discussion 

NOEs between symmetric protons.--For trehalose 
(1), the selection (inversion) of the C-1 resonance 
signal by pulse sequence A (Fig. 1) (or by the 2D 
HMQC-ROESY experiment) allowed estimation a 
H-1 /H-I '  NOE of 4%. After comparing this NOE 
intensity with the corresponding intraresidue H - l / H -  
2 NOE (which corresponds to 0.249 nm, according to 
MM3 * molecular mechanics calculations), an aver- 
age H-1/H-I '  distance of 0.28 + 0.2 nm was esti- 
mated. This distance is in fair agreement with a 
conformational distribution around the global mini- 

S 
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Fig. 1. 1D-selective ~3C edited ROESY spectrum of tre- 
halose (1) after selection of proton H-1. The inverted 
proton appears doubled by the direct IJcH. The NOE to its 
symmetry-related H-I' proton appears (with opposite sign) 
in the middle of the splitting signal. The intraresidue 
H-l/H-2 and interresidue H-l/H-5' NOEs may also be 
observed. 

Fig. 2. MM3 * calculated global minimum of trehalose (1). 
Interglycosidic torsion angles are ~,  ~ '  -50,  - 5 0  °. 

mum found in trehalose [10] by using MM3* calcula- 
tions (0.284 nm, with q~ /~ '  ca. - 5 0 / - 5 0  °, Fig. 
2). A second interresidue NOE is also observed 
between protons H-I /H-5 ' .  This effect is also easily 
detected in regular R O E / N O E  experiments and cor- 
responds to an average distance between these two 
protons around 0.25 _+ 0.2 nm (0.269 nm, according 
to MM3 * ). 

OH 

The same experiment was repeated for the 2,2'-te- 
traethyleneglycol macrocycle (2). In this case, a strong 
H-1 /HI '  NOE was measured (12%, Fig. 3a). Again, 
the comparison of this NOE value with that measured 
for the intraresidue H-1/H-2  proton pair allowed to 
estimate a much shorter distance between both 
anomeric protons. This distance should amount to ca. 
0.22 + 0.2 nm, that is, a much smaller distance than 
that estimated for trehalose itself. This change in 
relative NOEs indicates unambiguously a change in 



(b) (a) 

(a) 

• i . . . . i . . . .  i . . . .  j . . . .  j . . . .  i . . . .  i . . . .  i . . . .  i . . . .  i . . . .  | . . .  
S.SQ 5.7e S.Ge S.~O S.4e ppe 

the conformation around the glycosidic torsion angles 
q ~ / ~ '  of trehalose. This torsional change brings both 
anomeric protons in close proximity, simultaneously 
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Fig. 4. (a) MM3 * calculated global minimum of 2. Inter- 
glycosidic torsion angles are q~, q~' ca. -30 ,  - 1 0  °, (b) 
MM3* calculated global minimum of 3, Interglycosidic 
torsion angles are 4 ,  q~' ca. -50 ,  - 5 0  °. 

(b) 

5 . 8  5 . ?  5.G 5~5 5~4 $~3 p ,  

Fig. 3. (a) 1D-selective X3C-edited ROESY spectrum of 2 
after selection of proton H-1. The inverted proton appears 
doubled by the direct ~Jcn. The strong NOE to its symme- 
try-related H-I' proton appears (with opposite sign) in the 
middle of the splitting signal. (b) Same experiment for 
compound 3. 

producing the separation of protons H-1 and H-5'. 
This H - l / H - 5 '  NOE is barely detectable in both 
regular or ]3C-edited NOE(ROE) experiments for this 
compound 2, indicating a lower limit of the corre- 
sponding interproton distance of ca. 0.35 nm. These 
interresidue distances are indeed in close agreement 
with those estimated via MM3 * molecular mechanics 
calculations for the global minimum geometry of this 
molecule which presents a significant variation of 
qb/q)' torsion angles to - 1 1 / -  28 ° and which pre- 
sent an average distance between both anomeric pro- 
tons of only 0.213 nm (Fig. 4a). On the other hand, 
H-1 and H-5' are 0.376 nm apart. 

.OH HO..~ 
H O,.,,..~.. .~.~.. OH 
HO,"~ v "~",.O~"",OH 
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Macrocycle 3, with a tetraethylene glycol moiety 
linking 0-3 and O-3' positions, provided a H-1/H-I '  
NOE value (Fig. 3b) of 5%, which accounts for a 
interproton distance of 0.28 _ 0.2 nm after compari- 
son with the intraresidue H- l /H-2  enhancement. 
Once again, the experimentally estimated distance is 
in good agreement with that derived from MM3 * 
calculations (Fig. 4b, @/qb' - 5 3 / - 5 5  °, H-1/H-I '  
0.293 nm). 

.OH HO,~l 

x._jo , , J  

Additional constraints to deduce the conformation 
of these molecules was obtained from the measure- 
ment of long-range heteronuclear coupling constants. 
These couplings present a Karplus-type relationship 
with the corresponding vicinal torsional angle [18,19]. 
The application of the pulse sequence [16] depicted in 
B, allows to deduce the heteronuclear long range 
couplings to the proton selectively inverted. The 
comparison of the signal intensities of two spectra in 
which one signal has been selectively inverted with a 
second one in which the selective pulse has been 
applied off-resonance allows to quantitatively esti- 
mate the long range coupling value, since during both 
D3 periods only this coupling effectively evolves. In 
order to test the efficiency of the sequence, several 
D3 periods as well as different selective pulse lengths 
were employed in order to compare the results. 

For trehalose (1), the measured coupling is 3.0 + 
0.3 Hz. The derivation of the corresponding average 
torsion angle (H 1-C 1-O 1 -C  1') according to the most 
frequently used Karplus-type equation for carbo- 
hydrates [18] produced a value around - 4 5  + 5 °, 
also in good agreement with the average torsion 
angle estimated from MM3* calculations (ca. 
- 5 0 / -  50°). 

The measured couplings, following the same 
methodology, for the 2,2'- (2) and 3,3'- (3) tetraeth- 
yleneglycol macrocycles are 3.8 ___ 0.3 and 2.6 + 0.3 
Hz, respectively. Thus, the expected torsion angles 
would also be around - 3 0  + 5 ° and - 5 0  + 5 °, re- 
spectively. Previous studies [3,4] and molecular me- 
chanics calculations with the MM3 * program (see 

above) have demonstrated that the conformation 
around the glycosidic linkage for the 3,3'-tetraethyl- 
eneglycol macrocycle (3) is fairly similar [3,4] to that 
of the regular disaccharide (q0 /~ '  ca. - 5 0 / -  50 °) 
and thus, the coupling constant value obtained herein 
(2.6 ___ 0.3 Hz) is in fair agreement with this conclu- 
sion. On the other hand, for 2, molecular mechanics 
calculations (see also above) and regular NOE exper- 
iments already demonstrated that the conformation 
around the glycosidic torsion angles is fairly different 
[3,4] to that of free trehalose and average values 
around - 2 0  + 10 o (Fig. 4) would describe the ob- 
served NOEs for this linkage. According to the 
Karplus type equation, a coupling constant value 
around 5 Hz would be expected for this NOE-de- 
rived/MM3*-calculated conformation, in contrast 
with the experimental observation of 3.8 __+ 0.3 Hz. 
Although the obtained value is indeed relatively close 
to the expected result, there is not a complete agree- 
ment between both quantities. Several reasons could 
account for the observed discrepancy. It could indi- 
cate a failure in the parametrization of the Karplus- 
type equation for trehalose derivatives. The coupling 
proton (H-l) is also attached to an anomeric carbon 
(C-l) which, in turn, additionally bears a highly 
electronegative substituent (0-5). The parametriza- 
tion of the currently used Karplus-type equation [18] 
did not consider this arrangement. Since it has been 
reported that the presence of electronegative sub- 
stituents on the carbon which bears the coupled pro- 
ton indeed decreases the coupling values [19], this 
could probably be the origin of the discrepancy. 
Nevertheless, equally likely hypothesis are that the 
neglect of flexibility is an oversimplification or that 
there are variations of the torsion angles provided by 
the model. 

In conclusion, we have shown that selective het- 
eronuclear NMR methods may provide, fairly rapidly, 
distance constraints involving symmetry-related pro- 
tons. These constraints are of relevant importance to 
deduce the three dimensional structure of these sym- 
metric molecules. As a particular case, we have 
demonstrated the application of these methods for 
trehalose itself and for two trehalose-containing 
macrocycles, to unequivocally demonstrate that one 
of them (2) presents a fairly different conformation 
around the glycosidic linkages. In addition, it should 
be considered that care should be taken when using 
only vicinal heteronuclear coupling constants to de- 
duce molecular conformations. In this context, more 
work seems to be necessary to improve the 
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parametrization of the current corresponding 
Karplus-type equation. The use of new experimental 
methods may help to the obtention of this conforma- 
tionally relevant parameter. 
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