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Modeling Carbohydrate Conformations from NMR Data: 
Maximum Entropy Rotameric Distribution about the C5-C6 
Bond in Gentiobiose 
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Abstract: The conformation about the C5-C6 bond in /?-gentiobiose, (/3-D-G1C/>-(1—>-6)-/3-D-Glcp), has been analyzed 
in terms of the maximum entropy probability density distribution of the dihedral angle Q. This analysis used the 
information carried by proton-proton and carbon-proton vicinal coupling constants and proton-proton cross-relaxation 
rates. Two major conformations characterized by Q = -68.9° ± 6.3° and U = 79.0° ± 3.4° were found with populations 
of 0.34 ± 0.06 and 0.66 ± 0.06, respectively. 

Introduction 

Nuclear magnetic resonance spectroscopy is a powerful 
technique for determining the solution conformations of mole­
cules.1 However, the existence of multiple conformations in 
flexible molecules such as oligosaccharides results in an averaging 
of NMR parameters.2 In addition, there are usually an insufficient 
number of constraints with which to construct a 3D model in the 
absence of minimum-energy calculations.3 The modeling of 
glycosidic linkages by simple "distance-mapping" procedures4 

gives only qualitative assignment of the probabilities to certain 
conformational states, even with the use of extensive experimental 
data based on the hydroxyl and amido proton resonances.5 

The torsional flexibility about the exocyclic C5-C6 bond is 
believed to be an important conformational feature in oligosac­
charides.6 Typically, only three staggered states (see Figure 1) 
are considered, and their corresponding populations are then 
calculated from the vicinal coupling constants, VH5H6/?,S» and the 
Karplus equation.6'7 Alternatively the average coupling constants 
can be calculated, using different force-field calculations to derive 
a continuous distribution of the Q angle, and then compared with 
the experimentally obtained values.6^11 However, these approaches 
have limitations. For example, the nonconservative assumption 
of three discrete conformational states can lead to physically 
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Figure 1. Newman projections of three major rotameric states about the 
C5-C6 bond in gentiobiose. 

unrealistic results, and the results of force-field calculations that 
utilize only two coupling constants are of questionable value. 

To overcome such difficulties, methods have been developed 
to use NMR data to determine the continuous probability 
distributions of conformations. For example, NOE data has been 
used to determine the conformation of the Af-glycosyl bond in 
nucleosides in terms of the Gaussian distribution of the torsional 
angle.8 Recently, Diakula et al. have exploited this approach 
and developed CUPID (continuous probability distribution of 
rotamers from NMR data) to derive a continuous probability 
distribution of rotamers from vicinal coupling constants and NOE 
effects.9 A different approach has been to apply the distribution 
p(Q), derived from the maximum-entropy principle,10 to con­
formational problems.11 For example, the internal rotations in 
biphenyl derivatives have been estimated from direct coupling 
constants obtained by liquid crystal NMR measurements.lla We 
now describe the use of the maximum-entropy probability density 
distribution to describe the conformation about the C5-C6 bond 
in /3-gentiobiose (|8-D-Glcp-(l-*6)-j3-D-Glc/)). An explicit form 
of the probability distribution on conformational space Q was 
calculated using the principle of maximum entropy and combined 
with geometric information from both vicinal coupling constants 
and NOE effects. 

Unlike direct couplings, the interpretation of NOE effects in 
the liquid state is not straightforward, as it depends on both the 
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overall and the internal motions of the molecule.12 For intramo­
lecular motions occurring on the time scale equal to, or shorter 
than, that of the overall molecular tumbling, the ' N O E constraints' 
do not have a simple geometrical interpretation, which limits 
their utility in building 3D structures. This problem will be 
addressed in the present study. 

Methods 

Maximum-Entropy Method. The ensemble average of an observable, 
0„, which in this study will be a scalar coupling constant and the inverse 
sixth power of the internuclear distance, can be expressed by 

(Oj = £*om(ci)P(ci)dci (i) 

wherep(Q) is the probability density distribution of the Cl angle. Among 
all possible distributions, the least biased one is the maximum-entropy 
probability distribution, pME(Cl), having the form10 

1 N 

p M E ( n ) = e x p ( _ ^ x m 0 m ( f i ) ) (2) 

where Z is a partition function 

N 
z - J0

2W-Vx^n(A)) O) 

and ./V is the total number of all constraints. The Lagrange multipliers, 
Xm, can be found either by solving the nonlinear set of equations (1) or 
by minimizing the function F12 

N 

F = In Z+ YK(OJelp (4) 

which, for a consistent and linearly independent set of constraints, is a 
concave function in the entire [Xn) space.13" Function F is also an upper 
bound to the entropy of the distribution, S(p).13a 

In reality, our observables contain experimental errors, and models 
describing the functional dependencies On(Q) may not be accurate. As 
a consequence, the constraints, especially if their number is large, may 
become inconsistent.14 For these cases function F does not have a 
minimum138 and thus PME(Cl) cannot reproduce the data. However, 
maximum-entropy distributions which reproduce experimental data to 
within a specified accuracy can be determined.14 For example, consistent 
sets of constraints corresponding to the minimum of F can be derived by 
randomly scanning NMR observables within certain ranges corresponding 
to experimental error.ub However, for this study, a different compu­
tational strategy was chosen: instead of minimizing function F, we bounded 
the feasible solutions by minimizing the quantity14 

N 

£ " „ « O111) - <°m>*?= 2mi» (5) 
m"i 

where w„ are weights chosen to be <0m>#~2. (Om) are computed averages 
from eqs 1 and 2, and (0 m )# are "improved" experimental observables 
which can differ from the measured (Om)exp by no more than the estimated 
error bound, Sn. For computational reasons they are expressed in the 
following form: 
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(OJ* = (OJaf + 6m sin ym (6) 

where sin y„ is an error-scaling factor. Since both Xm and y„ were 
optimized during minimization, gmin should practically converge to zero 
(<1CH0). In these calculations all (On)* values within ±i„ were assumed 
to be equally probable, so the final probability distribution is calculated 
as an average over a sufficiently large number of solutions, M 

1 M 

p(Q) =-Yp1^Hm (7) 

where P*ME(fi) are distributions corresponding to the different solutions 
sets, {\m,ym}k, of eq 5. Alternatively one can test individual Pi,ME(Cl) 
distributions against additional information, like, for example, temperature 
dependence of scalar coupling constants and NOE effects. 

Constraint Equations. The Cl angle is defined by the planes containing 
the 06-C6-C5-05 atoms. Cl is zero when 06 eclipses 05 . Looking 
along the C6-C5 bond toward C5, anticlockwise rotation of the 06-C6 
bond creates a positive Cl angle. The stereospecific assignment of prochiral 
protons H6R and H6S in ^-glucose has been obtained by a selective 
deuteration technique.6' For the reducing glucosyl unit in /3-gentiobiose 
this assignment is unequivocal, on the basis of homonuclear and 
heteronuclear coupling constants, and is the same as that in 0-glucose.6' 
The functional dependencies, 3J(Cl), for 1H-1H and 13C-1H coupling 
constants were adopted from refs 715, respectively. The NOE constraint 
equations were obtained by nonlinear least-squares fitting of internuclear 
distances, derived from an energy-minimized X-ray structure, to the 
parametric form K^(Cl) = [o + 0 cos(Q + y)]'3. In the calculations, the 
magnitudes of the NOE constraints and / couplings were balanced by 
multiplying the former by the factor 103. 

Computational Details. AU calculations were performed with 386-
MATLAB software16 running on an IBM 386 PC. For minimization of 
the F function in eq 4, the "fminu" procedure based on the quasi-Newton 
BFGS algorithm17 was utilized. The quadratic form in eq 5 was minimized 
together with the normalization condition, Z = 1 in eq 3, using the "leastsq" 
procedure, which is based on the Levenberg-Marquardt algorithm.17 

Every calculation was restarted from different initial conditions, {kmO,ymo}> 
where all \„o were set to zero and y„o were randomly picked up from 
the interval (-90°,90"). For each method of calculation (methods A and 
B in Table III), about sixty different minimizations were performed, 
rejecting all results (ca. 10%) with Qn^n > IO"8. 

NMR Measurements and Evaluation. The NMR measurements were 
obtained using a Bruker AM 500 spectrometer. Gentiobiose (5 mg) was 
dissolved in 0.4 mL of D20/(CD3)2CO (4:1, v/v). 

The homonuclear coupling constants were measured by fitting the 
spectral lines to Lorentzian functions, using Felix software (Hare Research, 
Inc.) running on an IRIS 4D/220 GTX computer. The heteronuclear 
coupling constants 37C4H6J? and 37c4H&s were obtained by the selective, 
proton-detected HSQC18 experiment,19 using a 180° selective proton 
DANTE20 pulse and carbon chemical shift selective filter,21 which was 
systematically incremented.22 The same couplings were measured 
independently by the proton-flip 2D ./-resolved 13C technique,23 with 
selective 180° DANTE pulses for protons.24 In both experiments the 
spectral resolution was 0.2 Hz/pt. 

The NOE measurements were obtained by selective ID NOESY.25 

For selective excitation, the composite 270° DANTE pulse26 (90°* -
1 $0o

XJ,-x-y), of duration 20-50 ms depending on the desired selectivity, 
was used. The cross-relaxation rates for the probability distribution 
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calculations were calculated using the full relaxation matrix approach.27 

The spin system was reduced to six spins: H6R, H6S, H5, H4(3), Hl, 
Hl ' (see Chart I). The strongly coupled, almost degenerate H4 and H3 
protons, can then be treated as a single spin. Selective excitation was 
applied to the U6R, H6S, H5, and Hl proton resonances. The ID 
NOESY data were collected for ten mixing times within 0.2-2 s at 263 
and 301 K. AU spectra were multiplied before FT transformation with 
a Gauss-Lorentz window function28 (LB = -0.7, GB = 0.04) and zero 
filled to give a final resolution of 0.3 Hz/pt. All experimental intensities 
were corrected for differential relaxation losses during the selective pulses. 
The relaxation matrix elements were optimized by fitting simulated peak 
intensites to all experimentally available intensities using the 'leastsq" 
procedure within the 386-MATLAB software. For standard error 
estimates29 the calculations were repeated for over sixty different sets of 
data points obtained by random variations of the experimental intensities, 
/ (the total number was 160). The bias was either generated by normal 
distribution with variance reaching 0.2/or by uniform distribution within 
the interval ±0.3/. Signal intensities from repeated experiments, on 
average, differed by no more than 10%. In all other cases cross-relaxation 
rates were calculated by linearizing multiexponential build-up curves of 
NOE effects30 using the formula 

a, = Hm 
1 ^ V . 

where /y and Iu are NOE and selectively excited signal intensities, 
respectively, at a mixing time rm. 

Results 

Synthetic Data. Before the analysis of experimental data, we 
first generated synthetic sets of the eight average NMR 
constraints, <rjfJH4Jl>,<i^JHSS>,<r^4HSi,>,<r^,HSS>,<VHJH«>.-
(3^H5H65>.(3/c4H6*)»<3^C4H6s>, obtained from the different 
Gaussian distributions (solid lines in Figure 2). The maximum-
entropy density distributions, obtained by minimization of function 
F in eq 4, are also plotted in Figure 2 as dotted lines. Essentially 
the same results were also obtained by solving the least-squares 
problem (eq 5). A number of different simulations have shown 
that with eight, and in some cases even five, constraints the 
maximum-entropy distributions adequately reproduced up to three 
peak Gaussian distributions. Interestingly, the efforts of fitting 
synthetic data to the distribution of the Gaussian form and using 
eqs 1 and 5 always failed unless the initial guesses of the fitted 
parameters were very close to the true values. 
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Figure 2. Maximum-entropy probability density distributions />ME(fi) 
(dotted) obtained after minimization of eq 4 with (Om) values simulated 
from the corresponding Gaussian distribution P°(fi) (solid). 

NMR Constraints. Since the experimental constraints are 
noisy, the error bounds for each constraint were determined before 
solving eq 5. 

The functional dependence of vicinal coupling constants on 
the Q angle is given in a form of the Karplus equation.31 For 
proton-proton couplings in carbohydrates this equation has been 
parametrized by Haasnoot et al.7 The root mean square error 
was reported to be <0.5 Hz. We adopted this value as an error 
bound even though we can measure these couplings with greater 
precision (compare Table I). However using a larger error bound 
takes into account the uncertainty of parameters in the Karplus 
equation. 

The heteronuclear coupling constants, Vc4H6K,s> were measured 
by a selective ID HSQC experiment19 (Figure 3) and indepen­
dently from a proton-flip 2D /-resolved 13C spectrum.23 For the 

(31) Karplus, M. J. Chem. Phys. 1957, 30, 11-15. 
(32) Lucas, N. J. MoI. Phys. 1971, 22, 147-154. 
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Table I. Vicinal Coupling Constants 
Protons in Gentiobiose 

atom pair 

H5-H6/J 
H5-H6S 
C4-H6/J 
C4-H6S 

coupling 
constant 

6.0 
2.0 
1.0 
3.0 

in Hz from H6R and H6S 

experimental 
error 

0.1 
0.1 
0.5 
0.5 

error 
bound" 

0.5 
0.5 
1.0 
1.0 

" This error bound was used for the calculations of maximum-entropy 
distribution. 

*mmH**#»**4w*t*'W<i*'»* 

{J^JkkJiik- 1 • t • ' ' i • ' • i • > • i • ' ' t • ' • i ' ' • i • 
4 . 6 0 4 . 4 0 4 . 2 0 4 . 0 0 3 . 8 0 3 . 6 0 3 . 4 0 

PPM 

4 . 6 4 . 4 4 . 2 4 . 0 3 . 8 3 . 6 3 . 4 3 . 2 
PPM 

Figure 3. Example of the measurement of heteronuclear coupling 
constant: (a) 1H ground spectrum of gentiobiose at 500 MHz, 1 scan; 
(b) ID selective, in both proton and carbon domains, HSQC experiment, 
3200 scans; (c, inset) expansions of experimental (bottom) and theoretical 
(top) proton multiplets. The last was obtained by convolution of spectrum 
a with a function sgn(v - vo)SQ" - "o| - 0.5(Vc4H&s)). where no is the 
chemical shift, in Hz, of the H65 resonance. 

Karplus equation we adopted the parametrization of Spoormaker 
and De Bie,15 which gives satisfactory agreement for a number 
of measured 13C-1H coupling constants.24 The precision of the 
experimental data as well as model parameters is lower than for 
homonuclear couplings, so we chose the error bound of 1 Hz 
(Table I). 

ID NOESY measurements for H6i?,S'-H5>H4 proton pairs 
were performed at 265 and 301 K, where WT0 « 3 and «0.5, 
respectively.33 Typical spectra are shown in Figure 4a and b. 
The relaxation rates were obtained using the full relaxation matrix 
approach,27 and experimental errors (see Table II) were estimated 
from Monte-Carlo analysis,29 as described in the Methods section. 
Since this relaxation analysis does not include cross-correlation 
effects, which might introduce systematic errors, we examined 
whether it is justified to ignore these effects. The simulated NOE 
build-up curves with (dotted lines) and without (solid lines) cross-
correlation effects35 are shown in Figure 5, where it is apparent 
that differences between both types of curves are much smaller 
than experimental error for « T 0 = 0.5 and practically vanish 
when WT0 = 3. 

(33) The 01T0 values were obtained from Hla-H2 cross-relaxation rates. 
(34) Similar values for the correlation times, TJ, have been obtained from 

Ti (13C) measurements for the CH2OH groups of the glucose residues in lactose 
derivatives, as reported by: Ejchart, A.; Dabrowski, J. Magn. Reson. Chem. 
1991,30, 115-124. 

(35) (a) Werbelow, L. G.; Grant, D. M. Advances in Magnetic Resonance; 
Waugh, J. S., Ed.; Academic Press: New York, 1977; Vol. 9, pp 189-299. 
There is a typographical error in Table Vila, where all A«t should be bjik- (b) 
Bull, T. E. J. Magn. Reson. 1987, 72,397-413. (c) Dalvit, C; Bodenhausen, 
G. Advances in Magnetic Resonance; Warren, W. S., Ed.; Academic Press: 
San Diego, CA, 1990; Vol. 14, pp 1-33. 

(36) Topping, J. Errors of Observation and Their Treatment; Champan 
and Hall Ltd.: London, 1955. 
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T 

Figure 4. ID NOESY spectra of gentiobiose in aqueous solution: (a) 
at WT0 » 3 and mixing time 260 ms; (b) at WT0 = 0.5 and mixing time 
330 ms. 

Table II. Cross-Relaxation Rates and Average 'NOE Distances' for 
Maximum-Entropy Probability Distribution Calculations, Obtained 
at 265 and 301 K from ID NOESY Spectra at 500 MHz 

proton pair 

H6.R-H6S 
H6.R-H5 
H65-H5 
H6.R-H4 
H6S-H4 

WT0 = 

ffm/S"1 

0.393 ± 0.052c 

0.033 ± 0.004 
0.054 ± 0.010 
0.039 ± 0.006 
0.021 ± 0.005 

0.5» 

</•:?) X 103V 

2.64 ±0.51"' 
4.16 ±1.00 
3.12 ±0.67 
1.68 ±0.47 

O)T0 = 

<W»-' 
-0.736 ± 0.07 
-0.117 ±0.010 
-0.183 ±0.012 
-0.115 ±0.011 
-0.068 ± 0.007 

3 

( ^ ) X l O V 
A-4 

5.0 ± 0.72 
7.82 ± 1.05 
4.91 ±0.74 
2.90 ± 0.45 

" These values were obtained from the H1 a-H2 cross-relaxation rate. 
* Calculated from eq 8, where r0 = 1.78 ± 0.02 A. 'Standard errors 
obtained from Monte-Carlo simulations.29 d Standard errors calculated 
from the error propagation laws.36 

As a constraint, the quantity required is the so-called 'NOE 
distance', < T-,/-6), between the H/-Hy proton pair, where ( ) denotes 
the ensemble average value. If the internal motions are slower 
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o.oi 

2.5 

Figure 5. Theoretical NOE build-up curves for the H6KH6SH5H4 spin 
system at WT0 = 0.5 without (solid lines) and with (dashed lines) cross-
correlation effects. For the calculations of spectral densities we assumed 
slow (a < k < T0"

1) interconversion between equally populated gg and 
gt conformations. 

than the overall tumbling (n > T0, where T; and T0 are correlation 
times for internal and overall motion, respectively), the following 
equation is commonly used: 

<^> = ' ^ 0 Il (8) 

where r0 is some conformational^ independent internuclear 
distance and J0 is the laboratory frame cross-relaxation rate. In 
this study H6.R-H6S was chosen for a reference interaction 
because a\ is measured with higher precision for this proton pair 
and because vibrational averaging32 has a small effect on the 
NMR-derived distance, which is 1.78 ± 0.02 A. The apparent 
average values, (r*/"6), obtained from eq 8 are listed in Table II. 
At O;T0 = 3 these values are in strong variance with those obtained 
at WT0 = 0.5 (Table II). These differences, however, can be well 
explained in terms of the fast, 10MO10 s-1, conformational 
transitions about the C5-C6 bond. The T\ values were estimated 
from the temperature dependence, from 261 up to 330 K, of the 
H6/?-H6S cross-relaxation rate, relative to those of the cross-
relaxation rates for proton pairs having fixed positions within the 
pyranose ring (Hla-H2, H1-H3, H1-H5, H10-H2 in Chart I). 
The apparent H6.R-H6S distance, as obtained from eq 8, has 
been found to be longer (by ca. 0.1 A) at low temperatures than 
at ambient temperatures and above, where its value is close to 
1.8 A. This observation strongly suggests that, at 261-269 K, 
Tj < T0 and, at ambient temperature, V1 > T0. As a consequence 
we should expect that only the data in the second column in Table 
II adequately represent the ensemble average values, (/-,y6) (see 
also Discussion). 

Calculations of Maximum-Entropy Distributions. The max­
imum-entropy distributions, Pt

ME(fi), were computed according 
to the procedure outlined in the Methods using coupling constants 
and'NOE distances'measured at 301K. The average parameters 
and their standard deviations obtained from simulations are listed 
in Table III (column A). The average probability density has 
been calculated from eq 7 and is shown in Figure 6 as a solid line. 
The calculations were repeated for the same set of coupling 
constants, but 'NOE constraints' were expressed in the new form: 

< 0 # = ! ( « 7 m + 5msinTm) (9) 

where 8m stands for the error bound for cross-relaxation rates, 
set to standard errors given in Table II. The new parameter £ 
is common for all distance constraints and together with \m and 
ym was optimized during the course of the calculations. The 
differences between | factors for different proton pairs, caused 
by the anisotropic motion, should be small enough to diffuse 
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Table III. Results from Three Different Calculations of 
Maximum-Entropy Distributions 

parameter" 

X1 
X2 
X3 
X4 
X5 
X6 
X7 
X8 
'JH5H6*(HZ) 
' J H 5 H S S ( H Z ) 
3JC4H5*(HZ) 
3JC4H6S(HZ) 

<'HW«> X 103 (A^) 
^WBHj) X 10' (A"*) 
<4tfH4> X 10' (A-«) 
<'H«H4> X 10' (A-«) 
Pp 
Pu 
% (deg) 
Qgg (deg) 

f 
S" 

calculation A* 

0.031 ± 0.070 
0.892 ± 0.206 
0.484 ±0.160 

-0.319 ±0.189 
0.445 ± 0.209 

-0.433 ±0.312 
-0.550 ± 0.227 
0.527 ±0.317 
6.26 ±0.21 
2.42 ± 0.06 
1.30 ±0.04 
3.47 ±0.10 
2.48 ± 0.25 
3.52 ±0.11 
2.49 ± 0.06 
1.50 ±0.22 
0.66 ± 0.06 
0.34 ± 0.06 
79.0 ± 3.4 

-68.9 ± 6.3 

0.819 ±0.100 

calculation Bc 

-0.004 ± 0.042 
0.933 ±0.170 
0.525 ±0.125 

-0.455 ±0.177 
0.699 ± 0.250 

-0.617 ±0.193 
-0.369 ±0.117 
0.609 ± 0.241 
6.23 ± 0.29 
2.41 ±0.12 
1.26 ±0.08 
3.50 ±0.14 
2.30 ±0.16 
3.50 ±0.10 
2.47 ±0.11 
1.58 ±0.13 
0.69 ± 0.04 
0.31 ±0.04 
80.0 ± 2.5 

-65.01 ±4.2 
68.1 ±4.8 
0.721 ±0.108 

" These are average values with their standard errors obtained from 
60 different calculations.b Calculation using 'NOE distances' obtained 
at UT0 «0.5 and eq 6.c Calculation using cross-relaxation rates obtained 
at UT0 » 0.5 and eq 9. d S is an upper bound for entropy calculated from 
eq 4 and can be compared with S = In 2ir « 1.84 for the unconstrained 
case. 

Figure 6. Average probability density distribution obtained from 
calculation A (solid line) and B (dashed line) from Table III. 

during the course of calculations into the uncertainties of am 
values. The results from both methods (Table III and Figure 6) 
are very similar. For the NOE data obtained at low temperatures 
(the last column in Table II) the calculations did not converge. 
As will be discussed shortly, application of eq 9 in this case is not 
well justified. 

Discussion 

The distribution which is shown in Figure 6 is the least biased 
in the sense that no information was introduced that is not 
warranted by the data. On the other hand, this distribution might 
not necessarily reproduce the physical reality either because there 
is not enough data, or existing data is too uncertain, or both. New 
insights, however, can be gained by more careful analysis of the 
componet distributions, Pk

ME(Q). All simulations showed two-
peak distributions, where gt conformations prevailed with the 
maxima shifted away from the staggered position significantly 
more than in the gg conformers. As exemplified in Figure 7, the 
dispersion of the distributions is quite large and in the absence 
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Figure 7, Some component distributions, PkME(Q), obtained from 
calculation A in Table III: (solid line) 0.36, -62°, 74°, 0.41, 0.562; 
(dashed line) 0.36, -78°, 77°, 0.46,0.991; (dotted line) 0.23, -73°, 86°, 
0.54, 0.947; (dashed-dotted line) 0.43, -78°, 77°, 0.48, 0.928. The 
numbers represent pn, Qge, Q1,, root mean square error, F value (eq 4), 
respectively. 

Figure 8. £ values in A-6S (eq 9) calculated from the two-state, jump 
model with P.M. = 0.36 and Cl1, = 74° for H5-H6* (solid line), H5-H6S 
(dashed line) H4-H6* (dotted line), and H4-H6S (dashed-dotted line). 
k = k\ + k-i = Tf1 in s"1, where k\ and fc-i denote forward and reverse 
rate constants. 

of any additional information there are no reasons to distinguish 
any of the P^iQ) distributions. In this study however, two 
extra observations were not incorporated into the probability 
density calculations. First, the double selective ID TOCSY-
ROESY experiment for gentiobiose in H2O solution has shown 
that the H6S-OH4 NOE interaction is clearly stronger than the 
H6/?-OH4 interaction.37 From the model (see Figure 1) this 
result is in excellent agreement with the distributions weighted 
toward the gt conformations. The second observation concerns 
relative temperature dependence of the cross-relaxation rates and 

(37) Poppe, L.; van Halbeek, H. J. Magn. Reson. 1992, 96, 185-190. 

needs slightly more elaboration. In order to rationalize the 
increase of the apparent average 'NOE distances' for H5,4-H6/?,5 
pairs (compare the second and the fourth columns in Table II), 
we simulated the corresponding cross-relaxation rates in eq 8 
using a two-state, jump model12b withPp.pa = 0.65:0.35. From 
these calculations and the geometry of the glucose residue it follows 
that, for Aft = Qg1 - Q„ > 135°, if TJ < T0, the apparent (nf6) 
values are decreased relative to the T, > T0 case (keeping in mind 
that H6.R-H6S is the reference interaction). For Aft < 135° the 
effect is completely opposite. Since the (r,/-6) values in Table II 
are larger at «T0 « 3, one should, accordingly, regard the 
distributions with Aft > 135° as less probable than those where 
Aft 5 135° (compare distributions in Figure 7). 

The differences between statistical averages and apparent 
averages obtained from eq 8 are suppressed at <OT0 = 0.5 due to 
the overall molecular tumbling which acts like a bandpass filter 
for the internal motions.12k This can also be envisioned by 
calculating the £ coefficients from eq 9 for the 116/2,5-115^ 
atom pairs as a function of T; and T0 (Figure 8). Figure 8 
demonstrates that within the expected range of r\ one can not 
assume a common £ factor for all interactions at low temperature. 

Concluding Remarks. This study presents a new approach to 
quantitative evaluation of the vicinal coupling constants and NOE 
effects in terms of multiple molecular conformations. It utilizes 
the maximum-entropy probability density distribution, which, as 
was shown for synthetic data, can adequately reproduce fairly 
complex Gaussian distributions. Moreover, the convergence of 
the fitting procedure (eq 5) is significantly better when using the 
maximum-entropy probability distribution instead of the Gussian 
form. On the other hand, however, the maximum-entropy 
distribution is built up from empirical relationships, which can 
be inaccurate. This certainly introduces a bias to the method, 
and with the large data sets, it might be preferable to apply 
variations to the parametric equations as well. 

The computations started from the flat distribution where every 
angle ft was equally probable. For many molecular systems one 
can derive the prior distribution, /w(ft), for example, on a purely 
stereochemical basis. Then, before solving the constraint problem 
(eq 5), ra(ft) can be combined with p(fi) from eq 2, according 
to the Bayes rule.10 

The approach presented here might be particularly useful for 
studying the side-chain conformations in carbohydrates such as 
exocyclic, amido, and hydroxyl groups, where the initial guess 
about rotameric states cannot be clearly defined. For example, 
the assumption about staggered rotameric states in gentiobiose 
gives, from 3JHSH6R, 3J»SH6S, and the Karplus equation, an 
inconsistent result (pw = 0.56,pr = 0.57,plg = -0.13). Extension 
of the method to more than one dimension is straightforward and 
might give interesting results if applied to the study of confor­
mations of various glycosidic linkages. 
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