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Abstract: Carbon-13 Ti and NOE measurements have been performed on D-glucose, D-galactose, D-mannose, and 
L-idose, and molecular dynamics calculations have been performed on a-D-glucose and a-L-idose. Order parameters 
were obtained both from the relaxation data, at various field strengths and temperatures, and from the dynamics 
simulations. Results from both calculations and experimental data indicate that, on the picosecond time scale, all 
carbon sites in the sugar ring have some degree of motional freedom, most likely in the form of ring librations, but 
that both the ring and hydroxymethyl carbons maintain a single global conformation. The rate of interconversion 
among hydroxymethyl rotamers for all sugars and the various ring conformations for idose would have to occur on a 
time scale of 10"' to 10~3 s to account for the experimental data. The results presented here have implications for the 
flexibility of idose-related residues in heparin and heparan sulfate, and for the relationship between restricted rotation 
of hydroxymethyl groups and intramolecular hydrogen bonds. 

Introduction 

There has been considerable interest in the conformational 
flexibility and dynamics of carbohydrates in aqueous solution. 
For example, idose and many of its derivatives have been 
investigated on the basis of 1H-1H spin coupling constants and 
molecular mechanics and dynamics studies and have been shown 
to exist in several ring conformations.1"6 Casu and co-workers 
have suggested that this flexibility is related to specific interactions 
of heparin and heparan sulfate with proteins such as antithrombin 
III.7 In contrast, several authors have proposed that sucrose is 
unusually rigid.8'9 This rigidity is attributed to hydrogen bonds 
between the pyranose and furanose moieties which have been 
claimed to persist even in solution.9 However, recent evidence 
from NMR of the sucrose hydroxyl protons suggests these 
hydrogen bonds do not persist.10 

NMR techniques are frequently used to probe molecular 
dynamics and conformation. Slow exchange between two or more 
chemically distinct conformations can be directly investigated on 
the basis of chemical shift measurements, line-shape analysis, T2 
measurements, and saturation transfer experiments.11-13 Under 
favorable conditions, relaxation parameters such as the spin-
lattice relaxation time, Ti, and NOE enhancement can yield 
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Figure 1. Standard 4Ci chair conformation of (A) D-glucose, (B) 
D-mannose, (C) D-galactose, and (D) L-idose. Individual anomers are not 
shown. 

information on molecular reorientation times.11,14 In addition, 
it has been shown that internal motions which occur on the time 
scale of molecular reorientation can significantly alter the form 
of the rotational spectral density functions. The various de
pendencies of the relaxation parameters on the spectral density 
functions can then be used to extract motional information, in 
the form of an order parameter, at unique nuclear sites.15,16 

Molecular mechanics and dynamics calculations have become 
widely used in the conformational and dynamical analysis of 
biomolecules.17 Rotational barriers between low-energy con-
formers have been investigated with torsion-angle driving and 
related techniques,18,19 and restrained and unrestrained dynamics 
simulations have complemented these studies.20 

In this manuscript, experimental order parameters and mo
lecular dynamics simulations are used to assess the picosecond 
dynamics of a variety of a- and /3-anomers of hexopyranose 
monosaccharides (see Figure 1). It is found that all ring carbons 
in all sugars studied exhibit similar motional disorder on this 
time scale, indicating that the motions involved are independent 
of hydroxyl or hydroxymethyl group orientation. Dynamics 
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calculations indicate that this disorder could result from ring 
deformations in the form of ring librations. 

We have also investigated the dynamics of the hydroxymethyl 
groups. In the monosaccharides studied, the hydroxymethyl 
groups do not undergo free rotation on the molecular reorientation 
time scale and have the same motional freedom as the hy
droxymethyl groups in aqueous sucrose. This suggests that the 
hindered rotation observed on the picosecond time scale in sucrose 
may not be caused by hydrogen bonding between the pyranose 
and furanose rings, as previously suggested. 

Experimental Section 

All experiments were performed on Varian Unity 500- and 300-MHz 
NMR spectrometers at temperatures ranging from -10 to 30 0C. Data 
were processed off-line on Sun Sparcstations using standard Varian 
software. T\ values were determined by the standard inversion recovery 
method (180-T-90-acquisition) performed with randomized T delays 
and 1H decoupling throughout the entire experiment. Nuclear Overhauser 
enhancements were determined by acquiring two carbon spectra, one 
with decoupling throughout the entire experiment and one with decoupling 
only during acquisition. All experiments were performed with eight 
steady-state scans and a preacquisition delay equal to at least 5 times the 
longest T\ in the sample, and typical signal-to-noise ratios were at least 
100:1 in single-pulse experiments. 

AU samples were 1.0 M in 1:1 DMSO-d6:T>20. DMSCW6 was obtained 
from Isotech, Inc. (Miamisburg, OH). D2O was obtained from 
Cambridge Isotope Laboratories (Woburn, MA). D-Galactose was 
obtained from Aldrich (Milwaukee, WI). D-Glucose, D-mannose, and 
L-idose were obtained from Sigma (St. Louis, MO). All monosaccharides 
were used as supplied without further purification. 

Computer Simulations 

Dynamics calculations were performed with the MM3* force 
field as implemented in Macromodel 3.5X,21 running on an IBM 
RS-6000/320 workstation. This force field differs from the 
original MM3(90) in that it uses the partial charge treatment of 
electrostatics instead of the MM3 standard dipole-dipole elec
trostatics. All dynamics were performed at constant temperature 
with a 1-fs step size, and coupling between the bath and the 
molecule was updated every 0.2 ps. The temperature was initially 
ramped from 0 to 300 K over a 20-ps time period and allowed 
to equilibrate at 300 K for an additional 20 ps. Structures were 
then sampled over a subsequent MD run at 300 K. In order to 
assess the dependence of the calculations on various user-defined 
variables, the following parameters were altered (both individually 
and in combination) in a series of calculations: (1) simulation 
length (500, 1000, and 1500 ps), (2) sampling frequency (3, 5, 
and 10 structures/ps), (3) cut-off distance for nonbonded 
interactions (12 and 20 A), (4) hydrogen-bonding potentials 
(MM3* defined potentials and a 6,12 Lennard-Jones potential), 
(5) solvation treatment (no solvent and GB/SA (generalized 
Born/solvent approximation) water solvation22), and (6) initial 
hydroxymethyl rotameric state. All initial conformations for the 
dynamics calculations were first minimized to a derivative 
convergence criterion of 0.01 kJ/A. 

Order parameters (vide infra) were derived directly from the 
angular trajectories of the C-H vectors. The order parameter 
was defined as the asymptotic value of the time correlation function 
given by23'24 

C(At) = -Y, <r2m[fi(0]y2m*[n(r + AO]> (D 
5 m=-2 

where K2m[fi(f)] are the spherical harmonics of order m, the 
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brackets indicate integration over the angular variables Q(t), and 
the overline indicates the time average. The spherical harmonics 
were calculated at discrete time intervals t and t + At and 
integrated over the angular variables 6 and <f> to yield a correlation 
value C(At) for each structure. This value was then averaged 
over all structures to derive the time average. 

All structural parameters derived from the dynamics calcu
lations (dihedral angles and order parameters) were determined 
using an in-house program. 

Theory 

The general theory of the effects of internal motion on the 
form of the spectral density function is given in great detail 
elsewhere,15'25 and only a brief summary is given below. The 
present description assumes dipolar relaxation only and overall 
isotropic reorientation. 

For a 13C nucleus relaxed by neighboring 1H nuclei, the spin-
lattice relaxation time (Ti) and nuclear Overhauser enhancement 
factor (TJ) are given by16 

1 \(hyHycV 1 
— = —I I > [/(coH - coc) + 3/(coc) + 
T1 10V 2* / 4 r <rCHyL H c c ' 

6/(coH + coc)] (2) 

_ ( TH \ 6/(coH + coc) - J(wH - coc) 

\ 1'c' v(coH - coc) "*" 3/(coc) + 6/(coH + coc) 
where 7(co) is a spectral density function, ojjy and «c are the 
Larmor frequencies for the proton and carbon nuclei, and 7 H and 
7c are the gyromagnetic ratios. The rcH terms are the C-H 
internuclear distances, which are summed over all protons in the 
molecule for each carbon site. 

The spectral density, /(&>)> is the Fourier transform of the 
autocorrelation function, which for a rigid sphere is an expo
nentially decaying function with time constant TC. The spectral 
density has the form 

/(co) = £(Y2m[n(0)]Y2m*[Q(t)]) COS(CO/) At (4) 

where Y2m(Q) are the second order spherical harmonics. For a 
rigid, isotropically tumbling molecule, eq 4 has the solution 

1 +CO Tc 

Internal motions can also contribute to the correlation function, 
and these motions are governed by a correlation time which is 
generally treated as statistically uncorrelated with the overall 
motion. This makes the autocorrelation function bimodal, and 
a single correlation time no longer accurately describes the system. 
Generally, internal motions alone do not allow the internuclear 
vector to sample all possible orientations, and the exponential 
decay function describing the internal motion contribution to the 
correlation function has an asymptotic value greater than zero. 
Very fast internal motions will reach this plateau quickly, with 
the subsequent decay being determined solely by the overall 
motion. Internal motions which occur on the same time scale as 
overall motion will complicate the decay over the entire time 
range. Very slow motions will have no significant effect on the 
form of the correlation function. The general form for the spectral 
density function in the presence of internal motion is15 

1 + CO2T/ 1 + CO2T2 

where S2 is an order parameter which describes the extent of the 
internal motion (essentially the plateau value for the internal 
motion decay function) and r is an effective correlation time 
which is composed of both the overall and internal correlation 
times (r -1 = T0"

1 + Tjnf1)' This form for the spectral density 
(25) Lipari, G; Szabo, A. J. Am. Chem. Soc. 1982, 104, 4559-4570. 



9198 / . Am. Chem. Soc, Vol. 115, No. 20, 1993 Hajduk et al. 

function is analogous to those derived to describe anisotropic 
motion.26 As can be seen from this equation, a value for S2 of 
1.0 (rigid molecule) yields the normal spectral density as given 
in eq 5. Also, in the limit of very fast internal motions (T « TC), 
eq 6 reduces to 

/ ( « ) = S = C2 -

1 + Ul2T,2 
(7) 

where the spectral density function is now simply scaled by the 
order parameter. 

The order parameter, S2, the overall correlation time, TC, and 
the effective correlation time, r, can be obtained by simultaneously 
fitting eqs 2 and 3 using eq 6 with T1 and NOE data at multiple 
field strengths. If the system is adequately described by eq 7, 
then only TC and S2 need be determined, which can be done with 
Ti and NOE data at any field strength. In theory, S2, TC, and 
T can be obtained at a single field strength by using T1, T2, and 
NOE measurements.27'28 However, estimates of heteronuclear 
Ti values are generally more sensitive to experimental artefacts 
(spin-echo pulse train, proton-decoupling scheme, etc.) than T\ 
and NOE measurements. In addition, chemical exchange on 
time scales far removed from TC can affect the observed T2 value 
and complicate the analysis of short-time dynamics. Therefore, 
to increase accuracy and provide additional relaxation parameters, 
Ti and NOE data were acquired at two field strengths. 

The data were fit using both eqs 6 and 7 with a least squares 
fitting routine. Errors in T1 and NOE values were estimated to 
be 5 and 10%, respectively, which resulted in uncertainties in S2 

of 5-8% and in TC of 10-20%. The deviations between experi
mental and predicted Ti and NOE values were well below the 
5 and 10% error estimates over all temperatures and field strengths. 
Order parameters for the ring carbon sites were calculated both 
individually and as an average over the entire ring. Order 
parameters for the hydroxymethyl carbons were calculated 
individually and not included in the ring averages. NOE factors 
ranged from 0.4 to 1.9 over the experimental temperature range, 
but only 77 values in the range of 0.4 to 1.7 were used in the 
calculations to avoid points near the theoretical NOE maximum 
(1.988) where the NOE is insensitive to correlation time. C-H 
bond distances were taken directly from previous work on 
sucrose.16'29 These distances should not be significantly different 
for the monosaccharides. The total E1(Z

-CH3)"2 values for the 
ring and hydroxymethyl carbons were 5.30 X 10 5andl . l l X 106 

nnr6, respectively. The values used for ( ^ 7 H 7 C ) 2 / 1 0 and (yH/ 
7c) were 3.602 X 103 nm6 s~2 and 3.977, respectively. 

Results 

NMR. 13C resonance assignments for the sugars were taken 
from previous work.30'31 In solution, both the a and /3 isomers for 
all of the pyranose sugars were present. In addition, the a and 
0 furanose isomers are also present in L-idose and D-galactose. 
Experimental order parameters were determined for the following 
isomeric forms of the sugars (p = pyranose; f = furanose; ratios 
determined from relative intensities of the observed resonances): 
a-D-glucopyranose (ap:/3p ~ 80:20), a- and/3-D-galactopyranose 
(ap:/3p:af:/3f ~ 30:60:5:5), a-D-mannopyranose (ap:|3p ~ 80: 
20), and a- and /S-L-idopyranose (ap:/3p:af:/3f ~ 35:45:10:10). 
Interconversion between the various isomers was ignored in the 
analysis since these rates have been determined to be on the order 
of tens of seconds30 and the longest T1 values were approximately 
0.7 s. 
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Figure 2. Experimental order parameters, S"2 (upper trace, left y-axis), 
and correlation times, TC (lower trace, rights-axis), for the ring carbons 
in a-D-glucose (circles), a/0-D-galactose (triangles), a-D-mannose (di
amonds), and a//3-L-idose (squares). Values shown are least squares fits 
to all ring carbons simultaneously. Closed and open symbols are for data 
at 13C 125 and 75 MHz, respectively. Best fit lines are also shown: S2 

= -0.0038T + 1.9331 and TC = 1.56 X 1(H exp(-0.0453r). 
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Figure 3. Experimental order parameters, S2 (upper trace, left .y-axis), 
and correlation times, TC (lower trace, rights-axis), for the hydroxymethyl 
carbons in a-D-glucose (circles), a/0-D-galactose (triangles), a-D-mannose 
(diamonds), and a/j3-L-idose (squares). Closed and open symbols are for 
data at 13C 125 and 75 MHz, respectively. Best fit lines are also shown: 
S2 = -0.00327 + 1.6273 and TC = 1.11 X 1(H exp(-0.0446T). 

Figures 2 and 3 show the experimental order parameters and 
correlation times (using eq 7) for the ring and hydroxymethyl 
carbons, respectively. These results indicate that both the ring 
and hydroxymethyl carbons have a significant amount of motional 
disorder. Experimental order parameters for the ring carbons 
averaged from 0.91 to 0.78 over the range of temperatures studied. 
The order parameters for the hydroxymethyl carbons averaged 
from 0.80 to 0.66, indicating significantly more motional freedom 
than the ring carbons. The data at 125 and 75 MHz are nearly 
identical, as are the data for all sugars studied. Attempting to 
fit the data using eq 6 results in similar values for S2 and TC and 
vanishingly small values for the effective correlation time, T, 
verifying the use of eq 7 in the limit T « TC. Order parameters 
were also identical within experimental error for all carbon sites 
in the sugar ring. Both the ring and hydroxymethyl carbons 
exhibited a similar temperature dependence (see Figures 2 and 
3). 

Several models can be used to extract molecular information 
from experimental order parameters. The first assumes that the 
C-H vector diffuses in a cone of semiangle 0O'25,28 In this motional 
model, the order parameter is given by 

= [ cos 0O(1 + cos0o)1 
(8) 

Another model is to assume that the motion involved can be 
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Table I. Experimental and Theoretical Order Parameters 

simulation experiment1* 

carbon 

Cl 
C2 
C3 
C4 
C5 
ring average 
C6 

S2' 

0.967 
0.962 
0.965 
0.967 
0.971 
0.966 
0.909 

«0* 

9 
9 
9 
9 
8 
9 

14 

70* 

11 
12 
12 
11 
10 
11 
19 

S2 

0.89-0.80 
0.90-0.79 
0.89-0.75 
0.91-0.76 
0.93-0.79 
0.91-0.78 
0.80-0.66 

»0 

16-22 
15-23 
16-25 
14-24 
13-23 
14-23 
22-30 

70 

21-29 
20-30 
21-33 
19-32 
16-30 
19-31 
29^tO 

" Values obtained from dynamical simulations on a-D-glucose as 
described in the text. * Angle, in degrees, derived from eq 8.c Angle, in 
degrees, derived from eq 9. d Average values from all monosaccharides 
over the experimental temperature range. 

described by torsional libration about the midpoint of a square-
well potential with torsional limits of ±70.29,32 For tetrahedral 
bond angles, the order parameter is given by 

The values obtained using these models with the theoretical and 
experimental order parameters are given in Table I. 

Molecular Dynamics. The molecular trajectories were insen
sitive to changes in the parameters described in the Experimental 
Section. The only significant change observed with any of the 
varied parameters was a change in the relative energies of the 
different rotameric states of the hydroxymethyl group with the 
different hydrogen-bonding potentials. The trans-gauche, gauche-
trans, and gauche-gauche rotamers will be referred to as t-g, 
g-t, and g-g, respectively, with the 05-C5-C6-06 torsion angle 
stated first and the C4-C5-C6-06 angle second. With the MM3* 
defined hydrogen bond potentials, all three rotamers in a-D-glucose 
are predicted to be energetically equivalent (AE of 0.0,0.8, and 
1.6 kJ/mol for the g-t, t-g, and g-g conformers, respectively). 
This conflicts with the absence of the t-g conformer in glucopy-
ranoses.33 The relative stability of the t-g conformer observed 
in the calculations with MM3* is due to the presence (and 
overemphasis) of a hydrogen bond between 04-H and 06 , as 
previously observed with other potential functions.34 The use of 
a 6,12 Lennard-Jones hydrogen bond potential (AE of 0.0, 1.4, 
and 10.1 kJ/mol for the g-t, g-g, and f-gconformers, respectively) 
gave results consistent with the experimental data. Using these 
parameters, the chair stabilization energies, A J S ( 4 C I - 1 C ^ , for 
a-D-glucose and a-L-idose were calculated to be -18.2 and 4.1 
kJ/mol, respectively. The results are in excellent agreement with 
previous force field and structural studies on ido- and gluco-
pyranoses,5'34,35-37 as can be seen in Table II for a-D-glucose. In 
addition, the angular distributions about the minimum for all of 
the above calculations were essentially identical. The calculations 
are therefore a robust investigation of the picosecond dynamics 
of the monosaccharides. All results from dynamics calculations 
reported in this manuscript (order parameters, dihedral angles, 
etc.) were taken from 5000 structures sampled over a 1000-ps 
MD simulation on a-D-glucose using MM3* with a 6,12 Lennard-
Jones hydrogen bond potential and GB/SA water solvation. 

Figure 4 shows the angular distributions for the ring and 
hydroxymethyl carbons in a-D-glucose. It is clear that both types 
of carbon sites can sample a range of orientations, with the 
hydroxymethyl group exhibiting significantly more motional 
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freedom. In simulations on a-D-glucose initially in the t-g or g-g 
conformation, the hydroxymethyl group rapidly (<50 ps) con
verted to the g-t conformer and remained in that conformation 
with no further transitions after equilibration. In simulations on 
either a-D-glucose or a-L-idose initially in the 4Ci or 'C4 ring 
conformation, no transitions between the chair forms were 
observed, with each form exhibiting similar motions. The 
theoretical order parameters derived from the dynamics simu
lations and the angles derived from eqs 8 and 9 are given in Table 
I. The experimental and theoretical values agree well, but the 
experimental values are consistently lower than those predicted 
by the simulations. This may reflect an undersampling of the 
full range of conformational space available to the various carbon 
sites in the simulations. 

To quantify the degree of flexibility observed in the simulations, 
a moments analysis of the angular distributions was performed 
and the results are given in Table H. The «th moment of a 
distribution described by some function f(xj is given by38 

M„ = X>,-*)"M) (10) 
i 

where X is the mean value. The first moment is zero by definition 
and is therefore not considered. The second moment is the 
variance (square of the standard deviation) and describes the 
broadness of the distribution. The third moment describes the 
skewness of the distribution (zero for a perfectly symmetrical 
distribution), and the fourth moment describes the "peakedness" 
of the distribution. The fourth moment, referred to as kurtosis,38 

describes the molecule's tendency to deviate from the average 
conformation and can be viewed as a measure of torsional 
flexibility. Although a distribution is completely described by 
all of its moments, the first four are usually sufficient to extract 
most meaningful information. Higher order moments were 
therefore not considered in this analysis. It is clear from Table 
II that the hydroxymethyl group exhibits considerably more 
motion than the ring carbons, as expected. The angular standard 
deviation for the hydroxymethyl group is nearly twice that for 
the ring carbons, and the third and fourth moments are larger 
by more than an order of magnitude. 

In addition to a moments analysis, the free energy surface 
around the energetic minimum was investigated by applying a 
Boltzmann distribution function to the molecular trajectories. 
The chosen distribution function was of the form 

(-AG,*} 

where x, is the fractional population of the /th conformer, AG<* 
is the free energy difference between the ith conformer and the 
global minimum, R is the gas constant, and T is the temperature. 
This analysis is similar to activated-complex theory where the 
transition-state complex is assumed to be in thermal equilibrium 
with the products and reactants.39 The system can then be treated 
formally with statistical thermodynamics. The assumption in 
this treatment is that the population distribution of the various 
conformers (represented by discrete dihedral angles) is in thermal 
equilibrium. Equation 11 can be rearranged to obtain free energy 
values for each conformer 

AG1* =-RT In(X1) (12) 

This type of analysis has also been used to investigate the 
picosecond dynamics of tyrosine side chains in bovine pancreatic 
trypsin inhibitor.40 In our calculations, only torsion angles within 
two standard deviations of the mean were used, and the resulting 

(38) Lipkowitz, K. B.; Peterson, M. A. J. Comput. Chem. 1993,14,121— 
125. 

(39) Moore, W. J. Physical Chemistry; Prentice-Hall, Inc.: Englewood 
Cliffs, NJ, 1972. 

(40) McCammon, J. A.; Wolynes, P. G.; Karplus, M. Biochemistry 1979, 
18, 927-942. 
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Table II. Results of Moments Analyses of Angle Distributions in a-D-Glucose 

torsion angle experimental value" average angle* standard deviation second moment third moment fourth moment 

C1-C2-C3-C4 
C2-C3-C4-C5 
C3-C4-C5-05 
C4-C5-05-C1 
C5-05-C1-C2 
05-C1-C2-C3 
ring average 
05-C5-C6-06 

-51.3 
53.3 

-57.5 
62.2 

-60.9 
54.1 

70.2 

• Experimental values taken directly from ref 37. 
values used to calculate 

1400 

1200 J 

ring average. 

-53.9 
53.1 

-57.0 
60.5 

-60.3 
54.9 

68.4 

2.5 6.0 
2.6 6.6 
2.7 7.3 
2.6 6.5 
2.4 5.7 
2.6 6.7 
2.5 6.5 
4.6 21.0 

* Values determined from dynamics calculations on a-D 

9.3 379.4 
-13.9 451.2 

25.5 549.3 
-18.4 466.9 

1.2 299.4 
-1.6 403.9 
11. V 425.0 

152.7 5415.2 

-glucose as described in the text.c Absolute 
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Figure 4. Angular distribution trajectories from molecular dynamics 
simulations on a-D-glucose as described in the text. Data are shown for 
the C1-C2-C3-C4 (left, open squares) and 05-C5-C6-06 (right, open 
circles) torsion angles. 

I 
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Figure 5. Free energy surfaces for the ring carbons (open squares) and 
hydroxymethyl carbons (open circles) derived from the angular distri
butions as described in the text. Also shown are the best fit fifth-order 
polynomials for aid in visualization. 

free energy surfaces are shown in Figure 5. It must be emphasized 
that the energy surfaces derived in this procedure result only 
from those conformations which were sampled during the length 
of the dynamics simulation, with the assumption that the allowed 
conformational space is sampled to a statistically significant level. 
Undersampling or insufficient simulation length may skew the 
conformer populations and result in misleading or erroneous values 
for AG. In addition, energy minima which were not sampled in 
the trajectory (i.e. different rotameric states for the hydroxym
ethyl group) will not affect the shape of the energy surface. 
Significantly longer calculations ( » 1 ns) or increases in tem
perature may simulate these transitions and allow for statistical 
sampling. 

Figure 6 shows an example of the ring deformations observed 
in a-D-glucose. For clarity, only the heavy atoms are shown, but 
it is apparent that the C-H vectors can sample a significant amount 

Figure 6. Ring deformations observed in a-D-glucose during dynamical 
simulation as described in the text. Structures shown correspond to Cl-
C2-C3-C4 torsion angles of -35.8°, -53.9° (equilibrium structure) and 
-66.7°. Only heavy atoms are shown (open circles correspond to oxygen 
atoms). 

of conformational space even in the absence of overall molecular 
reorientation. 

Discussion 

The similarity among the various monosaccharides is remark
able, as is the indistinguishability of the ring carbon sites. These 
results indicate that hydroxyl and hydroxymethyl group orien
tations have little impact on the picosecond dynamics of simple 
sugars. In addition, the large values for the order parameters 
indicate that all carbon sites maintain a single global conformation 
(ring conformation or hydroxymethyl rotamer). 

The ring carbon results are most significant in the case of 
L-idose. Idose and its derivatives have been shown, using coupling 
constant analyses, to adopt several different ring conformations, 
and this flexibility has been implicated in the biological function 
of idose-containing oligosaccharides.1'7 Our results help define 
a rough window for the conformational interconversion correlation 
time. Since the spectral density functions will only be significantly 
affected by internal motions which occur as fast or faster than 
overall motion, any chair-chair interconversion must be occurring 
on a time scale much longer than TC. The correlation times of 
our samples range from 0.2 to 1.3 ns, and an estimate for the 
minimum correlation time for ring conformational changes would 
be > 1 ns. Since only single, sharp 13C resonances were observed 
at all temperatures for idose, the exchange must be occurring fast 
on the chemical shift time scale. As an example, a chemical shift 
difference between two conformers of 1 ppm would require an 
interconversion rate greater than 125 Hz to average the resonances 
to a single line. A 13C chemical shift difference of 1 ppm is not 
unreasonable for different ring conformations, and this difference 
would place an upper limit on the interconversion time of roughly 
1 ms. Given both of these observations, an estimated window for 
chair-chair (or chair-boat) interconversion in idose is 10~9 to 
1O-3S. Motions in this time regime may be amenable to analysis 
with Tip experiments, and this investigation is currently underway. 
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Crystal structures and coupling constant analyses of the 
hydroxymethyl groups of a wide range of sugars have shown that, 
in general, the g-g, g-t, and t-g (galactose only) rotamers all 
have significant populations at ambient temperatures.33 The 
magnitude of the order parameter as well as the dynamics results 
suggests that exchange between these conformations does not 
occur on the picosecond time scale. Again, since only a single 
13C resonance is observed for the hydroxymethyl group, an 
approximate time scale for hydroxymethyl rotation is 10~9 to 10~3 

s. Our results for the hydroxymethyl groups are virtually identical 
to the results obtained for aqueous sucrose.29 The cause of the 
hindered rotation in these groups in sucrose has been attributed 
to hydrogen bonding and steric effects based on hard-sphere 
calculations and neutron diffraction studies.8'9 While the order 
parameter results on sucrose correlated roughly with these studies 
(except for fructose C6, which was predicted to have relatively 
free internal rotation in aqueous solution), our results suggest 
that the large order parameters observed for all hydroxymethyl 
groups in sucrose do not necessarily arise from unique interactions, 
such as hydrogen bonding between the glucose and fructose 
residues, which are not available to the monosaccharides. All 
hydroxymethyl groups of the monosaccharides in this study 
exhibited a lack of rotation. 

The ring carbons in the simple sugars showed a temperature 
dependence similar to that of the hydroxymethyl carbons (see 
Figures 2 and 3). This result is contrary to the case of sucrose, 
where the hydroxymethyl groups did exhibit a temperature 
dependence (similar to the monosaccharides) but the ring carbons 
did not. This seems to indicate that large substituents (such as 
a furanose ring) tend to mediate the amplitude of the ring 
deformations and dampen the temperature dependence. In 
addition, individual carbon sites in the ring are nearly identical 
in the monosaccharides, whereas CIs (pyranose ring) in sucrose 
is a bridgehead carbon and is highly ordered relative to the other 
carbon sites (S2 = 0.962 for Cl* vs 0.861-0.898 for the other 
sites).16 

The moments of the angular trajectories derived from the 
dynamics calculations correlate well with the experimental order 
parameters, with the hydroxymethyl groups exhibiting much more 
motion than the ring carbons while still remaining in a single 
rotameric state (see Table II). The ring deformations shown in 
Figure 6 are reasonable deviations from an ideal 4Ci chair 
conformation which can average the Cring-H internuclear vector 
over a significant amount of conformational space. Although 
the theoretical order parameters are somewhat higher than the 
experimental values (see Table I), the relative agreement is good. 
The discrepancy may be due to undersampling of the configu-
rational space, especially toward the extremes of the distribution, 
or to the force fields not completely describing the allowed range 
of motion. In any event, the qualitative agreement between theory 
and experiment is evidence that the motions observed in the 
simulations are a sufficient model for the picosecond dynamics 
of simple sugars. 

The dynamics trajectories also allow for a qualitative com
parison of the energy surfaces for the ring and hydroxymethyl 
carbons in the absence of fixed or restrained molecular geometries. 
Traditional approaches to the investigation of potential energy 
surfaces involve the driving of a molecular parameter (torsion 
angle, etc.) with subsequent energy calculations. While this 
technique is fast, it suffers from several problems, not the least 
of which is the generation of unrealistic molecular geometries 
which are far from the true reaction coordinate.41 Dynamics 

(41) Burkert, U.; Allinger, N. L. J. Comput. Chem. 1982, 3, 40-46. 

calculations performed at an appropriately small step size are 
continually sampling the potential energy surface and are therefore 
better representations of the true reaction coordinate. The 
moments analyses of the angular distributions described in this 
manuscript and elsewhere38 offer quantitative insight into the 
shape of the energy surface around the minimum. The second 
and fourth moments for glucose indicate that the energy surface 
for the hydroxymethyl group is broader and shallower than that 
for the ring carbons. The Boltzmann-type analysis of the angular 
trajectories (described by eq 12) enables one to construct a free 
energy surface, and a postulated form for this surface near the 
global minimum is shown in Figure 5. It should be mentioned 
that the free energy (AG*) was used instead of the potential 
energy (AE) because the angular distributions should reflect 
entropic as well as enthalpic contributions. While this graph 
should be viewed qualitatively, the essential characteristics are 
derived directly from the dynamics calculations with no molecular 
constraints. 

The dynamics results offer a motional model for the order 
parameters observed in the sugars. Unfortunately, there are very 
few experimental techniques which directly probe the time regime 
of dynamics calculations, which are generally on the order of 
nanoseconds or less. Therefore, detailed motional models cannot 
be obtained. Most NMR-derived constraints used to determine 
multiple conformations, such as NOEs or coupling constants, 
will be averaged if the conformer lifetimes are on the order of 
microseconds or shorter. The dynamics calculations sample only 
a small portion of this time regime and therefore cannot simulate 
motions which may average these parameters but occur on time 
scales longer than the simulation length. The advantage of 
experimental order parameters is that they are sensitive to motions 
which occur on time scales readily accessible to dynamics 
calculations and a direct comparison is possible. 

Conclusions 

In summary, our results show that, on the picosecond time 
scale, all C-H vectors in these four monosaccharides sample a 
significant amount of configurational space while maintaining a 
single global conformation. No evidence for ring interconversions 
or frequent hydroxymethyl rotation was observed. This result, 
combined with the observation of a single 13C resonance for each 
carbon site, allows for the estimation of a hydroxymethyl rotation 
and idose chair-chair (or chair-boat) interconversion time scale 
of nano- to microseconds. The hydroxymethyl results are identical 
to those observed for aqueous sucrose, indicating that the hindered 
rotation observed for the hydroxymethyl groups in sucrose is not 
necessarily caused by hydrogen bonds between the pyranose and 
furanose moieties or any other interaction which is not available 
to the monosaccharides. The dynamical simulations also indicate 
that hydroxymethyl rotation is hindered, and the observed 
deformations in the 4Ci chair are proposed as a motional model 
to account for the disorder at the ring carbon sites. 
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