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Abstract—The physiological functions of oligosaccharides are influenced by a number of structural parameters such as anomeric
configuration, glycosidic linkage, and degree of polymerization. These parameters affect the conformation of the oligosaccharides
which, in turn, is responsible for characteristics such as aptameric and enzymatic binding, chiral recognition, and the structural
targeting of bacterial and parasitic recognition events. Here, we measure the solution conformational entropy (AS) of two series
of oligosaccharides, linear malto- and cellooligosaccharides, using size-exclusion chromatography (SEC). For each series, we have
determined AS as a function of degree of polymerization (DP). The choice of oligosaccharides studied also allowed us to compare
the influence of anomeric configuration on AS, and to do so as a function of DP. Studies were conducted in water at physiological
temperature and pH in order to resemble conditions within the human body. Experimental results were augmented with results from
molecular dynamics computer modeling simulations in aqueous solvent. A comparison between experimental and computational
data showed how the techniques can complement each other. An example of the latter is the considerable enthalpic contribution
to the chromatographic separation of o- and y-cyclodextrin, which may have gone unnoticed if not for the large discrepancy between
the results obtained by the separate techniques.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Anomeric configuration, degree of polymerization, and
their effect on solution conformation are integral factors
in the fundamental roles oligosaccharides play in
immune defense, fertilization, viral recognition, and cell
growth and adhesion.! For malto- and cellooligosaccha-
rides, which are used extensively in the food, feed, and
pharmaceutical industries, degree of polymerization
affects Michaelis constants,” turnover number,” chiral
recognition,® and enzymatic binding,* while anomeric
configuration influences properties such as cryptobio-
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logical cell protection® and enzymatic, bacterial, and
aptameric docking and binding,®® among others.
Estimates of the solution conformational entropy, AS,
of oligosaccharides have traditionally been obtained
through computer modeling.” '* While the modeling
studies are usually performed in vacuo, most molecular
recognition processes take place in solution. Recently,
we began to explore the use of size-exclusion chromato-
graphy (SEC) for determining AS of mono-, di-, and
oligosaccharides in solution and have been able to
isolate the influences of a number of structural parame-
ters on AS in select polar aprotic solvent systems.!>!®
These results, however, provide limited understanding
of the conformational freedom of oligosaccharides in
aqueous media, where most biological and physio-
logical phenomena occur. To this end, the present set
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of experiments applies the methodology of SEC, an
entropically driven separation method, to measuring
the individual contributions of degree of polymerization
and of anomeric configuration to the AS of linear malto-
and cellooligosaccharides under conditions we term
‘quasi-physiological’. This term is meant to imply the
aqueous nature of the solvent, as well as temperature
and pH conditions resembling those within the human
body. The term does not include a polyelectrolytic
component, due to the neutral nature of the
oligosaccharides examined here.

We have augmented our experimental determination
of AS with results from computer modeling studies
under similar conditions. The purpose of this is twofold:
Firstly, we intend to compare the experimental and com-
puter modeling results to ascertain the degree of confi-
dence that can be placed in the latter. Secondly, we
intend to use the modeling results to guide our under-
standing of the separation process. While large discrep-
ancies between modeling and experimental results may
be due to the level of approximation of the model, they
may also be due to non-size-exclusion effects in the
separation process (or due to both), which may lead to
a re-examination of the experimental data.

The particular oligosaccharides examined here are
the series maltose through maltoheptaose and cellobiose
through cellopentaose. We also studied the cyclic
analogs of maltohexaose and maltooctaose, namely,
o~ and y-cyclodextrin. It is in the study of these cyclo-
dextrins that results from computer modeling using
molecular dynamics (MD) simulations proved most
informative of the non-size-exclusion effects contri-
buting to the chromatographic separation of the cyclic
oligomers. We believe that the results of these studies
provide valuable conclusions for those working in areas
such as glycopharmaceuticals, plant polymers, and
biomolecular recognition and mimicry, provide experi-
mental data for those working in the area of computer
modeling, and will help expand our understanding of
the fundamental separation processes involved in the
determination of AS.

2. Results and discussion

Results from our SEC experiments, carried out under
aqueous, quasi-physiological conditions of temperature
and pH, are shown in Table 1 and Figure 1. Also shown
are results of the molecular dynamics simulations of the
same oligosaccharides, carried out in explicit aqueous
solvent as described in Section 3. These results differ
from previous results in neat N,N-dimethylacetamide
(DMACc) and in DMACc/LiCI due to differences in pore
sizes between the SEC columns used in the present
experiments and the columns used in the organic solvent
experiments. Also, the —AS values reflect the solution

Table 1. —AS of oligosaccharides in H,O (37°C, pH 7.39) as
determined by size-exclusion chromatography (SEC) and molecular
dynamics

Oligosaccharide —AS (SEC) —AS (molecular
(Jmol 'K dynamics)
(Jmol 'K
a-D-Glucose (M) 2.002 £ 0.003 2.50 +0.01
Maltose (M;) 3.266 £ 0.006 3.4540.01
Maltotriose (M3) 4.362 +0.001 4.354+0.02
Maltotetraose (My) 5.295 + 0.003 5.11 +£0.02
Maltopentaose (Ms) 6.063 £+ 0.000 5.99+£0.03
Maltohexaose (Mg) 6.725 £+ 0.004 6.61 +0.04
Maltoheptaose (M) 7.308 £ 0.002 7.77 £0.05
Cellobiose (Cy) 3.603 £+ 0.004 3.54 +0.01
Cellotriose (Cs) 5.006 £ 0.002 4.67 +0.01
Cellotetraose (Cy4) 6.185 + 0.007 5.88 +0.02
Cellopentaose (Cs) 7.229 + 0.001 7.25 +0.02
a-Cyclodextrin (a-CD) (2.302 £ 0.001)* 5.90 £+ 0.50
v-Cyclodextrin (y-CD) (3.621 £ 0.005)* 7.20 £ 0.50

#CD data using SEC are reported here only for comparison to
molecular dynamics results. SEC analysis of the CDs did not occur
by a strict size-exclusion mechanism, but, instead, reflects a sub-
stantial enthalpic contribution to the separation. See text for
discussion.
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Figure 1. Solution conformational entropy (—AS) of linear malto- and
cellooligosaccharides as a function of degree of polymerization (DP).
Circles correspond to cellooligosaccharides, squares to maltooligosac-
charides. Filled symbols represent experimental SEC results, open
symbols denote molecular dynamics (MD) results. All were data
obtained in H,O at 37 °C, pH 7.39. In all cases, standard deviation is
substantially smaller than data markers and, therefore, not shown.

conformational entropy of the solvated oligomers; in
the present experiments, the oligosaccharides are
solvated by several water molecules, while in previous
experiments solvation was either by several DMAc
molecules or by several macrocations of the form
[DMAGc,+Li]", both of which are substantially bulkier
than a molecule of H,0.!” Maltooligosaccharides (M
series) are linear o-(1—4)-linked oligomers, whereas
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the linkage in the cellooligosaccharides (C series), which
are also linear, is B-(1—4). For this set of experiments
we used maltooligosaccharides with degree of polymeri-
zation (DP) 1-7 (M;-M5) and -cellooligosaccharides
with DP 2-5 (C,—Cs). We proceed to discuss the individ-
ual effects of DP and anomeric configuration on —AS
and to compare experimental and computational results.
Regarding the latter comparison, we also examine
results obtained for several cyclomaltooligosaccharides
(cyclodextrins).

The conformational space occupied by a polymer or
an oligomer increases with each added monomer unit.'®
For the oligosaccharides studied, this is reflected in a
monotonic increase in —AS with increasing DP, as seen
in Table 1 and Figure 1. This relationship extends to the
hydrodynamic volume occupied by the oligosaccharides
in solution, with hydrodynamic volume governing
elution order in SEC (analytes occupying a larger hydro-
dynamic volume in solution elute earlier than those
occupying a smaller volume). Evidence of this is given
in Figure 2, in which the pentamers of each series are
observed to elute earlier in an SEC experiment, and
are separated with near-baseline resolution, from tetra-
mers of the same series. The steady increase in —AS with
DP is also seen in our computer modeling results, where
simulation trends mimic experimental data. It is
worth noting that the AAS between M, and M;
(4.042 T mol ' K7!), between M, and Ms (2.797
Jmol"'K™"), and between C, and Cs (3.626
Jmol ' K™y derived from the experimental data are
closely matched by the AAS obtained from the mole-
cular dynamics simulations.

Comparing conformational isomers of the same DP,
we find that the P anomers have consistently higher
—AS than their o counterparts, attributed primarily to
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Figure 2. SEC/DRI elution profiles of maltotetraose, maltopentaose,
cellotetraose, and cellopentaose (H,O, 37 °C, pH 7.39).

the greater flexibility of the equatorial glycosidic bond
in the former as compared to the corresponding axial
bond in the latter (given identical glycosidic linkages),'
and also to the reported preference of the hydroxyl
groups in B-D-glucopyranoses to reorient themselves
upon interaction with water molecules, as compared to
the hydroxyl groups in o-D-glucopyranoses.'> When
comparing the series dimer through pentamer we notice
that as DP increases, so does the AAS between anomers.
Another way of stating this is to say that there is a faster
change in —AS as a function of DP for the cello series
than for the malto series. This result, which is closely
matched by the computer modeling calculations, is
attributed to the strong energy minima in the O1-Cl1-
04'-C4’ and in the C1-04'-C4’-C5’ torsion angles of
the repeat unit of the maltooligosaccharides.”® Contin-
ued addition of repeat units in the malto series
ultimately produces one strand of the amylose double
helix.

As mentioned, computer modeling was found to
adequately simulate important trends such as the higher
solution conformational entropy of the cellooligosac-
charides as compared to linear maltooligosaccharides
of the same DP, as well as to adequately simulate the
increase in —AS with increasing DP for each series.
The molecular dynamics results for all the data have
one adjustable parameter: The cavity diameter of pores
in the SEC matrix. Pores in the SEC matrix were
assumed to be spherical with a diameter D. A global
fit to all the malto- and cellooligosaccharide data sug-
gested a value of D =78 A, which is the value used in
all the calculations. This is 35% smaller than the manu-
facturer’s reported diameter of 120 A, determined from
measurements of the exclusion limit of the column. This
discrepancy may be a compensation for deficiencies of
the simulations; alternatively, this value may accurately
reflect the polydispersity in size and shape of the pores in
the SEC column.

A brief discussion may help to clarify the role of pore
geometry on the best-fit value of D. As shown by Gid-
dings et al.,”! the partition function Kggc for ideal
size-exclusion separation of molecules with fixed geo-
metry has the form

_ rmolecule) "
Tcavity

Kspc = <1
where rmolecute a0 Feavity are characteristic dimensions of
the molecule and cavity, respectively, and m is a param-
eter characteristic of the geometry. For spherical parti-
cles in slit-shaped pores, cylindrical pores, and
spherical pores m takes on values of 1, 2, and 3, respec-
tively. For pores in which 7,1ecule 18 much smaller than
Tcavitys

KSEC ~1—m "'molecule

T cavity

and
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F'molecul
AS = —RIHKSEC ~ mRM
Fcavity

In particular, if the cavity is relatively elongated, then its
longest dimension—which will largely determine the
exclusion size of the cavity—may be significantly greater
than its shorter dimension, rc,yiy, Which controls AS.
Cavity asymmetry is thus a plausible reason for the
discrepancy between the value of D from fitting and that
provided by the manufacturer. Alternatively, irregularly
shaped cavity walls on the scale of a single sugar
molecule would result in an increased surface area-to-
volume ratio. Following the analysis of Giddings
et al.,”! this alteration would be expected to increase
the value of AS and consequently decrease the apparent
value of reuyity-

Regardless of the origin of the apparent cavity radius,
analysis of the computational data with a value of D
near 120 A results in values of —AS that are much too
small even for the smallest oligosaccharides (maltose
and cellobiose). The large discrepancy in these oligosac-
charides is difficult to rationalize as a defect in the force
field or in the amount of sampling.

Of course, any asymmetry in pore shape would also
affect the dependence of —AS on DP. For elongated
molecules like the oligosaccharides studied here, elon-
gated cavities would manifest themselves as additional
downward curvature in the dependence of —AS on
DP. This type of discrepancy is observed: Computa-
tional results indicate that —AS is nearly linear with
respect to DP, but experimentally there is a downward
curvature in —AS as DP is increased (see Fig. 1).

Although additional parameters could be introduced
to model pore size polydispersity and pore asymmetry
in the SEC columns, this would necessitate the introduc-
tion of additional parameters to be fit, which we did not
feel was warranted considering the number of indepen-
dent data points. Analysis of the molecular dynamics
data assuming asymmetric cavities of different size did
indicate, however, that the choice of D and the amount
of asymmetry had only a weak effect on the differences
between malto- and cellooligosaccharide values for the
same DP.

One area where the experiment was able to show some
limitation of the computational method was in the rela-
tionship between the AAS of anomer pairs and DP. As
seen in Table 2 for the range dimer through pentamer,
AAS as determined from SEC results varied linearly
with DP, whereas AAS from molecular dynamics simu-
lations increased exponentially with DP. As a result of
these different rates of change, the AAS of the lower
DP anomer pairs is underestimated by computer model-
ing while the AAS of the highest anomer pair studied is
slightly overestimated. Further experiments are planned
in this regard, using different cavity sizes as well as
different cavity shapes.

Table 2. AAS for anomer pairs, by SEC and MD

Anomer pair AAS (SEC) AAS (MD)
(Jmol 'K (Jmol ' K™

M>-C, 0.337 0.09

M;3-C3 0.644 0.32

M4—Cy 0.890 0.77

M;s-Cs 1.166 1.26

The cooperative nature of the relationship between
experiment and simulation was again demonstrated
when studying cyclomaltooligosaccharides (cyclodex-
trins, CDs). Firstly, we note that we were only able to
study o-CD and y-CD, the cyclic equivalents of
maltohexaose and maltooctaose, respectively, as the
seven-membered ring B-CD (the cyclic equivalent of
maltoheptaose) was found to be insoluble in our aqueous
medium. Indeed, studies have shown B-CD to be at least
nine times less soluble in water than o-CD and eleven
times less soluble than y-CD.?* Interestingly, these solu-
bility differences are attributed to an entropic effect, as
the enthalpies of solution of the three CDs are quite
similar to each other. Also tangentially related to the
present study, it was molecular dynamics that revealed
that B-CD induces a stronger ordering on the surround-
ing water molecules than do the other two cyclodextrins,
lowering the conformational entropy that purportedly
causes the seemingly abnormal solubility of -CD.**

Secondly, we note that a large discrepancy was
observed between our MD and SEC results for —AS
of a-and y-CD, as seen in Table 1. We had originally
checked that our SEC experiments were being con-
ducted at ‘near-ideal’ SEC conditions, that is, in the
virtual absence of enthalpic effects, by examining the
highest and the lowest homologs of each linear series
at two different temperatures, 25 and 37 °C. As seen in
Table 3, a difference of less than 3 parts per hundred
was observed between the Kggc of maltose, maltohep-
taose, cellobiose, and cellopentaose when measured at
the two different temperatures, confirming that chromato-
graphic elution was almost exclusively controlled by
entropic factors. We had assumed that the CDs were
also eluting by a strict size-exclusion mechanism and
had not checked for a temperature dependence of their
distribution coefficients. Guided by the MD results, we

Table 3. Solute distribution coefficient (Ksgc) as a function of
temperature

Oligosaccharide Ksgc (25 °C) Kggc (37 °C)
Maltose (M;) 0.683 0.675
Maltoheptaose (M) 0.430 0.415
Cellobiose (C,) 0.657 0.648
Cellopentaose (Cs) 0.431 0.419
a-Cyclodextrin (a-CD) 0.890 0.758
y-Cyclodextrin (y-CD) 0.718 0.647
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performed this check. As seen in Table 3, the elution of
o- and y-CD is driven by a substantial enthalpic
component, as evidenced by the large change, on the
order of 10-15%, between the Kggc values determined
at 25 versus 37 °C. We thus see how computer simula-
tion has the ability to inform our knowledge of the
separation processes and to point us in the direction of
possible errors.

3. Experimental
3.1. Materials

Oligosaccharides and glucose were purchased from
Sigma—Aldrich. All carbohydrates are of the p-series
and sold to at least 95% purity by the manufacturer.
Carbohydrates were used as received, without further
purification. Acetone was purchased from Fisher
Chemical Co., MeOH and NaOH from VWR Scientific
Co., and pullulan standard from Polymer Laboratories.

3.2. Size-exclusion chromatography (SEC)

Unfiltered sample injections (injection volume = 100 pL,
concentration = 2.5 mg/mL in H,O) were analyzed with
an SEC system using degassed, deionized H,O as mobile
phase at 1.000 mL/min flow rate. Eluent temperature
was 37 °C, with pH adjusted to 7.39 using 1 M NaOH.
Separation occurred over a column bank consisting of
four analytical Ultrahyrogel 6-pum particle size, 120 A
pore size SEC columns, purchased from Waters Corp.
Detection was performed with a Waters 410 differential
refractive index (DRI) detector. Column, detector, and
injection compartment temperatures were maintained
at 37.0 £ 0.1 °C. The interconnecting tubing between
the column bank and the detector was wrapped with
insulating tape to prevent heat loss during transfer.
For all chromatographic determinations, results are
the averages of six injections, three each from two sepa-
rate sample solution vials. Minor flow rate fluctuations
for the saccharide measurements were corrected by com-
paring the retention time of an acetone marker peak in
each injection (including individual maltose injections)
to the average value of this peak for all maltose injec-
tions. Data acquisition was performed using Clarity
software (V. 2.4.0.195) from Data Apex.

3.3. Calculation of —AS of oligosaccharides®*>

Calculation of the standard conformational entropy dif-
ference between mobile and stationary phases for the
oligosaccharides in solution was based on the retention
times of the peak maxima (V7y), as measured by SEC,
as well as on the solute distribution coefficients (Ksgc).
These two parameters are related via

Ve = Vo

Kspc = ——+
SEC V.=V,

where V) is the void volume of the columns and V; is the
total column volume. The internal pore volume of the
system is defined as the difference between V; and V.
The SEC columns are quoted by the manufacturer as
having an exclusion limit of approximately 5000 g/mol,
based on the analysis of poly(ethylene oxide) and
poly(ethylene glycol) standards in water. We measured
Vo using a 22,800 g/mol narrow polydispersity (M,,/
M, =1.07) pullulan standard, and measured V; using
acetone. As seen in Table 3, for the linear oligosaccha-
rides we observe a difference of three parts per hundred
or less in the values of Kggc for maltose, maltoheptaose,
cellobiose, and cellopentaose when measured at 25
versus at 37 °C. This strongly supports the conclusion
that separation of the linear malto- and cellooligo-
saccharides is predominantly entropic in nature (charac-
teristic of ‘near-ideal’ SEC behavior), as enthalpic
interactions with the column packing material would
lead to highly temperature-dependent values of the
distribution coefficient (as observed with the cyclo-
dextrins; see Table 3). Consequently, we can write

AS =R ll’lKSEC

Here, we have used R=8.31451Jmol ' K™'. The
standard entropy difference, —AS, denotes the difference
between the conformational entropy of the oligosaccha-
rides in the flowing mobile phase outside the pores of the
column packing and the entropy of the oligosaccharides
in the stagnant mobile phase inside the pores. The use of
the negative sign (i.e., of —AS) is a result of solute
permeation in SEC being associated with a decrease in
conformational entropy due to the more limited ana-
lyte mobility inside the pores as compared to analyte
mobility in the interstitial volume.

3.4. Simulation techniques

Simulations of the malto- and cellooligosaccharides and
cyclodextrins were performed using the AMBER suite of
molecular dynamics programs (version 8).>° The GLY-
CAM-04 force field was used for all simulations.?®?’
The carbohydrate topology and initial coordinates were
constructed using the program vLeapP.”® All carbo-
hydrates were solvated using TIP3P waters.”® The simu-
lations were done using periodic boundary conditions at
constant temperature. All systems were minimized,
equilibrated for a minimum of 1 ns, and followed by a
production run of 10 ns. Equilibration was performed
in an NpT ensemble at 1 atm and 37 °C. Production
runs were either NVT (malto and cello series) using
the final equilibrated volume or NpT (cyclodextrins).
A timestep of 2 fs was used, and samples were taken
at 0.5 ps intervals. SHAKE/RATTLE?***? was used to
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constrain all bonds involving hydrogen, and SETTLE®
was used to maintain a rigid water model. Temperature
and pressure were maintained via a weak coupling
algorithm,** with coupling times of 1 ps. Electrostatic
interactions were calculated using the Particle-Mesh—
Ewald method,> with a 4th-order Lagrange interpola-
tion for the charges, a grid spacing no larger than 1 é\,
and a screening charge width of approximately 2.5 A.
Tin-foil boundary conditions were maintained at infin-
ity. Short-range interactions were switched off smoothly
starting at 8 A, and a tail correction was applied for the
electrostatic and Leonard—Jones interactions. Linear
center of mass motion was periodically removed.
Pair-list updates were performed every 10 integration
steps. No scaling was applied for 1-4 interactions to
be consistent with the GLYCAM-04 force field.

Following Giddings et al.,?! —AS was computed by
assuming that the carbohydrates are sterically restricted
when in the stationary phase. —AS was computed as
AS = Rlnf, where f is the fraction of volume that is
accessible to the carbohydrate. The accessible volume f
is taken as the fraction of sites for which all carbo-
hydrate atoms are no closer than 1 A from the walls
of the stationary-phase cavities. Accessible volume was
determined by a grid search using a 1 A grid. The error
induced by using a 1 A grid was tested on selected sets of
data and found to be less than sampling errors in all
cases. Stationary-phase cavities are assumed to be spher-
ical with a uniform diameter D, which was globally fit to
the malto- and cellooligosaccharide data. The exact
shape and size distribution of the cavities is unknown,
and our choice appears to be a reasonable choice consid-
ering our data and existing analyses of SEC cavity
dimensions. All results presented here were made with
D =78 A. Approximate error bars are determined by
block averages.

The method we use to determine —AS from the simu-
lations is a rigorous application of free-energy perturba-
tion, albeit one which makes minimal assumptions
about the nature of the actual interactions between the
cavity walls and oligosaccharides. Starting from the
standard free-energy perturbation expression, we can
determine the free-energy change created by the intro-
duction of cavity walls as

AG = —RTIn <e’AH/RT>O

= —RTIn(fe "% + (1 — f)e™™>/*T) = —RTIn f

where subscript 0 indicates a thermal average over the
saccharide simulated without cavity walls and AH is
the change in enthalpy upon the introduction of the
cavity walls. The primary assumption is that the cavity
has no effect upon the oligosaccharide conformation
when it is not in contact with the cavity walls
(AH = 0). Recent simulations suggest that small hydro-
phobic cavities may have significantly altered water

structure near their surface, which may affect the oligo-
saccharide structure in other ways.** In addition, we
assume that the change in free energy of the saccharide
is unchanged when not in a cavity. This is equivalent to
assuming that the relative surface area-to-volume ratio
is negligible outside of the cavities of the SEC column.

The simple assumption about the type of cavity—oligo-
saccharide interactions is supported by the SEC data,
which show a minimal contribution of AH to Kggc.
Also, it is convenient, because it does not require any
additional knowledge or assumptions about the atomic-
and nano-scale structure of the pores. Although addi-
tional information about the pore structure would allow
for more detailed perturbative calculations, these calcu-
lations would be at the limit of existing computational
means and would introduce additional computational
uncertainty.

4. Conclusions

Size-exclusion chromatography was used to determine
the solution conformational entropy of two series of
linear O-linked oligosaccharides, maltooligosaccharides
and cellooligosaccharides, in water at quasi-physiologi-
cal conditions of temperature and pH. For each series
—AS was observed to increase steadily with degree of
polymerization, though a faster rate of increase was
displayed by the cellooligosaccharides over their malto
counterparts. Comparison between members of each
series with the same DP confirmed the larger conforma-
tional freedom (higher flexibility) afforded by the equa-
torial f anomeric configuration as compared to the
axial o anomeric configuration, given the same (1—4)-
type glycosidic linkage and the same p-anhydroglucose
constituent monosaccharide units. Comparison between
linear and cyclic a-(1—4)-linked oligosaccharides was
precluded by the extremely low solubility of B-cyclodex-
trin as well as by the large enthalpic contribution to the
SEC analysis of a- and y-cyclodextrin.

Experimental SEC results were augmented by those
obtained using molecular dynamics computer modeling
simulations. In most cases, the latter modeled trends in
the experimental data quite well and even quantitative
comparisons between experimental and simulation-gen-
erated data sets were possible. An exception was the case
of the AAS between anomer pairs where, over the DP
range 2-5, the experimentally determined AAS grew
linearly with DP, whereas the AAS derived from simula-
tion data grew exponentially with DP. As a result of
this, the AAS between anomers of DP 2-4 was underes-
timated by computer modeling, whereas the AAS
between DP 5 anomers was overestimated by the simu-
lations. It is important, however, to also point out that
the first indication that o- and y-cyclodextrin did not
elute via a strict size-exclusion mechanism was provided
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by the computer modeling simulations. This behavior
of the cyclodextrins was subsequently confirmed
experimentally.

The experimental approach and results presented here
can contribute to our growing understanding of the
influence of structural parameters such as anomeric
configuration, glycosidic linkage, degree of polymeriza-
tion, etc. on the solution behavior of carbohydrates
and on their physiological roles. This understanding is
augmented by the insights provided by computer model-
ing, which appears to adequately represent the experi-
mental data and which also provides insight regarding
potential experimental pitfalls.
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