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Configurational differences between monosaccharides directly impact properties such as cryoprotectant
ability and binding selectivity. Here, we examine how diastereomeric differences among select aldohex-
oses and methyl glycosides affect the flexibility of the sugars in solution. Our analysis takes advantage of
the entropic nature of the separation in size-exclusion chromatography (SEC). Particular attention is
given to the influence of the D2 effect, the greater destabilization of the pyranose ring conformation
when the hydroxyl group at carbon 2 (C2) is in the axial position, on solution conformational entropy
(DS) in aqueous solvent as well as in N,N-dimethyl acetamide (DMAc) and in DMAc/LiCl. For example,
the rankings of the DS values of mannose and talose in water, relative to the other aldohexoses examined,
can be directly attributed to the influence of the D2 effect. As part of this study, we have also investigated
how the pyranose:furanose and a:b ratios affect the relative flexibilities of the sugars in solution. Several
differences, not all of which we are currently able to explain, are noted between the behavior of the sug-
ars in aqueous versus organic solvent.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Aldohexose sugars are abundant in biological systems and are
used by cells to fuel life functions, for signaling and recognition,
and in cell–cell adhesion (Garrett & Grisham, 2005). At the dimeric
and higher levels, differences in molecular flexibility imparted by
anomeric configuration or glycosidic linkage are responsible for
differences in binding and docking of enzymes and bacterial toxins
(Lindberg et al., 1987; Rockey, Laederach, & Reilly, 2000), in ‘‘site-
directed presentation” (the initiation of infection by bacteria and
parasites, through interaction with glycosylation sites on the
surface of the proteins of the host organism) (Carver, 1993), and
for aptameric binding specificity (Yang, Goldstein, Mei, & Engelke,
1998). At the monomeric level, anomeric differences provide for
the biding selectivity of the tryptophan-labeled Escherichia coli
sugar transport protein GalP toward a-glucose over its b counter-
part (Patching, Henderson, Herbert, & Middleton, 2008), while dia-
stereomeric configurational differences between the glucose,
galactose, mannose, and talose carbohydrate moiety in C-linked
antifreeze glycoprotein analogues have been shown to be extre-
mely important in modulating recrystallization-inhibition activity
(Czechura, Tam, Dimitrijevic, Murphy, & Ben, 2008).

During the last several years, our group has pioneered the appli-
cation of size-exclusion chromatography (SEC) (Striegel, 2005a,
ll rights reserved.

: +1 850 644 8281.
el).
2005b, 2008; Striegel, Yau, Kirkland, & Bly, 2009), an entropically-
driven technique, to determining the solution conformational entro-
py of oligosaccharides. Our studies have quantitated the influence of
anomeric configuration, glycosidic linkage, linearity versus cyclicity,
and intramolecular hydrogen bonding on the flexibility of select di-
and oligosaccharides in aqueous and polar aprotic organic solvents
(Boone, Nymeyer, & Striegel, 2008; Boone & Striegel, 2006; Striegel,
2003a). With few exceptions (Striegel, 2003a), monosaccharides
have remained unexamined by this method.

Here, we apply the SEC method to the study of various aldohexos-
es (Fig. 1, where only the b anomers are shown) and several of their
methyl glycosides (Fig. 2). Our studies were performed both in
water, at ‘‘quasi-physiological” conditions of temperature and pH,
as well as in the organic solvents N,N-dimethyl acetamide (DMAc)
and DMAc/LiCl, the latter being a preferred solvent for such diffi-
cult-to-dissolve polysaccharides as cellulose and chitin (Striegel,
1997; Striegel & Timpa, 1995). Of particular interest was investigat-
ing how the D2 effect, i.e., the greater destabilization of the pyranose
ring conformation when the hydroxyl group at carbon 2 (C2) is in the
axial position (Izydorczyk, 2005; Juaristi & Cuevas, 1995; Reeves,
1950; Shallenberger, 1982; Stoddart, 1971), manifests itself with
respect to limiting the flexibility of monosaccharides in solution,
which is given quantitative meaning through the solution conforma-
tional entropy DS. It is hoped that a more quantitative understand-
ing of how the D2 effect and the pyranose:furanose and a:b ratios
influence the flexibility of aldohexoses in solution will aid in
understanding features such as the differences in cryoprotectant
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Fig. 1. Structure of the aldohexoses studied. In order to highlight the D2 effect in mannose and talose, the b anomers of the aldohexoses are shown.
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properties of monosaccharides, mentioned above, as well as in a pri-
ori design of aptamers, glycovaccines, etc.
2. Experimental

2.1. Materials

All sugars were from Sigma–Aldrich (St. Louis, MO), except for
gulose, which was also obtained from V-Labs (Covington, LA); all
sugars were sold to at least 98% purity. DMAc, LiCl, NaOH, and
NaN3 were from VWR (West Chester, PA). LiCl was dried in a vac-
uum oven at 165 �C for at least 18 h and then stored in a desiccator.
Preparation of DMAc/0.5% LiCl, as well as its application in the
analysis of a variety of polysaccharides, is given in detail in refer-
ence (Striegel & Timpa, 1995).

2.2. Size-exclusion chromatography

Unfiltered sample solutions (100 lL of 2.5 mg/mL solutions,
briefly heated to�60 �C to ensure full dissolution) were injected into
a system consisting of a Waters 2695 Separations Module (Waters
Corp., Milford, MA) and either a Waters 410 (Waters) or an Optilab
rEX (Wyatt Technology Corp., Santa Barbara, CA) differential refrac-
tive index detector (the untimely demise of the Waters 410 partway
through the experiments led us to replace it with the Optilab rEX; re-
sults from the latter were checked for consistency with those from
the former, and no inconsistencies were found between data sets).
Solvent and mobile phase were either aqueous, consisting of H2O
with 0.02% NaN3, adjusted to pH 7.4 with NaOH, or organic, consist-
ing of either neat DMAc or DMAc/0.5% LiCl. Temperatures of the
detector and the injector, sample, and column compartments were
maintained at 37 �C (to confirm the predominantly entropic nature
of the separation, aqueous data were also collected at 25 �C, while
organic data were also collected at 50 �C. See Section 2.3 Calculation
of�DS below). Flow rate when using aqueous eluent was 1.000 mL/
min; when using organic eluents, it was 0.500 mL/min. The interde-
tector tubing between the columns and the detector was wrapped
with insulating tape to prevent heat loss during transfer. For all chro-
matographic determinations, results are averages of at least six
injections, three each from two separate sample dissolutions. Minor
flow rate fluctuations were corrected by comparing the retention
time of an acetone (5 lL of acetone were added to each sample solu-
tion for aqueous analysis) or toluene (5 lL of toluene were added to
the each sample solution for organic analysis) marker peak in each
injection (including individual glucose injections) to the average va-
lue of the marker peak for all glucose injections. For aqueous analy-
sis, separation was performed using a set of four Ultrahydrogel 6 lm
particle size, 120 Å pore size SEC columns (Waters). For organic anal-
ysis, a set of four PLgel 5 lm particle size, 50 Å pore size columns
(Varian/Polymer Laboratories, Amherst, MA) was used.
2.3. Calculation of the solution conformational entropy �DS

Calculation of the standard conformational entropy difference
between the mobile and stationary phases for the monosaccha-
rides in solution was based on the retention times of the peak max-
ima (VR), as measured by SEC, as well as on the solute distribution
coefficient (KSEC). These two parameters are related via via (Boone
& Striegel, 2006; Boone et al., 2008; Striegel, 2003a; Striegel, 2004;
Striegel et al., 2009).
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Fig. 2. Structure of the methyl glycosides studied.

Table 1
SEC-determined solution conformational entropy of aldohexoses.

Monosaccharide �DS (J mol�1 K�1)a

H2O DMAc DMAc/0.5% LiCl

Glucose 2.351 ± 0.001 (38, <1)b 11.97 ± 0.01 16.14 ± 0.01
Galactose 2.486 ± 0.001 (31, 6) 11.88 ± 0.01 16.05 ± 0.01
Allose 2.147 ± 0.002 (15, 8) 11.57 ± 0.01 16.01 ± 0.01
Mannose 2.103 ± 0.001 (66, <1) 11.66 ± 0.02 15.88 ± 0.01
Gulose 1.886 ± 0.001 (12, 4) 12.05 ± 0.03 16.79 ± 0.02
Talose 1.682 ± 0.001 (42, 29) 11.29 ± 0.01 15.62 ± 0.01

a Data constitute averages from at least six determinations, at 37 �C in H2O and at
50 �C in DMAc and DMAc/LiCl. See Section 2 for details.

b First number in parenthesis corresponds to the percentage of a pyranose ano-
mer, second number to the combined percentages of a and b furanose anomers,
both data in aqueous solution at 30 �C. For all sugars, percentage of acyclics in
aqueous solution at 30 �C is <0.1% (Zhu et al., 2001).
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KSEC ¼
VR � V0

Vi � V0

where V0 is the void volume of the columns and Vi is the total column
volume. The aqueous SEC columns are quoted by the manufacturer as
having an exclusion limit of approximately 5000 g/mol, based on
analysis of poly(ethylene oxide) and poly(ethylene glycol) standards
in water at room temperature. For these columns, we measured V0

using narrow polydispersity (Mw/Mn 6 1.07) pullulan standards of
molar mass 22,800 and a 112,000 g/mol (Varian/Polymer Laborato-
ries), and measured Vi using acetone. The columns used with the or-
ganic eluents have a nominal exclusion limit of 2000 g/mol, based on
polystyrene standards in tetrahydrofuran at room temperature. Here,
we measured the V0 using a 20,000 g/mol narrow polydispersity (Mw/
Mn = 1.02) linear polystyrene standard (Varian/Polymer Laborato-
ries) and measured Vi using toluene. As the system temperature
was changed from 37 to 25 �C in aqueous eluent, and from 37 to
50 �C in the organic eluents, KSEC changed by no more than �5% for
any analyte, and usually substantially less than this. This strongly
supports the conclusion that separation of the monosaccharides is
predominantly entropic in nature (characteristic of ‘‘near-ideal” SEC
behavior), as enthalpic interactions with the column packing mate-
rial would lead to highly temperature-dependent values of the distri-
bution coefficient. Consequently, we can write

DS ¼ R ln KSEC

Here, we have used R = 8.31451 J mol�1 K�1. The standard en-
tropy difference, DS, denotes the difference between the conforma-
tional entropy of the oligosaccharides in the flowing mobile phase
outside the pores of the column packing versus the entropy of the
oligosaccharides in the stagnant mobile phase inside the pores. The
use of the negative sign, i.e., of�DS, results from solute permeation
in SEC being associated with a decrease in conformational entropy,
due to the decrease in the degrees of freedom of the analyte when
inside the pores of the column packing material, as compared to
when the analyte is in the flowing mobile phase (i.e., in the inter-
stitial volume outside the pores) (Striegel et al., 2009).
3. Results and discussion

Results from our experiments are given in Tables 1 and 2, for
both the aldohexoses and methyl glycosides examined, in both
aqueous and organic media. In what follows, we will attempt to ex-



Table 2
SEC-determined solution conformational entropy of methyl glycosides.

Methyl glycoside �DS (J mol�1 K�1)a

H2O DMAc DMAc/LiCl

Methyl-a-glucopyranoside 2.953 ± 0.001 11.00 ± 0.01 15.12 ± 0.01
Methyl-b-glucopyranoside 3.168 ± 0.001 11.26 ± 0.01 15.32 ± 0.01
Methyl-a-galactopyranoside 3.212 ± 0.001 10.70 ± 0.01 14.86 ± 0.01
Methyl-b-galactopyranoside 3.246 ± 0.001 11.10 ± 0.01 15.15 ± 0.01
Methyl-a-mannopyranoside 2.402 ± 0.001 10.62 ± 0.01 14.66 ± 0.01

a Data constitute averages from at least six determinations, at 37 �C in H2O and at
50 �C in DMAc and DMAc/LiCl. See Section 2 for details.
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plain the observed differences and rankings in the �DS data of the
methylated and unmethylated monosaccharides and the differ-
ences between the �DS values in water versus those in DMAc
and in DMAc/LiCl, while paying particular attention to how the
D2 effect influences the relative �DS rankings. (At this point, it
should be noted that minor differences between some �DS values
given in this paper and the values for the same mono- or disaccha-
rides given elsewhere (Boone et al., 2008; Boone & Striegel, 2006;
Striegel, 2003a) are almost certainly due to small differences in the
average pore size, as well as the pore size distribution, of the SEC
columns employed in the respective studies).

As a reminder, the D2 effect occurs when the C2–O bond bisects
the torsional angle between the two C1–O bonds (Izydorczyk,
2005; Jeffrey & Yates, 1981; Juaristi & Cuevas, 1995; Kaliannan,
Vishveshwara, & Rao, 1986; Lii, Chen, & Allinger, 2003; Reeves,
1950; Shallenberger, 1982; Stoddart, 1971). This is shown in
Fig. 3, with the Newman projection viewed along the axis leading
from C2 to C1 (C2 ? C1), i.e., the circle in Fig. 3 represents carbon 2
obscuring carbon 1. For the monosaccharides depicted in Fig. 1,
this arrangement occurs in both b-mannose and b-talose. The D2
effect appears to be due to unfavorable dipolar interactions be-
tween the C1–O1 and C2–O2 dipoles in the O1–C1–C2–O2 arrange-
ment (or, in Fig. 3, the R0O–C1–C2–OR arrangement) in the b
anomer, when the hydroxyl group at C2 (the OR group in Fig. 3)
is axially oriented (Kaliannan et al., 1986; Reeves, 1950). In the
MM4 hydrocarbon force field, the D2 effect has been represented
by a torsion–torsion interaction between the two O1–C1–C2–O2

torsions (Lii et al., 2003).
3.1. Solution conformational entropies in aqueous solvent

The �DS values of the aldohexoses and methyl glycosides
examined are given in the ‘‘H2O” column of Tables 1 and 2. The
experimental conditions are termed ‘‘quasi-physiological,” as the
aqueous solvent was maintained at pH 7.4 and at 37 �C, conditions
resembling those within the human body (Boone et al., 2008). As
all the analytes are charge-neutral, no electrolyte was added to
the solution. Again, the negative sign on the entropy is meant to
represent the loss of conformational freedom experienced upon
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Fig. 3. The D2 effect. Newman projection repr
an analyte permeating from the flowing mobile phase outside
the pores into the stagnant mobile phase inside a pore of the col-
umn packing material. Because equatorial bonds are more ex-
tended than axial bonds, upon entering SEC pores of the same
size a monosaccharide with a higher number of equatorially-
bonded hydroxyl (or other) groups should experience a greater loss
in degrees of freedom than a similar monosaccharide with less of
the same equatorially-bonded groups. This corresponds to a larger
�DS for the monosaccharide with the higher number of equatori-
ally-bonded hydroxyls.

According to the data in Table 1, galactose has the largest �DS
of the aldohexoses examined, and talose has the lowest, with the
�DS ranking being Gal > Glc > All > Man > Gul > Tal. The DDS be-
tween galactose and talose in aqueous solution is
0.804 J mol�1 K�1. As seen in Fig. 4, for a �1:1 mixture of the two
monosaccharides, galactose and talose can be separated from each
other by SEC with near-baseline resolution. The virtual lack of
enthalpic contribution to the separation is evidenced by the small
change in the solute distribution coefficient KSEC of talose and gal-
actose when the temperature of the experiment was varied from
37 to 25 �C: For talose, DKSEC was 5.63%, while for galactose DKSEC

was 3.71%. It should be noted that, for enthalpically-controlled li-
quid chromatographic separations (e.g., in reversed-phase liquid
chromatography), this 12 �C change in temperature is generally ex-
pected to correspond to a change in solute distribution coefficient
of at least 10–20% (Cole & Dorsey, 1992). What is shown in Fig. 4 is
thus a baseline resolution separation of monosaccharide diastereo-
mers by a near-ideal size-exclusion mechanism, virtually devoid of
enthalpic interactions. As seen by the peak integral overlaid upon
the chromatograms, peak areas differ by only �10%. This is likely
due to small differences in the concentration of the solutions, as
well as to small differences in the refractive indices of the mono-
saccharides themselves (which would affect the response of the
differential refractive index detectors used) (Shallenberger, 1982).

A surprise in the �DS rankings of the aldohexoses in water is
the larger conformational entropy of galactose compared to that
of glucose, given the fact that all hydroxyl groups in glucose are
equatorial, whereas in galactose the OH at C4 is axial (Fig. 1). We
do not yet have a complete explanation for this result. The confor-
mational entropy values, which are highly reproducible (note the
small standard deviations in Table 1), can only be partially ex-
plained by mutarotation and the fact that, at equilibrium in water
at room temperature, solutions of glucose contain approximately
7% more a pyranose anomer than do solutions of galactose (first
parenthetical datum in Table 1), though solutions of galactose con-
tain 5–6% more furanose isomers than do solutions of glucose (sec-
ond parenthetical datum in Table 1) (Zhu, Zajicek, & Serianni,
2001). Because of the OH group axially-bonded to C1 in a anomers,
these are expected to have lower �DS values in solution as com-
pared to their b counterparts. Experimental evidence for this is
seen when comparing the �DS values of a- versus b-methyl gluco-
side and of a-versus b-methyl galactoside (Table 1 and Fig. 2): for
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esents view along the axis from C2 to C1.
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the non-mutarotating methyl glycosides, the solution conforma-
tional entropies of the a anomers are smaller than those of the cor-
responding b anomers. However, in water the �DS values of the
methyl galactosides are larger than those of the methyl glucosides.
As such, while some of the difference in the �DS values of glucose
versus galactose may be due to the equilibrium distribution of
pyranose anomers, this does not fully account for �DSGal > �DSGlc.

The results for glucose versus galactose in water agree with
those for lactose versus cellobiose and for isomaltose versus meli-
biose (Fig. 5). Lactose and cellobiose are both b-(1 ? 4)-linked
disaccharides, the former being a galactopyranosyl-glucopyranose
(b-(1 ? 4)Gal-Glc, �DS = 3.913 + 0.001 J mol�1 K�1) and the latter
a glucopyranosyl-glucopyranose (b-(1 ? 4)Glc-Glc,
�DS = 3.778 ± 0.001 J mol�1 K�1). The structure of isomaltose is
a-(1 ? 6)Glc-Glc and its �DS = 4.088 ± 0.001 J mol�1 K�1, while
the structure of melibiose is a-(1 ? 6)Gal-Glc and its
�DS = 4.266 ± 0.001 J mol�1 K�1. When comparing the disaccha-
rides in each pair to each other, the �DS value of the Gal-Glc disac-
charides (lactose and melibiose) are lower than the �DS values of
the Glc-Glc disaccharides with identical glycosidic linkage and
anomeric configuration (cellobiose and isomaltose, respectively).
While the various sets of results are internally self-consistent,
the larger conformational entropy of galactose over glucose in
aqueous solvent, expressed in the aldohexoses, methyl glycosides,
and disaccharides, remains to be fully explained.

We next note that, with the exception of galactose, the �DS
rankings of the aldohexoses are inversely proportional to the num-
ber of axial hydroxyls, i.e., the sugars with two axial OH groups
(gulose and talose) have lower solution conformational entropies
than do the sugars with one OH group (allose and mannose) which,
in turn, have lower �DS values than does glucose, with all equato-
rial OHs. Within these rankings we find manifestations of the D2
effect: mannose, with its axial OH on C2, has a lower �DS value
than does allose, in which the axial OH is located on C3. Similarly
talose, with axial OHs on C2 and C4, has a lower �DS than does gu-
lose, with axial OHs on C3 and C4.

The �DS value of talose is substantially lower than that of gu-
lose, due to the high percentage of a pyranose anomer (42%) of ta-
lose at equilibrium in water; this is a consequence of the D2 effect,
which is also responsible for the high percentage of a-mannose
(66%) in water. In both cases, talose and mannose, the D2 effect
provides for an increased anomeric effect (Angyal, 1968; Juaristi
& Cuevas, 1995). In talose, however, the �DS value is additionally
lowered by the high percentage (29%) of furanose anomers present
at equilibrium in water.

An axial OH group on C3, such as found in allose and gulose, has
been observed to reduce the magnitude of the anomeric effect
(Angyal, 1968; Juaristi & Cuevas, 1995). (Note the large percent-
ages of b pyranose anomer for both gulose (84%) and allose (77%)
in water) (Zhu et al., 2001). Unfortunately, we were unable to ob-
tain a sample of altrose, which has axial OH groups on both C2 and
C3, an arrangement where the D2 effect should be offset by the
O:OH stereoelectronic interaction of the axial hydroxyl group on
C3 (Angyal, 1968; Stoddart, 1971).

Regarding the methyl glycosides examined (Fig. 2), the relative
rankings of the galactosides and glucosides have already been dis-
cussed. The �DS values of the methyl glycosides, given in Table 2,
are greater than the values of the corresponding unmethylated
aldohexoses. This is due to the extra degree of freedom contributed
by the O–CH3 bond of the glycosides. The fact that the �DS values
of the glycosides are significantly greater than the values of their
unmethylated counterparts, while the former still retain the same
rank order as the latter with respect to �DS, we interpret as mean-
ing that the entropy contributed by the bond added through the
arrangement [anomeric oxygen]:[methyl group carbon]:[methyl
group hydrogen] is greater than the entropy lost due to prevention
of mutarotation in the non-mutarotating glycosides. Because pre-
vention of mutarotation by methylation should not significantly
decrease entropy, it is likely that mutarotation does not confer a
large amount of flexibility on the unmethylated aldohexoses in
aqueous solution. The parenthetical data in Table 1 give the per-
centage of a pyranose anomers, and the combined percentages of
a and b furanose anomers, at equilibrium in water for the unme-
thylated aldohexoses (Zhu et al., 2001).

The much lower �DS value of methyl a-mannopyranoside
(with an axial hydroxyl group at C2), as compared to the values
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for the various methyl galacto- and glucopyranosides, is once again
attributed to the D2 effect in the mannopyranoside, similar to the
same effect in its unmethylated counterpart mannose.
3.2. Solution conformational entropies in DMAc and DMAc/LiCl

Due to its high polarity and dielectric constant, water is good at
solvating other polar or charged species. Because water is also a
good hydrogen bond donor and acceptor, the hydroxyl groups of
sugars will interact favorably with water, constraining the sugar
molecules and limiting their flexibility. Hydrogen bonds are dy-
namic interactions that break and reform on a picosecond time-
scale (Garrett & Grisham, 2005). Hydrogen bonding between
solvent and solute will not eliminate all analyte flexibility, but it
will limit the extent to which the OH groups are free to rotate in
sugars (Woods, Fraser-Reid, Dwek, & Edge, 1994).

Both the �DS values of the aldohexoses and their rankings rel-
ative to each other are different in DMAc and in DMAc/LiCl than
they are in water. The �DS values of all the sugars examined are
higher in the organic solvents used than in water. For DMAc, this
observation can be attributed mostly to the diminished (relative
to water) intermolecular hydrogen bonding of the sugars with
the solvent. Without these relatively strong intermolecular H-
bonds, the sugar molecules adopt a more extended, less constricted
conformation in solution and, therefore, have a larger apparent size
in DMAc than they do in water. While the aprotic nature of DMAc
may lead to more intramolecular H-bonding in the sugars in this
solvent than in water, leading to a less flexible, more compact
structure in DMAc, the role of intramolecular H-bonding is likely
to be relatively minor as compared to solute–solvent interactions
(Angyal, 1968).

Another factor contributing to the larger �DS values in DMAc
and DMAc/LiCl, as compared to the same values in water, is that
the solvating organic molecule or macrocation are both substan-
tially larger than are water molecules (Fig. 6). It should be remem-
bered that �DS is the solution conformational entropy, i.e., the
conformational entropy of the solvated species (Striegel et al.,
2009). Due to the relative sizes of the solvents, the solvated com-
plex of sugar with DMAc is much larger than the solvated complex
of the same sugar with water. For DMAc/LiCl, the solvating species
is the macrocation [DMAcn + Li]+ (where n = 1, 2, 3 and the chloride
counterion serves as H-bond acceptor; see Fig. 6) (Striegel, 1997;
Striegel, 2003b; Striegel, Piotrowiak, Boué, & Cole, 1999), a signifi-
cantly larger species than neat DMAc molecules and which ac-
counts for the much higher �DS values in DMAc/LiCl as
compared to the values in neat DMAc.

The �DS rankings in DMAc follow the order Gul > Glc > Gal > -
Man > All > Tal, while in DMAc/LiCl the order is Gul > Glc > Ga-
l > All > Man > Tal. It should first be noted that we are currently
unable to explain the higher �DS of gulose in both DMAc and
DMAc/LiCl, as compared to the conformational entropies of the rest
of the monosaccharides. The relative ranking of gulose in the aldo-
hexose series examined clearly differs in the organic solvents as
compared to water. Measurements for gulose in the organic sol-
vents were conducted many (dozens) of times, for five different
sample concentrations ranging from 0.1 to 5.0 mg/mL, and using
samples from two different sources (see Section 2). For each con-
centration, hexuplicate determinations were performed. We also
performed measurements, at a concentration of 2.5 mg/mL in
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DMAc, approximately six months apart from each other. In all
cases, the �DS of gulose was larger than those of the other aldo-
hexoses in the series. As noted in the previous section, the a:b ratio
of gulose pyranose anomers in water is 12:84. This is a much high-
er percentage of b pyranose anomer than in any of the other aldo-
hexoses examined, and suggests a highly complex H-bonding
network that stabilizes the b pyranose form of the sugar. It is pos-
sible that either the b pyranose anomer (or both pyranose ano-
mers) of gulose is stabilized even more by the polar aprotic
solvents employed here than it is by water.

We also observe that once again talose, with axial OH groups at
C2 and C4, has the lowest �DS value of the series in both DMAc and
DMAc/LiCl., and that in both organic solvents the �DS value of glu-
cose is larger than that of galactose. The latter agrees with previous
result from our group for these monosaccharides, and for isomalt-
ose and melibiose, in DMAc/LiCl (Striegel, 2003a), and with expec-
tations based on the all-equatorial-OH arrangement in glucose
versus galactose, which has an axial OH at C4. It also agrees with
the results for the a-(1 ? 6)-linked glucopyranosyl-glucopyranose
disaccharide isomaltose as compared to its galactopyranosyl-
glucopyranoside counterpart melibiose. The relative ranking,
however, is opposite the glucose versus galactose and isomaltose
versus melibiose rankings in water, discussed earlier. For the
monosaccharides, this difference in ranking could be due to a dif-
ference in the relative ratios of a to b pyranose anomers, and/or
of pyranose to furanose structures, in DMAc or DMAc/LiCl versus
the same ratios in water (Franks, 1977). For example, the percent-
age of glucose a pyranose anomer changes from 38% in water at
room temperature to 44% in DMSO at 30 �C (Bubb, 2003; Franks,
2000); the amount of furanose anomers of galactose in water at
room temperature is 6%, but rises to �15% in DMSO (the tempera-
ture of the DMSO experiments does not appear to have been spec-
ified by Mackie and Perlin in the original publication) (Mackie &
Perlin, 1966); and the amount of furanose anomers of glucose, neg-
ligible in both water and DMSO, rises to 4.5% in N,N-dimethyl
formamide at 70 �C (Reine, Hveding, Kjølberg, & Westbye, 1974).
It is also known, from the classic infrared absorption work of Tip-
son and Isbell, that in water the equilibrium distribution of arabino
sugars such as galactose, and of ribo sugars such as talose, is higher
in furanose structures than are the equilibrium distributions of
xylo (glucose) and lyxo (mannose and gulose) sugars (Tipson & Is-
bell, 1962). As the amount of a pyranose anomer and/or of fura-
nose structures increases, the solution conformational entropy
�DS should become smaller. This is due to the fact that the more
compact furanose and a pyranose structures should experience a
smaller loss in conformational degrees of freedom (less loss of flex-
ibility) than the corresponding pyranose and b pyranose structures,
respectively, upon permeation into the pores of the SEC column
packing material from the flowing interstitial mobile phase. The
same reasoning can be applied to explain why, in DMAc, the �DS
of mannose is larger than that of allose, seemingly contradicting
the D2 effect in this solvent. It should be emphasized, however,
that at present this remains a conjecture, though the amount of
a pyranose anomer of mannose increases from 66% in water at
room temperature to 86% in DMSO at 116 �C (Franks, 2000).

Regarding the behavior of the methyl glycosides in DMAc and
DMAc/LiCl, it is quite interesting to note that the �DS values of
the glycosides are smaller than those of their corresponding unme-
thylated counterparts. This is contrary to what was observed in
water. In the organic solvents, the extra degree of freedom gained
by replacing the anomeric hydroxyl group with a methyl group
does not appear to fully compensate for the loss of entropy due
to prevention of mutarotation. In DMAc and DMAc/LiCl, mutarota-
tion of the unmethylated sugars must therefore be a significant
source of flexibility for the aldohexoses examined here. The larger
�DS values of the methyl glycosides in DMAc/LiCl, vis-à-vis in
DMAc, can only be partially explained through H-bond solute–sol-
vent interactions. If this were the case, the �DS values in DMAc/
LiCl would be intermediate to those in DMAc and in water, as inter-
molecular H-bonding between the sugars and water is expected to
be greater than between the same sugars and DMAc/LiCl (with the
possible exception of gulose, as noted above). As with the unme-
thylated aldohexoses, most of the�DS difference for the glycosides
in DMAc versus in DMAc/LiCl can be explained by the significant
difference in the size of the solvating species, the neat DMAc mol-
ecule and the [DMAcn + Li]+Cl– complex, and by the fact that what
is being measured is the conformational entropy of the solvated
analytes, which will be larger in DMAc/LiCl than in neat DMAc.

We also observe for the methyl glycosides that, while in water
the �DS values of both galactosides are larger than those of both
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glucosides, in DMAc and DMAc/LiCl the �DS values of b-MeGlc and
b-MeGal are both larger than the �DS values of a-MeGlc and a-
MeGal (Table 2). The order in both solvents is b-MeGlc > b-MeGa-
l > a-MeGlc > a-MeGal > a-MeMan. As was the case in aqueous sol-
vent, the low �DS value of the methyl mannoside (with an axial
OH at C2) in DMAc and DMAc/LiCl is ascribed to a manifestation
of the D2 effect.

For the glucosides and galactosides, the larger �DS of the b over
the a anomers likely results from the more extended structure of
the former as compared to the latter. This effect could also be aug-
mented by intramolecular H-bonding between the hydrogen of the
OH on C2 and the oxygen of the aglycon in the methyl-a-glyco-
sides. The latter conclusion is supported by proton nuclear mag-
netic resonance (1H NMR) studies of a- and b-methyl-gluco- and
galactosides in DMSO, where it was found that the coupling con-
stant J(H,OH) and the chemical shift d(OH) for the hydroxyl group
at C2 were larger for methyl-a-glucoside and methyl-a-galactoside
than for their b counterparts (Bernet & Vasella, 2000). The same
study showed that, in DMSO, the DJ(H,OH) and Dd(OH) between
a- and b-methyl-galactosides (again for the OH at C2) were both
larger than the corresponding differences between a- and b-
methyl-glucosides, and ranked these four glycosides in the order
b-MeGlc > b-MeGal > a-MeGlc > a-MeGal with respect to chemical
shift at the C2 OH. The latter ranking is the same as the �DS rank-
ing of the gluco- and galactosides studied here, in both DMAc and
DMAc/LiCl, while the DJ and Dd results agree with the larger DDS
of the galactosides, as compared to the DDS of the glucosides, in
both DMAc and DMAc/LiCl.

This leads to one last observation, which is that the DDS be-
tween galactopyranoside anomers increases by about an order of
magnitude when going from water to either DMAc or DMAc/LiCl
(from 0.034 J mol�1 K�1 in water to 0.40 J mol�1 K�1 in DMAc,
and to 0.29 J mol�1 K�1 in DMAc/LiCl), while the DDS between
glucopyranoside anomers increases only modestly when changing
solvents (from 0.215 J mol�1 K�1 in water to 0.26 J mol�1 K�1 in
DMAc, and to 0.29 J mol�1 K�1 in DMAc/LiCl). While we cannot at
present explain the large difference in behavior between the gluco-
sides and galactosides, the change in DDS as a function of changing
solvent, for both sets of glycosides, could be due to a decreased sta-
bilization of the more polar methyl-b-glycosides as a function of
decreasing solvent polarity: water is substantially more polar
(and has higher dielectric constant) than is neat DMAc, with
DMAc/LiCl expected to have an intermediate polarity closer to that
of DMAc. From studies of the anomeric effect, it is known that the
percentage of methyl-a-glycoside increases with decreasing sol-
vent polarity (decreasing solvent dielectric constant) (Juaristi &
Cuevas, 1995). More methyl-a-glycoside, which has a smaller
�DS than its b counterpart, corresponds to a larger DDS between
glycoside anomers. Likewise, decreased stabilization of methyl-b-
glycoside as a function of decreasing solvent polarity corresponds
to a larger DDS between glycoside anomers as solvent polarity
decreases.

4. Conclusions

Size-exclusion chromatography, an entropically-controlled sep-
aration method, has been employed to determine the solution con-
formational entropy of select aldohexoses and methyl glycosides in
water, DMAc, and DMAc/LiCl. Results from our studies showed the
influence of the D2 effect on the flexibility of the monosaccharides
in solution, as well as the influences of furanose:pyranose and a:b
ratios. In water and DMAc/LiCl, the D2 effect clearly manifested it-
self in the relative ranking of the �DS values of mannose, talose,
and methyl-a-mannopyranoside in the series examined, while in
neat DMAc the �DS of allose was found to be slightly lower than
that of mannose. On an absolute basis (i.e., number of J mol�1 K�1),
the D2 effect manifested itself more greatly in DMAc/LiCl that it
did in water for mannose versus allose and for talose versus gulose.
However, in terms of a relative (i.e., percentage) change in �DS, the
D2 effect manifested itself more greatly in the aqueous solvent for
the given monosaccharide pairs. These same relationships also
hold true for the behavior of methyl-a-mannopyranoside relative
to the other methyl glycosides examined. Not surprisingly, the size
of the solvating species greatly influenced the solution conforma-
tional entropy of the analytes.

Several of the results obtained will require further investigation,
such as the seemingly abnormally-large �DS of gulose in DMAc
and DMAc/LiCl relative to the other aldohexoses examined, and
the difference in the aqueous versus organic solvent rankings of
the �DS values of glucose versus galactose and of select galacto-
pyranosyl-glucosyranoses versus their glucopyranosyl-glucopyra-
nose counterparts with identical anomeric configuration and
glycosidic linkage.

As noted in the Introduction, configurational differences among
aldohexoses give rise to differences in the binding selectivity of su-
gar transport proteins and in the ability of monosaccharides to
modulate recrystallization-inhibition activity. The ability of size-
exclusion chromatography to quantify how isomeric and related
differences influence carbohydrate flexibility in solution has great
potential for glycovaccine design and for furthering our under-
standing of bioregulatory processes, among others. Our group con-
tinues to explore this area.
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