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Abstract

Determination of the absolute configuration of the 1-carboxyethyl substituent on a monosaccharide by circular dichroism
measurements was found to be a sensitive and simple method. It relies on comparison of the spectrum of a 1-carboxyethyl
substituted sugar or sugar derivative with the spectra of (R)- and (S)-lactic acid in the region 200—-260 nm in which the (R)- and
(S)-configuration give negative and positive Ag¢, respectively. The oligo- or poly-saccharide containing a 1-carboxyethyl substituted
sugar is hydrolyzed to monomers and the 1-carboxyethyl substituted sugar isolated by chromatography. The CD spectrum
obtained for the 1-carboxyethyl substituted sugar in water solution at pH 2 is then compared with spectra of (R)- and (S)-lactic
acid. The sign for the absorption and a maximum of comparable intensity and appearance around 210 nm, identify the

stereochemistry. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

At our laboratory, we are working with structure deter-
mination of bacterial polysaccharides from several
strains of the anaerobic bacterium Butyrivibrio fibrisol-
vens. Some of these strains contain 1-carboxyethyl sub-
stituted monosaccharides, not fully characterized with
respect to position and absolute configuration of the
1-carboxyethyl substituent.! Traditionally the absolute
configuration of l-carboxyethyl substituents is deter-
mined by comparison of the monosaccharide deriva-
tives, released by acid hydrolysis of the native or
reduced polysaccharide, with synthesized reference sub-
stances or with material isolated from already deter-
mined sources. An NMR method based on NOE
measurements of the acetylated 6-membered lactone
derivatives of 1-carboxyethyl substituted monosaccha-
rides has also been described.?

There are methods available to determine the abso-
lute configuration of a-hydroxy acid derivatives. These
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methods are based on either NMR?*~° or CD®’ studies
of synthesized derivatives of these acids. The CD meth-
ods are applicable only to o-hydroxy acids with free
hydroxyl groups and not practically useful when the
hydroxy group is substituted as is the case for 1-car-
boxyethyl substituted monosaccharide derivatives. In
the NMR based methods, the carboxylic acid is reacted
with both isomers of a chiral aromatic alcohol or amine
to yield the corresponding ester or amide derivatives,
respectively. The anisotropic shifts observed in the 'H
NMR spectrum induced by the aromatic ring are used
for interpretation of the stereochemistry. The interpre-
tation is only valid if the rotamer population around
the carbonyl group 1is accurately predicted by
calculation.

CD measurements of muramic and isomuramic acid
(pH 2.5) have shown that the spectrum of (R)-lactic
acid is similar to that of muramic acid (2-amino-3-O-
[(R)-1-carboxyethyl]-2-deoxy-D-glucose) and that the
same is true for the spectra of (S)-lactic acid and
isomuramic acid (2-amino-3-0-[(S)-1-carboxyethyl]-2-
deoxy-D-glucose).® The findings indicated that the abso-
lute configuration of the 1-carboxyethyl substituent was
correlated to the sign of the CD maximum for the
carboxyl chromophore with absorption at ~ 210 nm.
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When CD spectra were acquired for the sodium salt of
some synthesized 1-carboxyethyl substituted methyl
glycosides in water solution’ and compared with the
spectrum of sodium (S)-lactate, differences between the
(R)- and (S)-isomers were observed but the spectral
differences in comparison with sodium (S)-lactate were
considerable. No clear correlation between the stereo-
chemistry and the spectra could be found.

In this study, a comparison of CD spectra acquired
at pH 2 from five different (R)/(S)-pairs of 1-car-
boxyethyl substituted monosaccharides and their corre-
sponding methyl glycoside and alditol derivatives with
those of (R)- and (S)-lactic acid is presented. The
results prompted the development of a procedure,
based on CD, for the determination of the absolute
configuration of the 1-carboxyethyl substituents.

2. Results and discussion

All 1-carboxyethyl substituted methyl glycosides used in
this study were available from previous studies.”!” The
compounds were methyl 3-O-[(R)-1-carboxyethyl]-o-D-
Glcp, methyl 3-0-[(S)-1-carboxyethyl]-a-D-Glcp,
methyl 3-O-[(R)-1-carboxyethyl]-a-D-Galp, methyl 3-O-
[(S)-1-carboxyethyl]-a-D-Galp, methyl 3-O-[(R)-1-car-
boxyethyl]-a-D-Manp, methyl 3-O-[(S)-1-carboxyethyl]-
a-D-Manp, methyl 4-O-[(R)-1-carboxyethyl]-a-L-Rhap,
methyl 4-O-[(S)-1-carboxyethyl]-a-L-Rhap, methyl 6-O-
[(R)-1-carboxyethyl]-a-D-Galp and methyl 6-O-[(S)-1-
carboxyethyl]-a-D-Galp.

Reducing sugars of all [(R)- and (S)-1-carboxyethyl]-
substituted saccharides were prepared from the parent
methyl glycosides (Scheme 1) by two different methods
of acid hydrolysis commonly used for component anal-
ysis, I M H,SO, at 100 °C and 2 M trifluoroacetic acid
(TFA) at 120 °C. The corresponding alditols were pre-
pared from the hydrolyzed material by reduction with
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NaBH, (Scheme 1). After acidification by Dowex 50
(H*) and freeze-drying, boric acid was removed as
methyl esters by evaporation. The results of the reac-
tions were followed by '"H NMR spectroscopy and the
molecular masses of the products determined by
ESIMS.

Lactones were extensively formed on the I1-car-
boxyethyl substituted sugars during the evaporation
following the TFA hydrolysis (Scheme 1). Treatment of
the lactone mixtures with NH,OH (pH ~ 10) resulted
in hydrolysis of the lactones without detectable amide
formation and the 1-carboxyethyl substituted sugar was
isolated as the ammonium salt. When alditol derivatives
were prepared from the TFA hydrolyzed material, lac-
tones were opened as described above before the addi-
tion of NaBH, to avoid reduction of the lactone. The
yield of 1-carboxyethyl substituted alditol was quantita-
tive as judged by thin layer chromatography (TLC).

When 1 M H,SO, was used for the hydrolysis of the
1-carboxyethyl substituted methyl glycosides a different
work-up procedure was used. The reactions were neu-
tralized with BaCO; and centrifuged before the super-
natant was lyophilized. Lactones were not formed
under these conditions and the NaBH, reduction could
be performed directly after dissolution in H,O. The
work-up procedure after reduction is common for the
two routes and involves acidification with an ion-ex-
change resin, lyophilization and evaporation from
methanol to remove the remaining boric acid as methyl
esters. Lactones were formed on the alditols during this
procedure and a base treatment (NH,OH, pH ~ 10, 1
h) was necessary to give, after lyophilization, the 1-car-
boxyethyl substituted alditol derivatives as ammonium
salts. Both methods of hydrolysis gave products of
> 90% purity and satisfactory CD spectra.

CD spectra were recorded for the I1-carboxyethyl
substituted derivatives as well as for (R)- and (.5)-lactic
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Scheme 1.
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Fig. 1. (a) CD spectra of (S)-lactic acid in water solution at pH 2, 5 and 7. (b) CD spectra of methyl 3-O-[(S)-1-carboxyethyl]-o-D-

Galp in water solution at pH 2, 5 and 7.

acid. At pH 2, the spectrum of lactic acid showed a
strong ellipticity band (A¢ 0.879) centered at ~ 210 nm
(Fig. 1(a)). The ellipticity is negative for the (R)-isomer
and positive for the (S)-isomer. When the CD spectrum
was obtained at pH 10, the maximum shifted to ~ 214
nm with A¢ 0.261. These measurements are in good
agreement with results from previous studies although
the reported weak ellipticity band at ~ 240 nm®!!!2
could not be observed in our measurements, probably
due to more noise in the spectra obtained at the low
sample concentrations used.

The CD measurements of the 1-carboxyethyl substi-
tuted sugar derivatives showed that the spectra of 1-car-
boxyethyl ethers are more affected than lactic acid by
changes of pH. At pH 2, the spectra are very similar to
that of lactic acid, whereas at pH > 3 they differ (Fig.
1(b)). When spectra were acquired at pH 2, the sign of
the ellipticity in the region ~ 200-235 nm was negative
for (R)-isomers and positive for (S)-isomers of all the
measured (1-carboxyethyl)-substituted methyl gly-
cosides, hexoses and alditols with a maximum ab-
sorbance close to 210 nm (Table 1 and Fig. 2). A small
maximum with opposite sign is also visible at ~ 240
nm for most samples. It has been suggested that the 240
nm transition has the same origin (n —7*) as the 210
nm transition and that a pH-dependent difference in
rotamer population around C-1-C-2 of the I-car-
boxyethyl group is responsible for the observed changes
in the intensities of the peaks. In protonated acids,

there is one predominant rotamer around the C-1-C-2
bond while in the deprotonated samples there is no
such predominant rotamer.%!! 13

When pH was changed from 2 to 5 (close to pK, of
the acids), a sharp increase in the intensity of the 240
nm transition in the CD spectra of the l-carboxyethyl
substituted sugar derivatives occurred. A comparison of
the spectra of the acidic and the ionized form of methyl
3-0-[(S)-1-carboxyethyl]-a-D-Galp (Fig. 1) showed that
the intensity of the maximum at ~ 210 nm decreased
by >90% while the maximum with opposite sign at
240 nm gained in intensity and moved to ~ 222 nm for
the ionized form. This behavior is not observed in the
CD spectrum of sodium lactate and lactic acid, where
the 240 nm transition is unaffected while the 210 nm
transition is moved to ~ 214 nm and decreased by
~70%. Hence, the distribution of rotamers in the
I-carboxyethyl substituted sugar derivatives seems to be
more affected by changes in pH compared to that in
lactic acid.

Previous CD studies of o-hydroxy acids and their
derivatives showed that, in the CD spectra the magni-
tude and wavelength of the ellipicity maxima are influ-
enced by changes in temperature, solvent and pH. The
effect of pH on the CD spectrum is large in the region
around the pK, of the acid and it is preferable to avoid
this pH range (+2 units from pK,) when spectra of
several samples should be compared.
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In the CD spectra for some of the studied 1-car-
boxyethyl substituted sugar derivatives recorded at pH
2, the maximum deviated significantly from the ex-
pected 210 nm which is observed in the CD spectrum of
3-0-[(S)-1-carboxyethyl]-D-glucitol (Fig. 3). TLC and
'"H NMR indicated new species in the sample but, when
base was added to the sample solution, 3-O-[(S)-1-car-
boxyethyl]-D-glucitol was recovered. These observations
indicated that lactones were formed upon acidification
of the samples, resulting in mixtures of CD active
species making interpretation of the spectra uncertain.
Treatment of the sample with NH,OH (pH 10, 1 h) and

adjustment to pH 2 (HCI) just before measurement
resulted in a CD spectrum similar to that of lactic acid.

The CD spectra of two lactones, methyl 3-O-[(R)-1-
carboxyethyl]-a-D-glucopyranosid-1’,2-lactone and
methyl 3-O-[(S)-1-carboxyethyl]-a-D-galactopyranosid-
1',2-lactone,'* were acquired using the same conditions
as for the other samples. The results (Fig. 4) showed
that both lactones gave a maximum at 223 nm which is
close to the ~ 226 nm that was observed for 3-O-[(S)-
1-carboxyethyl]-D-glucitol.

Our and previously published data®!'-!? indicate that
the dominating ellipticity band should occur at ~ 210

Table 1
Circular dichroism data at pH 2 of lactic acid and 1-carboxyethyl substituted monosaccharide derivatives® in the range 200-260
nm
Compound Ellipticity maximum

/A (nm) A¢ (deg cm?/dmol) Figure no.
(R)-Lactic acid 212 —0.8 2a
(S)-Lactic acid ® 210 0.884 la, 2a
3-O-[(R)-1-Carboxyethyl]-D-Glc 209; 242 —1.1; 0.01 2a
3-0-[(S)-1-Carboxyethyl]-D-Glc 211; 242 1.0; —0.02 2a
3-0-[(R)-1-Carboxyethyl]-D-Gal 209; 242 —0.9; 0.03 2a
3-0-[(S)-1-Carboxyethyl]-D-Gal 211; 240 0.9; —0.04 2a
3-O-[(R)-1-Carboxyethyl]-D-Man 210; 238 —0.8; 0.05 2a
3-0-[(S)-1-Carboxyethyl]-D-Man 209; 240 0.8; —0.03 2a
6-O-[(R)-1-Carboxyethyl]-D-Gal 209; - —0.8; -
6-0-[(S)-1-Carboxyethyl]-D-Gal 211; 241 0.9; —0.02
4-0-[(R)-1-Carboxyethyl]-L-Rha 211; - —1.0; —
4-0-[(S)-1-Carboxyethyl]-L-Rha 208; 236 0.4; -0.07
Me 3-O-[(R)-1-carboxyethyl]-a-D-Glcp 208; 237 —0.8; 0.06 2b
Me 3-0-[(S)-1-carboxyethyl]-a-D-Glcp 210; 239 1.0; —0.02 2b
Me 3-O-[(R)-1-carboxyethyl]-a-D-Galp 208; 235 —0.8; 0.05 2b
Me 3-0-[(S)-1-carboxyethyl]-a-D-Galp ® 210; 239 0.909; —0.052 1b, 2b
Me 3-O-[(R)-1-carboxyethyl]-a-D-Manp 210; 240 —0.7,—0.04 2b
Me 3-0-[(S)-1-carboxyethyl]-a-D-Manp 210; 239 0.7, —0.03 2b
Me 4-O-[(R)-1-carboxyethyl]-a-L-Rhap 210 pos; n.d.
Me 4-0-[(S)-1-carboxyethyl]-a-L-Rhap 209; 236 neg; n.d.
Me 6-O-[(R)-1-carboxyethyl]-a-D-Galp 211 pos; n.d.
Me 6-0-[(S)-1-carboxyethyl]-a-D-Galp 211; 242 0.8; —0.02
3-0-[(R)-1-Carboxyethyl]-D-glucitol 212 —-0.9 2¢c
3-0-[(S)-1-Carboxyethyl]-D-glucitol 210; 240 0.9; —0.06 2c, 3
3-0-[(R)-1-Carboxyethyl]-D-galactitol 211; 242 —0.9; 0.08 2c
3-0-[(S)-1-Carboxyethyl]-D-galactitol 211; 240 1.1; —0.04 2c
3-O-[(R)-1-Carboxyethyl]-D-mannitol 211; 239 —0.6; 0.07 2c
3-0-[(S)-1-Carboxyethyl]-D-mannitol 210; 240 1.5; —0.08 2¢
6-O-[(R)-1-Carboxyethyl]-D-galactitol 209 —0.6
6-0-[(S)-1-Carboxyethyl]-D-galactitol 211; 240 0.9; —0.05
4-0-[(R)-1-Carboxyethyl]-L-rhamnitol 211 —0.5
4-0-[(S)-1-Carboxyethyl]-L-rhamnitol 212 0.5
Me 2-lac-3-O-(R)-Glcp © 223 —1.2 4
Me 2-lac-3-0-(S)-Galp 223 —2.5 4

2 Sample amount estimated from '"H NMR ( + 20%).

® Higher accuracy due to carefully weighted amount used for the measurement.

¢ Me 2-lac-3-0O-(R)-Glcp = methyl 3-O-[(S)-1-carboxyethyl]-a-D-galactopyranosid-1’,2-lactone.
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Fig. 2. CD spectra recorded in water solution at pH 2 for the 3-O-[(R)- and (S)-1-carboxyethyl] substituted derivatives of glucose,
galactose and mannose. (a) D-hexoses, (b) methyl a-D-hexopyranosides and (c) alditols. The CD spectrum of the respective isomer

of lactic acid is plotted as a thick line in all figures.

nm if it is derived from the lactic acid chromophore
alone. The shape and intensity of the ellipticity maxi-
mum should be similar to that observed for lactic acid
for an unambiguous identification of the absolute
configuration of the 1-carboxyethyl group. The inten-
sity of the 210 nm maximum differs for different sam-
ples but is always of the same order of magnitude as
that obtained for lactic acid. Previously, A¢ values
between [0.3-1.5| (reported as [®],, values between
[1000-5000| deg cm?/dmol) have been reported for
a-hydroxy acids and o-hydroxy acid derivatives at pH
<2.58112 An exception is the value reported for
N-acetylmuramic acid (Ae — 3.82, [@] — 12,600) where
the ellipticity of the N-acetyl group probably interferes
with that of the carboxyl group.® All samples in our
study show Ae values in the range |0.4—1.5| (Table 1).

To test the reliability of the proposed CD method,
three polysaccharides containing at least one I-car-
boxyethyl substituted monosaccharide were analyzed
by the protocol described in Section 4. The extracellular

polysaccharides isolated from Butyrivibrio fibrisolvens
strain X6C61, H10b and 12 were used as test samples.
For strain X6C61, the complete structure including the
absolute configuration of the 6-O-[(R)-1-carboxyethyl]-
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Fig. 3. CD spectra recorded in water solution at pH 2 from
3-0-[(S)-1-carboxyethyl]-D-glucitol after 1 min (solid line)
and 60 min (dashed line).
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Fig. 4. CD spectra recorded in water solution at pH 2 from
methyl 3-O-[(R)-1-carboxyethyl]-o-D-glucopyranosid-1’,2-lac-
tone (dashed line) and methyl 3-O-[(S)-1-carboxyethyl]-o-D-
galactopyranosid-1,2-lactone (solid line).

D-Gal is known.'® Strain 12 and HI10b contains a
I-carboxyethyl substituted Gal residue, common for
several strains of B. fibrisolvens, and H10b also another
unknown acidic monosaccharide.! The repeating units
of strain X6C61 and HI10b contain more than one
acidic sugar, which complicate the isolation of the
I-carboxyethyl substituted monosaccharides. In the re-
peating unit of strain X6C61, D-GlcpA and L-IdopA
residues are present whereas in H10b an unknown
1-carboxyethyl substituted sugar is present in addition
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to 6-0-(1-carboxyethyl)-D-Gal. For strain 12, the only
acidic component present is 6-O-(1-carboxyethyl)-D-
Gal. We isolated all 1-carboxyethyl sugars ( > 90% pure
as judged by their 'H NMR spectra) from the polysac-
charides using different chromatographic techniques.
The CD spectrum of each component (Fig. S(a—d)) had
the expected appearance and intensity and determina-
tion of the absolute configuration could thus safely be
done. All three polysaccharides contain 6-O-[(R)-1-car-
boxyethyl]-D-Gal and strain H10b also contains 3-O-
[(S)-1-carboxyethyl]-D-Glc which was confirmed by
comparison of its 'H NMR spectrum with that of
synthesized 3-O-[(S)-and (R)-1-carboxyethyl]-D-Glc.

3. Conclusions

The CD-spectra obtained at pH 2 of five different
(R)/(S)-pairs of l-carboxyethyl substituted monosac-
charides and their corresponding methyl glycosides and
alditol derivatives (Table 1 and Fig. 2) all show large
similarities with the spectra of the respective stereoiso-
mer of lactic acid. The results demonstrate that, under
the conditions used, the lactic acid chromophore inter-
acts with circularly polarized light almost unaffected of
the sugar part of the respective molecule. It is possible
to compare CD spectra of the 1-carboxyethyl deriva-

: b

_0.2240 210 220 30 \'/ 240\/ 250 260

200 210 220 230 240 250 260
nm

Fig. 5. (a—c) CD spectra of 6-O-[(R)-1-carboxyethyl]-a-D-galactose isolated from Butyrivibrio fibrisolvens strain 12, X6C61 and
H10b, respectively, and (d) CD spectrum of 3-O-[(S)-1-carboxyethyl]-a-D-glucose isolated from strain H10b.
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tives with spectra of (R)- and (S)-lactic acid as long as
the CD spectrum of the derivative has a dominating
ellipticity maximum at ~ 210 nm with similar shape
and intensity as the spectrum measured for lactic acid.
The absolute configuration of the 1-carboxyethyl group
is determined to be the same as for that isomer of lactic
acid that has the same sign for the 210 nm ellipticity in
the CD spectrum.

The described method for determination of the abso-
lute configuration of 1-carboxyethyl substituents from
their CD spectra has several advantages compared with
previously used methods. It is very convenient since the
CD measurements are performed on products formed
in a standard analysis of the components of a polysac-
charide and thus little extra work is necessary for
sample preparation. The 1-carboxyethyl substituent is
not derivatized, which saves time and eliminates the
risk of side reactions. As demonstrated, it is also fast
and sensitive. The acquisition of a useful CD spectrum
can be done in ~ 15 min on a 20 pM sample (~ 5
pg/mL) in a 1 cm cell. The CD spectrum recorded for
6-0-[(R)-1-carboxyethyl]-D-Gal ( ~ 3.5 pg/mL) isolated
from X6C61 was noisy but still useful (Fig. 5(b)). The
sensitivity of the method depends on the stability of the
1-carboxyethyl sugar derivative during the acquisition.
For 1-carboxyethyl sugar derivatives that easily form
lactones, the CD spectrum has to be acquired in a few
minutes whereas, for other samples, acquisition could
continue for several hours.

4. Experimental
4.1. General methods

TLC was performed on pre-coated plates (E. Merck
Silica Gel 60 F,s,) with 12:3:3:1 EtOAc-HOAc-
MeOH-H,0 as mobile phase, detection being afforded
with 5% H,SO, in EtOH and heating. NMR spectra
were recorded at 30 °C on samples in D,O soln at 400
MHz (*H) with a Bruker DRX 400 instrument. Mass
spectra were recorded in the negative-ion mode on a
Bruker Esquire ESIMS system. Samples were injected
at a flow of 100 pL/h in concn of ~ 0.5 mM in aq 50%
MeOH containing 0.25% NH,OH. CD spectra were
recorded on a JASCO 720 spectropolarimeter in the
range 200 to 260 nm at 20.0 °C using a square cell with
I cm path length. Sample concn were between 0.01-10
mM for synthetic standards and samples isolated from
polysaccharide material. For samples > 0.5 mM the
resolution and bandwidth was 0.5 and 1.0 nm, respec-
tively, and <0.5 mM 1.0 and 2.0 nm, respectively.
Usually, one scan was sufficient for acquiring a useful
spectrum but, for samples with low concn, eight or
sixteen scans were used. The scanning speed and re-
sponse time were 100 nm/min and 0.5 s, respectively.

Measurements were carried out at pH 2, 7 and 12 for
all 3-O-1-carboxyethyl substituted sugars and alditols.
For (S)-lactic acid and methyl 3-O-(S)-[l-car-
boxyethyl]-a-D-galactopyranoside, measurements were
made at pH 1, 2, 3, 5, 7, 9, 11, 12 and 13. Samples
measured at pH 1 and 2 were prepared by addition of
1 M HCI to the sugar derivative dissolved in water.
Similarly, addition of 1 M NaOH was used for samples
measured at pH 9, 11, 12 and 13. Buffers (10 mM) were
used to control the pH in the region near the pK, of the
1-carboxyethyl group. Citric acid/NaOH was used for
pH 3, NaOAc/HCI for pH 5 and Na,PO,/HCI for pH
7.

4.2. Estimation of reaction yield by '"H NMR
spectroscopy

Due to the small amounts of sample, the yields in all
reactions were estimated by 'H NMR spectroscopy. As
an example, for the H,SO, hydrolysis of the methyl
glycosides starting material, it was dissolved in water
(2.0 mL) and divided in two equal parts which were
lyophilized. One of the samples was used in the hydrol-
ysis reaction and the other kept as a reference sample.
After the hydrolysis and work-up (neutralization, cen-
trifugation and lyophilization) the hydrolyzed material
as well as the reference sample were separately dis-
solved in 1.00 mL D,O. A part of each soln (500 pL)
was mixed and transferred to an NMR-tube and a 'H
NMR spectrum was acquired. Signals of starting mate-
rial and products were integrated and their intensities
compared.

4.3. Estimation of concn of CD samples by "H NMR
spectroscopy

Due to the small amounts of sample, the concn of the
soln used for CD measurements were estimated by 'H
NMR spectroscopy. Samples of concn between 0.01-10
mM were prepared and CD measurements performed.
The CD samples were lyophilized in 8 mL vials, dis-
solved in 1.00 mL of 1.00 mM ¢-BuOH (internal stan-
dard) in D,O and a '"H NMR spectrum (90° pulse,
acquisition time ~ 5 s, 64—128 scans) was acquired for
each sample. The signal of the 1-carboxyethyl CH;
protons was compared with the signals from the inter-
nal standard and the concn of the sample was calcd.
The accuracy of this determination was not rigorously
controlled as our primary objective was to investigate if
the sign of the maximum at 210 nm is correlated to the
stereochemistry of the 1-carboxyethyl substituent and
not to obtain exact Ag-values of the measured sub-
stances. Since only small amounts of the test substances
were available, we did not want to contaminate the
samples with an internal standard that could affect the
CD spectrum in case we needed to measure the sample
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again. The spread in the 'H NMR measurements was
estimated by measuring triplicates for two samples and
was found to be within 5%.

4.4. Calculation of A¢ and [@] values

The A¢ and the [@] values were calcd from the relations
[01=(0/(Ic)) x (M /100) = 3300A¢, where [#] is the obsd
molecular ellipticity, 6 ellipticity angle, 1 cell length in
dm, ¢ concn in g/mL, M molecular mass and Ae molar
circular dichroism.

4.5. Analysis procedure

Purified extracellular polysaccharide (20 mg) isolated
from Butyrivibrio fibrisolvens strain 12 was hydrolyzed
at 120 °C for 4 hin 2 M TFA (10 mL) in a sealed tube.
The TFA was removed by evaporation in a stream of
air at ~30°C. Water (I mL) was added and the
evaporation repeated. The sample was dissolved in
water (2 mL) and pH adjusted to 10 by addition of 1 M
NH,OH. After concn under diminished pressure at
~35°C, the sample was purified on a Bio-Gel P-2
column (80 x 2.6 cm) irrigated with water. More than
50% of total 6-O-[(R)-1-carboxyethyl]-D-Gal was iso-
lated free from other monosaccharide components. The
rest of the 6-O-[(R)-1-carboxyethyl]-D-Gal was eluted
together with neutral sugars and was not used for CD
measurements. The fractions containing pure 6-O-[(R)-
1-carboxyethyl]-D-Gal were pooled, pH adjusted to ~
10 (NH,OH) and then Iyophilized to give
6-O0-[(R)-1-carboxyethyl]-D-Gal (1.7 mg) as its ammo-
nium salt. A part of the material was dissolved in D,O
and a 'H NMR spectrum showed that it was > 90%
pure. The rest of the material was dissolved in 2.00 mL
water and acidified to pH 2 just prior to the acquisition
of the CD spectrum. The concn of the sample was 340
pg/mL and Ae,,, = 1.0.

Preparation of 1-carboxyethyl substituted sugars
from strains H10b (15 mg) was done in the same way as
for strain 12, with the exception that further separa-
tions had to be done after the passage of the basic
hydrolysate through the Bio-Gel P-2 column. For strain
H10b, the two acidic components were eluted in the
same fractions. A drop of 1 M NH,OH was added to
each fraction before they were pooled and lyophilized.
After dissolution in water (1 mL), they were applied on
a column (80 x 1.6 cm) of Dowex 50 WX-2 (Ca>™")
which was irrigated with water at 10 mL/min. The
acidic components were partly separated with 3-O-[(S)-
I-carboxyethyl]-D-Glc slightly before 6-O-[(R)-1-car-
boxyethyl]-D-Gal. Fractions containing 3-0-[(S)-1-
carboxyethyl]-D-Glc (80 pg) and 6-O-[(R)-1-car-
boxyethyl]-D-Gal (60 pg) were obtained. Analysis indi-
cated contaminants in the samples and therefore they
were passed through C,; SPE cartridges (Sep-Pac® C18,

360 mg, Waters Corporation) eluted with water (1 mL).
CD spectra of the l-carboxyethyl substituted sugars
were acquired. The concn of the samples was deter-
mined to be 43 pg/mL for 3-O-[(S)-1-carboxyethyl]-D-
Glc and 53 pg/mL for 6-O-[(R)-1-carboxyethyl]-D-Gal
which give estimated A¢ values of 1.6 and 1.0, respec-
tively.

A sample of strain X6C61 ( ~5 mg) was hydrolyzed
and worked-up as described for strain 12. Instead of
separation on a Bio-Gel P-2 column, the lyophilized
mixture was applied directly on the Dowex 50 WX-2
(Ca?*) column. The 6-O-[(R)-1-carboxyethyl]-D-Gal
eluted together with one other sugar. Separation on a
column (2 x 0.5 cm) of Dowex 1 (OH™) resulted in a
minor amount of pure 6-O-[(R)-1-carboxyethyl]-D-Gal
(~5 pg). A 6-O-[(R)-1-carboxyethyl]-D-Gal sample
(3.6 pg/mL) was measured using the same procedure as
for strain H10b and a satisfactory spectrum (Ae=1.7)
was obtained.

4.6. 3-0-|(R)-1-Carboxyethyl]-D-glucopyranose (1)

Methyl 3-O-[(R)-1-carboxyethyl]-a-D-glucopyranoside
Na-salt (6.2 mg) was dissolved in 1 M H,SO, (3.1 mL)
and heated in a sealed vial at 100 °C for 10 h. The vial
was cooled to rt and water (3 mL) added to the
reaction mixture before neutralization with portions of
solid BaCO;. The mixture was diluted with water (3
mL) and centrifuged at 4000 rpm for 10 min before the
supernatant was collected. The pellet was extracted two
times with water (3 mL) and centrifuged as described
above. The supernatants were pooled and evaporated
to dryness to yield crude 1. TLC: R, ~ 0.35; ESIMS:
Anal. Caled for CoH,,O4 251.1, found 250.9 [M — H] ;
A 'H NMR spectrum showed signals from o and B
anomeric protons at ¢ 5.10 and 4.50 indicating a reduc-
ing sugar. Some traces of starting material ( < 2%) and
small amounts (1-5%) of unidentified by-products with
signals in the region ¢ 1.5-3 were also indicated.

4.7. 3-0O-[(R)-1-Carboxyethyl]-D-glucitol (2)

Sodium borohydride (6 mg) was added to compound 1
(~ 6 mg) dissolved in water (3 mL). After 2 h, excess
NaBH, was destroyed by addition of Dowex 50 (H™)
until pH ~ 3, and the soln filtered and lyophilized.
Remaining boric acid was removed as methyl esters by
co-distillation with MeOH (3 x 5 mL). The product
was treated with ~2 mL NH,OH (pH ~ 10, I h) to
hydrolyze lactones formed during the co-distillation.
The NH,OH was removed by freeze-drying to yield the
NH, salt of 2 as white amorphous powder; TLC: R,
~0.1. ESIMS: Anal. Calcd for CoH,,04 253.09, found
2529 [M—H] . A '"H NMR spectrum showed only
signals from alditol protons in the region ¢ 3-4.2 in
addition to the signals for the 1-carboxyethyl group.
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Compound 1 was also prepared from methyl 3-O-
[(R)-1-carboxyethyl]-a-D-glucopyranoside Na-salt (2
mg) by hydrolysis with 2 M TFA (1 mL) at 120 °C for
8 h. The acid was evaporated in a stream of N, at
~ 30 °C, the product dissolved in water (0.5 mL) and
evaporated two times more. TLC indicated that lac-
tones (R, ~0.7) had been formed. The lactones were
opened by treatment with NH,OH (pH ~ 10, 1 h) to
quantitatively yield the NH, salt of 1 after lyophiliza-
tion. TLC, ESIMS and '"H NMR of 1 were identical
with those from the H,SO, preparation. The purity was
> 90% as judged from '"H NMR. Compound 2 was also
obtained from this material as described above.

Using the procedures described above, the following
substances were synthesized starting from their parent
methyl glycosides: 3-O-[(S)-1-carboxyethyl]-D-Glc (3),
3-0-[(S)-1-carboxyethyl]-D-glucitol (4), 3-O-[(R)-1-car-
boxyethyl]-D-Gal (5), 3-O-[(R)-1-carboxyethyl]-D-galac-
titol (6), 3-0-[(S)-1-carboxyethyl]-D-Gal (7), 3-O-
[(S)-1-carboxyethyl]-D-galactitol  (8), 3-O-[(R)-1-car-
boxyethyl]-D-Man  (9), 3-O-[(R)-1-carboxyethyl]-D-
mannitol (10), 3-O-[(S)-1-carboxyethyl]-D-Man (11),
3-0-[(S)-1-carboxyethyl]-D-mannitol (12), 4-O-[(R)-1-
carboxyethyl]-L-thamnose  (13), 4-O-[(R)-1-carboxy-
ethyl]-L-rhamnitol  (14), 4-O-[(S)-1-carboxyethyl]-L-
rhamnose (15), 4-O-[(S)-1-carboxyethyl]-L-rhamnitol
(16), 6-O-[(R)-1-carboxyethyl]-D-Gal (17), 6-O-[(R)-1-
carboxyethyl]-D-galactitol (18). 6-O-[(S)-1-Carboxy-
ethyl]-D-Gal (19), 6-O-[(S)-1-carboxyethyl]-D-galactitol
(20).

The purity of the samples was estimated by '"H NMR
spectroscopy. Using 1 M H,SO, for hydrolysis, the
purity was found to be ~ 95% for all reducing sugars
and their corresponding alditol derivatives. With TFA
hydrolysis, the purity of the samples was found to be
~90% for all reducing sugars and their corresponding
alditol derivatives. In addition to the impurities men-
tioned above, compounds 9 and 10 were contaminated
by 6% of 11 and 12, respectively, and 11 and 12 were
contaminated by 2% 9 and 10, respectively, since the
starting materials were not entirely pure.

5. Supplementary material

The material is available from the authors on request.
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