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Abstract: Quantification of the extent
of glycation of human serum albumin
(HSA) and of haemoglobin provides a
record of average mid- and long-term
blood-sugar concentrations, respective-
ly; this is very useful for the manage-
ment of diabetes. The reaction of �-
glucose with propylamine affords the
corresponding Schiff base, N-propyl-
amino-�-glucoside, in the cyclic form.
This compound is not stable: upon
standing or treatment with acid it is
converted, by an Amadori rearrange-
ment, into N-propylfructosamine. Both
amino sugars occur predominantly in
the �-pyranose form. Phenylboronate

forms highly stable boronate esters
through binding of the cis 1,2-diol moi-
ety in the furanose form of N-propyl-
fructosamine. Between pH 5 and 10, an
electrostatic interaction between the
protonated amino group and the nega-
tively charged boronate moiety affords
an additional stabilisation of the ester.
The Schiff base, however, has no ob-
servable interaction with phenylboron-

ate. In aqueous solution the Schiff base
is in equilibrium with propylamine and
glucose. Upon addition of phenylboron-
ate, this equilibrium shifts to the side of
glucose due to the formation of highly
stable phenylboronate esters of the �-
furanose form of this compound. After
Amadori rearrangement, the sugar moi-
eties in glycated human serum albumin
have a similar structure, they occur as an
equilibrium of the �-pyranose (59%), �-
furanose (19%) and �-furanose (24%)
anomers. The open form was not ob-
served. The �-furanose anomer is selec-
tively recognised by phenylboronate.
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Introduction

Boric acid and boronic acid are known to form stable esters
with polyols and saccharides. These compounds have gained
increased attention because of the possibility of exploiting
them for the molecular recognition of sugars.[1±3] Boronic acids
have been used in the construction of glucose-sensitive
receptors and give a response, for example, as a signal in the
visible spectrum[4, 5] or as a change in the luminescence
behaviour of the receptor.[6±11] Furthermore, an assay for the
degree of glycation of serum has been developed; it consists of
phenyl boronate conjugated to a GdIII chelate and responds to
the recognition of the sugar residue by increasing the 1HNMR
relaxation rate of the bulk water.[12]

The advantages of boronates (B�, see Scheme 1) for the
recognition of polyols are that the bonds which it forms with
the polyol substrates (L) are covalent and that the formation
and the hydrolysis of boronate esters (BL�, also called
boronate complexes) are rapid in aqueous solution. The

Scheme 1. Equilibria between boronic acids and diols.
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equilibrium concerned is strongly pH dependent since polyols
react preferentially with boronate anions (B�). Consequently,
the equilibrium shifts to the side of the boronate esters (BL�)
upon increase of the pH.[13, 14]

A favourable interaction between the polyol substrate and
the boronate anions requires a vicinal diol moiety that is able
to reach a cis arrangement. This recognition reaction results in
a relatively stable five-membered 1,3,2-dioxaborolane ring.
Analysis of the structures of the borate and boronate esters

of sugars may be complicated by the formation of esters with a
boronate/sugar stoichiometry higher than one and by the
occurrence of the sugars in various anomeric forms. Previous
research has demonstrated that local stability constants of the
borate esters of sugars have the following stability sequence:
cis-1,2-diol furanose � exocyclic 1,2-diol pyranose � exocy-
clic 1,2-diol furanose � cis-1,2-diol pyranose � exocyclic cis/
trans-4,6-diol pyranose� trans-1,2-diol pyranose/furanose.[15]

Studies on phenylboronate esters of glucose suggest that they
behave similarly.[10, 13]

Up to now, the main efforts towards the recognition of
saccharides have been focussed on glucose.[1, 2, 4, 5±11, 16] The
interactions of glucose with phenylboronate derivatives
appear to be similar to those with borate. Glucose reacts
with phenylboronate anions in basic media to form esters with
boron/saccharide stoichiometries of 1:1 and 2:1.[15, 17±19] The
thermodynamically most stable species all have five-mem-
bered bor(on)ate ester rings.
Only a few studies on the interaction of phenylboronic acids

with aminosaccharides have been reported.[20, 21] Aminosac-
charides are of biological and medical importance as changes
in the structure and concentration of sugar residues in
glycoproteins are often related to diseases. For instance, the
high glucose levels in the blood of patients with diabetes
mellitus leads to increased nonenzymatic glycation of serum
and haemoglobin-protein free amino groups. This glycation is

associated with pathological complications, including cardio-
vascular diseases and blindness.[22, 23] In the glycation of a
peptide, initially glucose reacts with a free amino group to
afford a Schiff base, which then undergoes an irreversible
Amadori rearrangement to a fructosamine product.[24, 25]

Quantification of the extent of glycation of human serum
albumin (HSA) and of haemoglobin provides a record of
average mid- and long-term blood-sugar concentrations,[24]

respectively; this is very useful for the management of
diabetes.[26] Molecular recognition of fructosamine is a key
issue and, therefore, the design of optimal diagnostic tools
requires insight into the precise structure of this moiety in
glycated proteins.
Until now, neither the structure of the sugar residue of

glycated HSA nor that of simple N-alkylfructosamines has
been elucidated. Generally, these residues are represented in
their acyclic forms.
Here, we report the results of a study on the glycation and

the subsequent Amadori rearrangement of HSA by using
uniformly 13C-labelled �-glucose. The structures of the sugar
residue in the intermediate and in the rearranged product are
elucidated with 13C NMR spectroscopy. Furthermore, the
interactions with phenylboronate were investigated. To facil-
itate the interpretation of the data, similar experiments were
performed with N-propylaminoglucoside and N-propylfruc-
tosamine as simple low-molecular-weight models. The stabil-
ities of the phenylboronate esters of the latter compound were
studied in detail.

Results and Discussion

The Schiff base of �-glucose and propylamine, N-propylami-
no-�-glucoside (3a): Treatment of glucose (1) with propyl-
amine (2a, see Scheme 2) affords the corresponding Schiff

Scheme 2. Glycation of HSA and propylamine.
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base, N-propylamino-�-glucoside (3a).[27, 28] No solvent was
applied in this reaction. Schiff base 3a is stable at �20 �C for
at least a year. However, 13C NMR spectra reveal that, in
aqueous solution, compound 3a is present as an equilibrium
mixture with �-glucose and propylamine. A slow irreversible
Amadori rearrangement of 3a into N-propylfructosamine
(6a) was observed in a 0.25� solution of the Schiff base. After
one week at pH 7.4 and room temperature, the sample
contained 32 mol% Schiff base 3a, 29 mol% �-glucose (1),
29 mol% propylamine (2a) and 10 mol% of the rearrange-
ment product 6a (see Scheme 3). The 13C NMR spectra
showed that Schiff base 3a occurred almost exclusively in a
single anomeric form. Its 13C resonances were assigned by
means of a 13C ± 13C COSY spectrum of a sample of 3a with a
uniformly 13C-labelled glucose part. A comparison of the
chemical shifts (see Table 1) with those of known saccha-

rides[29] indicates a �-pyranose form of 3a. This is confirmed
by the 3JHH coupling constants for H1�H2 and H2�H3,
which are 8.9 and 8.7 Hz, respectively. These values are typical
for trans diaxial arrangements of protons in pyranose forms;
for furanose forms coupling constants �4 Hz should be
expected.
The interaction of 3a with phenylboronate was studied at

pH 9 ± 11 by 13C NMR spectroscopy by using freshly prepared
samples. The signals observed were assigned by comparison
with spectra of �-glucose (1), N-propylfructosamine (6a) and
the phenylboronate complexes of �-glucose[18] at the same
pH. Only the 1:1 and 1:2 esters of �-�-glucofuranose and
phenylboronate (4 and 5, see Scheme 2) were observed, the
equilibrium between Schiff base 3a and glucose (1)/propyl-
amine (2a) is shifted completely to the side of glucose by the
complexation of the latter by phenylboronate. The hydrolytic

Scheme 3. Amadori rearrangement of the Schiff bases 3a and 3b, followed by reaction with phenylboronic acid. The molar ratios of the products formed are
given in parentheses, accuracy: from 3a �1%, from 3b �5%.

Table 1. Chemical shifts of compounds in solutions of 6a, its phenylboronate esters and 6b in D2O (0.125�) at 25 �C.

6a-�-py 6a-�-fu 6a-�-fu 6b[a]

HL L HL L HL L BHL BL L

C(1) 54.3 56.5 53.7 ±[b] 53.7 ±[b] 53.3 54.6 54.7
C(2) 96.6 100.4 100.3 108.1 103.4 108.1 109.9 112.7 96.6
C(3) 71.2 71.7 83.8 ±[b] 84.1 ±[b] 84.7 83.9 70.8
C(4) 70.5 ±[b] 75.6 ±[b] 79.3 ±[b] 80.6 81.1 70.8
C(5) 70.8 70.5 77.5 ±[b] 82.6 ±[b] 86.4 85.6 70.8
C(6) 65.4 68.2 62.3 ±[b] 63.4 ±[b] 66.1 66.4 69.2
C(7)[c] 51.6 52.7 51.4 ±[b] 51.4 ±[b] 52.0 52.9 ±[d]

C(8)[c] 20.3 23.3 20.1 ±[b] 20.1 ±[b] 21.4 23.9 ±[d]

C(9)[c] 11.6 12.5 11.6 ±[b] 11.6 ±[b] 11.9 12.6 ±[d]

B ± ± ± ± ± ± � 11.8 � 12.0 ±
N[e] � 344.8 � 348.5 � 344.0 ±[b] � 344.5 ±[b] � 347.7 ±[b] ±[b]

[a] The 13C chemical shifts given were measured on a compound with 13C-labeled sugar moieties. [b] Observation was difficult due to line-broadening and low
intensity. [c] C atoms of the N-propyl group. [d] Not observed due to low intensity, these nuclei were not 13C labelled. [e] Assignments of the �- and �-
furanose forms may be interchanged.
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reaction of 3a in the presence of phenylboronate was faster
than in its absence, but no attempt was made to quantify this.
The high preference of phenylboronate for glucose can be
ascribed to the high degree of preorganisation for phenyl-
boronate ester formation of the 1,2-cis-diol moiety in its �-
furanose form. Such a cis-diol is absent in the corresponding
anomer of Schiff base 3a, due to the presence of the N-
propylamino group at the C1 position in that species.

N-propylfructosamine (6a): This compound was prepared as
the oxalate salt by the Amadori rearrangement of 3a in
dioxane according to the procedure described by Michael and
Hagemann.[28] The 13C NMR spectrum of aqueous solutions of
6a shows four sets of resonances (see Table 1). The assign-
ment of the signals in the anomeric region (90 ± 110 ppm) was
carried out by comparison with the known chemical shifts of
anomeric carbons of fructose derivatives.[29] All other saccha-
ride resonances were assigned with the use of a 13C ± 13C
COSY experiment on a sample of 6a in which the fructose
moiety was uniformly labelled with 13C. Integration of the
resonances for the anomeric 13C nuclei in a quantitative 13C
experiment shows the anomeric equilibrium to consist of
6 mol% �-pyranose, 69 mol% �-pyranose, 11 mol% �-fur-
anose and 14 mol% �-pyranose (see Scheme 3). This molar
ratio remains constant between pH 1 and 8.5. At higher pH
values, measurement was hampered by excessive line broad-
ening. A similar behaviour has been observed with fructose
and can be ascribed to base catalysis of the mutarotation. No
C�O resonance was detected over the pH range 1 ± 13; this
indicates that the amount of open form is negligible. The
assignment of the �-pyranose form as being the major anomer
is supported by the 1H NMR spectrum, which showed a large
coupling between H-3 and H-4 (9.4 Hz); this is in agreement
with the axial ± axial arrangement of the protons concerned in
the pyranose form. The dihedral angles in the furanose forms
would give rise to relatively small vicinal proton ± proton
coupling constants (�4 Hz).
The interaction between the oxalic acid salt of N-propyl-

fructosamine 6a and phenylboronic acid in aqueous solution
was studied at 25 �C as a function of the pH by using 0.25�
solutions with molar ratios 6a/PhBO2H2 of 1:1, 1:2 and 1:4.
Between pH 2.9 and 5, the 11B spectra displayed a signal at
�11.5 ppm besides the signal for the equilibrium between
phenylboronic acid and phenylboronate (see above). The 13C
chemical shifts in the region 0 ± 120 ppm were identical to
those of the spectrum of 6a in the absence of phenylboronic
acid; this indicates that, in this pH region, no interaction
occurs between phenylboronic acid and 6a. The signal at
�11.5 ppm can therefore be ascribed to a phenylboronate
ester of oxalic acid; this was confirmed by separate 11B NMR
measurements on a sample of oxalic acid and phenylboronic
acid. It should be noted that the 11B chemical shift indicates
that the B atom in this compound is tetragonal. For the
trigonal complex, which has been studied in organic solution,
a 11B chemical shift of 17 ppm has been reported.[30]

This study also revealed that the complex concerned readily
hydrolyses upon increase of the pH; at pH �5, it was no
longer observed. A reaction between 6a and phenylboronic
acid begins at pH 5, as demonstrated by the appearance of a

new signal at �11.9 ppm in the 11B NMR spectrum and one in
the anomeric part of the 13C NMR spectrum at 109.9 ppm.
Upon further increase of the pH, the new resonances increase
in intensity at the expense of those of free phenylboronic acid/
phenylboronate and free 6a, respectively. Apparently, the
exchange between free 6a and its phenylboronate esters is
slow on the 13C NMR timescale in this case. The intensities of
the resonances for the anomeric carbon atoms in quantitative
13C NMR spectra indicate that the stoichiometry of the esters
is 1:1. Only one set of new signals was observed upon
formation of the boronate ester; this leads to the conclusion
that a single phenylboronate ester species is present. The
chemical shift of the anomeric carbon atom is known to be a
sensitive probe for distinguishing between the pyranose and
furanose forms of sugars. The 13C chemical shift of the
anomeric carbon of the phenylboronate ester (�� 109.9 ppm
at pH 5.9) points to a furanose form. This should be the �-
form, since only that furanose form has a cis-diol function;
phenylboronate ester formation on trans-diol functions is very
unfavourable for steric reasons. The other 13C resonances of
this phenylboronate ester were assigned with the use of a
13C ± 13C COSYexperiment on 6a, uniformly labelled with 13C
in the saccharide part. The chemical shifts of the other C
atoms are similar to those of the corresponding nuclei of the
furanose forms and higher than those of the pyranose forms of
free 6a (see Table 1), fructose and glucose. The difference
between the 13C chemical shifts of 6a and its phenylboronate
ester, 7a, is about the same as that between �-�-glucofuranose
and its phenylboronate ester.
Further support for the furanose configuration of the

phenylboronate ester 7a was obtained from the vicinal H�H
couplings in the 1H NMR spectrum, which were all smaller
than 3 Hz.
The observed chemical shifts of the 11B nucleus

(�11.9 ppm) and of the 15N nucleus (�347.7 ppm) are in the
typical regions for a tetrahedral boron surrounded by O atoms
and for a 15N atom in a protonated amine. No evidence for
formation of a B�N bond was found. The 11B chemical shift
mentioned above indicates that the amino N atom is not
involved in a dative bond, since in that case an 11B NMR
chemical shift between �4 and �7 ppm would be expect-
ed.[31±33] The absence of a dative bond between the N and the
B atoms is also in agreement with previous studies on the
borate esters of various amino diols[34] and can be rationalised
by the steric strain that would be introduced upon formation
of that bond. The optimal length for a N�B bond is typically
1.6 ± 1.7 ä,[35] whereas this separation is at least 4 ä in the
most favourable conformation of the boronate ester of 6a.
It should be noted that in contrast to the phenomena

observed with the system phenylboronic acid/3-(N,N-dimeth-
ylamino)-1,2-propandiol (8),[36] only a single set of 13C NMR
signals is observed for the phenylboronate ester 7a ; this
suggests that one of the two possible diastereomers is
predominant. Most likely, this can be ascribed to the electro-
static interaction between the negative boronate group and
the positively charged ammonium group, which is minimised
in the enantiomer 7a with an S configuration around the B
atom, in which the B�OH group is pointing in the direction of
the ammonium group.
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The formation of species with a saccharide/phenylboronate
stoichiometry of 1:2 is very unfavourable for the �-furanose
form. Only in the presence of a large excess of phenyl-
boronate at pH� 13.5, is a bisboronate species formed. A
broad resonance was observed for the anomeric carbon at
102 ppm with a intensity of about 10% of that of the anomeric
carbon of the 1:1 phenylboronate ester 7a. Considering the
sterically dictated preference of phenyl boronate esters for
cis-diol functions, the phenylboronate functions should be
bound at the 2,3- and the 4,5-cis-diol functions of the �-�-
pyranose anomer.

Glycated human serum albumin : To investigate the structure
of the sugar residue in glycated HSA we used 13C NMR
spectroscopy on HSA glycated with �-glucose uniformly
labelled with 13C. The glycation was achieved by incubation of
HSA (2b) and [13C]-glucose in water at 65 �C for 4 hours,
followed by dialysis.[37] Unfortunately, the high intensities of
the 13C resonances of the labelled free glucose (present in
excess) made it impossible to monitor the glycation reaction
and the subsequent Amadori rearrangement by 13C NMR
spectroscopy. Two samples of HSA with different degrees of
glycation (containing 13 and 6 saccharide units per molecule
of HSA) were prepared. Both samples gave identical
13C NMR spectra (see Figure 1); this showed that the degree

Figure 1. 13C NMR spectra of 6a and 6b enriched in the saccharide part
by 13C.

of glycation has no influence on the structure of the sugar
residue. The region between 85 and 120 ppm was well
resolved and showed three resonances at 97.2, 100.7 and
103.7 ppm with a line-width of about 10 Hz. By comparison
with the spectra of N-propylfructosamine (6a, see above),
these resonances could be assigned to the anomeric carbon
atoms of �-pyranose (6b-�-py), �- (6b-�-fu) and �-furanose
(6b-�-fu) forms, respectively (see Scheme 3). Integration of
these resonances in the 13C NMR spectrum showed that the
molar ratio of these anomers to be about 58:24:19. A
resonance for the anomeric carbon of the �-pyranose form
could not be detected, probably because it is hidden under the
relatively broad signal of the �-pyranose anomeric carbon. No
carbonyl signals were observed; this indicates that also here
the amount of the acyclic form (analogously to 6a-keto) is
negligible. Once again, addition of phenyboronate resulted

exclusively in a phenylboronate ester of the �-furanose of 6b
(6b-�-fu).

Stability of the phenylboronate esters : Based on the struc-
tures of the species described above, the set of equilibria
depicted in Scheme 4 should be considered to describe these
systems.

Scheme 4. Equilibria involved in binding of aminopolyols and phenyl-
boronate. B0�PhB(OH)2, B�� [PhB(OH)3]� , L� 6a, LH� is the N-
protonated form of L, BL� and BLH are the corresponding phenyl-
boronate esters.

The associated stability constants are defined by Equa-
tions (1) ± (5).

K1� [L][H�]/[LH�] (1)

K2� [B�][H�]/[B0] (2)

K3� [BLH]/[LH�][B�] (3)

K4� [BL�]/[B�][L] (4)

K5� [BL�][H�]/[BLH]�K1K4/K3 (5)

For compounds 6a and b, L denotes the anomeric form
under consideration.
The various stability constants were obtained by fitting

experimental curves of 13C and 11B chemical shifts as a
function of pH and of the integrals in the 11B NMR resonances
with values for these parameters calculated from speciations
obtained from Equations (1) ± (4) and mass balances. The
chemical shifts of the nuclei in the protonation equilibria were
calculated as the weighted averages of the chemical shifts in
the protonated and unprotonated forms.
The protonation constants K1 and K2 were fixed at the

values determined by fitting 13C chemical-shift titration curves
of the free amines concerned and the 11B chemical-shift
titration curve of a sample of phenylboronic acid, respectively.
The value of K2 was determined to be 8.86; this is in
agreement with literature values.[38]

The values obtained for the various stability constants are
compiled in Table 2, and Figure 2 shows a comparison of the
experimental and calculated parameters for the NMR data for
the formation of the phenylboronate ester of compound 6a.
For comparison data on the system phenylboronic acid/3-
(N,N-dimethylamino)propan-1,2-diol (8) are also included in
this table. The large difference between the stability constants
of the phenylboronate esters of 8 and the �-furanose anomer
of 6a can be rationalised by the highly preorganised cis-diol
function in the latter compound. The values of K3 for 6 and 8
demonstrate the dramatic effect of preorganisation on the
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Figure 2. Comparison of the experimental and calculated parameters for
the NMR data for the formation of the phenylboronate ester of compound
6a.

stability of the complexes. A comparison of the values of K3

and K4 clearly shows the stabilising of the phenylboronate
ester upon protonation of the amine function; for both
compounds this amounts to an order of magnitude. An
important aspect in relation to molecular recognition of
aminosaccharides is the strong interaction between phenyl-
boronate and 6a even at physiological pH. This can be
explained by the coulombic attraction of the negatively

charged B unit and positively charged ammonium group of
the aminosaccharide under those conditions applied.
The above-mentioned stability constants are consistent

with phenylboronate binding of 6a with a high selectivity over
glucose. This was confirmed by a competition experiment in
which phenylboronic acid (0.25�) was added to an equimolar
mixture of �-glucose and 6a (0.25� each). The 13C NMR
spectrum of this mixture (see Figure 3) shows that the ratio of
phenylboronate esters of 6a to those of glucose was larger
than 10.

Figure 3. 13C NMR (anomeric region) of the competition experiment:
phenylboronic acid (0.25�), �-glucose (0.25�) and 6a (0.25�), pH 8.2.

Conclusion

The results presented demonstrate that boronates are highly
suitable for the molecular recognition of saccharides. Partic-
ularly, strong interactions can be expected for sugars that are
able to form �-furanose rings. This explains, for example, the
successful application of a conjugate of a GdIII chelate and
phenylboronic acid for the determination of the extent of
glycation of HSA,[12] and the success of the affinity chromato-
graphic system based on m-aminophenylboronic acid to
separate fructosamines from urine.[39]

Insight into the structure of the sugar residue in glycated
HSA may be helpful for the explanation of the hyperglycae-
mia-induced pathogenesis of vascular complexation of dia-
betes. Furthermore, we expect that improved understanding
of the sugar-residue structure as well as its interaction with the
artificial receptor, that is, phenylboronic acid, may be useful
for the development of new and improved diabetes diagnos-
tics.

Experimental Section

Materials and methods : Uniformly 13C-labelled �-glucose was obtained
from Aldrich ± Sigma and used without further purification. All other
reagent-grade chemicals were purchased from commercial sources and
used without further purification.

N-propylamino-�-glucoside (3a): This compound was prepared by follow-
ing the procedure of Michael and Hagemann.[28] A compound with a
uniformly labelled saccharide moiety was prepared in a similar way starting
from uniformly 13C-labelled �-glucose. The crude compound was recrystal-
lised from 1,4-dioxane. M.p. 90 �C; 13C NMR (75.5 MHz, [D6]DMSO):
91.49, 78.33, 78.15, 74.23 71.25, 62.07, 48.20, 23.81, 12.49.

N-aminopropylfructosamine oxalate (6a): N-aminopropylfructosamine
was prepared by using the procedure reported by Michael and Hage-

Table 2. Equilibrium constants for the equilibria involved in the phenylboronate
ester formation of compounds 3a, 6a and 8.

Com-
pound

anomeric
form

logK1 logK3 logK4 logK5
[a]

3a �-pyranose � 6.67� 0.03 ± ± ±
6a �-pyranose � 10.40� 0.01 ± ± ±

�-furanose � 10.6 5.19� 0.02 4.40� 0.16 � 11.4� 0.2
8[b] ± � 9.76� 0.09 2.20� 0.05 1.33� 0.02 � 10.6� 0.2
[a] logK5� logK1 � logK4� logK3 . [b] Included for completeness.[36]



Molecular Recognition of Glycated Human Serum Albumin 2193±2199

Chem. Eur. J. 2003, 9, 2193 ± 2199 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2199

mann.[28] A compound with a uniformly labelled saccharide moiety was
prepared in a similar way starting from compound 3a with a uniformly 13C-
labelled �-glucose unit. M.p 130 �C (dec.); 13C NMR (75.5 MHz,
[D6]DMSO): 165.48, 95.80, 81.91, 75.91, 69.23, 60.69, 50.92, 49.57, 18.55,
11.02.

Glycated HSA (6b): Glycation of HSA (2b):[37] �-glucose (1) uniformly
labelled with 13C (99%, 50 mg) was dissolved in water (0.9 mL) at 56 �C. To
this solution HSA (80 mg) was added in one portion. The reaction was
monitored by measuring the absorbance at 530 nm of samples after
addition of nitroblue tetrazolium chloride in carbonate buffer.[40] The
equilibrium was reached after about 4 h. Then the excess of glucose was
removed by dialysis against water for 3 days at 5 ± 8 �C by using a
benzoylated cellulose tubing. The dialysed solution was lyophilised to
yield glycated HSA as a white solid (6b). The extent of glycation as
determined by mass spectrometry and colorimetrically with the use of
nitroblue tetrazolium chloride[40] was 13 saccharide units per HSA
molecule. In a similar way a sample of HSA with six saccharide units was
prepared.

Physical methods : 1H (300 MHz), 13C (75.5 MHz), 11B (96.2 MHz) and 15N
(30.4 MHz) NMR spectra were recorded on a Varian INOVA-300
spectrometer with 5 mm sample tubes. Chemical shifts are reported as �
values. For measurements in D2O, tert-butyl alcohol was used as an internal
standard with the methyl signal calibrated at 1.2 ppm (1H) or 31.2 ppm
(13C). Quantitative 13C NMR experiments were performed with a 45� flip
angle, an acquisition delay of 30 s and gated decoupling. 11B chemical shifts
are reported with respect to 0.1� boric acid in D2O as external standard,[41]

and 15N chemical shifts are reported with respect to neat nitromethane as
external standard. In both cases, the substitution method was applied to
measure these shifts. The 11B NMR spectra were processed by using linear
prediction to remove baseline distortions due to glass resonances. Peak
positions and intensities were determined by fitting the observed signal
with a Lorenzian line function. 15N NMR spectra of acidic samples were
recorded by using DEPT techniques. Because of line broadening, this
technique was not effective for basic samples; therefore, these samples
were measured by using a one-pulse sequence with gated decoupling.

The NMR samples were prepared in D2O/H2O (10:90). The pH of samples
was measured at ambient temperature by using a Corning125 pH meter
with a calibrated micro-combination probe purchased from Aldrich. The
pH values reported are direct meter readings (no correction for �-isotope
effects was made). pH values were adjusted by using dilute solutions of
NaOH and HCl.
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