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A large number of proteins are glycosylated, either in vivo or as a result of industrial processing.
Even though the effect of glycosylation on the aggregation of proteins has been studied extensively
in the past, some reports show that the aggregation process is accelerated, whereas others found
that the process is inhibited by glycosylation. This paper investigates the reasons behind these
controversial results as well as the potential mechanism of the effect of glucosylation on aggregation
using bovine â-lactoglobulin as a model. Glucosylation was found to inhibit denaturant-induced
aggregation, whereas heat-induced aggregation was accelerated. It was also found that the kinetic
partitioning from an unfolded state was driven toward refolding for glucosylated protein, whereas
aggregation was the preferred route for the nonglucosylated protein.
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INTRODUCTION

Glycosylation as a result of industrial processing significantly
affects the aggregation properties of proteins (1, 2). Conjugation
of chitosan toâ-lactoglobulin (âlg) by the Maillard reaction, a
reaction brought about by a number of food-processing condi-
tions, has been found to suppress protein aggregation (3). Also,
the in vivo glycosylation of proteins affects the aggregation
reaction (4,5). For example, human erythropoietin was shown
to be more susceptible to aggregation upon the removal of
N-linked oligosaccharides (5). Glycan chains attached to nascent
proteins are believed to promote correct folding, preventing
protein aggregation (6-8). Conversely, posttranslational gly-
cosylation of lens proteins has been shown to induce confor-
mational changes and unfolding of proteins resulting in aggre-
gation (9). These examples demonstrate that carbohydrate chains
play an essential role in regulating the aggregation process of
proteins in general. The mechanism by which glycosylation
intervenes with the aggregation reaction of proteins is not
currently known and is the subject of this paper.

Several studies suggested for a wide range of proteins that
glycosylation affects the hydrophobicity, net charge, and heat
stabilityseach determinants of the aggregation process (10-
13). Other studies confirmed that the folding rate of proteins

can be enhanced by the covalent attachment of sugar moieties
(11,14). The aggregation-regulating effect of glycosylation has
thus been directly related to the kinetic partitioning between
folding and aggregation, and this may provide a potential
explanation. An alternative hypothesis can be derived from the
attractive association of proteins to form aggregates, which are
often driven by hydrophobic interactions; aggregation could be
inhibited by the reduced hydrophobicity as a result of the
glycosylation. Also, electrostatics can be affected by glycosy-
lation: the attachment of sugar moieties to the protein by the
Maillard reaction reduces the number of positive charges and
produces a protein with a different net charge. This change in
net charge affects electrostatic repulsion, potentially resulting
in an altered tendency of proteins to aggregate. In view of the
wide occurrence of glycosylation reactions (11), the recently
established relationship between protein aggregation and a
number of detrimental diseases (15, 16), and its application in
biotechnological and food systems (17, 18), the elucidation of
the mechanism of aggregation inhibition through glycosylation
provides the means to understand protein aggregation reactions
in all of these areas.

In this work, monosaccharides were conjugated to the surface
of bovineâ-lactoglobulin to investigate the effect of glucosy-
lation on the aggregation properties of proteins. The thermo-
dynamic consequences of the procedure employed have been
recently investigated forâ-lactoglobulin (13). In this paper we
will report our findings on the investigation of the aggregation
propensity, providing further insight into the action of glyco-
sylation on the aggregation of proteins. We will apply heat-
and urea-induced aggregation conditions and we will report on
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the potential involvement of electrostatics and hydrophobicity
on aggregation kinetics upon glucosylation.

MATERIALS AND METHODS

Protein Purification and Modification. Isolation and Purification.
Bovineâlg was isolated and purified (>98% purity) from fresh cow’s
milk (A:B ratio 60:40) using a protocol described previously (19).

Preparation of Glucosylated Proteins. Typically, 0.27 mM protein
was dissolved in demineralized water. Per milliliter of protein solution,
28 mM D-glucose (Sigma) was added. The pH was adjusted to 8.0
using 1 M NaOH, and the mixture was lyophilized. Next, the mixture
was incubated at 60°C for 5 h at a relative humidity of 65%
(atmosphere equilibrated with supersaturated NaNO2 solution). The
incubated samples were next dissolved in demineralized water and
dialyzed against demineralized water to remove all of the nonreacted
sugar from the solution. See also ref (13 for details of this procedure.
Subsequently, the solutions were lyophilized and stored at-20 °C until
use. Throughout the paper, nonglucosylatedâlg will be referred to as
“âlg” and the glucosylated fraction as “Gâlg”.

Protein Characterization. Matrix-Assisted Laser Desorption/
Adsorption Ionization Time-of-Flight Spectroscopy (MALDI-TOF MS).
MALDI-TOF mass spectra were acquired to determine the degree of
modification as reported previously (13) on a Voyager-DE RP
(PerSeptive Biosystems Inc.) using a 3,5-dimethoxy-4-hydroxycinnamic
acid matrix.

Chromogenic o-Phthaldialdehyde (OPA) Assay. The degree of
modification of the primary amino groups was determined indirectly
on the basis of the specific reaction between OPA and free primary
amino groups in proteins by a chromogenic assay described previously
(20). All measurements were performed in duplicate and corrected for
protein-free sample. The protein concentration was determined by the
adsorption at 280 nm using an extinction coefficient of 0.659 M-1 cm-1.

Structural Analysis. Circular Dichroism (CD) Spectroscopy. CD
spectra of 5.5µM (far-UV) and 0.55µM (near-UV) âlg and Gâlg in
a 10 mM sodium phosphate buffer (pH 7.0) were recorded using a
Jasco J-715 spectropolarimeter (Jasco Corp.) at 25°C in the spectral
range from 260 to 190 nm (far-UV CD) or 250-350 nm (near-UV
CD) with a spectral resolution of 0.5 nm. Spectra were recorded as
averages of 16 scans. The scanning speed was 100 nm/min, and the
response time was 0.50 s with a bandwidth of 1.0 nm. Quartz cuvettes
with optical paths of 1 mm (far-UV CD) and 10 mm (near-UV CD)
were used. The spectra were corrected for the corresponding protein-
free sample.

Fluorescence Spectroscopy. Emission fluorescence spectra ofâlg
and Gâlg at a concentration of 2.7µM in a phosphate buffer (10 mM,
pH 7.0) were obtained using a Cary Med Eclipse (Varian) fluorometer
at 25°C. The emission spectra from 300 to 400 nm were determined
using an excitation wavelength of 295 nm. Excitation and emission
slit widths were 5 nm, and a scan speed of 100 nm/min was used. All
spectra were recorded in duplicate and corrected for the corresponding
protein-free sample.

Isoelectric Focusing (IEF). The apparent isoelectric points of the
âlg and Gâlg were determined using the Phast System (Pharmacia).
Four microliters of 1.0 mg/mL protein solutions was applied to IEF
gels with a pH gradient ranging from 2.5 to 6.5 (Pharmacia) and from
3 to 10 (Pharmacia). The gels were fixed with 20% trichloric acid,
stained using Coomassie Brilliant blue (R-250), and destained in 30%
methanol/10% acetic acid.

Electrophoretic Titration (ETC). Nonglucosylatedâlg and Gâlg were
dissolved at a protein concentration of 55µM in demineralized water.
A pH gradient was generated on a ready-to-use IEF gel (3-9,
Amersham) on a PhastSystem using 2000 V, 2.0 mA, 3.5 W, and 75
Vh at 15 °C. After the gel had been rotated 90° for the second
dimension, the samples were applied to the gel, and the gel separated
the fractions at 200 V, 2.0 mA, and 3.5 W for 15 Vh at 15°C. The
gels were fixed with 20% trichloric acid, washed with destaining
solution (30% methanol, 10% acetic acid v/v), stained with 0.02%
Coomassie Brilliant blue R 350 [10%; 0.2% Coomassie Brilliant blue
R350 (Pharmacia) in 90% destaining solution], and subsequently
destained with destaining solution.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-
PAGE). SDS-PAGE was performed using a previously described
protocol (21). A 15% (w/v) acrylamide separating gel and a 4% (w/v)
acrylamide stacking gel containing 0.1% SDS (w/v) were run using a
Mini-Protean II electrophoresis cell (Bio-Rad). Samples of 0.1 mM
protein were prepared in sample buffer containing 10% SDS (w/v) and
1.25% â-mercaptoethanol (w/v). Gels were stained with Coomassie
Brilliant blue R-250 and destained with 30% methanol/10% acetic acid
in water (v/v).

Dynamic Light Scattering. Dynamic light scattering measurements
were performed using an ALV-5000 multibit multi-tau correlator and
a Spectra Physics solid-state laser operating with vertically polarized
light with a wavelength of 532 nm. The range of scattering wave vectors
covered 3.0× 10-3 q < 3.5× 10-2 mm-1 [q ) 4πns sin(θ/2)λ, where
θ is the angle of observation andns is the refractive index of the
solution]. The temperature was controlled by a thermostat bath at 25
( 0.1 °C.

Hydrophobic Interaction Chromatography (HIC). Nonglucosylated
âlg and Gâlg were dissolved at a concentration of 0.16 mM in 1 M
ammonium sulfate and 10 mM sodium phosphate buffer (pH 7.0). A
500 µL sample was applied to a 5 mL HiTrap PhenylFF column
(Pharmacia) using an Akta Purifier (Amersham), and unbound sample
was washed off with 5 column volumes of 1 M ammonium sulfate
and 10 mM sodium phosphate buffer (pH 7.0). The bound protein was
eluted from the column using a linear salt gradient from 100% 1 M
ammonium sulfate and 10 mM sodium phosphate buffer (pH 7.0) to
100% 10 mM sodium phosphate buffer (pH 7.0) at a flow rate of 2.0
mL/min, and the protein was detected at 280 nm. Subsequently, the
column was washed with 5 column volumes of 10 mM sodium
phosphate buffer (pH 7.0).

Intrinsic Viscosity. The flow times of filteredâlg and Gâlg solutions
in 10 mM sodium phosphate buffer (pH 7.0) were measured at 25(
0.1°C using an Ubbelohde capillary viscometer. The relative viscosity
(ηrel ) flow time of sample/flow time of solvent) and specific viscosity
(ηsp ) ηrel

-1) were calculated using the viscosity of a 10 mM sodium
phosphate buffer (pH 7.0) as a solvent. Reduced viscosity (ηred ) ηsp/
sample concentration) was plotted against the sample concentration,
which was varied from 0 to 10 mg/mL protein, and extrapolated to
zero concentration using the Martin equation (22) to determine the
intrinsic viscosity ([η], mL/g). The so-called Huggins constant (K′) is
a characteristic of a given solute-solvent system (22) and was
calculated from the slope divided by [η] (23).

PRODAN Assay. A stock solution of 4× 10-4 M PRODAN
[6-propionyl-2-(N,N-dimethylamino)naphthalene] (Fluka) was prepared
in methanol and protected from light. The concentration of PRODAN
was determined spectrophotometrically at 360 nm, using a molar
absorption coefficient of 1.8× 104 M-1 cm-1. A 2.5 µL PRODAN
solution (or methanol: blank) was added to 1 mL of protein sample
(containing 0-0.44 mM protein). Samples were incubated for 15 min
in the dark, and the fluorescence intensity was measured at 25°C using
a Varian Cary Eclipse Fluorescence Spectrophotometer at an excitation
wavelength of 365 nm, an emission wavelength range of 400-550 nm,
and slit widths of 5 nm. The obtained fluorescence intensities were
corrected for a blank containing protein and methanol. The initial slope
(S0) of the net fluorescence intensity versus PRODAN concentration
(M) plot was calculated by linear regression analysis and used as a
value to express the protein surface hydrophobicity.

Unfolding and Stability. Protein Stability by Urea Titration.
Emission fluorescence spectra were recorded at a protein concentration
of 2.7 µM in a phosphate buffer (10 mM, pH 7.0) using a Cary Med
Eclipse (Varian) fluorometer. The samples were equilibrated overnight
in 0-8 M urea at 25°C in a 10 mM phosphate buffer (pH 7.0). The
fluorescence emission was recorded between 300 and 400 nm upon
excitation at 295 nm at a scan speed of 100 nm/min and excitation and
emission slit widths of 5 nm. Urea titration curves were obtained by
plotting the band intensity (selected at the maximum intensity of the
native protein emission spectrum) for a fixed emission wavelength as
a function of urea concentration.

Refolding by Stopped-Flow Fluorometry. The kinetics of refolding
of a 10 mg/mL protein solution in 8 M urea and a 10 mM sodium
phosphate buffer (pH 7.0) was followed using an SFM4 stopped-flow
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fluorescence instrument (Biologic) using an 0.8 mm square flow cell.
The unfolded proteins were diluted 10 times into a 10 mM sodium
phosphate buffer (pH 7.0). The excitation and emission slit widths were
1 nm.

Kinetic Partitioning Experiments. Proteins were incubated over a
range of urea concentrations (0-8 M) at pH 7.0 for 24 h at 25°C.
Then the protein/urea mixtures were diluted 10-fold in 10 mM
phosphate buffer (pH 7.0). To quantify the refolding efficiency, gel
permeation chromatography (GPC) was performed on the diluted
samples. The quaternary structures of these samples in a 10 mM
phosphate buffer (pH 7.0) containing 50 mM NaCl at 25°C were
analyzed by GPC using a 24 mL Superdex 75 column HR 10/30
(Amersham) at a flow rate of 0.4 mL/min and detection of protein in
the eluent at 280 nm. The nonaggregated and aggregated fractions were
collected separately. The refolded fractions of the proteins were tested
for structural elements using far-UV CD and urea titrations using
fluorometry and CD as described above.

Aggregation Kinetics.Various methods were employed to determine
the aggregation kinetics ofâlg and Gâlg.

Heat-Induced Aggregation. Heat-induced aggregates ofâlg and Gâlg
were formed at 7°C below their thermal transition temperatures at pH
7.0 and a protein concentration of 0.5 mM at either a similar ionic
strength of 4.2 mM or similar electrostatic repulsion of 1.21× 10-31

C2 m-1 corrected with 1 M NaCl. The electrostatic repulsion was
calculated using the equation formulated by Wu et al. (24) and is further
described under Results and Discussion. Samples were collected at
various time intervals between 0 and 960 min and rapidly cooled in
ice. The samples were stored at 4°C until further analysis by GPC.

Urea-Induced Aggregation. Protein solutions were incubated at a
protein concentration of 10 mg/mL and 8 M urea in 10 mM sodium
phosphate buffer (pH 7.0) in autoclaved 1.5 mL Eppendorf tubes with
tightly sealed lids to prevent evaporation and placed into an Eppendorf
incubator at 37°C. For each incubation time, varying from 0 to 1500
min, 10µL aliquots were removed and rapidly cooled in liquid nitrogen,
diluted 10 times in 10 mM sodium phosphate buffer (pH 7.0), and
analyzed by GPC.

GPC.âLg and Gâlg solutions treated by heat or urea were diluted
in 10 mM sodium phosphate buffer (pH 7.0) and 0.15 M NaCl to a
final concentration of 1 mg/mL. Upon application of 100µL of protein
solution to the column (25 mL Superdex 75, Amersham), the protein
was eluted from the column at a flow rate of 0.75 mL/min, and the
eluted fractions were detected at 280 nm. All measurements were
performed in duplicate.

RESULTS AND DISCUSSION

Our aim was to investigate previously reported effects of
glycosylation on protein aggregation (1, 2, 5-8) in more detail.
We compared the aggregation properties of glucosylated and
nonglucosylated bovineâlg under a range of conditions. The
glucosylation procedure employed was the Maillard reaction,
which has previously been used to obtain glucosylated proteins
with intact structural properties under selected incubation
conditions while obtaining a significant degree of glucosylation
(13). We first fully characterized the glycoconjugated proteins
obtained in this way.

Degree of Glucosylation.The efficiency of the conjugation
of D-glucose with theε-amino group or the N-terminalR-amino
group ofâlg, which constitutes 16 potential glucosylation sites,
was tested using the OPA assay and mass spectrometry. The
OPA assay determines the number of nonreacted amino groups
and reflects an ensemble-averaged number. This assay indicated
that 14( 1 of 16 amino groups of the glucosylated protein
were occupied by glucose residues, which corresponds to a
degree of glucosylation of∼88%. As an alternative tool, mass
spectrometry was used to analyze the glucosylatedâlg (Gâlg)
for the degree of modification, providing additional insight in
the heterogeneity of the reaction products (13). The Gâlg
spectrum showed a Gaussian distribution of masses, which is

centered around 21087 Da (13) flanked by peaks ranging from
20229 to 21283 Da, representative of the heterogeneous
distribution of Gâlg glucosylated to various degrees. Because
each glucose moiety attached to a free amino group accounts
for 162 Da, the average number of sugar moieties attached to
the protein as found with mass spectrometry is 17, indicating a
degree of glucosylation of>100%. This apparent discrepancy
between the OPA assay and mass spectrometry analysis can be
explained by the differences in principle of these two methods
of analysis. It has been reported before (18) that theε-amino
group of arginine residues can serve as a potential glucosylation
site. As each monomericâlg molecule contains three arginine
residues in the primary sequence, it is likely that this provides
for additional possibilities for glucose linkage. The OPA assay
specifically detectsε-amino acids from lysine residues as
opposed to arginine residues, whereas mass spectrometry is
sensitive to the total molecular mass of the formed molecule
irrespective of the location of the modification.

Structural Integrity. The aggregation process first involves
the transition from a folded to a (partially) unfolded or extended
state. Therefore, it is important to define the structural impact
of the glucosylation. While modifying the primary amino groups
of âlg, we therefore aimed to retain the secondary, tertiary, and
quaternary structures of the nonglucosylated protein. The effect
of the glucosylation on the structure ofâlg was shown by a
variety of techniques (Figure 1 and13). The secondary structure
was unaffected by the glucosylation (13). The far-UV CD
spectra retained a similar zero-crossing (around 203 nm) upon
glucosylation, and the shape of the spectrum showed extremes
around 195, 210, and 218 nm, similar toâlg (13). Intrinsic
tryptophan fluorescence studies (Figure 1a) showed a maximum
emission intensity around 340 nm, representative of a folded
conformation. Hence, the local environment of the tryptophan
residues of the Gâlg was considered to be unaffected by the
glycosylation procedure. Also, near-UV CD spectra indicated
that the tertiary structure of the Gâlg was comparable to that
of âlg (13). GPC (Figure 1b) and SDS-PAGE (Figure 1b, inset)

Figure 1. Structural characterization of the effect of glucosylation on âlg
(a) intrinsic tryptophan fluorescence of âlg and Gâlg at pH 7.0 in 10 mM
sodium phosphate buffer at a protein concentration of 5.5 µM (solid line,
âlg and Gâlg; dashed line, Gâlg); (b) GPC, (inset) SDS-PAGE.
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showed that Gâlg was a non-covalently bound dimer upon
glucosylation, similar to nonglucosylatedâlg (25-27). In
conclusion, bovineâlg was not significantly affected at any
structural level by the glucosylation procedure.

Effect of Glucosylation on the Rate of Protein Aggrega-
tion. Heat-Induced Aggregation. Heat-induced aggregation was
used to detect variations in the aggregation rate brought about
by glucosylation. Gâlg andâlg were incubated at a fixed number
of 7 °C below their relative thermal transition temperatures
determined by differential scanning calorimetry (see ref13 for
experimental data) to support the kinetic visualization of the
aggregation process. The derived incubation temperatures were
66 °C (âlg) and 77°C (Gâlg). It is already known that, upon
unfolding, the non-covalently bound dimeric conformation of
âlg (under physiological conditions) first dissociates before
aggregates are formed as a result of its dissociation constant
(25-27).Figure 2 shows the loss of the nonaggregated protein
using GPC as a function of the incubation time using heat-
induced aggregation. The loss of the nonaggregated fraction of
Gâlg is significantly faster (k ) 4.26× 10-3 min-1) compared
with the loss of the nonaggregated nonglucosylatedâlg (k )
1.74× 10-3 min-1) (Figure 2).

Urea-Induced Aggregation: Variation of Urea Concentration.
Temperature can significantly influence the aggregation process
of âlg (28-33) as it drives partial unfolding ofâlg, resulting
in exposure of hydrophobic regions and thiol and disulfide
groups (28,29, 31). As the aggregation rate ofâlg has been
observed to be very fast, it is difficult to distinguish between
the unfolding and aggregation processes using heat-induced
aggregation. We therefore also investigated aggregation at
ambient temperature, using urea as a denaturant. First, we
determined the unfolding behavior of both Gâlg andâlg using
urea titration while monitoring the shift of the tryptophan
fluorescence emission maximum characteristic for unfolding
(Figure 3a). The results show that incubation of the protein
with an increased concentration of urea results in an increased
fraction of unfolded protein for both Gâlg andâlg. The results
also show that the midpoint for unfolding, often used to
characterize protein stability, is shifted to a lower urea concen-
tration upon glucosylation. Because we can vary the ratio of
folded to unfolded protein using different urea concentrations,
urea-induced aggregation following from protein unfolding can
be studied.

Urea-induced aggregation was brought about by first incubat-
ing the protein solutions (10 mg/mL) at various concentrations
of urea (0-8 M). Subsequent 10-fold dilution in a 10 mM
sodium phosphate buffer (without urea) resulted in either
aggregation or refolding (Figure 3b). Upon incubation of the
proteins at a urea concentration below 2 M, no aggregation

occurred (Figure 3b). The results shown inFigure 3a are
consistent with this, suggesting that below 2 M urea for both
Gâlg andâlg, no significant population of unfolded species is
observed. Above a concentration of 2 M urea, a sufficient
concentration of unfolded Gâlg andâlg molecules formed to
drive the kinetic partitioning toward aggregation in a urea
concentration dependent manner. Around 4-5 M urea, a plateau
region is reached beyond which increasing urea concentration
does not further change the Gâlg or âlg aggregation yield
(Figure 3b). Also, the urea-unfolding experiment suggests no
further increase in unfolded molecules beyond 4-5 M urea
(Figure 3a). The refolded fractions of Gâlg andâlg were tested
for refolded structure using far-UV CD and fluorescence. It was
found that the refolded proteins did not differ structurally from
the folded Gâlg andâlg (results not shown). In addition to
several comparable findings between Gâlg andâlg, a number
of differences in the aggregation behavior were also observed.
First, the refolding yield through kinetic partitioning, under the
conditions applied, is limited to approximately 57% forâlg,
compared to 80% for Gâlg. In other words, glucosylation
appears to limit the aggregation propensity of the protein,
compared with the nonglucosylated variant. Second, even though
the glucosylation process seems to destabilize the folded protein
conformation (Figure 3a), the urea concentration at the onset
of the aggregation process was not affected (Figure 3b).

Urea-Induced Aggregation: Kinetics. To control for any
effects of changed stability on the observed differences in the
aggregation rates, we investigated the aggregation process from
a fully unfolded state, in 8 M urea at 25°C (Figure 3a). Under
these conditionsâlg normally occurs as a monomeric protein
as opposed to a non-covalently bound dimer at neutral pH and
in the absence of urea (26, 27). Subsequently, the aggregation
rates of the proteins in 8 M urea were followed using GPC. In
Figure 4 the fraction of nonaggregated molecules determined
by GPC is plotted against incubation time. It was found that
the fractions of aggregatedâlg and Gâlg increased with

Figure 2. Glucosylation accelerates the heat-induced aggregation of âlg.
The rate of disappearance of nonaggregated protein was analyzed by
comparing the rates at an ionic strength of 4.3 mM [(0) âlg; (9) Gâlg]
using GPC.

Figure 3. Glucosylation affects urea-induced unfolding and inhibits urea-
induced aggregation of âlg (a) urea-induced unfolding of (0) âlg and
(9) Gâlg using intrinsic tryptophan fluorescence (emission wavelength
of 320 nm). The dashed line is to guide the eye. (b) Urea-induced
aggregation analyzed by GPC. Samples were incubated in various urea
concentrations and subsequently diluted 10 times with a buffer solution.
The diluted samples were analyzed using GPC: (0) âlg; (9) Gâlg.
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increasing incubation time. The aggregation rates (k) were found
to equal 2.81× 10-3 and 1.86× 10-3 min-1 for nonglucosylated
âlg and Gâlg, respectively. The aggregation rates inFigure 4
are clearly not identical. Glucosylation appears to inhibit the
aggregation process.

How Is the Aggregation Rate ofâLg Affected by Gluco-
sylation? Interestingly, the results obtained through urea-induced
aggregation are opposite to those found for heat-induced
aggregation. Glucosylation accelerated heat-induced aggregation
of âlg (Figure 2), whereas urea-induced aggregation ofâlg was
inhibited (Figure 3a). A notable difference between the two
methods used to study protein aggregation is that for heat-
induced aggregation, the protein molecules, once unfolded, are
immediately directed toward aggregation. For urea-induced
aggregation, the protein is first unfolded and no intramolecular
interactions are possible. To induce the aggregation process,
the urea has to be diluted. Upon dilution, the unfolded protein
molecule can either refold or aggregate, depending on the
activation energies for both reactions. We therefore hypothesized
that the refolding rate ofâlg upon glucosylation was increased,
resulting in kinetic partitioning toward refolding rather than
aggregation.

Refolding Efficiency. It has previously been reported that the
rate of (re)folding can be increased by glycosylation (11, 14).
We tested if glucosylation ofâlg affected the refolding rate by
refolding the protein from 8 M urea and following the change
of fluorescence using stopped-flow fluorescence (Figure 5). The
fluorescence intensities of both the unfolded Gâlg andâlg
started at a normalized fluorescence intensity of 9, indicated
by an arrow in the figure. It is clear that for both proteins, the

refolding process occurs for a large part in the dead-time of the
experiment (2 ms). It is also shown that the refolding process
of the glucosylated variant is already completed within this time,
whereas the refolding of the nonglucosylatedâlg is completed
after approximately 1 s. Also, the fluorescence intensities do
not recover entirely to the baseline of the completely folded
proteins. This suggests an incomplete refolding process, which
is consistent with the data shown inFigure 3b. To summarize,
it was found that the attachment of glucose moieties toâlg
significantly increased the refolding rate as well as the refolding
efficiency tested at a protein concentration of 10 mg/mL
(Figures 4and5). The results shown here suggest that the effect
of glycosylation onâlg aggregation is strongly dependent on
the species from which the aggregation process is started. Also,
the comparison of the effect of various aggregation conditions
already suggests that the kinetic parameters of refolding and
unfolding potentially provide a (partial) explanation for the
observed effects of glucosylation on the aggregation process.
The energetic preference of glucosylated proteins to refold rather
than aggregate can be explained by a variety of factors. Two
factors that have been frequently related to the aggregation and/
or (re)folding rate are the (exposed) hydrophobicity (31, 33,
34) and the electrostatic repulsion (35,36).

Hydrophobicity. Glycosylation has been found to readily
affect the hydrophobicity of proteins, through direct interactions
of the sugar chain with the hydrophobic backbone or side
residues (37-39). This potential aggregation preventative mech-
anism has therefore been explored in the present study in various
ways. The exposed hydrophobicities ofâlg and Gâlg were
evaluated using three methods. First, PRODAN is an uncharged
hydrophobic ligand that, upon binding to the hydrophobic
regions of a protein, forms a fluorescent complex. Plotting the
change in relative fluorescence intensity ofâlg and Gâlg at 450
nm as a function of PRODAN concentration in the range of 0
to 1.80× 10-6 M suggests no significant difference in exposed
hydrophobicity of foldedâlg and Gâlg (Figure 6a). It must be
noted that even though the PRODAN ligand is useful for the

Figure 4. Glucosylation reduces urea-induced aggregation of âlg:
aggregation kinetics of âlg (0) and Gâlg (9) in 8 M urea at 20 °C. The
aggregation kinetics were derived from dilution from a urea-unfolded state,
and the concentration of nonaggregated protein was determined using
GPC.

Figure 5. Glucosylation increases the refolding rate of âlg. The refolding
kinetics of âlg upon glucosylation were investigated by dilution of Gâlg
and âlg from 8 M urea, pH 7.0, at 25 °C. Data were recorded using a
stopped-flow fluorometer λex 295 nm and λem 320 nm. The fluorescence
intensities of the unfolded proteins are indicated by an arrow.

Figure 6. Glucosylation does not affect the hydrophobicity of âlg. The
hydrophobicity of âlg (0) and Gâlg (9) was evaluated using (a) PRODAN
fluorescence at pH 7.0 and (b) HIC.
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detection of differences in hydrophobic exposure of protein
molecules, which exhibit differences in net charge (40), the
specificity and sensitivity of the PRODAN ligand have not been
unambiguously demonstrated, and therefore we confirmed the
above data using HIC. The elution volume is representative of
the degree of protein hydrophobicity. Nonglucosylatedâlg and
Gâlg both show an intensity maximum at an elution volume of
48 mL (Figure 6b). Further evidence for minimal contribution
of exposed hydrophobicity as a factor for determination of
aggregation rates upon glucosylation is provided by intrinsic
viscosity experiments at pH 7.0. The Huggins constant (K′)
calculated from the results showed an intrinsic viscosity of 0.97
mL/mg for glucosylatedâlg compared to 0.99 mL/mg for
nonglucosylatedâlg. These values do not indicate a significant
difference, suggesting that the tendency of the folded molecules
to form intermolecular interactions was not affected by gluco-
sylation.

Electrostatics. Electrostatic repulsion significantly affects the
activation barrier for long-range self-association (35,36) as well
as intrinsic protein stability by, for example, stabilizing ion pairs
or destabilizing repulsion (41). The isoelectric point of the
protein upon glucosylation, as determined by IEF, was 5.0
compared with 5.4 for nonglucosylatedâlg (Figure 7a).
However, at pH 7.0, where most aggregation experiments were
performed, nonglucosylatedâlg has a net charge of-7
compared with-20 upon glucosylation, displaying a significant
difference in net charge (calculated using Swiss-Prot application
for calculating titration curves with sequence 1BEB for non-

glucosylatedâlg and replacing all lysines for uncharged amino
acids of 1BEB for Gâlg).

Figure 4 shows the heat-induced aggregation at an ionic
strength of 4.3 mM. Glucosylation significantly accelerated the
aggregation rate. To investigate whether the difference in net
charge found upon glucosylation through the Maillard reaction
accounts for the observed differences in the aggregation rates,
the ionic strength of the solution was varied. The hydrodynamic
radius determined by dynamic light scattering results in values
of 3.00 nm forâlg and 3.03 nm for Gâlg. Inputting these values
in the equation of Wu et al. (24) allowed for correction of the
electrostatic repulsion for the differences in net charge as
calculated from theoretical titration curves. A NaCl concentra-
tion of 18 mM was required to correct the electrostatic repulsion
of the Gâlg to a value (1.12× 10-31 C2 m-1) similar to that
for nonglucosylatedâlg. Figure 7b shows the kinetics of
disappearance of the nonaggregated protein peak upon heating
with increasing incubation time analyzed by GPC. It is clear
that correction of the electrostatic repulsion does not result in
coinciding aggregation rates forâlg and Gâlg. In fact, the rate
of aggregation upon correction for electrostatic repulsion (k )
5.75× 10-3 min-1) deviates even more from the nonglucosy-
lated protein (k) 1.74 × 10-3 min-1) compared with the
noncorrected sample (k ) 4.27 × 10-3 min-1). Thus, even
though in the past strong electrostatic repulsion has been
reported as a significant inhibitor of the aggregation process,
the inhibiting effect of glucosylation on the aggregation reaction
cannot be explained by this mechanism.

The results reported in this paper show that glucosylation of
âlg accelerates heat-induced aggregation but slows urea-induced
aggregation. It was found that glucosylation can drive the kinetic
partitioning toward refolding instead of aggregation. Subse-
quently, it was shown that the hydrophobicity was not affected
by glucosylation. Correction for electrostatic repulsion differ-
ences induced by glucosylation also did not result in comparable
aggregation rates. Further studies are necessary to discover the
origins of the observed differences in aggregation rates upon
glucosylation.
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