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ABSTRACT Glycosylation affects the physical properties of proteins in a number of ways including solubility and aggregation
behavior. To elucidate the mechanism underlying these effects, we have measured second virial coefficients (A2) of the heavily
glycosylated pheniophora lycii phytase (Phy) and its enzymatically deglycosylated counterpart (dgPhy) in native and in dena-
tured form by means of small angle x-ray scattering. The measured A2-values show that the native forms of Phy and dgPhy
are equally repulsive at the studied pH 8 where A2 equals 10.9 5 0.1 � 104 mL mol g�2. However, when thermally denatured,
the A2 of dgPhy decreases to 9.0 5 0.2 � 104 mL mol g�2 whereas it remained unchanged for Phy. In accord with earlier inves-
tigations, the p(r)-function measured here suggested that the glycans did not affect the peptide structure of the native protein.
Conversely, glycosylation markedly changed the structure of thermally denatured protein. This was evident from the radius of
gyration, which increased by 32% for Phy and only 11% for dgPhy on denaturation. We suggest that this expanding effect of
the glycans on the denatured protein conformation relies on steric hindrance that limits the range of torsion angles available
to the polypeptide.
INTRODUCTION

Glycosylation, the most abundant post-translational modifi-

cation of eukaryotic proteins, has a wide variety of roles in-

cluding immune regulation (1–3) and providing additional

recognition epitopes for receptors (4). These functions de-

pend on the detailed three-dimensional structure of the gly-

can. On the other hand, glycosylation also brings about a

number of less specific biophysical changes that seem to

depend on the bulk of the glycan, rather, than its specific

three-dimensional structure. These effects include improved

solubility (5) and reduced aggregation propensity (6). In fact,

one of the major roles of glycosylation seems to be suppres-

sion of aggregation of newly synthesized protein in the endo-

plasmatic reticulum (ER) (7–9). Although much is known

about the structure and biosynthesis of glycans in the ER,

it is not understood how glycosylation suppresses aggrega-

tion of unfolded and partial unfolded aggregation prone

species. Various explanations are proposed in literature. Al-

though earlier reports have emphasized the hydrophilic na-

ture of the glycan (5,10–14), more recent studies suggest

amphiphilic properties of the glycan to be important for re-

folding. This latter interpretation is in accord with biophysi-

cal investigations that show that the glycans interacts less

favorably with water (i.e., are less hydrophilic) than the pep-

tide moiety (15,16). These lines of evidence show that sup-

pression of protein aggregation by glycosylation can not

simply be rationalized in terms of solubilizing the protein

by attaching a more hydrophilic component. Instead, the

studies suggest that the mechanism underlying the increased
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solubility and reduced aggregation of glycoproteins is likely

to be more complex than what have been recognized previ-

ously.

To elucidate this mechanism, we have probed the inter-

molecular interactions of the heavily glycosylated enzyme

pheniophora lycii phytase (Phy) and the enzymatically

deglycosylated counterpart (dgPhy) in native as well as de-

natured form by small angle x-ray scattering (SAXS). Fur-

thermore, the use of SAXS allowed us to obtain information

on the effect of glycosylation on the structure transitions

when going from native to the thermally denatured state.

MATERIALS AND METHODS

Purification and sample preparation

The heavily glycosylated P. lycii phytase (65 kD) was expressed in Asper-

gillus oryzae and purified according to procedures published previously

(17). The purified product (>95% pure as assessed by SDS-PAGE) was

stored in 50 mM sodium acetate, pH 5.5 at �25�C. A portion of this was

enzymatically deglycosylated by Endo-b-N-acetylglycosaminidase F1

(Endo F1, EC 2.2.1.96) following procedures described previously (6).

This endoglycosidase removes the glycans by hydrolyzing the glycoside

bond between the two N-acetylglycosamine groups (17) linking the glycan

to the polypeptide, thus, the deglycosylated protein carries one N-acetylgly-

cosamine group at each of the 10 glycosylation sites. Subsequent to degly-

cosylation reaction only one band was detected on SDS-PAGE at 47–48 kDa

and no reduction in enzymatic activity was detected using an enzymatic

assay procedure published previously (17). The deglycosylated phytase

(dgPhy) as well as glycosylated phytase (Phy) were extensively dialyzed

in Spectra/Pore dialyzing membranes (12–14 kDa cutoff) against 50 mM

HEPES, pH 8. The protein concentration was determined by UV spectros-

copy at 280 nm (e¼ 1.0 M�1 cm�1), diluted to the appropriate concentration

with HEPES, pH 8 and stored at 5�C. Immediately before use, each sample

was individually centrifuged for 2 min at 10,000 rpm and the molar
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concentration of the diluted samples was determined again on a NanoDrop

spectrophotometer (Wilmington, DE).

SAXS measurements

The scattering experiments were carried out at The EMBL X33 beamline at

the DORIS storage ring (DESY, Hamburg) following standard procedures.

The data were collected on a two-dimensional image plate with a momentum

transfer range 0.08 < q < 4.96 nm�1 (q ¼ 4 p sin q/l, where 2q is the scat-

tering angle and l is the x-ray wavelength). Background buffers were mea-

sured prior and subsequent to each sample and the averaged background

scattering were subtracted from the scattering of the sample. Absolute cali-

bration of the scattering intensity into units of scattering cross section per

unit volume (1/cm) was carried out using water as a secondary standard

(18). An additional measurement was carried out at MAXlab (Lund, Swe-

den) on the beamline I711. In this experiment the scattered beam was regis-

tered on a MAR165 CCD detector in the q-range 0.1–3.3 nm�1.

SAXS data analysis

The forward scattering (I(0)) was estimated with the Guinier approximation

(19):

lnðIðqÞ=Ið0ÞÞ ¼ �R2
gq2=3

Where I(q) is the scattering intensity at q, I(0) the forward scattering (scat-

tering intensity extrapolated to zero q) and Rg the apparent radius of gyra-

tion. The Guinier fits were made with the data reduction and processing

program Primus (20) and with the aim of obtaining accurate I(0) estimates

rather than reliable Rg-values. For the lowest concentrations a standard fit-

ting region of q � Rg < 1.3 could be used, whereas, for the concentrated

samples the fits were restricted to the lowermost q-range in which a well-de-

fined straight line could be identified. This gave precise estimates of the I(0)

for all concentrations, however, the obtained Rg values of the concentrated

samples were obviously only apparent values as they were systematically

suppressed by particle-particle interaction effects. As a independent control

of this approach the I(0) was determined by indirect Fourier transformation

using a purposely too large Dmax as transformation parameter. The two

methods returned the same I(0)-values within the precision of the data.

The scattering intensity of a solution with finite concentration may be dif-

ferent from that of an ideal dilute solution. The Zimm approximation (21),

which is based on the concentration dependence of the osmotic pressure,

takes into account this concentration dependence:

Ið0; 0Þ
Iðq; cÞ ¼

1

PðqÞ þ 2A2Mc þ 3A3Mc2 þ .

Here I(q,c) is the apparent scattering function at concentration c, P(q) is the

form factor i.e., scattering contribution from the molecule under ideal dilute

conditions (no interparticle interference), M is the molecular mass of the pro-

tein and Ai is the ith virial coefficient. For relatively dilute protein solutions

(<20 mg/mL) the concentration dependence is normally described ade-

quately by the use of A2 only (22). Therefore, by carrying out the experiments

at several concentrations, A2 can be deduced from a linear fit in a Zimm plot.

The molecular weights were calculated using values for the excess scatter-

ing length density per unit mass (Drm) of 1.97 � 1010 cm/g and 2.93 �
1010 cm/g for the peptide and the carbohydrate part, respectively. These

values were calculated relative to water and by assuming the mass densities

of the peptide, carbohydrate and water to be, respectively, 1.35 g/cm3,

1.60 g/cm3, and 1.00 g/cm3 and their electron densities to be, respectively,

433 e � nm�3, 501 e � nm�3, and 333 e � nm�3, and by using the electron

scattering length of 2.81 � 10�13 cm (19). The electron density of the

carbohydrate component was calculated based on a glycan containing six

mannose and two N-acetylglycosamine groups. Therefore, Drm ¼ 1.97 �
1010 cm/g was used to calculate the molecular weight of dgPhy whereas

Drm ¼ 2.19 � 1010 cm/g was used to calculate the molecular weight of
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Phy. The later value was calculated by combining the excess scattering

length of the glycan and the peptide Dr according to their relative mass

composition of Phy.

As an independent control, the molecular weight of dgPhy was calculated

relative to that of a reference solution of bovine serum albumin (A-0281,

Sigma-Aldrich, Steinheim, Germany) of known concentration (~5 mg/

mL). The sample was freshly prepared in cold HEPES buffer and spun at

10,000 rpm for 10 min immediately before use. The deviation of calculated

molecular masses found by these two methods was within 2%. Due to the

different Drm-value for glycosylated proteins this method can only be

used for nonglycosylated proteins.

The recorded scattering profiles were transformed into real space repre-

sentation in terms of the so-called pair distance distribution function p(r),

by means of indirect Fourier transformation (23) using a Bayesian analysis

method (24):

pðrÞ ¼ 1

2p2

ZN

0

rqIðqÞsinðrqÞdq

The p(r) may be regarded as a one-dimensional representation of the dis-

tances within the particles weighted by the product of their excess scattering

length relative to the average of the sample. The height of the p(r) is there-

fore proportional to the number of possible connection lines with the length

r and the product of the excess scattering lengths of the endpoints.

For the purpose of presenting a scattering curve with low noise at high-q

and without contribution of particle-particle interference effects at low-q

scattering curves of different concentrations were merged. This was done

by merging three curves of ~4 mg/mL, ~8 mg/mL, and ~12 mg/mL with

the q-ranges 0.081–0.993 nm�1, 0.878–2.363 nm�1, and 2.249–4.954 nm�1,

respectively.

RESULTS

Structure of Phy and dgPhy

Representative examples of merged scattering profiles of

Phy and dgPhy are shown in Fig. 1. It seems that the glycan

mantel of Phy affected the scattering profile of the native pro-

tein in several ways. First, this is seen from lowest q-values,

where the scattering intensity I(q) of Phy is clearly higher

than that of dgPhy. Second, the scattering curve of Phy

contains a small concentration independent bump at interme-

diate q-values (2–3 nm�1), corresponding to real space dis-

tances of ~2.5 nm and we attribute the bump as a form factor

contribution from the glycans.

However, the presence of the glycans is more easily ob-

served in Fig. 2, which illustrates the corresponding pair dis-

tance distribution functions (p(r), and clearly shows that Phy

contains additional interatomic distances at all length scales.

This difference is also reflected in the output parameters

from the indirect Fourier transformation listed in Table 1,

where the Rg of native Phy and dgPhy were 2.55 and

2.50 nm, respectively. The additional interatomic distances

of Phy, although small, are also manifested in axial ratios as

output by the indirect Fourier transformation T that were

1.66 and 1.76, respectively (Table 1). This rather elongated

shape of dgPhy was supported by additional SAXS-analysis

with the program BODIES (20) that showed that Phy was

most precisely described by a geometrical object as a prolate
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ellipsoid with a axial ratio ~1.7. The observation that deglyco-

sylation did not decrease the maximum dimension (Dmax) of

the protein suggests that the glycans are primarily situated

in a belt around the longest axis where they do not increase

Dmax.

The experimental temperature, 74�C was chosen such that

both glycoforms would be completely denatured. To confirm

this, the thermal stability was measured by differential scan-

ning calorimetry using the same buffer conditions, 50 mM

HEPES, pH 8 (data not shown). The transition temperature

(where 50% of the population of protein molecules is dena-

tured) of Phy and dgPhy were determined to 30.9�C and

FIGURE 1 Merged scattering curves (I(q)[1/cm/(mg/mL)] vs. q [nm�1]) of

Phy and dgPhy at (a) 20�C and (b) 74�C. Note the small bump in the scatter-

ing curve (2–3 nm�1) of Phy at 20�C that originates from the polysaccharides.

Also note the curvature Phy that is steeper than that of dgPhy around q ¼ 1

nm�1, i.e., the dimensions of Phy is greater than those of dgPhy.
27.0�C, respectively. Furthermore, in the case of both glyco-

forms the denaturation transitions were completed below

50�C, thus, confirming that both glycoforms are completely

denatured at 74�C. Due to the rather low transition tempera-

ture of dgPhy an extra SAXS measurement was carried out at

3.0�C to verify that this glycoform is in its native form at

20�C. This control measurement showed that the two scatter-

ing curves as well as their corresponding p(r)-functions are

practically identical at 3.0�C and 20�C, which strongly sug-

gests that dgPhy is, in fact, native at 20�C (see Supplemen-

tary Material).

When thermally denatured at 74�C the scattering curve of

Phy in Fig. 1 was changed in several ways, the most notice-

able being disappearance of the feature originating from the

glycans at intermediate distances (~2.5 nm�1), which proba-

bly reflects increased structural flexibility. However, when

comparing with dgPhy it is also clear that the scattering

curve of Phy had a much steeper curvature showing that

Phy had considerably larger dimensions at high tempera-

tures. This is also seen in the corresponding p(r)-function

in Fig. 2 were the Dmax, which is 7.0 nm in the native state

for both glyco-variants, changes to 9.5 nm for Phy but

only to 7.5 nm for dgPhy. Similar differences were observed

in the Rg-values that increased 33% on denaturation (from

2.55 nm to 3.38 nm) for Phy and only 11% (from 2.50 nm

to 2.77 nm) for dgPhy. The impact of glycosylation on the

structure of the denatured protein was also seen in the axial

ratios as determined by indirect Fourier transformation

where that of Phy increased relatively more than that of

dgPhy (Table 1). We note that the changes in dimensions

FIGURE 2 Pair distances distribution functions obtained by indirect Four-

ier formation of the scattering data displayed in Fig. 1. Phy: triangles; dgPhy:

squares. At 20�C (gray color) Phy and dgPhy are clearly more alike than at

74�C (black color). Also note the increase in Dmax when the temperature is

raised.

Biophysical Journal 96(1) 153–161
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TABLE 1 Key parameters of the SAXS data analysis

Temperature �C Sample Rg (nm) Axial ratio Dmax (nm) I(0)/C 1/cm/(mg/mL) Mw (kD) A2 � 10 � mL mol g�2

20 Phy 2.55 1.66 7.03 4.68 � 10�2 62 10.9 5 0.1

dgPhy 2.50 1.76 6.99 2.31 � 10�2 48 10.9 5 0.1

74 Phy 3.38 1.99 9.46 3.55 � 10�2 47 11.0 5 0.3

dgPhy 2.77 1.81 7.46 2.21 � 10�2 46 9.0 5 0.2

The A2-values are based on the linear fits displayed in Fig. 6. A total of 7 and 10 concentrations were used at 20�C and 74�C, respectively. The Rg-values are

zero concentrations extrapolated values obtained by Guinier analysis. The molecular weights are calculated based on the I(0) from the Guinier analysis and the

Dmax-values and the axial ratios are output parameters from the indirect Fourier transformation.
associated with thermal denaturation of dgPhy are consider-

ably smaller than that typically seen for chemically dena-

tured proteins without prosthetic-groups or disulfide bonds.

When chemically denatured, this group of proteins basically

behave like random coiled polymers with excluded volume

effects, such that there is a power-law relationship between

polymer length and the ensemble averaged Rg (25):

Rg ¼ R0Nv:

Where N is the number of residues in the polypeptide chain.

R0 is a constant that reflects the persistence length of the

polymer chain. Nu is the exponential scaling factor that

for chemically denatured protein is 0.588 in accordance

with renormalization group theory predictions (26). If R0

is taken as an average of the chemically denatured proteins

reviewed by Kohn et al. (25) (R0 ¼ 2.02 5 0.21), one can

calculate that dgPhy (n ¼ 439) should have a R0 of 7.2 5

0.7 nm if it was to be a random coil. The thermally dena-

tured form of dgPhy has a Rg of only 2.8 nm that show

clearly that the unfolded conformers of dgPhy are consider-

ably more compact than that of a random coil, despite the

fact, that the protein is completely denatured as measured

by differential scanning calorimetry. The observation is in

accord with a significant content of residual secondary struc-

ture in the denatured state, as seen by synchrotron radiation

circular dichroism (27).

To further highlight these structural differences, Fig. 3

shows the SAXS data in a Kratky plot, i.e., I(q) � q�2 vs. q,

which is a convenient way to gauge the degree of unfolding.

A globular protein scatters as q�4 yielding a Kratky plot that

is proportional to q�2 whereas an unfolded and fully flexible

polypeptide chain will scatter like a Gaussian random coil,

i.e., q�2, thus giving a straight line in a Kratky plot. There-

fore, the relative degree of unfolding may be assessed by

comparing the heights of the parabola shaped curves in

a Kratky plot (28).

Raising the temperature from 20�C to 74�C cause consider-

able unfolding of both Phy and dgPhy, although, a significant

degree of globular structure still remains (Fig. 3). However,

when comparing the relative shift in heights of the parabolas

it is also apparent that Phy was unfolded to a higher degree

than dgPhy. Furthermore, at 74�C the peak of the parabola

of Phy is clearly shifted toward lower q-values that reflect

an increase in the radius of gyration (Rg).
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Interparticle interactions

To assess the effect of the glycans on the intermolecular

interactions second virial coefficients (A2) of Phy and dgPhy

were measured. The SAXS-measurements were carried out

at 7 and 10 different concentrations at 20�C and 74�C, re-

spectively, in the concentration range of 1.5–15 mg/mL.

No indications of aggregation were detected during data-

collections, even at high concentrations. Nonetheless, con-

secutive data-collections were made on selected samples to

ensure that no aggregation or radiation damage occurred.

Guinier plots (ln I(q) vs. q2) in Fig. 4 show linear relation-

ships within the Guinier region and the extrapolations of

the fits were used to determine the forward scattering

(I(0)[1/cm]) as explained previously.

The values of A2 can be determined from the slope of

a plot of c/I(0,c) versus the protein concentration as illus-

trated in Fig. 5. As can be seen from the quality of fits, the

non-ideality of the solutions in this concentration range is

FIGURE 3 Kratky plots, I(q)q�2 vs. q, of Phy (gray) and dgPhy (black).

The upper (gray or black) curves are the scattering profiles recorded at 20�C
whereas the two lower curves are obtained at 74�C. The relatively larger

shift in the heights of the parabola shaped curves Phy suggest the Phy un-

folds to a more gaussian random coil-like structure at higher temperatures.
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FIGURE 4 Guinier plots, ln I(q) vs. q2, of the scattering profiles of Phy (a and c) and dgPhy (b and d) from a series of concentration in range 1.5–15 mg/mL.

(a and b) 74�C; (c and d) 20�C. The fits are restricted to the linear part of the Guinier range within q � Rg < 1.3.
described satisfactorily by A2 without the use of higher order

terms.

Both glycoforms had an A2 of 10.9 5 0.1 � 104 mL mol

g�2 at 20�C showing that both forms are highly repulsive,

however, at 74�C the A2 of dgPhy decreased to 9.0 5 0.2 �
104 mL mol g�2 whereas A2 of Phy remained unchanged

(11.0 5 0.3 � 104 mL mol g�2) (Table 1).

The calculated molecular masses at low temperature listed

in Table 1 are close to the ones determined previously by

SDS-PAGE (Phy: ~65 kD and dgPHY: ~48 kD) (6), how-

ever, at high temperature the calculated molecular masses

deviates considerably and especially so in the case of Phy.

Presumably this discrepancy is consequence of the protein
scattering length density used in these calculations because

this is an average value found for native proteins at room

temperatures. However, even though the isothermal volume

change accompanying unfolding of proteins are generally

small (29), unfolded protein states are known to have consid-

erably higher partial specific expansivities (~5.5� 10�4 cm3

g�1 K�1) than native (~3.0 � 10�4 cm3 g�1 K�1) (30). For

this reason, the partial specific volume at 74�C is likely to be

higher than the value actually used. Therefore, if this volume

expansion is taken into account excess scattering length den-

sity per unit mass Drm of dgPhy is decreased from 1.97 �
10�10 cm/g to 1.87 � 10�10 cm/g, which, theoretically,

would give rise to a 10% decrease in the forward scattering
Biophysical Journal 96(1) 153–161
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in line with our observations of an apparent decrease in the

molar mass with increasing temperatures.

The schematic representation in Fig. 6 sums up the results

presented in this study. As seen in the figure, the shape of

dgPhy can be satisfactorily described as a prolate ellipsoid

with an axial ratio of ~1.7. The glycans appear to be located

as a belt around the longest axis of Phy where their effect on

Dmax is limited. When denatured, the glycans induce a con-

siderably more expanded structure of Phy than that of dgPhy

FIGURE 5 Dependence on protein concentration of c/I(0,c). The units of

the ordinate, cm�mg/mL, originates from the protein concentration (mg/mL)

divided by the absolute scaled scattering-data (1/cm). The A2-values can be

deduced from the slope of the fitted straight lines in this plot. Note that the

slope of dgPhy is less steep than that of Phy at 74�C whereas the slopes are

nearly identical at 20�C.
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and the presence of the glycans also make mutual interac-

tions of the protein more repulsive.

DISCUSSION

Glycosylation and structure

It is generally accepted that glycosylation reduces the back-

bone dynamics in denatured proteins (31–34). Although this

effect may be rather pronounced, the covalent attachment of

glycans to peptides seems to affect the conformation of only

the first few neighboring residues of the glycan (35–38) and

in most cases glycosylation does not affect the backbone

conformation of natively folded proteins (32,39).

The recorded scattering profiles of Phy and dgPhy clearly

show that the presence of the glycans significantly alters the

structure of the denatured protein, making it more expanded

than its unglycosylated counterpart (Figs. 1 and 2). In con-

trast, the peptide structure of the native protein seems to be

unaffected by glycosylation. This is in accordance with ear-

lier spectroscopic investigations, which showed that the sec-

ondary structure of phytase was unaffected by the glycans

(27). These conclusions are based on the p(r) functions

(Fig. 2) that are similar for the native glyco-variants, but

markedly different for the thermally denatured proteins.

Also, the glycans give rise to significantly larger maximal di-

mension of the denatured molecule, and this structure ex-

panding effect is also clearly reflected in Rg, which increases

three times more for Phy on denaturation (Table 1).

To our knowledge, this is the first time that N-glycosyla-

tion has been reported to perturb the denatured structure of

a natural protein, but similar effect of glycosylation have

been reported previously for heavily O-glycosylated mucins

20oC

74oC

Glycosylated Deglycosylated

A2, 11.0 × 104 mL mol g-2 A2, 9.0 × 104 mL mol g-2

A2, 10.9 × 104 mL mol g-2 A2, 10.9 × 104 mL mol g-2

FIGURE 6 Schematic representation of the structure of Phy (left) and

dgPhy (right) at 20�C (bottom) and 74�C (top). The measured A2-values

are listed underneath each figure. Note that the glycans are located along

the longest axis of Phy and that Phy is more expanded than dgPhy at high

temperatures.
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(40,41). Interestingly, single site glycosylation (O- as well as

N-glycosylation) often have little or no effect on the global

conformation of peptides (38,42,43), although, in some cases

single site N-glycosylation have been reported to promote

locally more compact b-turn conformations (44–46) presum-

ably via steric interactions between the glycan and peptide

moiety. This suggests that the structure expanding effect of

the glycans is dependent on the presence of multiple glyco-

sylation sites and that steric hindrance of the glycans play an

important role for this effect. In support of this idea, a large

majority of studies have shown that attaching glycans to ei-

ther peptides or proteins has little effect on the glycan confor-

mation showing that glycans are generally solvent-exposed

and not tightly bound to the peptide surface (39,47–50).

However, the two innermost GlcNAc residues of the glycan

may be an important exception to this general rule as they are

found frequently in contact with aromatic residues (51–53).

Based on computer simulations, Hoffman and Florke have

argued that the presence of a glycan can amplify the prefer-

ence for certain peptide conformation by selectively increas-

ing the entropy of these conformations (54). Effects of this

type along with steric hindrance from the bulky glycans

are likely to reduce the range of available torsion angles in

the denatured polypeptide and hence promote elongated con-

formations.

Glycosylation and interparticle interactions

To get insight into the interprotein interactions of the two

glycoforms both in the native and denatured states, second

virial coefficients (A2) were measured at 20�C and 74�C.

The thermodynamic quantity, A2, is a measure of the non-

ideality of the solution arising e.g., from the finite size of the

dissolved particles, the interparticle interactions, and the par-

ticle-solvent interactions. The values 10.9 5 0.1 � 104 mL

mol g�2 for both Phy and dgPhy at 20�C show that both

glycoforms are highly repulsive, i.e., particle-solvent are far

more favorable than particle-particle interactions. We note

that these values are in line with the values reported previ-

ously for native Phy and dgPhy at lower pH (6) and they

seem to support the trend (6) that the difference in A2 be-

tween Phy and dgPhy diminishes as pH is shifted away

from pI, which is ~3.6 (6). Measurements of A2 for denatured

phytase at lower pH seems to have a potential to highlight the

role of glycans on protein repulsion, but they are experimen-

tally precluded by rapid protein aggregation. As it turned

out, the differences in A2 between Phy and dgPhy was over-

shadowed by electrostatic repulsion at 20�C, however, clear

differences were observed at 74�C, where A2 of dgPhy de-

creased to 9.0 5 0.2 � 104 mL mol g�2 whereas the value

of Phy did not change. This difference in A2, even small, re-

flects the crucial impact of the glycan on the colloidal stabil-

ity of unfolded and partial unfolded forms of the protein that

helps disfavor the process of irreversible aggregation and in-

crease the likelihood of refolding. In fact, previous studies
have shown that at lower pH this effect of the glycans be-

comes so dominant that it reduces the thermally-induced

aggregation of Phy by a factor of >200 (6).

Implications for aggregation and folding

It is starting to become recognized that that N-glycans, and in

particularly the GlcNAc unit, have amphiphilic properties that

contribute to hydrophobic N-glycan-protein interactions and

greatly promote protein folding (55-57). This observation

combined with the work presented in this study points toward

a dual function of N-glycans. Hence, they may promote intra-

molecular peptide association and disfavors intermolecular

peptide interactions. Thus, whereas the two innermost

GlcNAc residues may promote intramolecular contacts and

act as nucleation site for folding, the inherent flexibility and

steric crowding of the remaining part of the glycan probably

play an equally important role in directing folding and ensur-

ing stable interparticle interactions. This ingenious two-way

effect of the N-glycosylation, therefore, helps to tip the bal-

ance form irreversible aggregation toward reversible folding.

CONCLUSION

The SAXS-data presented in this study shows that whereas

the glycans has virtually no effect on the intermolecular in-

teractions of Phy in native form, they promote the colloidal

stability of aggregation prone unfolded forms of the protein.

This observation strongly suggests that the glycans does not

prevent aggregation by increasing the overall hydrophilicity

of protein because this would in general increase A2 and im-

pact the native form of the protein as well. The glycan mantle

of Phy does not seem to affect the native peptide structure;

however, the presence of the glycans significantly perturbs

the unfolded structure of Phy that make the peptide structure be-

come considerably more expanded. This perturbation may be

rationalized as steric hindrance exerted by the glycans, which

forces the denatured protein into more elongated conformers.
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