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Folding of glycoproteins: toward understanding the biophysics of

the glycosylation code

Dalit Shental-Bechor and Yaakov Levy

Glycosylation is among the most common post-translational
modifications that proteins undergo that may affect many of
their activities. It may also modify the underlying energy
landscape of glycoproteins in a way that their altered
biophysical characteristics are linked to their bioactivity. Yet,
the capability of glycosylation to modify thermodynamic and
kinetic properties varies greatly between glycoproteins.
Deciphering the ‘glycosylation code’ that dictates the interplay
between the nature of the carbohydrates or the proteins and
the biophysical properties of the glycosylated proteins is
essential. In this article, we discuss how the size, number, and
structure of glycans, as well as the attachment sites, may
modulate the folding of glycoproteins. Understanding the
cross-talks between the protein and the attached glycans at
the molecular level may assist in tailoring the biophysical
properties of proteins in general.
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Introduction

Post-translational modifications (P'TMs) are ubiquitous in
the cell. They regulate the function of proteins and
provide a mechanism for increasing the diversity of
protein structures. In addition, such modifications may
result in the localization of proteins to specific cellular
organelles, with incorrect targeting being associated with
a number of diseases. It is often believed that P'TMs may
regulate protein activity by changing the protein surface
and by introducing new functional groups that act as a
signaling tag for binding to other molecules. These modi-
fications may also modulate the thermodynamic and
kinetic features of proteins (e.g. stability, structural flexi-
bility, and folding rate). PTMs, therefore, can enrich the
repertoire of protein characteristics beyond that dictated

by the 20 amino acids. Thus, they efficiently and econ-
omically increase the complexity and dimensions of the
primary gene products. One may consider the function of
a PTM to be related to the modified characteristics it
induces in the conjugated protein.

Various PTMs have been shown to affect protein bio-
physics. For example, phosphorylation contributes nega-
tive charges to the protein surface and can induce
conformational changes [1], while methylation and acety-
lation mask charges and play an important role in protein—
DNA interactions. Glycosylation has been shown to
enhance protein thermal stability and to facilitate folding
kinetics [2°,3°°,4]. Yet, quantification and generalization
of these effects and the molecular components that
dictate the capability of the attachments to modulate
protein characteristics are currently lacking.

In this article, we focus on the effect of glycosylation on
the biophysical properties of proteins, which are a con-
sequence of the features of the underlying energy land-
scapes that govern their folding. Joint experimental and
theoretical efforts [5,6] have led to the conclusion that a
protein folds by navigating through an energy landscape
that is globally funneled toward a structurally defined
native state [7]. The funneled nature of energy land-
scapes is a product of the evolutionary selection of
sequences that are minimally frustrated, in that they have
fewer interactions that are in conflict with the native state
and thus exhibit relatively high conformational prefer-
ences. Schematically, glycosylation may modulate a
protein’s characteristics by affecting differently the ener-
getics (enthalpy or entropy) of the unfolded and/or folded
state.

Glycosylation is a covalent attachment of one or more
carbohydrates (also termed ‘glycans’) to a protein. It is a
complex process that commonly involves several of nine
different kinds of monosaccharides attached to any of
eight types of amino acid residues and is assisted by many
enzymes [8,9]. In most cases, however, the attachment is
to an Asn residue (i.e. part of the sequence Asn-Xaa-Ser/
Thr) in a process termed N-glycosylation. Among their
repertoire of functional roles, glycans serve as recognition
markers [10], mediate interactions with pathogens, modu-
late immune response, and regulate protein turnover [11].
T'he ability of sugar binding protein receptors (primarily
lectins [12]) to recognize carbohydrate conjugates lies at
the heart of many central biological processes. This
recognition is remarkable given the flexibility of the
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carbohydrates and their high structural variability. V-
Glycosylation starts during protein synthesis and translo-
cation into the endoplasmic reticulum (ER). The glycan
is added to the still unfolded protein while it is in the
translocon complex [11], indicating that it may assist in
obtaining the correct fold following the recruitment of the
lectins, calnexin and calreticulin [4,13,14]. The role of
glycans in attaining the correct fold is, however, ambig-
uous. There is evidence for protein misfolding and aggre-
gation in the absence of glycans (e.g. the folding of the
adhesion domain of the human immune cell receptor
cluster of differentiation (CD)) [15,16°°]. In other cases,
however, elimination of some or all glycans has no effect
on folding or protein function, implying that some gly-
cosylation sites are more crucial to protein folding or
function than others and that the effect of glycans on
folding is likely to be local.

Several factors may govern the effect of glycosylation on
the protein energy landscape and, consequently, on the
biophysical characteristics of the protein. From the oligo-
saccharide perspective, the size of the glycan, its flexi-
bility, and structure (e.g. the number of branches) may
affect the properties of the protein. From the protein
perspective, the location and chemical surroundings of
the glycosylation sites, as well as the number of occupied
glycosylation sites, may influence the effect of glycosyl-
ation on the protein. Quantifying how glycosylation can
affect protein biophysics by modulating the protein’s
energy landscape may formulate a ‘glycosylation code’.
Deciphering such a molecular code, however, is a difficult
task for two main reasons. First, both proteins and oligo-
saccharides are complex and heterogeneous systems, with
proteins composed of 20 types of amino acids and glycans
assembled from 9 different monosaccharides. Oligosac-
charides and polysaccharides are structurally more com-
plex than proteins (although often they lack folding
capability) since they can form various topological trees
via various linkage positions while the proteins are linear
polymers. The glycan chains found on a protein may not
only differ between different organisms, but various
different glycans can also be present on one type of
protein in one single cell or tissue [17]. Second, the
number of glycoproteins having a resolved 3D structure
is very limited (while ~50% of all proteins are glycosy-
lated only ~3.5% of the proteins in the Protein Database
(PDB) carry covalently bound glycan chains and even
fewer have full structure of the glycans) [18,19°]. There
are several reasons for the limited structural information
on glycoproteins, including the fact that the confor-
mational heterogeneity of the oligosaccharides often
inhibits their crystallization or makes them barely
visible in X-ray crystallography. One may also note that
the carbohydrate moieties of PDB entries are subject
to a large number of errors (mainly because of the
complexity of the oligosaccharides and poor assign-
ment), which hinders efforts to perform a structural
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survey of glycoproteins. Solving structural aspects of
glycoproteins [20-22] (which can be termed the ‘glyco-
sylation problem’ [20]) may permit a more comprehen-
sive investigation of the ‘glycosylation code’.

This review discusses the role that some molecular fea-
tures of N-glycosylation may play in the energy landscape
of glycoproteins.

Glycosylation biophysics: increased stability and
accelerated kinetics

Glycans, which are bulky hydrophilic polymers, often
increase solubility of the protein to which they are attached
as well as its resistance to proteolysis. Moreover, the
covalent binding of glycans to protein surfaces may
enhance their thermodynamic and kinetic stability.
Greater thermodynamic stability is expressed by an
increase in the melting temperature of the glycosylated
protein and/or in the free energy difference between the
unfolded and folded state ensembles being greater for the
glycosylated protein than for its nonglycosylated wild-type
counterpart. Although numerous studies report enhanced
thermodynamic stability for N-linked proteins [15,23-25],
contradictory results were reported regarding the effect of
O-glycosylation on protein stability [26]. The limited data
available make it difficult to generalize about the relation
between the type of protein glycosylation and the thermo-
dynamics of glycoproteins. Several studies of the folding
and stability of glycoproteins in their glycosylated and
nonglycosylated forms show that the sugars have diverse
effects on both folding kinetics and pathway [27°].

Effect of the position of the glycosylation site

Thermodynamic investigations of glycosylated proteins
suggest that, while enhanced stability is achieved by the
carbohydrates when they are conjugated at certain sites of
the protein, attachment to other sites improves stability to
lesser extent, if at all. We designed iz si/ico artificial
glycosylated variants of the Src Homology 3 domain
(SH3, a small domain of 64 amino acid residues [3°°]).
SH3 was used in our case study, although it is not
glycosylated, since its folding was extensively studied
using both experimental and computational tools. To
obtain a comprehensive understanding of the effect of
the glycosylation site on the biophysical effect of glyco-
sylation, a glycan (either Man3;GIlcNAc, or Mang.
GIcNAc;) was individually attached to all residues of
SH3 that are exposed to the solvent (35 out of the 64
residues of SH3), resulting in 35 variants of monoglyco-
sylated SH3. A full description of the molecular dynamics
simulations and thermodynamic stability calculations we
performed appears in [3°°]. A large difference in the effect
of a single glycan on protein stability as a function of
glycosylation site was observed (Figure 1A). Namely,
attachment of a sugar can either increase or decrease
protein stability (reflected by the relative population of
the folded and unfolded states) depending on the position
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Effect of position of glycosylation site on the thermodynamic stability of proteins. SH3 was taken as a study case and 35 out of its 64 residues were
monoglycosylated proteins with MangGIcNAc,. Glycosylation at position i was achieved after mutating the residues at position / and i + 2 to Asn and
Ser, respectively. Glycosylation was not introduced in the other 29 sites either because these residues were invisible in the NMR or because they were
buried and therefore could not host a glycan. Stabilization is reflected by a degree of folding larger than 50% (the calculations were performed at the
temperature at which wild-type SH3, which is nonglycosylated, has a degree of folding of 50%; namely, its folded and unfolded state are equally
populated). The thermodynamic stability calculations are based on molecular dynamics simulations using native topology-based models [3°°]. The
degree of folding is shown versus (A) the residue index of the glycosylation sites and (B) the number of native contacts each glycosylated residue
participates in (the glycans act as a bulky polymer that does not form any attractive interaction with the protein). For illustration, the variants with
attachment at position 24 and 36 are highlighted. Glycosylation at position 24 results in destabilization as reflected by a shift in the population of the
folded state from 50% to about 30%. Glycosylation at position 36, results in stabilization that is shown by the mild increase in the population of the
folded state from 50% to about 52%. Panel B suggests that the effect on stability by attachment at different positions is correlated with the number on
intramolecular native contacts each position participates in. Residues 24 and 36 participate in 8 and 2 native contacts, respectively. (C) Location of the
35 designed glycosylation sites of SH3, color-coded according to their effect on folding temperature, illustrates that they are located in loops (blue;
high degree of folding) are more effective in enhancing protein stability than other sites (red; low degree of folding).

of the glycosylation site. It was found that stabilization or
destabilization by monoglycosylation results in a shift in
the degree of folding to 52% or 25%, respectively (at the
temperature at which the nonglycosylated protein is 50%
folded).

We then analyzed the structural characteristics of the sites
with the aim of correlating the properties of the glycosyl-
ation sites with the effect of glycosylation on the stability of
SH3. Figure 1B shows the degree of folding of the 35
monoglycosylated variants of SH3 as a function of the
number of native intramolecular contacts made by the
residue that constitutes the glycosylation site. A negative

correlation was found between the degree of folding and
the number of native contacts, indicating that glycosylation
ata more-structured region results in destabilization, while
glycosylation at a more-disordered region increases protein
stability. The location of the 35 selected glycosylation sites
of SH3, color-coded according to their effect on folding
temperature (7}), is depicted in Figure 1C, and illustrates
that glycosylation sites located on loops (blue) are more
effective in enhancing protein stability in contrast to other
sites which are more structured.

Owing to the limited number of glycoproteins whose
structure was fully resolved by X-ray crystallography or
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Effect of degree of glycosylation on folding thermodynamics and kinetics. (A) Effect of the degree of glycosylation (number of glycans, ranging from 0
to 6) of the SH3 domain on the thermodynamic stability of the protein, measured by the change in folding temperature relative to the nonglycosylated
protein (Tg; orange; left y-axis) or the degree of folding, which indicates the population of the folded state (gray, right y-axis). The degree of folding of
the glycosylated variants of SH3 was calculated at a temperature where the folded state of the nonglycosylated SH3 is 50% populated. Note that a
1.2% change in T corresponds to a folded state population 20% larger than that of the nonglycosylated protein. (B) Effect of the number of glycans on
the folding and unfolding rates of the glycosylated SH3 domain. All the data correspond to the simulations presented in Ref. [3°°].

NMR [18,19°,28], statistical analysis of the structural
features of glycosylation sites must be treated with cau-
tion. Yet, several structural analyses of glycoproteins
provide some interesting observations on the nature of
glycosylation sites. Petrescu ¢z /., find that occupied N-
glycosylation sites can occur on all forms of secondary
structure, but turns and bends are favored [18]. Combin-
ing the latter observation with the finding of higher
stabilization by glycans attached at less structured regions
(i.e. residues that are involved in fewer native contacts)
may suggest that natural glycosylations are involved in
protein stabilization.

The observation that the effect of glycosylation on
protein stability is highly sensitive to the location of
the glycosylation site in the 3D structure of proteins is
supported by previously reported protein conjugations.
T'ethering a protein to an immobile surface can result in
either stabilization or destabilization, depending on the
location of the residue used as the tether point [29].
Crosslinking of protein dimers via various covalent
bridges introduces a molecular crowding effect that is
highly dependent on the position of the crosslinking sites
[30].

Effect of the degree of glycosylation

Many glycoproteins contain several glycosylation sites,
which may be occupied alternatively or concomitantly. It
is therefore of great interest to understand how the
biophysical characteristics of glycoproteins are affected
by the number of oligosaccharides covalently attached to
the proteins and whether there is a cooperative effect

between the various glycans. T'o address this question, we
selected six positions on SH3 that stabilized the protein
when they were monoglycosylated (i.e. six positions were
selected from the 35 sites that were studied) (Figure 1A).
For these six selected glycosylation sites, we designed all
possible glycosylated variants using the undecasaccharide
ManyGlcNAc, (structure M9 in [4]) [3°°]. This design
resulted in 63 variants: 6 variants with a single glycan (one
at each of the glycosylation sites), 15 with two glycans, 20
with three glycans, 15 with four glycans, 6 with five
glycans, and a single fully glycosylated variant in which
all six positions were glycosylated. An increase in the
transition temperature [defined in the simulations as the
Tr at which the protein has a stability of 0 (i.e.
AGEY = AGMY" ~ 0)] is observed as the degree of gly-
cosylation increases (Figure 2A). On average, each glycan
increases the transition temperature by about 0.6-0.9°C.
The transition temperature of the SH3 domain with six
glycans is, accordingly, higher than that of wild-type SH3
by about 3-4°C. A similar increase in thermal stabilization
per additional glycan was demonstrated experimentally
by the chemical glycosylation of a-chymotrypsin [2°,31]
and subtilisin Carlsberg [32] using either the disaccharide
lactose or dextran (Glc(al-6) 6o, a 10 kDa polysacchar-
ide), with the increase in their melting temperature
depending on the number of glycans attached [2°,31].
The melting temperatures of a-chymotrypsin and of
subtilisin Carlsberg increased by 1°C and 2°C per added
glycan, respectively. Accordingly, the experiments and
simulations not only share a common stabilization trend
as a function of the degree of glycosylation, but also
quantitatively predict similar magnitudes of stabilization.
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T'o obtain a more quantitative understanding of the effect
of glycosylation on protein stability, we calculated the
degree of folding of the 63 variants of the glycosylated
SH3 domain. These calculations were performed at the
temperature at which wild-type SH3 is 50% folded.
Figure 2A (right-hand y-axis) illustrates that the degree
of folding increases significantly with the degree of gly-
cosylation by about 4% per added glycan. Glycosylation
thus profoundly shifts the population of the states that
comprise the energy landscape of proteins, with the
folded state being more populated than the unfolded
state.

The degree of glycosylation also affects protein folding
kinetics (Figure 2B). The unfolding rate decreases as the
degree of glycosylation increases, indicating kinetic
stabilization of the protein. The folding rate, by contrast,
accelerates with increasing degree of glycosylation, but
still the unfolding rate is affected more substantially than
the folding rate. The effect of glycosylation on folding
and unfolding kinetics is supported by experimental
results, which show a milder effect (if any) on the folding
rate than on the unfolding rate [33,34].

Effect of the oligosaccharide size

While the number of glycans conjugated to the proteins at
the glycosylation sites significantly affects the magnitude
of protein stabilization, the size of the oligosaccharides
has a minor effect. Conjugation of a-chymotrypsin with
dextran, produces a similar thermal stabilization to that
obtained from the attachment of lactose [2°,31]. The
minor effect of glycan size was also observed in a com-
putational study of SH3 when the pentasaccharide Manj.
GIcNAc, and undecasaccharide MangGlcNAc, were
shown to produce similar effects on protein stability
[3°°]. One may note that attachment, of polyethylene
glycol to proteins similarly to glycosylation, also increases
protein thermostability independently of the size of the
polyethylene glycol [35°].

Recently, a detailed thermodynamic and kinetic study
of folding was performed on a mono-N-glycosylated
variant of the adhesion domain of the human immune
cell receptor CD2 (an Ig domain) [16°°]. Of the 14
monosaccharides of Glc;MangGlcNAc,, the first unit
was found to account for two-thirds of the protein
stabilization effect relative to the nonglycosylated form.
The remaining third of the stabilization is contributed
mostly by the next two sugar units. The core trisacchar-
ides ManGIlcNAc; of the above glycan was responsible
for an overall enhancement of 3.1 kcal/mol in the
stability of the glycosylated protein and for a fourfold
increase in folding kinetics. The glycosylation of this
protein, which does not fold in its deglycosylated form
(AG = 0.4 kcal/mol), stabilizes the protein more effi-
ciently than do mutations based on homologs of this
protein with higher stability.

Stabilization by glycosylation: enthalpic or entropic
effect?

Protein stabilization by glycosylation, indicated either by
a higher melting temperature or by a larger free energy
difference between the folded and unfolded states for the
glycosylated protein than for its nonglycosylated counter-
part, has been reported for several proteins [2°], such as
avidin [23], ribonuclease [36], dihydrofolate reductase
[37], and the CD2 protein [16°°]. Yet, currently the
mechanism of this enhanced stabilization is unclear.
Several different glycosylation-induced changes in the
energy landscape of a protein can explain the increased
stability, which may originate from effects on the folded
or unfolded states. More specifically, stabilization of the
folded state or destabilization of the unfolded state will
both result in enhanced stability for the folded protein.
Furthermore, one has to ask whether the enhanced
stability (i.e. the lower or higher free energy of the folded
or unfolded states, respectively) is of enthalpic or entropic
origin.

In some structural studies of glycoproteins, specific inter-
actions between the sugar and amino acids of the folded
protein were observed [15,38], namely, the stabilization
effect in these cases is enthalpic in origin. Earlier studies
suggested that the origin of glycoprotein’s thermal stabil-
ization is largely entropic, rather than enthalpic [23,39—
41] proposing a ‘chaperone-like’ activity of glycans [11].
Accordingly, there is a controversy as to whether glycans
affect the entropy or enthalpy and whether these effects
are mainly on the folded or unfolded state (or a combi-
nation of both). Experimental investigations often do not
provide direct insight into the origin of this stabilization
and theoretical studies therefore serve a complementary

role [42,43].

Decomposing the folding free energy into the free ener-
gies of the folded and unfolded states of the 63 variants of
SH3 with different degrees of glycosylation reveals inter-
esting insights into the origin of stabilization by glyco-
sylation [3°®]. The decrease in the free energy for folding
as a function of the degree of glycosylation is associated
with a clear increase in the free energy of the ensemble of
the unfolded state (i.e. destabilization of the unfolded
state) [3°°]. The free energy of the folded state ensemble
remains unchanged, independently of the degree of
glycosylation. Further decomposition of the free energy
of the folded state into its enthalpy and entropy com-
ponents reveals that it is actually not altered by the
glycosylation. Both the enthalpy and the entropy of
the folded state decrease as the degree of glycosylation
increases. The reduced entropy induced by glycosylation
is caused by the suppression of protein fluctuations in the
folded state while its conformation remains unchanged
[15,40,44,45°°]. As was suggested by several experimen-
tal studies [2°], the glycans can therefore be viewed
as imposing pressure on the protein that reduces the
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Schematic free energy profile of a glycoprotein. Carbohydrates often stabilize proteins by destabilizing the unfolded state. The destabilization

correlates with higher enthalpy because of the inhibition of residual structure formation in the unfolded state. The folded state of the glycoprotein is
characterized by lower entropy and enthalpy because of the suppression of its native flexibility compared to the nonglycosylated variant, but overall
the free energy of the folded state is mildly affected by the glycosylation. Destabilization of the unfolded state increases together with the degree of

glycosylation and, to a small extent, with the size of the glycans.

flexibility of the folded state. For example, it was found
that glycosylation affects the structural dynamics of a-
chymotrypsin and subtilisin Carlsberg [32]. We empha-
size, however, that a change in dynamics (i.e. entropy)
can be coupled with a change in energy (i.e. enthalpy). In
our theoretical study, we found that the rigidified struc-
ture induced by glycosylation is characterized by tertiary
interactions that are more localized in their optimal
distances; thus, this rigidified structure and thus has a
lower enthalpy [3°°]. The magnitude of the decrease in
the enthalpy and entropy of the folded state is very
similar, and since these two effects operate in opposing
directions, they compensate for each other and, there-
fore, the net change in the free energy of the folded state
is negligible.

Decomposing the free energy of the unfolded state into
its enthalpic and entropic components also reveals that
the major contribution to the increase in free energy when
more glycans are added is enthalpic in origin. The glycans
affect the dynamics of the unfolded proteins. Owing to
their bulkiness, the glycans restrict the conformational
space of the unfolded glycosylated polypeptide chain in
comparison to that of the unfolded nonglycosylated

protein. Numerous experimental and theoretical studies
support the understanding that, although proteins in the
unfolded state can be described by polymer physics as
having the statistics of a random coil [46,47], they are
often not without structure. Residual structure supported
by native contacts or by the transient formation of non-
native contacts [48,49] may result in an unfolded state
with nonzero enthalpy (and its entropy is expected to be
lower than that of a random coil polymer of the same size).
Attachment of oligosaccharides can obviously affect the
enthalpy and entropy of the unfolded protein (Figure 3).
Prohibiting formation of transient interactions in the
unfolded state results in an unfolded state with a higher
enthalpy (i.e. in destabilization of the unfolded state) that
increases with the degree of glycosylation. The effect of
the oligosaccharides on the entropy of the unfolded state
is more complicated. The glycans may confine the con-
formational space of the unfolded state, which will shrink
its entropy, or the restriction on the formation of residual
structures may contribute to an increase in the entropy of
the folded state. In our study, we found a mild increase in
the entropy of the unfolded state when more glycans are
added, namely the stability of the unfolded state is
governed by the change in enthalpy.

www.sciencedirect.com
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Effect of glycosylation on the dimensions of the folded and unfolded states. The radii of gyration of the folded and unfolded states of the glycosylated
variants of SH3 (see Figure 1) are drawn as a function of the degree of glycosylation. While the size of the folded conformations is hardly affected by
glycosylation, the unfolded conformation expands and becomes less compact because of the unwinding of the residual structure by the bulky sugar

groups.

Glycosylation affects the unfolded state ensemble

As explained in the foregoing, glycosylation increases the
enthalpy of the unfolded state, which results in a higher
free energy. The destabilization of the unfolded state
ensemble because of reduced residual structure is
reflected in a significant increase in the radius of gyration
of the unfolded protein (Figure 4). The conformations in
the unfolded state ensemble of the glycosylated proteins
are more extended in comparison to the nonglycosylated
form and their dimensions correlate with the degree of
glycosylation. SH3 to which to six glycans are attached is
~10% larger in its unfolded state than is the nonglyco-
sylated SH3. The conformations of the folded state
ensemble, by contrast, remain very compact regardless
of the degree of glycosylation (the folded state actually
becomes slightly more compact, in agreement with the
observed reduction in the flexibility induced by the
glycans). Recent small angle X-ray scattering measure-
ments of Pheniophora lycii phytase, a glycoprotein, show
that the dimensions of the unfolded and folded confor-
mations are respectively 32% and 11% larger than those of
the deglycosylated protein, respectively (note that the
calculated radii of gyration in these measurements in-
clude contributions from both the protein and the glycans
[45°°]). The expansion of the unfolded conformations
supports the notion that the glycans affect the dynamics
of the unfolded state.

The expansion of the unfolded state for different num-
bers of glycans occurs in an almost additive manner. Each
glycan restricts the formation of interactions in the sur-
roundings of its attachment sites and therefore disturbs
the local structure in its vicinity. The local effect of each
glycan depends on the topological characteristics of its
glycosylation site (e.g. on the number of native contacts
the residue at the site is involved in, as discussed above)
and can be treated as the ‘“fingerprint’ of the glycosylation
site [3*°]. The local perturbation of the unfolded state
caused by the glycans is in accord with the observation
that the first sugars are more effective in affecting protein
stability (i.e. the length of the glycans has a minor effect).
Furthermore, the finding that the effect of the glycans on
protein stability is additive supports the notion that each
glycan locally affects the dynamics of the unfolded state
and that there is no significant long-range communication
between the glycans.

Conclusions

The roles of glycosylation as well as other PTMs in
controlling protein function are widely acknowledged,
yet their effects on the physico-chemical nature of
proteins are poorly understood and have not received
sufficient attention. In this article, we discuss the thermo-
dynamic and Kkinetic effects of glycosylation on protein
folding, motivated by a desire to formulate the molecular
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components that dictate the cross-talk between the carbo-
hydrates and the protein. It is possible that cross-talk
between different PTMs (e.g. between glycosylation and
ubiquitination [50]) is mediated via changes in the bio-
physical characteristics of the protein. There is evidence
that mutating the glycosylation sites of a protein iz vivo
reduces the efficiency of folding and increases degra-
dation [51]. It is possible that the folding is less efficient
because the interaction with the ER lectins chaperons is
interrupted. According to this scenario the chances of
correct folding are lower because the direct lectin—glycan
interaction, which has a chaperoning effect, is abolished
and therefore results in misfolded polypeptides that are
easily degraded [51]. Alternatively, the inherent instabil-
ity that occurs as a result of elimination of the glycans,
evidence for which was presented in this article, may
promote degradation rather than correct folding of the
naked protein and its secretion.

The magnitude of thermodynamic protein stabilization
by glycosylation depends on the properties of both the
carbohydrate and the protein moieties. From the carbo-
hydrate perspective, enhanced stability is correlated with
degree of glycosylation and, to a much smaller extent,
with the size of the attached glycans. Actually, the first
two to three saccharides of large glycans often contribute
almost all the stabilization effect. A similar phenomenon
was observed for PEGylated proteins where increasing
the length of the polyethylene glycol very mildly affected
protein stability [52]. From the protein perspective, the
degree of glycosylation strongly depends on the position
of the attached glycans. Greater stabilization effect is
achieved when the attached glycan is located at a more
flexible region (e.g. a loop) of the protein. Accordingly,
the same degree of glycosylation may result in a different
thermal effect depending on the location of the sugars.
When the glycosylation site is located at a highly struc-
tured region, a significant destabilization occurs. The
finding that occupied glycosylation sites tend to be
located in flexible regions of the protein suggests that
these sites are selected to yield increase its stability.

Stabilization by glycosylation often correlates with
reduced flexibility of the folded protein, yet this reduced
entropy is compensated for by reduced enthalpy. The
free energy of the folded state, therefore, may be only
mildly affected by the conjugation of the carbohydrates.
The free energy of the unfolded state increases upon
glycosylation and this may result from an increase in
enthalpy and/or decrease in entropy. Our computational
study indicates a significant change in the enthalpy of the
unfolded state because of the inhibition of the formation
of residual structures, which are normally formed in the
absence of the conjugates [3°°]. This provides further
evidence for the importance of the unfolded state in
modulating folding biophysics and that its polymer phy-
sics is richer than that of a random coil polymer.
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The stabilization effect of glycosylation is reminiscent of
the protein stabilization introduced by molecular crowd-
ing or by confinement. Although glycosylation changes
the folding transition temperature by just ~1-2% (for
comparison, molecular crowding and confinement may
vield a change of ~7% [53] and ~25% [54-57], respect-
ively), it is associated with a significant population shift
from the unfolded to the folded state. It is likely that
glycoproteins in a crowded or confined environment will
exhibit an enhanced stabilization effect, yet the syner-
gism between the carbohydrates and the crowded or
confined environments is unclear.

The effect of glycosylation on the biophysical character-
istics of proteins may suggest that perturbation of the
protein structure by conjugation may be a general mech-
anism by which proteins may be modulated and enriched.
Furthermore, the modulation of protein characteristics
may support the biological activity of the P'TM.
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