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Abstract This review aims at discussing the molecular details of the folding

mechanisms of conjugated proteins using computational tools. Almost all
studies of protein folding focus on individual proteins and do not consider
how interactions with posttranslational modifications and between domains
might affect folding. However, different chemical conjugations may
introduce a variety of effects on the protein biophysics. These effects
depend both on the chemical characteristics of the protein substrate as
well as on the chemical and physical properties of the attachment. We
review the folding of various types of conjugated proteins, glycoproteins,
proteins with tails, ubiquitinated proteins, and multidomain proteins, to
explore the underlying biophysical principles of these complex folding
processes and in particular to quantify the cross-talk between the protein
and its conjugated polymer.
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1. INTRODUCTION

The field of protein folding has traditionally focused on the folding of individual
proteins in isolation following the paradigm that sequence determines structure
and structure determines function. The funnel theory of protein folding hypothe-
sizes that the folding process of a protein is governed by its native structure as
was determined by the sequence, since nonnative interactions that may compete
with the native interactions and introduce frustration and thus accumulation of
traps are minimized [1,2]. However, protein folding in vivo is much more com-
plicated because in the cell there are several factors that may affect the folding.
For example, chaperons participate in folding and may change the folding path-
way and thermodynamics, as well as the inherently crowded environment of the
cell. Another way to affect the folding of a protein is by conjugated moieties as
posttranslational modifications (PTMs) (see Figure 1). There is a large variety of
PTMs in the cell that serve diverse biological functions. Phosphorylation, for
example, is widely used in signal transduction [3]. Ubiquitination, the covalent
attachment of the protein ubiquitin, controls the cellular fate of many eukaryotic
proteins [4,5]. Sugar trees attached during glycosylation serve as recognition
factors to receptors and in protein-protein interactions [6]; the ability of sugar-
binding protein receptors (primarily lectins) to recognize carbohydrate conju-
gates lies at the heart of many central biological processes [7]. Viruses recognize
sugars and use them as targets for cell penetration and infection [8]. Myristoyla-
tion and palmytoylation, the covalent attachment of a fatty acid, help protein
trafficking and membrane association [9].

Figure 1 A gallery of conjugated proteins. (a) A tailed SH3 protein. (b) A multidomain protein
(FNfn9—FNfn10). (c) A glycosylated SH3 protein. (d) A ubiquitinated Ubc7 protein (monomeric
ubiquitin). (e) A ubiquitinated Ubc7 (Lys48-linked tetrameric ubiquitin).
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But do the PTMs have a biophysical effect on the protein that may be related
to the biological function of the modified protein? In glycoproteins the glycan is
added to the unfolded protein while it is in the translocon complex [10], indicat-
ing that it may assist in obtaining the correct fold following the recruitment of
lectins, calnexin and calreticulin [11-13]. There is evidence for enhanced thermo-
stability imposed by glycosylation [14]; for example, the human immune cell
receptor cluster of differentiation CD2 can fold correctly only after glycosylation
[15,16]. In other cases, however, elimination of all or some glycans has no effect
on folding or protein function, implying that some glycosylation sites are more
crucial to folding or function than others and that the effect of glycans on folding
is likely to be local.

The chemical properties of both the oligosaccharide and the protein may
govern the effect of glycosylation on the protein energy landscape and hence
the biophysical properties of the conjugated protein. On the one hand, the size of
the sugar tree, its chemical composition, and its structure (e.g., the number of
branches) have an effect on the overall change in the nature of the conjugated
protein. On the other hand, the specific glycosylation site and its chemical
environment as well as the number of conjugated glycans may modulate the
effect of glycosylation on the protein. A quantification of this relationship
between the properties of both the sugar and the protein, and the overall influ-
ence on the glycoprotein’s energy landscape may formulate a “glycosylation
code”. Deciphering such a molecular code, however, is a difficult task for two
main reasons. First, there is large variety in the composition and structure of
oligosaccharides. Second, the structural information about glycans in the context
of the folded protein is very limited—while about 50% of all proteins are glyco-
sylated only 3.5% of the proteins in the Protein Data Bank (PDB) contain the
glycan chains and even fewer entries include the full structure of the glycans
[17,18]. By studying the folding of glycosylated proteins in silico we can try to
formulate the main characteristics of the interplay between a protein and con-
jugated sugars.

A similar kind of conjugation is the existence of an unstructured tail at the
termini of proteins (see Figure 1). In nature, there are intrinsically disordered
proteins that remain very flexible until they interact with a companion protein
that induces structure [19,20]. Disordered tails, in particular, have a role in
interacting with other biomolecules such as DNA [21,22] and can accelerate
binding kinetics via the fly-casting mechanism [23-25]. Using computational
methods we can ask if the attachment of a flexible polymer can modulate the
biophysical properties of the protein. As with glycoproteins, we can also ask how
the characteristics of the tail (length and flexibility) affect protein characteristics.
Furthermore, tails can be conjugated to the proteins not only at the termini but as
a branch via the side chain. In this case, one can ask how the number of tails and
their conjugation sites modulate the protein’s biophysical properties.

The modification of proteins by attaching chains of ubiquitin (known as
ubiquitination) can serve as another example to study interface effects between
domains. Ubiquitination is a unique PTM in that the conjugated modification is a
protein or a polymer of proteins, which can be viewed as a special case of
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multidomain protein. The covalent attachment of ubiquitin molecules to the
substrate protein is done using an isopeptide bond between the C-terminal of
ubiquitin and a Lys of the substrate. The conjugated ubiquitin itself can be further
connected, by one of its seven lysine residues, to other ubiquitin molecules. The
points of attachment in the polymer determine the shape and topology of the
modification, as well as the fate of the modified protein [26,27]. The most well-
characterized chain topology is that in which the isopeptide link is formed using
lysine on position 48 in each of the attached ubiquitin molecules. This type of
attachment creates a densely packed tetramer having a large interface with the
ubiquitinated substrate (see Figure 1). These Lys48-linked chains are commonly
related to protein degradation. Another, very different, elongated topology is
obtained by the attachment of subsequent ubiquitin units using the lysine in
position 63. The biological function of this ubiquitin tree is nondegenerative, but
related to other processes, such as DNA repair. A fundamental question is the
effect of ubiquitination on the protein’s thermodynamics and kinetics. The ubi-
quitin attachment may significantly affect the substrate in various ways that may
support the function introduced by the conjugation [28].

Another kind of conjugated entity may be a protein domain in the context of
multidomain proteins (see Figure 1) [29,30]. Multidomain proteins are very
common in genomes and the folding of the tethered domain might be different
to that of the isolated domains. A domain is defined as a structural, functional,
and evolutionary component of proteins that can often be expressed as a single
unit [31]. In fact, implementation of sequence analyses had shown that most
eukaryotic and a cardinal part of prokaryotic proteins are composed of more
than one domain [32] and that proteins have evolved through vast duplication
and shuffling of domains. However, only a small fraction of possible domain
combinations can be found in wild-type multidomain proteins. This modular
character of a limited set of domain families supported the emergence of complex
protein functions. Yet, the existing domain combinations must have also met
constraints of folding in the native operative context, in which the domains fold
in the presence of their tethered neighboring domains. Folding in a multidomain
architecture suggests a conservation of energetically favorable folding pathways
also in the perspective of these conjugated constructs.

Multidomain proteins may be viewed as conjugated proteins in which each
domain may affect the folding dynamics and thermodynamic properties of its
counterpart domain. Experimentally, the thermodynamics and kinetics of both
isolated domains and conjugated constructs from several multidomain proteins
were studied (a very detailed and fairly current report can be found in Reference
[29]). A computational characterization of the mechanistic principles of the fold-
ing of multidomain proteins [33], utilizing native structure-based models, pro-
vides a reduced microscopic description of their folding, which in turn may
enable the formulation of the forces involved in the interplay between neighbor-
ing domains.

In this paper, we discuss the biophysical effects that are imposed on a protein
by conjugation. Specifically, we ask how the nature of the conjugation (its size,
shape, flexibility, and conjugation site) affects protein folding.
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2. METHODS

The various conjugated protein systems were studied using coarse-grained
models. The protein moiety was studied using a native topology-based model
and the conjugate moieties were modeled in various ways to capture their poly-
meric nature. Both the tail and glycan [34,35] were modeled as flexible polymers.
The glycan was represented as a tree of beads where each bead represents a single
sugar ring. The rigidity of the glycan was introduced by including an angle
potential term between the sugar beads and by the excluded volume effect. The
tail was modeled as an entropic chain of beads connected with bonds. The flex-
ibility of the chain was represented solely by the excluded volume. The conjuga-
tion of a protein, as in multidomain proteins or ubiquitinated proteins [28], was
modeled by the native topology-based model as well, yet one can control the
relative stability of the conjugates by constraining the protein dynamics. The
details of the models can be found in previous publications [36,37].

We would like to point out that, because conjugated proteins may have inho-
mogeneous degrees of freedom (i.e., part of the system is significantly more flexible
than the rest), special care is required in choosing the thermostat for the molecular
dynamics simulations. We have recently reported that the Berendsen and the
Langevin thermostats show different abilities to regulate the temperature of sys-
tems that include flexible and more rigid regions [38]. In simulations performed
using the Berendsen thermostat, the flexible tail is significantly hotter than the
protein, both in its folded and unfolded states. Upon weakening the strength of the
Berendsen thermostat, the temperature gradient between the fast and the slow
degrees of freedom is significantly decreased, yet linkage between the tempera-
tures of the flexible tail and the protein remains. The Langevin thermostat is
proven to regulate the temperature of these inhomogeneous systems reliably,
without discriminating between the slow and fast degrees of freedom (Figure 2).

3. RESULTS AND DISCUSSION

3.1 Folding of glycoproteins

A thorough investigation of the effect of glycosylation on the stability of the
conjugated protein demonstrated that, while in some cases the oligosaccharide
increased its thermodynamic stability, in other cases protein stability was not
affected or was even reduced. This was observed from folding-unfolding simu-
lations of 35 glycoconjugated variants of the Src Homology domain 3 (SH3). In
these simulations the glycan was attached to 35 different solvent-exposed posi-
tions on the protein’s surface to obtain 35 variants of glycoconjugated proteins
with a single oligosaccharide attached. A detailed description of the simulations
can be found in References [34,35]. In general, it was observed that the change in
protein stability is tightly related to the location of the attached glycan. The
influence of the glycan varies between stabilization to significant destabilization,
which is reflected by the relative population of the folded and unfolded states.
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Figure 2 The effect of the thermostat on the temperature of the conjugate. Time evolution of
the temperatures of the flexible polymeric tail (composed of 80 residues) and the SH3 domain
simulated with the Berendsen thermostat (right panel) and the Langevin thermostat (left panel).
The gray lines correspond to the time evolution of the number of native contacts and show
several folding/unfolding events. The temperatures of the tail (thin black line) and the SH3 domain
(thick black line) illustrate that the Langevin thermostat reliably regulates the temperature of the
inhomogeneous system without discriminating between the slow and fast degrees of freedom
while the Berendsen thermostat yields temperature gradients between the fast and slow degrees
of freedom.
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Figure 3 The linkage between the position of the conjugation sites and the effect introduced by
the conjugation. The glycosylation (a) and ubiquitination (b) sites are characterized by the number
of native contacts the modification site is involved in. Both glycosylation and ubiquitination will
show destabilization if the modification is made at a more structured position. Experimentally, it
was shown that cross-linked dimers will be destabilized compared to the isolated monomers if the
cross-linking is made through a structured residue (b, triangles).

The thermostability effect at each of the 35 selected glycosylation sites of SH3 is
depicted in Figure 3a, and illustrates that glycosylation sites located on loops
(less structured positions) are more effective in enhancing protein stability than
other sites that are more structured.

Since the structures of only a small fraction of natural glycoproteins have been
fully resolved by either X-ray crystallography or NMR, statistical analysis of the
structural features of favored glycosylation sites is limited. Yet, several structural
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Figure 4 Effect of degree of glycosylation on protein biophysics. (a) The effect of degree of
glycosylation on thermal stability as measured either by the change in T: relative to the
unmodified protein (AT = (TgYcosYlated_y unglycosylated) /- unglycosylated . by, the degree of folding
(calculated at the temperature at which the folded state of the unmodified protein is 50%
populated). (b) The effect of degree of glycosylation on the size of folded and unfolded
conformations.

analyses of glycoproteins that provide some insight regarding the tendency of the
potential site containing the consensus sequon of N-glycosylation to accept
glycans [18] found that while occupied N-glycosylation sites can occur on all
forms of secondary structure, turns and bends are favored. Combining 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.

Since many glycoproteins contain several glycans, it is of great interest to
understand how the biophysical characteristics of glycoproteins are affected as
a function of the number of the covalently attached oligosaccharides. Specifi-
cally, we asked whether there is a cooperative effect between the various
attached glycans. To address this question, six positions on SH3, which stabi-
lized the protein, were selected from the 35 sites that were studied. For these six
selected glycosylation sites, we designed all possible glycosylated variants
using the dodecasaccharide ManyGIcNAc,. 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 glycosy-
lated. An increase in the transition temperature (defined in the simulations
as the folding temperature (TF) at which the protein has a stability of zero
(i.e., AGEY°=AG™'~0)) is observed as the degree of glycosylation increases
(Figure 4). 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 [39,40] and
subtilisin Carlsberg [34,35] using either the disaccharide lactose or dextran
(Glc(01-6)n, 10kDa oligosaccharide), with the increase in their melting
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temperature depending on the number of glycans attached. The melting tem-
peratures of o-chymotrypsin and of subtilisin Carlsberg increased by 1 and 2°C
per added glycan, respectively. Accordingly, not only do the experiments and
simulations share a common stabilization trend as a function of the degree of
glycosylation, but they also quantitatively predict similar magnitudes of
stabilization.

Comprehensive thermodynamic analyses of the simulations demonstrate that
changes in the unfolded state cause the thermal stabilization [34]. This observa-
tion is in accord with the idea that the unfolded state is not just a random coil but,
rather, retains some residual structures, and it was observed that the conjugated
glycans interfered with the formation of these structures in the unfolded state.
This interference destabilized the unfolded state, shifted the thermodynamic
equilibrium toward the folded state, and resulted in an overall thermodynamic
stabilization.

3.2 Folding of proteins with flexible tails

To examine the effect of flexible tails on the stability of the protein we attached
tails of various lengths to various positions of the SH3 domain, and simulated the
folding/unfolding of each variant to decipher the effect of the tail’s length on the
stability and kinetics of the protein. We found that a short tail of few beads
stabilized the protein and the stabilization was increased with the length of the
tail (Figure 5). However, longer tails destabilize the protein and reduce the Tr
even below the T of the unmodified proteins. It seems that the first few beads of
the tail are responsible for the stabilization, and a question arises, why do longer
tails destabilize the protein? Figure 4b presents the change in the R of the protein
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Figure 5 Folding characteristics of tailed proteins. The effects of the length of the attached flexible
tail on the protein’s thermostability (a) and the protein’s radius of gyration in the unfolded state (the
tails were attached to an SH3 domain at residue 36). The stability and radius of gyration changes are
indicated by ATF=(TFwith tail_TFunmodiﬁed)/TFunmodiﬁed and ARg=(ngith taiI_Rgunmodified)/Rgunmodiﬁedy
respectively. Tails with three different kinds of repulsive interactions with the protein were studied:
repulsion distance of 4 or 6 A between the tail and the protein, as well as cases in which the tail had
no repulsive interactions with the SH3 protein.
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with respect to that of the wild-type SH3 domain. The R of the protein was not
altered by the tail in the folded state (not shown); it remained constant and
similar to that of the wild-type SH3 domain. In the unfolded state, however, the
R of the protein was increased with the length of the tail. The inert tail, which
was not in a specific interaction with the protein, interfered with the structure of
the unfolded state. This observation is in accord with the increased enthalpy and
entropy of the conjugated variants in the unfolded state.

To understand the effect of the repulsive interaction between the tail and the
protein on thermodynamic stability, we repeated the simulations while canceling
these repulsive interactions. As a result, we obtained two chains, a protein and an
entropic chain, that could penetrate each other’s spaces. Shutting down the
repulsion between the tail and the protein reduced the stability of the protein
(Figure 5a). Increasing the repulsion distance to 6A resulted in enhanced thermal
stability. These results imply that the protein-tail repulsive interactions are
responsible for the alteration in thermodynamic stability. Interestingly, the R,
of the protein during the unfolded state increased with the length of the tail even
when the repulsions where shut down (Figure 5b).

The entropy of the protein is affected by two opposing factors. First, the tail is
very flexible and can disrupt the structure of the unfolded state. This is because the
tail increases the R, of the protein and so increases its enthalpy. This necessarily
increases the entropy of the protein, because when the residual structure is reduced,
more conformations are available and the entropy increases. On the other hand, one
may assume that the tail confines the available space of the protein because it
reduces the dynamics of the unfolded chain. The repulsive interactions between
the protein and the tail restrict the expansion of the protein and hence reduce its
entropy. It is evident that the number of repulsive interactions between the tail and
the protein levels off when the tail contains 25 beads and longer tails do not
contribute to additional repulsive interactions. As a result of these two opposing
factors, the entropy increases as the tail gets longer, but when the confining effect of
the protein reaches its saturation level, the remaining effect becomes dominant and
the entropy increases more rapidly than the enthalpy. Then, the free energy of the
unfolded state becomes lower and, as a result, the protein is destabilized.

3.3 Folding of ubiquitinated proteins

Recently, we studied the thermodynamic effects of attaching an ubiquitin moiety
to a protein, and suggested that these effects may facilitate the cellular process
that this specific signal controls [28]. One of the processes ubiquitination med-
iates is protein degradation: a highly regulated process in which proteins are first
recognized by specific cellular machinery, ubiquitinated by a specific ubiquitin
polymer (Figure le), and then delivered to the proteasome, where they first
undergo unfolding and later are degraded into small fragments. We have specu-
lated that, in addition to its recognition role, the ubiquitin attachment may
enhance the degradation process by thermally destabilizing the protein. To
address this question, we selected the enzyme Ubc7 (Figure 6a), which is ubiqui-
tinated for degradation by a specific ubiquitin polymer (Lys48-linked
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Figure 6 Thermostability of ubiquitinated proteins. The effect of conjugating various ubiquitin
polymers (e.g., a monomeric ubiquitin or Lys48-linked polyubiquitin) at the conserved in vivo sites
for degradation of Ubc7 protein (residues 89 and 94) as well as at other lysine residues was
investigated (a). The computational melting curve of ubiquitinated Ubc7 at positions 89 and 94 by
Lys48-linked polyubiquitin indicates strong destabilization compared to the unmodified Ubc7 while
its ubiquitination at Lys18 results in stabilization. To ease the comparison, the melting curve of
monoubiquitinated Ubc7 at these positions is shown as well (ubiquitination by monomeric ubiquitin
or by Lys-48 linked tetra-ubiquitin are shown by empty and filled symbols, respectively) (b).
Distributions of the radii of gyration of the ubiquitinated src-SH3 domain systems in the folded and
unfolded state illustrate that the change in thermal stability is correlated with changes in the
structure of the unfolded state (c).

polyubiquitin) on two residues only, although many other residues are theo-
retically available for use. Using native-state simulation models, we studied the
thermodynamics of this protein with and without a ubiquitin attached at these two
residues as well as on other residues that are not used by the cellular machinery.
We used a variety of ubiquitin polymers in our study (for example, the tetrameric
ubiquitin polymer that is used to tag proteins for degradation and a monomeric
ubiquitin that is used by the cell to mediate other nondegradative processes). We
observed a range of ubiquitination effects that varied according to the location
of the ubiquitin attachment and the type of the ubiquitin polymer we used [28].
These results varied from overstabilizing the protein to different degrees of
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destabilization (Figure 6b). Interestingly, we observed a significant destabilization
when attaching the ubiquitin polymer that is responsible for signaling degradation
to the specific two residues that are used by the cell for Ubc7 degradation. This
suggests that ubiquitin may directly modulate the attached protein’s properties in
a manner that aids the regulated cellular process.

Why do we observe such diverse thermodynamics when attaching a protein to
another protein moiety, such as seen in the ubiquitin case? Clearly, various factors
affect the thermal stability of the attached protein. One such factor is the well-
studied confinement effect, which reduces the entropy of the unfolded state and
thereby stabilizes the overall folding reaction (Figure 6c) [41,42]. In the case of
ubiquitination, we have observed overstabilization of the protein due to a confine-
ment effect; however, this effect is relatively minor and rare. Another effect that is
largely responsible for the varying degree of destabilization observed in our study
arises when two protein moieties move in different directions in the solvent,
thereby pulling each other. This pulling results in a distortion of the folded state
and in the destruction of residual structures in the unfolded state. The pulling effect
leads to overall destabilization, mostly because of the increase in the entropy of the
unfolded state, due to the residual structures that are unwound near the ubiquiti-
nation attachment. We have demonstrated that the degree of destabilization
becomes greater when the ubiquitin moiety is attached to a more structured region
(Figure 3b). Regions that are structured cannot easily accommodate the attachment
of the ubiquitin moiety and its independent movements, and therefore are prone to
disruption of the folded state, and to a decrease in the residual structure of the
unfolded state near the ubiquitination site. This is evident in a strong correlation
observed between the degree of structure in the region and the thermodynamic
outcome of attaching an ubiquitin to this region. Our observations of these correla-
tions are augmented by experimental studies in which a nuclease protein was cross-
linked in vitro, thus forming a dimer from two monomers using introduced
cysteine residues [43,44]. In these studies, different dimers were formed by using
different linkage locations, and similarly to our observations, a degree of destabili-
zation was observed. This degree of destabilization correlates well with the density
of the structure near the modification site (Figure 3b). Therefore, from these two
different systems—ubiquitination of Ubc7 and nuclease cross-linking—we can
conclude that the covalent attachment of a protein to another protein may lead to
a significant change in the thermal stability of the conjugated protein, and that the
thermodynamic outcome is largely dependent on the properties of the modification
site. These effects can be used by the cell to facilitate important processes, such as
mediating degradation, as in the case of ubiquitination, and can be exploited by
experimentalists to alter the properties of the studied system.

3.4 Folding of multidomain proteins

Multidomain proteins are widespread in genomes. The tethering of domains may
play a biophysical role in addition to enriching functional diversity. To explore
the underlying biophysical principles of the complex folding processes of
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multidomain proteins and, in particular, to quantify the cross-talk between the
domains, a reduced coarse-grained model based on the native topology was
used. The method applied involved a comparison between a two-domain con-
jugated construct and its isolated domain components. We will concentrate on
the FNfn9 domain and its natural conjugated neighbor FNfn10 (the ninth and
tenth fnlll domains of Fibronectin, PDB code 1fnf). Experiments have shown that
FNfn9, which appeared to be unstable on its own, was significantly stabilized by
its conjugated neighbor FNfn10 [45]. However, when FNfn9 was lengthened by
two residues, its stability was found to be independent of the presence of FNfn10
[46]. Therefore, it was concluded that the two residues at the C-terminus of FNfn9
and the N-terminus of FNfn10 belong to both domains. Following this domain
boundaries definition, the isolated domains and the two-domain conjugated
construct were studied and their thermodynamic properties were calculated
using the weighted histogram analysis method (WHAM). Figure 7 shows plots
of specific heat capacity (C,) vs. temperature. The peak of these curves corre-
sponds to the transition folding temperature (Tg) at which the protein has zero
stability (i.e., AG=0). A significant destabilization is demonstrated by the tether-
ing of FNfn9 to FNfn10 i.e., the Tr of the FNfn9 tethered variant is smaller than
that of isolated FNfn9. Moreover, if one does not include the interfacial contacts
between the two adjacent domains, the decrease in stability is significantly larger.
It seems that, in the framework of our model, the tethering by itself causes
considerable thermal destabilization. Additional simulations point to the invol-
vement of the structure and flexibility of the linker region (marked as balls and
sticks in Figure 1b). The contacts in the interface between domains may compen-
sate for this destabilization; however, in the case of FNfn9-FNfn10 construct this
was not sufficient. Next to be considered is the effect of the relative stabilities of
the domains. In order to account for the immense difference in thermal stability
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8 8
& & 2000
1000
0 - T T T T T
112 114 116 118 120 1.22 1.24 1.26
Temperature (a.u.) Temperature (a.u.)

Figure 7 The thermal stability of the multidomain FNfn9—FNfn10 protein. (a) The specific heat
curve of the FNfn9 domain in isolation, when it is tethered to FNfnl10, and when it is tethered to
FNfn10 but no interfacial interactions between the two domains are allowed. (b) The specific heat
of the isolated FNfn9 domain is compared to that of an FNfn9 tethered to an infinitely (i.e.,
permanently) stable FNfn10.
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between FNfn9 and FNfn10 [46,47], we designed FNfn10 to be petrified in the
folded state. This means that, during folding, FNfn9 “meets” its tethered neigh-
bor when the latter is always folded. This situation, which better distributes the
thermal stabilities of the components of this two-domain construct, seems to
compensate for the original decrease in stability. Now, the construct in which
FNfn10 is folded (Figure 7) shows very similar stability to that of isolated FNfn9,
as was also found experimentally.

4. CONCLUSIONS

Many proteins are composed of several domains. These domains may be in direct
contact with each other or linked via a flexible linker. One may ask whether the
biophysical characteristics of the domains are modified because of the tethering.
We show that the properties of the tethered domains can be significantly affected
by conjugation to another domain and these effects depend on the properties of
the two domains: their flexibility, relative stability, size, and shape. Accordingly,
a multidomain protein should not be viewed as a protein that can be described as
“sum of its parts”. While the tethering in natural multidomain proteins always
takes place via the termini and the protein remains a linear polymer, PTMs often
result in branched proteins in which a conjugate is attached to the protein
through the side chains of various amino acids. The conjugate can have a poly-
meric nature. For example, in glycosylation and ubiquitination, polysaccharides
or ubiquitin proteins are attached to the protein substrate, respectively. In this
article, we showed that glycosylated and ubiquitinated proteins can be either
stabilized or destabilized by the conjugation depending on the degree of con-
jugation, its position on the protein, and the molecular details of the conjugate.
We conclude that conjugation can enrich the properties of proteins that are
encoded in the genome and that nature may take advantage of this venue to
modulate protein biophysics. We show that ubiquitination can induce destabili-
zation and unfolding and thus assists degradation by the proteasome.
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