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Abstract: Ubiquitination is one of the most common post-translational modifications of proteins,
and mediates regulated protein degradation among other cellular processes. A fundamental ques-
tion regarding the mechanism of protein ubiquitination is whether and how ubiquitin affects the
biophysical nature of the modified protein. For some systems, it was shown that the position of
ubiquitin within the attachment site is quite flexible and ubiquitin does not specifically interact with
its substrate. Nevertheless, it was revealed that polyubiquitination can decrease the thermal stabil-
ity of the modified protein in a site-specific manner because of alterations of the thermodynamic
properties of the folded and unfolded states. In this study, we used detailed atomistic simulations
to focus on the molecular effects of ubiquitination on the native structure of the modified protein.
As a model, we used Ubc7, which is an E2 enzyme whose in vivo ubiquitination process is well
characterized and known to lead to degradation. We found that, despite the lack of specific direct
interactions between the ubiquitin moiety and Ubc7, ubiquitination decreases the conformational
flexibility of certain regions of the substrate Ubc7 protein, which reduces its entropy and thus
destabilizes it. The strongest destabilizing effect was observed for systems in which Lys48-linked
tetra-ubiquitin was attached to sites used for in vivo degradation. These results reveal how
changes in the configurational entropy of the folded state may modulate the stability of the pro-
tein’s native state. Overall, our results imply that ubiquitination can modify the biophysical proper-
ties of the attached protein in the folded state and that, in some proteins, different ubiquitination
sites will lead to different biophysical outcomes. We propose that this destabilizing effect of polyu-
biquitin on the substrate is linked to the functions carried out by the modification, and in particular,
regulatory control of protein half-life through proteasomal degradation.

Keywords: molecular dynamics simulations; multidomain protein; ubiquitination; native state

dynamics

Introduction

Ubiquitination is a common post-translational modi-
fication (PTM) of proteins that mediates many dif-
ferent cellular pathways.® Protein ubiquitination
occurs in several steps and results in the formation
of an isopeptide bond between the C-terminal Gly of
ubiquitin (Ub) and a Lys residue in the substrate.
Furthermore, one of the seven Lys residues (and the
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N-terminal Met) of Ub can be used to form an iso-
peptide bond with an additional Ub molecule, which
results in the formation of polymeric chains of Ub.}3
All possible linkages of the seven lysines of Ub,
including mixed ones, have been observed in vivo.
The topology and cellular function of these Ub
chains varies depending on the position of the Lys
residues involved in Ub chain formation. For exam-
ple, Lys48-linked poly-Ub chains target proteins for
proteasomal degradation.* Lys63-linked chains are
known to be involved mostly in DNA repair, receptor
activation, and other nonproteasomal pathways.?
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Monoubiquitination (mono-Ub) wusually mediates
nonproteasomal pathways,%” but it was also shown
that for small proteins it can lead to proteasomal
degradation.®13

The enormous variety of different functions per-
formed by Ub is related, first of all, to the structural
diversity of its chains as determined by the different
linkage positions, which are recognized by different
Ub receptors (containing one or more ubiquitin bind-
ing domains, UBDs). Specificity in UBD-Ub interac-
tions is achieved by various mechanisms, including
distinct affinities for specific linkages and conforma-
tional changes during UBD-Ub interactions.'* ¢
Mono-Ub itself can adopt slightly different conforma-
tions depending on the type of UBD it interacts with.'”

In accordance with these observations, Ub is usu-
ally considered to serve as a tagging molecule that
can be recognized by other proteins involved in a cer-
tain signal pathway. Understanding this correspon-
dence between the lysine linkages of ubiquitination
and their specific function could, in principle, enable
us to decipher the “ubiquitin code”.'® However, ubig-
uitination may result in additional effects that origi-
nate from cross-talks between the Ub and the
modified protein. To understand these possible effects
it is important to investigate whether and how Ub
interacts with the protein to which it is attached. Ub
is covalently attached to its substrate, however the
interface it forms with its substrate and its actual
residence on the surface of the substrate can
vary.'®22 Investigating these questions first requires
in vivo identification of the ubiquitination sites of the
protein of interest and the solved structure of the pro-
tein, preferably with the Ub moiety conjugated. How-
ever, very few ubiquitinated protein structures have
been solved,?® despite marked progress in recent
years in nonenzymatic (i.e., chemical synthesis)
methods for ubiquitination.2*27 Most of the effort
directed at producing ubiquitinated proteins for bio-
chemical and structural studies has focused on mono-
Ub. The structures of mono-Ub proteins have been
solved for proliferating cell nuclear antigen
(PCNA),?%?8 Ras,?® and Josephin®® proteins. Cur-
rently, no structure of a poly-ubiquitinated protein is
available, but progress in synthesizing isolated poly-
Ub chains®*?>3! may soon allow homogenous prepa-
ration of these molecules for in vitro characterization.

Mono-ubiquitinated PCNA is the best biophysi-
cally characterized ubiquitinated protein. Several
biophysical techniques revealed alternative positions
for the mono-Ub moiety on the surface of the PCNA
homotrimer that are distinct from the position iden-
tified in the crystal structure.!®22 The orientation of
the Ub moiety is thus likely to be dynamic as it can
adopt a variety of positions relative to the substrate.
Modeling and NMR analyses indicate that, in mono-
UbRas, Ub is also very dynamic.??> An analysis of
the noncovalent interactions of the Ub moiety with
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Figure 1. Ubiquitination sites on substrate protein Ubc7.
Residues ubiquitinated in vivo (His94 and Cys89) are colored
red. Other surface-exposed Lys residues capable of acting
as ubiquitination sites are colored blue.

the Ras surface did not show high affinity binding to
any single site of the Ras protein. In the switch
region of Ras, the Ub moiety can compete for the
interface with GTPase-activating proteins (GAPs).
An inability to bind GAP increases the population of
the GTP-bound form of mono-UbRas in vivo, thus
preventing its deactivation. These results suggest
that the considerable flexibility of the attached Ub
may affect substrate activity. Furthermore, ubiquiti-
nation of the Ras protein at the site that is used in
vivo uniquely increases the population of the GTP-
bound form of mono-UbRas.??

In addition to effects stemming from changes at
the interface of the modified proteins (such as the
Ras—-GAP example), Ub may affect the intrinsic
properties of the conjugate. Studies of cross-linked®?
and multidomain proteins®2 showed that thermo-
dynamic stability and other folding characteristics
can be strongly affected by the presence of the conju-
gate. Computational studies also suggested that
ubiquitination may alter the intrinsic biophysical
properties of the modified protein. This was illus-
trated for the Ubc7 protein (Fig. 1), for which it was
shown that the conjugation site and the type of ubig-
uitination determine the precise biophysical effect.*?
A pronounced modification of substrate protein char-
acteristics was observed following ubiquitination
with the Lys48-linked tetra-Ub chain, which is in
good agreement with the fact that Lys48-linked
chains target proteins for proteasomal degrada-
tion.***® The dramatic destabilization observed in
ubiquitination of Ubc7 at specific sites was mostly
attributed to changes in the unfolded state. Further-
more, it was recently shown that in vitro attachment
of Ub reduces the thermodynamic stability of the
modified protein (Ub C-terminal hydrolase-L3).%°

Several studies showed that modifying a protein
substrate by a covalent linkage to another molecule
may affect its biophysical characteristics. For exam-
ple, protein glycosylation can have a stabilizing or
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destabilizing effect depending mostly on the location
of the glycosylation sites.?>® The complexity of the
effect of conjugation is reflected by the different
effects of glycosylation and PEGylation on protein
stability and folding kinetics when they are conju-
gated to the same sites.?? Similarly to the effect of
PTMs on protein biophysical properties, tethering
two proteins via their termini may affect the stabil-
ity of the original proteins. It was computationally
shown that protein tethering may result in intrinsic
destabilization.?® Experimentally, both destabiliza-
tion®**° and stabilization342>?* were observed upon
tethering or cross-linking.>® These effects may have
different origins related to changes in the dynamics
and energetics of either the folded or unfolded state.
In this study, we used detailed atomistic models
to focus on the effects of ubiquitination on the folded
protein structure. We compared the native-state
dynamics of ubiquitinated substrates with that of
their unmodified counterpart. We examined the abil-
ity of mono-Ub and Lys48-linked tetra-Ub chains to
modulate the conformational stability of the substrate
protein Ubc7, whose ubiquitination sites for proteaso-
mal degradation are known. The results of the atomis-
tic simulations were compared with those previously
obtained from coarse-grained models where a full
folding reaction was studied.*® Our analyses suggest
that a reduction in the entropy of the folded state may
serve as an additional mechanism for protein destabi-
lization by Lys48-linked tetra-Ub. These results are
intriguing, especially in light of the lack of specific
formation of interactions between the Ub and the
modified protein. Our findings provide additional
independent evidence that ubiquitination can signifi-
cantly modulate substrates in a manner that may be
imperative for the substrate’s cellular degradation.

Results

Molecular characteristics of the Ub-Ubc7
interface: The Ub-Ubc7 interface is nonspecific
Ubiquitination, like other PTMs, may affect the bio-
physical properties of the substrate and, similarly to
other PTMs, it is interesting to investigate whether
these changes are linked to the cellular function
associated with that PTM. Coarse-grained modeling
showed that ubiquitination may destabilize the sub-
strate protein through an entropic mechanism that
causes the unfolded state to adopt a less compact
ensemble of conformation.*® It was shown that this
entropic effect on the unfolded state strongly
depends on the location of the conjugation site. In
the coarse-grained model, the interaction between
the Ub moiety and the substrate was modeled as an
excluded volume. Accordingly, in that simple model,
the bulkiness of the Ub conjugate could affect the
internal dynamics and thus the energetics of the
substrate. The underlying reasoning of the coarse-
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grained model was that many proteins undergo
ubiquitination and therefore specific interactions
between Ub and its substrates are unlikely. Yet, an
interface governed by nonspecific interactions might
be formed between Ub and its substrate.

In the present study, we quantified the molecu-
lar properties of the interface between Ub and its
substrate and their dependence on the location of
the ubiquitination site and the type of Ub conjugate.
Using all-atom modeling, we analyzed the effect of
ubiquitination on the dynamics of the native state of
the substrate protein. Atomistic modeling allowed us
to understand the effect of ubiquitination on protein
stability in more detail.

For the substrate protein, we used Ubc7, which
is a member of the Ub-conjugating enzyme (E2) fam-
ily. Degradation of this protein is mediated through a
Lys48-tetra-Ub (tetra-Ub). Ubiquitination occurs in
vivo at either the catalytic residue Cys89 or at posi-
tion 94 when it is mutated to a Lys94 residue.®®
Using the TUPred disorder predictor,?” we found that
these sites are located in a relatively ordered region.
This is in good agreement with the general tendency
of Lys modifications, such as ubiquitination and acet-
ylation, to occur mostly in ordered regions.?®5°

To test the biophysical effects of ubiquitination at
various sites in silico, we ubiquitinated the two sites
that are used in vivo (89 and 94) as well as seven other
surface-exposed Lys residues (3, 11, 18, 29, 62, 70, and
161) with tetra-Ub (Fig. 1). We also attached monoubi-
quitin (mono-Ub) at positions 18, 89, and 94 to com-
pare the effects of poly- and monoubiquitination.

Each ubiquitination site can, in principle, accept
Ub in multiple orientations and each type of Ub
(here, mono-Ub or tetra-Ub) can adopt alternative
orientations on the surface of the substrate at the
site of attachment. To ensure a correct comparison,
we compared the orientations of mono-and tetra-Ub
only with respect to the Ub moiety attached to the
substrate; thus, for tetra-Ub, we analyzed the angle
and distance versus the substrate only with respect
to the first Ub moiety. Variations in the angle
between the Ub moiety and the Ubc7 substrate to
which it is attached and variations in the distances
between their centers of mass revealed that, at some
sites, the overall position of the substituent varied
considerably, whereas at others it was quite stable
[Figs. 2 and 3(a)]. Within the chosen sites (89 and
94), the positions of mono-Ub were much more vari-
able than those of tetra-Ub [Fig. 2(d)]. For example,
at position 94, the variation of the rotation angles of
the Ub monomer that is covalently linked to Ubc7
was about 25-28° for mono-Ub whereas in the case of
tetra-Ub it was almost 10°. A lack of spatial con-
straints in the absence of additional moieties enabled
mono-Ub to adopt a broad variety of alternative posi-
tions [Fig. 2(d)]. For position 18, high dynamics was
observed for both mono- and tetra-Ub.

Ubiquitination can Affect the Native-State Dynamics of the Modified Protein
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Figure 2. Characteristics of the flexibility of the Ub-Ubc?7 interface. (a) Two angles, o« and f, are defined to evaluate the rotation
of Ub relative to the substrate (Ubc7). For each angle, two vectors connecting two residues are defined (one on Ubc7 and the
other one on Ub). The vectors were placed opposite and in parallel with each other (« angle) or lined up on a single line (8
angle). In the case of tetra-Ub, the vector is defined based on the first Ub protein that is directly linked to Ubc?. (b) Values of
the angles « for the tetra-Ub (red) and mono-Ub (blue) attached at site 94 as a function of time in the three MD runs; (c) Histo-
grams of the values of angles « and /3 (solid and dashed lines, respectively) for mono-Ub (blue) and tetra-Ub (red) attached at
site 94. (d) Variation in the value of angles « and f (i.e., standard deviation of the distribution of the angle values) for mono-Ub

(blue) and tetra-Ub (red) at all the attachment sites examined.

The energetics of the Ub—Ubc7 interface may
also shed light on its structural stability. Figure 3(b)
shows the ratio between the Coulombic and van der
Waals interactions within the interface between Ub
and Ubc7 for each possible ubiquitination site. This
ratio was also estimated using MD simulations for
six representative protein—protein complexes from
Ref. %° (PDB codes: lacb, 1dvf, 1mect, 1tgs, 2sni, and
3sgb). The interface formed between the Ub moiety
and Ubc7 is governed by charged—charged interac-
tions whereas, for other complexes, the interface is
much more hydrophobic. The highly electrostatic
characteristics of the interface between Ub and
Ubc7 indicate weak specificity which is expected to
be manifested in higher mobility. To examine the
implications of the different ratio between the elec-
trostatic and the vdW energies on the interface, we
measured all the pairwise distances between the
interfacial residues of each complex (defined based
on the crystal structures or the modeled ubiquiti-
nated Ubc7) along the simulations. Figure 4 shows
the standard deviation of all the interfacial residues,
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SD;;, of selected systems, indicating much higher
dynamics for the interfaces of the ubiquitinated sys-
tems than for the interfaces of x-ray resolved struc-
tures that are more hydrophobic.

To further investigate the degree of specificity
between Ub and Ubc7, we analyzed the size of Ub—
Ubc7 interface. The size of the interface was calcu-
lated as the difference between the accessible sur-
face areas (ASAs) of the two separate proteins and
the ASA of its complexes. We compared the values of
the ASAs obtained for all the Ub—Ubc7 complexes
with the values obtained in a bioinformatic analysis
for 46 interfaces in protein—protein complexes and
for 173 crystal packing interfaces®® [Fig. 5(a)]. For
all the Ub—Ubc7 complexes we studied (using mono-
Ub and tetra-Ub), the interface area was similar to
or lower than the crystal packing area. Some inter-
faces in the ubiquitinated systems were similar to
those of protein complexes, yet they were lower than
the average interface area of protein complexes
(1970 A?). The size of the Ub—Ubc7 interfaces thus
reflects nonspecific interactions.®! Uniquely, when
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Figure 3. Structural and energetic characterization of the
Ub-Ubc7 interface. (a) Distance (A) between the centers of
mass of Ubc7 and the attached Ub moiety at different posi-
tions. Mono-Ub and tetra-Ub are designated by blue triangles
and red circles, respectively; (b) Ratio of electrostatics
(columbic) to van der Waals (vdW) interactions within the Ub-
Ubc7 interface at each ubiquitination site. The average ratio
is also given for six representative protein—protein complexes
from (PDB codes: 1acb, 1dvf, 1mct, 1tgs, 2sni, and 3sgb;
solid gray line).

ubiquitination occurred at the in vivo Lys89 site, the
Ub-Ubc7 interface was larger and resembled the
interface in protein—protein complexes, which may
be related to its biological function. The large inter-
face observed for this system correlates with the rel-
atively short distance between the tetra-Ub—Ubc7
centers of mass [Fig. 3(a)l. As discussed above,
Lys48-linked chains may alter the intrinsic biophysi-
cal properties of the modified protein. A large inter-
face between Ub and its substrate may provide a
possibility for such alterations.

The Ub-Ubc7 interface is highly hydrated

We next compared the number of interfacial water
molecules in Ub—Ubc7 systems, protein—protein com-
plexes, and crystal packing interfaces [Fig. 5(b)]. We
defined interfacial water molecules as those within
4.5 A of the interfacial atoms of both Ubc7 and Ub,
where interfacial atoms were those that had lost at
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least 50% of their ASA value. This comparison
showed that the Ub—Ubc7 interface is well hydrated
and that the average number of interfacial water
molecules associated with each type of ubiquitinated
Ubc7 is 2-3 times higher than the number com-
monly observed in protein—protein complexes and in
crystal packing interfaces.®® Figure 6 illustrates the
hydration of the interface of Ub-Ubc7 linked at
Lys94. We point out that our simulations used a def-
inition for interfacial water in Ub—Ubc7 complexes
that was identical to that used in Ref. ° to analyze
the interfaces in protein—protein complexes and
crystal packing. For a more appropriate comparison
between the interfaces of Ub—Ubc7 and protein—pro-
tein complexes, we also studied the number of inter-
facial water molecules in six representative protein—
protein complexes from Ref. % (PDB codes: lach,
1dvf, 1mct, 1tgs, 2sni, and 3sgb) using MD simula-
tions. This may allow a fair comparison to the Ub—
Ubc7 interface, which was also characterized after
MD simulations. The results showed that the num-
ber of interfacial water molecules in these protein—
protein complexes was higher than we found earlier,
because of the dynamics, but still involved fewer
interfacial water molecules than the Ub—Ubc7 inter-
face. [Fig. 5(b), vertically striped bar]. The highly
hydrated interface [Fig. 5(b)] together with the small
interfacial interaction area [Fig. 5(a)] in the Ub-
Ubc7 systems suggest that Ub and Ubc7 do not
interact specifically with each other.

Ubc7 is destabilized by a reduction in its
conformational entropy

Although the above analysis suggested the absence
of strong specific interactions between Ub and
Ubc7, we hypothesized that the attachment of Ub
may affect the stability of Ubc7. To characterize the
structural effect of ubiquitination at different posi-
tions on the conformational ensemble of Ubc7, we
analyzed the matrices of inter-residue distances in
the substrate protein (Ubc7). The matrices were
calculated from the average distance between each
pair of substrate residues in the ubiquitinated sys-
tem compared with unmodified Ubc7 (see Methods).
A difference in the distances between any pair of
residues in ubiquitinated compared with unmodi-
fied Ubc7 reflects the compression or expansion of
some parts of ubiquitinated Ubc7 relative to the
unmodified system. Analyses conducted on Lys48-
tetra-Ub—Ubc7 showed that, in most positions, the
attachment of tetra-Ub results in local disruptions
to the relative positions of some residue groups
[Fig. 7(a—c)]. For example, for most of the ubiquiti-
nated variants, the orientation of the loop that
includes residues 95-105 is different in the modi-
fied compared with the unmodified variant. For
mono-ubiquitinated Ubc7, this effect is much less
pronounced (Fig. 8).

Ubiquitination can Affect the Native-State Dynamics of the Modified Protein
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These disruptions in the native conformation of  nation. Differences between ubiquitinated and

Ubc7 may affect the stability of the folded state and
may shift the equilibrium to the unfolded state.*®> A
more detailed analysis of the flexibility of the stud-
ied systems revealed an additional effect of ubiquiti-
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unmodified Ubc7 with respect to the standard devia-
tion of their mean inter-residue distances illustrated
changes in conformational flexibility [Fig. 7(d-f)].
The most pronounced reduction in the flexibility of
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90°

Figure 6. Water molecules in the interface between Ubc7 and Lys48-linked tetra-Ub at Lys94 are shown as blue spheres. The
image in (b) is rotated 90° relative to the image in (a). Tetra-Ub is depicted in red and Ubc?7 is in gray. We defined interfacial
water molecules as those within 4.5 A of the interface atoms of both Ubc7 and tetra-Ub, where interface atoms were those that
had lost at least 50% of the value of their accessible surface area.

Ubc7 was observed for the loop containing residues
95-100. Again, mono-Ub does not affect the flexibil-
ity of Ubc7 as much as tetra-Ub. These results sug-
gest that Lys48-linked tetra-Ub can reduce the
conformational flexibility of the substrate protein
and thus lower thermodynamics by restricting the
entropy of the native state.
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Figure 8. Similar to Figure 7 but for ubiquitination with mono-Ub.

adopt various positions. As a result, it cannot intro-  sites for degradation (89, 94). Ubiquitination with
duce any constant spatial constraint that restricts tetra-Ub at some of the other positions (3, 11, 29)
the conformational flexibility in Ubc7. can also destabilize Ubc7 quite considerably by

To quantify the change in the internal dynamics  reducing the conformation flexibility of some
because of ubiquitination, we estimated the confor-  regions. The entropy contribution to the free energy
mational entropy by the Schlitter entropy using the  of the folded state is quite substantial (up to ~—0.25
covariance matrix.’?> Comparing the contribution of  kcal/mol per residue). We believe that the effect of
entropy to the free energy (ATS one = TSUPlAutnated _ yhiquitination on the entropy of the folded state of
Tgunmedifiedy  of  ybiquitinated Ubc7 relative to  the protein might be reduced by other effects. For
unmodified Ubc7 revealed a significant destabilizing  example, it can be compensated by the enthalpy
effect because of Ub attachment at several sites gain from Ub—Ubc7 interactions.

(Fig. 10). A negative ATS.onr contributes to the over-

all destabilization of the system. The values of Discussion

ATScon¢ clearly indicate that the most pronounced  Fine-tuned and efficient degradation of proteins is
destabilization occurs at the in vivo ubiquitination  essential for proper cell functioning. While most

A

Figure 9. Structure and conformational dynamics of ubiquitinated Ubc7. (a) Unmodified Ubc?7. (b) Mono-Ub at Lys94. (c)
Lys48-linked tetra-Ub at Lys94. Each system is represented by 31 aligned snapshots from three 100 ns simulations sampled
every 10 ns from each simulation. Ubc7 is depicted in gray, loop residues 95-105 are depicted in green. The Lys94 residue of
Ubc7 and the C-terminal Gly76 of the attached Ub moiety are depicted in orange. The initial position of Ub is shown in the car-
toon representation (mono-Ub, blue; Lys48-tetra-Ub, red). Other positions of Ub during the simulation are shown in the surface
representation (as blue and red “clouds”).
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Figure 10. Comparison of the configurational entropic contri-
butions to the free energy (normalized by the number of resi-
dues in the substrate, kcal/mol) in ubiquitinated and unmodified
Ubc7. (ATSconf — Tsconfubiquitinated _ Tsconfunmodified). The config-
urational entropy was estimated using the Schlitter
approximation.

proteins are marginally stable, the ability to achieve
rapid and efficient unfolding and degradation varies
among various proteasomes®®®* and can be influ-
enced by the characteristics of the proteins that are
to be unfolded.®® Disordered stretches of a certain
length are needed to initiate degradation,®® and the
structural properties of the site from which the
unfolding is initiated affects degradation efficiency.®®
Thus, the level of intrinsic disorder within proteins
can significantly affect their proteasomal degrada-
tion,5”% much like many other cellular proc-
esses,®® " however, since not all proteins contain
disordered regions, other factors might be needed to
assist in inducing unfolding, including the Ub
attachment itself.**58

Here, we focus on the effects exerted by a Ub
attachment on the stability and dynamics of the
folded state of the modified protein. Our results
show that the ubiquitination-induced effect of an
entropic destabilization of the native-state of the
protein substrate depends on the ubiquitination site,
the type of Ub attachment (mono-Ub versus tetra-
Ub), and the orientation of the Ub conjugate at the
site of attachment. Ubiquitination at sites that are
known to be modified in vivo leads to considerable
destabilization of the folded state in Ubc7. Ubiquiti-
nation at other sites (Lys residues that were only
ubiquitinated in silico, but that are not known to be
used in vivo for ubiquitination) leads to a lesser
degree of destabilization. The entropy reduction is
caused by a decrease in the conformational flexibil-
ity of certain regions (particularly loop 95-105),
which is sterically possible only if the Ub chain is
sufficiently bulky (as is tetra-Ub) and if it is in the
right position relative to the substrate. This last
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observation suggests that the efficiency of ubiquiti-
nation at certain sites depends on the type and size
of the Ub chain, which might have implications for
the ability to conjugate the Ub chain sequentially
(one Ub at a time) versus in a single step (through
the attachment of an entire chain at once).

The flexibility of Ub at its attachment site and
the lack of strong interactions with the substrate
observed in our study are in good agreement with pre-
viously discussed experimental results for ubiquiti-
nated PCNA2%2132) and Ras?®?1:32, We show that the
interface between Ub and its substrate is often much
more hydrated than other interfaces of weak protein—
protein interaction. It would be interesting to general-
ize the interaction mode of Ub chains with Ubc7 to
other ubiquitinated systems and to further explore
the effect of ubiquitination on protein stability and
the function associated with the ubiquitination, how-
ever this is beyond the scope of the current work. The
fact that Ub sites are sometimes highly conserved
across many species, while in other systems ubiquiti-
nation sites seem not well-conserved’ gives further
evidence for the notion that in some cases a specific
interface might be formed and play an important role
in the ubiquitination of specific systems, while in
other only nonspecific interfaces are formed.

The phenomenon whereby a change in the con-
figurational entropy of a protein’s native folded state
affects the stability of that state is not unique to this
system. In a previous study, using a combination of
experimental and computational techniques, we
showed that native protein structure can be stabi-
lized by increasing the entropy of the folded state.”®
The increased stability was observed upon modifying
a loop region of the enzyme acylphosphatase. In the
present study, we observe the opposite situation: a
decrease in the entropy of the folded state (mainly by
restricting the flexibility of the loop) that results in
destabilization of the native structure. The configu-
rational entropy of the folded state can also be
affected by the flexibility of the side chains of the
protein residues. It was earlier argued using a bioin-
formatic and simulation study that the excess of pos-
itively charged lysine residues at the expense of
arginine residues, which is common to hyperthermo-
philic proteins, may explain higher stability. This
linkage between arginine to lysine replacement and
higher thermodynamic stability can be explained by
the greater number of accessible rotamers of lysines
that may have larger contribution to the native-state
entropy.”® Taken together, these studies illustrate
that the thermodynamic properties of proteins can be
significantly modulated by controlling the entropy of
the folded state.

The atomistic simulations presented in this
study suggest that Ub may affect the native state
dynamics and so they may complement an earlier
study wusing coarse-grained simulations, which

Ubiquitination can Affect the Native-State Dynamics of the Modified Protein



suggested that, under some conditions, Ub may
affect the properties of the substrate mostly by
affecting the biophysical nature of the unfolded
state.*® Both studies support the idea that Ub may
serve not only as a molecular tag but also as a sub-
stituent that affects the biophysics of the protein in
a manner that is important to its cellular half-life.
This idea is supported by the various reports on the
effects of PTMs on protein stability, even when no
specific interface is formed (i.e., in glycosylation and
PEGylation). Since recent proteomics and bioinfor-
matics studies have greatly expanded the known
repertoire of ubiquitinated proteins and ubiquitina-
tion sites,”"® further studies can shed light on how
ubiquitination affects other systems.

Materials and Methods

All-atom modeling

In this in silico study, we ubiquitinated Ubc7 at nine
sites (Fig. 1) to explore the molecular details of the
interface formed between the Ub moiety and its sub-
strate. Ubc7 (pdb: 2ucz) was ubiquitinated at vari-
ous locations using a single Ub (pdb: 1ubq) or a Ub -
chain tetramer internally linked at Lys48 (pdb:
206v). Tetramers were used as the polyubiquitin, as
it was shown that they are the minimal unit needed
for efficient recognition and degradation in the pro-
teasome.®” We minimized these structures using 300
steps of steepest descent followed by 500 steps of
conjugated gradient algorithms in CHARMM. 3!

To study the functional activity of Ub substrate
complexes conjugated at different sites, we used all-
atom modeling. The molecular dynamics simulations
were performed using GROMACS Version 4.5.4.52
After energy minimization, we equilibrated the sys-
tem in two phases: (1) under an NVT ensemble; and
(2) under an NPT ensemble (100 ps/phase). Next, we
performed long molecular dynamics simulations. For
all Ub-Ubc7 complexes, as well as for unmodified
Ubc7, we preformed three simulations of 100 ns
each. We used an AMBER99SB-ILDN force field®
that was modified to simulate isopeptide bonding
between Ub moieties and between Ub and Ubc7.
The LINCS algorithm® was used to control bonds
during the simulation. The leapfrog algorithm was
employed with steps of 2 fs. All the simulations were
performed at constant pressure and temperature
(NPT ensemble). Temperature was controlled at
300 K, with a modified Berendsen thermostat.®® The
molecular system was solvated in a box with peri-
odic boundary conditions containing pre-equilibrated
TIP3P water molecules.®® Na* and Cl~ ions were
added to maintain overall system neutrality.

Differences between the dynamics
The dynamics of unmodified and ubiquitinated
Ubc7 was analyzed by plotting difference distance
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matrices (A;;) and difference standard deviation

matrices (ASD;;). The former were calculated using

the average distance (d;;) between each pair of res-

idues in ch7ub1qu1t1nated <d3blqultmated> compared
: dified dified

with Ubc7"methed (gpnmoditied)

biquitinated nmodifi
Ay=A(dy)= (damnated) _ (gunmodified

where <d;;> is the mean pairwise distance between
the Ca atoms of residues i and j derived from an
analysis of 3000 snapshots observed during three
100 ns runs.

Difference standard deviation matrices were cal-
culated using the standard deviation of the distance

between each pair of residues in Ubc7ublauitinated

(SDd;-b‘qum“ated) compared with  Ubc7unmeodified
unmodified

(SDd? )

_ ubiquitinated unmodified
ASD;; = SDd: SDd

where SDd;; is the standard deviation for the dis-
tance between residues i and j.

Configurational entropy calculations of the Ubc7
were performed based on covariance matrices of the
atomic fluctuations observed in the MD trajectories,
because of the Quasi Harmonic approximation.®?
The presented configurational entropy is the average
of the independent entropies that were independ-
ently estimated for each run.

Analysis of the Ub-Ubc?7 interface

The interface formed between Ub and Ubc7 was
analyzed by both geometric and energetic measures.
Energetically, the ratio between the total electro-
static and vdW energies of the interfacial residues
was estimated. Geometrically, several measured
were calculated: the distance between the center of
mass of Ubc7 and the tethered Ub, the pairwise dis-
tances between the interfacial residues of Ub and
Ubc7, the rotation of the Ub moiety relative to Ubc7,
and the size of the interface and the degree of its
hydration. Because the Ub-Ubc7 interface is
expected to be nonspecific and dynamic, we followed
the fluctuations of some of the geometrical charac-
teristics by focusing on the variance rather than on
the average value. To calculate the accessible sur-
face area (ASA) and to define the interface area for
Ub-Ubc7 complexes, we used the NACCESS pro-
gram by S. Hubbard (University College, London),
which implements the Lee and Richards algo-
rithm.®” The angles between Ub and Ubc7 proteins
were calculated using GROMACS tools.?? Angles
were calculated between vectors connecting the Ca
atoms of two residues in the attached Ub moiety
and Ubc7. Initially, vectors were placed parallel to
each other or on one line (see the scheme in Fig. 2).
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The size of the formed interfaces and their
degree of hydration were compared to other protein-
protein interfaces reported in the literature. Two
types of interfaces were used for this comparison: in
stable protein complexes and in crystal packing (46
and 173 interfaces, respectively). To compare the
fluctuation of the interfaces of stable protein com-
plexes with that of the Ub—Ubc7 complexes, selected
six complexes (from the 46 reported structures) and
simulated each for 100 ns. The selected complexes
correspond to PDB codes: lacb, 1ldvf, lmct, 1tgs,
2SNI, and 3sgb.
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