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The ubiquitin—proteasome system is responsible for the degradation of
numerous proteins in eukaryotes. Degradation is an essential process in
many cellular pathways and involves the proteasome degrading a wide
variety of unrelated substrates while retaining specificity in terms of its
targets for destruction and avoiding unneeded proteolysis. How the
proteasome achieves this task is the subject of intensive research. Many
proteins are targeted for degradation by being covalently attached to a poly-
ubiquitin chain. Several studies have indicated the importance of a
disordered region for efficient degradation. Here, we analyze a data set of
482 in vivo ubiquitinated substrates and a subset in which ubiquitination is
known to mediate degradation. We show that, in contrast to phosphory-
lation sites and other regulatory regions, ubiquitination sites do not tend to
be located in disordered regions and that a large number of substrates are
modified at structured regions. In degradation-mediated ubiquitination,
there is a significant bias of ubiquitination sites to be in disordered regions;
however, a significant number is still found in ordered regions. Moreover,
in many cases, disordered regions are absent from ubiquitinated substrates
or are located far away from the modified region. These surprising findings
raise the question of how these proteins are successfully unfolded and
ultimately degraded by the proteasome. They indicate that the folded
domain must be perturbed by some additional factor, such as the p97
complex, or that ubiquitination may induce unfolding.

© 2011 Elsevier Ltd. All rights reserved.

at either the N- or the C-terminus was found to

Protein degradation plays a central role in regu-
lating various cellular functions. Proteins are often
targeted for proteasomal degradation by tagging
them with a poly-ubiquitin chain. However, this
attachment may not be sufficient, and it was shown
that an additional component, namely, an unstruc-
tured region, is essential for efficient degradation.’
The disordered region's functionality was studied
and was shown to be important in the initial stages of
the binding of the substrate tof the proteasome and its
commitment to degradatlon Recently, the charac-
teristics of this unstructured region have been
1nvest1gated in detail. In several natural® and
designed* proteasome substrates, a disordered region
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koby.levy@weizmann.ac.il.

promote degradation; however, an internal disor-
dered region was also reported to assist the protea-
some machinery.>>® It was observed that the
unstructured tail must have a minimal length of 20—
30 amino acids in order to support efficient degrada-
tion of poly-ubiquitinated substrates, whﬂe internal
disordered regions must be much longer.” Addition-
ally, the space separation between the ubiquitin
moiety and the unstructured region imposes re-
strictions on degradation efficiency.

In order to substantiate the reported results and
explore how these characteristics are realized in
various proteins, we investigated the structural
properties of natural ubiquitination substrates. We
composed a data set of 465 mammalian and 233 yeast
proteins whose in vivo ubiquitination and SUMOyla-
tion sites have been determined experimentally

0022-2836/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
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(Tables S1 and S2). Since ubiquitination mediates
various pathways in addition to proteasomal
degradation,® we composed a subset of 42 pro-
teins that are known experimentally to undergo
ubiquitination, which mediates their proteasomal
degradation.

We analyzed their sequence properties using the
disorder predictors IUPred® and PONDR-FIT!? as
well as secondary structure assignment tools. The
structural properties of the modification sites were
compared to the corresponding properties of the
unmodified residues in the same set. In addition, we
analyzed other posttranslational modifications,
namely, acetylation and phosphorylation, that
occur in the same data set.

As observed previously,'" phosphorylation sites
tend to be located predominantly in disordered
regions (68.4%, 60.1% and 26.9% for Ser, Thr and Tyr
phosphosites, respectively), with only a minority of
them found in structured domains. This tendency is
particularly strong for serine and threonine residues
and less marked for tyrosine (Fig. la). Unlike
phosphorzlation sites and other regulatory
regions,'>'° lysine residues that serve as modification
sites are often located in structured regions (Fig. 1b and
Figs. S1 and S2). In agreement with previous resul’fs,17
lysine residues that serve as acetylation sites tend to be
located in structured regions (67.7% of acetylated and
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75.0% of unmodified lysine residues are predicted to
be in structured regions). Similarly to acetylation and
in contrast to SUMOylation (for which a larger fraction
of sites are located in disordered regions), ubiquitina-
tion sites are mostly located in structured regions
(73.0% of ubiquitinated lysine residues in the proteins
studied are in structured regions) and do not show a
bias in comparison to unmodified residues (P=0.1,
Fisher exact test).

When the data set was separated into its yeast and
mammalian components, we observe that, in the
yeast set, Lys residues that serve as ubiquitination
sites show a small but significant bias toward
disordered regions in comparison to unmodified
Lys residues (P=7x10"°, Fisher exact test), in
agreement with previous suggestions;'® however,
the large majority of yeast ubiquitination sites are
still found in structured regions (75.4% for ubiqui-
tination sites versus 83.7% for unmodified residues).

Analyzing the secondary structure regions in
which these sites are found yields results consistent
with those shown in Fig. 1. Ser and Thr phosphor-
ylation sites occur more often in coils than in other
secondary structures both in terms of absolute
percentages and in comparison to their unmodified
counterparts, while Tyr phosphorylation sites are
more evenly distributed across secondary structural

Fig. 1. The tendency of various modification sites to be
disordered. Percentages of residues predicted by the
[UPred algorithm’ to be located in disordered regions in
a set of 698 mammalian and yeast proteins. (a) Serine,
threonine and tyrosine residues that are known to function
as phosphorylation sites are significantly more likely
(P<107°, Fisher exact test) to be located in disordered
regions (68.4%, 60.1% and 26.9%, which correspond to
1539, 388 and 56 sites, respectively) than their counterparts
that are not known to serve this function (unmodified
residues: 36.7%, 29.5% and 13.1%, respectively, which
correspond to 11,097, 5748 and 1189 residues, respective-
ly). (b) The percentages of lysine residues predicted to be
located in disordered regions: ubiquitination sites (27.0%,
223 sites), degradation-related ubiquitination sites (46.1%,
47 sites), SUMOylation sites (48.4%, 215 sites) and
acetylation sites (32.3%, 115 sites) and lysine residues
that are not known to be modified (25.0%, 8262 residues).
SUMOylation, acetylation and degradation-related ubi-
quitination sites are significantly biased toward disordered
regions compared to unmodified lysine residues
(P=1x 107, 1x107% and 2.9x107°, respectively; Fisher
exact test), but the majority of sites are still in structured
regions. Ubiquitination sites in the entire set are not
significantly biased (P=0.1, Fisher exact test). Similar
results are obtained using the PONDR-FIT algorithm10
(Fig. S2), although the numbers of residues predicted to be
located in disordered regions are higher by up to 10%. The
statistical significance of the disordered tendency in
modified compared to the unmodified sites is marked
with asterisks (single asterisk shows a significance of
P<0.05, double asterisks show a significance of P<0.01 and
triple asterisks show a significance of P<0.001).
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Fig. 2. Secondary structure preferences of various
modification sites. (a) The secondary structure preferences
of phosphorylated serine and threonine are blased toward
coil regions in comparison to all residues (P<10~'°, Fisher
exact test). Phosphorylated tyrosine residues are not
significantly biased toward residing in coils (P=0.17). (b)
Secondary structure preferences of ubiquitinated,
SUMOylated, acetylated and all lysine residues. Lysine
residues that are involved in modifications are distributed
similarly to those that are not (P=0.174 for acetylation
sites residues and P=0.174 for ubiquitination sites; Fisher
exact test), with the exception of SUMOylation sites,
which tend to occur more in coils (P=0.009, Fisher exact
test).

elements (Fig. 2a). With respect to Lys modification,
ubiquitination and acetylation sites clearly favor
location in a coil or a helix over a strand, and in this,
their distribution parallels that of their unmodified
counterparts (Fig. 2b). The amino acid composition
surrounding ubiquitination sites that reside on coils
is similar to disordered regions, while ubiquitination
sites on helices or strands tend to be surrounded by
ordered residues (Table S4).

Our finding that a large fraction of lysine
modification sites are located in ordered regions is
surprising in light of previous suggestions concern-
ing the structural preferences of posttranslational
sites and considering the discussion above regard-

ing the importance of disorder in the vicinity of
ubiquitination sites for efficient degradation.

Since some of the ubiquitination sites in our
protein data set are related to pathways other than
proteasomal degradation or have uncharacterized
functions, we formulated a smaller subset composed
of mammalian proteins whose ubiquitination sites
are linked to their degradation (42 proteins, 109
sites). In this subset of degradation-related ubiqui-
tination proteins, a smaller percentage of the
modification sites tend to be in structured domains
(Fig. 1b) (and a correspondingly larger percentage,
55.1%, of the sites are on coils); however although
this bias is significant (°P=2x10"*, Fisher exact test),
only 46.1% of the sites are predlcted to be in
disordered regions. Thus, ubiquitination sites, even
those that are linked to degradation, are often
located in structured regions.

We next examined the existence of disordered
regions, that is, long stretches of at least 20
consecutive residues that are predicted to be
disordered, either at the protein termini (tails) or in
internal regions. These disordered regions were
defined as continuous stretches of residues that are
predicted to be disordered and can be separated by
less than three consecutive structured residues. The
presence of these regions was shown to be imper-
ative for degradation in several studies,”* and the
absence of them was suggested to enable the
degradation resistance of Rad23.” In the overall
data set, we found that ~70% of the ubiquitination
substrates in yeast (Fig. S3) and in mammalian
substrates (Fig. 3a) lack unstructured tails of that
length. In the smaller set of ubiquitination sites that
are specifically linked to degradation, a similar
fraction of proteins have no such tail (Fig. 3a, inset).
Since SUMOylation is a ubiquitin-like modification
that is not as strongly related to proteasomal
degradation, we examined the frequency of disor-
dered regions in SUMOylation substrates and
observed comparable numbers (Fig. 3a, inset).
Several studies have suggested that the proteasome
may degrade or process proteins from internal
regions,®>>¢ and thus, we repeated this analysis
including both disordered tails and internal regions.
In all cases, we observe a larger number of sub-
strates having disordered regions (70-80%), but still
a significant portion is predicted to lack a sufficient-
ly long region. Moreover, we note that internal
disordered regions may need to be much longer
than 20-30 residues to assist degradation,” and thus,
these numbers may overestimate the fraction of
substrates that have inherently disordered regions
that can be efficiently utilized by the proteasome.
These results are similar to the observed percentages
of proteins classified as mtrms1cally disordered” in
entire eukaryote proteomes

We analyzed the sequence separation between the
ubiquitination sites and the disordered tails and
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Fig. 3. Presence of disordered regions in substrates for
ubiquitination and SUMOylation. (a) Distribution of
ubiquitination substrates based on the longest disordered
tail (red) and disordered region (which include both tails
and internal regions) (blue) in mammalian proteins that
undergo ubiquitination. Seventy percent of the proteins
(184 proteins) do not have a disordered tail, and 24% (65
proteins) do not have any disordered region (internally or
at a terminal) that is at least 20 amino acids long (gray
band). Inset: percentages of proteins having a disordered
tail (red) and disordered region (blue) in ubiquitination
substrates, degradation-l$2inked ubiquitination sub-
strates and SUMOylation substrates. In yeast proteins,
similar results are observed (Fig. S3). (b) Sequence
separation between the modification site (a lysine residue)
and the nearest disordered tail in ubiquitinated (green)
and SUMOylated (gray) mammalian proteins. A negative
number (gray band) indicates that the site is localized at
the tail, and its value corresponds to the distance between
the modification site and the end of the tail. Twenty-three
percent of ubiquitination sites and 29% of SUMOylation
sites are within disordered tails. Similar results are seen in
yeast proteins.

found that 23% of the sites in mammalian proteins
are located within the tail, whereas the remainder
may be located much further along the sequence
(Fig. 3b). However, sequence separation does not
imply proximity in space, and for efficient degrada-
tion, the disordered region and the ubiquitination

site need to be spatially close.* To examine the
spatial separation between the unstructured region
and the ubiquitination site, we collected all sub-
strates whose solved three-dimensional structures
include the degradation-linked ubiquitination site
and for which the structure includes at least part of
the unstructured region to allow a plausible distance
calculation. Currently, there are only a few sub-
strates that fulfill all these requirements (three
proteins, seven sites; see Table S5). When the spatial
separation between the unstructured region and the
ubiquitination site in this set was calculated, we
observe distances of 12-28 A, in agreement with a
recent study conducted on an artificial substrate.*
From this analysis, we can infer the required
distance between the two regions that enables
successful proteasomal degradation. We then con-
ducted the same analysis on a larger set of
ubiquitinated proteins for which not all sites are
known to be targeting substrates to degradation. In
this set (12 proteins, 20 sites; Table S5), we observe a
large variation in the distance between the disor-
dered region and the ubiquitinated lysine (10-73 A)
In some of the proteins, we observe a distance that is
far greater than the estimated distance to coordinate
proteasomal engagement. These results indicate that
some of these regions may not be implicated in
proteasomal degradation or that additional confor-
mational changes or unfolding events are needed
within the targeted substrate.

The presence of a disordered region in the vicinity
of the ubiquitination site was shown to be important
for efficient degradation of poly-ubiquitinated sub-

strates in the 26S proteasome.'” However, an

interesting picture emerges from comprehensively
analyzing the structural attributes of a large set of
natural ubiquitination substrates: ubiquitination sites
that are involved in proteasomal degradation are
relatively enriched in disordered regions; however,
~50% of these sites are located in structured domains
on the surface of the modified substrate. Moreover,
disordered regions, which are needed for efficient
degradation, are sometimes too short, completely
absent or located far away from the ubiquitin tag.

How can proteins that do not possess inherently
unstructured regions in proximity to the ubiquitin

tag be efficiently degraded by the proteasome?
Tightly folded domains can be difficult to unfold
and degrade slowly.”” It is possible that local
unfolding events that expose a temporarily disor-
dered region can be utilized by the proteasome.
Alternatively, external factors may promote at least
partial unfolding of the substrate prior to its
engagement by the proteasome. Recently, it has
been suggested that the p97 complex assists in
unfolding substrates that lack disordered regions.*
Another possible means to disrupt the folded
structure and induce substrate unfolding prior to
its binding to the proteasome is the use of
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Fig. 4. Structural characteristics and proteasomal deg-
radation pathways. (a) Proteins containing a high fraction
of intrinsically disordered regions can be degraded
successfully by the 20S catalytic particle (shown as a
cylinder) of the 26S proteasome without prior unfolding in
a ubiquitin-independent process. (b) Most proteins are
thought to be tagged for degradation by ubiquitin
attachment and, subsequently, are unfolded and degraded
in the 265 proteasome. In many cases, these proteins
contain disordered regions in the vicinity of the ubiquitin
tagging that enable successful engagement by the protea-
some. (c) Proteins lacking an inherently disordered region
long enough for proteasomal engagement may use
additional mechanisms to induce partial unfolding prior
to degradation. These mechanisms may be external
factors, such as the p97 complex, or posttranslational
modifications that can perturb the folded structure such
that a sufficiently long disordered region is exposed.

posttranslational modifications that may alter the
biophysical properties of many substrates. Phosphor-
ylation is known to be capable of inducing order-to-
disorder transitions,”* which may expose unstruc-
tured regions that would suffice for efficient degra-
dation. Since many substrates are phosphorylated
prior to their degradation,* it is possible that, in some
of these proteins, the phosphorylation may also
induce unfolding. For example, phosphorylation of
the cyclin-dependent kinase inhibitor p19*™ has
been suggested to destabilize its structure and to
assist in its degradation.® Another modification that
may induce unfolding is the ubiquitin moiety itself,
which is commonly attached to many substrates.
Since the covalent conjugation of one protein to
another was shown to significantly alter the physical
properties of the conjugate proteins, in both natural?”
and artificial systems,® it is possible that the
attachment of ubiquitin chains may assist local
unfolding that would introduce the required disor-
dered region. This concept was suggested many years
ago;29 however, due to technical difficulties, it was

never tested experimentally. A recent computational
study™ showed that the yeast Ubc7p, a natural
ubiquitination substrate that is successfully degraded
despite lacking any disordered region,?! undergoes a
significant thermal destabilization and perturbation
of the structured domain upon ubiquitination with a
Lys48-linked poly-ubiquitin chain. The potentially
active role of the ubiquitin conjugates in assisting
degradation by inducing structural destabilization
should be examined for other systems and clearly
awaits experimental verification.

Overall, we can classify three different types of
proteasomal engagement based on the protein's
structural properties (Fig. 4). Some substrates, such
as a-synuclein and p21, are inherently disordered
and can sometimes be degraded in a ubiquitin-
independent manner by the 20S proteasome.’” These
substrates may even need protection to avoid rapid
degradation, as proposed in the “nanny model.”33

Other proteins that contain a greater content of
structured regions often require ubiquitination and
unfolding before degradation in the 265 proteasome.
These substrates may already contain the inherent
disordered regions needed for efficient degradation
(Fig. 4b), as in p53 and R-catenin. Other substrates,
such as p19 and Ubc7p, lack these unstructured
regions, and their structural dynamics can be
modified by either posttranslational modifications
or external factors (Fig. 4c).
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